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ABSTRACT

This dissertation proposes a stress-based, multi-scale and multi-stage modelling
approach, developed to predict the effect of the fibre orientation distribution on the
fatigue life of an injection moulded short-glass fibre reinforced nylon 6,6 composite
(vi=30%). The main objectives of this research were: to analyse the effect of the fibre
orientation distribution in the material tensile and fatigue behaviour; to develop a
stress-life  (S-N), multi-stage computer-aided engineering (CAE), modelling
methodology to produce sensible (+3std. dev.) fatigue life predictions; and to
understand the damage mechanisms that incentivise crack initiation and propagation
under constant amplitude cyclic loading. The novelty of the present work also included
the full experimental validation at every step of the modelling phase to assess the
accuracy of the numerical simulation and the effect of the propagation of these

inaccuracies on the final fatigue life prediction.

The composite material presented highly anisotropic behaviour. This is a product of
the variation of the fibre orientation through the thickness, produced during the
injection moulding process. This non-homogenous fibre distribution showed a skin-

shell-core microstructure.

Good agreement, qualitative and quantitative, was obtained between the finite
element simulations and the experimental results in terms of: the fibre orientation
tensor, full strain-fields and fatigue lives. However, a limitation of the stress-life based

approach was revealed for fully reversed stress ratios, R=2m=-1, Therefore, a new

Omax

energy approach was investigated, allowing the introduction of a fatigue parameter
derived from the analysis of the cyclic stabilised hysteresis loops, herein expressed in
terms of Dissipated Energy vs Life curves. Initial results of this approach revealed a

reduction in the spread of the fatigue data that was seen with the S-N method.

Finally, the analysis of specimens’ fracture surfaces, via optical and scanning electron
microscopy (SEM); together with high-speed camera images, digital image correlation
results, and in conjunction with the stress and strain modelling results; suggested that
the development of damage in the material follows a multi-crack nature, with initiation
likely occurring below the surface, in locations where the maximum stress/energy is
present. Additionally, evidence of several crack planes were observed, which implied
the presence of multiple cracks developing and propagating at different points in the

fatigue life of the specimens.
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1. INTRODUCTION

1.1 Motivation

Interest in the use of Short Fibre Reinforced Polymer composites (SFRP's) in load
bearing applications has significantly increased as industries move into materials and
manufacturing technologies that are less expensive but, at the same time, maintain
good levels of performance in terms of strengths, stiffness, etc. of final parts. This
trend is more evident if we examine the automotive industry, which in the last five
years has invested a significant amount of resources on research projects with the
purpose of increasing the understanding of this type of composites [1]-[3]. One of the
key aspects driving this initiative is the challenging requirement that cars
manufacturers are facing in Europe in terms of the reduction of fuel consumption and
more importantly CO, emissions. The European Parliament established a goal for new
cars to achieve 40% less carbon dioxide emissions by 2020 making the new target
95g/km, in comparison to the 2007's carbon emissions requirement of 158.7 g/km [4].
If not met, cars manufacturers would face penalties of €95.00 per g/km of CO: in
excess. In this regard, Figure 1-1 shows the advantage of using this type of composites
in terms of the CO; footprint relative to a specific automobile component, where total
emissions could be reduced by more than 50% if the material is changed from
Aluminium (Al) to PA66GF50.

50

m Disposal
N Use
W Manufacture

€O, Equivalent (kg)

Al Al PAGEGFS0
[50% recycled)

Figure 1-1 Al vs PA66GF50 CO; footprint of a production car component.

With the courtesy of Jaguar Land Rover.



The most interesting quality of SFRP's is that they allow for tailoring of the material
properties, in terms of Young's modulus, tensile strength, fatigue life, etc.; while
weight, material and production costs can be greatly reduced. However, this comes at
the price of a significantly more complex material behaviour that, as of today, is still

not fully understood.

In SFRP's, most reinforcements are available as chopped fibres. The best mechanical
performance is achieved in this shape than in any other; i.e. particles, flakes, etc [5].
Glass fibres are consistently employed as they are inexpensive and have a medium to
high material performance. In regard to resins, thermoplastic polymers present low
mould shrinkage, have better toughness and impact resistance, refrigeration is not
needed and they can be remoulded making them ideal for flow forming [6].
Components in cars, ships, drones and airplanes, tooling cases, engines and
appliances spare parts, are some examples of the use of this type of composites. Figure
1-2 shows an air intake manifold made out of SFRP PA66GF30 used on production

cars.

Figure 1-2 Automobile engine air intake manifold made of PA66 GF30 [7].

Field failures of this type of composites are mostly due to the fatigue loading
conditions experienced during duty cycle. This is characterised by the degradation of
the structural mechanical properties due to one, or a combination of, known
composite damage mechanisms, such as: fibre breakage, matrix failure (cracking or
large plastic deformation), interface failure (fibre pull out), etcetera [8]. However, the
particular mechanical state, in terms of stresses and strains, that incentives the

initiation of cracks on SFRP's parts are still being researched.

The fatigue life behaviour of metals is long understood and existing models are, for

the most part, well established. This is not the case for composites, where large gaps



of knowledge still exist. Even more so in regard to injection moulded SFRP's, where
their fatigue behaviour and failure mechanisms are in general driven by: the highly
complex fibres distribution, stochastic damage propagation, and the complex matrix
material response. Current modelling methodologies used for these short fibre
reinforced composites borrow heavily from the better understood composite laminate

theory [9]-[11].

Therefore, in order to use these materials safely, with more confidence and to avoid
over-designing; a physically-based and integrated model for fatigue prediction of
SFRP's is needed. In specific, one that not only includes the effect that the fibre
orientation has on the material's life, but also the effect of the mean stresses and
changes in the loading conditions, as well as, the known viscoelastic response that the
resin has on the overall performance of the composite. This model should also include,
and be drawn in combination with, the physical understanding of the complex damage
mechanisms that appear at the different regions of the material thickness. The present
work proposes a modelling methodology with said characteristics and contributes to
addressing the gaps in knowledge that currently exist in the understanding of the

fatigue response of short glass fibre reinforced polymer composites.

1.2 Aim and key objectives

The aim of this project is to develop, and validate, a modelling methodology for the
fatigue behavior of injection moulded short glass-fibre reinforced polymers, as well
as, to generate new insight about the fatigue damage mechanisms of this type of

composite materials.

1.2.1 Key project objectives

e To review existing published experimental and modelling techniques, as well as,

to identify gaps in the knowledge of SFRP's.

e To characterise the material properties of SFRP's under tensile and, in particular,

under fatigue loads.
e To characterise the complex fibre distributions through the material thickness.

e To investigate the degradation of the material properties due to damage

accumulation.

e To understand the specific micro and macro-mechanisms that lead to crack

initiation-propagation within the distinguishable regions of the material.



e To develop a modelling methodology to produce a reliable fatigue life prediction

for SFRP's based on the gained understanding of the material behaviour.

1.3 Novelty

The present dissertation helps addressing the gaps in the knowledge regarding the
fatigue behaviour and prediction of short glass-fibre reinforced polymer composites.
It builds from the limitations of current published methodologies and from
experimental analysis of the material response, and damage mechanisms, carried out
using state-of-the-art techniques. It proposes a new multi-scale modelling approach
to predict the effect of the local fibre orientation, and includes the experimental
validation at every step of the modelling phase to assess the accuracy of the numerical
prediction, and the effect of the propagation of these inaccuracies on the final fatigue
life calculation. This work also investigates an energy-based approach and introduces
a fatigue parameter based on the stabilised dissipated energy in order to mitigate the
effect of the fibre orientation in the material cyclic behaviour, while taking into account
the plasticity effects inherent of this type of materials. Finally, it generates new
knowledge regarding the location and conditions, in terms of stress and strain, for

crack appearance and propagation in this type of materials.

1.4 Outline of work

This dissertation is divided in the following manner: Chapter 2, presents an in-depth
review of the most relevant published literature regarding short fibre reinforced
polymers composites. Chapter 3, describes the experimental methodology in detail. It
defines the material, specimen geometry and equipment used. The conditions used
for monotonic and fatigue testing are also described. Chapter 4, presents the
modelling methodology and the computer aided engineering (CAE) approach used in
this project. Each step from the injection moulding simulation to the fatigue prediction
is described in detail. For clarity of presentation, the project's results are divided in
two chapters: Experimental results (Chapter 5) and Modelling results (Chapter 6).
Chapter 7, presents the in-depth analysis and discussion of the body of work. Finally,

Chapter 8 presents the overall conclusions and future work.



2. LITERATURE REVIEW

2.1 Applications of Short Fibre Reinforced Polymers
(SFRP's)

Short fibre reinforced polymer composites, or SFRP's, are being used more extensively
in engineering parts and consumer products. This is due to the unique combination
of material properties that they can achieve, due to the relatively lower bulk cost and
due to the wide range of geometries that they can be shaped into. The relatively ease
of forming is one of the key characteristics, and a reason of its extensive use, that

distinguish SFRP's from other type of composites.

SFRP's can be processed similarly to non-reinforced plastics, and in the case of
thermoplastics matrices like Nylon (polyamide) they can be mass produced through
universal methods, such as injection moulding. This allows the manufacturing of
complex shapes in bulk at low prices. Material properties are partly determined by the
fibre volume fraction and partly by the process [12]. This creates a wide range of
options in terms of properties and costs that needs to be considered prior to the

selection of any particular combination.

A large number of industries make use of SFRP's. This ranges from the aircraft and
space industry, to the automotive industry and sporting goods, etc. The automotive
industry in particular benefits highly from the crash resistance capabilities, overall
good mechanical properties and of the weight reduction of parts that SFRP's allow in
comparison to metallic materials. In cars, SFRP's can be found alone or as part of a
wide range of components, such as: dashboards, mirrors, valves, cases, radiators,
manifolds, etc. Figure 2-1 shows examples of car parts made with short fibre

reinforced composites materials.

Compression-moulded
SMC trunk of Cadillac
Solstice . > )r

Compression-moulded valve cover for a truck engine

BN A

Figure 2-1 Examples of parts using short fibre reinforced composites [13]



2.2 Introduction to SFRP's

2.2.1 Reinforcement fibres and glass fibres

In a composite material the reinforcement's main function is to bare the load while
improving the overall strength and stiffness of the part. It can be made out of different
materials (organic, metallic, synthetic or mineral [5]); and, can take many forms; such
as: long, chopped, woven fabrics, natural fibres, particles, flakes, whiskers, sheets, etc.
Although, fibres provide with the highest strength and stiffness among the different
shapes. The reasons fibres are used on structural materials can be summarized as

follows [6]:

e Fibres allow for a relative small diameter, which reduces the probability of flaws
and defects, and increases the fraction of the theoretical strength that can be
achieved. An early example of the reduction of strength with increase
diameters was measured by Lamotte and Perry in 1970 [6], and the results can
be seen in Figure 2-2 .

e Fibres also allow for a high aspect ratio (length divided by the diameter), to

maximize the amount of load that is passed to the reinforcement from the

resin.

3.0

GPa
25 >,
2.0

S \
1.5 L
[ 8 10 12 pym 14

Figure 2-2 Decrease in tensile strength for a carbon fibre with diameter [6].

Reinforcement fibres can be found with different generic names, such as: glass fibres,
carbon fibres, graphite, Kevlar (Du Pont's trade name for aramid fibres), etc. Fibre
type, volume or weight fraction, fibre length and fibre orientation; are key factors that
impact the final mechanical characteristics of the composite [14], such as: stiffness and
tensile strength, fatigue performance and damage mechanisms, electrical and thermal
conductivities and finally, cost [13]. Table 2-1 show typical values for tensile and

compressive strengths for commonly used fibres.



Table 2-1 Typical values for commonly used long fibre reinforcements [13].

Fibre Tensile Compressive
Strength (GPa) Strength (GPa)
E-glass fibre 34 4.2
T-300 carbon fibre 3.2 27-32
AS 4 Carbon fibre 3.6 2.7
GY-70 carbon fibre 1.86 1.06
P100 carbon fibre 2.2 0.5
Kevlar 49 fibre 3.5 0.35-0.45
Boron 35 5

In the case of glass fibres, there is a wide range of designations depending on their
specific chemical constitution. Silica (SiO2) is the main component and its content
ranges from anywhere between 50% to 60% [6]. Glass fibre types can be divided in

the following [15]:

e Type E (Electrical); low electrical conductivity.
e Type S (Strength); high strength.

e Type C (Chemical); high chemical durability.
e Type M (Modulus); high stiffness.

e Type A (Alkali); high alkali or soda lime glass.

e Type D (Dielectric); low dielectric constant.

From this classification, glass fibre type E is widely used due to its good strength and
reasonable Young's modulus (as shown in Table 2-1), and good electrical insulation
capabilities. Although its electrical applications are only a small part of the overall uses
for this material [6]. Glass fibre can be manufactured into different forms, chopped,
yarn, fabric, etc. as shown in Figure 2-3. From where chopped glass fibres are widely
used in the injection moulding industry and can be typically found in lengths up to

~12mm [15].
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Figure 2-3 Different forms of glass fibre: a) chopped strand, b) continuous
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yarn, c) roving, d) fabric [6].

2.2.1.1 Fibre length distribution and critical fibre length (I;)

The distribution of the fibre length in short fibre reinforced composites has been
studied in the past to assess the effects that the different lengths might have in the
material response. In Chapters 2.4.1 and Chapter 2.5.2.2., those effects are detailed in
regards to tensile and fatigue performance, respectively. As a general introduction, an
example of the fibre length distribution of SFRP's is presented in a work by Sasayama
et.al. [16], for two different specimens’ shapes, Figure 2-4a; and reinforced with two
types of fibre lengths: long (LGF) and short (SGF). The distribution of the fibres'
lengths is presented in Figure 2-4b-e; where the average fibre length for each
specimen were: For Type 1, 385um (SGF) and 537um (LGF) and for Type 2, 391um
(SFG) and 611um (LGF). From these images, it can be seen that for the case of short
fibres (SGF) the distribution presents a more uniform range of lengths, Figure 2-4b &
d. Whereas in the specimens reinforced with long fibres (LGF), Figure 2-4c & e, a
specific length is clearly seen above any other, and is denoted by a peak in the
frequency observed. From the analysis of the fibres, the critical length () can be
identified as: "the minimum fibre length which, embedded into the matrix, breaks
under tensile load" [17]. In other words, the minimum fibre length that achieves the
maximum reinforcement, or maximum fibre strength, possible. This Ic has been
estimated for SFRP's via several methods: for example, Vas et.al. [17], estimated the I

using a mathematical approach based on the “barbe" or "beard" length distribution
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calculated from the measured fibre length distribution of fibres protruding out of
specimens' fracture surfaces, a schematic is depicted in Figure 2-5a and b, on
reinforced poly(ethylene-terephthalate) samples. The estimation using this approach
calculated a [c=683um, significantly higher than the average length of 156 pym, as
shown in Figure 2-5c. A simpler model by Kelly and Tyson [18], proposed that in short
fibre reinforced materials the external load is transferred to the fibre by the shear force
at the fibre-matrix interface, and that I, which is the "minimum length to build up
enough stress to fracture the fibre"[19], is then given by:

2t

I, =
Equation 2-1

Where o; is the fibre tensile strength, d the fibre diameter, and v the interfacial shear
strength between the fibre and matrix. A simplification can be done if a strong
interfacial bond is assumed [19]. Then © will be restricted by the shear strength of

the matrix, 7,,,; and if the matrix is assumed isotropic, therefore:

Il

Equation 2-2

Where g, is the strength of the matrix. In a work by Mortazavian and Fatemi [20], a
burn off test was conducted on a short fibre reinforced PA6 to measure the average
fibre length present in the composite, which was 0.253mm. In comparison, the
obtained critical length for this material using Equation 2-1 and Equation 2-2 was

significantly larger than the actual average, at 1.=0.67mm, as presented in Figure 2-6.

That the actual fibre lengths are lower than I is the case for most injection moulded
short fibre reinforced polymers, which suggests that the final strength of the
composite is not really related to the strength of the fibre per se, but on the fibre-
matrix interfacial shear strength [19]. As concluded in [21], final fibres in the material
tend to be shorter than the critical length due to the breakage that occurs due to the
high-shear mixing and plasticization that takes place inside the barrel of the injection
moulding machine. In a study conducted in this same work [21], fibre lengths in pre-
moulding pellets of short E-glass and polypropylene were in average 0.71mm, after
the injection moulding the average fibre length had reduced to 0.274mm, i.e. a lost of
almost 62% of the initial length. Finally, some of the effects that different fibre lengths,
and diameters, have in the material are presented in [22], and summarized in Figure

2-7. In an ideal unit volume sample, longer fibres would have an effect in the crack
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path length. As the cracks propagate through the fibre/matrix interface, Figure 2-7a,
this crack path is made longer which in turns helps in improving the composite
strength and toughness. On the other hand, in the same volume sample but with
shorter fibres there would be significantly higher number of indidual fibres that in
turns increases the stress concentrators at the fibres ends, Figure 2-7b; which are

responsible for the initiation of microcracks, and thus decreases the composite

strength and toughness [22].
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2.2.2 Thermoset and thermoplastic matrices

The principal goal of the resin is to transfer the load, to serve as medium to protect
and bond the reinforcement (fibres) together. SFRP's are, for the most part, easier to
fabricate than other composites due to the relative low processing temperature
needed for the part manufacture and lower cost of the polymer [12]. In SFRP's, the
matrix is constituted by a polymeric resin that can either be a thermoplastic or a

thermoset [23].

In thermoplastics, the individual molecules are not chemically joined together, as
shown in Figure 2-8a, they are held in place by weak secondary bonds such as van der
Waals bonds and hydrogen bonds [13]. This results in the softening they experienced
when heated, allowing them to be moulded and remoulded, they also present good
crash resistance. Low- and high-density polyethylene, polystyrene, PMMA, Polyvinyl
chloride (known as PVC) and Nylon (from the Polyamide family) are examples of

commonly used thermoplastics [6]. In contrast, in thermoset resins their molecules are
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chemically joined together by cross-links, as presented in Figure 2-8b, forming a rigid
three-dimensional network structure after polymerization (curing) [13]; as result
thermosets decompose when heated, but they present good resistance against
solvents and corrosives, are an excellent option for high temperature applications, and
there is a wider option of available manufacturing processes. Epoxy, polyester, vinyl
ester and other polyimides are examples of thermoset resins. The advantages of

thermoplastic resins over thermosets can be summarized into two main aspects [12]:

1) Lower manufacturing cost which translates to no cure needed, unlimited shelf
life, possibility of recycling, low moisture content, fusion possible; and
2) Better performance, due to their higher toughness, higher environmental

tolerances and good dry and humid properties.

Cross-links

>~

(b)

Figure 2-8 Schematic representation of a) thermoplastic and b) thermoset

polymer [13].

Table 2-2 shows typical tensile material properties for commonly use thermoplastic

and thermoset resins. Where E; and E. are the tensile and compressive moduli, o: and
oc are the ultimate tensile strengths, v is the Poisson's ratio, and a is the coefficient of

thermal expansion [5].
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Table 2-2 Typical matrix properties [5].

) Density E: E. Ot Oc a
Material N
(kg/m3) (GPa) (GPa) (MPa) (MPa) (10-6/°C)
1200- 0.37-
Polyester 2.5-40 - 45-90 | 100-250 100-200
1400 0.40
1100- 0.38-
Epoxy 3.0-5.5 - 40-100 | 100-200 45-65
1350 0.40
NARMCO
2387 1210 3.38 3.86 29 158 - -
(epoxy)
PVC 1400 2.8 - 58 - - 50
Nylon 1140 2.8 - 70 - - 100
Polyethylene 960 1.2 - 32 - - 120

Finally, polymeric resins (both thermoplastics and thermosets) present a unique
characteristic in comparison to metals, their response is usually viscoelastic or
viscoplastic. As result, the material properties show a dependency on the ambient
temperature, moisture and the loading rate [5]. Figure 2-9a to c show examples of the
variation of the polymer modulus with temperature and loading rate, for
thermoplastics and thermoset resins. Approximately around the point of the glass
transition temperature (Ty), the polymer changes from a solid state to a more soft,
ductile one. This change can present a reduction of their modulus of up to five orders
of magnitude [13]. At this temperature the material is also highly viscoelastic. This
means that when a load is applied, it shows an immediate elastic deformation followed
by a slow viscous one [24]. In this regard, Figure 2-9d presents the effect that the
change in loading rate and temperature have in the polymer's material response. It
can be seen that at low temperature the polymer behaviour is very close to a brittle
material, it might not show signs of yielding and the strain-to-failure is very low. As
the temperature increases, yielding might occur; but the yield strength decreases
rapidly. On the other hand, the strain-to-failure increases at higher temperatures,
transforming the polymer into a more ductile material. In regards to the loading rate,
the opposite relation to the temperature effects is seen. In other words, at low loading
rates the material might show a more ductile behaviour, presenting a relatively higher
toughness. On the other hand, at high loading rates, or short duration of loading, the

material presents a more rigid, or brittle, response [13].
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Figure 2-9 "Variation of tensile modulus with temperature for three different
types of polymers: a) amorphous thermoplastic, b)semi-crystalline
thermoplastic, and c)thermoset. d) Effects of loading rate and temperature on

stress-strain behaviour of polymeric solids” [13].

2.2.3 Moulding techniques for thermoplastic SFRP's

In general, there is a large range of available manufacturing techniques for fibre
reinforced polymer composites such as: hand lay-up, vacuum bag moulding,
pultrusion, injection moulding, etc. [5]. Table 2-3 provides with a summary of the key
characteristics of these processes; in terms of initial cost, part strength, part
complexity, etc. For short fibre polymer composites in particular, available moulding

techniques are the same as the ones used for non-reinforced plastics and are

discussed next.
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Table 2-3 Comparison of fibre reinforced polymer composite

manufacturing processes [5].

a o ¢ -
5| 5 : 3 3
o— (%)
o w | B | s = 2| 2 € S
(v] o)) - ()] o) o .=
o - T c = - = - B
c [ o (7] = o = (] g
= o 5 = = £ 3 5 S
3 £ [ 2 o o 2 ¥
T s| 5| €| 5 S| 2| £ g
) ‘5 o S - = Q. 2 o)
S T o| | & | 8 2| 23T
c IT] o] [ w C
© (-4 o e =
S o S «
Hand lay-up L L H H L R.C
Spray-up M M L H H L R
Tape lay-up (manual) L L H N L C
Tape lay-up (automated) H H - L M H C
Vacuum bag moulding (wet lay-up) L M M H H L R,C
Autoclave moulding (tape lay-up) H M H M M H C
Filament winding M M H L L H C
Pultrusion H H H L L H C
Compression moulding H H - M H H R,.C
Resin transfer moulding M M - M H H R.C
Reaction injection moulding M H - M H H R.C
Injection moulding H H L H H H R
Stitched / thermoform preforms M H M M M H R,C
Random fibre preforms M L L H H L R
3-d woven/braided preforms H M H L H H C

Legend: H-high, M-medium, L-low.

Short fibre reinforced polymer composites are first fabricated by pre-mixing fibres (of
~2-3mm in length or less) in a liquid resin. Un-polymerized or partially polymerized
matrix in the case of thermoset; or the molten, or dissolved in a solvent, polymer in

the case of thermoplastics [12].

For the case of thermoplastic resins, main moulding methods include: thermoforming,
extrusion and injection moulding, among other. Thermoforming characterises by the
production of a composite sheet (which includes the short chopped fibres) that is then
heated and stamped into the desired shape, followed by a vacuum or pressure
forming [6]. Extrusion characterises by forcing the reinforcement/resin mixture (in the
form of pellets, rods or tapes, etc.) through an open die by using a screw mechanism
[12], a diagram of the full extrusion process is presented in Figure 2-10. Finally,
injection mouldingis widely used due to its short processing time and relatively simple

mechanism. Typically, short fibre reinforced thermoplastics are supplied as cylindrical
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granulates of ~3-5mm long and 3mm in diameter [25]. For the case of injection
moulded parts, correct establishment of the injection point, also called gate, and the
overall process parameters are important to optimize the performance of the part [26].
These parameters are: mould surface, material melt temperature and material
transition temperature, injection time, viscosity, injection rate, injection pressure,
clamping force, filling time, cooling time, packing pressure, among other [27]. Figure
2-11 shows a simplified schematic of the injection moulding process. The
resin/reinforcement pellets are first fed into the machine, from where the material is
pushed forward via a screw-drive arrangement. This screw increases in diameter
producing a compressive effect that rises the temperature of the material, melting it
and directing the flow into the injection chamber. Finally, it is poured into the mould

and pressed. After the part has cooled it is ejected, and the process is repeated as

necessary.
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-
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Figure 2-10 Extrusion and compression moulding process [6].

16



Molded part  Insulation

Short-hber-
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Ingection chamber

Rotating screw Barrel

Heated mold Cooled manifold

Figure 2-11 Schematic of injection moulding [28]

2.3 Fibre orientation distribution, measurement and

prediction

2.3.1 Fibre orientation distribution

Injection moulded SFRP’s present a highly anisotropic respond product of a through-
thickness continuous fibre orientation distribution (FOD), which is defined during the
injection moulding of the part. A particular skin-shell-core structure can be identified
[29], and its constitution drives the final material properties. Therefore, is has been of
particular research interest the correct identification, measurement and prediction of
this distribution [29]-[36]. A simplified representation of the evolution of the fibre
orientation distribution in short fibre reinforced injection moulded plastics is shown
in Figure 2-12. As the molten flow of polymer fills the mould, it creates distinctive
regions of fibre distribution that are dominated by different flow mechanisms [30].
The fibres are constantly moving from the centre to the outer layers due to the
fountain effect that takes place at the front flow [32]. In terms of fibre distribution,
three main layers or regions can be clearly identified: A section where the preferred
orientation of the fibres is parallel to the flow direction; a region of fibres aligned
mostly transverse to the flow direction and; outer layers with seemingly random
orientation [25]. This distribution occurs due to the interaction of the material being
injected and the mould. During the injection process the part of the liquid material
that gets in contact with the mould solidifies before the rest, this produces the
seemingly random distribution on the outer layers of the composite. In pure shear

flow fibres are mainly oriented in the flow direction. Stresses produced between the
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solidified outer layers and the still flowing centre tend to align the fibres in this
direction [32]. On the other hand, at the centre of the stream the divergent, axial, flow
aligns the fibres perpendicular to the flow direction. Faster injection speeds tend to
produce fibres more transversally aligned, whereas slower speeds more parallel to the

flow [36].

Evolution of Fiber Orientation in
Mold Filling Process

Gating

Longitudinal arientation Melt front

in the boundary layers

Transversal crientation
in the core l[ayers

Fountain flow

Fibers are constantly transferred from the core
layers to the boundary layers and thus redirectad

Evolution of Fiber Orientation in Mould Filling Process

Flow direction

Stiff in tension Flexible in tengion

Stiff in bending

Mechanical behaviour of anisotropic layered shells

Figure 2-12 Diagram of evolution of the fibre orientation during the

injection moulding process [37].
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2.3.2 Measurement of fibre orientation and orientation tensor

As early as the 1970’s experimental measurement has been done to visualise and
measure the fibre distribution. In 1975 Darlington and McGinley [38] investigated by
contact micro-radiography (CMR) the orientation distribution of a Nylon 66 SFRP.
Figure 2-13 shows their early findings, where the skin-core structure is visible. Since
then, newer novel techniques have been developed to unambiguously measure the
fibre orientation. Current widely spread methodologies use a combination of optical
techniques or scanning-electron-microscopy (SEM) and image processing [30], [32],
[35], [39]; or through the use of computed tomography (CT) and reconstruction
software [31], [33], [40], as shown in Figure 2-14 for the case of a nylon-66 reinforced

with short glass fibre 30wt% composite.

Figure 2-13 a) Variation of fibre orientation distribution throughout the
thickness of a SFRP injection moulded part, b) higher magnification in the centre

[38].

(a) skin layer: (b) shell layer:
ndom fibers itudi;

(¢) shell-core transition layer: (d) core layer:
random fibers

Figure 2-14 Microstructure of PA66/GF30 observed by micro-CT [41].
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In simpler terms, the orientation of a single fibre can be described in a three-
dimensional space with two angles in a polar coordinate system, p and ), as
represented in Figure 2-15. If a cross-sectional plane is then taken along the fibre, an
ellipse of axes aand bis formed [32], which are related to the original orientation; i.e.
an ellipse of axes a=b (a circle) would mean the fibre is fully oriented in the out-of-
plane direction with y=p=0, and so on. Different analysis techniques, and
methodologies, can then be used to measure the ellipses, calculate the angles and
obtain the orientation of the fibres. An example of optical techniques is shown in
Figure 2-16, where confocal laser scanning microscopy, or CLSM, was used to take
sub-surface images and track the displacement of the fibre centres, in this figure four
fibres were followed over five different frames, with the orientation of the fibre being
calculated by fitting a line through the centre of the formed ellipses. The direction of
the ellipses' major axes are identified by the blurring visible on the edges of the cross-
section, as highlighted in Figure 2-16. This eliminates the angle ambiguity that occurs
due to the ellipses dimensions being product of either p or p+180° as shown in Figure

2-15, and then calculate the fibre orientation [30].

Ellipse’s
major axis
direction

Figure 2-16 Tracking of fibre centres (ellipses) during 5 frames to calculate the
fibre orientation via confocal laser scanning microscopy. Straight lines represent

a fitting between the centre coordinates through the frames [30]
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While optical techniques are still widely used, they are heavily dependent on the
surface preparation, which is not only time consuming but requires a significant
amount of expertise to produce good results. To mitigate this problem, research effort
has been focused into using non-destructive techniques. A 2012 study by Bernasconi
et. al. [42], compared the fibre orientation distribution of a SFRP measured via optical-
image analysis and by tomographic methods, using a micro-CT for acquiring the X-
ray images, and the Mean Intercept Length (MIL) concept for reconstruction and
analysis. Initially, the found differences were attributed to the inaccuracies of the
optical methods at measuring almost perpendicular orientations. Later analysis at the
same location, but closer to the core layer, showed better match between both
methods. It finally concluded that although micro-CT requires more expensive
experimental facilities, it is non-destructive and it is less dependent of the section-
plane chosen for analysis, as is the case for the optical methods. Another example of
the used of CT for measurement of fibre orientation distribution was carried out by
Nguyen Thi et. al. [43]. A high resolution 3D X-ray CT system XVA-160a was used
obtained 2D X-ray slices of a 30wt% glass fibre reinforced Nylon-6 SFRP composite.
Similar to the optical method, the process used to measure the FOD can be

summarized in the following steps:

1. Identify each fibre and extract the corresponding values for: the length of the
fibre projection on the 1-2 plane, or L, and the angle between the fibre
projection on the 1-2 plane and the axis 1, or ®; from the X-ray image, as
shown in Figure 2-17a. An Auto-CAD software function was used for this case.

2. Calculate the out-of-plane angle, 6, as shown in Figure 2-17b. Where the H, or
stage height, is the gap between the first and last 2D slice in which the
measured fibre appears, from a series of consecutives 2D X-ray images.

3. With © and ® calculate the fibre orientation tensor components using:

a1 = {sin?0 cos?*d) ay, = {sin?8 cos® sin )

a,, = (sin®0 sin?®d) a,3 = (sinB cosO cos )

as; = {cos?0) a,3 = (sinB cosO sin®)
Equation 2-3
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200pum

Figure 2-17 a) Identifying fibres in a 2D X-ray image and extracting the (L,®)
values. b) Calculating the out-of-plate angle, 0, from the stage height, H, and
the fibre projection, L [43].

In all cases, and independent of the method used, due to the extremely large number
of fibres that can be part in a composite, the fibre orientation distribution (FOD) at
any given point is described by using a probability distribution function ¢ (p,y) [30],
which is then briefed, to reduce the computational requirements, into a second order

orientation tensor of the form:

a;; =L pipjY(p)dp

Equation 2-4

where p is a unit vector parallel to a fibre, with components pj, which are related to
angles, p and y (as described in Figure 2-15), and y(p) is the orientation distribution

function, such that

Y(p,y) sin pdpdy
Equation 2-5

gives the probability of finding a fibre between angles p and p+dp, and between y
and p+dy [32]. In other words, the fibre orientation tensor components shows the
probability of fibre alignment in the three main cartesian directions. A high probability
is indicated by a value closed to 1, a low probability is indicated by a value closed to
0 [44]. The depiction of the tensor is presented in Figure 2-18. The eigenvectors (e)
indicate the principal directions of alignment, and the eigenvalues () give the

proportions (0 to 1) of fibres aligned with the eigenvectors [45]. Finally, from the same
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figure, it can be seen that the fibre orientation tensor possesses several characteristics

which can be summarized as [46]:

e ltisreal and symmetric (aj=aj),
e The terms through the diagonal cannot be negative terms, and
e Tensor is normalized such as the summation of its diagonal components is

equal to 1.

' all al2 qi3] [4 0 O
a;; = |a2l a22 a23|-— 0 A Of;[en e: es]

a3l a32 a33 0 0 A

Figure 2-18 Fibre orientation tensor definition [45]

2.3.3 Prediction of fibre orientation

Research effort is also focused on the prediction of the fibre orientation distribution.
Most work is based on the 1984 work by Folgar and Tucker [47], which stablished a
mathematical model to describe the orientation behaviour of a fibre in suspension.
Later, Advani and Tucker [48], built on this model by using tensors to predict the fibre
orientation in short fibre composites, the original second order tensor formulation is
shown in Figure 2-19. From where, aj is the orientation tensor, wj represents the
vorticity tensor, y;; the strain-rate tensor, A is a constant that depends on the geometry
of the fibre, and §j is a unit tensor [45]. D, can also be replaced by Ciy [48].y being
the magnitude of the strain-rate tensor, and C; the original fibre interaction coefficient
proposed by Folgar and Tucker [47]; which is material dependent and obtained from
fitting experimental results. For example, Ci= 0.0018 and C;=0.0002, are interaction
coefficients for two SFRP's of same fibre content and aspect ratio, but different matrix,

PAA30 and PAA5O respectively [32].

Dag . DH” . 1
D . Di — E[fﬂﬂeﬂkj — Qo)

1 /. . ;
+ 5 A(_?mﬂk,- T QY — ETM“W')
+ 2D.(8, — aay) '

Figure 2-19 Original formulation for the second order orientation tensor

proposed by Advani and Tucker based on the Folgar-Tucker model [48].
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Research has been done to improve the accuracy of the prediction methods. Wang et.
al. [49] modified the Folgar-Tucker model and proposed a reduced strain closure
model, or RSC, which reduces the change of fibre orientation with respect to the strain
by only reducing the growth rates of the eigenvalues of the tensor and keeping the
rotation rates of the eigenvectors unchanged. This achieved a better correlation with
experimental measurements and predictions than the original model. Wang and Jin
[50] compared prediction results using the original Folgar-Tucker model and the RSC
model against experimental data, using commercial software Autodesk Moldflow
Insight 3D. Figure 2-20, shows that better correlation for ai1 and az> components is
achieved with the RSC. Jerabek et. al. [51] also performed a comparative analysis of
the fibre orientation distribution by using CT and Autodesk Moldflow in short fibre
reinforced polypropylene composites. For this case a commercial grade GD301FE with
32wt% of fibres was used. Figure 2-21 shows the magnitude of the calculated fibre
orientation tensor component, a1, through the thickness, each element represents at
least 3,000 fibres. This investigation found best fit values with experimental data for
RSC and C; constants of 0.05 and 0.001 respectively. The difference in the thickness of
the material also has an effect in the distribution of the fibres. Gsellman et. al. [33]
conducted an analysis to demonstrate this, 2 and 3.5 mm material were used, at
different flows. This analysis was mostly numerical in 3D structure using commercial
software (Autodesk Moldflow). Results of this investigation, Figure 2-22, showed a
relative good correlation with CT data in the area between the core and the skin.
Whereas, in the centre of the specimen, a more pronounce mismatch was seen for the

different thicknesses used.

> S S
= - »

fiber orientation components

<
)

0

0 0.2 04 0.6 0.8 !
normalized thickness

Figure 2-20 Comparison of fibre orientation data with 3D predictions. Folgar-
Tucker (F-T) and RSC models are used. a11 and az: are the orientation tensor

components [50].
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Figure 2-21 Fibre orientation component in the flow direction (a11) depicted at

the cross section of a specimen (FEA prediction) [51]
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Figure 2-22 Influence of flow type and normalized part thickness on the
predicted and measured fibre orientation (a11 as function of thickness at the

centre position) [33]. Note: MF stands for Moldflow.

2.4 Monotonic behaviour of SFRP’s

The material response of short fibre reinforce polymers is heavily dependent of the
distribution of the fibres and the behaviour of its constituents. Research work has been
carried out to assess, and to model, the material properties of these composites under
different conditions. On a work by Gupta et.al. [52] on a short glass-fibre reinforced
polypropylene showed a clear variation of the tensile properties of the composite with
the specific angle of the specimen. Samples were taken at 0° (longitudinal to flow),
15°, 30°, 45°, 60°, 75° and 90° (transversal to flow). Results, presented in Figure 2-23,
shown that specimens oriented closer to the flow direction, 0° and 15°, had the highest
strengths and Young's moduli. On the other hand, specimens oriented at 45°, 60°, 75°
and 90°, presented very similar values of strength and Young's modulus, which were

lower than the ones seen on 0° and 15°. A middle point was reached on the specimen
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oriented at 30°, where the stress-strain curve laid approximate in-between the 0° and
90° curves. Similar results were obtained by Bernasconi et.al. [53] on a PA6GF30
composite. Dog-bone specimens taken at 0°, 30°, 60° and 90° were tested in tension.
Results, presented in Figure 2-24, also shown a clear effect of the fibre distribution on
the material behaviour. Similar to the previous case, 0° and 90° samples presented the
highest and lowest values of strength and Young's modulus, with the 60° oriented
specimens laying very close to the 90°; and with the 30° oriented samples laying in
between 0° and 90° material curves. Works from Mortazavian and Fatemi [20], [54],
investigated the anisotropic effects, due to thickness and fibre orientation, on two
different SFRP's: polybutylene terephthalate (PBT) with 30wt% glass fibres and
polyamide-6 (PA6) with 35wt% glass fibres and 10wt% rubber. Specimens oriented at
0°, 18°, 45°, 90° were tested in tension. Figure 2-25a-c shows the results in terms of
the tensile material parameters, where it can be seen that the 0° and 18° specimens
showed the highest strengths and Young's modulus, at ambient temperature. On the
other hand, 90° and 45° specimen showed lower and very close values of strength,
although 45° presented higher strain at tensile strength. An analysis of the variation
of the fibre lengths and orientation of the PA6 specimens' gauge section is presented
in Figure 2-25d. In this figure it is shown that longer fibres are more oriented toward
the flow direction (closer to 0°); whereas shorter fibres are more randomly oriented.
Approximate 20% of the fibres were oriented between 45° and 90° with shorter
lengths than those at 0° direction. This could explain why 45° and 90° specimens
presented similar strengths, and why 0°specimens showed a higher tensile strength,
as shown in Figure 2-25a. In terms of coupling the flow with the fibre length and
orientation, Figure 2-25d also suggests that during the injection moulding process
longer fibres tend to be affected more by the shear stresses, which occurs in the shell
layers, produced between the seemingly solidified skin layer and the still flowing
centre; therefore orienting these longer fibres mainly in the flow direction. While
shorter fibres, seem to be affected more by the divergent, or axial, flow that occurs in
the core layer. The analysis of the results also showed that PA6 specimens with smaller
thickness presented smaller core regions (~2 times smaller), but the shell layers
remained a large percentage of the specimen's cross section. This meant that the
tensile moduli and strengths for the longitudinal specimens were similar for both
thicknesses, as shown in Figure 2-26a. This is because in longitudinal specimens,
independent of thickness, most of the load is bared by the shell layer. For the case of
the transversal specimens, where the load is mainly bared in the core layer, a bigger

difference with the thickness was seen; with thicker specimens presenting a higher
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Young's modulus and strength [20], as shown in Figure 2-26b. Meaning that the higher
the ratio of the core thickness to the specimen thickness, the tensile properties of the
longitudinal and transverse specimens become closer [20]. In a similar manner, by
analysing results of PBT specimens cut at 0° (longitudinal), 18° and 45° (mix-axis), and
90° (transversal), showed that there is little difference in terms of tensile properties for
the transversal, 90°, and 45° specimens, as presented in Figure 2-27a. although the
later presented larger ductility than any other orientation. Finally, a correlation
between tensile strength and strain rate was drawn, as shown in Figure 2-27b; where
it was seen that at least for longitudinal and transversal specimens the tensile strength

linearly increased with the log strain rate [54].
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Experimental techniques have also been used to characterise the local behaviour of
short fibre reinforced polymers. Heyes [55], used full-field strain results obtained via
optical Digital Image Correlation (DIC) to compared against finite element analysis
(FEA) results for a SFRP grade. Although for this particular study only qualitative
validation was achieved, as shown in Figure 2-28 for a 45° specimen. In a similar
manner, Crupi et. al. [56] made use of DIC technique to analyse the stress-strain
response of longitudinal specimens cut from plates made out of Nylon-66 reinforced

with 35wt% short glass fibres composite, with fibres of nominal diameter of 10
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microns and 280 microns in length. As shown in Figure 2-29, a clear stress-strain curve
for the material was obtained via this technique while at the same time it provides a
highlight of the evolution of strain in the fracture zone, where even at lower strains,

~0.4%, the fracture zone was already visible.
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2.4.1 Fibre length effect

The fibre length in composites has been shown to present an effect on the overall
response of the material. In an investigation conducted by Sasayama et.al. [16], on two
different PA66 reinforced specimen types, Figure 2-4a, showed that the fibre length
had an effect on the quasi-static Stress-Strain curve of the material. In Figure 2-30 it
can be seen that, for both specimens type, longer fibres presented higher tensile
strengths; while at the same time showing lower strain-at-break. In average, in Type
1 specimens, fibres were 40% larger in the long glass fibre coupon (LGF), in
comparison to the short glass fibre one (SGF). On the other hand, for Type 2
specimens, LGF presented an average fibre length of 59% higher than the ones in the
SGF coupon. Similar Stress-Strain behaviour was seen by Hitchen et.al. [57], on short
fibre reinforced epoxy. Specimens with three different fibre lengths were investigated,
1, 5 and 15mm. As it can be seen in Figure 2-31, the longer the fibre, the stiffer the
response and higher final strength was achieved. On the other hand, the shorter the
fibres the higher strain-at-break was obtained, with a behaviour seemly more ductile.
In particular, this change of the tensile strength was investigated by Miwa and Horiba
[58], on two different type of short fibre reinforced epoxy composites: short glass fibre
samples and short carbon fibre samples. Results of the variation of the tensile strength
with the fibre length, and with the temperature, can be seen in Figure 2-32a and b.
From this figure it can be seen that, as expected, in neat resin the change in strength
is only due to the temperature. For the case of the short carbon and short glass fibre
samples, the longer the fibre the higher the strength, but a plateau is rapidly reached
at approximate Tmm length. The effect of the temperature can also be seen in this

figure, and again as expected, at higher temperatures the strength rapidly drops.
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Figure 2-30 Variation of the Stress-Strain response with fibre length for two

sample types of reinforced PA66 (adapted from [16]).
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epoxy resin composite; and b) glass fibre-epoxy resin composite [58].

2.4.2 Humidity, strain rate and temperature effects

Under monotonic conditions, SFRP's material response is also heavily influenced by
the level of humidity (water) in the matrix. Carrascal et. al. [59], conducted an
experimental study on glass fibre reinforced nylon (PA6) to evaluate this effect. Both

the water-bath temperature and the immersion time were controlled during the
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experiment. Results of this work showed that PA6 is highly susceptible to water
absorption. Figure 2-33a presents the effect in terms of tensile mechanical properties
that different percentage of humidity content had in the SFRP, showing a negative
relationship with increased humidity up to saturation. Figure 2-33b shows the
percentage levels of saturation for different glass fibre reinforcement (0, 25 and
35wt%) when submerged in a water bath at 40°C. The higher the amount of
reinforcement (GF35) the lower the maximum amount of water absorption due to the

decrease in the total volume of hygroscopic matrix in the composite [59].
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Figure 2-33 "a) Influence of humidity content of a reinforced polyamide on
mechanical behaviour (static tensile test) b) Humidity evolution for

different reinforcing materials in water at 40°C" [59].

In terms of the effect of loading rates, Glaser and Wust [60], conducted uniaxial tensile
testing on unreinforced and reinforced nylon, PA6 and PA6GF30 respectively, at
displacement rates between 5 and 50mm/min (strain rates between 10-3/s and 10-%/s).
Figure 2-34 shows the different behaviours observed between the pure matrix and the
reinforced composite. It can be seen that for both materials the strain rate has an
effect on the material response due to the matrix viscous behaviour, although this is
more significant for the case of the reinforced plastic. The matrix is also softer and
more ductile, whereas the composite is significantly stiffer and tough, which is the
expected effect of the fibre reinforcement. The level of anisotropy can also be seen in

the case of the reinforced plastic, where longitudinally cut samples were stronger.
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Wang et. al. [61] investigated the combined effect of temperature and strain rate on
short type E glass fibre and nylon-6 composite sheets at 21.5, 50, 75 and 100°C; and
0.05, 0.5 and 5min-', respectively. Results of this work presented in Figure 2-35,
showed that the material is dependent of both conditions and that the tensile strength
and modulus increased with strain rate and decreased with temperature. The glass
transition temperature showed to have a clear effect in the material response in a
region between 50 to 75°C. Similar results were seen in [20] on short glass fibre and
rubber reinforced nylon-6. Specimens were cut from plates at different orientations,
0 (along extrusion), 90 (normal to extrusion) and 45°, per Figure 2-36a. It showed the
effect of the temperature and displacement rate in the material, in particular at colder
temperatures where higher tensile strengths were seen [20], as shown in Figure 2-36b.

Specimens cut at 45° also presented higher levels of ductility.
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2.4.3 Modelling monotonic behaviour of SFRP's

Different methodologies have been proposed to model the monotonic response of
SFRP's. In a work by Mortazavian and Fatemi [20] several models were compared
against experimental results in terms of elastic modulus and tensile strength. Two
different SFRP's were used, as well as, specimens oriented in the longitudinal,
transverse and 45° directions. Results of this comparison, in terms of elastic modulus,
are shown in Figure 2-37. Predicted values using Halpin-Tsai (H-T) [62], originally
proposed for unidirectional oriented plies, were in the order of 12% and 47% higher
than the experimentation for longitudinal specimens; and between 45% and 15%
lower for the transversal specimens. This difference was concluded to be due to the

inability of the H-T model to deal with the fibre orientation distribution in SFRP's, as
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well as, with the stochastic variation of fibres' aspect ratios. A modified linear rule of
mixtures, including a fibre orientation factor and a fibre length factor [63], was also
used to estimate the longitudinal elastic modulus. Again a large divergence between
prediction and experimentation was seen for both composites. A laminate analogy
approach (LAA) [64], was used to estimate the longitudinal and transverse elastic
modulus. This modelling methodology provided with the closer predictions in
comparison to other models. Similarly, based on experiments done on short glass fibre
reinforced nylon-6 at different temperatures and strain rates, Wang et. al. [61]
developed empirical relationships to fit the tensile modulus and strength, as shown in
Figure 2-38a. Where E, owo, €" and To are reference elastic modulus, reference tensile
strength, reference strain rate and reference temperature, respectively. Two additional
coefficients were defined for better fit, m and A, named strain rate strengthening
coefficient and thermal softening coefficient, respectively. Results, Figure 2-38b,
showed good initial correlation with data, although highly depend of m and A. It also
showed a noticeable difference in properties depending of the direction tested, along
or normal to the extrusion direction. Finally, it is also good to mention that in [54] it
was seen that the classical Ramberg-Osgood non-linear relationship was adequate to
fit the experimental data on both non-reinforced polymers and short glass-fibre

reinforced, to a certain extent.
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(PBT) and b) polyamide-6 with 35wt% glass fibres and 10 wt% rubber (PA6)"

[20].
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2.4.3.1 Multi-scale modelling

Continuum mechanics assumes the uniformity of the material (stresses and strains
within an infinitesimal section are uniform) at any point, macro-elements. This is not
the case on the microscopic level, where infinitesimal material regions are not uniform
and are formed by constituents of different properties and shapes with their respective
stresses and strains, micro-elements. Therefore, to represent the continuum
mechanics response using parameters that describe the microstructure and
properties at the microscopic level a representative volume element, or RVE, was
introduced, which is an statistically meaningful representation of the infinitesimal
material region [65]. This modelling methodology based on micromechanics or multi-
scale approach, tries to predict the macro composite response based on the influence
of the microstructure [66]. A schematic of the macro and micro-elements is depicted

on Figure 2-39.
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the material neighbourhood of P [65].

Homogenization techniques aim to represent the overall properties of the
heterogeneous solid with the characteristic that any suitable subvolume can be used
as and RVE to obtain the overall macroscopic parameters [65]. In simpler terms, for
the case of linear elasticity, it would mean finding an equivalent homogenous material,
such that its overall macro stiffness is equivalent to the real heterogeneous composite

under the same boundary conditions [66].

Eshelby [67] based mean-field homogenization models are widely use. In general, it
describes the strain changes observed in a solid infinite material when a single

ellipsoidal shape is cut and welded back, such that:
e(x)=4¢,C,): €, vx e(l)

Equation 2-6

Where, ¢* is a stress-free eingenstrain, {(I,C,) is the Eshelby's tensor, depending on
the uniform stiffness (Co) and the shape and the orientation of the ellipsoidal volume
(1) [66]. For the case of two-phase composite, one matrix and one fibre/inclusion type,
two models are commonly used: the Mori-Tanaka [68] (M-T) model; and the double

inclusion (D-1) model proposed by Nemat-Nasser and Hori [69].

For the particular case of the Mori-Tanaka model. Benveniste [70] proposed, and is
further explained in [66], that M-T describes the behaviour of each inclusion as an

isolated particle in the matrix, thus reducing the overall problem to the Eshelby's single
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inclusion model. Therefore, the solid is infinite and is subjected to the average matrix
strains in the real RVE as in the far field strain. A depictions of this is shown in Figure
2-40. A very simple application of this model methodology is shown in Figure 2-41,
where Lindhult and Miranda [71], used M-T as means calibrate a linear-elastic model
for PA6GF30 composite, good correlation can be observed in terms of elastic
properties. A similar application was also carried out by Heyes [55] on injection
moulded coupons. An heterogeneous distribution of the largest principal stress
through the thickness was observed, which depended on the orientation of the
sample, as is shown in Figure 2-42. It is also good to mention that although the M-T
approach is widely used to model SFRPs properties, it is not without limitations. In a
work by Bohm [72], it was shown that M-T methodology assumes that the
inhomogeneities can be described as perfect ellipsoids that keep their aspect ratio
throughout the complete deformation history, so in composites with a high void
content, or highly porous, it would tend to overestimate the resultant material
stiffness. Similarly, in two-phase composites where the reinforcement is significantly
stiffer than the matrix, the prediction of the elastic moduli are always on the low side.
On the other hand, if the reinforcement is more compliant in a stiffer matrix, the

estimated moduli are on the higher side.
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Figure 2-40 Depiction of Mori-Tanaka technique [66].
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Figure 2-41 "Calibration of linear elastic material model to tensile test expressed
in true stress-strains. Dashed lines correspond to experimental data and solid

lines represent the calibrated elastic material response of the SFRP" [71].

Figure 2-42 Stress contours showing the larges principal stress on a a) 0°

specimen (parallel to the mould flow) and b) 90° specimen (transversal to the
flow) [55].

2.5 Fatigue behaviour of SFRP's

2.5.1 Summary of fatigue concepts and stress-life approach.

During the 1800's, August Wohler formulated the idea of representing the fatigue
loading against the total number of cycles to failure to quantify the results of his

experiments, with the only requirement of the cycles up to failure and the alternating
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stress [14]. Figure 2-43 presents the typical representation of a constant amplitude

cyclic testing.

Time

e Omax + Tmin
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2 T max

Figure 2-43 Constant amplitude testing and definition of cyclic stress concepts

[73].

In 1910, Basquin stablished that the material fatigue life increases, as a power law,
when the stress amplitude decreases [74]. Therefore this relationship can be described,

in terms of the cyclic stress, as a power function of the form:

oc=0,"N k

Equation 2-7

Where o represents any cyclic stress like: stress amplitude, stress range, maximum
stress, etc. and N is the number of cycles before failure for that cyclic stress. o, denotes
the fatigue coefficient which is defined as the intercept at 1 cycle, and —i is the slope
of the resultant power function curve, and is related to the material. Ranges for
the slope has been documented the literature [74], to vary between 0.04 to 0.15,
with lower values for unidirectional carbon and higher for multidirectional glass fibre
composites. One of the main limitations of this approach, is that this type of
relationships are purely empirical and therefore do not have any direct physical
meaning, which means that the best S-N curve for a given material is just the one that
can best fit the available experimental data. Finally, if required, a further

transformation can be carried out to define Equation 2-7 in terms of the life cycles, if:



Therefore
ok - N =g,k
And if
C = aok
Therefore the relationship can be written as:
N-ok=C

Equation 2-8

2.5.2 Cyclic behaviour of short fibre reinforced polymers

2.5.2.1 Effects of fibre orientation anisotropy

Similarly to monotonic conditions, material response of SFRP's under cyclic loading is
depended of the distribution and individual behaviour of the constituents. In
particular, fibre orientation distribution have a large effect on the fatigue performance
of SFRP's.

A study conducted by Malo et. al. [3], carried out fatigue testing on Nylon-66
reinforced with 35wt% short glass fibre composites, from where specimens at different
orientations (0°, 30° and 90°) were tested under fully reverse loading conditions (R=-
1) at 3Hz and at ambient temperature. Specimens' buckling was controlled via precise
alignment of the grips through a specialized alignment fixture. From the results shown
on Figure 2-44, 0° presented with the highest life at this conditions, several orders of
magnitude in comparison to the other orientations. Whereas, no significant difference
could be seen between 30° and 90° specimens. A similar response was observed by
Fatemi et. al. [75], on a polybutylene terephthalate (PBT) reinforced with 30wt% short
glass fibre composite. Dog-bone specimens were cut at 0°, 18°, 45° and 90°
orientations from injection moulded plates. Fully reverse fatigue testing was done at
ambient temperature. Again as in the previously mentioned work, 0° specimens
showed the largest life, and more importantly, no significant difference was observed
for specimens at 45° and 90°, as it is shown in Figure 2-45. Additionally, in [76] fatigue
testing was also carried out at R=-1 and at R=0 on PA66GF35 oriented specimens (0°,
30° and 90°) at room temperature and with frequencies between 5-10Hz. Results of

the material characterization can be seen in Figure 2-46, from where similar results to
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the previous cited work were found, including positive stress ratios. Finally, Fouchier
et. al. [77], conducted similar uniaxial fatigue testing on a PA66GF30 composite at two
different stress rations, R=0.1 and R=-1, but at a higher temperature. Results,
presented in Figure 2-47 , shown that the fully reverse loading has a particular effect
on the fatigue behaviour of 45° and 90° coupons, with lives very close to each other.
From these works it is then clear that, in terms of fatigue performance, there is a high
dependence on the fibre orientation and mould flow direction. The specimens with
closer orientation to the flow direction, i.e. 0°, showed higher endurance limits in all

cases.
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Figure 2-44 Tensile-compression (R=-1) stress-life (SN) curves measured at 23°C

and at 0°, 30° and 90° on PA66GF35 [3].
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90°) and at R=0.1 and R=-1 [77].

2.5.2.2 Fibre length effect

The fatigue performance of short fibre reinforced composites is also affected by the

fibre length. In a work by Hitchen et.al. [57], conducted on short fibre reinforced epoxy,

tension-tension fatigue test was carried out on material reinforced with 1, 5and 15mm

fibres. Results, of this experimentation suggested that higher fatigue lives were

achieved with longer fibres at a given peak stress, as shown in Figure 2-48. On this

image, a variation of the fatigue life can be seen between the different fibre lengths,

1, 5 and 15mm, with the later one presenting better fatigue strength. Interestingly, the

effect seems to be related to the length and not so much to the fibre content, as
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results for the same fibre length but different volume fraction seem to be closer to
each other, i.e. similar lives for 15mm with Vf=19.8% and 15mm with Vf=18%. This
effect of the fibre length was also investigated by Lavengood and Gulbransen in [78],
where flexural fatigue testing, with positive stress ratio, was conducted on short boron
fibre reinforced composites. Fibres of 4, 1, 0.5 and, 0.25 inches (101, 25.4, 12.7 and
6.37 mm, respectively) where used for this investigation. Figure 2-49a and b show the
results in terms of Life-Stress curves (where the stress was normalised to remove the
bias caused by dissimilar strengths), and the variation of the fatigue life with the aspect
ratio of the fibres. These figures suggest that the fatigue life of the material increases
with the length and aspect ratio of the fibres, which is also dependent of the length.
At the same level of stress, specimens with shorter fibres have significant lower fatigue
resistances. From Figure 2-49b is also interesting to see that a plateau is reached in
terms of the aspect ratio, and as the difficulty of composite fabrication increases with
the aspect ratio, it is therefore suggested to use the lowest aspect ratio possible. The
level of self-heating in the material was also affected by the fibre length, as
investigated by Subramanian and Senthilvelan [79]. In this work, uniaxial fatigue
testing at R=0 was conducted on short fibre reinforced polypropylene. Three type of
specimens were used: neat unreinforced resin, reinforced resin with fibres of 0.28mm
in average length (SFPP), and of 1.38mm in average length (LFPP). Results of the
surface temperature, presented in Figure 2-50, show that for the pure resin the heat
build-up was purely due to the hysteresis of the matrix. When the reinforcement is
included, the self-heating is also increased due to the stress concentration effect at
the fibre ends and due to friction between the fibre and the matrix. It was also
suggested, that the reason the shorter fibres seems to increase the temperature higher
than longer fibres was due to the relatively larger number of fibres present in any

given volume of material.
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2.5.2.3 Cyclic response of SFRP's

Material response under cyclic loading is of important analysis for the study of SFRP's
fatigue performance. A clear effect in terms of the evolution of strain has been seen
on cyclic non-zero mean stress loading conditions. Under these type of loading a
progressive accumulation of deformation occurs, this is also known as ratcheting [80].
Work done by Ahmadzadeh and Varvani-Farahani [81], in short glass-fibre reinforced
polymers, exhibited the evolution of ratcheting thought the life of the material. This
work showed that as stress amplitude increases so does the ratcheting strain resulting
on smaller lifespans, as seen Figure 2-51. Shifting of the hysteresis curves, due to strain
accumulation, was observed by Launay et. al. [82] on PA66GF35 composites during
R=0 fatigue testing. A rapid shift, and thinning, in the hysteresis loops is seen
corresponding to a reduction in the dissipated energy density (hysteretic area).
Material softening was also observed. The residual strain, indicator of accumulation of
viscoplastic strain, was seen to reach a linear positive gradient within initial stages of
the life of the material; this is presented in Figure 2-52. A similar behaviour was seen
by Serrano-Abello et. al. [83], for this work the focus was at the beginning of the life
on a SFRP with PA66. Cyclic testing was carried out at R=0 and 1Hz under different
loading stress amplitudes. Material was conditioned under a humidity ratio of 50%. As
is shown in Figure 2-53, a shift in the hysteresis loop was seen, residual strain. A rapid

reduction in the hysteresis area is also observed right at the beginning of the life in
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the specimens up to around the fourth cycle from where a steady state is reached,

again this corresponds to a reduction in the material energy dissipation.
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Similarly to monotonic conditions, humidity (matrix water absorption) has a large
effect in the material behaviour under cyclic loading. Analogue to the reduction in
tensile strength in quasi-static loading; under wet conditions toughness and overall
fatigue strength is significantly reduced. An example of this is presented in [84] for dry
and wet short glass fibre reinforced PA6 composites. For dry conditions, the specimens
were desiccated at 80°C for 6 hours prior to testing. For wet conditions, the specimens
were immersed in a room-temperature water bath between 1 and 140 days prior to
testing. The material was seen to follow Fick's law for moisture absorption [85]. The
effects of water content in the matrix were significant in both low cycle fatigue (LCF)

and high cycle fatigue (HCF) regions, as it can be seen in Figure 2-54c.

Additionally, under the same cyclic stresses, wet samples presented larger stress-
deformation loops, Figure 2-54a and b, which was hypothesized to be due to a
plasticizing effect of the water in the matrix, this was not seen on dry specimens. Effect
of the hygrometric state, level of water absorption, on mechanical properties of SFRP's
was also observed by Benaarbia et. al. [86] in terms of strain accumulation on a short
fibre reinforced PA66 composite. 0°, 45° and 90° oriented specimens were used.
Testing was carried out at 10Hz. Figure 2-55 shows the results obtained for the
different oriented specimen at different levels of relative humidity (RH). Progressive
mean strain accumulation was seen with drifting of the hysteresis loop with fatigue
cycles, which seemed to be sensitive to the humidity level. Ratcheting did not reach a

stabilized state and the trend was altered depending the water content, as well as, the
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fibre configuration. In terms of fibre orientation, hysteresis loops in 0° seemed to be

thinner in comparison to 45° and 90° for all humidity.
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Figure 2-54 Midlife stress-displacement loops for dried (solid curve) and wet
(dashed curve) samples of PA6-SFRP at the same stress amplitude for R=0.1 in:
a) longitudinal and b) transverse directions. c) S-N curves at ambient
temperature showing the effect of water absorption in both longitudinal and

transverse direction [84].
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Figure 2-55 Graphs from a-i present the effect of humidity and fibre orientation
on the cyclic mechanical properties. Graphs j-1 are the hysteresis area evolution,

the slope and the mean strain through the life of the specimens at 10Hz [86].

2.5.3 Modelling fatigue of SFRP's

2.5.3.1 Stress-Life based methods

In terms of Stress-Life approach, one of the most used methodologies corresponds to
the fatigue-modified Tsai-Hill (T-H) criterion. Early in 1948 Hill postulated a yield
criterion for anisotropic materials based on von Mises' for isotropic materials, this was

further developed by Tsai for laminated composites [87]. T-H considers the distortion
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energy (energy that produces a change in shape) from the total energy due to loading,
the other energy is the dilation energy that produces a volume change [88]. Thus, T-
H can identify material failure but it cannot distinguish between failure modes, such

that [89]:

2 2 2
011 011022 O3, 01y
— >1.0
s? s? sz s
11 11 22 12

Equation 2-9

From where 011, 022 and o1z correspond to the longitudinal, transverse and shear
stresses, and the coefficients S;j correspond to the oj values at either tensile or
compressive failure. This criterion was later modified in 1977 by Sims-Brogdon [90]
for its applications in fatigue. Although, the above explained T-H method was initially
proposed for composite laminates, more recently it has been applied successfully in
fatigue prediction of short fibre reinforced polymers. De Monte et. al. [76] applied the
modified T-H on a PA66GF35 composite. Specimens cut at different orientations were
used. Stress controlled fatigue testing, at R=0 and R=-1, was carried out to
characterised the material and a fatigue strength limit was stablished at 10° cycles.
Figure 2-56 show three-dimensional failure surfaces result of using this criterion on
SFRP's in terms of fatigue strength, where the level of anisotropy seemed to be less
pronounced for the case of R=0 at higher life cycles. A proposed explanation for this
was that it might be possible that at higher fatigue lives damage is controlled by the
core layer and the overall morphology of the specimens is not as important for failure.
Although this study provided with good results a better validation was needed in
terms of a different orientation not used in the calibration of the model. Mortazavian
and Fatemi [91] carried out this validation by using the modified T-H on a
polybutylene terephthalate (PBT) short fibre reinforced composite. 0°, 18°, 45° and
90° oriented samples were used, under R=0.1 and R=-1 stress ratios. Figure 2-57
shows that for both cases, the effect of the mould flow direction on the fatigue
behaviour was successfully predicted, where most of the 18° specimens’ fatigue lives
were estimated within a factor of two of the experimental life. Finally, a component-
level demonstration of this methodology was presented by Malo et. al. [3] for an
automobile oil cooler bracket made out of PA66GF35. On this work a numerical model
based on a representative volume element (RVE) was used to calculate the global

stiffness and fatigue response, assuming a linear-elastic material behaviour. Coupon-
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level experimentation was used as input for the model calibration, as shown in Figure
2-58a. Industry software (Digimat) was then used to decompose the material fibre
anisotropy into two-phase pseudo-grains, composed by fully aligned fibres only.
Mori-Tanaka homogenization technique was then used to calculate the anisotropic
stiffness in each pseudo-grain, as well as, and the Tsai-Hill criterion's fatigue life.
Validation of this work was done at component level by comparing physical crack
locations on the part against the model results. Although the model predicted the
locations corresponding the said cracks, results in terms of actual fatigue life were not

presented, as shown in Figure 2-58b.
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Figure 2-56 Fatigue data fitted by using Tsai-Hill failure surface (grid surface)
for 23°C, at a)R=0, b)R=-1 for PA66GF35 specimens [76].
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Figure 2-58 a) Correlation of the high cycle fatigue behaviour (model prediction
vs experimental data) on PA66GF35 at uniaxial R=-1. b) Prediction at critical

locations (right) compared to measurements (left) [3].

2.5.3.2 Energy-based methods

Energy models are less sensitive to the anisotropy of the material, as it relates the
fatigue life to a single parameter. In its most basic form the elastic strain energy

density can be formulated as:

1
AW, = EG &,

Equation 2-10

Where; AW, is the elastic strain energy density, o the stress and &. the elastic strain.
Wilson and Heyes [2], applied this methodology to predict the failure of an engine

mount, by relating the strain energy density to the fatigue life of the material as:
N =AAW?
Equation 2-11

Where; A and b are material fitting parameters. A conditioned (23°C/50%R.H.) PA66-

GF50 composite was used in the form of dog-bone coupons cut from injection

54



moulded plates of 3mm in thickness. Material was assumed linear elastic and
characterization was done via Constant Amplitude testing at R=0.1. The model was
implemented via FEA and by averaging the strain energy density results for all
elements. Coupons oriented at 0°, 90° and 45° (in respect to the flow direction) were
used to train the model (Figure 2-59a), and validation was done at component level
(Figure 2-59b). Using this approach, good results were obtained, although slightly
conservative ones (lower predicted life). Similarly, De Monte et al. [92] used the strain
energy density as a mean to reduce the effects of stress concentrations due to notches
(and radii), as well as, stress ratios, on a PA66-GF35 composite. Two stress ratios were
considered for this investigation: R=0 and R=-1. A fatigue model was proposed to

describe the experimental data:

1

106\
AW (N) = AW(10°) * <T>

Equation 2-12

Where; AW(10°) and k are two fitting parameters, and the function was treated in the
logarithm form. Material was considered linear elastic and transverse isotropic (only
one direction of anisotropy). Figure 2-60 shows the results for different stress ratio (R)
and different notch radii (p), from where they seemed to converge into a singular

material master curve for the prediction of fatigue life.
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Figure 2-59 a) Fatigue results using the strain energy (W mean) approach. b)

Fatigue results of engine mount parts using the “W mean” approach [2].

55



1 :
1.70 |
E ﬂ.Wavg(N:']Ue): 0.29; I
_nmo_.l e T fodof stk Hi -
& 1 R=0: i o R=-1: =
% 1 ™ p=80mm
® p=5mm
4 p=1mm } ; A
v p=05mm ¥ p=0.5mm [-
0.01 R —— A ——
10° 10°* 10° 10° 10

N [cycles]
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strain energy density range over a control volume [92].

Meraghni et. al. [93], proposed a phenomenological model based on Lavedeze and
Dantec [9], but in conjunction with full-field strain measurements taken via digital
image correlation for identification of model fitting parameters. This work was carried
out on a Nylon-6 reinforced short glass fibre (30wt%) composite. This model stablishes
that the elastic strain energy of the material, in pristine conditions and after damage

onset, can be described by using damage parameters (dj), this is:

IWy = W[El:] (1 —dyyEgleyy + vagsn) + Ejjeq e + l?'mizz:l] + ﬁ[ﬁ'-ﬂy_(l_
elas Jeay (Ean + vypEy ) + E-‘él;-_Ezzl:E;'.z + s |:|-| + Gl:zfi_d:lz :'F.f;'."' E‘{;fl_ dyy :']":.II-3_+
Gy (1 — dag vy

Equation 2-13

Where; Wy is the strain energy, Ej° and G j? are the Tensile and Shear modulus of the
pristine, undamaged, material, € and y; are the tensile and shear strains, vj is the
Poisons' ratio, and dj are the directional damage parameters. Parameter identification
was done using full strain fields measured with digital image correlation and an
objective function representing the difference between experimental and numerical
data, as shown in Figure 2-61a and Figure 2-61b. Comparison between model results
and experimentation showed a good correlation, as shown in Figure 2-61c, although

only mapping of the onset and steady damage propagation was achieved.
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Displacement controlled fatigue tests" [93].

Experimental measurements via digital image correlation have also been applied more
directly in fatigue energy models. Thambi et. al. [94], used full strain-fields to
characterise the surface strain energy density (SSED) of a pressure vessel made out of
PPO/PS (p-phenylene oxide/Polystyrene) blend resin reinforced with 30% short glass.
Fatigue test at 1Hz with internal water pressure were conducted. The energy
formulation is based on Equation 2-10, such that a relationship between fatigue

loading and strain-stress amplitudes can be described as:
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AW = f(Ae - Ao)

Equation 2-14

From where a model correlating life (cycles) to the strain energy was proposed. This
is:
N AW =C

Equation 2-15

Where, AW is the surface strain energy density (SSED), mis a fatigue exponent and, C
the material ductility coefficient. Digital image correlation measurements of the first
principal strain over the surface were used for the fatigue evaluation, as the elastic
strain energy was calculated based on the hysteresis loops obtained with this
technique. A homogenous area was selected for non-weldline specimens, Figure
2-62a; whereas for weldline samples the evaluation was based on the location of the
actual weldline , Figure 2-62b and Figure 2-62c. Results presented in Figure 2-62d,
shown a good correlation of this model for different temperatures and different

positive stress ratios, showing a linear relationship with respect to the log-life of the

part.
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Figure 2-62 Surface strain on a) pressure vessel gated from top without
weldline, b) gated from side with weldline, c) closer view of the strain contour
on the weldline. d) Pressure vessels SSED results for different temperatures, R

ratio, pressure levels for non-well-lined samples [94].
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2.6 Damage in SFRP’s

2.6.1 Stiffness degradation

Measurement of residual stiffness, or stiffness degradation, can be used to assess
material's damage accumulation and propagation. Figure 2-63 shows a schematic of
a typical stiffness degradation curve. Three main regions have been identified [9], [14]:
At the beginning (up to 10% of fatigue life) there is a sudden drop due to matrix
softening, onset of damage and micro-cracks formation. A second region
characterised for a more stable decay with slow coalescence of defects and
propagation on the interfaces. Finally, a steeper deterioration of the material due to

macro-crack propagation and failure.
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Figure 2-63 llustration of the typical stiffness degradation curve for composite

materials [14].

De Monte et. al. [76] measured the evolution of stiffness of Tmm thick specimens
along the flow direction for short glass fibre reinforced nylon-66, Figure 2-64. No
stable steady state was achieved, continuous degradation. At point of failure, a
reduction of original stiffness up to 15% was seen. A similar approach was used by
Meneghetti et. al. [95] on notched PA66GF35 samples. Uniaxial fatigue testing at two
different frequencies was conducted, 2 and 7.5Hz depending the load level, and at
R=0.1 stress ratio. Measurement of the normalized axial stiffness for the specimens,
as seen in Figure 2-65, showed a comparable stiffness decay for both geometries up
to half the life. Implying that larger part of the fatigue life in the samples was spent
propagating the damage up to the point where geometry had a significant effect in

the material failure.
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Figure 2-64 Stiffness evolution at T=23°C, R=0, thickness= 3mm specimens with

fibre orientation specimens cut at 0°[76].
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Figure 2-65 Axial stiffness VS Relative number of cycles, for two specimens with

different notch tip radius [95].
2.6.2 Damage mechanisms

Uniaxial tested specimens has shown locations of failure to be located all along the
gauge section, in particular close to the end of the specimens’ shoulders and/or closer
to the middle section, as shown in Figure 2-66a-b and Figure 2-70c. Figure 2-66a-b
are of particular interest as they show that for two different fatigue stress ratios, R=0.1
and R=-1, the failures for the 45° specimens are consistently at an angle of
approximate 45° and going from one corner near the shoulder of the specimens.
Similarly, an argument can be made that the failures of the 0° and 90° specimens are

for the most part flat and normal to the load direction. It will be presented later on
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this thesis that these documented results correlate with the failure locations observed

during this project.

Damage in composites is caused by changes in the microstructure due to a
combination of failure mechanisms such as: matrix cracking, fibre breakage, fibre pull-
out, debonding, fibre bridging, etc.[14]. A series of damage stages can be identified
as [96], [97]:

e Initiation of damage at fibre ends,
e Growth of damage and debonding along the interface,
e Bridging between crack walls.

e Cracks grow until final critical size and sample fails.

Experimental techniques, such as Optical and Scanning Electron Microscopy (SEM),
and Computed Tomography (CT), have been used to observe and analyse the different
mechanisms for SFPR's failure, in both monotonic and fatigue conditions. Figure 2-67a
and b, show the aforementioned first stage (crack initiation at the fibre edges) and
second stage (debonding at the interface) respectively; on a Nylon-66 and GF30 SFRP

composite via in situ SEM, during monotonic testing [98].

Figure 2-66 Location of failure on samples tested at a) R=0.1 and R=-1 [77].
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Figure 2-67 a) Damage initiation at fibre end and interface decohesion at the
location where the fibres are close one another for a load of P=56% of ours. b)
Crack propagation in the form of interface debonding and transverse crack for a

load P=81% of curs [98]

2.6.3 Damage mechanisms under fatigue loading

SEM has been used for macroscopic analysis of the failure mechanisms of SFRP's under
fatigue loading. Klimkeit et. al. [99] observed the fracture surfaces of PBT-PET
(Polybutylene terephthalate - Polyethylene terephthalate) reinforced with 30wt%
short glass fibres specimens after fatigue testing. Two main regions were found: A first
area where the matrix failed in a quasi-brittle manner with no signs of share.
Significant evidence of clean fibre pulled-out (Figure 2-68a), and roughness on the
matrix seen at higher magnification (Figure 2-68b). A second region where a more
ductile behaviour was seen. Evidence of fibre pulled-out was found in this region as
well but with evidence of having deformed the matrix around (Figure 2-68c). At higher

magnification, larger deformation of the matrix could be seen (Figure 2-68d).

In a work by Rolland et. al. [100], a short fibre reinforced composite (nylon 6,6 and
30wt% short-glass fibre), was inspected using a synchrotron at relatively low number
of cycles, <2,500 cycles. The above described damage mechanism were identified at
different points in the life of the specimen, as observed in Figure 2-69. Within the first
20% of the life of the specimen micro-cracks at the fibre ends, and fibre failure was
seen, Figure 2-69a and b. After this point crack started to bridge between cracks ends
or by breaking the actual fibres. Debonding on the other hand, was observed later on
the life of the specimens at approximate 40% of the life, Figure 2-69c-d. A work by
Belmonte et. al. [101], studied the fatigue damage mechanism of a nylon-glass fibre
short fibre reinforced composite, PA66-GF35. Using infrared thermography during
fatigue testing on the main surface of a sample, the location for unstable failure was
located due to the localised dissipated heat at an area near to the shoulder of the

sample. Figure 2-70a shows that surface temperature readings can serve as a method
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to measure the energy localization caused by stress concentrators, shoulder tips,
which act as points of failure initiation under fatigue conditions. This location showed
a temperature of approximate 2°C higher than the rest of the surface temperature,
and was concentrated in a very small area. Interestingly, failure occurred ~1s after this
temperature localization was seen, Figure 2-70b, which suggests that final material
failure is very fast under fatigue loading. Figure 2-70c, shows a zoom-in image of the
final failure, where it can be seen, clearly, the macro crack path; starting from the

shoulder tip on one side of the specimen to end at the other side of the coupon.

On a different experiment using notched specimens, fatigue test was interrupted at
the point when crack initiation was found, Figure 2-71a. The location where the crack
started was not the tip of the notch, but in an area where a bundle of similar oriented
fibres were found, Figure 2-71b. This crack went around the boundaries of the fibres,
through the matrix in a very clean manner with low deformation of the resin, as it can
be observed in Figure 2-71c and d. Finally, in a work by Karger, et.al. [102], several
planes, or plateaus, were observed as the crack tip progressed through the composite.
A depiction of these planes is shown in Figure 2-72, where the stress concentrations
at the fibre ends result in plastic deformation of the surrounding matrix (p), then craze
is form into different plateaus (c), and finally coalescing of the plateaus through
individual shear steps (s). Higher fibre volume fractions increase the number of (p)

regions and thus locally higher pasticity of the fibres surrounding matrix.

10Mm
X3, 000

Figure 2-68 "Surface A; fragile behaviour at magnification of a) x200 and b)
x3000. Surface B; ductile behaviour at a magnification of c) x200 and b) x3000"
[99].
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Figure 2-69 0° specimen Nr=2,468 cycles. a) Damage at fibre ends. b) Fibre
failure. c) and d) Debonding [100].

Figure 2-70 PA66GF35 specimen at R=0. a) Localisation of temperature at the
stress concentrator (shoulder tip). b) Specimen failure after 1 second from

temperature localisation. c) Crack path after specimen failure [101].
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Figure 2-71 "Fiber distribution at crack initiation for a notched specimen,

interrupted fatigue test; (b), (c), (d) are magnified views of the crack"” [101].
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Figure 2-72 Model for the crack plane deviation in chopped glass fibre

reinforced polypropylene at low fibre loading [102].

In terms of computed tomography applications, Rolland et. al. [96] used X-ray micro-

tomography with a resolution of 0.65um, to analyse the evolution of quasi-static and
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fatigue damage at different points in life of the specimens. Polyamide-66 with 30wt%
short glass fibre was used. Damage at fibre ends was found for both load conditions.
Fibre failure, with the space between fibre ends of up to 520 ym3; and debonding was
widespread through the specimen, this is presented in Figure 2-73a to b. Evidence of
matrix micro-cavitation, with maximum void diameter of 5 um, was also observed in
this study, presented in Figure 2-73c. A similar application of this technology in fatigue
of composites was carried out by Arif et. al. [103] on a PA66GF30 SFRP. Tension-
tension fatigue loading at a frequency of 3Hz was used. Under CT inspection,
significant amount of fibre/matrix interfacial debonding along the fibre was seen.
Figure 2-74 presents a CT image separating the physical fibres (blue coloured) and the
localized debonding (green coloured). This type of damage appeared in the shell
layers in earlier stages of the fatigue testing; whereas, in the core layer only appearing
at the end of the life of the specimen. Belmonte et. al. [104] use this technology to
analyse the particular effect that the fibre distribution had in the fatigue damage onset
on PA66GF35. Figure 2-75 shows the analysis of a crack growing on a notched
specimen and the fibre orientation distribution, and volume fraction, around the
notched region. Through thickness oriented fibres were seen in the vicinity of the
surface of the specimen. Groups of fibres were also seen to vary unevenly indicating

that the orientation is not constant but changes along the material.

Figure 2-73 a) Fibre failures, b) Debonding and c) Micro-cavitation (95% of

specimen life) [96].
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Figure 2-74 Rendered pCT image of fatigue loaded specimen which shows

damage in the form of fibre/matrix interfacial debonding [103].
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2.7 Discussion of literature

After reviewing the relevant published literature on short fibre reinforced polymer
composites, it is clear that these materials are highly complex, in terms of their
microstructure and mechanical properties. The material response of SFRP's is
dependent of factors such as: the level of anisotropy due to fibre orientation
distribution, the size of the different skin-shell-core regions, fibre length and critical
length, the geometry and amount of reinforcement, the overall thickness of the part,
the environmental conditions at which the composite is being subjected to, the
loading conditions, the matrix's material response, etc. Of particular interest is the
effect of the fibre orientation distribution product of the material manufacturing
procedure, i.e. injection moulding, on the material properties. Although
methodologies have been proposed to predict this distribution, a perfect correlation
has not yet being found when comparing results with experimental measurements.
This is key, as the fibre orientation distribution has a large effect on the material
response. Research has shown that specimens of the same material but cut at different
orientations would show completely dissimilar results when tested under monotonic
and fatigue loading conditions. This is due to either the matrix, the reinforcement, or
a mixture of both, driving the material properties. Similar results have been found in
regards to the fibre length effect on the material performance. In terms of fatigue life,
this means that to fully describe the material response it requires a significant amount
of experimental characterisation, as the distribution of fibres would change depending
of the composite grade. To mitigate this problem different type of methodologies
haven been proposed with the objective to mitigate and/or predict the effect that the
anisotropy has in the material's fatigue life, as well as, to try to reduce the amount of
experimental data needed. Upon close analysis of the current published work a set of
existing gaps in the knowledge can be identified and are summarized as follows: 1)
validation of the model is done at the last step, at the fatigue prediction level, ignoring
that such complex procedure would produce a stack-up of uncertainties. 2) The
material formulation is assumed to be linear-elastic, proper analysis of the application
is needed to address whether the resultant stresses-strains lay within said region. 3)
The plastic and viscous response of the thermoplastic matrix is not fully considered.
4) During experimental material characterization more than one specimen is cut out
from the same composite plate, this translates into dissimilar fibre orientation
distribution for specimens sharing the same orientation and thus adding unwanted

uncertainties to the results. 5) Some studies have reported information about fatigue
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damage development mechanisms in injection moulded composites, but there is still
a lack of understanding of the actual stress and strain conditions below the surface
that relate to crack initiation and propagation. Therefore, in order to address these
gaps in the knowledge the present work proposes a new more robust methodology
which builds from the current published work. Each step will be validated by state-of-
the-art experimental techniques, to address and to quantify the uncertainties at each
stage in the modelling methodology. Material experimental characterisation will be
done with careful care of the material orientation distribution to avoid adding
unwanted uncertainties to the result. The experimental work will consider the damage
mechanisms in the material, as well as, the effect of the mean stress on the geometries

to make it more applicable to real working conditions.
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3. EXPERIMENTAL METHODOLOGY

3.1 Introduction

The following chapter presents the experimental methodology followed throughout
the project. The characteristics of the composite material, the preparation of the
specimens, the experimental equipment and the experimental procedures are outline
and described in detail. Additionally, the techniques used for the material analysis are

also presented.

3.2 Material description

In general terms, the short glass-fibre reinforced polymer composite chose for the

present project is formed by:

e Resin (Matrix): Polyamide 66, also known as, Nylon 6,6 or PA66.

e Reinforcement (Fibre): Short glass fibre type E (electrical).

More specifically, the resin used on this composite is manufactured by BASF [105],
with A3W designation, black coloured and with a neat resin density of 1.13 g/cm3
[106]. The short glass fibre is bought by the composite manufacturer and has a
nominal aspect ratio of 20 (~200um in length by ~10um in diameter), an areal weight
of 900gsm (unidirectional fibre), and a density of 2.6 g/cm?3 [107]. Typically, the sizing
for glass fibre is composed by a coupling agent to improve adhesion, and a film former
to lubricate, protect and hold fibres together prior to the composite manufacture.
Commonly found, in the literature, glass fibre coupling agents include: y-
aminopropyltriethoxysilane, y-glycidoxypropyltrimethoxysilane, Y-
methacryloxypropyltrimethoxysilane and vinyltriethoxysilane; whereas, film formers
include: polyvinyl acetates, polyurethanes, polyolefins, polyesters, epoxies and

modified epoxies [108].

Additionally, measurements for the diameter and length were carried out on a number
of fibres. Image) [109] (image processing software) was used to calculate the
dimensions of seemingly in-plane aligned fibres on images of the cross-section of the
composite taken via optical microscopy. This was done by using the software to
measure the cross sections of the fibres, from where diameters and lengths could be
calculated, an example of this is shown in Figure 3-1a and b. As it can be seen in these
figures, only fibres that were seemingly circular or rectangular were counted, this is as

fibres at any other orientation than perfectly aligned would show up as stretched
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ellipses. In average, the measured fibre diameter was approximate 9.9um; whereas,
the average measured fibre length was approximate 215um. The histogram of the
distribution of the measurements taken is presented in Figure 3-1c and d. The main
limitation of this approach is that it relies on fibres being perfectly, or seemingly
perfectly, aligned in-plane with the cut of the specimen used for microscopy. Only
fibres that appear as circles and rectangles would be counted, as any fibre at a
different angle would appear as an ellipse, as shown in Figure 2-16. This meant the
number of fibres available for direct measurement was relatively small and restricted
to the specimens observed. Nevertheless, this approach, although limited, provided
with a sensible idea of the distribution of the fibre dimensions inside the composite.
Finally, the fibre critical length (Ic) was calculated according to Equation 2-1. Where
the fibre strength was obtained from textbook values for Type-E glass fibre at o
f=3,700MPa [15]. From Equation 2-2 the interfacial shear strength was calculated
based on the matrix strength, after assuming a strong fibre-matrix bonding. Therefore,
from available public data for neat PA66 resin [110], the matrix strength was taken as
om=80MPa, which meant an interfacial shear strength of t=46.2MPa (per Equation
2-2). After using the measured average for the fibre diameter, d=9.92pm, this meant
that the critical fibre length (Ic) for the present material is in the order of |.=665um,
and therefore, the fibres used are below the critical length, as presented in Figure
3-1d. This calculated I. is also close to the ones reported in the literature for other
SFRP's, as shown in Figure 2-5c and Figure 2-6 . It is then clear that, for all these cases

the fibre length used on SFRP's is smaller than the critical I for that material.
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Figure 3-1 Measurements of a) fibre diameter and b) fibre length. c) Histogram
of fibre diameter and d) fibre length showing critical length (l.).
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In regards to the composite, its denomination is PA66GF50 [111], it consists of a fibre
weight ratio of 50wt% (Vi=30%), with a bulk material density of 1.57 kg/m3, and a glass
transition temperature (Tg) between 65-70°C. The material is injection moulded at a
temperature of 300°C, with a mould surface temperature of 85°C, and injection time
of 1.8s. It shows a constrained moulding shrinkage of between 0.30 to 0.35%.
Manufacturer bulk material properties at ambient temperature are provided by the
supplier and are shown in Table 3-1. In terms of processing, the injection rate is 5,000
c¢m3/s, with a maximum injection pressure of 180MPa and a maximum clamping force
of 7,000 tonne. The injection moulding considers the filling and packing of the
material with a cooling time of 20s, where the pressure used for packing is 60% of the
filling pressure. The composite is provided by the supplier in a dry, as moulded,
condition in the form of plates with nominal dimensions of 150mm by 150mm and
4mm in thickness. To assess the real material thickness, a random set of 70
manufactured specimens were measured at different locations, gauge length and
shoulders as shown in Figure 3-7. Then an average value was taken from these values.
Figure 3-2 shows the histogram of said measurements, where the average thickness
was 3.91Tmm. For all geometric dimensions measured throughout this document, a
digital caliper [112] with a total length of 0-150mm and a resolution of +/-0.01 mm

was used.

Table 3-1 Material properties for PA66GF50 conditioned at 23°C/50%R.H. [111].

Properties Unit Values
Tensile Modulus MPa 11,500
Stress at break MPa 160
Strain at break % 4.1
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Figure 3-2 Histogram of average specimen thickness.

3.2.1 Material conditioning

The process of adding moisture to the composite material is known as Conditioning
and, besides influencing the material properties [59], it allows for a reference for the
replicability and validation of results. As it was presented in Chapter 2, Nylon based
composites are known to absorb water significantly. Figure 2-33a shows the Stress-
Strain behaviour of a similar Nylon 6 based Short Glass Fibre composite at different
levels of conditioning. This made critical the establishment of a controlled humidity
(Condition) baseline for the experimental procedure, from where standard laboratory
condition (23°C/50%R.H. per BS EN ISO 527-1:2012 [113]) is widely used. The moisture
content of the PA66GF50 used in this project reaches equilibrium at said laboratory
conditions when the total weight of the material has increased, from dry state,
between 1.00 to 1.40% [111]. From this point forward, any mention to the condition

level refers to this range.

The conditioning of the material was carried out after the machining of the specimens
to allow for a more efficient use of time and space. After conditioning, the specimens
were kept on individual sealed aluminium bags, to avoid transfer of humidity with the
atmosphere, and testing was conducted as soon as possible. The overall process

followed for the conditioning of the material is mapped in Figure 3-3.
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Figure 3-3 Followed conditioning process.

Specimens were dried out for 48hrs at 40°C to obtain an individual weight baseline
and at a temperature below T4 to avoid material structural changes. Measurements
were taken using a XPR105 balance [114], with a maximum capacity of 120g and error
of +/-0.1mg. A warm water bath at 55°C was used to accelerate the absorption of
water, via a convection oven, this method is widely used throughout industry [115].
Figure 3-4 shows specimens being conditioned. The temperature of the bath was
monitored via a LabVIEW [116] code created by the author, a National Instruments
(NI) data acquisition card NI-9211, and a thermocouple type T [117], with a
temperature range of -270°C to +370°C with an accuracy of +/-1°C, and measures
were taken at a sampling rate of 1Hz (1 data point per second). Figure 3-5 shows the
trend of the warm water bath temperature, from room temperature up to stabilization

of the water temperature.

Specimens

— Thermocouple

Figure 3-4 Specimens in a warm water bath for conditioning.
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Figure 3-5 Measured temperature of the warm water bath.

Weight measurements were taken every 24 hours. Material condition was calculated

accordingly to:

Wwet -

w
%Wcond = Tdry x 100%
ry

Equation 3-1

Where, Wqry and Wyt are, respectively, the weight of the material in its dry and wet
condition in grams. %W.ond is the level of humidity in the material in percentage. In
average 72hrs were sufficient to reach the target range. Figure 3-6 shows the
histograms for the random set of 70 specimens, measurements are for before
conditioning (Dry) and after (Conditioned). Specimens showed a dry weight of 15.19g
(average) and a wet weight if 15.39g (average), whereas the final percentage of
humidity content reached was 1.32% (average), which is in compliance with the

aforementioned range with no specimens over or below these limits.
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Figure 3-6 Specimen weight a ) before condition (Dry), and b) after conditioning

(Wet). c) Final percentage of humidity content (Condition).
3.3 Specimens geometries

3.3.1 Uniaxial specimens

Dog-bone coupons were used to characterise the material anisotropic behaviour
under uniaxial loading conditions, both in tensile and fatigue. The specimen geometry
was also designed to reduce the effects of machine/frame induced misalignment [3],
[118]. This was achieved by analysing similar specimen geometries used in other
relevant published work, i.e. Fatemi et. al. [75] and De Monte et. al. [76], as well as, per
BS EN ISO 527-4:1997 [119]; and by adjusting the coupon's dimensions to perfectly fit
the testing hardware. Final specimen’s dimensions are shown in Figure 3-7. The 4mm
thickness corresponds to the nominal thickness of the plates and is set by the injection
moulding process and not by the specimen machining, as shown in Figure 3-2. The 6
mm diameter holes located at the coupon shoulders were created for ease of
manufacture, they allow the machining of several samples at the same time. These
shoulder regions are griped during the experimental testing and, as such, have no

influence in the material structural response.
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Figure 3-7 Dog-bone specimen geometry. Nominal dimensions shown in

millimetres.

3.3.1.1 Specimen orientation

Four different reference specimen orientations, with respect to the mould flow
direction, were used to characterise the material anisotropy due to the fibre
orientation distribution, in both monotonic and fatigue conditions. These reference
orientations are: longitudinal (6=0°), transversal (0=90°) and two mid-axis (0=30° and
0=45°). To minimize uncertainties in the experimental results, only one specimen was
cut from each of the plates and every time was done at the same location, this assured
the same fibre distribution at the specimen’s gauge length location. Figure 3-8 shows
the location and orientations (0) of the specimens on the injection moulded plates, as
well as the gauge-length area shared by all coupons. Additionally, in order to assess
the effect of injection moulding on the material response, two Edge locations were
also selected for validation of the modelling approach: Near the mould's side edges
and along the flow direction (0=0° Edge), and close to the gate (6=90° Edge). Figure

3-9 shows the exact location of these specimens.
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3.3.1.2 Machining

Different machining methods were initially considered, but due to restrictions in terms
of cost, time, in-house availability, etc, CNC milling was finally chosen as the
manufacturing process for the specimens. The general milling procedure is shown in
Figure 3-10, and is done at a spindle speed of 3500 RPM, feed rate of 350 mm/min

and a depth of cut of 8 mm. The general process is the following:

1) Rectangles of close overall dimensions to the final specimens are cut from the
150 x 150mm plates at the required location depending the orientation (0) of
the samples, per Figure 3-8.

2) A special jig was created in order machine several samples at the same time.
Rectangles from step (1) are then stacked up together.

3) A machining instruction program was created to cut the dog-bone shape per
Figure 3-7 dimensions.

4) CNC milling is done per step (3) instructions.

5) Final coupon produced.

Specimen dimensions in terms of the gauge length's width and cross-sectional area
were measured and calculated, respectively. These are shown in Figure 3-11, where an
average of 10.11mm for the width, and an average of 39.55mm?2 for the cross-sectional
area were found. Finally, the thickness was not machined from the original plate and

measurements are shown in Figure 3-2.

uswinads |eulq

Figure 3-10 Specimen manufacturing workflow procedure.
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Figure 3-11 After-milling histograms for a) specimen’s gauge length width (in

millimetres), and b) calculated gauge length cross-sectional area (in mm?).
3.4 Apparatus and data acquisition

3.4.1 Uniaxial testing

Material characterisation under uniaxial conditions, both tensile and fatigue, was
carried out using a Nene Testing System servo-hydraulic machine equipped with an
Interface 1020 load cell [120], with a capacity of +/-12.5kN (total force range of 25kN)
with a static error of +/-0.04% and fatigue rated for up to 108 cycles. Additionally, the
testing frame has a built-in actuator LVDT (Linear Variable Differential Transformer)
with a stroke range of +/-50mm (total displacement of 100mm) and a measured error
of +/-1%. The machine is controlled by a MOOG SmartTest ONE test controller [121].
Force and displacement, as well as temperature and strain, were recorded for each
test. The particulars of the data acquisition are presented in detail later in this chapter.

Figure 3-12 shows the testing frame and setup used during fatigue testing.
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Figure 3-12 Hydraulic testing machine setup.

34.1.1 Alignment control/

Alignment was of importance during testing as misaligned specimens could introduce
multiaxial loads that would not be representative of the required testing conditions.
For this effect a MTS 609 Alignment fixture [122] was used to carefully control of the
gripping position, and therefore the specimen’'s alignment, with respect to the
actuator and machine's load cell, as is shown in Figure 3-12. Measurement of the
alignment was done via an eight-channel strain-gauged rectangular specimen
constructed per ASTM E1012-14 [123]. Single-element strain gauges with a 2 mm
active grid and 5% strain limit (FLA-2-17 [124]) were used. Dimensions, locations of
the sensing strain gauges and final specimens are shown in Figure 3-13a-b; a
protective silicone layer was also applied to the gauges. Measurement of the specimen
used was carried out using a combination of LabVIEW [116] code (Figure 3-13c) and
two NI-9237 data acquisition cards to measure the 8 channels in synchrony. In an ideal
scenario with no load, no deformation should occur (zero strain). Under this condition,
misalignment or bending in the out-of-plane direction (with respect to Figure 3-13a
plane) occurs if strain gauges SGO1 and SGO2 read a positive strain (Tension), and
opposite strain gauges SG05 and SG06 read a negative strain (Compression), or vice
versa. In-plane bending occurs when this same behaviour is seen but for the set of
strain gauges SG03-SG04 and SGO7-SGO8, respectively. Based on this principle

alignment correction was carried out by: First, assessing the current level of alignment
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via strain readings (before). Second, correcting the gripping position, by controlling
the alignment fixture, until the strain gauge readings are minimized (after). Figure 3-14
shows a comparison of strain readings when using and not using the alignment fixture.
Figure 3-15 shows the before and after position the grips when the alignment system

is used.
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Figure 3-13 a) Schematic of alignment specimen. b) Gripped specimen during

calibration. d) LabVIEW code used for calibration.
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Figure 3-14 Strain gauges readings without and with the alignment system.
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Figure 3-15 Position of grips before and after calibration.

3.4.1.2 Analogue data acquisition

Important data corresponding to the material response under fatigue loading

conditions was acquired for each fatigue cycle. This analogue data corresponded to:

1. The testing Force

2. The machine's Displacement,

3. The specimen Strain, and

4. The Temperatures of the specimens surface, the grips and a reference (room

temperature).

Acquisition of the data was done simultaneously during the fatigue testing via a
LabVIEW [116] code in combination with several NI data acquisition cards: NI-9211
(for the thermocouples), NI-9215 (for the force and displacements) and NI-9237 (for
the strain gauges and extensometer). An image of the LabVIEW [116] code, created
by the author to acquire the information, is shown in Figure 3-16. An adequate
sampling rate was also necessary as to correctly capture the peaks and troughs. This
rate could not be too low to avoid aliasing (distortion of the measured wave form)
[125], nor too high to avoid unnecessary large data files. Figure 3-17 shows the
calculated error for different sampling rates. A sampling frequency of two times the
testing frequency is commonly used, a.k.a. Nyquist sampling rate [125]. For the case
of the present project, the corresponding Nyquist sampling frequency would be 10Hz,
or 10 samples per cycle, but this seemed to provide with a large error in terms of
identifying the actual maximums, approximate 20%. A frequency of 50Hz, or 50
samples per cycles, was finally chosen as it provides with less than one percent or

error, <1%, and also corresponded to exactly ten times the testing frequency.
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Figure 3-17 Data acquisition sampling rate error.

The machine testing force, corresponding to the feedback measured by the machine
load cell; and machine displacement, corresponding to the built-in LVDT feedback,
were both recorded. Figure 3-18 shows a measurement example of the Machine's

force and displacement signals.
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Figure 3-18 Measured machine's displacement and forced feedback.
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More accurate displacements were measured with an external Ametek DG2.5/S MK I
LVDT [126], with a total travel of 5mm and a linear resolution of <+/- 2%. The external
LVDT was instrumented using an independent power supply of 15VDC. Figure 3-19a
shows the sensor located in the testing rig before a fatigue testing. Figure 3-19b
presents a comparison of raw signals (Volts) between the Machine's LVDT and the
external LVDT. It can be seen that a less-noisy, more defined, wave form is obtained

using the independent sensor.
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Figure 3-19 a) External LVDT used for displacement measurements. b)

Comparison of raw data (Volts) between Machine's LVDT and external LVDT.

Material strains were measured using an Instron 2620 Series [127] fatigue rated
extensometer, with a full-scale range of +/-5mm and a linearity error of +/-0.15%.
Power was supplied directly by the NI-9237 card through a Wheatstone full-bridge
configuration. Figure 3-20 shows the extensometer installed on a fatigue specimen

prior to testing.

Finally, temperatures were measured at: the centre of the specimen, the grips, and at
a reference specimen. Three separate thermocouples type T [117], with temperature
range of -270°C to +370°C and an accuracy of +/-1°C were used for this. Figure 3-21

shows the location of the thermocouples prior to fatigue testing.
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a) b) c)

Figure 3-21 Thermocouple locations to measure a) specimen'’s surface

temperature, b) grips temperature and c) reference temperature.

3.5 Monotonic tensile testing procedure.

Quasi-static testing was performed on specimens at all orientations to characterise
the material properties. Tensile testing was carried using the uniaxial testing machine
previously described, under displacement controlled conditions. An extension rate of

2 mm/min was used for this per ASTM D3039 [128] Constant Head-Speed Tests

recommendation.
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3.6 Fatigue testing procedure

3.6.1 Constant amplitude

Fatigue testing under uniaxial constant amplitude (CA) loading was carried out using
force-controlled conditions. The frequency used was 5Hz, this allowed for relatively
fast testing times at longer lives and, at the same time, allowed for lower self-heating
temperatures, where specimens' surface temperature was monitored for this case
(Figure 3-21). Different load levels were established to allow for good spread of the
data, in terms of fatigue life, and with a target of 10,000, 100,000 and 1,000,000 cycles,
at the industrial partner request. Nominal stresses were later calculated from the
machine's loads to plot the specimens' Stress-Life (S-N) curves for each particular
orientation per:

Max.or Min. Load (N)

St MPa) =
ress (MPa) Measured width (mm) x Measured thickness (mm)

Equation 3-2

Three different stress, R, ratios were used to characterise the effect of mean stresses
in the composite material. A fully-reversed tension-compression stress ratio, R=-1;
and two positive stress ratios, R=0 and R=0.3. The actual stress levels used were
selected based on basic manufacturer-provided S-N data, and by conducting a series
of early dummy testing to assured specimens' life data was close to the before
mentioned industrial partner targets. This did not account for the stochastic nature of
fatigue testing, but provided with a good idea to obtain a range of life cycles as close
as possible to the request. The stress levels used for the proper testing, are shown in
Table 3-2 for each of the different stress ratios, in brackets is the percentage in relation
to the tensile strength results shown in Figure 5-8b for each orientation. A schematic

of the wave forms, with respect to mean stress, for each R ratio is shown in Figure

3-22. Corresponding Ao , g, and g,, were calculated using the equations shown in

Figure 2-43. S-N curves were then drawn using the calculated stress amplitude (o),
and the final fatigue life (N). Similar to relevant published work [76], [129], a fatigue
cut-off limit was set at 10® cycles, corresponding to the high cycle fatigue (HCF)

regime.
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Table 3-2 Stress levels used for uniaxial fatigue testing

Stress Specimen Max. stress /Min. stress in MPa
"R" ratio Orientation (% of Tensile Strength)
150 142.5 +40
. (£48%) (x41%) (£38%)
0 +37.5
(£36%)
. +45 +40 35
30 (£46%) (£40%) (£35%)
1.0 45 +40 +35
450 (£49%) (x43%) (£38%)
+30 +27.5
(£32%) (£30%)
+45 +40 +35
90° (£56%) (£50%) (x43%)
+30
(£37.5%)
0° +80/0.0 +65/0.0 +50/0.0
(77% / 0%) (62% / 0%) (48% / 0%)
30° +65/0.0 +50/0.0
0.0 (66% / 0%) (51% / 0%)
45° +65/0.0 +57.5/0.0 +45/0.0
(70% / 0%) (62% / 0%) (49% / 0%)
90° +57.5/0.0 +50/0.0 +40/0.0
(71% / 0%) (62.5% / 0%) (50% / 0%)
+100/ +30 +82.5/ +25 +75/ +225
0° (96% / 29%) (80% / 24%) (72% / 21%)
+57 / +17
0.3 (54% / 16%)
450 +71.2/ +21.2 +67 / +20 +57 / +17
(77% / 23%) (72% / 21%) (62% / 18%)
90° +71.2/ +21.2 +67 / +20 +57 / +17
(89% / 26%) (83% / 25%) (71% / 21%)

88




Force/Stress F/o max.

F/c max. / \-.__\ high
N [\
foN \ e z
F/c max. \ R=0 \ ff' 2
T ,- 2
/ -.\.\. \"\.\ .,-"f \\-. / a
{ Y \\ [ NS 3
f \ R=-1 v/ F/c min
0 \ / _ X low
A\ / F/c min. time
\
I NS
F/c min

Figure 3-22 Schematic of wave forms for each R ratio.

3.6.2 Block loading

Block loading (BL) was carried out to assess the effect of damage accumulation and
load sequence in the material fatigue response. Stress levels were stablished by
analysing the results of the coupon level SN curves, drawn after completing the
Constant Amplitude testing; and by calculating a linear damage (D) per block by using

Miners' rule for cumulative damage:

S

=

k
i
=D
i-1 °

Equation 3-3

Where, n; is the number of cycles accumulated at stress oi. N; the total life at oi. Failure
occurs when D=1. To allow for a relatively significant amount of blocks before failure,
and for progressive damage propagation, D was set to be <0.5% per block for all
specimens orientations. This value was set arbitrarily, in order to obtain an estimated
life of at least a couple of hundred blocks per specimen orientation. This meant that
for each 0°, 90° and 45° specimens, the estimated total number of blocks to reach D=1
would be, respectively, 300 blocks, 222 blocks and 192 blocks. It is also good to
mention that although Miner's rule is widely used, it does have several limitations, in
particular it just accounts for a proportion of the total life consumed at each stress
level and then adds together all the proportions for all the stress levels in a particular
block, therefore it does not consider any effect that the load sequence can have in the
material response. This method also does not distinguish whether the damage is due

to a particular mechanism, so is not possible to pinpoint the physical nature of the
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material failure. This also means that the accumulation is just linear, and does not
account for any non-linear damage accumulation that might occur due to the
progressive degradation of the material properties caused by the propagation of
damage. Nevertheless, due to its simplicity of implementation, it represented a
sensible starting point. Finally, R=-1 was selected for this test to avoid the inclusion of
mean stress effects in this analysis. Testing stress levels, load sequence and estimated
D per block per orientation can be seen in Table 3-3. Figure 3-23 shows the first two

blocks of a BL test for a 0° specimen with High-to-Low load sequence.

Table 3-3 Block loading stress levels and sequence definition.

Load sequence

Nominal Damage -
. . ) Cycles High Low
R ratio Orientation Ga per block
per block - -
(MPa) (%)

Low High

45 40 0.11
0° 40 250 0.09 ' t
375 1,000 0.12

otal Miners' rule damage per block (D) 0.3%

40 40 0.2

35 200 0.19 ‘ t
-1 45°

30 1,000 0.11

otal Miners' rule damage per block (D) 0.5%

40 40 0.2
35 200 0.15 '

900 t
30 1,000 0.1

Total Miners' rule damage per block (D) 0.45%

—

—

70
15t Block 2nd Block
50 r L ! )
30
©
o
s 10
Y
® -10
b
-30
-50 Machine stabilization only at the
start of the test.
-70
0 500 1000 1500 2000 2500 3000

Cycles

Figure 3-23 Example of BL test at R=-1 for a 0° specimen tested at High-to-

Low sequence. Only first two blocks are shown.
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3.7 Material analysis techniques

3.7.1 Digital Image Correlation (DIC)

Digital Image Correlation or DIC, is an optical (image) based experimental technique
used to measure displacements, motion and strains [130]. This methodology allows
for full-field measurements, in-plane (2D) and out-of-plane (3D, stereoscopy). Full
strain fields are calculated by comparing the movement of after-deformation images,
in relation to a reference frame (zero deformation). An area of interest is selected in
the specimen, which is then subdivided into smaller interrogation windows (subsets).
Displacements are calculated by selecting individual points inside each subset in the
reference image [131], e.g. A(xo,yo) and B(x1,y1), and tracking their respective location
in the deformed frame, e.g. A'(xo',yo") and B'(x1',y1"), as shown in Figure 3-24a. To allow
this tracking, the testing specimens were speckled using a spray paint technique.
Matte black droplets over a base primer white, to minimize shining and overexposure
of the images. Examples of the speckled samples used in this project are shown in
Figure 3-24b. Finally, Figure 3-25 shows the configuration for the 3D DIC system,
which consists in the acquisition cameras, a source of white light, the specimen under
study and the analysis software (not in frame). One of the main characteristics of this
technique is that it can reliable resolve displacements of up to 1/100t of a pixel. In
other words, a 5 Megapixel camera (current setup) looking at a 100 mm sample, would
be able to resolve displacements with a resolution of ~1.5 microns (theoretically)

[132].
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Figure 3-24 a) Depiction of a subset before deformation and after deformation.

b) Example of specimens speckled for DIC.
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Speckled
Specimen

Figure 3-25 3D DIC hardware configuration.

3.7.1.1 High speed DIC

Material softening under fatigue loading conditions could not be measured with the
typical DIC setup due to the high testing frequency. High speed (HS) DIC was then
used to measure the material strain field distributions under this cyclic conditions. For
this case HS Phantom VEO 410 L [133] cameras were used. These cameras have a
maximum resolution of 1280x800 pixel with a maximum frame rate, at this resolution,
of 5.2kHz and a reacting time of 9.6 seconds. A total of 100 frames per fatigue cycle
were capture to correctly characterise the strain fields during fatigue testing. The
corresponding capturing rate was 500Hz. Figure 3-26 shows the typical configuration

for HS DIC testing.

Ort\wdre %> ‘

L LR, AS
! = e = —

i o e ,
e < il B[
> / Rt 1) 27
DA “ ™ o ! y i

|/
.

y

?gisuency
) lIgheg

" A‘?
R
s

Figure 3-26 Typical configuration for High Speed DIC testing.
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3.7.1.2 DIC Resolution

The system resolution was needed to assess the confidence in the strain results
obtained with this technique. Three samples were tensile tested for this case. A
minimum subset size of 8.5x8.5 pixel was achieved for each sample (Figure 3-27a),
below this size the correlation would either fail, frames would be skipped or some data
would be lost in the area of analysis. After inspecting the result of the correlation, a
minimum confidence range of between 0.0001 to 0.0003 m/m was found for this
technique, below this range only noise is detected. The results can be seen in Figure

3-27b.

@ Sample 1 Sample 2 Sample 3

0.001 o
Subset Size= so0s 00003/ /
8.5x8.5pixel or - 0.0005 \ o
0.164x0.164mm 0006 g 00001/ /
Area= o / ;
0.004

0.027mm?2

Tensile strain (m/m)

0 50 100 150 200 250 300 350
b) DIC image frames

Figure 3-27 DIC technique showing a) minimum subset size and b) achieved

minimum resolution.

3.7.2 Optical microscopy

The analysis of the specimens under optical microscopy was done to assess and
measure the fibre distribution throughout the thickness of the material. For this, a
careful sample preparation was needed. It was first started by selecting a region of
interest, e.g. specimen's gauge length, and then cutting through using a diamond
blade to avoid damaging the fibres. After this, and to facilitate the observation of the
fibres, the samples were cold mounted in epoxy resin at a ratio of 4 to 1 (resin to
hardener) and left to dry for 24 hrs. Afterwards, to remove the surface imperfections,
the specimens were grinded and polished at different steps, velocities and times. The

main stages are listed below:

1. A coarse grinding using P800 grind paper.

2. A finer grinding using diamond suspension of 9 microns.

3. A coarse polishing using diamond suspension of 6 microns.
4

A final polishing using diamond suspension of 1 micron.
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Finally, the specimens were observed using an optical microscope Nikon Eclipse
LV150N [134], with available magnifications of 5x, 10x, 20x, 50x and 100x. Epoxy-

mounted specimens and the microscope used are shown in Figure 3-28.

Figure 3-28 a) Specimens mounted on epoxy resin. b) Optical microscope used

for observations.

3.7.3 Scanning Electron Microscopy

This technique was used on the material with the objective of analysing: The fracture
surface of failed specimens, the as-moulded surface of the composite, and the as-
machined surface of the testing coupons. For all cases, a careful preparation of the
samples was needed. As the composite is non-conductive a layer of conductive
coating was required prior to analysis, also the samples needed to be small enough
to fit the microscope chamber. Specimens were first cut with a diamond blade to avoid
damage to the fibres. Samples were then mounted on aluminium (Al) stubs with the
help of Acheson Silver (Ag) DAG compound, both being conductive materials.
Mounted specimens are finally coated with a thin gold (Au) layer via sputtering, this
creates a conductive close circuit for electrons to travel through the polymer.
Observations of the samples was done using a SEM Hitachi TM3030 Tabletop
Microscope [135] with an available magnification of 15 to 60,000x (digital zoom: 2x,
4x). Figure 3-29a to c show an example of the sample preparation, the final SEM-ready

specimen and the actual microscope.
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Figure 3-29 a) Example of SEM-ready specimens showing the aluminium stubs,
the gold coating and the silver DAG compound. b) Sputtering machine used for

gold coating. c) Hitachi microscope.

3.7.4 Computed tomography

While using microscopy techniques allowed the observation of the surface of the
material, there was important information that could only be extracted from inside,
e.g. fibre distribution. Additionally, these are destructive techniques which implied the
possibility of losing important data during the sample preparation. For this reason,
micro-computed tomography (uCT) was performed to inspect the internal structure of
the material in a non-destructively manner. The uCT system used was a Bruker Skyscan
1172 [136] desktop x-ray with a 100kV X-ray tube source, power of 10W (0-250 pA), a
minimal focal spot size of <5Smicrometres and a detail detectability of <1micrometre.
The scanner setup can be seen in Figure 3-30. The specimen preparation was simpler
than for the other techniques, a maximum sample size of <5mm per side was used. In
specific, the average size of the specimen was ~5x5mm by ~4mm in thickness, which
allowed the full thickness of the plate to be inspected. The scanner settings that
produced the best image quality were found by trial and error. These were: a camera
binning mode of 2000x1024 and a 0.5mm aluminium filter; this allowed a maximum
voxel resolution between 2.53 - 3um. The scanning was also done with a rotation step
of 0.7° and an image averaging of 2 with a 180° rotation. The bigger the specimen,
the lower the maximum resolution achievable, in specific inside the material. The main

limitation faced using this technique was the equipment itself. At maximum resolution
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the final scan struggled to show: individual fibres, a clear boundary between the fibres
and the matrix, and any feature in the matrix itself, such as cracks, voids, etc.
Nevertheless, it was possible to distinguish the different microstructural layers
produced by the fibre orientation distribution as whole, as shown in Figure 5-1. Finally,
Figure 3-31a-c shows a sample being readied for scanning and then installed into the

scanner chamber.
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Figure 3-30 Bruker Skyscan 1172 microCT scanner.
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Figure 3-31 a) X-ray preview of specimen before analysis. b) Specimen mounted

ready for scanning. c) Specimen inside CT chamber.
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3.8 Conclusion

The present experimental methodology described the process followed to
characterise the material properties of a SFRP made out of a nylon 6,6 resin and a
relatively high amount of reinforcement, 50wt% short glass-fibre. In contrast, more
commonly used nylon/short glass-fibre reinforced polymers include up to 35wt% of
fibre reinforcement, e.g. [137], [138]. Similarly, the material thickness investigated on
this project is relatively high at 4 mm. This is significantly larger than what it is normally
investigated and documented in the literature, which typically is around 3 mm or less,
e.g. [138], [139]. Additionally, unlike other published work [20], to maintain the
consistency of the fibre distributions and therefore reduce the sources of inaccuracies
in the analysis, only one specimen was machined out of each composite plate and
every single time at the same location. Application of state-of-the-art high-speed
camera equipment was also implemented to allow the analysis of the material
behaviour under cyclic conditions. As part of the model calibration and validation
effort, three different locations on the composite plate were chosen to assess the
effect of the fibre distribution on the material's mechanical response: a reference
location, close to the central part of the plate; and two Edge locations, close to the fan
gate and to the mould's side edges, respectively. Additionally, to better understand
the material fatigue response, three different stress ratios were also studied, two
positive and one fully reverse. A comprehensible methodology for specimen
conditioning, water/humidity absorption, with careful control of the water bath
temperature was also stablished and documented for further reference. Measurement
of the key analogue data, such as: displacements, strains, forces and surface
temperatures, was conducted by using state-of-the-art instrumentation techniques
via the implementation of hardware and software solutions, programmed by the
author. An analysis of the recommended sample frequency to minimize aliasing and
sampling errors was carried out and also documented for further reference. To assure
the repeatability of the results, and as to reduce the sources of systematic errors, an
industry grade alignment system was used as part of the experimental program,

calibration of the alignment was done via a 8-channel synchronous measurement.
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4. MODELLING METHODOLOGY

4.1 Introduction

This chapter presents the technique used to predict the fatigue life of short fibre
reinforced polymer composites. Due to the complexity of the material behaviour a
multistage modelling methodology was proposed, which covered from the injection
moulding simulation of the material, to the final fatigue prediction of the specimens.
In this regard, a map of the inputs and outputs of each modelling step is shown in
Figure 4-1. In summary; the process started with the injection moulding simulation
which provides with the fibre alignment information. The anisotropic material
properties were then predicted based on the material constituents, fibre and matrix,
via a mean field homogenization technique. In the following stage, both the fibre
information and the material model were introduced into the specimen's structural
model and the stress analysis was setup. Finally, the fatigue calculations were carried
out depending on the load history, the stress states and the fibre information, in the

case of the S-N approach, to produce a fatigue prediction.
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Figure 4-1 Computer aided engineering (CAE) workflow map.

4.2 Injection moulding process

The modelling methodology was started with the simulation of the injection moulding
process, which provided with the prediction of the fibre orientation tensor

information, a key driver of the final anisotropic material properties.

With information provided by the material manufacturer (BASF) on how the actual

composite material was manufactured, the structural model of the injection moulded

98



plate was created. For this analysis Autodesk Moldflow Insight 2017 [140] software
was used. To better characterise the behaviour of the fibres, and as best practice, not
only the cavity (plate) was modelled, but the fan gate (which allows the distribution of
the material), and the runner (the canal through which the material flows into the gate-
cavity), were also modelled [141]. At the end of the runner, the injection point (the
simulated sprue) was positioned. The overall model of the part can be seen in Figure

4-2.

The boundary conditions for the injection moulding simulation followed the material
manufacturing process. The material melt temperature was set at 300°C, whereas the
mould surface temperature at 85°C, this lower mould temperature allows to solidify
the material as soon as the cavity is filled reducing the processing time. Fibre aspect
ratio of 20 (200 microns by 10 microns in average). The injection time was 1.8s, with a
dynamic viscosity of 0.354. In terms of the process settings; the injection rate is 5,000
cm3/s, with a maximum injection pressure of 180MPa and a maximum clamping force
of 7,000 tons, typical values go from 5 to ~6,000 tonnes [141]. In other to fully
characterise the fibre information, the injection moulding considered the filling and
the packing stage of the material; with a total cooling time of 20s. The pressure used
for the packing stage was 108MPa. Additionally to this, the simulated mould for the
injection moulding was set as software default, this is a steel P20 mould with a density

of 7.8 g/cm3 Young's modulus of 200,000 MPa and 0.33 Poisson's ratio.

In terms of the injection simulation, the fibre orientation analysis was done under the
3D analysis technology option in Moldflow [44]. The result is a 3x3 symmetric tensor
with six different components, as shown in Figure 2-18, at each node on the
tetrahedral mesh (default element type). The fibre analysis model used was based on
the Folgar-Tucker [47] model, available in the software, the definition of this model
was explained in the Literature review section of this thesis. This meant that the
orientations of the fibres were mainly dependent on the interaction coefficient (Cj). In
theory this coefficient can vary anywhere from 0 to 1. With values close to 0 meaning
that the fibres do not interact with each other, and larger values meaning that the
fibres become less aligned [142]. In reality C; values range from between 0 to 0.1, as it
has been found that higher values do not improve fibre alignment in this method. In
a validation study carried out on Moldflow 2017 release, it was found an average error
of less than 0.2% using the Folgar-Tucker model [143]. This study was done on a 3mm,
in thickness, plate of PA66GF50 of the same manufacturer than the present project's

material (BASF). Calibration of the present analysis was done against Computed
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tomography measurements by comparing the fibre orientation tensor components.
The results are shown in a later chapter of this thesis. A mesh independence study was
also conducted in terms of the orientation tensor components. Figure 4-3 shows the
variation of the matrix components through the thickness with the mesh density, from
coarse to fine (selected mesh), with values taken in the middle of the plate. Finally,
Figure 4-2 shows the mesh chosen for the injection moulding simulation (including
gate and runner). The final mesh consisted of a total of 1,379,406 four-node solid
tetrahedral elements, this is shown in Figure 4-3 as "Fine mesh". A comparison
between the simulation results using the selected mesh, and experimental

measurements is shown in Figure 5-6 in Chapter 5.
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Figure 4-2 Optimised injection moulded plate’'s finite element mesh.
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Figure 4-3 Comparison in the through-thickness orientation tensor result at the

specimen's gauge length's centre location for three difference mesh densities.
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4.3 Material modelling

Defining the material properties was a critical step to obtain correct levels of stresses
and strains, which would later be used in the fatigue life prediction of the composite
material. Due to the effect that the fibre orientation distribution has in the material
behaviour, a more complex material model needed to be used. For the case of the
present project, a two-stage procedure was implemented to obtain the anisotropic
material properties. First, a mean-field-homogenization technique (MFH) was used to
obtain a base, or general, material model of the composite under study. Second, an
iterative reverse engineering (RE) approach was also carried out using experimental
data to further calibrate the material model. This two-stage approach is depicted in
Figure 4-4. The modelling of the material was carried out using Digimat [144], which
allowed the implementation of the MFH technique, as well as, the linkage with the RE
approach to better define the model. The final material model was also validated
against experimental measurements. The following section describes, in detail, the

methodology used in both stages, which defined the composite's material properties.

Mean Field Reverse Material
Homogenization Engineering properties

Figure 4-4 Schematic of material model workflow.

4.3.1 Mean field homogenization

In general terms, the goal of the MFH technique is to find an equivalent homogenous
material with similar properties to the composite, by estimating volume averages of
stresses and strains fields [66]. An example of this method is depicted in Figure 2-40.
For the present project, the Mori-Tanaka (M-T) model [68] was used, as it had been
found to correlate well for two-phase composites (a matrix and a single type of
inclusion) with success at relatively larger concentrations of inclusions. Similar work
has been documented in past [71] to model the material behaviour of SFRP's, although
under linear-elastic conditions only. The problem with that approach was that
behaviour of this type of composite is complex and needed a different material model
to represent the correct behaviour. For the present project an elasto-plastic material

model was considered instead.
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The MFH procedure started with the characterisation of the material properties of the
constituents. In other words, the fibre and the matrix. Textbook properties were used
for the case of the Type-E glass fibre [15], an example of these properties is shown in
Table 2-1. The matrix material properties were obtained using the CAMPUS material
data base, freely accessible in [145]. Based on this information, the general Stress-
Strain curves, for the glass fibre and the nylon matrix, used in the MFH technique are
shown in Figure 4-5. Where the glass fibre (GF) was considered to be elastic, while the
matrix (PA66) elasto-plastic via using the J>-plasticity model, already integrated in the
software. In this regard, it is good to mention that the application of this theory for
the prediction of the properties of short fibre reinforced polymers considers several
assumptions. The J2 plasticity model is only applied to the matrix stress/strain curve
(as shown in Figure 4-5) with the matrix assumed to be isotropic. The MFH mixes the
stress/strain curves of both fibre (linear behaviour) and matrix (non-linear isotropic)
and produces curves with hardening rates which depend on fibre orientation. The full
mathematical details of this formulation are presented in [66]. Additionally, in a work
by Doghri and Friebel [146], it was shown that this methodology is restricted to only
two-phase composites, it also tends to produce a stiffer material response with
longitudinal oriented fibres, and the strain hardening of the material might not be
adequately modelled. Nevertheless, and although this formulation does not
completely describes the full behaviour of the material, e.g. viscosity, strain rate
dependence, creep, etc; for the particular application presented herein, this
methodology did show a good correlation between the results of the numerical model

and the experimental validation, as is presented in Figure 7-4.

—_—GF PABG

2500
2000
1500

1000

Stress (MPa)

500

0 0.05 0.1 0.15 0.2

Strain

Figure 4-5 General Stress-Strain curves for GF and PA66 used for the MFH

technique.

102



As a quick summary, the J>-plasticity model is defined as [66]:

1 2 2 2
o'eq:,/]2(0' = E[(O'll—a'zz) +(0'22_0'33) +(033_011)]
1
2

+3[0'122+0'232+0'312]]

Equation 4-1

Where ceq is the Von Mises equivalent stress, and J2(s) the second invariant of the
deviatoric stress tensor. This model considers the response to be linear elastic as long

as the equivalent stress is lower than the material yield stress:
GeqS Gy

When this is exceeded, the behaviour is now considering as nonlinear with plastic
deformation, where the stress is then given by the sum of the yield stress and the

hardening stress, or:
Geq= Oy+ Rpp)

From then, different laws are applicable for either isotropic hardening, as well as, for

kinematic hardening.

Additionally to the constituents' material properties, the microstructure also needed
to be defined in terms of the aspect ratio of the inclusions, as well as, of the fibre
orientation. For the present case, the nominal aspect ratio of 20 was used. In terms of
the fibre orientation, and for the purpose of calibrating the model, a first guess was

taken from the injection moulding simulation results.

With the constituents’ material properties, the definition of the fibre orientation tensor
and with the overall shape and volume fraction of the inclusions; then the MFH
procedure could be started. First, it is good to mention that the M-T model is an
approximation of the single inclusion problem, solved by Eshelby in 1957 [67], and
proposes that the strain concentration tensor relating the volume average of strain

over all inclusions related to the matrix, or B¢ in:
(ehw1 = B%: (e)wo
is given by:
B® = H® (1,Cy, Cy)
Which is the definition of the Eshelby's single inclusion problem. Where (¢),,, is the

volume average strain field over all inclusions and (¢),,, is the volume average strain
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field over the matrix, H® is the single inclusion strain concentration tensor, | is the
ellipsoidal volume of the inclusion and, Co, and C; are the uniform stiffness for the
matrix and the single inclusion, respectively. In other words, the M-T method models

each inclusion behaviour as it were isolated in the matrix [70].

In the case of Digimat, the homogenization is done in two stages. First, by
decomposing the random fibre orientation into pseudo-grains with similar
orientation. Each pseudo-grain is then homogenized using the above described M-T
technique. Finally, the effective response of all the pseudo-grain is computed by
assuming a one dimensional, 1D, problem, by either: 1) considering the strain field as
uniform inside the domain, therefore, the macro stiffness is the volume average of the
pseudo-grain stiffness. Or 2) by assuming that the stress field is uniform inside the
domain, therefore, the macro compliance matrix is the volume average of the pseudo-
grain compliances. This is per Voigt and Reuss models [66]. A depiction of this
procedure is shown in Figure 4-6. With the definition of the MFH process, the material
response could be computed, which would be correlated to the fibre orientation

tensor on each element via the two stage MFH technique above explained.

AN

FIRST STEP SECOND STEP

Figure 4-6 Digimat procedure for the 2-step MFH in a composite with

misaligned inclusions [66].

4.3.2 Reverse engineering

In terms of the reverse engineering (RE) approach, experimental monotonic data was
used to further calibre the material model. This is done by using experimental data, in
the form of Stress-Strain curves from coupons oriented at 0°, 45° and 90°, to reduce
the difference between this data and the material model produced during the MFH
stage. To visualise this, Figure 4-7 shows a comparison of the macro behaviour

between the material model computed using the MFH approach for PA66GF50, before
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and after the RE, and material data from experimental testing, from a 0° reference
specimen, which was used for further calibration of the model. Validation of the final
material model was done using experimental data of coupons oriented differently to
the ones used for calibration. The parameters to optimise during the RE are shown in
Table 4-1. Additionally, during the optimization stage, other parameters like the

loading conditions are also updated from the original MFH model to correlate to the

experimental data.
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Figure 4-7 Comparison of the macro behaviour between material experimental
data, and the before and after RE MFH material model for a 0° reference

specimen of PA66GF50 (thickness=4mm and V¢=30%).

Table 4-1 Optimisable parameters during RE.

. Matrix Young's modulus, matrix Poisson's ratio, filler aspect
Elastic model )
ratio.

Matrix vyield stress, matrix hardening modulus, matrix

Elasto-plastic ) )
hardening exponent. Plus the ones from the Elastic

model

parameters.

The actual method that Digimat uses for optimization is the DIRECT method available
in DAKOTA [147], the specifics of which can be accessed in reference [66]; but suffice
it to say that the iterative optimization used in this approach is based on minimizing
the difference between the computed MFH curve and the input experimental curves.

This difference between curves is represented by and error estimator, or e. If the
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experimental curve is formed by a set of n(X;, Y:) points, then the error estimator is
defined as the relative error between the experimental curves and the MFH one, such
that [66]:

D ACNACEES

n

Equation 4-2

Where Y((i) is the interpolated value in the Y-coordinate of the computed curve at X-
coordinate equal to X.(i). If Y(i)=0, the corresponding term in the sum is replaced by
the absolute error. When more than one experimental curve is used to calibrate the
material model, then the optimization is considered as a multi-objective problem, and
weight functions are introduced (w;). Therefore the global estimator error is defined

by the sum of the individual error estimators, or:

m
e = Z W]€]
=1

Equation 4-3

The general process was then: First, to calibrate the elastic part of the material curve,
as well as, the microstructure parameters. Once this was done, then the plasticity

parameters were optimized.

4.3.3 Cyclic Stress-Strain behaviour

Due to the material's behaviour under cyclic loading, the total deformation under
fatigue would be larger as the polymeric matrix experiences cyclic softening [82].
Therefore, for the present case, the Ramberg-Osgood relationship was used to draw
the cyclic Stress-Strain curves, and thus, to describe the material behaviour under
these conditions. This relationship has been implemented in the past on different
SFRP's (reinforced nylon-6 and reinforced polybutylene terephthalate) to model the
material's cyclic stress-strain behaviour [91]. Although it has been shown that this
model is able to capture the cyclic softening that occurs in the polymers under fatigue
conditions, it has also been shown that the non-linear part of the resultant curve tends
to diverge from experimental measurements, at ambient temperature, showing higher
strain hardening that the one seen in the testing data [148]; it also cannot capture
time dependent effects, this means that no creep or other time-dependent processes
can be reproduced by this approach [149]. The Ramberg-Osgood relationship in terms

of the true strain amplitude can be defined as:
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Equation 4-4

Figure 4-8a shows the definition of the different terms based on the stabilised fully-
reverse hysteresis loop. From Equation 4-4 the first term represents the true elastic
strain range, while the second term the true plastic strain range. Coefficients K' (cyclic
strength coefficient) and n' (cyclic strain hardening exponent) are obtained by plotting
the true stress amplitude (ca) and, the true plastic strain amplitude (A%) in a log-log

graph [91], as is shown in Figure 4-8b.
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Figure 4-8 a) Definition of terms for the cyclic Stress-Strain curves. b) True stress

amplitude vs True plastic strain amplitude log-log plot.

4.4 Stress Analysis

The specimens’ structural models, as well as, the finite element analyses, were carried
out using Abaqus [150]. This section describes in detail the individual models for the
uniaxial specimens, the boundary conditions and the different type of analysis run.
The procedure for mapping the fibre orientation tensor results, product of the

injection moulding simulation, into the finite element mesh is also explained.

4.4.1 Structural model

A linear eight-node brick element with only one integration point [151], located in
the middle of the element, was chosen for the structural mesh. The element

composition is shown in Figure 4-9.

This element type allowed linking a single stress result to a single fibre orientation

tensor for each element in the mesh. Due to this reduced number of integration
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points, a typical hexahedral element has a 2x2x2 integration point scheme [152], and
to correctly capture the stress concentrations in the specimen's gauge length, a
maximum element size <0.2mm was used in the region of interest. In the same
manner, to accurately map the change in fibre orientation, a total of 50 elements
through the thickness were used. To avoid false element deformation, due to zero-
energy modes, caused by the lack of element stiffness (hourglass phenomenon [153])
inherent of using reduced integration elements, a hourglass control was set in Abaqus

[150] to mitigate this effect, i.e. introducing an artificial stiffness.

Finally, a mesh independence study was also carried out to determine that the stress
results seen in the gauge length region are product of the actual material response
and not due to the quality/density of the mesh. The results of this study can be seen
in Figure 4-10, with a change in stress results of less than 0.4% for the mesh chosen.
The final structural model used for the finite element analyses of uniaxial specimens
was composed by a total of 178,000 solid brick elements and is presented in Figure
4-9.
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Figure 4-9 Uniaxial specimen'’s structural mesh, showing element's nodes (N1-

N8) and integration point (I1) location.
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Figure 4-10 Mesh independence analysis conducted over the gauge length.

Stress results from a unitary load case in tension.

4.4.2 Analysis setup

4.4.2.1 Boundary conditions

The details of the coupons' meshes were explained in the previous section, the next
step was the setup of the actual analysis. The boundary conditions used for the
uniaxial specimens are shown in Figure 4-11. On one end of the specimen all
translations were constrained, i.e. UX=UY=UZ=0. On the other side of the specimen a
kinematic coupling constraint [154], was setup to a single reference point (RP). Said
kinematic coupling allowed to constrain all the nodes on that end of the specimen to
the rigid body motion of a single node, RP. It was on this reference point where the
uniaxial load (either Force or displacement) was applied and then uniformly

transmitted to the specimen.
4.4.2.2 Analysis type

Linear, as well as, non-linear analyses were carried out on all specimens' models and
orientations. Similarly, monotonic, as well as, cyclic material properties were used
depending on the type of assessment being conducted. This assured the correct
results in terms of material deformation, strains. All analyses were conducted under

quasi-static conditions in Abaqus.
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Figure 4-11 Uniaxial specimen boundary conditions.

4.4.2.3 Input of material properties

During the stress analysis a coupling process between Digimat and Abaqus was done.
This allowed the calculation of local material properties on each element by following
the MFH technique explained in the previous section. This was done by using the
calibrated material model, via Reverse Engineering, and the material orientation
tensor result for each element. The input material card contains the constituents' (GF
and PA66) material properties, the orientation tensor for all the elements in the mesh,
and information on regards the type of MFH method to use (M-T in this case). For an
example of the type of information inside the material card please see the Appendix

Al

4.4.3 Fibre orientation tensor mapping

In order to compute the anisotropic stresses and strains in the composite material the
fibre orientation tensor results from the injection moulding simulation were mapped
into the structural meshes. This step is important as the fibre orientation is not
homogeneous and tends to change along, and throughout, the plate. Thus, depending
of the location where the specimens are taken from the plate, different fibre alignment
and mechanical behaviours will be observed. Figure 4-12 shows an example of this
change of fibre alignment depending of the location the specimens are taken from
the plate. Red values show higher local alignment, whereas, blue values show less local

alignment.
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Figure 4-12 Example of fibre orientation distribution along the flow direction.

Superposition of Donor (plate) and Receivers (uniaxial specimens) meshes.

In-depth results of the fibre orientation alignment are presented and explained in the
Modelling results chapter of this thesis. At this moment, suffice it to say that to
correctly capture the anisotropic stresses, the transfer of the orientation tensor to the
structural models (meshes) was a key procedure within the modelling methodology.
This is due to the stiffness at each element would change depending of the orientation
tensor in that element. The result of the fibre analysis product of the injection
moulding prediction is in the form of a second order fibre orientation tensor, or a 3x3
symmetric matrix, which is a nodal result [44]; i.e. is calculated at each of the plate's
mesh's nodes. During the mapping procedure, this information is transferred into the
integration points in the specimens' meshes. This process is done through Digimat

[144] via a Node-to-Integration point technique.

The general procedure is the following: First, the specimen's mesh (Receiver) and the
plate’'s mesh (Donor) are superposed. The Receiver is positioned on the Donor mesh
at the particular location and orientation corresponding to the testing specimens, as
shown in Figure 4-12. At the element level, the single integration points,
corresponding to the elements in the specimen's mesh, are located on the superposed
Donor's mesh. Then, via an interpolating/extrapolating algorithm [66], the orientation

data from the plate's nodes are transferred into the integration points of the
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specimen's mesh. This is similar to how nodal stress and strain results are calculated
by extrapolating, and averaging, elemental results (at integration points) in standard
finite element analyses. Figure 4-13 presents a representation of how the elements
and nodes match during the procedure. Figure 4-14 shows an example of the mapped
orientation data into the specimens' mesh, where for each element in the mesh,
178,000 elements in total for the case of uniaxial specimens, there is a set of matrix
components corresponding to the second order orientation tensor going from a1 to
ais.
Plaque

(donor) ——
element node

~_ Specimen

— \ (receiver)
element node

Speclmen / N ___.
(receiVer} A
Integration L
point : ? il

Detecting Receiver’s Integration point in the
Donor mesh.
Figure 4-13 Visualization of the mapping of fibre orientation tensor results from
the injection moulded plate (Donor) to the specimens structural mesh

(Receiver).
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Figure 4-14 Specimen's mapped fibre orientation data.

Finally, to assess the accuracy of the transferred data, a global error analysis was
conducted between the plate’s and specimens’results by comparing the orientation

tensors for each of the Donor and Receiver meshes. This error was calculated based
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on the relatively total number of elements, in both meshes, that contained a specific
value of orientation tensor component. This is shown in Figure 4-15 for the case of a
0° specimen, where the sum of all Relative no. of elements values is equal to 1. The
data was transferred relatively well with similar amount of elements presenting a
specific value of orientation tensor, and this is considering the dissimilarities between
both models (plate and specimens). The error analysis results for the rest of the
specimens are presented in the Appendix A.2. The back-to-back comparison of
orientation tensor results through the thickness between plate and the different

specimens is presented in the Modelling results section of this thesis.
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Figure 4-15 Error analysis in terms of transferred of orientation tensor data

between the composite Plate and the 0° Specimen.
4.5 Fatigue modelling

4.5.1 Stress-Life (S-N) approach

4.5.1.1 Introduction

The following section explains in detail the methodology followed to apply the Stress-
Life (S-N) approach in the prediction of the fatigue life of SFRP's. Firstly, and due to
the relatively low stress levels experienced during fatigue testing, the material was
assumed to be linear-elastic within the region of the cyclic testing. This same premise

has been used in the past in industrial applications of the S-N approach on short fibre
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composites [3], [71]. For the present case, HBM nCode [155] was used to automate
the fatigue calculations on all elements in the model; but the application of this
methodology could be carried out using any other scripting tool, e.g. Matlab, Python,

etc..

The modelling approach can be summarized as follows: The stress results, the fatigue
load case and the cyclic material data were input into the fatigue model. Predicted S-
N curves were compared against coupon experimental data for calibration of the
model. If the error is high, an iteration on the material data was done and the fatigue
calculations was repeated. If the error in the calibration was low (within 5%), then the
predicted life was validated against different coupon experimental data. Each of the
steps of this model are explained next in this section. Figure 4-16 shows a schematic
of the overall modelling procedure for this approach. Experimental coupon data from
0°, 45° and 90° specimens was used to calibrate the fatigue model. Experimental

coupon data for 30° specimens was used for validation of the model.
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Figure 4-16 High level schematic of algorithm for S-N approach.
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4.5.1.2 Stress tensor results and stress combination method

During the stress analysis step, a set of anisotropic stress results were calculated for
each of the elements in the structural model. This stress state depends of the particular
fibre orientation and material information, corresponding stiffness for each element.
As explained previously due to the type of element used, single integration point,
these stress results are in the form of a singular second order stress tensor located at
the centroid of each element in the structural model. This result was then used for the

subsequent fatigue calculations.

The present fatigue model is based on the S-N approach using Basquin's material
curves [74]. Therefore a stress combination was needed in order to compute an
equivalent stress value per element which was later used to evaluate the life against
local material curves. Due to the type of loading used in this project, purely axial, the
material is assumed to be exposed to proportional loading only, i.e. the components
of the stresses state are proportional to each other through the cyclic loading.
Therefore, it was possible to use a simpler multiaxial stress assessment using the
Absolute Maximum Principal Stress, i.e. the largest value when the absolute of the
three principal stresses are compared against each other [71], this was calculated for
each elemental result. This assessment meant that the largest stresses would apply to
the material in each cycle. One caveat of this criterion is that it does not account for
the direction of the crack initiation, nor for non-proportional loadings, like a
combination of asynchronous axial plus torsion loading, for such cases a multiaxial

assessment using the critical plane method [156] might prove to be more adequate.
4.5.1.3 Calibration of the model and fatigue calculations

Before a fatigue life value could be computed, material curves needed to be input to
characterise the cyclic behaviour of the composite. Different to metals, experimental
coupon based S-N curves cannot be used directly to assess the fatigue life. This is
because coupons made out of SFRP's behave, in reality, as simplified structures, due
to the variation of the fibre orientation which produces an inhomogeneous stress state
throughout the specimen. Nevertheless, this coupon based data can be used to
calibrate a set of reverse engineered (RE) fully fibre-oriented S-N curves that represent
a more homogenous fibre distribution, i.e. all fibres oriented along a single direction,
from where any other particular fibre distribution can be calculated. A schematic

representation of this is shown in Figure 4-17a, where RE fully-longitudinally and
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transversally oriented curves were obtained by calibrating the model against

experimental coupon based curves.

The description of these RE curves is, for the most part, the same as for any other
Basquin curve. This is, by defining the fatigue intercept, where a comparison was done
against the material ultimate tensile strength (UTS) to assess whether it has been
exceeded and static failure had occurred; and by defining the fatigue exponent, where
the endurance limit was assumed at 107 cycles. An extra parameter was used to define
the specific fibre orientation of each curve, this parameter is called fibre share (A) [46].
It can be defined as the portion of the fibre, or share, that is oriented toward the
direction of critical stress (in this case the Abs. Max. Principal corresponding to each

individual element on the structural model); or:
A=lal”

Equation 4-5

Where [ is the 3D orientation vector of the critical stress and (" its transpose; while a
is the fibre orientation tensor. To better explain this parameter, let us assume that the
maximum principal stress in a given element in the mesh has a vector direction of [1
0 0], and the fibre orientation tensor corresponding to that element is oriented
completely in that direction, therefore the fibre share of that element corresponds to:

1 0 0

A=[1 0 0]|0 0 © =1
0 00

This means that all the fibre, or 1 = 1, is oriented toward the load direction. In the

opposite case, if the fibre is completely orthogonal to the critical stress, then the fibre

0 0 O
A=[1 0 0[0 1 0”]—0
0 0 O

share would be:

Which indicates, no portion of the fibre is oriented toward the load direction. If the
fibre orientation is set at an in-plane 45°, then its fibre share would be 1=0.5, and so

on.

This parameter then was calculated for each element in the mesh, based on their
individual orientation tensor, and local S-N curves were defined on each element
based on that fibre share value. These local S-N curves were obtained by linearly

interpolating in-between the calibrated RE curves with known fibre alignment, as it is
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shown in Figure 4-17b. This procedure is done by using an interpolating factor defined
as [46]:

A=
-1

Equation 4-6

Where 1, is the fibre share of the local curve to be calculated, and 2,, 1, represent the
fibre share of the known RE curves. In other words the curves with fully-fibre
alignment. Using this interpolating factor the next step was to calculate the UTS, and

the fatigue intercept (FI) of new curve by:
UTS;, = UTS;, + (UTSy, = UTSy,) * 1

Equation 4-7

and,
Fly, = Fly, + (FI,, — FI ) *1

Equation 4-8

The fatigue exponent, n, of the local curve is calculated by interpolating in-between

the endurance limits for the RE curves. This is done by:

1
ng, =y, % 2
A= My o,
Equation 4-9

The depiction of the previous procedure is shown in Figure 4-17b. After the
interpolations were done, standard fatigue calculations were then carried out on each
element based on the stress state at that element, and on their local S-N curve

described by the respective fibre share value.

The calibration of the model, and in specific of the RE curves, was done by first
assuming an initial set of fully fibre-oriented S-N curves, defined by a set fibre share
value (e.g.1 = 0 and 1), a fatigue intercept and a fatigue exponent. Experimental data
served as a first guess. The stress analysis results from the uniaxial coupons (0°, 45°
and 90°) were then used, together with the first guess of RE curves, to compute
coupon S-N curves for these same specimens' orientations, which were based on the
element with lowest life. These newly calculated coupon curves were then compared
against their respective experimental counterpart, same coupon orientation. If the

error was high, then a new guess of RE was guessed and the process was repeated
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until the error between the calculated and the experimental coupon based SN curves

was minimised, at which point the model is calibrated. This is shown in Figure 4-17a.

Ac
AG RE curve.
Longitudinally Fly, RE curve (k)
oriented fibres (A=1)
Fit..
Calibration \,. ‘ \
curve (A=) ‘\ FL, Interpolated
. Experimental \ | _local curve
u, coupon (M)
curve. RE curve
) |
RE curve. Cycles
[ Cycles
Transversally n Tt My

oriented fibres (A=0)

a) b)

Figure 4-17 a) Schematic representation of the calibration of fully fibre-oriented

Stress-Life material curves. b) Interpolation of S-N parameters

Finally, with the material S-N curves calibrated and with the multiaxial stress
assessment done. The loading history, in case of non-constant amplitude loading, was
then passed through a standard Rainflow counting process, e.g. ASTM E1049 [157],
to separate the total number of reversals for later assessment against the local S-N
curves for each element in the finite element model. In the same manner, a linear
damage accumulation procedure was carried out using Miner's rule [158]. This
damage assessment is based on the different stress amplitudes for each loading case,

such that:

D= —Zn"
=v=27

4

2| =

Equation 4-10

Where njis the number of cycles experienced at one specific magnitude and ambient
condition, Niis the total life at the same conditions. Failure of the specimens was
expected when D=1. As it was mentioned in Chapter 3.6.2, Miner's rule has several
limitations such as: it does not account for the effects that the load sequence has in
material degradation; it does not distinguished any particular damage mechanism;
and due to the its linear nature it does not account for any non-linear damage
accumulation caused by the progressive degradation of the material properties due
to the propagation of damage inside the composite. Finally, to validate the model,

fatigue calculations were conducted on specimens with orientations different to the
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ones used for the model calibration. The results of this prediction were then compared

against experimental results.

4.5.2 Mean stress correction

One of the main problems faced in fatigue analysis is the effect that the mean stress
have in the material response. As there is an infinite number of stress ratios
theoretically possible in real applications; it is impossible to obtain material curves for
each one of those conditions. On metals, several methods have been proposed in the

past to correct for these stresses. The most common methodologies are [159]:

the Goodman relationship,

Equation 4-11

the Gerber relationship,

Oeq Outs
Equation 4-12
and the Soderberg relationship.
Ga , Im _ 4
Ueq ineld

Equation 4-13

However, these equations depend on specific material parameters, such as the UTS or
Yield strength. For metals, material parameters are easily obtainable, but for
composites not so much, as these parameters might change depending of the
conditions of the material and orientation of the fibres. Nevertheless, these
relationships have been implemented in the past in SFRP's with a wide range of results.
In specific, in [160] it was shown that Goodman presented inaccuracies with regards
to the slope of the corrected S-N curves for different R ratios when used in reinforced
PA6. In a work by Lu etal. [161], it was presented that for Polycarbonate and
Acrylonitrile Butadiene Styrene (PC/ABS) neither Gerber, Soderberg nor Goodman
relationships were able to correlate the experimental data. On the other hand, for the
case of Polypropylene (PP) and Nylon and Acrylonitrile Styrene Acrylate (PA/ASA), only
Gerber failed to correlate. Therefore, the aforementioned shows that the usage of

these relationships depends mainly in whether or not they are able to directly fit the
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available experimental data for that specific material, and therefore unable to be used

as generic equations.

An additional relationship for the correction of mean stresses in short fibre reinforced
polymers has been investigated; this was the Walker's relationship, which has been
used in the past with reasonable results for un-reinforced and reinforced polymers
under the stress-life regime [54]. In fact, the use of the Walker's relationship has been
shown to better correlate with experimental data than the previous formulations, i.e.
Goodman, Gerber and Soderberg, [160]-[162]. The main advantage of this approach
is that it is not formulated in function of the composite material properties, like the
previous models, but instead in function of the cyclic stresses that the specimen is

subjected to. In this regard, the Walker equation is defined as [163]:

_ 1=y v
Owalker = Omax " Oa

Equation 4-14

Where; 0,,qier 1 the equivalent stress after the correction, a,,4,, the maximum stress.
o, the stress amplitude, and y the Walker's coefficient, which is different for each
material. Some of the limitations of this relationship is that the driving y value is
influenced by the type of material, the material fibre orientation and environmental
conditions (temperature). In a work by Mortazavian and Fatemi [160], a wide range of
y values for reinforced PA6 and PBT (polybutylene terephthalate) were found. For
example, for PA6 specimens at 90° and tested at -40°C, the best fit was achieved with
ay = 0.4, whereas for the same material and specimen orientation but tested at 125°C
the data would best correlated with a y =0.6, and so on. This means that a caveat with
using this method is that the results are inherently empirical, and thus the best y value
for a specific material is just the one that provides with the best fit of the available

experimental data.

Finally, Equation 4-14 can be further simplified in terms of the Stress ratio, R, by

recalling that:

O' .
R — min
Umax
Thus,
Ua
Omax = m

Equation 4-15
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Substituting Equation 4-15 into Equation 4-14, let us then defined the Walker
equation as:
2 \'7
Owalker = Oa ((1——R)>

Equation 4-16

Which only depends of the Stress amplitude and the Stress ratio used, and not on

specific material properties of the composite.

4.5.3 Energy-based approach

One of the main limitations of using the previously described Stress-Life approach was
that it assumed the fatigue behaviour of the experimental material data to be
approximately equidistant between orientations, linearly distributed. This behaviour is
not always the case under all stress ratios, as it has been reported in the literature [3],
[75], [76], etc. and as it is shown in the Experimental results, Chapter 5, of this thesis.
For this particular material, the behaviour changes depending on the stress ratio and
fibre orientation. Another limitation of this method is the need of several material, S-
N curves, depending of the orientation, as it is depicted in Figure 4-18a. Therefore,
there is a need for a different, more holistic, approach that could overcome these
restrictions. This ideal case is depicted in Figure 4-18b, where, as presented in the
published literature, an energy formulation could, in theory, circumvent the S-N

approach limitations by minimizing the effects of the fibre distribution.

S-N approach

Ao 0° _ AC 0° )
' R=i R=J
45 45°
90° 90°
a)
Cycles Cycles
y Energy approach
G R=i, ...
g wrp 0°,45°...., 90°
&
a, \
2
20
)
=
b) 3
Cycles

Figure 4-18 a) Simplified schematic description of the limitations of the S-N

approach and, b) the advantages of using an Energy formulation.
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Different energy-based approaches have been proposed in the past, as it was
documented in Chapter 2, e.g. [2], [92], [94]. Upon close examination of these
formulations, it could be concluded that the material was assumed to behave linear-
elastically, and/or transverse isotropic (only one direction of anisotropy), with low
energy dissipation; and thus implemented models mainly focused on the elastic strain
energy density. In contrast to this, the results obtained during the experimental
program of this project, presented in Chapter 5, showed clearly defined hysteresis
loops for all the specimen orientations and stress ratios, e.g. Figure 5-19.The hysteresis
areas represent the amount of energy dissipated by the material on each fatigue cycle
throughout the life of the specimen. Analysis of these areas showed a clear stabilised
region that covered more than 90% of the life of the specimens at all orientations, e.g.
Figure 5-21. Additionally, it was observed that the cyclic stabilised dissipated energy
data and the total specimen’s life followed a linear relationship, power equation in a

log-log plot, at each stress ratio in the form of:
W =AN"P

Equation 4-17

This is shown in Figure 6-32. This meant that the stabilised dissipated energy, defined
by area of the stabilised hysteresis loop, could be used as a fatigue parameter due to
the specimens being subjected to this level of energy most of the time. This also seems
to suggest that by using the dissipated energy as fatigue parameter, instead of stress,
the effect of the fibre orientation distribution could then be reduced. Figure 4-19
shows a high level schematic of a possible application of using the dissipated energy
to conduct the fatigue assessment based on Dissipated energy vs Life (W-N) curves.
Although this method looks promising, based on the results presented in this thesis,
it also good to have in mind some of its limitations. To start with, it is purely empirical
and based on the early experimental results and observations seen in the material
tested in this project where a large amount of dissipated energy has been seen and
measured. As it is also based on the stabilised hysteresis loops, meaning that no low
cycle fatigue is considered as in this fatigue regime no stabilisation is reached, as
observed in Figure 5-21a-d for samples with <10,000 life cycles. Finally, this method
still considers a certain amount of testing for the calibration of the method to obtain
said curves, similar to typical S-N data, but this is significantly reduced due to the
apparent insensitivity to the fibre orientation. What this means is that to obtain the
fatigue material data, a single specimen orientation might be enough. In the same

matter, the observed power law relationship represented in Equation 4-17 was drawn
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from the experimental data, this means that A and b are purely empirical calibration
factors representing a linear fit in a log-log scale, with A being the intercept and b the
slope of the curve. Meaning that the W-N curve for a given material and stress ratio
is the one that best fits the given experimental data into a power law equation.
However, as this approach appears to be insensitive to the fibre orientation of the
material, as shown in Figure 6-32, it implies that once a W-N curve has been fitted to
for a specific fibre distribution and stress ratio, e.g. R=0 for 0° specimens, this curve
could be representative of the material at any other system of fibre distribution for
that stress ratio, this however would need to be validated, but the results shown in
Chapter 6.4.2 suggest a that this statement is not entirely erroneous as data for

different specimen orientations seem to come together into a singular curve.

Calibration Experimental Hysteresis o g Ws :curves
. P, =i, .o
pr— testing loops Dissipate er.lt?rgy Oriertation= 0% 45°..., 50°
{Calibration) evolution (Area of stabilised -
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Energy (W)
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Experimental data
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o for Validation. Dissipated energy atigue
validation Specimens at (for each case) Sl

. W=AND

different R ratios.

Validation

Figure 4-19 High level schematic of algorithm for a W-N approach for SFRP's.

4.6 Conclusion

This chapter presented and documented the full CAE methodology followed in this
project, with detailed description of each of the modelling steps. An analysis of the
variation of the simulations results, in terms of the fibre orientation tensor
components and the stress results, with the mesh density/quality was presented for
the Moldflow and Abaqus finite element meshes. Similarly, error levels obtained
during the mapping of the orientation tensor information into the structural mesh was
also documented. All this information, which allows to detect sources of inaccuracies
inherent of the finite element modelling, is rarely reported in the literature. Unlike

other published work [71], and due to the load levels used on this project, the
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proposed material model for the prediction of the monotonic material properties
considers the composite's behaviour as elasto-plastic, instead of linear elastic. Further
calibration of the material model using experimental data was also conducted. The
description of the Stress-Life approach was also documented in detail, including
different mean stress correction relationships. Different to other proposed energy-
based approaches, e.g. [2], [92], [94], this work recognises the effect of the material's
plasticity. Therefore, if a fatigue parameter based in energy is to be introduced, this
work understands that such parameter needs to consider the dissipated energy seen

on the material measured via the stabilised hysteresis loops areas.
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5. EXPERIMENTAL RESULTS

5.1 Fibre orientation distribution

5.1.1 Fibre distribution

A sample from a pristine 0° reference sample was used to measure the fibre
orientation distribution throughout the plate at the centre of the reference location.
The analysis was done via computed tomography (CT), with the preparation of the
specimen done as described in Chapter 3 of this thesis. Figure 5-1 shows the 2D X-ray
slices at the specimen’s middle section. A clear distribution of fibres longitudinal and
transversal to the flow direction can be observed in the Thickness view, describing the
skin-shell-core microstructure. A clearer orientation of the fibres in the core section
can be seen in the Cross-section view, where fibres are mostly aligned opposite to the
flow direction in this layer. Finally, a more random fibre orientation belonging to the
skin layers can be seen in the Surface view, where no particular fibre distribution can

be distinguished.

Additionally, using optical microscopy, close up images of the three different layers
were taken using polished samples, the results are shown in Figure 5-2 to Figure 5-4.
A particular distinction can be made for fibres located at the central region, or core
layer, where they are more transversally aligned to the flow direction. In contrast, in
the shell layer, the fibres are mostly aligned towards to the flow direction, or out-of-
plane. Finally, at the skin layer a more mixed orientation of fibres is visible. It is also
good to mention that some voids were clearly observed in the matrix, these are seen
as black features on the images. Accurate measurement of the different fibre
orientation layers was not possible, as there was not a clear boundary between the
different sections (skin-shell-core). Nevertheless, approximate measurements were
taken on regions, through the thickness, where the fibres were visually more aligned
toward a particular orientation. The core layer was seen to vary from ~0.76-1.3 mm;
whereas, each shell layer fluctuated around ~1.0 mm. It is good to point out that these
measurements varied heavily depending how much of the transition zones, sections
with more visible mixed fibre alignment, was considered. Finally, an analysis was
conducted to assess the approximate typical portion that each of the skin, shell and
core layers represent from the total material thickness. To obtain a more generalized
idea of the typical size for the layers, the results obtained herein were analysed

together with the information documented in the literature in terms of fibre
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orientation tensor components through the thickness obtained from [29], [33], [50].
The thickness of each layer was considered to be the point where there is a sudden
drop, for the skin layer; and where the a11 and a2 curves seem to cross each other, for
the core and shell layers. The considered sections are labelled in Figure 5-6. Figure
5-5 shows that approximately the skin layers represent a ~13% of the overall thickness
of the material (or ~6.5% each); ~56% for the shell layers (or ~28% each); and ~31%
for the central core layer. The results for the present material used in this project laid

within this range.

Thickness view

Cross-section

— Shell

— Core

— Shell

Cross-section view

Figure 5-1 CT 2D slices at the centre of the gauge length of specimen showing
the qualitative distribution of fibres through the thickness. Flow in the out- of-

plane direction with respect to Cross-section view.
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Flow
direction

Figure 5-2 Optical microscopy picture of fibre distribution at the core layer of a

0° specimen with nominal thickness of 4mm. Flow in the out of plane direction.

Flow
direction

X

Figure 5-3 Optical microscopy picture of fibre distribution at the shell layer of a

0° specimen with nominal thickness of 4mm. Flow in the out of plane direction.
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Flow
direction

Figure 5-4 Optical microscopy picture of fibre distribution at the skin layer of a

0° specimen with nominal thickness of 4mm. Flow in the out of plane direction.
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Figure 5-5 Interval plot (95%Cl) of the percentage that the Skin, Shell and
Core layers represent from the total material thickness. Created with

information documented in [29], [33], [50].
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5.1.2 Fibre orientation tensor

Computed tomography was also used to measure the fibre orientation tensor through
the thickness at the centre of the reference location, as shown in Figure 3-8. As
presented in the literature review, Chapter 2, the orientation of the fibres was first
defined in terms of a probabilistic distribution function, which for ease of use is
presented in terms of a second order fibre orientation tensor (3x3 matrix). Each of the
principal diagonal components of this tensor represents the strength of alignment
toward each coordinate direction. For the present project, a;1 corresponds to the
injection flow direction; az, the direction orthogonal to the flow; and as3; the out-of-

plane direction.

Two independent set of measurements were taken at the centre of the specimens.
One at the composite manufacturer facilities (BASF), and another one at the industrial
partner facilities (JLR); respectively, CT scanner 1 and CT scanner 2. This double
measurement allowed to account for the difference in the equipment used. For
reference to the reader, the CT scanner 1 was a phoenix nanotom m nanoCT scanner
[164] with a maximum 180kV and 15W power and minimum voxel size of down to
300nm. CT scanner 2 was a NSI X5000 [165] with dual power trains of 225kV and
450kV, with an overall maximum system resolution of ~500nm. Five different
composite samples were analysed using CT scanner 1, where the orientation data was
measured every 2.33um through the thickness. On the other hand, one composite
sample was analysed using CT scanner 2; where the orientation data was measured

every 10.1um, through the thickness.

Figure 5-6 shows the results in terms of the orientation tensor components for the six
different composite samples analysed using the above described CT scanners,
together with the results of the FEA simulation. A clear distribution, in terms of the
skin-shell-core microstructure, can be observed. Following the a11 tensor component,
a high alignment with the flow direction at the very surface layers of the specimens
can be seen, followed by a steep drop. These sections would represent the skin layers.
After this region, another increase in the alignment of the fibres is seen covering a
larger section of the specimen thickness. These parts would correspond to the shell
regions, where fibres are mostly aligned parallel to the injection direction. Finally, at
the centre of the specimen, a marked increment in the a2z tensor component is seen.
This represents the strength of fibre alignment transversally to the flow, which mostly
concentrates at the core layer of the material. It can also be observed that the out-of-

plane component, as3, of the fibre alignment is significantly low and consistent
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through the thickness of the material, which implies that the fibres are mostly aligned

in-plane.

Additionally, a comparison between the two different sets of experimental data,

shown in Figure 5-6, can also be made. It can be seen that, for the most part, there is

a good agreement between the CT scanner 1 and CT scanner 2 measurements, up to

the start of the core region. At this point a more marked divergence can be seen,

where the results of CT scanner 2 showed more randomly oriented fibres, tensor

component closer to 0.5. This could be due to the maximum resolution achievable by

this scanner.
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Figure 5-6 Orientation tensor components (a11, a2z and as3) measurements

using two different CT scanners in a 4mm thick plate.

5.2 Monotonic testing

5.2.1 Stress-Strain behaviour

Tensile, quasi-static, testing was conducted on specimens at different orientations and

locations, as shown in Figure 3-8and Figure 3-9, to characterise the material behaviour.
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The details of the testing have been described previously in Chapter 3 of this thesis.
Figure 5-7 shows the obtained Stress-Strain curves. The engineering stress was
calculated by using the measured applied force and the specimen's cross section. The
strain was calculated by using the digital image correlation technique explained in
Chapter 3.7.1; where a virtual extensometer was used inside the correlation software.
The engineering strain was then calculated by dividing the change in length by the
initial length. In Figure 5-7, a clear non-linear behaviour can be seen for all different
specimens' orientations and locations. 0° Edge specimens presented the highest
strength, with an average of 112MPa. Material ductility seemed to increase with mid-
axis specimens, 30° and 45°, as these samples exhibited significant larger
deformations, ¢max. In average, 90° curves laid below any other coupon orientation,
presenting the lowest strength with an average of 85MPa. 45° and 90° Edge specimens
showed a close behaviour in terms of strain hardening, although 45° coupons
presented larger final deformations. It is good to mention that one coupon for 90°
and one for 30° overlapped with the 45° and 90° Edge curves. That a similar behaviour
is experienced by different coupons, suggests that the matrix was a contributor to the

material response on these orientations.

Figure 5-8a-d show a comparison of the calculated values, per BS EN ISO 527-1 [113],
for: the tensile (chord) Young's modulus (E), which describes the ratio of the applied
stress to the change in shape due to the stretching of an elastic body, was measured
from the obtained stress-strain curves, Figure 5-7, between 0.05% - 0.25% strain; the
Yield strength at 0.2% strain (ovo.2%); the tensile Strength (ours), and the strain-at-break
(emax). Figure 5-8c shows the positive fibre alignment effect produced by the mould's
side walls, as 0° Edge specimens presented the highest average values for Young's
modulus (E=7,885MPa). This specimen also showed the smallest strain-at-break,
Figure 5-8a, with an average of 4.8%. The 90° and 90° Edge samples presented similar
level of deformation with an average of 5.4% and 5.5%, respectively. However, 90°
Edge specimens presented a larger Young's modulus than 90° coupons, 5,364MPa
against 4,775MPa, respectively. These results seemed to imply that the plate's gate
had a particular positive effect in terms of fibre alignment. Finally, Figure 5-8b depicts
the general effect that the fibre orientation distribution has in the material response,
where 90° specimens shows the lowest strength, followed by 90° Edge, 45°, 30°, 0°
and 0° Edge.
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Figure 5-7 Stress-Strain curves for conditioned PA66GF50 at room temperature.
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521.7 Poisson's ratio

The Poisson's ratios (u) for the different coupon orientations were also calculated per
BS EN ISO 527-1 [113]. This was done by comparing the strain decrease in the
specimens' transverse direction (Ag,) and the strain increase in the longitudinal
direction (Ag;) at the gauge section. Similar to the stress-strain curves, the strain was
calculated by using the digital image correlation technique explained in Chapter 3.7.1,
where virtual extensometers were used inside the correlation software, and positioned
along and transversal to the specimens gauge section, on the width, to measure the
material elongation and contraction during the test. The engineering strains were then
calculated by dividing the change in length by the initial length. Individual Poisson's
ratios were calculated for each specimen orientation using the following equation:

Ag,

V= ———
AEZ

Equation 5-1

Figure 5-9 shows the interval plot comparison of the calculated Poisson's ratios for all
orientations. A clear distinction can be made between the different coupons. The
material seemed to contract more on 0°, 30°, 45° and 0° Edge orientations. However,
90° and 90° Edge specimens presented similar values for v, but almost 50% smaller
than the other orientations. This implies that the transversal aligned fibres in these
samples considerable diminish the lateral contraction of the composite. 0° and 0° Edge
also presented almost identical values of v, with 0.35 and 0.36, respectively. Finally,
30°and 45° had the highest values of v, with 0.40 and 0.38 respectively, which are close
to the theoretical value of pure nylon 6,6 (v = 0.41) [166]. This seems to indicate that
on mid-axis specimens, i.e. coupons with more mixed-fibre orientation, the effect of

the matrix is more present.
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Figure 5-9 Interval plots for Poisson’s ratio of PA66GF50 specimens.

5.2.2 Tension-Compression behaviour

Monotonic (quasi-static) tension-compression testing was conducted on 0° and 90°
reference specimens to analyse the behaviour of the material under this condition.
The same parameters used to obtain the quasi-static Stress-Strain curves were applied
for this testing, i.e. 2mm/min loading rate. Figure 5-10a-b shows the stabilised loops
for both specimen orientations at different stress levels. For both cases and from zero
up to +/-25MPa the material behaved linearly, under both tension and compressive
loads. It was at higher stresses, +/- 50MPa, that presence of the Bauschinger effect
could be seen taking place in the compressive part of the curves. It is interesting to
see that under the maximum applied tensile load of +50MPa, the 90° specimens
deformed more than the 0° coupons; which is similar to what was seen in the Stress-
Strain curves in Figure 5-7. It can also be observed that in compression, the
Bauschinger effect takes place at a lower load for the 90° specimens (~46MPa). This
could imply an early failure of this specimen orientation, due to the reduced Yield
strength, in comparison to the 0° coupons. This could be correlated to the results of
the fatigue testing at R=-1, presented in Figure 5-10, where the 90° coupons

presented lower fatigue lives than those for 0° specimens.
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Figure 5-10 Quasi-static (2mm/min) tension-compression (R=-1) test for a) 0°

and b) 90° reference specimens.
5.3 Fatigue testing

5.3.1 Constant amplitude

The first stage of the fatigue testing was the characterisation of the material fatigue
performance in the form of Stress-Life (S-N) curves. Three different R ratios were used:
-1.0, 0.0 and 0.3, at a frequency of 5Hz. In the same manner, four different coupon
orientations were used, 0°, 30°, 45° and 90°, all cut at the same reference location per

Figure 3-8. A cut-off limit of 10° cycles was stablished as endurance limit.

The results of the material characterisation under stress-controlled fatigue conditions
is shown in Figure 5-11. In general, all the fatigue data seemed to follow a Power law
equation, or linear relationship in a log-log plot. Therefore, it could be described using

the Basquin's equation,

o, = ANB
Equation 5-2
by defining the stress amplitude at cycle 1 (A) and the slope of the curve (B). Table 5-1

shows the values for these parameters at the different R ratios and specimens'

orientations.

Under fully reverse conditions (R=-1), the fatigue life data for 45° and 90° specimens
seemed to overlap, with no clear difference between orientations. This behaviour is

particular of this stress ratio and these two orientations, as this was not observed in
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any other case. For the case of 30° specimens, the fatigue data laid in-between 0° and
45°-90° coupons. Finally, 0° presented the highest life of all the sets of data, and at all

stress ratios.

Under R=0 and R=0.3 similar observations can be made. A clear effect of the mean
stress was observed for both conditions. Fatigue data at these stress ratios presented
lower lives than at R=-1. For 0° and 90° specimens, data showed the highest and
lowest lives, respectively, for both R ratios. 30° and 45° specimens' curves laid in-
between 0° and 90° curves, with 30° coupons showing a higher fatigue performance

than 45° samples.

It was then clear that the fibre orientation had a significant effect on the fatigue
performance of the material. 0° specimens showed the longest lives, and 90° the
shortest. R=-1 also represents a particular case where a more complex material
behaviour was seen, in particular at 45° and 90° coupons. Additionally, a clear effect

of the mean stress was also observed, presenting lower lives with increasing stress

ratios.
60 Stress Ratio (R) and
Coupon Orientation
20 E R=-1(09)
__ 40 4 R=-1 (309
©
o
= AR=-1(45°)
- 30
% @ R=-1(90°)
2
'—5_ @ R=0(0°)
€
3 20 ES @ R=0 (30°)
o "\ AR=0 (45°)
& Curve fitting 90°
0° (Flow direction) © R=0(90°)
- . 30°
_____ 45° ER=0.3 (0°)
........... 90° (Transversal to flow)
10 ———++HH - - f AR=03(457)
1,000 10,000 100,000 1,000,000 @ R=0.3 (90°)
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Figure 5-11 Constant Amplitude, coupon based S-N curves for conditioned

PA66GF50 at ambient temperature and at different R ratios.
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Table 5-1 Basquin's equation parameters in terms of Stress amplitude (s,), and

life cycles (N).

Stress ratio | Orientation | A B Fitting R?
0° 84.3 | -0.060 0.98
30° 75.2 | -0.055 0.81
; 45° | 825|-0074| 085
90° 76.4 | -0.68 0.88
0° 73.2 | -0.076 0.96
30° 58.0 | -0.06 0.99
° 45° 53.6 | -0.064 0.98
90° 49.0 | -0.065 0.99
0° 55.8 | -0.064 0.90
0.3 45° 49.2 | -0.074 0.94
90° 39.7 | -0.047 0.90

5.3.1.1 Stiffness evolution

It was presented in the literature review, Chapter 2, that the degradation of the
material's stiffness has been widely used to analyse the damage accumulation in this
type of composites. Based on this, a dynamic stiffness was calculated for the different

specimens' orientations and R ratios during fatigue testing, such that:

AF
Kd=?

Equation 5-3

Where K, is the dynamic stiffness, and AF and & are, respectively, the dynamic force
and dynamic displacement. In order to compare the decay of the different specimens'
stiffness at different stress ratios and lives, the results were normalized using the total

life (Nf), and the original stiffness (Ko).

The evolution of the specimens' stiffness at different stress amplitudes is shown in
Figure 5-12 to Figure 5-14. For all stress ratios, a clear difference can be made when
comparing the results for samples under high stresses against the rest. On these
specimens, the stiffness decay was never stabilised and a steep degradation was seen
from the beginning of the test up to failure. A maximum drop of 60% of the original
stiffness was seen on 45° specimens at R=-1, as presented in Figure 5-12c. On the

other hand, a minimum drop of 15% of the original stiffness was seen on 0° specimens
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at R=0.3, as shown Figure 5-14a. It is good to mention that at this particular stress
ratio, R=0.3, the degradation of the stiffness seemed to have a gentler slope than at

the other R ratios.

On specimens with intermediate lives, between 10,000 to 500,000 cycles, a sudden
drop in stiffness was seen at the beginning of the test. This was then followed by a
longer stabilised region for most of the specimen’s life, between 60-70% of the
component life. This was seen on all stress ratios. In contrast, at longer lives, >500,000
cycles, the initial stiffness drop was not seen, and the decay stabilised from the
beginning of the test until failure. A clear example of this can be seen in Figure 5-13b.
For both cases, this stabilised decaying region could suggest a consistent propagation

of micro-cracks during most of the life of the specimens.

Finally, at around the 90% of the life of the sample, a sudden drop in stiffness leading
to failure was also observed. This could imply the propagation of a single, or several,

macro-cracks in the material.

a) Specimens: 0° and R=-1 b) Specimens: 90° and R=-1 C) Specimens: 45° and R=-1
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Figure 5-12 Stiffness evolution for PA66GF50 specimens at R=-1. Total life (Nf)

is given in Cycles. Initial stiffness (Ko) is given in kN/mm.
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a) Specimens: 0° and R=0 b) Specimens: 90° and R=0 c) Specimens: 45° and R=0
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Figure 5-13 Stiffness evolution for PA66GF50 specimens at R=0. Total life (Nf) is

given in Cycles. Initial stiffness (K0) is given in kN/mm.

a) Specimens: 0° and R=0.3 b) Specimens: 90° and R=0.3

c) Specimens: 45° and R=0.3
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Figure 5-14 Stiffness evolution for PA66GF50 specimens at R=0.3. Total life (Nf)

is given in Cycles. Initial stiffness (KO) is given in kN/mm.

5.3.1.2 Temperature evolution

Surface temperature measurements were taken at the centre of the specimens' gauge
lengths via a thermocouple type T. In order to compare the data at different stress
levels and lives the temperature readings were normalized with respect to the
specimen's total life (Nf). Additionally, in order to account for the ambient temperature
fluctuations, readings of the laboratory environment were also taken. The specimen'’s

surface temperature at any given time (AT) was defined as:

AT = Tcoupon — Tambient

Equation 5-4

To give the reader an idea of the ambient temperature conditions in the laboratory

during all the experimentation phase, a random set of 1000 measurements were taken
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from several testing conducted during different dates. Figure 5-15 shows the
histogram of this data. The experimentation took approximate two years to complete,

and the temperature in the laboratory averaged 21°C.
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Figure 5-15 Histogram of ambient temperature.

Figure 5-16 to Figure 5-18 present the temperature readings for the specimens at
different orientations and stress ratios. A clear observation can be made on specimens
tested under R=-1 and at higher stress levels, as shown in Figure 5-16a-c. On these
coupons a rapid increase of temperature was observed through the life of the
specimens, with a maximum reading of approximate 17°C on 90° coupons. It is good
to mention that such high levels of temperature are only seen under R=-1 conditions.
At this same stress ratio but under intermediate and lower stresses, a stabilisation of

the temperature evolution was observed and fluctuated between 2°C to 8°C.

For the case of positive R rations, Figure 5-17 and Figure 5-18, the surface temperature
fluctuated between 2°C-5°C. This was independent of the stress level and orientation.
45° specimens presented the lowest temperature increase for both R ratios, R=0 and
0.3. On the other hand, 0° specimens presented the highest temperature

measurements but still under 5°C.
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a) Specimens: 0° and R=-1 b) Specimens: 90° and R=-1 C) Specimens: 45° and R=-1
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Figure 5-16 Temperature evolution for PA66GF50 specimens at R=-1. Total life
(Nf) is given in Cycles.
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Figure 5-17 Temperature evolution for PA66GF50 specimens at R=0. Total life
(Nf) is given in Cycles.
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Figure 5-18 Temperature evolution for PA66GF50 specimens at R=0.3.
Total life (Nf) is given in Cycles.
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5.3.1.3 Hysteresis loops

Figure 5-19 and Figure 5-20 shows the hysteresis loops and the strain evolution for
R=-1 and R=0 at different stress amplitudes for 0° and 30° specimens, respectively.
The behaviour observed on these particular samples was also seen on 90° and 45°

specimens. The results for these orientations are presented in the Appendix B.1.

First, by analysing both figures it can be seen that the composite presented a clear
viscous behaviour under cyclic conditions. This is observed by the clear hysteresis
loops, which represent energy loss or energy dissipation. This behaviour was seen on

all orientations.

At relatively high stresses, and independent of the R ratio, the strain never stabilised
and kept increasing up to failure. This was observed on 0° specimens (Figure 5-19a
and c), as well as, in 30° specimens (Figure 5-20a and c). On the other hand, at relative
intermediate to low stresses, the strain built-up reached a stabilised stage. This is
shown in Figure 5-19b and d for 0° specimens; and in Figure 5-20b and c for 30°
coupons. On the other hand, at R=0, a clear presence of ratcheting was observed in
the material. This meant there was an accumulation of plastic strain throughout the
testing, for both 0° and 30° specimens. This behaviour is shown in Figure 5-19c-d and
Figure 5-20c-d. This result was very similar to metals under non-zero mean stress

conditions.
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Figure 5-19 Hysteresis loops (Stress vs Strain), and evolution of strain (Strain vs

Cycle) curves for 0°, R=-1 at a) 6a=50MPa, b) 6.=40MPa and R=0 c) c.=41MPa,
d) c) 6a=33MPa.
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5.3.1.4 Hysteresis area

The dissipated energy, or energy loss, is represented by the area inside of the
hysteresis loops. This energy was calculated for the different orientations and at
different stress levels throughout the life of the specimens. Figure 5-21 shows the
evolution of the hysteresis area for 0°, 30°, 45° and 90° samples. It can be seen that at
relatively high loads, or lower lives, the energy shows and exponential increase from
the start of the test and until failure. No particular stabilization was seen under these
conditions. In particular, 45° and 0° specimens showed the highest increase of energy
with maximum values of 8.45 and 8.1 MJ/m3 respectively, as shown in Figure 5-21 a
and c. This steep increase was observed on specimens with lives of less than 10,000
cycles. From Figure 5-21, it can also be seen that on all orientations, and at
intermediate to low stresses, a clear stabilisation of the energy is observed. This steady
state is present for about 80% of the life of the specimens. Therefore, this energy could

be used as a fatigue parameter to describe the cyclic performance of the material.
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Figure 5-21 Evolution of the hysteresis area at R=-1 for a) 0°, b)90°, c)45° and d)

30° specimens.
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5.3.1.5 Cyclic Stress-Strain behaviour

Cyclic Stress-Strain curves for 0°, 45° and 90° were calculated using the stabilised
hysteresis loops obtained during fatigue testing. As presented in Chapter 4 of this
thesis, the cyclic material behaviour was represented using the Ramberg-Osgood
relationship. Figure 5-22 shows the calculated cyclic curves and the experimental
stabilised hysteresis loops at different stress levels. For each of the curves, the cyclic
strength coefficient (K') and the cyclic strain hardening exponent (n') were calculated
using the true stress amplitudes and the true plastic strain amplitudes obtained from
the hysteresis loops, as shown in Figure 4-8a and b. The calculated coefficients and
exponents for each curve are presented in Table 5-2. It is good to mention that the
Young's moduli (E) used were the same as the ones obtained for the monotonic
curves, as shown in Figure 5-8. Figure 5-22 shows the presence of cyclic softening on
the material behaviour, in comparison to the monotonic results, in particular for the
45° coupons. 45° and 90° specimens’ curves showed a close behaviour. This is similar
to the results seen in the S-N curves for R=-1, in Figure 5-11. However, it is clear that
for this case the 45° curve laid below than 90° one. This could imply that there is a
larger effect of the matrix on the material performance when the fibres are more
mixed-oriented as is the case for 45° specimens. In regards to the results presented in
Table 5-2; the influence of these parameters, K' and n’, in the fatigue life of short fibre
reinforced composites was investigated by Tevatia and Srivastava [167]. It was found
that high values of cyclic strain hardening exponents and low values of cyclic strength
coefficients tend to increase the fatigue life of the material, at the same time, higher
levels of plastic strain amplitude (A%) caused shorter fatigue lives. Similar increase of
the fatigue resistance with increasing values for the cyclic strain hardening exponent
was also found by Slaughter and Fleck in [168], when implementing the Ramberg-
Osgood relationship. Some of the limitations of this particular model were
investigated by Krempl and Hong in [149], although their work was based on
orthotropic visco-plastic composites, the conclusions in regards to the limitations of
the usage of this model are also applicable to the present SFRP. In specific, the main
caveat of this model is that the plastic deformation is considered to be time-
independent. This means that no creep or other time-dependent processes can be
reproduced by this approach. A combine approach of plasticity with creep theories

was proposed as a way to capture these effects.
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Figure 5-22 Cyclic Stress-Strain curves for PA66GF50 at different orientations,

overlapping the stabilised hysteresis curves at different stress amplitudes.

Table 5-2 Calculated Ramberg-Osgood's cyclic strength coefficient (K') and
cyclic strain hardening exponent (n') values for the different specimens

orientations.

Orientation K’ n’
0° 285 0.44
45° 203 049
90° 194 042

5.3.1.6 Stress-Life at THz

Previously, it was shown that at R=-1 and under relative high stresses the specimens
present larger levels of temperature increase, as shown in Figure 5-16. A common
technique to reduce excessive heat dissipation is to reduce the frequency on high-
stressed samples. However, nylon is strain rate dependent, which suggests that
changing the testing frequency could change the overall performance of the material
presenting completely different conditions than the ones under study in this project.
Therefore, a test was conducted to assess whether the change in testing frequency
affected the performance of the material. For this comparison a 90° specimen was
chosen, as this orientation presented the largest temperature readings (Figure 5-16b).

The frequency used was 1Hz, and the test was carried out at R=-1.
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Figure 5-23 shows the comparison between different frequencies, in terms of S-N
data. It can be seen that the specimen tested at the slower speed presented a
significant improvement of life, approximate 6.6 times more than at 5Hz. Whereas,
the temperature increase was kept within 5°C, Figure 5-24b. Additionally, a more
stabilize degradation of the stiffness was also seen on this specimen, Figure 5-24a.
This suggests that comparing experimental data taken at different testing frequency
may not be adequate, at least for the present material, as the composite is showing a
significant change in the behaviour. Therefore, and for consistency, a decision was
made to keep testing a 5Hz. Nevertheless, for calculations including stabilised

hysteresis loops, or stabilised stiffness, data with lives under 10,000 cycles was not

considered.
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5.3.2 Block loading

Block loading testing was conducted in order to investigate the material fatigue
behaviour under different stress amplitudes and load sequences. The details of the
number of cycles per block can be seen in Table 3-3 in Chapter 3 of this thesis. A table
with a summary of the load conditions and the results of the block loading testing can
be seen in Table 5-3 Miner's rule (Equation 4-10) was used for damage accumulation.
An estimation of specimen failure was considered when D=1. The estimated total life,

in blocks, to reach failure for each case is also presented in the same table.

Figure 5-25 shows the average number of blocks to failure for the different
orientations and load sequences. The theoretical number of blocks to reach D=-1 is
marked in red. In the same manner, Figure 5-26 shows the comparison between the
estimated fatigue life, for D=1, and the actual number of blocks reached. From both
figures, it can be observed that 0° specimens showed experimental lives below the
expected ones, with failure occurring in average between 60% to 79% of the total
expected damage. A seemingly out-layer data point was also seen on this orientation
under L-H sequence (Figure 5-26). For the case of 90° specimens, both load sequences
showed good agreement with the estimated number of blocks, in average. However,
two seemingly out-layer points were also seen on this orientation (Figure 5-26). Finally,
45° specimens tested under H-L sequence showed an approximate 37% higher lives,

in average.
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Table 5-3 Block loading testing results.

Estimated
Estimated Experimental
total life
Load sequence Miner's rule life
R ratio | Orientation for D=1 Repeat
(MPa) damage per (no. of
(no. of
block Blocks)
Blocks)
Repeat 1 97
Repeat 2 147
H->L | 45-40-37.5 0.0033 300 Repeat 3 163
Repeat 4 274
0° Repeat 5 229
Repeat 1 133
Repeat 2 165
L->H | 37.5-40-45 0.0033 300 Repeat 3 181
Repeat 4 290
Repeat 5 428
Repeat 1 128
Repeat 2 189
-1 H->L | 40-35-30 0.0045 222 Repeat 3 105
Repeat 4 253
Repeat 5 454
90°
Repeat 1 241
Repeat 2 206
L->H | 30-35-40 0.0045 222 Repeat 3 196
Repeat 4 140
Repeat 5 352
Repeat 1 314
H->L | 40-35-30 0.0052 192 Repeat 2 177
Repeat 3 303
45°
Repeat 1 244
L->H | 30-35-40 0.0052 192 Repeat 2 100
Repeat 3 230
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sequences.

5.3.2.1 Block loading hysteresis loops

The hysteresis loops of the specimens subjected to block loading conditions were also
recorded. Figure 5-27 show the evolution for 0°, 45° and 90° specimens under High-
to-Low sequence. Whereas, Figure 5-28 shows the evolution for Low-to-High

sequence. For both cases, a stabilization of the hysteresis loops and of the strain can
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be seen, covering most of the life of the specimens. This is similar to the behaviour

observed on constant amplitude specimens (Figure 5-19 and Figure 5-20).

A clear larger hysteresis area was also seen at higher loads, which would indicate a
correlation of the amount of energy dissipation with the load level. This was seen to

be independent of the stress sequence.
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5.4 Full-field strain measurements

5.4.1 Tensile strain fields (DIC)

Digital image correlation, as explained in Chapter 3.7.1, was used to analyse the
evolution of the strain-field on the specimens' surfaces. It was also used to detect
strain localization that could indicate the mechanisms for crack initiation. Due to the
material anisotropic behaviour, two different surfaces were studied: The main surface,
or as-moulded, which is the face in contact with the mould; and the thickness surface,

or as-machined, which is the thickness of the specimen. Figure 5-29 shows a schematic
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of both faces. A virtual extensometer was used inside the correlation software to
obtain the longitudinal strain by following the deformation/elongation of the
specimen. The engineering strain was then calculated by dividing the change in length
by the initial length between two reference points from the extensometer. The
engineering stress was calculated by dividing the applied force by the measured

specimen's cross section.
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Figure 5-29 Definition of the specimen’s surfaces.

Figure 5-30a-b and Figure 5-31a-b show the strain fields on the “Main surface” for,
respectively, a 0° and a 90° reference specimen loaded at two different stress levels. It
can be seen that at intermediate loads, and seemingly within the linear part of the
curves, the strain field on the material is highly homogeneous through the specimens’
gauge areas, on both orientations. At relative high stresses, and after onset of strain
hardening, a change in the strain field is observed, with larger values concentrated on
the gauge area, mainly located through the middle and on the side of the specimens.
These results suggest that there is an effect of the fibre orientation distribution of

these faces, formed by the skin layer, on the overall strain localization.

On the other hand, Figure 5-32a-c shows the strain distributions on the thickness
surface for 0°, 45° and 90° samples loaded at the same stress level. On these surfaces,
strain localizations can be immediately observed. For the case of the 0° specimen,
Figure 5-32a, the localization is seen close to the end of the gauge length and in areas
that correspond to the shell layers through the thickness, these regions are where the
fibres are more aligned with the load direction. On the 90° sample, Figure 5-32b,
higher strain is also seen at the end of the gauge area, but in this specimen, the
localization is also observed at the centre of the specimen. This region corresponds to

the core layer, and for this particular orientation, where the fibres are more aligned
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with the load direction. Finally, Figure 5-32c, shows the strain field on the thickness
surface for a 45° sample. Again, higher strain levels are seen at the end of the gauge
area; but for this case localization of the strain is also observed at the centre of the
specimen at a clear angle of 45° degrees. The comparison of the strain results for both
surfaces, main and thickness, suggests that the localization of strain happens faster in

the thickness than in the main surface.

These measurements, on the main surface and on the thickness surface, suggest that
there is a clear change of the strain distribution as we progress inside the material. A
change in the strains also implies a change in the stresses. Unfortunately, DIC is a
surface level technique and is not possible to observe the internal distributions, or the
change of it. Nevertheless, an assumption was made by comparing these
measurements to the results of the numerical simulations. Comparable values
between the DIC fields and the FEA results were found, and are presented in Chapter
7.3. Therefore, it was sensible to assume that the internal distributions in terms of
stress and strains, from the FEA model, could be said to be representative of the actual
distributions inside the coupons. The numerical results for the internal strain and stress

fields are shown and discussed later on this thesis in Chapter 6.3.1.
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Figure 5-30 Strain distribution on the main surface for a 0° specimen loaded in

tension at a) 55MPa, and b) 100MPa with V¢=30%.
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Figure 5-31 Strain distribution on the main surface for a 90° specimen loaded in

tension at a) 40MPa, and b) 75MPa with V¢=30%.
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Figure 5-32 Strain distribution on the thickness surface for a a) 0°, b) 90°

and c)45° specimen loaded in tension at 40MPa.

DIC analysis was also done on the main surface of the specimens at higher stress levels,
to the point of measuring the strain localization. On this face, defects/cracks were

detected to start either at the middle of the sample, or near the edge of the specimens.

Figure 5-33 shows the strain distribution of a 0° specimen prior to failure. A macro

crack of ~4.18 mm can be seen in the middle of the specimen, most of the strain is
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localized around this flaw. The failure plane of this specimen was at an angle, forming

a V shape, and it seems to have started at the macro crack location.

Figure 5-34 shows the strain distribution of a 0° specimen, and the evolution of macro
crack; from the onset to failure of the sample. A clear localisation of strain can be seen
at areas located close to the sides of the coupon, and in the middle of the width.
Additionally, the evolution of the macro crack followed an exponential growth, taking

an estimated 800ms from the onset to the final failure.

Figure 5-35 presents the strain distribution, prior to failure, of two 90° specimens.
Strain localisation can be observed in areas close the specimens’ side edges and in the
middle of the width, especially for Specimen A. A macro crack of ~2.82mm was also

observed in Specimen B, which was located close to the side of the specimen.

Figure 5-36 shows the strain distribution, prior to failure, of two 45° specimens. For
this orientation, the localization of strain occurred at an angle of ~45° and covered
from one side of the sample to the other. This was also observed in the case of the
30° samples, Figure 5-37. The strain distribution on these specimens also occurred at
an angle, and macro cracks were seen to have started at the specimens' edges,

specimens A and C.

Figure 5-38 presents the strain distribution and crack evolution corresponding to a 0°
Edge specimen. Similar to Figure 5-34, the crack showed an exponential growth, taking
~2.38 seconds from onset to failure of the specimen. The final length of the crack,
before complete failure, was ~2.5 mm. For this specimen, the crack also started at the

specimen's edge.

Figure 5-39 shows the strain distributions prior to failure, for three different 90° Edge
specimens. For this orientation the strain localization happened at the edges of the

samples, and on the middle section.

From the inspection of the presented results, for the different specimen orientations,

it can be said that:

1) The DIC distributions on all specimen orientations showed a clear path along
which the crack would propagate and lead to final failure of the sample. This
high strain path was seemingly dependent of the orientation of the coupon,
with 0° and 90° (reference and edge coupons) showing strain localization, and
macro cracks, that were for the most part normal to the load direction; as seen

in Figure 5-34, Figure 5-35 and Figure 5-39. Whereas, on mid axis specimens,
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30° and 45°, the path of strain localization, and crack propagation, occurred at
an angle, as shown in Figure 5-36 and Figure 5-37.

2) For 0° and 0° Edge it took more time for the final failure to occur after the
onset of a macro crack. 0° Edge being the one where the crack took the longest
to propagate, 2.38s. This could be due to the more consistent alignment of
fibres toward the load direction in this coupon orientation, as it can be seen in
the fibre orientation tensor distribution plot in Figure 7-2, which suggest that
this fibre orientation might not be ideal for crack growth.

3) Finally, strain localization seem to be concentrated in particular in the centre
of the specimens and in the regions close to the shoulder of the samples. This

being the case for all specimen orientations.
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Figure 5-33 Main surface for 0° specimen tested in tension showing the strain
distribution and a macro crack of 4.18mm in the centre prior to failure , and the

failure plane.
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Figure 5-34 Main surface for 0° specimen tested in tension showing the strain

localization, and the exponential evolution of a macro crack from onset to

failure.
Specimen A Specimen B
Zens(ﬂe /str)am ; : ) Tensile strain
yy (m/m
0.0585 Eyy (m/m)
0.1095
0.0526
0.0985
i I 0.0875
R m 0.0765
Ay 0.0655
9:028 0.0545
0.0231 0.0435
00122 0.0325
0.0113 0.0215
0:005% 0.0105
-0.0005 -0.0005

Figure 5-35 Main surface for 90° specimens tested in tension showing the strain
distribution prior to failure. Specimen B showing a 2.82mm macro crack close to

the edge.

159



Tensile Tensile

Specimen A strain strain
R R Eyy S ayon Eyy
(m/m) §E : 2 (m/m)
0.151 0.126
0.1358 0.1133
I 0.1206 0.1006
U 0.1054 0.0879
0.0902 = 0.0752
0.075 0.0625
0.0598 0.0498
0.0446 0.0371
0.0294 0.0244
0.0142 0.0117
Y
b -0.001 -0.001
I_.X
74

Figure 5-36 Main surface for 45° specimens tested in tension showing the strain

distribution prior to failure.
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Figure 5-37 Main surface for 30° specimens tested in tension showing the strain

distribution and macro cracks prior to failure.
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the strain distribution and macro crack growth evolution.
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Figure 5-39 Main surface for 90° Edge specimen tested in tension showing

the strain distribution prior to failure.

5.4.2 Fatigue strain fields (high speed DIC)

High speed DIC measurements were taken on specimens tested under cyclic
conditions. Similar to the behaviour seen on the monotonic specimens, the strain

distribution in the gauge area of the coupons seemed to be homogeneous. An
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example of this is shown in Figure 5-40 for a 0° specimen tested at a stress amplitude
of +/- 33MPa and at R=-1. However, for this case a clear strain accumulation occurred.
This was observed by measuring two particular points, PO and P1, located close to the
final fracture plane of the coupon. Measurements were taken at different stages in the
life of the specimen. An increase of 15% and 9% strain was seen for PO and P1,

respectively, between Cycle 1 and Cycle 45,000.

Similarly, HS-DIC measurements were taken on the thickness surface of a 0° specimen
tested at a stress amplitude of 35MPa and at R=0. The first complete 26 cycles were
measured and are presented in Figure 5-41. It took approximate 10 cycles for the
strain to stabilise, and before this point, no particular localization of strain was
observed. After cycle 10, the strain levels were, for the most part, constant. However,
regions of high strain were seen. These point were located at the corners of the gauge
area, with an approximate 40% higher strain than in the middle of the thickness. This
was similar to the measurements taken on the 0° monotonic sample, Figure 5-32. In
the same manner, the particular locations of high strain were seen in regions close to
the shell layers, areas where the fibres are more aligned with the load direction. This
measurements suggest that, for the case of the thickness surface, the localization
strains is present from the early stages of the test. A different 0° specimen was also
analysed, using HS-DIC, under the same testing conditions. This time the
measurements were taken throughout the life of the specimen, and the results are
shown in Figure 5-42a-d. Figure 5-42a shows the failure of the specimen, from where
it can be observed that two cracks started near the sides of the thickness surface and
progressed towards the centre of the specimen. These two macro cracks were
observed to have started at the points of strain localization, PO and P1, taking
approximate 104 milliseconds from when they were initially observe to propagation.
A visible ligament of composite is seen between the two macro-cracks prior to
complete failure of the specimen. Similarly to the previous case, a clear strain
localization can be seen early in the life of the sample, cycle 50, in particular at the
corners of the gauge area, near the end of the shoulder, as shown in Figure 5-42b. An
exponential growth, in terms of strain accumulation was seen throughout the life of
the specimen, as presented in Figure 5-42c. Both locations saw an increase of
approximate 2.5 times the initial strain value by the time final failure occurred.
Additionally, the specimen also showed evidence of accumulation of plastic strain
during the fatigue testing, i.e. ratcheting, which is typically seen in positive stress ratio
testing, as presented in Figure 5-42d. It also clear from this image that there is a drop

in the stiffness, observed from the decrease of the slope of the curve at 35k cycles that
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indicates a progressive damage development in the specimen. Finally, Figure 5-43
presents the time lapse of the evolution of the crack initiation and propagation on the
specimen’ thickness surface. Figure 5-43a and b, show the left crack, PO, appearing
with some intact ligament below the surface. Figure 5-43c, shows the appearance of
the right crack, P1, also below the surface of the specimen. For both cracks the location
of initiation corresponded to the shell layers, where fibres are more aligned with the

load direction. Figure 5-43d-e show the progressive growth of both cracks.
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for a 0° specimen at R=0 and s.=35MPa. Showing the gauge length area only.
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Figure 5-42 Thickness surface tensile ey, strain evolution throughout the life of a
0° specimen at R=0 and ¢.=35MPa. a) Specimen failure. b) DIC Strain fields at
different number of cycles. c) Evolution of the localised tensile strain. d) Eng.

Stress vs Eng. Strain (virtual extensometer) curves at different number of cycles.
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Figure 5-43 Evolution of fatigue crack through the thickness. a) to f) show a

sequential time lapse capture via High speed cameras.
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5.5 Material damage and failure

5.5.1 Optical inspection of failed specimens

5.5.1.1 Uniaxial tensile specimens

Tensile specimens were observed under the optical microscope to study the different
failure mechanisms. Figure 5-44 shows the failure surfaces for 0° 45° and 90°
specimens. A clear distinction of the different fibre layers, shell and core in particular,
can be seen for 0° and 90° specimens. On the other hand, the distribution of the fibres
on the 45° coupon is more randomly orientated, with no clear distinction between the
layers. For the case of 0° and 45° coupons, Figure 5-44a and c, the failure plane was
at an angle, showing presence of debris. On the other hand, for the 90° specimen, a
flat and clean fracture plane was seen. The presence of a second macro crack starting
from the edge and growing below the failure plane was also observed on this

specimen.

a) 0° specimen

1000.00 pm 1050.00 pm

R
=

1000.00 pm
c) 45° specimen

1000.00 pm

Figure 5-44 Optical view of the fracture surface for tensile tested specimens at a)
0°, b) 90° and c) 45° orientations.
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The fracture plane for different specimens tested under monotonic conditions are
shown in Figure 5-45. On 0°, 90°, 0° Edge and 90° Edge specimens, the failure seemed
to occur, for the most part, normal to the tensile load. A 0° specimen showed a "V”

failure plane. However, this corresponded to the presence of a macro crack detected
prior to the failure of the sample, as shown in Figure 5-33. 90° specimens showed a
cleaner failure surface. On the other hand, 0° Edge specimens showed more debris
around the failure surface. Finally, for the case of 30° and 45° specimens, the failure

plane occurred at an angled of approximate 45°.

30° g 90° Edge § 90° Edge I

Figure 5-45 Visual inspection of failure plane for tensile specimens.

5.5.1.2 Uniaxial fatigued specimens

The following section presents the failure plane for fatigued specimens at different
stress ratios. Only a couple of samples are shown for each orientation, but the rest of

the specimens are accessible in the Appendix B.2.

Figure 5-46 shows the failure plane for the different orientations under R=-1
conditions. Similar to the case of the monotonic specimens, 0° and 90° specimens
showed, for the most part, failures normal to the axial load. On the other hand, 30°
and 45° specimens failed at angle corresponding to the particular orientation. Similar
failures are also observed on specimens tested under R=0, Figure 5-47. However, for
the case of 90° samples, two additional macro cracks were seen below the failure
plane. This was similar to the monotonic case shown in Figure 5-44b. Angled failure
planes were also seen on 30° and 45° specimens at this stress ratio. Finally, Figure 5-48

presents the fatigued specimens under R=0.3 conditions for 0°, 45° and 90°
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orientations. The failure plane at this stress ratio is similar to the previous ones, with
0° and 90°, being normal to the load; and 45° failure occurring at an angle. That similar
failures occurred under different stress level seems to imply that the mechanisms of
damage are due to the distribution of the fibres, caused by the specimen orientation,
rather than the type of load applied. The distinctive "horizontal" or "flat" fracture plane
seen on 0° and 90° specimens could also be related to the critical length (lc) of the
fibres in the composite. From Figure 3-1d, it can be seen that the I. for this composite
is approximate 665um, whereas the average fibre length is 215um. Based on this, an
assumption can be made, that by having shorter fibres cracks might be able to
propagate more easily through the matrix due to a lower probability of finding a fibre
in its way than in the presence of a composite with longer fibres of critical length; as
as suggested in Figure 2-7, longer fibres tend to increase the crack path length, so
propagation will take more time and the toughness of the material would improve in

consequence.

Figure 5-46 Failure plane of fatigued specimens at R=-1.
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Figure 5-48 Failure plane of fatigued specimens at R=0.3.
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5.5.2 Surface quality, as-moulded and as-machined

The surface quality of the specimens was analysed using scanning electron microscopy
(SEM), on non-tested samples. This was conducted in order to assess the influence of
the surface quality on crack initiation. A schematic of the inspected faces is shown in

Figure 5-29.
5521 As-moulded surface

Figure 5-49 shows the as-moulded, or main surface, of a pristine 90° specimen. The
analysed region corresponds to the centre of the gauge length, showing the full width.
A clear distinction between the fibres and the matrix can be seen in the surface. It is
good to mention that this face was not machined, and is only product of the injection

process and of interaction of the composite with the mould's walls.

Close ups of one side and of the centre of the specimen are shown in Figure 5-50 and
Figure 5-51. Both figures show the presence of defects that are mainly located close
to the reinforcement. These flaws are seen to be near the length and at the end of the
fibres, and present a seemingly random distribution throughout the surface. Similar

features were also seen on the surfaces of other specimens, as is shown in Figure 5-60.

I—»X 2mm
Vi
Figure 5-49 As-moulded surface, full specimen’ width (10mm). Specimen not

tested. Vi=30%.
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g 2mm

Figure 5-51 Close-up of the as-moulded, near the middle. V¢=30%.

5.5.22 As-machined surface

Figure 5-52 shows the as-machine, or thickness surface, of a pristine 90° specimen.
The analysed region corresponds to the centre of the gauge length, showing the full

thickness. Similar to the previous surface, a clear distinction between the fibres and
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the matrix can be observed on this face. For this particular surface, the different
microstructure of the composite can be identified. On the outer regions, fibres aligned
transversal to the flow represent the shell layer. In the inner section, fibres aligned

along with the flow represent the core layer.

Close inspection of one side of the specimen and on the core layer are shown in Figure
5-53 and Figure 5-54. For both cases, evidence of debris in the surface can be
observed, mostly nearby the reinforcement. Fibre ends and lengths seem to be regions

where these flaws mostly localised.

Transversal to the flow Transversal to the flow

|
[ |

X Along the flow Lmm

Figure 5-52 As-machined surface showing the different fibre orientation layers

through the thickness. Specimen not tested. V¢i=30%.
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Figure 5-53 Close-up of the as-moulded, near the edge. V¢i=30%.

xI_'Z Tmm

Figure 5-54 Close-up of the as-moulded, near the middle. Vi=30%.
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5.5.3 Tensile specimens, fracture surface

Specimens tested under monotonic conditions were analysed using SEM to gather
information of the different failure mechanisms occurring inside the composite

material, and at the different layers throughout the thickness.
5.5.3.1 Fracture surface of 0° reference specimens

Figure 5-55 and Figure 5-56 show the fracture surface of two 0° reference specimens
tested in tensile. A distinction between the different regions in the microstructure can
be seen, in specific the shell and core layers. In the outer regions, fibres appeared to
be mostly aligned with the flow. On the other hand, a clear middle section with fibres
aligned transversal to the flow is also present. A mostly plane fracture surface is seen
on the core layer of both specimens, whereas a very messy surface is seen on the shell
layers. On specimen 1, several fracture planes seem to occur denoted by "step”
looking fractures on the core layer. Figure 5-55a shows a close up near the upper left
corner on the shell layer of specimen 1. On this section fibres are mostly aligned with
flow direction, out of plane. A very messy fracture surface can be seen, with clear
evidence of large deformation of the matrix. A layer of resin seems to cover most of
the fibres, and at the fibres ends the matrix is also largely deformed. This type of
surface is seen on several regions on the whole fracture surface of the specimen.
Figure 5-55b shows a close up of specimen 1 on the core layer. It can be seen that on
this layer the fibres are mostly aligned transversally to the flow and load. Evidence of
largely deformed matrix is also seen on this region, with some leftover matrix covering
the fibres' sides. On this area, two fracture planes seem to occur, an upper and a lower
one separated by a fracture > shape. Figure 5-55c presents a closeup of specimen 1
near the middle of the specimen on the upper shell layer. On this region the matrix
also seems to have significantly deformed. A "hole" looking feature is seen on this
area, implying that a section of the material was pulled out during the failure of the
specimen. Figure 5-55d shows a closeup view of the transition between the shell and
the core layer in the middle of specimen 1. On the shell layer, it can be observed that
the matrix seems to have deformed significantly, while on the core layer a more quasi-
brittle, flatter, surface can be observed. On this latter surface, the fibres seem to be
cleaner, with almost no fibre covering them. A “step” looking feature is also seen,
which implies two different fracture planes occurring on this section. Figure 5-56a
shows a closeup image near the lower left end of specimen 2 on the shell layer. Similar
to the previous sample, evidence of highly deformed matrix is seen on this section.

Remnants of the matrix seem to be covering the fibres. . Figure 5-56b presents a
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higher magnification closeup image on the middle of specimen 2 on the lower shell
layer. The higher deformation of the matrix is seen on this picture, with matrix debris

seen to be covering the most of fibres.

— Skin/shell

Flow direction

Core

Specimen 1

Skin/shell

Figure 5-55 Fracture surface of 0° reference specimen 1 tested in tension and

close-up images. Vi=30%.
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Figure 5-56 Fracture surface of 0° reference specimen 2 tested in tension and

close-up images. Vi=30%.

5.5.3.2 Fracture surface of a 90° reference sample

Figure 5-57 shows the fracture surface for a 90° reference specimen tested under
monotonic tensile conditions. Similar to the specimens at 0°, a clear distribution of the
different microstructure layers can be seen. In the outer regions, the shell layers, the
fibres appear to be aligned mostly along the flow. These layers would correspond to
the core layer on a 0° reference specimen due to the orientation of the sample. On
the inner region, core, fibres appear to be aligned transversally to the flow, out-of-
plane. This layer would correspond to the shell layers on a 0° specimen. Figure 5-57a
shows a closeup on the middle of the core layer. It can be seen that the matrix on this
region seems to have deformed quite significantly. With debris covering most of the
fibres. Figure 5-57b shows a closeup of section near the right side of the specimen on
the core layer. Two "chunks" of material can be seen on this area, this seems to indicate
two different fracture surfaces. On the top of these chunks the matrix appears to be
flat, with no deformation. However on the parts outside of these two regions, the
matrix seems to have deformed significantly. Figure 5-57c shows a closeup image of
the upper shell layer of the sample. On this area, the matrix seems to have failed on a

quasi-brittle manner, with little deformation. Fibres sides appear to be clean with little
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resin debris covering them. Some evidence of fibre pull-out is also clearly observed

on this area.

_ Skin/Shell

Flow direction

Core

Skin/Shell

HM D5.2 x120 500 um

HM D5.4 x100

Figure 5-57 Fracture surface of 90° reference specimen tested in tension

and close-up images. V¢=30%.

5.5.4 Fatigue specimens, fracture surface

Similar to the previous section, specimens tested under fatigue conditions were
analysed using SEM to obtained information of the different failure mechanisms

occurring throughout the material under cyclic loading.
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5.54.1 Fracture surface of 0° reference specimens

Figure 5-58 and Figure 5-59 present the fracture surface of two 0° reference specimens
tested under R=-1 conditions. Similar to the monotonic specimens, the different fibre
distributions throughout the thickness can be seen. However, on these surfaces a
clear difference can be detected on the shell layers. On these regions, presence of
"chunks" of material is clearly seen covering most of the shell layers of the specimens.

On the core layer, a mostly flat surface is also observed.

Figure 5-58a presents a closeup image of the top left corner of specimen 1 on the
shell layer. On this picture, presence of the chunks of material is seen. Little
deformation of the matrix is also observed, with the sides of the fibres presenting a
mostly clean surface. Presence of fibre breakage and fibre pull-out is also seen. Figure
5-58b presents a closeup image on the upper shell layer of specimen 1. On this area,
more chunks of material can be observe, and similar to the previous section, the matrix
on these parts seem to present very little deformation. Evidence of fibre failure and
fibre pull-out is also visible. Figure 5-58c shows a closeup image on the middle of the
core layer on specimen 1. A transition zone can be seen on this area. On the left, the
matrix seem to be flat, with very little debris and fibres' sides mostly clean. On the
right side, the matrix seems to have deformed more, and with matrix debris covering
the sides of the fibres. Figure 5-59a presents a closeup image of the left side core
layer on specimen 2. The matrix on this region seems to have failed mostly flat with
very little deformation. The fibres' sides appear to be very clean, with no matrix debris.
There is evidence of fibre pull-out on this area, marked by almost perfect circles left
by the fibres, example of this is denoted by the arrows on the figure. Figure 5-59b
shows a close up image of specimen 2 on the lower shell layer of the sample. Similar
to specimen 1, "chunks" of material appear on this section, as denoted by the arrow.
On the top of these "chunks" the matrix seems to have deformed very little, presenting
a mostly flat surface. Below these packages, Figure 5-59c¢, the material seems to have
deformed more, with the matrix on the fibre ends looking elongated. Finally, on a
different fatigue sample the main surface was also inspected. Figure 5-60 shows the
full width of the sample close to the fracture plane. A close inspection of the regions
close the failure plane shows secondary cracks propagating through the matrix and

bridging fibres, as is shown in Figure 5-61 and Figure 5-62.
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Figure 5-58 Fracture surface of 0° reference specimen 1 tested in fatigue

R=-1 and close-up images. Vi=30%.
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Figure 5-61 Close up near the fracture surface showing a macro crack. Vi=30%.
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Figure 5-62 Close up near the fracture surface showing a macro crack between

fibres. Vi=30%.

5.5.4.2 Fracture surface of a 90° reference sample

Figure 5-63 presents the fracture surface of a 90° reference specimen tested at R=-1
fatigue conditions. Similar to previous samples, the division of the microstructure can
be seen on this specimen, with the skin and core layers being visible. "Chunks" or
"packets" of material can be seen on the core layer of this sample. The overall
orientation of the fibres on this section correspond to the shell layers on a 0° reference
specimen, which also presented the same packets of material on the layer where the
fibres were mostly aligned with the load direction, as shown in Figure 5-58 and Figure
5-59.

Figure 5-63a presents a closeup on the upper shell layer of the sample. A "step” like
feature is seen, which seems to indicate two different planes of fracture. On the upper
plane, a transition zone is visible. On the left, the matrix appears to be quasi-brittle
and flatter, with fibres' sides presenting a cleaner surface. On the right side, the matrix
seems to have deformed significantly. Debris of matrix covering the sides of the fibres

is also visible. Figure 5-63b shows a closeup image of the lower shell layer of the
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sample. On this section the matrix seems to have deformed more, presenting a more
messy fracture surface. On the side of the fibres, elongated matrix debris is present.
Figure 5-63c presents a higher magnification image of the lower right corner of the
sample. The matrix on this region shows a very flat fracture surface, with very little
deformation. Some evidence of fibre pull-out is seen on this area. "Steps" like features
are also seen on the surface, suggesting the presence of several fracture planes.
Finally, Figure 5-63d shows the closeup image on the left side of the sample on the
core layer. Similar to 0° reference specimens, presence of "chunks" or "packets" of
material is seen on this region. On top of this sections, the matrix seems to be mostly
flat with very little deformation. Some evidence of fibre pulling out is also present,
denoted by almost perfectly round circular holes on the matrix, as shown in Figure

5-64.

-

Flow direction

_ Skin/shell
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Figure 5-63 Fracture surface of 90° reference specimen tested in fatigue R=-1

and close-up images. V¢=30%.
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Figure 5-64 Close-up of the fracture surface of a 90° reference specimen tested
in fatigue at R=-1 with V¢=30%; showing holes in the matrix due to possible

fibre pull-out.

5.5.4.3 Fracture surface of a 45° reference sample

Figure 5-65 shows the fracture surface of 45° reference sample tested in fatigue under
R=-1 conditions. Due to the angle orientation of these samples, and to better analyse
the fracture surface and fibre orientation, the specimen for SEM inspection was cut at
an angled that corresponded with the fracture plane of the specimen, which was at an
almost 45°. On this orientation, it can be seen that the shell layers seems to be aligned
more transversally to the flow/load direction, as in the 90° reference specimens. On
these layers, some "steps" like features are present, which seem to suggest the
presence of several fracture planes developing on these regions. On the core layer,
the fibres seems to be more aligned with the flow direction. Some "chunks" or

"packets” of material can be seen on one side of the specimen.

Figure 5-65a shows a closeup image of the upper skin layer of the sample. The overall
transversal orientation of the fibres can be seen. On this section the matrix seems to
have deformed, producing a very messy fracture surface. Figure 5-65b presents a
higher magnification image of the left side part of the sample, on the core layer. Two
different matrix surfaces can be seen, on the top of the "chunks" the matrix seems to
be flatter with little deformation. On the sides, the matrix seems to have deformed

heavily. Figure 5-65c shows a closeup image of the core layer on the right side of the

184



sample. On this region, the matrix material seems to be flat for the most part, with
almost no deformation. Evidence of fibre pull-out is visible on this area. Finally, Figure
5-65d presents a closeup image of the bottom shell layer of the sample. On this region
the matrix seems to have deformed more, presenting a very messy fracture surface.
Some debris of matrix seems to be covering the sides of the fibres. A "step” like
feature is also visible, which indicates a section of material that was pulled out during

the final failure of the specimen.

()

Flow direction with)
respect specimen
viewing angle

o Skin/Shell

Figure 5-65 Fracture surface of 45° reference specimen tested in fatigue R=-1

and close-up images. V¢=30%.
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5.6 Conclusion

This chapter presented the results of the experimental program. To further
corroborate the distribution of the fibres, described by the measured fibre orientation
tensor, two different CT scanners were used. This double-blind validation is not
commonly possible due to the CT equipment being prohibitively expensive.
Histograms for the fibre diameter and length were presented, together with the
calculated critical length of I.=665um, which was larger than the nominal and average
lengths, of 200um and 215um, respectively. From the literature [17], [20], it seems that
using fibres of length below the critical length is very common in the manufacture of
injection moulded short fibre reinforced composites. This could be because the
difficulty of manufacturing composites increases with the aspect ratio (function of
length) [78], larger fibres also have a higher probability of breaking [169]. Documented
works [21], have shown a reduction of up to 62% of the original fibre length between
the before and after injection moulding process, where to minimize the breaking of
fibres modifications would need to be conducted to the injection screw design.
Additionally, as it was seen in Figure 2-30, shorter fibres tend to have a higher strain-
at-break limit, which could be desired for certain applications. Nevertheless, in short
fibre reinforced composites, it is true that larger fibres produce higher tensile
strengths and moduli, about 30% and 10% higher [21], respectively. Fatigue lives, and
composite self-heating during cyclic loading, also seem to improve with the inclusion
of larger fibres [57], [78], [79]. Frequently in the literature, e.g. [20], [56], only
mechanical properties such as stress-strain behaviour, Youngs' moduli, tensile
strengths and strains-to-failure are measured/calculated. However, this work also
presented an analysis of the variation of the Poisson's ratio with the specimen
orientation as an additional source of information regarding the effects of the fibre
orientation distribution in the material behaviour. High-speed camera images
provided with clear evidence of the most-likely location for crack initiation, as well as,
of the strain distribution during actual cyclic conditions. This is very difficult to capture
without specialised equipment and careful test control due to the speed of damage
development. To the author's knowledge this is the first time that such clear evidence
of damage initiation is observed in this material. Unlike other published work, e.g. [75],
this thesis documents the coefficients for the obtained Basquin's relationships that
describe the fatigue material data for different specimen orientations and stress ratios.
The coefficient of determination, or R?, for each relationship that describes the quality

of the data fitting is also presented to allow further assessment of the different sources
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of error in the methodology. The evolution of the material's hysteresis loops areas,
together with the dissipated energy was also presented. It was shown that the
commonly known Ranberg-Osgood material model could be used, where clear
evidence of cyclic softening was observed. Uncommonly in the literature, evidence of
strain localization and measurement of the crack growth, following a clear exponential
behaviour, in tensile specimens' faces was documented. Similarly uncommon,
assessment of the quality of the surfaces due to the injection moulding process and
specimens' machining was also presented. Finally, SEM micrographs of the fracture
surface of tensile and fatigue specimens were documented to allow an analysis of the

different fatigue damage mechanisms.
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6. MODELLING RESULTS

6.1 Predicted fibre orientation distribution

6.1.1 Injection moulding simulation results

The simulation of the injection moulding provides with information of the composite
microstructure in terms of estimates of the fibre orientation distribution and, in
specific, the through-thickness fibre orientation tensor. The details of the set up and
boundary conditions used were presented in Chapter 4 of this thesis. Figure 6-1 shows
the evolution of the melted material filling the cavity, which takes approximate 2s. The
effect of using an assembly system formed by: the mould, fan gate, runner and sprue
is clearly seen, as it produced a more straight flow front during the filling process right
after the composite leaves the fan gate. This consistent flow helps in minimizing the
presence of weld lines (point where two or more flow fronts meet) once the material
solidifies. This uniform flow also leads to a more consistent fibre orientation
distribution around the middle of the composite plate, which served as the reference

location for the subsequent analysis.

In terms of the fibre distribution, Figure 6-2 shows the results for the surface and a
cross sectional view for the fibre orientation tensor component in the direction of the
flow, or a11. It is good to recall that the a11, a2> and ass tensor components represent,
respectively, the strength in alignment of the fibre in the direction of the flow,
transversal to the flow and out-of-plane direction. It is clear from this figure that the
fibre distribution in the surface of the plate presents a higher concentration of aligned
fibres near the side edges of the plate, represented by a red colour. On the other hand,
closer to the gate the fibre alignment seems to be more randomly aligned,
represented by a green colour. Additionally, closer inspection of the thickness view
reveals a steep reduction in the alignment of the fibres with respect to the flow, from
the surface of the plate to the centre. This is in line with the known Skin-Shell-Core

microstructure present on this type of materials.

Figure 6-3 shows the statistical proportion of the fibres aligned towards the principal
direction, or 15t eigenvalue as shown in Figure 2-18, which for the case of this model
it closely corresponds to the direction of the flow. Sections a) and b) show the
through-the-thickness distribution at the locations from where the specimens were
taken, indicating the location of the coupons' gauge section. It is clear that the for

the case of the 0° Edge specimen the fibre distribution is very consistent and highly
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aligned through the specimen, as seen in Figure 6-3a. On the other hand, for the case
of the reference and 90° Edge specimens, the classic skin-shell-core distribution is
more clearly visible, as presented in Figure 6-3b. Again, the advantage of obtaining a
straight flow front is seen in this figure, as the region surrounding the reference

location produces a clear division in the distribution of the fibres through the plate.

Finally, calibration of the injection moulding simulation was done using the
experimental results at the reference location. This was done by comparing the
simulation results against CT measurements taken by two different scanners. The
results of this analysis, as well as, the assessment of the differences, is presented in

the Discussion section of this thesis in Chapter 7.
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Figure 6-3 Fibre orientation distribution across the surface and through the
thickness of the plate showing the location of the centres of the different

specimens.

6.1.1.1 Plate’s through-thickness fibre orientation tensor

As previously said, from the injection moulding simulation the through-thickness fibre
orientation tensor information was extracted at different locations in the plate. This
locations corresponded with the centre of the reference, 0° Edge and 90° Edge
specimens, as depicted in Figure 6-3. With this information, Figure 6-4 presents a
comparison of the orientation tensor components, through the thickness, at these
three specified locations. It can be observed that the reference and 90° Edge locations
show a very close distribution of the fibres in the shell layers. However, a clear
divergence can be observed in the core and in the skin layer for the a1 and ax
components, Figure 6-4a and b. For the case of a1, Figure 6-4a, the 90° Edge location
showed a 22% higher tensor component than the reference location at centre of the
core layer. On the other hand, for the case of az, Figure 6-4b, the 90° Edge location
showed a 10% lower tensor component than the reference location at centre of the
core layer. This implies that the closeness to the fan gate is having an effect on the

fibre alignment in the core layer. A significant difference can also be observed when
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comparing the results of the 0° Edge location against the other two. It is clear that the
closeness to the mould's side walls is having a positive effect in the fibre alignment.
This is seen as the component of the fibres oriented in the flow direction, Figure 6-4a,
is 90% higher in core and is more consistent through the thickness than in the
reference and 90° Edge locations. On the other hand, the component of the fibres
transversal to the flow direction (az2) was significantly reduced with a drop of 50% in
the core, in comparison to the reference location. This is shown in Figure 6-4b. Finally,
the comparison of the values for the out-of-plane tensor component, Figure 6-4c,
shows not significant difference between the three locations, which implies that the
distribution of the fibres occurs mainly in-plane, or as1 and az». Finally, a comparison
between these FEA simulation results and the actual experimental CT measurements

for the different specimen orientations can be found in Figure 7-2.
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6.1.2 Fibre orientation tensor after mapping onto structural mesh

As described in Chapter 4, prior to the finite element analysis the results of the
injection moulding simulation, in terms of the fibre orientation tensor information,
were mapped onto the structural meshes of the specimens. A comparison of the
results between the before and after-mapping was conducted to assess any loss of

information occurring during the process of transferring the data.

Figure 6-5a to ¢ show the comparison of the orientation tensor components for:
before (Moldflow) and after (Abaqus) the mapping process; for the reference, 0° Edge
and 90° Edge locations. As it can be seen, the mapping procedure correctly transferred
the fibre orientation data from the plate onto the different structural meshes. The
typical skin-shell-core layers can be observed on all the specimens. A close
comparison showed that good agreement between Moldflow and Abaqus results was
obtained, in particular, in the skin and shell layers. A maximum difference, between
Moldflow and Abaqus, of ~9% was found for the case of the reference location at the
core layer, Figure 6-5a. Similarly, a maximum difference of ~8% and ~10% were found

for the 0° Edge and 90° Edge locations at the core layer, Figure 6-5b and c respectively.

Finally, Figure 6-6a-c show the ai1 orientation tensor component distribution for
reference, 0° Edge and 90° Edge specimens after the mapping procedure. Recall that
this tensor component represent the strength of fibre alignment with the flow
direction. It can be seen that in terms of the through thickness fibre distribution for
the reference and 90°Edge specimens, Figure 6-6a and ¢, show a clearer division
between the different microstructure layers. This is, higher alignment in the shell layers
and lower alignment in the core layer. For the case of the reference specimen, the shell
sections seem to cover a more significant area of the thickness than the core section.
On the other hand, in the 90° Edge specimen, the shell and core regions seem to be
of similar size, with a more distinguishable transition zones denoted by intermediate
levels of alignment. Finally, the 0° Edge specimen (Figure 6-6b), presents a more
uniform fibre distribution through the thickness, with relatively high levels of
alignment in the shell and core layers alike. This is similar to the results shown in Figure

6-4a.
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6.2 Predicted material properties

6.2.1 Mean Field Homogenization and Reverse engineering results

The main result of the injection moulding simulation was the fibre orientation tensor.
This information is key in the prediction of the material properties, as it is used to
assess the specific directions of the fibre reinforcement during the Mean Field
Homogenization (MFH) technique. This is done to calculate individual material
properties on each element of the specimens' meshes. This tensor information,
relating to the direction of the inclusions, together with the specific material
parameters of the phases, which in simplified terms represent the matrix's and fibre's
properties, are the main input for the MFH technique. A depiction of this technique

was presented in Figure 2-40 and Figure 4-6.

Initially, and as described in Chapter 4, the pure MFH material model was calibrated
using a simplified version of the orientation information at the reference location. This
first guess was done using three different orientation tensors, corresponding to: the
skin, the shell and the core layers. This is, where the fibres are, respectively, more
randomly distributed, more oriented with the flow and more transversally oriented to
the flow. This assumed distribution is shown in Figure 6-7 for each of the different
layers. The second input corresponded to the material properties for the phases.
Elastic parameters for the fibres, and elastoplastic parameters for the matrix. These
values are shown in Table 6-1, where "MFH" corresponds to this initial model prior to
the further calibration using experimental data. The resultant material model was then
compared against averaged experimental data for 0° and 90° reference specimens,
calculated from the individual test the results shown in Figure 5-7. These orientations
corresponded to the material being loaded in the flow and in the transversal-to-the-
flow directions. The comparison of the results is shown in Figure 6-8. The doted-lines
represent the MFH model response in the axial and transversal directions, compared
against the averaged experimental data under the same conditions. It can be seen that
for the case of the parallel to the flow direction, 0°, the material model shows good
agreement within the linear part of the curve. It is on the onset of the non-linear part
of the curve where the MFH material response starts to diverge, showing a 18% higher
maximum stress than the experimental data. On the other hand, in the transversal to
the flow direction, 90°, the MFH material shows a softer response than the

experimental data with a reduction of 13.7% in terms of maximum stress.
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The previous results showed the necessity to further calibrate the analytical model to
better represent the actual response of the material. To do this, the next step was the
implementation of an iterative reverse engineering (RE) approach that used
experimental data to adjust the phases' material parameters, as described in Chapter
4 of this thesis. For the calibration of the model, average experimental data for 0°, 45°
and 90° reference coupons were used. This averaged data was again calculated from
the testing results shown in Figure 5-7. The results for the new calibrated material
parameters, for the fibre and matrix, are shown in Table 6-1 in the "Reverse
Engineering” row. It can be seen that for the most part the values corresponding to
the fibre reinforcement stayed the same, with the matrix's parameters being the ones
that changed the most. This is as the matrix is the responsible for the non-linear
behaviour of the composite. As a sanity check, the new optimised values were
compared against known ranges for glass fibre and nylon matrix. This allowed to asses
that the levels obtained after calibration were realistic. Typical Young's modulus values
for silica (Si) based glass-fibres are about 69-81GPa [15], depending on the specific
composition. On the other hand, values for nylon 66 are about 1,100-3,000MPa [145],
with the variation being dependant of humidity condition. Similarly, the obtained
Poisson's ratios for glass fibre and matrix were very close to the documented values
of v =0.2 for glass [16]; and v =0.33-0.41 for PA66 [16], [166], [170].

Figure 6-8 shows the comparison using the average experimental data, used for
calibration, and the Reverse Engineered material model. In regards to the direction
parallel to the flow, 0°, the correlation of the model with the experimental data showed
a maximum difference of 5% for the maximum stress. A good agreement was also
obtained for the transversal to the flow orientation, 90°, where the model and the
experimental curves almost overlapped. These new material parameters, for the fibre
and matrix, were the ones used to predict the composite material's properties during
the MFH step conducted along the finite element stress analysis. It is good to mention
that the validation of this model was carried out using experimental data from
different orientations and locations than the ones used for calibration, i.e. 30°
reference, 45° reference, 0°Edge and 90°Edge samples. This validation is shown in the

Discussion part of this thesis.
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Figure 6-7 Assumed fibre distribution for the MFH model.

Table 6-1 Composite phases’ material parameters

Glass Fibre Matrix
Material | Young's | Poisson's | Young's | Poisson's | Hardening | Hardening
Model Modulus ratio Modulus ratio Modulus Exponent
1,000
MFH 0.2 0.35 22MPa 50
MPa
72 GPa
Reverse 1,834
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Figure 6-8 Comparison between MFH using standard values and further

calibration via Reverse Engineering.

6.2.2 Finite Element Stress-Strain curves

After the material model was calibrated in the step described above, and with the fibre
orientation tensor mapped into the individual structural meshes; stress analysis was
then conducted on the different specimens. The boundary conditions used were

described in Chapter 4 of this thesis.
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With the results of the stress analysis, coupon based Stress-Strain curves were then
drawn for the different specimens' orientations and are shown in Figure 6-9. In the
first instance, it can be observed that the simulated material curves present a clear
non-linearity, represented by strain hardening occurring on all specimens'

orientations, which is characteristic of this type of composites.

The anisotropic effect caused by heterogeneous fibre orientation distribution can also
be observed on these results. The 0° Edge specimen presents the highest strength and
stiffness, followed by the 0°, 30°, 45°, 90° and 90°Edge samples; with the last three

orientations being very close to each other.

The predicted results for 0° Edge specimen seems to be in line with the simulated
orientation tensor distribution, shown in Figure 6-5b and Figure 6-6b, as it presents a
higher level of fibre alignment caused by the mould's walls effect. 90° and 90° Edge
coupons showed the softest material behaviour of the set of curves and with very
close results, no apparent difference is seen. Close to this pair of curves also lays the
45° specimen. Additionally, 30° and 45° curves lay in between 0° and 90° specimens,
with 30° showing a clearer distinction and with higher strength than the later. The
validation of this predicted material curves was carried out by comparing the results
against experimental data. This comparison is presented in the Discussion section of

this thesis, in Chapter 7.
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6.3 FE Stress and Strain results

6.3.1 Dog-bone specimens

The following section, presents the finite element analysis results, in terms of stress
and strain distributions for the different specimens' orientations. A clear non-
homogeneous distribution of stresses and strains was observed on all specimens. In
particular, the concentration of stresses seems to occur in the regions where fibres are
more aligned with the load direction; with lower stress levels in areas where fibres are
more aligned transversally to the load. On the other hand, in the terms of strain; the
highest values seem to be located in sections right below the surface of the specimens.

This is observed by inspecting the thickness view on all the coupons.
6.3.1.71 0° specimens

Figure 6-10a to f, present the stress and strain distributions for a 0° reference
specimen under different load levels. With respect to the stress field, a clear distinction
can be made in regards to the thickness view. The concentration of stress is occurring
immediately below the surface in regions located within the shell layers, where the
fibres are more aligned with the load direction, and closer to the end of the shoulders.
Stresses then drop at the middle of the sample. This corresponds to the core layer,
where fibres are more transversally aligned with the load. In terms of the main surface
view the stresses at the centre of the gauge length present a more homogenous
distribution. However, visible higher stress can be seen in the corner of the gauge area
at intermediate loads, Figure 6-10b. Nevertheless, the higher stresses are always seen
below the surface of the specimens, and are approximate 16% higher in the shell
layers, where the fibres are mostly aligned towards to the load/flow direction, than
the ones present on the main surface's gauge area, Figure 6-10c. The strain
distributions on this specimen orientation show a clear concentration below the
surface at higher loads, as shown in the thickness view in Figure 6-10f. Concentration
of strain is also observed on the sample, in particular in the middle and at the corners
of the gauge length section. This concentration of strain in the central area starts to

be more noticeable under intermediate and high loads, Figure 6-10e and f.

Figure 6-11a and b shows the through thickness stress distribution near the shoulder
and in the middle of the 0 ° reference specimen at the maximum simulated tensile
load of 4kN. It can be seen that there is a clear distribution of the stresses which

corresponds to different skin-shell-core layers. It is also clear that in the shoulders,
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Figure 6-11a, the maximum stresses are concentrated along the thickness of the
specimen from surface to surface; whereas, in the middle of the sample, Figure 6-11b,
the maximum stresses are located the strain distribution under the same loads. It can
be seen that in the shoulder section, Figure 6-11¢, the highest strain is located through
the thickness and in the surface of the sample; whereas, in the middle of the sample,
Figure 6-11d, the maximum strain are located in one side of the coupon. From this, it

can also be seen the effect of the fibre orientation distribution, as the strain results are

not completely symmetric.
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Figure 6-11 Cross sections of a 0° coupon under a 4kN tensile load showing the
stress (a, b) and strain (c, d) distributions through the specimen’s shoulder and

middle section.

6.3.1.2 90° specimens

Figure 6-12a to f, show the stress and strain distribution for a 90° reference specimen
under different load levels. On this sample the stresses are highly concentrated in the
middle of the thickness, as shown in Figure 6-12a to c. This region corresponds to the
core layer of the microstructure, and is where the fibres are more aligned with respect
to the load direction. Higher stresses are also seen closer to the end of the shoulders
of the coupon, with onset at relatively low loads, Figure 6-12a. On the main surface,
the stresses show a more homogeneous distribution, concentrating more on the
gauge area of the coupon. The stresses seen on this surface are approximate 22%
lower than the ones seen in the core region on the samples' thickness-surface at the
maximum load, Figure 6-12c. On the other hand, at lower and intermediate loads, the
strain seem to distribute more homogeneously through the main and thickness
surfaces of the coupon, as shown in Figure 6-12d and e. Under higher deformations,
Figure 6-12f, the specimen does show a clear concentration of strain on both surfaces,
particularly located at the corners and the centre of the gauge section. However,

below the surface is the area with the highest strain with an approximate 3%.

Figure 6-13a and b show the through thickness stress distribution near the shoulder

and in the middle of the 90° reference specimen at the maximum simulated tensile

200



load of 3kN. It can be seen that there is a clear distribution in the stresses which
corresponds to the different skin-shell-core layers. It is also clear that in the shoulders,
Figure 6-13a, the maximum stresses are concentrated all along the thickness of the
specimen from surface to surface in the core layer, corresponding to the region where
the fibres are mostly aligned with the load direction; this same distribution happens
in the middle of the sample, Figure 6-13b, although the skin and shell layers are not
clearly distinguishable. Figure 6-13c and d show the strain distribution under the same
loads. Similar to the case of the 0° coupon, it can be seen that in the shoulder section,
Figure 6-13c, the highest strain is located through the thickness and in the surface of
the sample; whereas, in the middle section, Figure 6-13d, the maximum strains are

distributed for the most part from one main surface to the other.

Max. Principal (a) (b) Max. Principal (d)
Stress (MPa) Strair&(galsrg]
99.74 .
92,27 0.0340 shell s
84.80 4 0.0311
— 0.0283 - =
e = Z 0.0255 e 3
N o = 0.0226 o o
62.39 = 2 0.0198 5 E)
54.92 2 a 0.0169 @ @
47.45 @ @ 0.0141 @ &
39.98 0.0112
32.51 0.0084 Core_
25.04 0.0055
ig.ig 0.0027
. . 0.0008 ] .
7.31 Main surface Main stlr)face Main surface Main surface
C
90° reference FEA results
70 of., \
. |
% ® be - 5" 5"
L w0 “a” * &
% a0 0’ 5 3
g m
g e &
g 30 L - a
-
oo . Core._
ol ” d
S
o .
o 001 0.02 003 Main surface Main surface

Engineering Strain (m/m)

Figure 6-12 Evolution of the FE stress/strain distribution for a 90° reference
specimen with V¢=30%. Braces denote the approximate division between the

shell and core layers in the structural model.

201



Max. Principal

Stress (MPa)

99.74
92.27
84.80
77.33 a)

.
gg:gg b) = ?t ih':u

54.92

47.45

39.98 oY
32,51 X
25.04

17.57
10.10
7.31

skin
shell

core

Max. Principal
Strain (m/m)
0.0368
0.0340
0.0311
0.0283
0.0255
0.0226
0.0198
0.0169
0.0141

0.0112 LY
0.0084 X
0.0055

0.0027
0.0008

skin
shell

core

Figure 6-13 Cross sections of a 90° coupon under a 3kN tensile load showing the
stress (a, b) and strain (c, d) distributions through the specimen’s shoulder and

middle section.

6.3.1.3 45° specimens

In contrast to the previous specimens, the 45° coupon presents a more mixed fibre
orientation condition due to the angle at which the coupons are taken from the
composite plate. In terms of stresses, there is a clear concentration occurring below
the surface in a region located right in the middle of the thickness, as shown in Figure
6-14a. This section would correspond to the core layer on the known composite
microstructure. However, opposite to the 0° and 90° specimens, this concentration of
stress is not symmetrical. This difference is even clearer under higher loads, Figure
6-14c. The maximum stresses present at the middle of the coupon's thickness are
approximate 20% higher than the surrounding areas. At these higher loads, another
clear concentration of stress is seen on the main surface, which is locate at the centre
and at the corner of the gauge length section of the specimen. In terms of strain, a
more homogeneous distribution is seen under low and intermediate loads, as
presented in Figure 6-14d and e. With the largest values, up to 1.6%, located within
the gauge length area. However, under higher loads the presence of strain
concentrations is seen in the main and thickness surfaces, with the highest strain of
approximate 4.5% located below the surface of the specimen, as shown in Figure
6-14f.
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Figure 6-15a and b show the through thickness stress distribution near the shoulder
and in the middle of the 45° reference specimen at the maximum simulated tensile
load of 3.3kN. In the shoulder section, Figure 6-15a, is clear that the distribution of
stresses is not symmetrical, probably due to the differences in the fibre orientation
distribution and the particular orientation of this coupon. Similar is the case in the
middle section, Figure 6-15b, although the asymmetry of results is not as clear. The
maximum stress is located in the shoulder section and close to the surface of one of
the specimen’s sides. This skew of the results towards one side of the specimen is also
seen on the strain field, Figure 6-13c and d. The highest strain is located in the
shoulder section and towards one side, Figure 6-13c. The middle section, Figure 6-13d,

shows a more evenly distributed strain, although the asymmetry is still observed.
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Figure 6-15 Cross sections of a 45° coupon under a 3.3kN tensile load showing
the stress (a, b) and strain (c, d) distributions through the specimen's shoulder

and middle section.

6.3.1.4 30° specimens

In a similar manner than the 45° specimen, the 30° reference coupon characterises by
the mixed fibre orientation distribution that is product of the specific angle the
specimens are cut from the composite plates. For this particular orientation the
stresses on the main surface seem to be, for the most part, homogeneous in the gauge
length area with particular higher levels at the corners of this section, as shown in
Figure 6-16a and c. The stresses are particularly concentrated on areas closer to the
specimen's shoulders, and below the surface (thickness view). Additionally, the
stresses are not symmetrical. On the lower section of the specimen, the concentration
is mostly located in regions that correspond to the shell layers, from the known
composite's microstructure. On the other hand, in the upper section, the stresses
mostly cover the full thickness of the specimen, Figure 6-16c. The strain fields also
present asymmetrical results. At intermediate and higher loads, Figure 6-16e and f, a
clear concentration of strain is observed on the thickness of the sample, and is mostly
locate in the upper part of the coupon. On the main surface, the concentration is also

asymmetrical and on opposite corners of the gauge section.
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Figure 6-17a and b show the through thickness stress distribution near the shoulder
and in the middle of the 30° reference specimen at the maximum simulated tensile
load of 3.9kN. In the shoulder section, Figure 6-17a, one of the sides shows a larger
zone with higher stresses than the other side. This is opposite to the results in the
middle section, Figure 6-17b, where the stresses show a symmetry around the X axis.
In terms of the strain field, the region closer to the shoulder, Figure 6-17c, shows a
clear concentration below the surface and in one particular side; whereas in the middle

section, Figure 6-17d, the strains are more evenly distributed from surface to surface.
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Figure 6-16 Evolution of the FE stress/strain distribution for a 30° reference
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Figure 6-17 Cross sections of a 30° coupon under a 3.9kN tensile load showing
the stress (a, b) and strain (c, d) distributions through the specimen’s shoulder

and middle section.

6.3.1.5 0° Edge specimens

Figure 6-18a to f, show the stress and strain fields for a 0° Edge specimen under
different loads. The particular characteristic of this orientation is the location from
where the samples are taken, as presented in Figure 6-3, and therefore the fibre
orientation distribution. Looking at the main and thickness surfaces of the sample, it
can be seen that the stress results are not symmetrical. On the main surface the
concentration of the stresses seems to be located at the centre and at the corners of
the gauge length section, Figure 6-18. On the thickness surface, higher stresses are
located in the regions below the surface where fibres are expected to be more aligned
with the load direction. Similarly, the strain field also shown an asymmetrical
behaviour. On the main surface, the concentration of strain seems to be located at the
centre and at corners of the gauge length area, Figure 6-18e and f. At higher loads the
maximum strain, approximate 5%, seems to concentrate below the surface on the

thickness of the coupon, as shown in Figure 6-18f.

Figure 6-19a and b show the through-the-thickness stress distribution near the
shoulder and in the middle of the 0° edge specimen at the maximum simulated tensile

load of 4.2kN. The stresses located near the shoulder, Figure 6-19a, show a clear
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concentration towards the thickness sides; whereas in the middle section, Figure

6-19b, the stress distribution is fairly symmetrical and concentrated inside the

specimen. It is good to mention that for both sections, the stresses are almost uniform,

which could be due to the high alignment of the fibres in this orientation, as shown in

Figure 6-3. On the other hand, the strain distribution, Figure 6-19c and d, show a

variability with the location of inspection. The region around the shoulders, Figure

6-19c, presented a concentration of strain below the surface and was skewed toward

one side. In the middle section of the specimen, Figure 6-19d, the highest strain was

located in the region close to one of the main surface's sides, presenting an

asymmetrical distribution.

Max. Principal (a)

Stress (MPa)
116.26

27.70 Core_

Main surface
0° edge FEA results

Max. Principal,

Strain (m/m)
0.0487
0.0448 Shell
0.0409
0.0370
0.0331
0.0292
0.0253
0.0214
0.0175
0.0136
0.0097
0.0058
0.0019
0.0013

Maln surface

ssauyaIy |
SSaWOIYL

SSauyoIyl

ssawIyl

ore_|

Main surface

Main surface
(c)

‘Engineering Stress (MPa)

c,f
*a

w
=
o

SSaUIIY L
ssauyaIy L

0 0.01 0.02 0.03
Engineering Strain (m/m)

oos  Main surface Main surface

Figure 6-18 Evolution of the FE stress/strain distribution for a 0° Edge specimen

with V¢=30%. Braces denote the approximate division between the shell and

core layers in the structural model.
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Figure 6-19 Cross sections of a 0° edge coupon under a 4.2kN tensile load
showing the stress (a, b) and strain (c, d) distributions through the specimen’s

shoulder and middle section.

6.3.1.6 90° Edge specimens

Similarly to the previous sample, Figure 6-20a to f present the stress and strain fields
for a 90° Edge specimen under different loads. The samples with this particular
orientation are located closer to the fan gate, as shown in Figure 6-3. On this coupon,
it can be seen that the stresses are mostly concentrated on the centre of the thickness,
Figure 6-20c . This region, as in the case of the 90° reference specimen, corresponds
to the core layer and is where the fibres are expected to be more aligned with respect
to the load direction. In regards to the strain field, and at low and intermediate loads,
the sample shows a more uniform distribution through the main surface, Figure 6-20d
and e. At higher loads the strain seems to concentrate mostly below the surface, on
the thickness, and closer to the end of the shoulders. A more uniform strains

distribution is seen on the middle of the thickness of the sample.

Figure 6-21a and b show the through-the-thickness stress distribution near the
shoulder and in the middle of the 90° edge specimen at the maximum simulated
tensile load of 3kN. The stresses located near the shoulder, Figure 6-21a, show a clear
concentration towards the centre in the core layer, with the highest being below the
specimen's surface and on the sides. A similar layered distribution can be seen in the

middle section of the coupon, Figure 6-21b, where the highest stress is located in the
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centre of the core layer inside the specimen; on this section the classic skin-shell-core

distribution is easily identifiable. In regards to the strain distribution, Figure 6-21c and

d, the region near the shoulders, Figure 6-21c, shows a clear concentration below the

surface and on the sides of the specimen, with a clear symmetry around the Z axis. On

the other hand, in the middle section, Figure 6-21d, the strain are mostly skewed

towards one of the specimen’s main surface's sides, with also symmetry around the Z

axis.
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Figure 6-20 Evolution of the FE stress/strain distribution for a 90° Edge specimen

with V¢=30%. Braces denote the approximate division between the shell and

core layers in the structural model.
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Figure 6-21 Cross sections of a 90° edge coupon under a 3kN tensile load
showing the stress (a, b) and strain (c, d) distributions through the specimen’s

shoulder and middle section.

6.4 Fatigue modelling results

The following section details the results of the fatigue modelling. The initial results
shown correspond to the Stress-Life approach, under two different stress ratios, R=0
and R=-1. The resultant Basquin's equations, power law equations, for each of the SN
curves are also presented. The second methodology corresponds to the Energy based
approach results, which is based on the calculation of the dissipated energy (total
hysteresis loop area). The results of the methodology proposed to correct for mean

stresses, i.e. Walker's equation, is also documented on this section.

6.4.1 Stress-Life fatigue modelling

6.4.1.7 Stress ratio R=0.0 results

The first part of the fatigue modelling corresponded to the analysis under R=0. This
was because the results for each different orientation, in terms of SN data, are
equidistant from each other, i.e. 30° and 45° experimental results lay between 0° and

90°. This can be observed in Figure 5-11.
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Figure 6-22 shows the S-N modelling results at R=0 for different orientations. For this
particular case, experimental data for 0°, 45° and 90° reference specimens (square
points) was used to calibrate the model. The "Model calibration” curves are
represented by the dash lines on this figure. Finally, 30° reference, 0°Edge and 90°
Edge specimens were used for the model prediction. Figure 6-23 shows the FEA life
distribution for the reference specimens used to calibrate the model, i.e. 0°, 45° and
90° specimens, under a stress amplitude of 30MPa. Figure 6-24 shows the distribution
of lives for the samples used for validation, i.e. 30° reference, 0° Edge and 90° Edge,
at the same stress level. For all cases the element with the lowest life was located under
the surface of the specimen, on the thickness. It is good to mention that the location
of lowest fatigue life shown in these modelling results, which is through the thickness
and around the shoulders, is also the location where most of the actual failures
occurred. As is presented in Figure 7-15, approximate 75% to 88% of the specimens
failed around this region. Additionally, as captured by the high speed cameras, cracks

were also observed to have first appeared on this region, as shown in Figure 5-43.

On Figure 6-22 the resultant fully oriented curves for 0, 45° and 90° reference curves
can be seen (solid lines). These curves assumed that the fibres on each specimens are
all oriented at the same direction, as in unidirectional composites. The 0° fully oriented
curve, all fibres aligned with respect to the load, presents the best performance of all
specimens. The 90° fully oriented curve, all fibres aligned orthogonal to the load, the
worst. It is good to mention that all the rest of the data lay in between these two

curves.

In terms of modelling prediction, in Figure 6-22 it can also be observed that the
predicted curve for the 30° reference specimen lays close to the experimental data,
almost overlapping with each other. The 0° Edge specimen model predicted curve
presents a better fatigue performance than the 0° reference specimen, and the rest of
the other orientations. This is due to the more consistent alignment of the fibres
towards to load direction, as it is shown in Figure 6-4. In this regard, the 90° Edge
specimen model predicted curve shows a very close behaviour to the regular 90°
reference specimens, although slightly better. This is also due to the fibre alignment

presented in this specimen orientation, Figure 6-4.

The actual predicted curves, in terms of the Basquin's equation, for each of the
specimens can be seen in Table 6-2. Comparison between the Model calibration
curves and the Experimental data (linear regression curves) shows a very close

agreement. Predicted curves are highlighted in green on this table.
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Figure 6-22 Result of the S-N fatigue modelling for R=0.0. Model uses 0°, 45°

and 90° reference specimens for calibration.
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Figure 6-23 FEA-Life distribution for 0°, 45° and 90° reference specimens under

R=0 and 6.=30 MPa (Cut-off at 1X107 cycles).
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Figure 6-24 FEA-Life distribution for 30° reference, 0°Edge and 90°Edge
Specimens under R=0 and 6.=30 MPa (Cut-off at 1X107 cycles).

Table 6-2 Experimental and modelling Basquin's equations for R=0. Model uses

0°, 45° and 90° reference specimens for calibration.

Basquin's equations
Specimen Exp. Data Modelling results
Orientation | Linear regression | RE Fully aligned | Model calibration | Model Prediction
0° ca=73N-0076 Ga=135N-0084 ca=73N-0074 -
90° Ga=49N-006> 6a=37.5N"0.065 ca=48N-0064 -
45° Ga=54N-0064 Ga=75N-0064 Ga=55N-0064 -
30° Ga=58N'0‘060 - - Ga=59N-0.064
0° Edge - - - a=75.7N-0072
90° Edge - - - 0a=47.4N-0062

Fatigue predictions were recalculated, but this time with the minimum amount of
experimental data. This was done to test the limitations of the model. Therefore, for
this case only 0° and 90° reference curves were used for calibration. In Figure 6-25 it
can be observe the predicted curve for the 45° reference specimen shows good
agreement with the experimental data, in particular at intermediate and longer lives.
For the case of the predicted 30° reference curve, the agreement is good at lower lives,
and shows a more conservative results at longer lives. The predicted curve for 0° Edge
specimen still presents relative higher lives than the 0° reference specimen, although

the difference is reduced in comparison to Figure 6-22. This is also the case for the

predicted 90° Edge specimen curve.
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Table 6-3 presents the Basquin's equations, power law, for the predicted curves for
each of the different specimens orientations (highlighted in green). A comparison
between fatigue predictions obtained by using these functions and by using the ones
presented in Table 6-2 indicate that with only two curves for calibration of the model,
the life predictions for the 30° reference, 0°Edge and 90° Edge specimens are reduced
by, respectively, 50%, 70% and 77% in average. This comparison was done by
calculating lives at different stress amplitudes for each curve shown in Table 6-3, and
then comparing them against the results using the curves shown in Table 6-2; for each

particular orientation.
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Figure 6-25 Result of the S-N fatigue modelling for R=0.0. Model uses only 0°

and 90° reference specimens for calibration.
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Table 6-3 Experimental and modelling Basquin's equations for R=0. Model uses

only 0° and 90° reference specimens for calibration.

Basquin's equations

Specimen Exp. Data Modelling results
Orientation | Linear regression | RE Fully aligned | Model calibration | Model Prediction
0° Ga=73N-0076 0a=135N-0084 0a=73N0074 -
90° Ga=49N-0065 0a=37.5N-0065 Ga=48N-0064 -
45° ca=54N-0064 - - 6a=62.7N-0079
30° Ga=58N-0060 - - 6a=67.4N-0079
0° Edge - - - ca=81.8N-0081
90° Edge - - - 6a=53N-0073

6.4.1.2 Stress ratio R=-1.0 results

After the model was implemented with success under R=0 stress ratio, the same
methodology was used for fully reversed conditions. The first step was to calibrate the
model using 0°, 45° and 90° reference experimental data. Figure 6-26 and Table 6-4
show the results of the model under R=-1, where for this particular condition no
convergence was obtained using this methodology. In Figure 6-26, it can be seen that
the Model calibration curves (dash lines) do not correlate with their respective
experimental data (square points). This unsuccessful calibration is due to the
behaviour of the 45° and 90° reference data. From Figure 5-11 it can be seen that both
orientations shown a very similar behaviour, with specimens’ data points overlapping
with each other; and as explain in Chapter 4 of this thesis, the SN approach uses a
linear interpolation between the different specimens curves to calculate a particular
fibre orientation, Figure 4-17. What this means is that if the data used for calibration
is no equidistant to each other, as in the case of R=-1, the modelling cannot be
successfully calibrated. The life predictions resultant under such conditions are then

heavily conservative and not real.
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Figure 6-26 Result of the S-N fatigue modelling at the reference location for R=-

1.0. Model uses 0°, 45° and 90° reference specimens for calibration.

Table 6-4 Experimental and modelling Basquin's equations for R=1. Model uses

0°, 45° and 90° specimens for calibration.

Basquin's equations
Specimen Exp. Data Modelling results
Orientation | Linear regression | RE Fully aligned | Model calibration | Model Prediction
0° 6a=84.3N006 ca=T40N006 0a=83.6N0074 -
90° 6a=76.5N"0.068 0a=67.5N0068 6a=61.1N0074 -
45° 0a=82.5N0074 6a=90N-0074 6a=67N-0074 -
30° Ga=77.4N00%9 - - ca=73N-0074

A simplified version of the previous methodology was tested by using only two curves
to calibrate the model. This is, using only 0° and 90° reference data. Figure 6-27 and
Table 6-5 show the results in terms of predicted SN curves and their respective
Bassquin's equations. As it can be seen in Figure 6-27 a better calibration was obtained
for this particular case, the model calibration curves (dash lines) correlate better with
the same orientation experimental data (square points), for 0° and 90° specimens.
Fatigue predictions for 30° and 45° specimens correlate better with the experimental

data. However, although better results were obtained using only two curves, this
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action overlooks the effect of the fibre orientation under R=-1 conditions, and might

not represent the actual material behaviour.
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Figure 6-27 Result of the S-N fatigue modelling at the reference location for R=-

1.0. Model uses only 0° and 90° reference specimens for calibration.

Table 6-5 Experimental and modelling Basquin's equations for R=1. Model uses

only 0° and 90° reference specimens for calibration.

Basquin's equations

Specimen Exp. Data Modelling results
Orientation | Linear regression | RE Fully aligned | Model calibration | Model Prediction
0° 6a=84.3N006 ca=140N-006 Ga=87N-0061 -
90° 6a=76.5N-0.068 6a=67.5N-0.068 Ga=68N-0.062 _
45° 6a=82.5N0074 - - 0a=T77.4N-0063
30° 0a=77.4N005 - - 0a=83.5N-0.063

6.4.1.3 Mean stress correction

The different mean stress correction relationships described in Chapter 4, i.e.
Goodman, Gerber, Soderberg and Walker; were applied on the fatigue stress-life data
for the different orientations and stress ratios. The results of implementing this
correction methodologies in R=0 and R=0.3 data are presented below. Additionally,

when a particular relationship called for the UTS or Yield strength, those values were
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taken from the average of the calculated material parameters for each particular

orientation, as presented in Figure 5-8.

Figure 6-28 shows the mean stress correction for the 0° reference specimens. From
the four different relationships applied, it can be seen that the Goodman, Gerber and
Soderberg equation, showed results far from the experimental data. However, the one
that provided with the better correction was the Walker equation with a coefficient of
y=0.45, obtained by comparing R-squared values. Similarly, Figure 6-29 presents the
mean stress correction for the 90° reference. As with the case for the 0° reference
specimens, Goodman, Gerber and Soderberg presented with least accurate correction
of stresses. The Walker correction provided again the with best fit when using a y=0.30.
Finally, Figure 6-30 presents the results of the mean stress correction for 45° reference
specimens. Again and similarly to the previous cases, Goodman, Soderberg and
Gerber corrections showed very poor correlation with R=-1 data. The walker equation
achieved the best agreement with the fully reversed data when a y=0.45 was used.
Table 6-6 presents a compilation of the different Walker coefficients, y, obtained for
the different orientations and stress ratios. Interestingly, with the exception of 90°
reference specimens, the same values for the Walker coefficient were obtained for 0°
and 45° reference under R=0 and R=0.3 stress ratios. Nevertheless, it is also clear that
the application of the Walker equation provided with a sensible correction of mean
stresses, which was mainly due to the fact that the Walker coefficient, y, acted as a
fitting parameter that could be varied until reaching the best correlation between the

data at different R ratios.
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Figure 6-28 Mean stress correction for 0° reference specimens at R=0 and 0.3.
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Figure 6-29 Mean stress correction for 90° reference specimens at R=0 and 0.3.
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Figure 6-30 Mean stress correction for 45° reference specimens at R=0 and 0.3.

Table 6-6 Walker coefficient (y) for different orientation and stress ratios.

Orientation Stress ratio Walker coefficient
Y
R=0
0° 0.45
R=0.3
R=0
90 0.30
R=0.3
R=0
4> 0.45
R=0.3

6.4.2 Extension of the Energy-based approach

Based on the results obtained with the Stress-Life based approach two things were
clear: First, the material behaviour is highly dependent of the fibre orientation. Second,
there is a clear influence of the mean stress in the material's fatigue performance.
Therefore, a different approach was needed that could take into account these two
factors. To this effect, an Energy approach was proposed based on the obtained
experimental data. From Chapter 2, in the literature short fibre reinforced nylon is
normally considered as linear elastic to simplify the fatigue calculations. However, as

seen on Chapter 5, the experimental results indicate that the material experiences a
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significant loss of energy, most likely due to the plastic and viscous effects of the
matrix. Therefore, to try to better characterise the behaviour of the material, an energy
method based on the dissipated energy, instead of the elastic strain energy density,

was proposed.

From the experimental results presented in Chapter 5, the stabilised hysteresis areas
that represent the energy dissipated were calculated for different specimen
orientations under R=0 and R=-1 stress ratios. These hysteresis areas were then
considered as the fatigue parameter, instead of stress, and were plotted against the
total life of the specimens. Only specimens with stabilised hysteresis loops were used
for this, which means that any specimen with less than 10,000 cycles of life were
discarded. This is because on specimens with low lives, <10,000 cycles, the hysteresis
loops never stabilised, and the total dissipated energy keep increasing until failure, as

shown in Figure 5-21.

Figure 6-31 shows the Dissipated energy vs Life curves for different specimen
orientations at R=0 and R=-1. It can be seen that the spread of the data caused by the
orientation of the specimen seems to have diminished, with points laying close to each

other. This is different to what was seen using the SN approach, Figure 6-22.

To assess the spread of the data, a linear regression, power law, was carried out on
the data. The coefficient of determination, or R?, was used to provide with means of
measurement on how well the curve fits the data points. Figure 6-32 presents the fits
for each stress ratio. For both cases a large positive linear association is seen with

values of 0.86 and 0.94, where following the notation presented in Equation 4-17,
for R=-1
W = 72.691N~031

Equation 6-1

and for R=0
W = 19.314N 70253

Equation 6-2

This indicate that for each stress ratio, even though the data comes from different
specimens' orientations, they seem to behave as part of the same data sample and

can be described as a whole by a single function.
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Figure 6-31 Experimental Dissipated Energy vs Life data for specimens at

different orientations.
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Figure 6-32 Experimental Dissipated Energy vs Life curves for specimens at

different orientations at R=-1 and R=0.

6.4.2.1 Mean stress correction

Based on the previous results, Figure 6-32, a clear effect of the mean stress was seen.
Therefore, and as detailed in Chapter 4, an approach using the Walker correction was
postposed, but considering the dissipated energy instead of the stress amplitude. Per
Equation 4-16 the Walker correction can be described in terms of stress amplitude
and stress ratio as:

1-y

2
Owalker = Oqa (m)
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Following the concept that the dissipated energy follows a similar trend to the S-N
approach. If the Walker equivalent stress (o,,qker) @and stress amplitude (o,), are then
substituted by an equivalent "Walker dissipated energy" (W,,rrectea) @nd by the
dissipated energy of the stabilised loop (W,), respectively. Then, a new relation can be

derived, such that:

2\
Weorrectea = Wa (ﬁ)

Equation 6-3

Where the main driver of the mean stress correction would be: the stress ratio and a
fitting coefficient (y).y can be thought as a of mean stress sensitivity material
parameter [160]. A high value, like y=1, would mean no mean stress sensitivity at all.
This is, no matter the stress ratio, the material fatigue response does not change with
any non-zero mean stress, and there is no correction done because the material is not
affected by it. In the opposite, a lower y value would suggest that the material has a
higher mean stress sensitivity, i.e. the change of the material response under non-zero
mean stresses is very large. Data for 0°, 45° and 90° reference specimens, at R=0 and
R=-1, was used to find the coefficient that best fitted the experimental data using
Equation 6-3. This is shown in Figure 6-33, where it can be seen that with y = 0.1, aR?

of 0.91 was achieved. Therefore the corrected dissipated energy is given by:
Weorrectea = 56.238N~92%°

Equation 6-4

From Figure 6-33 it can be seen that using this dissipated energy based mean stress

correction approach seems to provide with adequate results for R=0.
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Figure 6-33 Mean stress correction. Corrected dissipated energy vs Life curve.

6.5 Conclusion

This chapter presented the results of the modelling program and CAE methodology.
Unlike other published work, e.g.[71], the present thesis showed that for the current
application, a non-linear elasto-plastic model better defines the mechanical response
of the composite under study. The clear heterogeneity in terms of the stress and strain
fields, produced by the fibre orientation distribution, was mapped successfully with
the presented finite element model. Different to other similar applications of the S-N
approach [71], [171], the presented methodology has mapped all the modelling stages
needed for the multi-scale modelling of the fatigue behaviour of this type of
composites, and it has also shown that fatigue material data obtained from thicker
specimens is adequate to calibrate the model. Additionally, unlike other reported
results, e.g. [171], [172], this work has shown that calibration using two specimens
curves can provide with sensible results, therefore minimising the amount of
experimentation needed. The effectiveness of different means stress corrections
techniques has also been shown. Likewise, the current limitations of the S-N approach
has also been investigated. Different to other published energy-based approaches,
e.g. [2], [92], [94], this work showed the effect of using a fatigue parameter based in
the dissipated energy, instead of the elastic energy density, to account for the plastic
behaviour inherent of this type of materials. Commonly known Walker's relationship
for means stress correction seemed to provide with sensible results when applied to
the energy data, although this was based only on experimental results. It is good to

mention that determining the correct value for y is purely empirical. This is, finding
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the curve that best minimizes the difference between R=0 and R=-1 data (i.e.
correcting for non-zero mean stresses), and this would need to be obtained for
different materials through testing. Another remark is that y could be considered as a
mean stress sensitivity material parameter [160]. This is, different materials will show
different sensitivities to the non-zero mean stresses. If y is large it would mean that
the material is not sensitive to mean stresses. The opposite is the case for lower y
values. Finally, this combination of the use of Walker equation in the energy realm,
and the proposed Dissipated Energy-Life approach, seems to provide with a way of
correcting for non-zero mean stresses in the composite, while being less sensitive to
the material microstructure, i.e. fibre orientation tensor. However, this is based on
these initial results, further testing and validation is needed to arrive to a more

conclusive answer.
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7. DISCUSSION

7.1 Introduction

In this chapter the previous experimental and numerical results are analysed and
discussed together, in a holistic manner, in order to seek a better understanding of

the composite material under study.

7.2 Fibre orientation distribution

The first step of the analysis related to the fibre orientation characterisation and
prediction. This was key, as the fibre orientation has a huge impact in the composite's
monotonic and fatigue response, as shown in Chapter 5. Due to the large amount of
fibres that could potentially be at any given point in the material, the standard form
of representing the general probability of the fibre orientation is by means of a second
order tensor. First proposed by Advani and Tucker [48], this formulation is applicable

for both experimental measurements and numerical predictions.

In regards to the experimental results, Chapter 5.1.2 presented the orientation tensor
distribution through the thickness measured by two different CT scanners. The results,
shown in Figure 5-5, presented the characteristic microstructure distribution inherent
of injection moulded short fibre-reinforced plastics. This is, skin-shell-core structure
[29]. From the measurements, two points seemed to be clear: First, the fibres mainly
orient themselves in plane, along and transversally to the flow. Second, the shell and
core layers cover most of the total thickness area. Similar results have been observed
in the past, regarding the through thickness fibre distribution on different short fibre
reinforced composites [32], [41], [43]. For this particular case, both scanners showed
consistent results for most of the skin and shell layers, with values almost overlapping
each other. A progressive disparity was seen to start around the middle of the shell
layers with the highest mismatch found at the centre of the core region, middle of the
thickness, with a difference between scanners of approximate 20%. At the point of
highest mismatch the second scanner (CT scanner 2) produced more randomly
aligned fibres (closer to 0.5 in the scale). This divergence of results between scanners
could have been due to the fact that they have different energies. Going by the
maximum resolution possible, it is reasonable to assume that the Energy CT scanner
1 > Energy CT scanner 2, and therefore the progressive attenuation of the x-ray beam

with the thickness of the material will be faster for the CT scanner 2 [173]; and the
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highest divergence is located at the centre due to the fact that, as the samples rotate

360°, the deepest point for the X-ray will be that middle point in the core region.

The location for the experimental measurement consisted of the centre of the testing
specimens' gauge length, Figure 3-8. CT measurements were then used to calibrate
the numerical model, Moldflow simulation, as it was explained in Chapter 4.2. The fibre
distribution model used on this project was the Folgar-Tucker model [47], as it is one
of the first and most widely used fibre interaction models. In the formulation of this
model, detailed in Chapter 2.3.3, the key parameter that modifies the final orientation
of the fibres is the interaction coefficient, or Ci. A value close to zero would produce
almost no interaction between the fibres, and with higher values the fibres are less
aligned [142]. To understand the effect that this coefficient had on the numerical
predictions of the fibre orientation distribution, and as part of the calibration, a
parametrical study was conducted with ranges of Ci going from 3x10-> to 2x10-3, with
the one used being ~5x10-%. Higher and lower values produced results significantly
outside of the experimental measurements. Figure 7-1a shows the variation of the as
orientation tensor component, corresponding to the flow direction, with the changes
in the interaction coefficient, Figure 7-1b shows the location of measurement. This
study demonstrated that the Ci coefficient significantly changes the distribution of the
fibres through the thickness of the material, with higher values affecting more the
orientation on the shell layers. Vincent et. al. [32] had observed a similar behaviour on
the Ci coefficient when comparing two composite materials made out of the same
matrix (PAA) but with different level of reinforcement (30wt% and 50wt%). For the
case of 50wt%, the best fit with numerical data was found ~2 x10% a full order of
magnitude smaller, in terms of Ci value, than the one found for 30wt% fibre
reinforcement. A similar increment in the value of the Ci coefficient with lower levels

of reinforcement, i.e. weight fraction, was also observed by Jerabek et.al. [51].

A comparison of the model results against the CT measurements is presented in Figure
7-2, for all the three main tensor components (a11, @22 and as3). The model simulation
at the reference location show sensible results with good agreement in specific for the
az; component, where numerical and experimental results almost overlap and
presented a difference of ~5% between measurements and simulation on the skin and
shell layers. Similarly, good agreement was obtained on the skin and shell layers for
the a11 component. However, the measurements showed that the model is estimating
a more in-plane random distribution in the core region of the specimen, denoted by

the peak values closer to 0.5 at this location. On the core the predictions showed a
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~46% smaller tensor component value than that in the CT measurements. This is a
well-known weakness of the Folgar-Tucker model, and as reported by Launay et.al.
[137], this formulation in particular tends to overestimate the a1 component of the
orientation tensor right in the central part of the thickness of the material. Similar
results to the comparison showed in Figure 7-2 were observed by Gsellmann et. al.
[33], Figure 2-22, where lower agreement of a;1 component at the core layer was
achieved. Different types of flow and material thicknesses were tested with similar
results in the orientation distribution of fibres at the centre of the material.
Additionally, from both the experimental measurements and numerical results, the
tensor component corresponding to the out-of-plane fibre orientation distribution,
as3, always remains low with values within 10%. This effect has also been observed on
other short-fibre reinforced composites [43], [137]. This further supports the
assessment that the orientation of the fibres through the material happens mostly in-
plane, with tensor components a1 and ax being determinant to define the overall
orientation of the fibres. A comparison was also conducted between the predictions
for the 0° and 90° Edge specimens' tensor components and the measured CT data at
the reference location, also shown in Figure 7-2. A very close correlation between the
reference location and the 90° Edge prediction was observed, with just a small
difference at the core layer and on one of the surfaces. On the other hand, the
predictions for the 0° Edge specimens showed very little change in terms of fibre
orientation, an almost constant value through the thickness was seen. For both Edge
specimens, the validation of these predictions was conducted by analysing the
simulated and the experimental tensile response under monotonic conditions. This

analysis is presented in the next section.

Finally, an analysis of the variation of the orientation tensor around the reference
location was carried out. This was done to assess any significant change of the fibre
distribution around the central region, covered by the specimens' gauge length area,
that could influence the material's fatigue performance. The total area studied was a
12 x 12 mm? region positioned exactly around the reference point. Figure 7-3 presents
the boxplot corresponding to the a1 component for the nine different measurements
taken. The orientation of the fibres through the skin and shell layers seems to stay
stable across the whole region, with the least variation occurring at the sections of
highest orientation along the flow direction, shell layers. An increase in the variation
of fibres is observed in the transitions zones between the shell and core layers, i.e. the

transition between fibres highly aligned with the flow direction and fibres aligned
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transversal to the flow. In this regions a more random distribution was expected, and

it is seen on the results.
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7.3 Monotonic tensile material behaviour

Results presented in Chapter 5.2 showed clear evidence of the anisotropic variation of
the composite material properties with the fibre orientation distribution. This material
variation is visible on the recorded monotonic tensile Stress-Strain curves and their
respective calculated material parameters, e.g. Young's moduli, tensile strengths,
maximum strain to fracture, etc.; as shown in Figure 5-7 and Figure 5-8. This observed
variation of the material behaviour with the fibre orientation agrees with results
reported in the literature on other short-fibre reinforced composites, e.g. [20], [52]-

[54].

Analysis of the results of the predicted fibre orientation distribution at the reference
and Edge locations, Figure 6-4, shows that 0° reference and, in specific, 0° Edge
specimens have a higher proportion of fibres oriented with the flow direction, which
on these specimens also corresponds to the load direction. Documented
measurements of the length and orientation of fibres on a short fibre reinforced
composite [20], presented in Figure 2-25d, showed that within the composite, longer
fibres tent to orient themselves with the flow direction; while shorter fibres present a
more random orientation, mostly on the 45° and 90° directions. This would mean that
the 0° reference and, in specific, 0° Edge specimens, which have a larger number of

flow/load oriented fibres that are also longer than the rest and thus have a better load
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bearing capacity; would present higher levels of tensile strength and Young's modulus,
just as the experimental results shown in Figure 5-7. This could also explain why 90°
reference and 90°Edge specimens present the lowest strengths and Young's moduli,
as they present a mostly inverse fibre orientation distribution to the previously

explained orientations.

Additionally, the results obtained for 45° and 30° reference samples, showed that both
specimens present very similar Young's modulus values to those for 90° reference and
90° Edge specimens, while having larger levels of strain to fracture than the rest of the
orientations, meaning higher ductility. An analysis of the orientation tensor through
the composite material, Figure 5-6, shows that the shell layers cover an approximate
60% of the total thickness area of the specimens. Therefore, as the specimens deviate
from the longitudinal-to-the-flow direction, 0°, the number of longer more
consistently load-oriented fibres drops and the composite behaviour might be more
susceptible to the influence of the matrix, producing similar values of elastic moduli
for these specimens' orientations. The higher ductility seen on the 45° and 30°
reference specimens, could be explained as at these orientations the matrix has more
space to deform between the fibres than in the longitudinal and transversal directions,
0° and 90° reference specimens. Additionally, examination of failed 30° and 45°
reference specimens, Figure 5-45, showed an approximate 45° shear failure planes,

which is characteristic of ductile failure.

Finally, of interest was also the results obtained in regards to the change in the
Poisson's ratio with the overall orientation of the fibres. Chapter 5.2.1.1 showed that
for specimens at 90° reference and 90° Edge their resultant values were approximately
half that obtained at other orientations, with v=0.17 & 0.2, respectively, which were
very similar to the one reported by Sasayama et.al. for glass fibre (v =0.2) [16]. This
implied a significantly lower lateral contraction, under tensile loading, for specimens
oriented transversally to the injection moulding direction. An analysis of the
distribution of the fibres through the thickness, carried out from Figure 5-6, showed
that for specimens oriented transversally to the flow an approximate 60% of the
internal area of the sample is filled with fibres mostly aligned with the flow direction,
which could then explain the lower Poisson's ratio on these specimens as there are
more fibres resisting the lateral deformation. On the other hand, for specimens
oriented at 0° reference and Edge ,30° and 45° reference, the values varied between v
=0.35 to 0.40, which were again very closed to the known Poisson's for PA66 of v

=0.33-0.36 [16], [170]. For the case of these specimens' orientations approximate 30%
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of fibres, through the thickness, are mostly oriented with the flow direction, which
could then also provide an explanation for the larger lateral contraction seen on these

samples, i.e. the higher measured Poisson's ratio.

7.3.1 Predicted coupon tensile material response

As detailed in Chapter 4.3, the calibration of the material model was based on the
properties of the phases, matrix and fibre, and on experimental data for 0°, 45°, 90°
reference specimens. This was done to correctly characterise the material behaviour
inherent of PA66GF50. Different approaches on similar SFPRs have been applied in the
literature to calculate material parameters such as the Young's modulus, e.g. based on
the Halpin-Tsai model [20], or have studied the material under loads low enough to
consider it linear and implemented a straight forward MFH model [71], [172]. However,
during the experimental program of this study a clear non-linear behaviour was
observed for the composite, as shown in Figure 5-7, and thus the implementation of

a different material model was needed.

The results of the numerical model presented in Chapter 6.2.2, showed that each of
the different simulated FE coupons presented an elasto-plastic material behaviour,
represented by the presence of different levels of strain hardening, alike the
experimental curves. A comparison between the experimental and simulated curves is
shown in Figure 7-4. For the specimens used as calibration, the simulation curves are
very close to the experimental curves, with FEA 45° and 90° reference in particular
showing a very close fit with their respective experimental curves. The good
agreement of the model was more so on the 30° reference, 0° Edge and 90° Edge FE
specimens that were used for validation purposes, with 30° reference in particular
overlapping with the experimental results. Of special attention was the predicted
response for the 0°Edge specimen, where a particular divergence is observed for stress
values at approximately 50 to 60 MPa. At this stress level the FEA material curve
present larger strains than the ones observed in the experiment (sky-blue lines and
squares on Figure 7-4). The point where the discrepancy starts seems to be close to
the calculated 0.2% Yield strength of ~55MPa, presented in Chapter 5.2.1. This implies
that the material model is under-estimating the amount of strain hardening occurring
for this particular specimen, where the fibres are highly and more consistently oriented
with the load direction due to the effect of the mould's side edges, as shown in Figure
6-4. This also suggests that the Moldflow model might be underestimating the
amount of fibres oriented with the flow direction. The difference between the FEA

model and the experimental measurements, at the gauge length location, presented
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in Figure 7-4, shows that the FEA model deforms ~25% more than the actual sample
at maximum stresses. On the other hand, this discrepancy between the prediction and
measurements is not seen for the other Edge specimen (90° Edge). A possible
explanation for this is because the overall fibre orientation distribution of this
particular specimen is very close to the 90° reference specimens, as shown also in
Figure 6-4. These results then imply that the effect of the closeness to the mould's
gate on the material behaviour is relatively low, in comparison with the material

located close to the mould's side edges.

Finally, the above shows that although the M-T model is in theory restricted to low
amounts of reinforcement [66], it was able to produce sensible results, in terms of
monotonic material properties, for the present material which has a relatively high

reinforcement level (50wt%).
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Figure 7-4 FE vs Experimental Stress-Strain curves for specimens at different

orientations for PA66GF50 and V;=30%.

7.3.2 Strain field distributions

Unlike qualitative results reported in [55], digital image correlation results from this

study were able to show, quantitatively, the heterogeneity of the strain field in the
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material on both main and thickness surfaces, as presented in Chapter 5.4. It was seen
that depending of the specimen orientation, at a certain stress level, strain localisation
occurred prior to the failure of the specimen, also observed in [174]. In specific, this
localisation was located in areas near the shoulder of the specimens and initiating at
the free edge of the gauge area on the main surface. A comparison between DIC and
FEA results with focus on the thickness surface of 0°, 90° and 45° reference specimens
is shown in Figure 7-5a-c. It is clear that for all the samples the concentration of strain
tends to occur closer to the shoulders and the distribution is also not symmetrical,
which shows the effect of the heterogeneity caused by the fibre orientation
distribution. It is interesting to see that on the DIC results the centre of the gauge
length shows some patchy locations of strain, clearer in Figure 7-5b and ¢, which could
be due to imperfections /flaws, or local fibres more or less aligned with the load
direction that the presented homogenised FE model cannot captured. For the most
part, these locations on the surface correlated with the locations of crack onset. In
specimens with better fibre alignment with the load direction, i.e. 0° and 0° Edge, clear
evidence of crack growth on the Main surface was observed to take place at those
exact points, as shown in Figure 5-34 and Figure 5-38. For these particular specimens
the period between crack onset and final failure was longer than for the rest of the
specimens, with measured times of approximately up to 1 second for 0° reference;
and more than 1 second for 0° Edge specimens. This difference on the failure of the
specimens could be attributed to the overall distribution of the fibre orientations. A
clear variation of the fibre alignment along the specimens' thickness was observed on
the fracture surface micrographs taken from failed specimens, as presented in
Chapters 5.5.3 and 5.5.4. Additionally, specimens oriented with the flow direction
consist of a larger quantity of longer and better oriented fibres with the load, making
the material stronger in that direction. This suggests that flaws have to pass through
the fibres more often in order to propagate, possibly slowing down the crack growth.
Additionally, as the stresses from the final element analysis were used as part of the
fatigue analysis, a comparison between the FEA and measured strain fields was
conducted as a mean to further validate the model. The idea proposed followed the
assumption that if the DIC strain measurements and the finite element predictions
correlated between each other, therefore the FEA calculated stresses on the specimens
could be considered to be sensible enough to be representative of the actual stress
state inside the specimens. As the fatigue model used on this project is based on
initiation, i.e. it does not consider the actual fracture process, the comparison between

the different experimental and numerical results was done right before the onset of
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strain localisation is seen on the DIC measurements, which is assumed to be the point
of crack initiation. Figure 7-6 presents a comparison for a 0° and a 90° reference
specimens and loaded in tension at, respectively, 100MPa and 75MPa. The distribution
for both cases at these stress levels presented strains mainly concentrated in the
gauge section of the specimen. This is was also seen on the actual specimens used for
validation, as is the case of 0° and 90° Edge specimens shown in Figure 7-7. To assess
the differences between FEA predictions and DIC measurements, several values were
taken at different points along the gauge section of each specimen (model and
experimental), and the results compared against each other. Figure 7-8a to ¢, presents
the boxplot comparison for the calibration and validation specimens mentioned. It is
clear that the simulation results present a more uniform distribution of the strains in
the gauge section of the samples. On the other hand, the strains distributions on the
actual tested specimens present a larger spread of values on this section. Nevertheless,
comparison of the median values for each case shows that, with the exception of the
0° Edge specimen, the difference between the models and the experiments was

approximately 6%.
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7.4 Fatigue analysis

7.4.1 Stress-Life approach

The experimental fatigue results presented in Chapter 5.3.1, in the form of stress life
curves have shown the effect of the heterogeneous fibre orientation distribution on
the composite material fatigue behaviour. Coupons more aligned with the mould flow
direction had shown a significant higher fatigue life in comparison to any other
orientation. However, a clear effect of the mean stress was observed. Results under
positive stress ratios show lower lives for all the specimen orientations in comparison
to fully reverse stress conditions. Additionally, under R=-1 stresses, 45° reference
specimens presented a clear shift in their fatigue behaviour, with results closer to
those for the 90° reference specimens. From these experimental results, effects of
buckling were first suspected, although the 4mm thickness of the injection-moulded
plates was selected on purpose to minimise risks of buckling, but this was not
observed during the experimental program. An analysis of the experimental tensile
stress-strain curves, Figure 5-7, shows that 45° and 90° reference specimens also
presented a very close material behaviour similar to the one observed on the fully
reverse fatigue conditions. Therefore, this behaviour is suspected to be from the

material rather than an instability effect. Moreover, this same fatigue behaviour has
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also been observed previously on other short glass-fibre reinforced polyamides [75],

[77].

The combination of the complete modelling methodology, in the sense of the
injection moulding prediction, material modelling and stress analysis; culminated with
the application of the stress-life approach for the fatigue calculations. Unlike the very
few similar applications of the stress-life approach on short fibre reinforced polymers
reported in the literature [71], the methodology developed in this work included: 1)
all the modelling stages needed for the multi-scale modelling of the fatigue behaviour
of short glass-fibre reinforced polymers for a clear understanding of all the
assumptions made in every model but also in the transfer of data between the models,
and 2) validation phases for all the models through state-of-the-art experimental
techniques to assess uncertainties in modelling prediction and their propagation
through the various modelling steps. Also, unlike other published work [171], it has
been shown that the curves used for calibration of the S-N model do not necessary
have to come from thin testing specimens with almost uniform microstructure
through the thickness. The present results have shown that thicker specimens, with
more complex fibre distribution, as the ones used on this project can be used to
adequate calibrate the model. As part of this calibration, fully oriented S-N material
are calculated via reverse engineering. These RE material curves for 0° fully-aligned,
shown in Chapter 6.4.1, presented higher fatigue life than the reference experimental
data, as well as, the predicted Edge specimens' curves. On the other hand, the 90°
fully-aligned, showed the lowest fatigue life. The particular results of the 0° Edge
specimen predictions, further suggest that with the more consistent fibre alignment,
due to the effect of the mould's side edges, better tensile material properties are not
only produced; but also a better predicted fatigue life performance. The validation of
the fatigue model under R=0 at the reference location is shown in Figure 7-9. It can
be seen that it is possible to produce sensible conservative fatigue life predictions by
using either two or three specimen orientations for the model calibration. Unlike
results reported in the literature, for which three curves had to be used [171], [172],
results from this work have shown that calibration using two specimen curves can
produce very reasonable results, therefore minimising the number of test required to

run such models.

However, for the case of the fully reverse stress ratio, presented in Chapter 6.4.1.2, it
was shown that by using only two curves, 0° and 90° reference, the effect of the shift

in the material response of 45° reference specimens, towards the 90° reference curve
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seen under this type of loading condition could not be predicted. It was also
demonstrated, as shown in Figure 6-26, that the calibration of the model is not
possible, even when using three specimen curves, with results actually being worse

than those obtained using only two calibration curves.

Finally, from the analysis of results obtained using the proposed stress-life approach
two main conclusions could be drawn: 1) this methodology is limited to when the
fatigue data for the different specimen orientations is almost linearly distributed
between the curves of ideal 0° and 90° orientations, which has proved to be the case
for positive R ratios. For this reason, this stress ratio is often used in the literature [71],
[172]. 2) As shown in this thesis, it is possible to obtain sensible predictions using only
two curves for validation of the model, thus reducing the amount of experimentation
needed for engineering applications; 3) the approach appears to fail for alternated
loading as also reported in the literature, where R=-1 conditions were also used [3].
This means that in order to develop a better modelling methodology a different
approach is needed, and as seen in the literature review [2], [92], [94], analysis based

on energy is currently being researched, albeit mostly based on the elastic energy

density.
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Figure 7-9 Model validation for R=0 a) using 30° reference specimens (calibrated
with 0°, 45° and 90° reference); b) using 30° and 45° reference specimens

(calibrated with 0° and 90° reference).

7.4.2 Energy based approach

Dissipated energy values extracted from the experimental program, in terms of the
stabilised hysteresis loop areas, showed that the energy-life data for the different

specimen orientations laid close to each other and could be presented by a single
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power law curve, with the main differentiator being the stress ratio, as shown in
Chapter 6.4.2 Figure 6-32. It also showed the possibility of applying common mean
stress corrections techniques, in specific the Walker relationship as presented in Figure
6-33, and producing sensible predictions. This also implies a more comprehensive
application of the energy method, as this fatigue parameter would be based on the
dissipated energy via the hysteresis loops areas, instead of the elastic strain energy
density calculated by assuming the material as linear elastic. This would better
describe the actual behaviour of the material by incorporating the plasticity effects of

the matrix.

However, a close examination of the measured stabilised dissipated energy at
different stress amplitudes does show a dependency on the fibre orientation, as shown
in Figure 7-10. This figure clearly shows the orientation dependency of the stabilised
dissipated energy for a given stress level with the lowest energy level measured for
the 0° orientation. If there is a relationship between the energy and the orientation of
the fibres, then this should be visible at the local level and the finite element results
should be able to show it. Figure 7-11a shows the local stress-strain curves for key
elements in the cross section, through the thickness, of a 0° reference specimen with
a 1.6kN applied load. Figure 7-11b-d show the stress, strain and orientation
distribution on that cross-section, together with the location of said key elements. On
this figure, it can be seen that the local stress/strain response for each element varies
with the particular fibre orientation at that element, which implies that the energy seen
on each of those elements would also be different. This same variation of the local
stress-stain curves is seen for other specimens orientations as shown in Figure 7-12a
and b, for 90° and 45° reference specimens respectively. Curiously, the 45° reference
specimen showed the least amount of variation. The reason for this could be that the
measured elements (element 1 to 7) presented the least variation in terms of the local
fibre orientation, as shown in Figure 7-13c. Therefore, if the orientation is almost the
same, it stands to reason that the MFH might produce similar material properties for
those elements, which is seen in the local stress-strain curves in Figure 7-12b, where
the individual curves for elements 1 to 7 almost overlap. Based on these local stress-
strain curves, calculation of local elemental energy values for each key element was
then carried out by measuring the area under the curves. The results reported in Figure
7-13 shows that the local energy values are very dependent on the main orientation
of the fibres. For the 0° specimen, Figure 7-13a, the local element energy for the most
aligned element (element 1) is approximately 3 times higher than the local energy for

the least aligned element (element 5). For the case of the 90° specimen, Figure 7-13b,
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the highest localised energy value (element 1) is approximate 1.6 times larger than the
smallest energy (element 6). A similar result was also seen on the 45° specimen, Figure

7-13c.

These results indicate that a more comprehensive modelling methodology based on
dissipated energy calculation under cyclic loading would therefore need to be
developed to take in consideration the local elemental fibre distribution. This would,
however, require extensive model development to predict the stabilised hysteresis
loops using an equivalent Mori-Tanaka multi-scale model methodology under cyclic

loading, in order to predict the orientation dependent stabilised cyclic curves.
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7.4.3 Fatigue damage mechanisms

The analysis was focused on fully reverse, R=-1, conditions under an intermediate
stress amplitude of 40MPa, or +/- 1.6kN. Figure 7-14a shows a comparison of the
stiffness evolution of different specimen orientations under said loading conditions.
In this figure, it can be seen that for 90° and 45° specimens the drop in stiffness right
at the beginning of the life of the specimen is significantly steeper than the one
observed for the 0° specimen. If the drop seen at the beginning of the test was due to
the damage mechanisms, rather than the product of the viscoelastic response of the
matrix, then there must be a visible effect of the orientation on the stiffness decay, as
seen on the presented stiffness plot. A schematic of this idea is shown in Figure 7-14b,
where it could be assumed that specimens with more fibres aligned orthogonally to
the load, 90° and 45°, would present a bigger drop in the stiffness, as micro cracks on
those specimen would be longer than the ones occurring at the fibre ends on
specimens oriented parallel to the load, 0°, if debonding of the fibre/matrix interface
is assumed to happen in the early stages of the test. This difference in micro-crack size
at fibre ends, and due to debonding of more orthogonally-aligned fibres; has been

observed in the past on fatigue tested samples in [100], as shown in Figure 2-69. For
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this figure in specific, if a comparison is made at the same point in the life of the
material (in this case 99.7%) the crack at the fibre end in the seemingly vertical fibre
(Figure 2-69a sub-figure e) was approximate 84um. On the other hand, the
cracks/deboning in the seemingly horizontal fibres (Figure 2-69d sub-figures a and b)
were approximate 270 and 136um, respectively. This suggest that cracks in horizontal
fibres grow larger than the ones in seemingly vertical fibres; which supports the above
idea of why the stiffness evolution might be different depending the orientation of

the specimens tested.

Chapter 5.5 presented the failure locations and planes for the different specimen
orientations under tensile and fatigue conditions. In specific, the specimens' failure
under cyclic loading showed two main failure locations, either: 1) near the end of the
shoulder of the samples, or 2) closer to the middle of the sample. Furthermore, for 0°
and 90° reference specimens, the failure occurred for the most part perpendicular to
the applied load, while on the 30° and 45° failure occurred at an approximate 45°
angle. An optical analysis of all the fatigued specimens is presented in Figure 7-15. It
can be seen that the majority of the specimens’ failure occurred in a region located
near the shoulder, with 0° presenting the orientation with the highest percentage of
failure in this region. Similar failure locations have been observed on the literature
[77], on short fibre reinforced nylon dog-bone coupons, as shown in Figure 2-66.
Correlation of these optical observations with the finite element stress results,
presented in Chapter 6.3, showed that in this region, near the shoulder, the stresses
and strains are highly localised; more so on the thickness surface. Similar localisation
through the thickness has also been observed in the literature [55], as presented in
Figure 2-42. Therefore, this near-the-shoulder location could be assumed to be the
most representative case for the failure initiation of the specimens. Evidence found via
high speed cameras, presented in Figure 5-43, showed the initial development of
cracks right below the surface, in the shell layers, on the thickness of the sample, and
close to the shoulder area. A comparison between the FEA results and the high speed
camera images, presented in Figure 7-16, shows a correlation between the locations
of maximum stress localisation, from the modelling results, and the regions where the
cracks were observed to have initiated. This further corroborates the assessment that
flaws might initiate below the surface in regions of high stress localisation, which in
the case of a 0° specimen, this corresponds to the shell layers and close to the
shoulders of the specimen. Figure 5-43 also suggests that the period between crack
appearance and final failure is very short, which indicates that the actual process of

fatigue crack initiation is most likely very slow and progressive. This means that a
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fatigue model based on initiation and by looking at stresses and strains in undamaged

specimens is therefore able to capture the most likely location for material failure.

SEM images of samples under the previously explained fatigue loading conditions
have been shown in Chapter 5.5.4., where the failure occurred closer to the shoulder.
Figure 7-17 and Figure 7-18 present a back-to-back comparison of the fracture
surfaces for a tensile and a fatigue sample for 0° and 90° reference specimens. A clear
distinction is visible between these surfaces. At first glance, on the fatigue specimens
there is presence of "packets" of material in the regions where the fibres are more
aligned with the load direction. This is not observed on the fracture surface of tensile
specimens, as highlighted by the red squares and close-up view in the images, where
in those regions the fracture surface is very messy and the matrix seems to be highly
deformed. That these features (packets) occur only in the fatigue samples implies that
there is a damage mechanism inherent of this type of loading condition. Characteristic
of fatigue is the slow crack propagation with each loading cycle. This slow crack
growth might cause the creation of the seen clean surfaces on the packets as the resin
is not completely deformed due to the relatively low load levels experienced during
fatigue, which is opposite to the significantly higher loads seen during tensile testing.
A model of the creation of these planes, or plateaus, during fatigue of SFRP's was
depicted in Figure 2-72; which seems to support the idea that cracks during fatigue
present different propagation planes joint together by "steps” in the matrix. In
previous works, analysis of fracture surfaces has been conducted by correlating the
failure planes with assumed stress distributions produced by the material
microstructure [99], or via correlation with different surface measurements [99], [101].
However, in order the give a better idea of the possible conditions that lead the crack
initiation and failure, the conducted finite element analyses were used in conjunction
with the fracture surfaces of the failed specimens, as to provide more comprehensive
information about the relationship between stress and strain states in the material on
the plane of failure and damage mechanisms. Figure 7-19a-d to Figure 7-21a-e,
present a comparison of the whole fracture surface for failed 0°, 90° and 45°reference
specimens seen under SEM, and the FE stress and strain fields on the main and
thickness surfaces; and on the actual fracture plane across the thickness of the
material, i.e. cross-section at the failure location. By correlating the FE results of the
fracture plane with the SEM images, it is possible to observe that the highest levels of
stress and strains are located below the surface. The stress is mostly localised in the
regions where fibres are more aligned with the load direction. In the FE, these regions

are composed by elements where their highest orientation tensor component is
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aligned in the direction of the load (e.g. in a 0° specimen it is expected to present
stress concentrations in locations where elements have a1 as the highest orientation
tensor component, which for this case correlates to the shell layers, as it can be
observed in Figure 7-19c). This is more clearly visible on the 0° and 90° specimens, e.g.
Figure 7-19c and Figure 7-20c. From synchrotron observations documented in the
literature [100], and presented in Figure 2-69a, it is possible to assume that the first
fatigue micro-cracks might start at the fibre ends due to the concentration of stresses
in those areas, which are located in the layers where the fibres are more aligned with
the load, these regions can be inferred from the macro level FE results presented
herein. These micro-cracks might not freely grow, due to the fibres being in an
unfavourable orientation for propagation, as they have to go slowly through the fibres.
This slow crack growth might then be producing the mostly clean surfaces on the
packets of material seen on these regions, Figure 5-58b and Figure 5-59b. To this
effect, Figure 5-62 shows what it looks like a crack at the interface and along the length
of a seemingly horizontal fibre. Additionally, these packets could then represent
several cracks' planes due to the stochastic nature of crack formation [175]. On the
other hand, cracks could more easily propagate in the sections where the fibres are
mostly orthogonally aligned with the load, characterised by regions of relative low
stresses, and through the matrix along the fibre lengths. Some evidence of this is how
clean the fibre sides are in those layers of the fracture surface, and how relatively flat
and uniform the fracture surface is on that layer, as shown in Figure 5-59a and Figure
5-63c. Finally, the highly deformed matrix seen on the fracture surface and in specific
below the packets in the fatigued specimen in Figure 7-18, could also provide more
evidence of the final plastic failure of the sample. At this point, the higher deformation
seen in the matrix could be due to the location of final failure or unstable propagation,
similar to the fracture surface seen on the tensile specimens, as shown in Figure 5-56b

and Figure 5-57a.
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Figure 7-19 Stress and strain distributions and fracture surface of a fatigue 0°
reference specimen with V¢=30% at R=-1 and 0.=40MPa (N=235,800 cycles).

Arrows denote example of packets seen on the fracture surface.
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Figure 7-20 Stress and strain distributions and fracture surface of a fatigue 90°
reference specimen with V¢=30% at R=-1 and 6.=40MPa (N=30,260 cycles).

Arrows denote example of packets seen on the fracture surface.
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Figure 7-21 Stress and strain distributions and fracture surface of a fatigue 45°
reference specimen with V¢=30% at R=-1 and 0.=40MPa (N=66,646 cycles).
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8. CONCLUSION

The main objectives of this dissertation were to develop, and to validate, a modelling
methodology for the fatigue prediction of injection moulded short glass-fibre
reinforced polymers; and to generate new insight about the fatigue damage
mechanisms of this type of composites. To this effect, a new multi-scale modelling
approach was developed to predict the effect of the local fibre orientations and
distributions on the fatigue life of these materials. This included a multi-stage
computer-aided engineering methodology for the prediction of the fatigue life of
dog-bone shaped specimens at different orientations and locations. Finite element
models for the injection moulding, monotonic material properties, stress and strain
distribution and fatigue calculations were developed. Each of the modelling steps was
validated using state-of-the-art experimental techniques to assess the accuracy of the
numerical predictions and the effect of the propagation of errors and inaccuracies on
the final fatigue life prediction. Furthermore, new fundamental knowledge about
fatigue damage development in this material has been generated in the form of the
found location for multiple crack appearance below the surface of the material, in the
region of high alignment of fibres along the load direction. However this result might
be limited to surface measurement, and therefore, this mechanism needs to be
confirmed through a more detailed CT scanning as part of future work. Analysis of
high-speed camera images suggested that the time between crack appearance (multi-
crack mechanism) and final material failure is very short, this therefore implied that
the process of fatigue crack initiation might be very slow. This meant that by looking
at stress and strain distributions in undamaged specimens it was possible to have a
clear idea of the most likely location for specimen failure. Localization of stress was
observed to be located below the surface in regions where the fibres are more aligned
with the load direction, and in specific close to the specimen shoulders. Localization
of strain was also shown to be concentrated through the thickness surface of the
specimens. Analysis of the stress and strain distributions, together with SEM
micrographs of the specimens' fracture surfaces and high-speed camera images,
showed evidence of crack initiation occurring under the surface on locations of

maximum stress/energy.

Additionally, the experimental characterisation carried out in this this project also
showed that PA66GF50 exhibits a highly anisotropic material response due to the local
fibre orientation distribution, product of the injection moulding process. The

material's tensile and fatigue performance was observed to be significantly affected

252



by the fibre orientation distribution, with each tested coupon behaving as simplified
structures, and producing a completely different material response depending on the
location and orientation of the specimens. Under fatigue constant-amplitude
conditions, the material was also seen to be affected by the mean stresses, significantly
reducing the total fatigue life at higher stress ratios. Despite the overall differences
observed between the experimental measurements and finite element predictions, in
part due to errors propagated from the injection moulding simulation onto the stress
analyses, the fatigue life predictions were shown to be close to the experimental lives
under positive stress ratios. However, the results also highlighted the limitations of
the modelling methodology based on the Stress-Life (S-N) approach, where under
fully reverse stress ratio the calibration of the model was not possible. This could be
due to the inability of the current M-T model to predict the material behaviour under
cyclic conditions as it was developed, and used herein, for static loads under tensile
loading. This means that it does not consider the compressive part of the cycle, as well
as, the different material's cyclic mechanisms; such as the various softening and
viscous effects seen in the measured hysteresis curves. To this effect, a different cyclic

material model needs to be developed.

Finally, in order to overcome the limitations of the S-N method, an energy-based
approach was proposed. A new fatigue parameter based on the dissipated energy
calculated from the cyclic stabilised hysteresis loops was therefore introduced. It was
shown that, based on the experimental results, the use of the dissipated energy
seemed to reduce the effect of the fibre orientation in the cyclic response of
specimens. However, a variability of the energy with the local fibre distribution was
observed. Further development on this regards is however needed, in order to model
the complex fibre orientation dependant local dissipated energy via simulated
stabilised hysteresis loops. Nevertheless, the presented results and analysis done in

this thesis regarding this approach can form the basis for future work.

8.1 Future work

I.  The humidity, moisture content, evolution in the specimen during, and after,
the test was not measured on this project. In specific, the humidity level in the
specimens was controlled using a hot water bath method. This technique does
not provide with a consistent homogenous distribution through the material.
Experimental results showed clear evidence of self-heating during the fatigue

experiments, which would produce a reduction of the internal humidity and
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thus affect the material response, as seen in the literature. Therefore, to
produce a more controlled environment and a more consistent material
condition, as well as, to assure the repeatability of the results; the humidity
environment should be kept consistent at laboratory conditions (23°C and 50%
R.H.). This can be achieved through the use of an environmental chamber.
Similarly, to measure the change in the material moisture content, weight
measurements should be taken at different points of the test, this will provided
quantitative data of the effect of self-heating in the humidity content.
Subsequent tests could also be carried out with specimens under as-
moulded/dry conditions, to remove the effects caused by inner humidity
changes.

Additional testing at different stress ratios needs to be conducted to further
calibrate the Walker's coefficient for the mean stress correction.

As it was shown in the present Thesis, there seems to be an effect of the load
sequence on the material fatigue performance under block loading conditions.
In specific, preliminary results showed that the specimen orientation might
have an effect on how the loading sequence affects the specimen. 0°
specimens showed better fatigue lives under Low-High sequence, whereas 45°
samples presented better fatigue lives under High-Low sequence. Therefore,
it is sensible to assumed that this effect of the orientation would also be
present under non-proportional loading, i.e. variable loading. A past work,
[176], has suggested that higher frequency spectrums produce higher fatigue
life, but this has only been carried out on a singular orientation, under dry
conditions, and with low amount of reinforcement (30wt%). Therefore it is
needed, as part of future work, to assess whether this result is still the case
when accounting for different specimen orientations, while the material is
conditioned and with a relatively high amount of reinforcement (50wt% or
30v(%).

The finite element implementation of the energy based model using cyclic
dissipated energy is needed. For this, the numerical simulation of the stabilised
hysteresis loop needs to be conducted and calibrated using experimental data.
Although some testing is required, this calibration can only be conducted
using a singular specimen orientation, as it has been shown in this Thesis that
by using this dissipated energy approach the spread due to the specimen
orientation and stress ratio seems to be minimised. Therefore, the amount of

experimentation can be significantly reduced. Once this calibration is
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VI.

VII.

VIII.

conducted, then the model could potentially be used on specimens with
different fibre distributions and under different stress ratios.

It has been shown in the literature, [61], [177], that the temperature has an
effect on the performance of different short fibre reinforced polymers, with
higher temperatures showing a more ductile behaviour in tensile, and a lower
fatigue lives during cyclic loading. Therefore, the effect of the temperature on
PA66GF50 needs to be investigated. This will provide with better
understanding of the material performance under conditions that could
potentially be seen in the field, and thus it would increase the usability of this
composite on actual structural parts.

Documented work of the effect of temperature in different short fibre
reinforced polymers has shown that the creep strain and the rate of creep
seem to increase as the temperature of the polymer goes above Tq4[177]. As
applications of the present PA66GF50 is related to the automotive industry,
environments where the material is exposed to temperatures around and
above Tg are highly likely to occur. Therefore, the effect of creep on the present
composite needs to be studied to increase the available knowledge of the
behaviour of the material under field working conditions. Finally, different
specimen orientations could also be used to analyse the variation of creep with
the fibre distribution.

Detailed CT scanning of specimens subjected to fatigue needs to be conducted
at different number of cycles, with focus on below the surface of the specimens
to further corroborate the location of multi crack appearance found in this
project via the use of high speed cameras and the analysis of the FEA results.
A different material model needs to be developed to consider the different
cyclic mechanisms seen on the experimental test (hysteresis curves), that the
current M-T model cannot capture, such as: cyclic softening and viscous
effects.

Analysis of the applicability of the proposed S-N approach to more complex
geometries needs to be investigated and validated. Is there a possibility of
correlating dog-bone results with more complex, larger, geometries through
the use of a calibration factor? If so, this could potentially increase the practical

use of the model in real applications.
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APPENDIX

A Appendix Chapter 4.

A.1 Example of material input card for stress analysis

MATERIAL

name = GF

type = elastic

density = 2.540000000000000e-009
elastic_ model = isotropic

Young = 7.200000000000000e +004
Poisson = 2.200000000000000e-001
B
MATERIAL

name = PA66

type = J2_plasticity

density = 1.245610000000000e-009

consistent_tangent = on

elastic_ model = isotropic

Young = 1.795000000000000e+003

Poisson = 3.963200000000000e-001

yield_stress = 7.910000000000000e+000
hardening_model = exponential_linear
hardening_modulus = 6.577400000000000e+001
hardening_exponent = 2.564000000000000e +002
hardening_modulus2 = 1.036100000000000e+002
isotropic_method = modified_spectral
plastic_strain_multiplier = 1.136200000000000e+001
plastic_strain_shift = 0.000000000000000e+000
global_shear_multiplier = 1.000000000000000e+000
plastic_shear_multiplier = 1.000000000000000e +000

PHASE

name = Matrix

type = matrix

mass_fraction = 5.000000000000000e-001
material = PA66

PHASE

name = Filler

type = inclusion

mass_fraction = 5.000000000000000e-001

behavior = deformable_solid

material = GF

aspect _ratio = 19.671000000000000e+000

orientation = file

orientation_file = C:\Users\Work\Google Drive\05-CAE\Digimat\ODegree\map\0DegOT.dof
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orientation_format = Digimat
closure = orthotropic
coated = no

MICROSTRUCTURE
name = Microstructure
phase = Matrix

phase = Filler

RVE
type = classical
microstructure = Microstructure

ANALYSIS

name = Sheffield-A3WG10CR
unit_system = METRIC/3/-3/0/0/0/0/0
type = mechanical

loading_name = Mechanical

final_time = 4.851400000000000e-001
max_time_inc = 2.425700000000000e-003
min_time_inc = 9.702799999999999¢-005
finite_strain = off

output_name = output1

load = ABAQUS/Standard
homogenization = on
homogenization_model = Mori_Tanaka
integration_parameter = 5.000000000000000e-001
number_angle_increments = 12

stiffness = off

initial_stresses = off

orientation_usage = global
plane_strain_element = off
orientation_skin = do_not_use_moldflow_output
plane_condition_initial guess = on

OT _trace_tol = 1.000000000000000e-001
finite_rotation = off

OUTPUT

name = output1

RVE_data = Custom,Ener

Phase_data = Filler,Custom,Cglob,Ener,OT
Phase_data = Matrix,Custom,Cglob,Ener,OT
Engineering_data = None

Log_data = None

Dependent_data = Default

Fatigue_data = Default

Composite_data = Custom,A1,APS,IA

257



A.2 Mapped orientation tensor global error
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B Appendix Chapter 5

B.1 Hysteresis loops
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Figure A-0-6 Hysteresis loops (Stress vs Strain), and evolution of strain (Strain vs

Cycle) for 0°, R=-1 samples at a) ca=50MPa, b) ca=40MPa and c) ca=38MPa
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Figure A-0-11 Hysteresis loops (Stress vs Strain), and evolution of strain (Strain

vs Cycle) for 30°, R=0 samples at a) ca=25MPa, b) ca=33MPa.

B.2 Fatigue failed specimens

A47 A48 A56 A57

A58

Figure A-0-12 Fracture specimens for 0° coupons at R=-1
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B12

B21 B22 B23

B24

Figure A-0-13 Fracture specimens for 90° coupons at R=-1.

C13 C15 C26

Figure A-0-14 Fracture specimens for 45° coupons at R=-1.
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D13 D15 D14

Figure A-0-15 Fracture specimens for 30° coupons at R=-1.
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Figure A-0-16 Fracture specimens for 0° coupons at R=0.
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Figure A-0-17 Fracture specimens for 90° coupons at R=0.
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Figure A-0-18 Fracture specimens for 45° coupons at R=0.
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Figure A-0-19 Fracture specimens for 30° coupons at R=0.
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Figure A-0-20 Fracture specimens for 0° coupons at R=0.3.
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Figure A-0-22 Fracture specimens for 45° coupons at R=0.3.
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