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Abstract

This thesis focuses on the mechanical properties of short glass fibre
reinforced polyamide 66 material used in automotive composite structures,
and its impact resistance under localised low velocity impact. The main
application of this research concerns the impact performance of an oil pan

component susceptible to stone impact damage.

The thesis reviews the current state-of-the-art of thermoplastic
polyamide materials with an overview of the glass fibre reinforced polyamide
under-the-hood components, as well as its manufacturing and processing
techniques. The study explores much of the work published in the literature
so as to identify the fundamental parameters determining the impact
resistance. It then concentrates on assessing the mechanical properties of
the material subjected to quasi-static loads and impacts considering the
influence and consequences of atmospheric or weathering conditions such as

the moisture and salt uptake and the variation of temperature.

The experimental work employed a universal testing machine for the
quasi-static tests, drop weight tower and projectile air gun to carry out the
dynamic tests. The testing involves different polyamide grades and impact
modifier material in small specimens and full-scale oil pan components so as

to gain important insights into the material-geometrical coupling effects.



In correlation with the experiments, a finite element analysis was
conducted to predict capability and simulate impact events using LS-DYNA
solver. The simulation allowed putting to the test and comparing different
protective design features. The post-testing investigations focused on the
damage assessment and failures at micro- and macro-scales on the
structure using visual inspection, scanning electron microscopy and
ultrasound flaw detector. This was intended to bring detailed understanding
of the failure mechanisms and also shed some light into damage tolerance of

typical under-the-hood thermoplastic polyamide components.

Investigation results indicated that impact resistance properties of
short glass fibre reinforced polyamide 66 grades are sensitive and influenced
by moisture and salt uptakes, temperature ageing and air oxidation. In
general, the increase of these parameters reduces the material strength but
at the same time improves its strain. The study also compares different
structures and shows the significant contribution of the design in terms of
shock absorption and stress distribution. The proposed oil pan design with
protective ribbing pattern combined with a superior material with rubbery
phase considerably improves the impact resistance of the full-scale

automotive component studied.
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Nomenclature and abbreviations

Nomenclature

Units

Length m metre

Time S second

Mass kg kilogram

Force N newton

Pressure Pa pascal

Velocity m/s metre per second
Density kg/m?3 kilogram per cubic metre
Energy ] joule

Temperature °C degree Celsius

Homogeneous units for simulation

Length mm (102 m) millimetre

Time S second

Mass t (10° kg) tonne

Force N newton

Pressure MPa (10° Pa) megapascal

Velocity mm/s millimetre per second
Density t/m> (103 kg/m?3) tonne per cubic metre
Energy mJ millijoule



Abbreviations

PAG6
PA66
SGFR
wt%
GFwt%

ASTM
ISO

SEBS
EPDM
EPR
SBR

g
MA

CaCl,
EG
aq.
Me

Polyamide 6

Polyamide 66

Short glass fibre reinforced

Weight content ratio

Glass fibre and weight content ratio

American Society for Testing and Materials
International Organization for Standardization

Styrene ethylene / butylene styrene
Ethylene propylene diene monomer
Ethylene propylene rubber

Styrene butadiene rubber

Grafted

Maleic anhydride

Calcium chloride
Ethylene glycol
Aqueous
Methanol
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Chapter 1.

Chapter 1. Introduction

1.1. Background

A main concern in the automotive industry is the vehicle weight
reduction so as to help reduce fuel consumption and therefore emission
levels. One way to realise this objective and meet the challenge of cost and
performance is by the use of glass fibre reinforced thermoplastic composites
using long or short fibres [1]. They offer distinct advantages over more
conventional engineering materials such as aluminium and steel including
higher specific strength and stiffness and superior corrosion resistance as

well as improved fatigue properties [2-6].

Injection moulded short glass fibre reinforced thermoplastic
composites are currently the most prevalent material [7-9]. Figure 1 is one
example illustrating this tendency and shows a wet engine oil pan currently
in application made of short glass fibre reinforced polyamide 66 (SGFR

PAG6).

A wet engine oil pan is a very important component in a vehicle since
the moving parts of the engine need to be lubricated and cooled by the oil. A
wet oil pan stores the oil which is pumped by an oil pump to the top of the
engine and drains down towards the oil pan. The wet oil pan system is the

1



Chapter 1.

most common type of oil pan and differs from a dry oil pan system which
uses a remote oil reservoir to store the excess of oil. A dry system has the
advantage to avoid the oil to slosh around in hard cornering or braking
situations; although a wet oil pan can uses baffles and trap doors to control
the movement of the oil; but a dry system has more parts therefore adds

more weight and it is complex thus costly [10].

Thermoplastic
Engine Qil Pan

Figure 1 - Thermoplastic engine oil pan fitted on ISF 3.8 Cummins Engine [8]

There are many studies that have been performed in order to
investigate the impact properties of thermoplastic composites [2; 11-19].

Low velocity impacts are known to induce damage to the composite in the
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form of matrix cracking, delamination, debonding and fibre breakage. A
number of studies on the low velocity impact performance of thermoplastic-
matrix composites have been conducted but, in most cases, the composites
were fully laminated into relatively rigid plates made of polyethylene
terephthalate [2; 15], polypropylene [13; 17; 18], polyethylene [19-22] and
polyether ether ketone [12; 23] fibre reinforcement. Research has shown
that composites are capable of absorbing energy and dissipating it by
various fracture and elastic processes when subjected to a low velocity
impact [17]. The ability of these materials to absorb energy elastically
depends on the mechanical properties of the matrix and fibres, the
interfacial strength, the velocity of impact and the size of the component.
Polymer matrix composites are known to be highly susceptible to internal
damage caused by transverse loads even under low velocity impact [18]. For
the effective use of polymer matrix composites in higher performance
applications, it is important to understand the cause of damage formation
under low velocity impact conditions as well as the potential for

improvement of damage resistance characteristics of composites.

Despite increased use in under-the-hood applications [24], published
work on the impact behaviour of polyamide short fibre reinforced
thermoplastic composites is limited. The polyamide (PA) family consists of
different grades depending upon the way they were polymerised. PA6 and

PA66 are the most popular forms of polyamides [25]. The automotive

3
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market, principally for new under-the-hood applications, consumes more
than 40% of the PA6 and PA66 produced. These materials have a particular
utility in performing mechanical duties that traditionally relied on metal
parts. However, polyamides have some limitations and the most significant
of these is their response to localised impact loading [26-31]. Thus, material
substitution involves making sure that the new parts are service lifetime
capable. Few available studies have looked into the fracture toughness and
the impact behaviour of samples of polyamide plates but mainly focus on
fibre content and length effects [32; 33]. These studies found that the
addition of around 30-40% weight content ratio (wt%) of short glass fibres
on a thermoplastic matrix led to an improvement of fracture toughness with
a minor advantage for long fibres. The impact resistance increased with the
thickness; nonetheless, the relationship established was valid only in the
examined range. Most impact studies use a drop weight testing machine to
assess the impact resistance of composites but the impactor type and
geometry used in reported studies are different and tests are mostly done on
square plates, eliminating the geometry effect that a full component could

have.
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1.2. Aims and objectives

One of the key concerns in the use of thermoplastic oil pan is that this
automotive part must not only perform its original function but also have a
structuring role. However, as one of the lowest parts in the engine,
thermoplastic oil pans have some limitations and the most significant is their
response to localised impact loadings such as that imparted by roadway
debris or when dropped to the floor in a workshop [34]. A failure on the oil
pan base wall would lead to engine oil leakage and that would result in a
catastrophic engine failure from oil starvation. Therefore this thesis attempts
to assess and improve the impact performance of thermoplastic polyamide
oil pans subjected to localised low velocity impacts by means of

experimentations and finite element simulations.

The aims of this research study are:

e To develop an improved understanding of the performance of an
existing plastic oil pan considering material grade and geometry

changes for improved impact performance and low weight.

The objectives of this thesis are:

e To explore and study the mechanical properties of different grades of
SGFR PAG66 in quasi-static and dynamic failure modes and also assess

how they can be affected by changing conditions (such as variation of
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temperature) and treatments (such as materials exposed to moisture
and rock salt),

e To perform impact testing on oil pan samples using a drop weight
tower and a gas gun impact tester. The investigations are focused on
the structural integrity of the oil pan and the assessment of the
damage,

e To create a validated model for the simulations with LS-Dyna,

e To use the model to predict impact consequences and also help to
make decisions regarding improved design features whilst minimising

stress concentration zones on the part.

1.3. Purpose of thesis

The purpose of this thesis is to study the structural integrity of a wet
engine oil pan during its functional life in the vehicle. This involves
benchmarking potential substituent materials through a material selection
process, design feature improvement and assessing potential external
influencing parameters on impact performance such as exposure to

temperature, moisture and salt but also oil and air oxidation.

It follows that during storage, installation, maintenance and when in
use, the oil pan experienced structural loads such as drop impacts to the

floor whilst supporting the all engine unit or small debris impacts from the

6



Chapter 1.

roads like stones [34; 35]. With the material replacement operated and with
all the changes that imply, the end result is to make sure that the
thermoplastic oil pan continues to function reliably and remains free of leaks

for the lifetime of the vehicle in normal usage conditions.

This thesis presents and discusses the experimental results from
impact testing and assesses damages on the part structure. It is also a
feasibility study for developing a finite element simulation approach of the
problem. The first undertaken action was to review and evaluate the pre-
existing under-the-hood thermoplastic components to determine key
parameters involved, ways of investigation, weaknesses and limitations
already identified concerning designs and polyamide grades used for oil pan

applications.

1.4. Methodology

The study is focused on assessing the mechanical properties of two
polyamide 66 grades subjected to localised impacts at low velocity range.
Single impact scenario is considered in this research, as impact studies of
composite polymers are inherently complex to comprehend [11; 36; 37].

Multiple impact scenario involves taking consideration of potential pre-
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existing failure or damage in the material and in the component structure

which increases even more the complexity [38-40].

Figure 2 presents the gap in current knowledge that is covered in this
research. On one hand, there is the composite material configuration that
includes matrix properties, filler properties and parameters (such as fibres
weight content ratio, shape, size, and the quality of dispersion) and it also
may include additives. This material configuration directly determines the
mechanical properties and behaviour of the final material which can be
experimentally measured and used in the simulations with an appropriate
material card. On the other hand, the component is associated to its
structural behaviour which results from its design and manufacturing
process that directly defines its impact resistance and failure modes. The
structural behaviour can also be assessed with the right experiments.
However what is not well known is how to correctly link structural behaviour

to material mechanical properties.
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Material Structure-Property Structural
Configuration Relationships? Behaviour

Matrix and filler materials Manufacturing process

* shape and size » design of injection moulded

* % weight ratio and quality of dispersion components

* rubber additives * impactresistance, fracture
mechanisms

Mechanical _ FEA
Properties Simulation

Influencing parameters on Predict mechanical properties
mechanical properties + structures & materials

Figure 2 - Gap in current knowledge

The study extends the research by finding out the potential influence
of critical parameters on material impact strength. These parameters are the
influence of water and aqueous calcium chloride uptake, and the variation of
temperature. The results from finite element simulation analysis are
compared with experimental data and vice versa. The design of the final oil
pan component evolves as the study progresses. This study leads to make
some proposals for improving current prototypes and also identify other
possible applications or applicable services for future work. A concept of

knowledge transfer was also conceived.
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1.5. Outline of the thesis

Chapter 1 attempts to acquaint the reader with the subject of the
thesis by giving relevant background information and defining aims,
objectives and the thesis plan. Key interest is on structural properties
relationship of polyamide composites subjected to localised impact. Typical
application is presented to stress the importance of the current work in the

automotive industry.

Chapter 2 prescribes a literature review of the existing work and
knowledge by presenting the current state-of-the-art of polyamides and
associated glass fibre reinforced composites. Factors affecting the
mechanical properties of polyamides are described from a material point of
view and from those associated during their processing to external factors
influencing their impact performance. An insight to the current work in finite
element analysis of short glass fibre thermoplastics is also given. Overviews
of current polyamides in under-the-hood applications and assembly
techniques are presented. Finally, key findings of the literature review are

drawn.

Chapter 3 assesses the mechanical properties and impact performance
of two 35 wt% of SGFR PA66 with one material being rubber toughened

PA66 in quasi-static and dynamic loads, respectively named PA66-GF35 and
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PA66-i-GF35. This study emphasises the effect of the rubber additive and

demonstrates its capacity to toughen the polyamide composite.

Chapter 4 investigates the influence of moisture and aqueous calcium
chloride uptakes on the mechanical properties and impact performance of
PA66-GF35 and PA66-i-GF35 in quasi-static and dynamic loads. This study
inspects the consequences of exposure to moisture and salt conditions that

can be faced by under-the-hood thermoplastics components.

Chapter 5 investigates the influence of the temperature on the
mechanical properties and impact performance of PA66-GF35 and PA66-i-
GF35. Thermal ageing in hot oil and hot air were conducted. Examinations
were performed to point out the effect of the rubber additive on the thermal
properties of polyamides. This chapter also looks at the behaviour of each
material whilst being affected to temperatures in the range between -20 and

120°C.

Chapter 6 examines the influence of structural configurations as a
protective feature design and assesses the effect of elongated structure
associated to the properties of SGFR PA66s. This study emphasises the
important role of the design in terms of impact performance and stress

distribution.

Chapter 7 covers the low velocity localised impact testing of SGFR

PA66s oil pans and describes the progression to a superior design
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configuration associated to a superior impact resistant material. Damage and
fracture examinations are covered and impact simulations on the oil pan

were also conducted.

Chapter 8 concludes the thesis work, summarising the current
understanding of SGFR PA66s in terms of structural and mechanical
performances. This research project contributed in the improvement of a
thermoplastic composite oil pan but has been beneficial to other under-the-
hood components at their early stage of development. Further investigations

and improvements are also suggested.
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Chapter 2. Literature review

2.1. Introduction

Polyamide, also referred to as nylon, is a semi-crystalline polymer.
This material offers an excellent combination of mechanical and electrical
properties coupled with good resistance to heat and chemicals [41]. It has
high lubricity and moderate strength [42; 43]. It is tough, inexpensive, but
has poor dimensional stability due to water absorption [44; 45]. However,
whilst they are tough under many impact conditions they tend to be notch
sensitive and brittle at low temperatures, so needing modification by the use

of various additives [7].

A number of different types of polyamide are available covering a wide
range of properties. The most abundant polyamides used in the automotive
industry are PA6 and PA66 for their superior heat ageing resistance, good
resistance to wearing and good surface finish [4; 46]. PA6 is made by
hydrolytic polymerisation of caprolactam. PA66 is made by the
polycondensation of hexamethylenediamine and adipic acid. Figure 3 shows
the monomers of PA6 and PA66. Dhevi et al. [47] indicated that their good

combination of strength, toughness, wear, abrasion and chemical resistance
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is attributed to the amide group (-CO-NH-) that provides H-bonding between

polyamide chains. Polyamides fall into two groups [28]:

- Those synthesised from one repeating monomer are given a single
number in their name, the number of carbon atoms in the monomer
unit (e.g. PA6).

- Those synthesised from two different repeating monomers are given
two numbers in their name, indicating the number of carbon atoms in

each monomer unit (e.g. PA66).

0
||
- - - - C— Il Il
+°H2 CHy~CHy"CH,CH,-C ’]‘% N-CHz-CHy-CHy-CHy-CHp-CHy—N—C—CHy-CHy-CHy-CHp—C
Hl, H H
n

Polyamide 6 Polyamide 66

Figure 3 - Monomers of PA6 and PA66

Table 1 provides the properties of unreinforced and SGFR PA6 and
PA66 materials [48; 49]. PA66 has good melting point, and high strength
and stiffness. After moulding it absorbs water, causing swelling and
increased toughness. It can be modified by glass fibres and by nucleating
agents giving rapid crystallisation. It resists most solvents except strong
acids or oxidising agents. Outdoor exposure causes colour fading and

embrittlement unless the resin is stabilised. Glass fibre reinforced PA66 is as
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tough as most amorphous plastics and resists stress cracking or solvent
attack, retaining high fatigue and impact resistance. The properties of PA6
are generally similar to those of PA66 but PA6 has a lower melting point,
absorbs more water and has less resistance to mineral acids. It has rather
higher tensile and impact strength and lower elongation at break. The main
advantage of PA6 over PA66 is that it is easier to process and produces
lower mould shrinkage. The main disadvantage of PA6 is that it has lower
strength, stiffness and abrasion resistance than PA66 and higher water
absorption. The main advantages of PA66 are its better low temperature

toughness than PA6 and its good fatigue resistance [7; 28].

Table 1 - Properties of unreinforced and SGFR PA6 and PA66

Properties PA6 PA6-GF35 PA66 PA66-GF35
Physical Properties

Density (g/cm?®) 1.12 1.40 1.13 1.41
Moisture Absorption at Equilibrium (%) | 2.43 1.69 2.39 1.62
Mechanical Properties

Tensile Strength Ultimate (MPa) 63.5 140 70.3 125
Elongation at Break (%) 85.3 3.5 70.4 3.82
Tensile Modulus (GPa) 2.19 11.40 2.46 11.20
Poisson Ratio 0.35 0.350 0.407 0.380
Charpy Impact (Un)Notched (J/cm?) (13.3) 2.34 | (9.33) 1.52 | (11.8) 1.45 | (10.0) 1.75
Thermal Properties

Melting Point (°C) 219 219 258 258
Service Air Temperature (°C) [-31; 115] [-21; 136] [-30; 132] [-20; 148]
Processing Properties

Processing Temperature (°C) 241 249 276 282
Moulding shrinkage (%) 1.31 0.35 1.41 0.50
Injection Pressure (MPa) 85.3 78.4 84.1 76.5
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2.2. Factors affecting mechanical properties

2.2.1. Influence of fibre length, diameter and concentration

The mechanical performance of glass fibre reinforced polyamides
results from a combination of the fibre and the matrix interface. The fibre
content, diameter, orientation and the interfacial strength are key factors to
the final balance of properties exhibited by injection moulded thermoplastic

composites [50-55].

Bernasconi et al. [56] studied the fibre length distribution on PA6 with
10-20-30 wt% of glass fibres and noticed that fibres are shorter (473-354-
276 um) as the fibre content increases presumably because of fibre breaking
during injection moulding process. Hassan et al. [55] also observed the fibre
length degradation. From the initial length of 3-6 mm before compounding
they found an average fibre length in the injection moulded part in the range
of 0.2-0.4 mm. When compared to long glass fibres, short glass fibres have
statistically more total fibre length (56%) and more total fibre surface area
(33%), which is an advantage in terms of interfacial bonding to the matrix.
However, the tensile strength and modulus of long glass fibres reinforced
PA66 are superior (20-30%) to those of short glass reinforced PA66 meaning

that the length of the individual fibre itself is also a determining parameter
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of the composite properties. On the other hand, the fracture strain of long
fibre composite is found 20% lower than the short fibre composite and that
is believed to be due to the existence of longer fibre that restricts the matrix
movement. Curtis et al. [42] also described this reduction of fracture strain
associated with a longer fibre and higher fibre volume fraction. In terms of
fracture energy and peak load, Hassan et al. [55] found that they are

increased with the increase in fibre volume ratio and fibre length.

The effect of fibre diameter and fibre diameter distribution is also an
influencing parameter on the performance of glass reinforced polyamides.
Sato et al. [51] studied the mechanical properties of injection moulded
polyamides with 30 wt% of glass fibre. In the 7-13 um diameter range, they
found that the tensile and flexural strength are low dependent on fibre
diameter but below 7 um, strengths drastically fall. Thomason [57] reported
a study on the 9-18 um range on glass fibre reinforced PA66. He found that
the unnotched impact and tensile strength decreased significantly but the
tensile modulus presented no dependency over the range. The notched
impact varied less but showed a maximum at 14 um. Over the range
studied, the fibre diameter is little significant on fibre orientation. Ramstein
et al. [58] investigated the fibre diameter range of 10-24 um and found
significant dependence of unnotched Charpy impact and tensile strength on
the fibre diameter but slight effect on tensile modulus and notched Charpy
impact.
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Thomason [59-61] did extensive studies on the effect of fibre content
(0-40 wt% range) on short glass (4 mm length, diameter 10 um) reinforced
PA66. He noticed that the stiffness and strengths in tension and flexion
increases almost linearly with increasing fibre concentration. Tensile
modulus evolved from 3 to 12 GPa, tensile strength from 70 to 170 MPa and
flexural strength from 120 to 330 MPa over the full range of fibre content
studied. He also noticed that the tensile elongation drops (3.8-2.9%) with
increasing fibre content in the 2-10 wt% range leading to a large reduction
in the ductility of the material. From 10-30 wt% the elongation was
approximately constant and then above 33% it started to fall again (below
2.8%). Thomason also found that the impact behaviour of PA66 is altered by
the addition of fibres. On the notched Izod impact, the increase of fibre
content has only beneficial effect above 10 wt%. However, it has severe
effect on the unnotched Izod impact since the initial performance of the
PAG66 is very high and did not break. A small concentration of fibres leads to

a sharp fall until 4 wt% and then above the impact resistance steadily rises.

2.2.2. Impact failure mechanism and capability of energy absorption

In composite materials, fracture behaviour is a complex mechanism.
The mechanical properties of thermoplastic composites result from a

combination of the fibre and matrix properties and the ability to transfer
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stresses across the fibre / matrix interface [50; 62; 63]. Key factors such as
interfacial adhesion, fibre length to diameter ratio and concentration, matrix
ductility, and residual matrix stresses due to differences in thermal
expansion between fibres and matrix during processing determine the
composite fracture mechanisms [64-67]. Therefore, all of these parameters

influence the load bearing capacity of the finished product.

In impact testing, Hassan et al. [55] noticed that longer fibres tend to
break in more brittle manner by fibre breakage mechanism and contribute
less fracture energy to the composite compared to shorter fibres that tend to
break in more ductile manner by fibre pull-out mechanism and contribute

more fracture energy to the composite.

Many studies in short fibre reinforced composites [11; 25; 32; 53; 67-
70] agreed that fibres act both to initiate cracks and to inhibit crack
propagation. On one hand, fibre discontinuities can be considered as
structural flaws which initiates cracks, but on the other hand since cracks
must often travel around fibres in the crack path, fibres act to inhibit crack
propagation by increasing the volume in which energy dissipation can take

place [71].

As previously found, composites with small diameter fibres have a
large interfacial area between matrix and reinforcement. Since generally

fibres are high in modulus and the matrix is low, the interfacial region is
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subjected to high stresses during composite deformation. Blumentritt et al.
[67] investigated and described fracture mechanisms in short fibre
reinforced thermoplastics. They noticed that if fracture occurs at the
interface, fibres are pulled out of the matrix with little or no matrix material
adhering and very few fibres are found fractured. Matrix failure also results
in fibres pull-out but they will be coated with the matrix material. If the
matrix and interfacial strengths are high, fibre fracture becomes the
predominant failure mode and only fibres with ends near the fracture surface

are pulled out during fracture.

Since generally fibres are strong but brittle whilst matrices are weak
but tough, fibre fractures are found in high strength composites with low
toughness and conversely fibre pull-out are found in tough composites with

low strength.

2.2.3. Processing by injection moulding

Polyamide can be processed by a lot of techniques such as using
injection moulding, mono and multilayer injection, injection blow moulding,
rotomoulding, extrusion blow moulding, mono or multilayer extrusion,
thermoforming, thermoretraction, and so on. However, injection moulding is
the most widely used process to produce automotive parts such as the oil

pan thanks to the ease to form complex shapes and fine details with
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excellent surface finish, good dimensional accuracy for high production rate
and low cost [6; 28]. Most reinforced thermoplastics for under-the-hood
applications are injection moulded in 30-35% SGFR PA6 or PA66 making
parts up to 50% lighter than their metal counterparts and contribute to

improved engine efficiency and better emissions [72; 73].

The process cycle of injection moulding consists of four stages:
clamping, injection, cooling and ejection. The cycle begins when the
clamping unit closes the mould halves together. Next, the granulated PA66
is melted with chopped glass fibres by heat between 280-300°C (above its
melt temperature of 260°C) and pressure around 100 bars. The molten
plastic is then injected thanks to a screw at 200-300 mm/s into the mould
cavity (mould temperature 80-90°C). When the mould is filled, a holding
pressure is maintained to compensate for the volumetric contraction
occurring (shrinkage 0.5%) on solidification and subsequent cooling. After

cooling, the part is ejected from the mould [74].

It is important to note that the processing of glass fibres in injection
moulded composites leads to large reductions in the fibre length as observed
by [55; 75; 76]. Thomason [61] measured a reduction from the initial 4 mm
fibres to less than 0.7 mm caused by the compounding and moulding
process. He noted that the increase of fibres concentration above 10 wt%

reduces linearly the average length of fibres. He attributed this fact by the
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increased probability of fibre to fibre and fibre to machine interaction and an
increased apparent melt viscosity resulting in higher bending forces on fibres
during compounding and moulding. This can explain why the strength based
properties show a decreasing reinforcing effect as the fibre concentration is

increased.

Russell et al. [77-79] inspected the structure and properties of
injection moulded PA66 and recognised a morphology type skin-core. They
noticed that the core was composed with spherulites of average diameter of
6 um. They found that the skin thickness was dependent and affected with
the increase in mould temperature. The increase of the mould temperature
augments the crystallinity of PA66 in the skin which increase yield strength

but reduce toughness.

Apichartpattanasiri et al. [80] investigated the tribological behaviour of
PA66 with varying injection moulding parameters. By increasing the mould
temperature, they obtained different microstructures in the core with

increasing average spherulite size.

Paterson et al. [81; 82] examined the effects of absorbed water on
residual stresses and distortion on injection moulded PA66. For low water
absorption in the normal stress distribution, they found compressive stresses
at the surface and tensile stresses in the interior. For high water absorption,

water causes increase of crystallisation in the skin and therefore relative
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volume change and residual stresses between skin and core but however
with increased toughness. Furthermore, they noticed that uneven water

absorption creates distortions and changes in residual stresses.

2.3. Impact performance of polyamides

2.3.1. Effect of specimen configuration and impact methods

The measurement of the impact resistance of thermoplastic
composites often depends on the parameters of the test as much as the
structure-performance relationships of the material under test. Thomason
[61] estimates that a major discriminating factor is whether or not the
sample under test has been notched. From a structure-performance point of
view, he found that composite impact strength appears to be influenced by
all of the same parameters as tensile strength but to different levels.
Notched impact data will mostly reflect the energy required to propagate an
existing crack through the sample, whereas unnotched impact data will

depend on both initiation and propagation energies.

De Monte et al. [83] highlighted that the specimen thickness in
thermoplastics affected mechanical properties as the thinner the specimen is
the higher is the degree of anisotropy. Hassan et al. [31] reported wide

discrepancies on impact properties of PA6 composites (even if the same
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polyamide grade was used) whilst assessing three testing parameters using
Charpy and drop weight impact testers. They concluded that impact
properties such as fracture energy, peal load, critical strain energy and
critical stress intensity are largely dependent on the testing conditions such

as specimen size / geometry, impactor tip velocity / mass.

As the use of thermoplastics in the automotive industry increases, the
need to determine their impact responses to ensure safety and stability of
designed structures is important. The impact test fixture should be ideally
designed to simulate the loading conditions to which the composite
component is subjected in operational service and then reproduce the failure

modes and mechanisms likely to occur in real conditions.

Most efforts in understanding the impact performance and failure
mechanisms of reinforced thermoplastics were principally concentrated on
Charpy and Izod impact testing, and to a lesser extent, drop weight tower
impact testing [12; 71; 84; 85]. These tests can yield information on the
processes of energy absorption and dissipation within composites [17].
Charpy and Izod are usually destructive and therefore induce failure modes
that are not necessarily observed under real conditions on operational
structures. They force the specimen to fail at a predetermined area rather
than along the weakest plane. The results can be skewed because of the

highly anisotropic nature of reinforced thermoplastics. Consequently, these
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tests are only suitable for comparing impact resistance of composite

materials.

A more representative test to simulate the effect of stones would be in
the low velocity range with a blunt tip impactor or projectile. This can be
achieved with a gas gun or to a certain extent with a low velocity drop
weight tower [12; 17]. In a low velocity drop weight tower, the impact
energy and velocity can be varied by changing the mass and height of the
dropping weight to where the impactor is attached. The low velocity gas gun
impact test gives a more representative test of a stone impact scenario and
can be used to test large structures in different angles. It is a single stage
high performance projector using compressed air to propel projectiles with
various profiles and masses [86]. These tests are not necessarily destructive

but can often results in large-scale damage.

2.3.2. Effect of rubber in toughened polyamides

Semi-crystalline engineering thermoplastics such as composite
polyamides are pseudo-ductile [87; 88], which means that they have a
much higher crack initiation resistance than crack propagation resistance
due to the fact that they are notch-sensitive materials. In order to improve
their toughness and impact strength especially at low temperature, an

elastomeric/rubbery phase is incorporated and dispersed into the matrix
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[89]. Under impact loading, the elastomeric regions absorb additional energy
and prevent brittle fracture. The role of the rubbery particles is simply to
induce yielding processes in the matrix [90]. In principle, the glass fibre
reinforced rubber toughened polyamide formed has a good balance of

stiffness, strength and toughness.

Different types of rubbers have been successfully used for
thermoplastics toughening such as styrene ethylene / butylene styrene
(SEBS), ethylene propylene diene monomer (EPDM), ethylene propylene
rubber (EPR) and styrene butadiene rubber SBR but most rubbers do not
show necessary compatibility with polyamides and cannot correctly disperse

in rubber [91-94].

Laura et al. [95] studied the effect of glass fibre and maleated EPR
content on tensile and impact properties of PA6. She reported that the
incorporation of the rubber into PA6 reduces modulus and yield strength but
can be completely reversed by addition of glass fibres providing stiffness and
strength. The Izod impact energy of the glass fibre reinforced rubber-
toughened PA6 is improved comparatively to the material containing no

rubber.

The selection of an elastomer with appropriate mechanical properties
is also critical to blend performance. Dermanaki Farahani et al. [91]

investigated the mechanical properties of PA66 and toughened PA66 with 20
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wt% SEBS triblock copolymers grafted (g) with different levels of maleic
anhydride (MA), PA66/SEBS-g-MA. Impact and tensile tests results showed
that 20% rubber toughened PA66 exhibits significantly more impact strength
(15 times) and elongation at break compared to the polyamide alone. Huang
et al. [96] also investigated rubber toughened PA6 and PA66 with SEBS-g-
MA, they found that the ductile-to-brittle temperature transition decreased

with increased rubber content and decreased rubber particle size.

Indeed, maleated rubbers are high interest for impact modification,
Laura et al. [89] reported that during melt processing, the maleic anhydride
grafted to the elastomer rapidly reacts with the amine end groups of the
polyamide to give graft copolymers that simultaneously improve interfacial
adhesion, reduce rubber particle size, and stabilise blend morphology. Huang
et al. [96] reported that the nature of the rubber, the matrix, the
morphology of the dispersed phase (rubber particle size and distribution)
and the rubber content as well as the processing conditions play an

important role in determining the level of toughening of polyamides.

2.3.3. Effect of water absorption and hydrolysis ageing

Akay [97] investigated the moisture absorption and its influence on
tensile properties of glass fibre reinforced PA66 and found that the

equilibrium amounts of moisture absorbed is proportional to the weight
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fraction of the polymer but also varies with sample preparation and
microstructure. The moisture uptake of the injection moulded composites
was found significantly different to those with machined edges. Akay [97]
and Valentin et al. [44] observed a sharp deterioration of the tensile
strength for glass fibre reinforced PA66 and PA66 at respectively 1.5 wt%
and 3 wt% moisture contents. Moisture uptake resulted in increased
elongation to failure for PA66 but practically no variation in the elongation

behaviour for the glass fibre reinforced PA66.

More than a simple moisture diffusion, Camino et al. [98] witnessed
three different mechanisms within the material: the hydrolysis of the
macromolecular chains into low molecular weight chains; the
hydrophilisation with matrices that swell and plasticise; and the interfacial

decohesion inducing a degradation of the composite.

Bergeret et al. [99] studied the stress-strain response of PA66 and
found that this relation strongly depended on the humidity conditions. They
considered PA66 as dry when the hygrometry is less than 0.2% and
saturated at 7.2% and observed that the tensile strength in dry condition in

glass fibre reinforced PA66 is twice higher than when saturated.

Thomason [59] observed the plasticising effect of water on PA66 and
its composites significantly reduces their performance (tensile modulus

respectively reduced by 80-45% and strength by 45-50%) over a range of
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0-40 wt% of glass fibres. The tensile elongation showed a large increase
particularly at low fibre content. Thomason also assessed the hydrolysis
ageing effect after 200, 500 and 1000 hours of water-glycol treatment at
120°C. He found that all conditioned samples behaved similarly and showed
a significant low tensile modulus and strength compared with dried samples.
However, the 1000 hours water-glycol treatment had a slightly higher tensile
modulus and lower strength compared to the other conditioned samples. The

conditioning causes a high level of plasticisation of the polyamide matrix.

2.3.4. Effect of aqueous salt solutions

Polyamides used in under-the-hood components undergo deterioration
in their mechanical properties when exposed to salt splash used on roads to

melt ice during the winter [100; 101].

Kim et al. [102] and Hong et al. [103] observed the degradation of
PA66 under repeated contact with aqueous calcium chloride / ethylene glycol
solutions (aq. CaCl,/EG), which led to stress cracking. Hattori et al. [104;
105] characterised PA66 dissolved in a mixture of calcium chloride /

methanol (CaCl,/Me) and observed the formation of a complex with PA66.

Wyzgoski et al. investigated the stress-rupture behaviour [106],
polyamide-salt interactions [107] and craze-growth kinetics [108] in agq.
CaCl, treated PA66 and proposed a plasticisation mechanism for the salt-
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induced crazing of crystalline PA66. Xiong et al. [109] examined the
complexation mechanism of PA6/CaCl, and explained the reaction between
the amide group and the CaCl,. They proposed that calcium cations
coordinate with the oxygen atom of the carbonyl group, which weakens the
hydrogen bonding between the molecular chains of PA6 and releases the
free N-H group, so that the N-H group can coordinate with chloride anions to
form the hydrogen bonding. They found that there was no complexation

between calcium cations and the nitrogen atom.

Dhevi et al. [47] investigated the deterioration in mechanical
properties of PA66 and glass fibre (30 wt%) reinforced PA66 by aq. CaCl,
mixture solutions. As Xiong et al. [109] but on PA66, they noticed that aq.
CaCl, treated PA66 was not significantly degraded and physical changes
involved H-bond breakage and the coordination of calcium cations with the
oxygen atom of the carbonyl group of the amide linkage. The absorbed CaCl,
modified the melting and recrystallization of PA66. However, they found that
the mechanical properties of aq. CaCl, treated glass fibre reinforced PA66
exhibited pronounced degradation, which they have associated to the

interfacial failure between glass fibre and PA66 matrix.
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2.3.5. Effect of temperature

Polyamides are recognised to be temperature dependent with the
increase of temperature reducing both the Young’s modulus and tensile
strength but increasing the failure strain leading to a material more ductile
and less stiff [5; 64]. Lhymn et al. [43] and Chevali et al. [110] noted that
the temperature could increase the moisture absorption in the material.
Eriksson et al. [41] and Rudzinski et al. [111] examined the effect of
thermal ageing on unreinforced and glass reinforced polyamide 66 and
reported that thermal ageing causes oxidative degradation on the surface
region resulting in a decreased elongation at break and embrittlement of the

material.

Mouhmid et al. [64] studied the mechanical behaviour of 0-50 wt%
glass fibre reinforced PA66 and the effect of the temperature on tensile
properties. They noted that the tensile behaviour was strongly dependent on
the temperature. In the range of 20-80°C studied, the increase of
temperature decreases the normalised Young’s modulus following a non-
linear relationship whereas the normalised tensile strength also decreases
but almost linearly. They also noted that the failure strain increases as the
temperature is increased in the range of 5-8% for the reinforced PAG66.
However, the effect of temperature on the failure strain of the unreinforced

PA66 is much more pronounced (12-63%).
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De Monte et al. [83] investigated the influence of temperature on the
anisotropic properties of SGFR PA66 under tension-tension and tension-
compression cyclic loading (constant load at frequency range 5-10 Hz). They
noticed that the temperature affects only the ductility of the matrix and has
no effect on the material anisotropy. The temperature strongly reduces the
fatigue strength under cyclic loading, especially at around 130°C. They
observed the temperature distribution and discerned local overheating
nearby the shoulder area of the specimen. After 6400 cycles at 10 Hz and
90°C of a 3 mm thick specimen, the temperature differences were up to 20°C
between the central and shoulder area. Temperature shortened fatigue life

and failure was of thermal rather than mechanical.

Sonsino et al. [112] also perceived the self-heating phenomenon
whilst investigating fatigue design of highly loaded SGFR PA66. High
temperatures reduced the fatigue strength considerably which diminished
fatigue life (80-130°C). With the increase of temperature, the notch
sensitivity of PA66 practically disappeared due to the softening of the

material.

Thomason [59] assessed the elevated performance of SGFR PA66. He
observed that between 0-10 wt% of fibres the deflection temperature under
load is raised from 75°C to 245°C. Above 10 wt% of fibres, the temperature

slowly increases until it reaches the melting point of PA66 (around 265°C).
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Thomason [61] also investigated the impact performance of PA66 and glass
fibre reinforced PA66 in the range from -40 to 80°C. A notched Charpy
impact at 80°C increases the performance of both materials in comparison to
room temperature (23°C) results and particularly for PA66 due to testing
above its glass transition temperature (range of 50-75°C). However at -
40°C, both materials drop in performance and significantly more for PA66.
The notched impact resistance of PA66 from 80 to -40°C reduced by 80%
associated to its ductile-brittle transition temperature. This clearly shows
that additional energy dissipation mechanisms are activated thanks to the
addition of fibres. The loss in impact resistance across the same temperature

range was reduced to only 40% for the SGFR PA66.

2.4. Finite element analysis on short glass fibre thermoplastics

As a composite material, the macroscopic behaviour of injection
moulded SGFR thermoplastic results from interactions between the highly

non-linear thermoplastic matrix and elastic short fibres.

To simulate the macroscopic mechanical response, some authors
proposed a micro-modelling method to describe the fibre orientation [113-
116] but encounter complications to describe the overall mechanical

behaviour. However, Dray et al. [46] and Vincent et al. [113] observed in
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their approach the anisotropic distribution with fibres parallel to the injection

flow in the composite skin and perpendicular in the composite core.

To overcome the complexity of fibres distribution, several other
authors proposed to homogenise the mechanical behaviour of the matrix and
short fibres; Doghri et al. [117; 118] and Mlekusch et al. [119] studied
elasto-plastic materials; Pierard et al. [120] looked into elasto-visco-plastic
composites. These approaches can handle complex interactions between
fibres and matrix such as damage, interfacial debonding and so on.

However, they require much data to be efficiently used [121-124].

Zhou et al. [125] described a non-linear elasto-plastic model based on
the stress-strain relationship for the tensile behaviour of PA66 with 33 wt%
of glass fibres using the tensile modulus and a Weibull continuous probability
distribution with a Weibull shape parameter, and a Weibull scale parameter
as a linear logarithm function of strain rate. In the range of 0.05-5 mm/min,
they noticed that the failure strain was not affected by the strain rate but

only the tensile modulus and tensile strength.

Lobo [126] also proposed a stress-strain relationship to describe the
non-linear behaviour and tried to implement it into LS-DYNA using MAT24
for modelling crash and drop impacts [127]. Despite the fact that
thermoplastics do not exhibit a clear yield transition, he decomposed the

stress-strain curve between an initial linearity up to a chosen yield point and
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beyond the stress-strain curve is described as an effective stress-plastic
strain curve up to the failure strain. However, the accuracy of the model on

the stiffness depends on the choice of the modulus.

2.5. Joint assembly by vibration welding

Sometimes, further processing techniques are required after injection
moulding. In an oil pan module, the integration of functional parts such as
the pick-up oil pipe cover is required. In composites structures, assemblies
can be mechanically fastened (bolts, rivets and pins) [128], bonded with

adhesive joints [129] or welded [130].

For mass volume production of automotive parts, welding is the
preferred process as it is a robust method to produce cost effective high
strength and pressure tight seals with a joint strength approaching that of
the parent material [7; 46; 131]. Welding techniques allow to physical join
thermoplastics to fabricate complex hollow assemblies from simpler injection
moulded semi-finished parts. Polyamides can be welded by all the processes
normally employed for thermoplastics such as vibration, laser, hot plate or

IR welding [132].

Amongst all of the welding techniques, the vibration welding offers
advantages in relation to speed (2-3 seconds), final appearance and most
importantly bond strength even on complex irregular shape [133]. The
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vibration welding is based on friction welding in where the heat required to
melt the plastic is generated by pressing one part against another and
vibrating it through a small relative displacement or amplitude in the plane
of the joint. One of the two halves is kept stationary whilst the other moves.
Amplitudes range from 0.7-1.8 mm at 240 Hz (high frequency) and 2.0-4.0
mm at 100 Hz (low frequency). When vibrations stop, parts are aligned, the
weld cools down and solidifies [133; 134]. Hatcher et al. [135] and Pathan
et al. [136] pointed out in their studies that components should be dry prior
to welding since excessive moisture can reduce the strength of the bond.
Moreover, vibrations and high welding pressure can cause stress and grainy
weld flash and wide seam can be observed as well. However, the vibration

welding has relatively short cycle times and makes high strength bonds.

2.6. Polyamides for under-the-hood applications

The automotive sector is the biggest market for polyamides. Early
applications included gears, windshield wiper components, wiring clips,
bearings and switch housings. Table 2 shows the main automotive
applications of glass fibre reinforced polyamides. With the introduction of
glass fibre reinforced polyamides, main applications are now under-the-hood
applications such as the air intake manifold, the air and cooling systems, the

throttle body housing, the cylinder head cover, the acoustic cover, the oil
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pump, the oil pan and mounting elements for the air duct cover on an oil

pan. Table 3 presents some examples of composite polyamides under-the-

hood components and their principal characteristics and advantages.

Table 2 - Glass fibre reinforced polyamide grades used for automotive applications [137]

Grades | Features Processing Example of use
Method
PA66- Heat stabilised, high Injection Air inlet manifolds, oil pans, cylinder
GF35 stiffness, oil resistant, moulding or | head covers, solenoid valve housings,
hydrolysis resistant, good blow cable attachments, electrical insulating
heat-ageing resistance, moulding parts
good flow
PAG- Heat stabilised, oil Injection Manifolds, pedals, oil pans, exterior body
GF35 resistant, good heat- moulding panels, external door handle, fan
ageing resistance, good
flow

Table 3 - PA6 and PA66 usage for under-the-hood applications [73; 137; 138]

Under-the-Hood PA Grades | GF content Characteristics over counterparts
Products (%)
Engine Covers PA6 20-30% Surface finish, heat resistance, stiffness,
low warpage
Air Intake Manifolds PA6 30-35% Up to -30% cost production/metals, up
PA66 to -50% weight/metals, parts integration
Rocker Covers PA6 30-35% Weight reduction and flexibility of design
PA66 over aluminium and thermosets
Heating and Cooling PAG6 30-35% Heat stability, high stiffness, low
Systems warpage, corrosion resistance, weight
reduction over metals
Oil Pan Reservoir PA6 30-35% Weight and cost savings over metals,
PAG6 >35% noise reduction, increased capacity,

enables additional module content
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PA66 and PA6 account for most automotive applications of polyamides.

The balance between PA66 and PA6 varies with the application. In under-

the-hood uses, PA66 accounts for almost 80% [7; 28; 46]. New components

made of thermoplastics are still finding applications in under-the-hood. The

substitution of metals to thermoplastics allows new design of very complex

parts consisting of assemblies of many components that could not be

designed using metals. The weight saving by integrating several functional

components in one plastic part is the driving force for a further substitution

of traditional materials by thermoplastics [46; 72].

Table 4 presents some properties of commercial polyamide materials

and illustrates that within the same polyamide polymer and glass fibre

content the properties differ depending on each material brand.

Table 4 - Properties of commercial polyamide materials for oil pan [137; 138]

Properties (dry) DuPont Lanxess BASF Lanxess BASF
PA66- PA66- PA66- PA6-GF60 | PA6-GF35
GF35 GF35 GF35

Tensile Modulus (GPa) 11 10,6 11,2 18,9 10

Stress at Break (MPa) 210 200 200 235 170

Strain at Break (%) 3 3,1 3 2,1 3,5

Charpy impact strength 80/80 80/70 95/75 90/90 102/113

+23/-30°C (kJ/m?)

Charpy notched impact strength | 15/10 12/10 13/12 -/- 26/18

+23/-30°C (kJ/m?)

Melting Temperature 260 263 260 - 220

(10 °C/min) (°C)

Water Absorption (%) 5,5 5 5 5 -

Humidity Absorption (%) 1,7 1,7 1,6 1,5 1,1

Density (kg/m?) 1410 1410 1410 1570 1360
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2.7. Key findings of the literature review

The review of the literature shows that there is a trend in the
automotive industry towards more use of composite materials over metals.
Amongst those materials, SGFR PA6 and PA66 are appreciated for their

overall properties.

Glass fibres characteristics associated with the matrix have a
significant influence on properties of the final material. The addition of glass
fibre in the matrix causes a loss of ductility and a greater stiffness.
Therefore, tensile strength and modulus are augmented and failure strain is
reduced. Long fibres have superior mechanical properties over short fibres
but break in a brittle manner. Short fibres have more interfacial bonding
with the matrix and allow more ductility in the material. Fibres are crack
initiators in the composite but at the same time inhibit its propagation by
increasing the volume in which energy dissipation can take place. With fibres
content above 10 wt% the elongation is improved constantly up to 30-40
%wt. Fibre diameter is found less significant than fibre length and fibre
concentration. Composite materials are predominantly processed by
injection moulding. However, the injection moulding process reduces
significantly fibre length (up to 80%). Injection moulding creates skin-core
morphology, with fibres in the skin following the direction of the injection

flow and agglomerate of spherulites in the core. Stresses are found in the
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skin-core morphology. Water uptake can amplify residual stresses and
distortion in the structure. The temperature of the mould is also an
important parameter determining the skin thickness and the crystallinity of

the matrix.

Impact performance varies with specimen configurations and impact
test methods. Specimen thickness in thermoplastics affects mechanical
properties responses. The thinner the higher is the degree of anisotropy.
There are discrepancies on composite impact properties which largely
depend on testing conditions. Notched impact data reflects the energy
required to propagate an existing crack, whereas unnotched impact data
depends on both initiation and propagation energies. Polyamides are notch-
sensitive materials. Incorporating and dispersing an elastomeric/rubbery
phase into the matrix can improve their toughness and impact strength. The
rubber improves the elongation at break and impact resistance especially at
low temperature. Indeed, the increase of rubber decreases the ductile-to-
brittle temperature transition. However, the addition of rubber reduces
tensile modulus and vyield strength. Water and aqueous salt uptakes are
significant affecting parameters with deterioration of strength and reduction
of impact performance. Water plasticises the matrix resulting in an increased
elongation to failure. Aqueous salt can cause stress cracking and interfacial
failure. The temperature is also a very significant parameter with the

increase of temperature leading to more ductility and less stiffness. Thermal
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ageing can cause oxidative degradation resulting in a decreased elongation
at break and embrittlement of the material. Impact simulation depends on
the scale investigated, the structure and the type of solicitation. At
macroscopic scale, short glass fibres and polyamide matrix can be
approximated as the behaviour of a single material. Impact simulation of
composite material can be performed if the model comprehends the non-
linear behaviour of the matrix associated with the elastic behaviour of the
fibres. Finally, identical commercial materials (matrix and fibre content)
were found with different mechanical properties meaning that manufacturing

processing parameters and materials compositions are different.

In order to comprehend the impact performance of SGFR PAG66, initial
investigations should determine their mechanical properties over a range of
stresses and assess the influence and consequences of environmental
conditions. Structure-property should also be investigated using experiments
and simulations so as to understand their relationship and as a final point

improve material and structure on a component.
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Chapter 3. The influence of rubber modifier on impact resistance
of short glass fibre reinforced polyamide 66s

3.1. Introduction

PA66 is extensively used in engineering applications thanks to its
excellent mechanical properties and it has a good combination of high
strength and ductility [139-141]. However it is acknowledged that when
PAG66 is loaded in the presence of a high stress concentration area, such as a
notch for instance, the resistance to failure of the material can be seriously
reduced in relatively low fracture toughness [142-144]. The use of
thermoplastics reinforced with short glass fibres increases both stiffness and
strength, but these improvements are accompanied by a reduction of the

ultimate strain [42; 145-148].

In automotive under-the-hood components subjected to loadings or
impacts, this brittle behaviour is unwelcomed. In recent times, the
toughening of thermoplastics with a rubbery phase has been promising to
prevent such brittle failure, producing strong, tough and impact resistant
materials [68; 87; 149-155]. However, such inclusions often reduce the
modulus, stiffness and strength, which are important for material
performance [156-158]. The combination of reinforcement with rubber

toughening phase may be a solution to balance the end use performance
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[89; 95; 159; 160]. In the literature, impact modified polyamide
6/polypropylene blends were investigated in terms of the morphology-
property relationship with maleated rubbers. It emerges that they are found
to be good impact modifiers for room temperature toughening [93; 161-
163]. However, the understanding of such materials is a relatively

unexplored area.

This chapter therefore studied the influence and effect of a rubber
modifier on the mechanical properties of SGFR PA66s under quasi-static and

dynamic loadings.

3.2. Experimental testing

3.2.1. Materials and specimens preparation

Two commercial grades of polyamide 66 with 35 wt% of discontinuous
glass fibre, Ultramid A3HG7 (SGFR PA66) and Ultramid A3ZG7 (rubber
toughened SGFR PA66) were manufactured by Basf (data sheets available in
Appendix 1 and Appendix 2). The rubber modifier in the rubber toughened
material has been intimately melt-blended into the base material. The
nature and amount of rubber information was not accessible from the
material producer but previous studies have shown that one of the most

promising types of elastomers used as toughening agents for polyamides are
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EPR copolymers in addition of about 20 wt% in the form of small particles
[3; 149; 151; 153; 164; 165]. The polyamides are copolymerised with the
EPR chains on the terminal amine groups of the polyamide. The graft
copolymers produced aids dispersion, creating separate phases in the solid

enhancing interfacial adhesion.

The glass fibres have an average length (I) of 300 um and diameter
(d) of 13 um, thus yielding an average aspect ratio (I/d) of 23. The materials
are initially extrusion compounded into pellets by dry blending glass fibres
with PA66 pellets and then are injection moulded into test samples (tensile,
flexural and plate specimens). After injection moulding, the test samples are
immediately sealed in antistatic and opaque polyethylene bags to keep them
dry as moulded and avoid any exposition or contamination from the exterior.
All test samples in this study come from the same batch of material and are
henceforth named PA66-GF35 (A3HG7) and PA66-i-GF35 (A3ZG7) for the

toughened material.

3.2.2. Mechanical testing

PA66-GF35 and PA66-i-GF35 samples are tested in dry as moulded
condition in quasi-static and dynamic loads. All of the test samples are
ensured to be free from visible flaws, scratches, pits, sink marks or other

imperfections. All the tests are conducted at a room temperature of 23°C.
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For the quasi-static tests, tensile and three-point flexural tests at
constant rate are carried out on an Instron 5500R 5/100 KN electro-
mechanical testing machine (Figure 4-a). The specifications of tensile and
flexural test specimens comply with their respective ISO standards, ISO 527
and ISO 178. Tensile test samples are flat dumb-bell type 1A with an overall
length of 170 mm, a width at ends of 20 mm, a width of narrow portion of
10 mm and a thickness of 4 mm. The cross-head displacement is set to 1
mm/min. Flexural test samples are rectangular parallelepiped bars with an
overall length of 80 mm, a width of 10 mm and a thickness of 4 mm. The
cross-head displacement is set to 2 mm/min. In both case, the injection
moulding is made lengthwise. A minimum of 10 samples per tested material

is performed.

For the dynamic tests, Charpy, drop weight and air gun impact tests
are carried out. Charpy impact strength tests (Figure 4-b) are performed to
determine and compare the amount of impact energy absorbed in breaking
by the materials, defined as the difference between the initial energy of the
pendulum and the energy remaining in the pendulum after breaking the
samples. The tests comply with standards ISO 179 and are performed with a
Losenhausenwerk pendulum impact tester with 294 ] test capacity. The
effective striker mass was 6.031 kg and the initial velocity of the striker at
the point of impact was 3.8 m/s. Charpy test samples are injection moulded

lengthwise test bars type 1leU (specimen type 1, edgewise hit and
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unnotched) of 80 mm long with a cross-section of 4 mm by 10 mm. A
minimum of 10 tests per material was performed. Test samples are placed
on supports 62 mm apart and rest on their wider side, and are impacted
edgewise by a single swing of the pendulum with the line of impact midway

between the supports.

Drop weight impact tests comply with standards ASTM D5420 and are
conducted with a Rosand instrumented falling weight impact tester type 5
(Figure 4-c). The tests performed drop a 3170 g weight assembly to which is
attached a 10 mm hemi-spherical impactor. The impact energy is ranged
from 2 to 5 J corresponding to an impact velocity range from 1.1 to 1.8 m/s.
The incident velocity of the falling mass is measured just before striking the
test sample. The dropping weight is instrumented and measure force and
displacement. It is also fitted with a pneumatic rebound brake so as to

prevent multiple impacts.

Gas gun impact tests are conducted with a low velocity gas gun
(Figure 4-d) manufactured by Sabre Ballistics Ltd with up to 8 bars of
effective low pressure. The tests performed propel a 22 g projectile with a
10 mm hemi-spherical profile to the centre of the plate. The desired
projectile velocity is obtained by adjusting the pressure of the gas before
firing. It obtains velocity by using a solenoid valve that releases a set
volume of gas into a chamber within the gun. The gun is positioned thanks

to a laser beam. The distance of firing is set to 400 mm and kept constant.
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This distance is chosen for being not to close to the target avoiding rebound
damage on the barrel and not too far minimising the loss of velocity of the
projectile due to gravity and air friction. The projectile velocity is recorded at
the muzzle of the barrel via two fibre optic sensors. The impact energy of
the impact is ranged from 2 to 7 J corresponding to an impact velocity range

from 13.5 to 25.2 m/s. The impactor and projectile chosen in

Figure 4-e correspond to an average 10 mm dart profile road stone.
Test samples for the drop weight and gas gun tests are square panels or
plates of 70 mm in length and 4 mm in thickness, injection moulded from
one edge. In both situations, a clamping frame constrains the edges of the
plate leaving an exposed surface to impact of 50 by 50 mm. A minimum of 5

tests per energy per material were performed at 90° to surface.
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a. Electromechnical Tester b. Charpy Impact Pendulum c. Drop Weight Tower

MwlﬁSQEG'?BDmmmg@gﬂgﬂ&ﬁg@!ﬁgﬂ;

d. Low Velocity Gas Gun e. Road Stone, Projectile, Impactor

Figure 4 — Mechanical Testing Machines, fixtures and samples

The damage assessment after an impact test is made by visual
inspection on the external surfaces of the impacted sample. However
sometimes it can be difficult to determine whether or not the sample has
failed. This is particularly true when the intensity of the impact is near the
failure threshold that the structure can withstand. For that reason, the
recourse of a non-destructive testing is needed to inspect and eventually

determine the extent of the damage. Therefore, the ultrasonic C-Scan
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technique is used to detect any damage by the attenuation or reflexion of

ultrasonic waves across the impacted sample.

3.3. Finite element analysis

The assessment of the material impact resistance in different
configurations with varying parameters has driven the need to employ finite
element simulations to approach, benchmark and predict strength and
fracture behaviour of stressed parts. The finite element method is used as a
tool for its predictive capabilities to solve numerically and represent
analytically the behaviour of a physical system. This system is divided in
elements linked together by nodes forming a mesh to which properties and
relations of interactions are allocated. This method gives an approximate
solution to a problematic. When considering building a model of a physical
system it is particularly important to employ a consistent system of units as

shown in Table 5, the units used.

Table 5 - Homogeneous system of units

Length Time Mass Loads Velocity Mass Force Energy
Density
mm S Tonne MPa mm/s Tonne/mm? N m)J

The test samples were directly designed and meshed within the

computer using HyperMesh from Altair HyperWorks 9.0 with LS-DYNA

49




Chapter 3.

interface. Once the geometries are ready, the pre-processing begins
assigning sections, materials properties and configuring behaviours,
interactions and boundary conditions in the environment. The pre-processing
was completed with LS-PrePost 2.4 whilst the simulations were processed
with LS-DYNA solver version 970 both from LSTC. LS-DYNA was selected for
its analysis capabilities (non-linear dynamics, failure analysis, crack
propagation and more) and also its comprehensive library of materials
models and contact algorithms. LS-PrePost 2.4 was also used to complete

the post-processing analyses.

The simulations are based on the stress-strain relations obtained from
the experimental work with fixed conditions to describe a specific situation.
The representation of the material uses elasto-plastic material law [126;
127]. The elastic Young’s modulus defines the stress-strain relation up to the
yield stress. Above yield stress, the plastic behaviour is described by the
effective stress and effective plastic strain coordinates. The effective plastic
strain is the unrecoverable portion of the true strain beyond the yield limit.
When defining the effective stress versus effective plastic strain curve, the
first plastic strain value would be zero and the first stress value would be the
initial yield stress, see material card in Figure 5-a. The material failure is set
using strain failure criterion. If the calculated effective plastic strain for any
element exceeds the predefined value, the element is removed from the

model and the simulation continues with the eroded model. For simulating
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the behaviour of a rate-depend material, the stress versus effective plastic
strain curve implemented in the material card is adjusted in correlation with
the strain rate applied to the model. Therefore, the failure criterion is

updated in relationship with the strain rate.

Tensile and flexural models (Figure 5-b and Figure 5-c) are meshed in
3D quads with respectively 3,440 and 2,000 solids elements in where 1
element represents 1 mm in the thickness and 2 mm in the length. As being
quasi-static, an implicit card is implemented in the model. Material type 24
piecewise linear plasticity is used. The tensile model is constrained on one
end and a displacement is applied to a set of nodes on the other end. The
flexural model is placed on constrained cylinders and displacement is set to a

third cylinder on the top.

51



1

2

3

NewID

__KEYWORD INPUT

[Juse *PARAMETER

TITLE

Accept

Delete

Default

(Subsys: 1)

Setting

Chapter 3.

*MAT i
__IKEYWORD INPUT X

[Juse *PARAMETER

**DEFINE_CURYE_(TITLE) {2}

(Subsys: 1)

Setting

Done

E3

157 PlotWindow-1

curves of effective stress versus effective plastic strain relations at different
strain-rate in order to describe the material nonlinear behaviour. Another
way that can be used it to defined the load curve as force versus deflection
function. The material used is the type 24, piecewise linear plasticity, with a

strain failure flag. The plate model has 9800 3D quads solid elements. The

MID RO E
‘1 |l_4me_mg |1_|me+m4 s LS-DYNA keyword deck by LS-Prepost
Define Curve

o [ LCSS |

‘u.u |u.u |2 i o 180 A Curve 2

EPS1 EPS2 EPS3 |2 E 160

‘"'“ |"'lJ |"'lJ Repeated Data by ButY

ESL ES2 ES3 a1 01 140

0.0 0.0 0.0 0.000 52570 ®

_ £ W

COMMENT: B

S —— = © 100
LCSS :=Load curve ID or Table ID. /ﬁ/
Load curve ID defining effective stress versus el D O e T 720 80
The table 1D defines for each strain rate value a | 7 6.0000e-004 8.018
versus effective plastic strain curve for the lowe 8 7.0000e-004 8.300

60
40
0 0.002 0.004 0.006 0.008 0.01 0.012
Abcissa
I Title Scale Attr ] Filter J Print Save Load Oper Hide Close Quit

C

Figure 5 - Implementation on material card (a) and tensile (b) and flexural (c) models

A model of the plate was defined for the simulations using loaded
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projectile impacting the plate is defined as a rigid material and hits the
centre of the plate. The plate is constrained around its edges, like in the

experiment, leaving a free to deflect area of 50 by 50 mm (Figure 6).

Figure 6 - Constrained plates in simulation (a) and experiment (b)

A contact algorithm is formulated to prevent interpenetration between
the projectile and the impacted surface or self-contact during the impact. In
LS-DYNA, a contact is defined by identifying what locations are to be
checked for a potential penetration of a slave node through a master
segment [166]. When a penetration is found a force proportional to the
penetration depth is applied to resist and ultimately eliminate the
penetration. Automatic contact options are used, as these contacts are non-
oriented meaning that they can detect penetration coming from either side
of a shell element. The contact surfaces are determined by projecting
normally from the shell mid-plane a distance equal to one-half the contact

thickness and at the exterior edge of a shell surface, the contact surface
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wraps around the shell edge with a radius equal to one-half the contact
thickness thus forming a continuous contact surface. The contact treatment
allows for compression and tangential loads to be transferred between the
slave nodes and the master segments. The choice of the master and slave
surfaces is arbitrary when the symmetric penalty treatment is employed.
Otherwise, the most coarsely meshed surface should be chosen as the
master surface unless there is a large difference in mass densities in which
case the side corresponding to the material with the highest density is
recommended. In this study, the projectile is taken as master and the

impacted sample is taken as slave.

3.4. Results and discussion

3.4.1. Quasi-static tests

Tensile and three-point flexural tests on PA66-GF35 and PA66-i-GF35
were performed to assess the mechanical properties for each material and

also to collect relevant data for the simulations.

Figure 7 shows the tensile load versus the extension for materials
PA66-GF35 and PA66-i-GF35. These data are collected directly from the
testing machine. PA66-GF35 tensile samples undergone a maximum tension

force of 7 kN and extended by 5.2 mm. PA66-i-GF35 tensile samples
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undergone a maximum tension force of 5.2 kN and extended by 7.1 mm.
The transition between elastic to plastic domain is noticeable in both
materials at around 2kN below 1 mm extension. PA66-GF35 material is able
to withstand a higher tensile load by around 35% more than PA66-i-GF35.
However in return, PA66-i-GF35 material extends 37% more than PA66-

GF35.

8000

7000
Breaking

6000

—

wu
o
o
o

Breaking

4000

Tensile Load (N)

3000

2000

1000

e PAG6-GF35 e PA66-i-GF35

0 1 2 3 4 5 6 7 8
Extension (mm)

Figure 7 - Tensile load versus extension

Figure 8 shows the flexural load versus the deflection for materials

PA66-GF354 and PA66-i-GF35. These data are collected directly from the
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testing machine. PA66-GF35 flexural samples undergone a maximum flexion
force of 340 N and extended by 9.1 mm. PA66-i-GF35 flexural samples
undergone a maximum tension force of 250 N and extended by 13 mm.
PA66-GF35 material is able to withstand a higher flexural load by around
36% more than PA66-i-GF35. However in return, PA66-i-GF35 material

extends 43% more than PA66-GF35.
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Figure 8 - Flexural load versus deformation

Plastics are complex materials to describe, performing in a non-linear

way that is not easily accessible by conventional material models with roots
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in metals theory [126]. The plastic strain begins prior to yield and the elastic
behaviour is non-linear. Their behaviour is rate-dependent and another
problem arises with the glass reinforcement. In addition to increasing
stiffness, fibres also change the way plastics fail and often from ductile to
brittle [127]. The material is anisotropic since the fibres are oriented by the
flow during the injection moulding process. Despite fully dedicated material

laws, it is possible to conduct meaningful analyses.

Figure 9 shows the stress-strain relations of PA66-GF35 and PA66-i-
GF35 in tension stress conditions. These relations are calculated from the

tensile load and extension of Figure 7. All stress values are calculated on the

basis of the initial cross-sectional area of the test specimen: ¢ = " where o is

the tensile stress value expressed in megapascal, F is the measured force
concerned expressed in newton and A is the initial cross-sectional area of

the specimen expressed in square millimetre. All strain values are calculated

on the basis of the gauge length: ¢ = 100*% where ¢ is the strain value

0

expressed in percentage, Lo is the gauge length of the test specimen
expressed in millimetre and AlLo is the increase in the specimen length
between the gauges marks expressed in millimetre. The modulus of
O0,—01

elasticity is calculated on the basis of two specified strain values: E, =

€2—¢&1
where E: is the Young’s modulus of elasticity expressed in megapascal, o; is

the stress in megapascal measured at the strain value £;=0.0005 and o3 is
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the stress, in megapascal, measured at the strain value £=0.0025. The

cross-section was measured during and after each test and there was no

necking.
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Figure 9 - Experimental and simulated tensile stress-strain relations

Table 6 provides relevant mechanical properties of PA66-GF35 and
PA66-i-GF35 in tension condition. PA66-GF35 has its Young’s modulus 20%
higher than PA66-i-GF35 and its tensile strength is 34% superior. On the

other hand, PA66-i-GF35 has its strain to failure 36% extended than PA66-
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GF35. This means that PA66-i-GF35 is more ductile than PA66-GF35 with a

larger plastic deformation permitted.

Table 6 - Mechanical properties in tension

Materials Young’s modulus Maximum tensile Maximum strain to
(MPa) stress (MPa) failure (%)

PA66-GF35 11848 175 3.05

PA66-i-GF35 9950 131 4.16

Figure 10 shows the stress-strain relations of PA66-GF35 and PA66-i-
GF35 in flexion stress conditions. These relations are calculated from the

flexural load and deflection of Figure 8. The flexural stress parameters are

calculated using the following equation: o =23bL where o is the flexural

h2
stress parameter expressed in megapascal, F is the applied force expressed
in newton, L is the span, b the width and h the thickness of the specimen all

expressed in millimetre. The flexural strain parameter is defined using the

6sh

- Where & is the flexural strain parameter

following equation: & = 100 *

expressed as a percentage, s is the deflection expressed in millimetre and h
is the thickness of the specimen also expressed in millimetre. The flexural
modulus is determined by calculating the deflections s; and s, corresponding

to the given values of the flexural strain &;=0.0005 and &»=0.0025 using
the following equation: s; =% (i=1; 2) then the flexural modulus is given

by: Ef = 22791 where Es is the flexural modulus expressed in megapascal and

€f2—€f1
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Or1 and oOp, are the flexural stresses, in megapascal, measured at deflection

s; and ss.
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Figure 10 - Experimental and simulated flexural stress-strain relations

Table 7 provides relevant mechanical properties of PA66-GF35 and
PA66-i-GF35 in flexion condition. PA66-GF35 has its flexural modulus 23%
higher than PA66-i-GF35 and its flexural strength is 35% superior. On the
other hand, PA66-i-GF35 has its strain to failure 44% extended than PA66-

GF35. As in the tensile tests, PA66-i-GF35 exhibits a larger plastic

deformation. This means that PA66-i-GF35 is less brittle than PA66-GF35.
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Materials Flexural modulus Maximum flexural Maximum strain to
(MPa) stress (MPa) failure (%)

PA66-GF35 7168 202 5.27

PA66-i-GF35 5819 150 7.57

The single curves of each material represents the average behaviour
observed made after at least 10 tests. Superimposed on the graphs are the
curves obtained from the simulations. The simulations use the data from the
experiments with the effective plastic stress-strain relation implemented into
the model (refer to section 3.3. and Figure 5-a). The elastic domain is
defined by the Young’s modulus for the tensile test and flexural modulus for
the three-point flexural test up to the set yield point arbitrarily chosen since
there is no clear transition between the elastic and the plastic domain with
thermoplastics. On the graphs, it is noticed that the simulated behaviour
slightly under-predicts the elastic domain. This is due to the difficulty to
determine or define the yield transition in these materials. The results
obtained after the calibration of the model correlate the findings in the
experiments [127]. Despite the fact that short glass fibre reinforced
thermoplastics are anisotropic, the material model is considered as
homogeneous and simulations gave good approach of their behaviours in
these conditions. The model accommodates the strain rate dependency
using appropriate stress versus effective plastic strain curves in relation to

the strain rate applied [126].
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3.4.2. Dynamic tests

Charpy impact strength of unnotched samples a. is expressed in

kilojoules per square meter: a., = h—”;* 10% where W is the energy absorbed in

joules by breaking the test sample, h is the thickness and b the width in
millimetres of the test sample. All the tests led to a complete break, in which
the samples are separated into two pieces. The type of failure observed,
when performing impact tests, is a tension failure that is to say when the
opposite side of impact fails first. Both materials break in two ways. On the
tension side, the breakage has jagged edges, shear lips typical of a ductile
fracture. On the compression side, the breakage is on flat plane
characteristic to a brittle fracture. Table 8 shows the Charpy impact strength

of PA66-GF35 and PA66-i-GF35 in dry as moulded condition.

Table 8 - Charpy impact strength in dry as moulded condition

Materials Energy absorbed (J) Impact strength (kJ/m?)
PA66-GF35 4.14 103.38
PA66-i-GF35 4.07 101.69

Force versus displacement graphs from drop weight impact tests on
plates are presented to describe and analyse the resistance to impact of
PA66-GF35 and PA66-i-GF35 in dry as moulded condition. Figure 11 and

Figure 12 show the lower and upper limit of impact energy resistance of
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PA66-GF35 and PA66-i-GF35 in dry as moulded condition. This also allows
the assessment of the maximum impact strength to failure for each material.
PA66-GF35 samples fail between 2.5 and 3 J. The maximum deflection prior
to failure is around 1.14 mm (28.5%), and the maximum force prior to
failure is between 1360 and 1480 N. PA66-i-GF35 samples fail between 3
and 3.5 J. The maximum elongation prior to failure is around 1.32 mm
(33%), and the maximum force prior to failure is between 1240 and 1320 N.
All materials start to deflect at just above 900 N. PA66-i-GF35 has slightly
lower impact strength than PA66-GF35 but in return it deflects more before

the first failure.
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Figure 11 - PA66-GF35 impacted at 2, 2.5 and 3]
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1600 ——PA66-i-GF35 at 3 J
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Figure 12 - PA66-i-GF35 impacted at 3, 3.5 and 4 ]
Figure 13 compares both materials at 3 J in dry as moulded condition,
shows their differences in terms of impact resistance and behaviour.

PA66-GF35 fails at 1480 N after a 1.14 mm deflection (28.5%). Its
resistance drops to 520 N, which accelerate the damage and the deflection
up to 2.19 mm (55%). Nonetheless, the PA66-GF35 plates recover their
initial positions after the impact. On the other hand, PA66-i-GF35 withstands

the impact despite starting to deflect at the same force and displaying a
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lower strength. At the end, its deflection is lower and reaches 1.8 mm

(45%).
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Figure 13 - PA66-GF35 and PA66-i-GF35 impacted at 3 ]

The gas gun impact tests show that PA66-GF35 and PA66-i-GF35
plates fail between 3.45 and 4.05 ] corresponding to a velocity of 17.70 to
19.18 m/s. At first sight, there is no distinction between them. However, the
major difference comes from the scale and the shape of the failure and this
is verified up to 6.5 ] or 24.31 m/s. PA66-GF35 tends to fail with a cross-

shaped crack whereas PA66-i-GF35 fails with a linear crack (failure within
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one direction). The scale of the damage increases with the energy but it is

more pronounced for PA66-GF35 than PA66-i-GF35.

Table 9 presents the impact energies and their corresponding
velocities to which PA66-GF35 and PA66-i-GF35 plates in dry as moulded
condition were subjected by the air gun impact tester and Table 10 provides
the assessment of their damage, post-impact, characterised by the shape

and the size of the failure.

Table 9 - Gas gun impacts on plates in dry as moulded condition

Sample ID test Kinetic Energy (J) Velocity (m/s) Result
PA66-GF35_01 2.00 13.51 OK
PA66-GF35_02 3.45 17.70 OK
PA66-GF35_03 4.05 19.18 Crack_01
PA66-GF35_04 4.65 20.55 Crack_03
PA66-GF35_05 6.20 23.75 Crack_05
Sample ID test Kinetic Energy (J) Velocity (m/s) Result
PA66-i-GF35_01 2.04 13.61 OK
PA66-i-GF35_02 3.57 18.02 OK
PA66-i-GF35_03 3.93 18.90 Crack_02
PA66-i-GF35_04 4.32 19.81 Crack_04
PA66-i-GF35_05 5.90 23.16 Crack_06

Table 10 - Damage assessment on gas gun impacted plates in dry as moulded condition

Crack ID Size (mm) Shape
Crack_01 22*22 Y
Crack_02 19 I
Crack_03 28*21 X
Crack_04 20 I
Crack_05 28*26 X
Crack_06 22 C

The damage was assessed by visual inspection but sometimes this can

be difficult. In this situation, the use of an ultrasonic C-Scan is useful.
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Figure 14 shows PA66-i-GF35 impacted with the gas gun at 3.5 J with
no visual damage but only the impact mark of the projectile. The echo image
of the C-Scan reveals the extent of the impacted area. The red colour
indicates full reflexion of the ultrasonic waves. The more heterogeneous or
damaged the material is the less ultrasonic waves are reflected with a C-
Scan colour legend going from orange to blue. In the impacted area, the
speed of the ultrasonic waves is slightly attenuated. Their reflections against
the material are lower than outside of the impact (from 10 to 20% less) but
no failure is encountered. The surface of the sample was crushed and the

material was plastically deformed.

mim mm

10 2088 10 2058 .

Figure 14 - PA66-i-GF35 plate impacted at 3.5 J, visual inspection (a), C-Scan image (b)
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Figure 15 shows PA66-i-GF35 impacted with the gas gun at 4 J. The
visual inspection indicates a tiny white mark in the centre of the impacted
area, which is possibly the sign of glass fibres detached from the matrix but
cannot distinguish between a scratch and a crack. The echo image of the C-
Scan reveals that the sample has failed by cracking in a linear way. The
reflection of ultrasonic waves is dramatically attenuated in the middle of the
crack as shown by the fading colours from orange (10% less) to blue (70%

less). The extent of the crack (length) can be measured.

10 20 . 10 205

Figure 15 - PA66-i-GF35 plate impacted at 4 J, visual inspection (a), C-Scan image (b)

Figure 16 shows the force versus displacement on a PA66-GF35 plate
impacted at 5 J experimentally and simulated. It comes from one test

against one replica. The experimental impact is measured from a 5 J drop
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weight impact and the 5 J simulated impact is measured from the elements
of the plate in the impact point area. There are some variations on the
forces, and particularly half way into the deflection. However, the general
behaviour of the simulated impact is correlating to some extent with the
experimental impact. Both impacts start to deflect at approximately an
equivalent force of 1200 N, and fail after 0.5 mm deflection. From then on,
the increase of the damage is arbitrary, the forces fluctuate but augment.
The maximum deflections are matching at around 2.88 mm. The recovering

rate to the initial position follows a comparable slope [126; 166; 167].
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Figure 16 - Experimental and simulation impact at 5 J on PA66-GF35
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3.5. Conclusions

In this study, glass reinforced polyamide 66 (PA66-GF35) and rubber
toughened glass reinforced polyamide 66 (PA66-i-GF35) were examined in
dry as moulded conditions in terms of tensile, flexion properties and impact

strength.

The incorporation of a rubber additive (copolymer) lowered the
Young’s modulus and flexural modulus by around 20% with maximal
strengths 35% inferior than PA66-GF35 making PA66-i-GF35 less stiff. On
the other hand, PA66-i-GF35 is more ductile with a strain to failure 40%
superior than PA66-GF35. In Charpy test, both materials are very much
comparable in terms of fracture toughness. Injection moulded plates of
PA66-GF35 and PA66-i-GF35 materials were impacted at different energies
with a dropped impactor and a propelled projectile. In comparable impact
energy, the rubber toughened polyamide has a better resistance to impact
despite displaying lower impact strength by 20%. This is explained by a
greater plastic deformation which allows the rubber toughened material to
better withstand the impact. PA66-GF35 fails earlier due to its stiffness and
shorter plastic deformation. The measurement of the damage extent has
shown that the rubber toughened material fails in a linear way (straight

crack line) whereas the PA66-GF35 grade fails in all directions (star shaped
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crack). The rubbery particles of the additive blended with the matrix create a
more toughened matrix absorbing more energy and reducing the matrix
failure type by inducing yielding processes in the matrix. As a consequence,
the interface between the matrix and the fibres is where the crack
propagates. Without the rubber-based additive, the crack propagates not
only in the interface matrix-fibres but also through the matrix [89; 90]. The
finite element analyses were performed using data collected from the
experiments. The behaviour to impact of each material was implemented in
the model using stress-strain relations and the failure defined by strain
criterion. The drawback of this method is in the strain-rate dependency of
these materials and therefore changing the impact energy requires affecting
the corresponding behaviour of the material. However, the simulated impact
behaviours correlate with the experiments in terms of maximum deflection

and failure predictions.
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Chapter 4. Influence of moisture and aqueous CaCl, uptakes on
mechanical properties of short glass fibre reinforced polyamide
66s

4.1. Introduction

Polyamides are known to absorb large amounts of moisture especially
PA6 and PA66. Water molecules are absorbed into the polyamide molecular
matrix, resulting in swelling that causes strength property deterioration and
part size increase [168]. However, the addition of reinforcements reduces
the effect of moisture on the materials by reducing the available space for
absorption of water molecules. Some previous investigations have shown
that polyamides tend to plasticise in presence of water and that other
consequences are a significant drop of their tensile and flexural modulus and

also on their stress at yield [27; 45; 110].

Furthermore, the absorption of dissolved salt is another issue that also
affects the properties of polyamides. Typical rock de-icer salts used on roads
are NaCl, KCI but largely CaCl,.The polyamides exposed to a salt solution
and then dried gain in mass [27; 100]. Some studies, predominantly focused
on PA6, looked at the molecular scale effects on polyamides, observing the
decrease in crystallinity of polyamides with the increase of CaCl,, changing
from mainly crystal phase to mainly amorphous phase [169-171]. The

coordination of CaCl, with amide groups in the polyamide molecules disrupts
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and breaks the hydrogen bonding networks which are the major reason that
polyamide has an ordered structure. Other investigations have shown that
salt solutions can cause stress cracking of polyamides 6 and 66 but aqueous
salt solutions have not been reported to cause stress cracking at room
temperature only when dissolved with methanol [106; 169]. However, at
slightly elevated temperature (50°C) polyamides are susceptible to stress

cracking [107; 108].

Little is known on how glass reinforced polyamides 66 behaves to
impact when subjected to these environmental conditions. In addition, no
previous investigation has reported the effects of water and CaCl, contents
on the mechanical properties of the rubber toughened glass reinforced
polyamide 66. This chapter therefore focuses on the effects of water and salt
exposure on the mechanical and impact properties on glass reinforced PA66.
As mentioned earlier, under-the-hood polyamides components are exposed
and susceptible to a wide variety of environmental exposures [110]. Most
common ones are those of water splash or salt splash, which occur during

rain or icy driving conditions [100].
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4.2. Experimental testing

4.2.1. Materials, manufacture and treatments of test samples

PA66-GF35 and PA66-i-GF35 samples were prepared as outlined in the
previous chapter, refer to section 3.2.1. All injection moulded test samples
were immediately sealed after manufacture in antistatic and opaque
polyethylene bags [100] to keep them dry as moulded and avoid any

exposure or contamination from the environment.

All test samples were then subjected to two different treatments. One
set of samples of both polyamides grades (PA66-GF35 and PA66-i-GF35)
were subjected to a water treatment and the other set of samples were
subjected to a calcium chloride solution treatment. The salt solution was
prepared by stirring one volume of rock salt (2,2 kg of Deco-Pak Rocksalt
De-icer) into two volumes of tap water in a bucket until the salt completely
dissolved. Each set of samples were weighted and then placed at room
temperature into tubs containing water or the salt solution. Samples were
weighted weekly and treatments lasted 3000 hours until all samples were
completely saturated with no further gain in mass. Table 11 shows the
average gain in mass measured after treatment for both materials. It shows
that the salt slows down the water uptake into the material and therefore its

general gain in mass.
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Table 11 - Gain in mass after water and aqueous salt solution treatments after 3000 hours

Gain in mass (%) PA66-GF35 PA66-i-GF35
Water uptake 2.94 2.83
Aqueous CaCl, uptake 1.62 1.36

4.2.2. Mechanical testing

The mechanical testing used in this study was already outlined in the

previous chapter, refer to section 3.2.2.

4.3. Results and discussion

4.3.1. Quasi-static tests

Effect of water uptake

Figure 17 shows the tensile load versus the extension for materials
PA66-GF35 and PA66-i-GF35 when dry as moulded and after water uptake.
These data are collected directly from the testing machine. PA66-GF35
tensile samples that have been subjected to water uptake have undergone a
maximum tensile force of 4.8 kN and extended by 7.2 mm. Compared to
PA66-GF35 in dry as moulded condition that is a loss of 46% of strength but
a gain of 38% of extension. PA66-i-GF35 tensile samples that have been
subjected to water uptake have undergone a maximum tensile force of 3.8
kN and extended by 10 mm. Compared to PA66-i-GF35 in dry as moulded

condition that is a loss of 37% of strength but a gain of 41% of extension. In
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both materials, PA66-GF35 and PA66-i-GF35, the water uptake affects the
strength in tension but increases the elongation. PA66-GF35 seems to be

slightly more affected by the water uptake than PA66-i-GF35.
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Figure 17 - Tensile load versus extension up to breaking point in dry as moulded and water uptake
conditions (with standard deviation)

Figure 18 shows the flexural load versus the deflection for materials
PA66-GF354 and PA66-i-GF35. These data are collected directly from the
testing machine. PA66-GF35 flexural samples that have been subjected to
water uptake have undergone a maximum flexural force of 395 N and
deflected by 10.4 mm. Compared to PA66-GF35 in dry as moulded condition

that is a gain of 16% of strength and 10% of deflection. PA66-i-GF35
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flexural samples that have been subjected to water uptake have undergone
a maximum flexural force of 280 N and deflected by 15 mm. Compared to
PA66-i-GF35 in dry as moulded condition that is a gain of 12% of strength
and 15% of deflection. In both materials, PA66-GF35 and PA66-i-GF35, the

water uptake increases the strength in flexion and the deflection.
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Figure 18 - Flexural load versus deflection up to breaking point in dry as moulded and water uptake
conditions (with standard deviation)

Figure 19 shows the stress-strain relations of PA66-GF35 and PA66-i-
GF35 when dry as moulded and after water uptake in tension stress
conditions. These relations are calculated from the tensile load and extension

of Figure 17. PA66-GF35 samples that have absorbed water are affected in
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their Young’s modulus and tensile strengths. Compared to PA66-GF35 dry as
moulded samples, the loss is 47% on the Young’s modulus and 48% on the
tensile strength. However, there is a gain in their strain to failure of 36%.
PA66-i-GF35 samples that have absorbed water are also affected in their
Young’s modulus and tensile strengths. Compared to PA66-i-GF35 dry as
moulded samples, the loss is 45% on the Young’s modulus and 39% on the

tensile strength. On the other hand, there is a gain in their strain to failure

of 40%.
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Figure 19 - Tensile stress-strain relations up to breaking point in dry as moulded and water uptake
conditions (with standard deviation)
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Table 12 summarises the tensile mechanical properties of PA66-GF35

and PA66-i-GF35 in dry as moulded and water uptake conditions.

Table 12 - Tensile mechanical properties in dry as moulded and water uptake conditions after 3000

hours
Properties/ PA66-GF35 PA66-GF35 PA66-i-GF35 PA66-i-GF35
Materials reference water uptake reference water uptake
Young’s 11848 8053 9950 6842
modulus (MPa)
Maximum 175 118 131 94
tensile stress
(MPa)
Maximum strain 3.05 4.16 4.16 5.83
to failure (%)

Figure 20 shows the stress-strain relations of PA66-GF35 and PA66-i-
GF35 when dry as moulded and water uptake in flexion stress conditions.
These relations are calculated from the flexural load and deflection of Figure
18. PA66-GF35 samples that have absorbed water have their mechanical
properties improved. Compared to PA66-GF35 dry as moulded samples, the
gain is 9% on the flexural modulus, 17% on the flexural strength and 14%
on the strain to failure. PA66-i-GF35 samples that have absorbed water have
also their mechanical properties improved. Compared to PA66-i-GF35 dry as
moulded samples, the gain is 5% on the flexural modulus, 13% on the

flexural strength and 16% on the strain to failure.
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Figure 20 - Flexural stress-strain relations up to breaking point in dry as moulded and water uptake
conditions (with standard deviation)

Table 13 summarises the flexural mechanical properties of PA66-GF35

and PA66-i-GF35 in dry as moulded and water uptake conditions.

Table 13 - Flexural mechanical properties in dry as moulded and water uptake conditions after 3000

hours
Properties/ PA66-GF35 PA66-GF35 PA66-i-GF35 PA66-i-GF35
Materials reference water uptake reference water uptake
Flexural 7218 7880 5823 6105
modulus (MPa)
Maximum 202 236 150 169
flexural stress
(MPa)
Maximum strain 5.27 6.02 7.56 8.77
to failure (%)
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Effect of aqueous CaCl, uptake

Figure 21 shows the tensile load versus the extension for materials
PA66-GF35 and PA66-i-GF35 when dry as moulded and after aqueous
calcium chloride uptake. These data are collected directly from the testing
machine. PA66-GF35 tensile samples that have been subjected to aqueous
calcium chloride uptake have undergone a maximum tension force of 5.8 kN
and extended by 6.1 mm. Compared to PA66-GF35 in dry as moulded
condition that is a loss of 21% of strength but a gain of 17% of extension.
PA66-i-GF35 tensile samples that have been subjected to aqueous calcium
chloride uptake have undergone a maximum tension force of 4.4 kN and
extended by 9.8 mm. Compared to PA66-i-GF35 in dry as moulded condition
that is a loss of 18% of strength but a gain of 38% of extension. In both
materials, PA66-GF35 and PA66-i-GF35, the aqueous calcium chloride
uptake affects the strength in tension but increases the elongation. PA66-
GF35 seems to be slightly more affected by the aqueous calcium chloride

uptake than PA66-i-GF35.
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Figure 21 - Tensile load versus extension up to breaking point in dry as moulded and aqueous CaCl,
uptake conditions (with standard deviation)

Figure 22 shows the flexural load versus the deflection for materials
PA66-GF354 and PA66-i-GF35. These data are collected directly from the
testing machine. PA66-GF35 flexural samples that have been subjected to
aqueous calcium chloride uptake have undergone a maximum flexural force
of 370 N and deflected by 9.8 mm. Compared to PA66-GF35 in dry as
moulded condition that is a gain of 9% of strength and 8% of deflection.
PA66-i-GF35 flexural samples that have been subjected to aqueous calcium

chloride uptake have undergone a maximum flexural force of 275 N and
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deflected by 14.1 mm. Compared to PA66-i-GF35 in dry as moulded

condition that is a gain of 10% of strength and 8% of deflection. In both

materials,

PA66-GF35 and PA66-i-GF35, the aqueous calcium chloride

uptake increases the strength in flexion and the deflection.
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Figure 22 - Flexural load versus deflection up to breaking point in dry as moulded and aqueous CaCl,

uptake conditions (with standard deviation)

Figure 23 shows the stress-strain relations of PA66-GF35 and PA66-i-

GF35 when dry as moulded and after aqueous calcium chloride uptake in

tension stress conditions. These relations are calculated from the tensile load

and extension of Figure 21. PA66-GF35 samples that have absorbed the

aqueous mixture with calcium chloride are affected in their Young’s modulus
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and tensile strengths. Compared to PA66-GF35 dry as moulded samples, the
loss is 17% on the Young’s modulus and 21% on the tensile strength.
However, there is a gain in their strain to failure of 16%. PA66-i-GF35
samples that have absorbed the aqueous mixture with calcium chloride are
also affected in their Young’s modulus and tensile strengths. Compared to
PA66-i-GF35 dry as moulded samples, the loss is 20% on the Young’s
modulus and 19% on the tensile strength. On the other hand, there is a gain

in their strain to failure of 37%.
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Figure 23 - Tensile stress-strain relations up to breaking point in dry as moulded and aqueous CaCl,
uptake conditions (with standard deviation)
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Table 14 summarises the tensile mechanical properties of PA66-GF35

and PA66-i-GF35 in dry as moulded and aqueous calcium chloride uptake

conditions.

Table 14 - Tensile mechanical properties in dry as moulded and aqueous CaCl, uptake conditions after

3000 hours
Properties/ PA66-GF35 PA66-GF35 PA66-i-GF35 PA66-i-GF35
Materials reference aqueous salt reference aqueous salt

uptake uptake

Young’s 11848 10106 9950 8315
modulus (MPa)
Maximum 175 145 131 110
tensile stress
(MPa)
Maximum strain 3.05 3.53 4.16 5.71
to failure (%)

Figure 24 shows the stress-strain relations of PA66-GF35 and PA66-i-
GF35 when dry as moulded and after aqueous calcium chloride uptake in
flexion stress conditions. These relations are calculated from the flexural
load and deflection of Figure 22. PA66-GF35 samples that have absorbed the
aqueous mixture with calcium chloride have their mechanical properties
improved. Compared to PA66-GF35 dry as moulded samples, the gain is 9%
on the flexural modulus, 10% on the flexural strength and 9% on the strain
to failure. PA66-i-GF35 samples that have absorbed the aqueous mixture
with calcium chloride have also their mechanical properties improved.
Compared to PA66-i-GF35 dry as moulded samples, the gain is 9% on the
flexural modulus, 9% on the flexural strength and 10% on the strain to

failure.
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Table 15 summarises the flexural mechanical properties of PA66-GF35

and PA66-i-GF35 in dry as moulded and aqueous calcium chloride uptake

conditions.
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Figure 24 - Flexural stress-strain relations up to breaking point in dry as moulded and aqueous CaCl,
uptake conditions (with standard deviation)

Table 15 - Flexural mechanical properties in dry as moulded and aqueous CaCl, uptake conditions

after 3000 hours

Properties/ PA66-GF35 PA66-GF35 PA66-i-GF35 PA66-i-GF35

Materials reference aqueous salt reference aqueous salt
uptake uptake

Flexural 7218 7867 5823 6330

modulus (MPa)

Maximum 202 223 150 164

flexural stress

(MPa)

Maximum strain 5.27 5.72 7.56 8.28

to failure (%)
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4.3.2. Dynamic tests

Effect of water uptake

Table 16 shows the Charpy impact strength for PA66-GF35 and PA66-
i-GF35 subjected to water uptake and compares them to those in dry as
moulded condition. The Charpy test is conducted to determine the Charpy
impact strength of PA66-GF35 and PA66-i-GF35 subjected to water uptake.
All the tests led to a complete break, in which the samples are separated
into two pieces. The type of failure observed is a tension failure where the
opposite side of impact fails first. Both materials break in two ways. On the
tension side, the breakage has jagged edges, shear lips typical of a ductile
fracture. On the compression side, the breakage is on flat plane

characteristic to a brittle fracture.

Table 16 - Charpy impact strength in dry as moulded and water uptake conditions

Materials Energy absorbed (J) Impact strength (kJ/m?)
PA66-GF35 reference 4.14 103.38
PA66-GF35 water uptake 4.20 105.07
PA66-i-GF35 reference 4.07 101.69
PA66-i-GF35 water uptake 4.20 105.07

Figure 25 and Figure 26 show the lower and upper limit of impact
energy resistance of PA66-GF35 and PA66-i-GF35 subjected to water

uptake. This also allows the assessment of the maximum impact strength to
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failure for each material. PA66-GF35 samples fail between 2.5 and 3 J. The

maximum deflection prior to failure is around 1.1 mm (27.5%), and the

maximum force prior to failure is around 1260 N. PA66-i-GF35 samples fail

between 3.5 and 4 J. The maximum force before showing a sign of weakness

is around 1140 N after 1.14 mm deflection (28.5%). The drop is not huge

only by 60 N but enough to display at tiny crack (1 mm line). All materials

start to deflect at just above 900 N. PA66-i-GF35 has slightly lower impact

strength than PA66-GF35 but in return it deflects more before the first

failure.
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Figure 25 - PA66-GF35 subjected to water uptake impacted at 2, 2.5 and 3 ]
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Figure 26 - PA66-i-GF35 subjected to water uptake impacted at 2, 2.5 and 3 J

Figure 27 compares both materials at 3 ] subjected to water uptake
showing their differences in terms of impact resistance and behaviour. PA66-
GF35 fails at 1260 N after a 1.1 mm deflection (27.5%). Its resistance drops
to 740 N, which accelerate the damage and the deflection up to 3.09 mm
(77%). Nonetheless, the PA66-GF35 plates recover their initial positions
after the impact. On the other hand, PA66-i-GF35 withstands the impact
despite starting to deflect at the same force and displaying a lower strength.

At the end, its deflection is lower and reaches 1.65 mm (41%).
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Figure 27 - PA66-GF35 and PA66-i-GF35 subjected to water uptake impacted at 3 ]

Table 17 presents the impact energies and their corresponding
velocities to which PA66-GF35 and PA66-i-GF35 plates exposed to water
uptake were subjected by the air gun impact tester. Table 18 provides the
assessment of their damage, post-impact, characterized by the shape and
the size of the failure. PA66-GF35 plates fail at 3.66 ] (18.25 m/s) whereas
PA66-i-GF35 plates survived the same impact (3.67 J - 18.27 m/s). PA66-i-
GF35 fails at 4.08 ] (19.25 m/s). PA66-i-GF35 is then slightly more impact

resistant than PA66-GF35. The major difference becomes obvious when
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comparing the scale and the shape of the failure and this is verified up to 6.5
J or 24.31 m/s. PA66-GF35 tends to fail with a Y-shaped crack whereas
PA66-i-GF35 fails with a linear crack. The scale of the damage increases with

the energy but it is a lot more pronounced for PA66-GF35 than PA66-i-GF35.

Table 17 - Gas gun impacts on plates subjected to water uptake condition

Sample ID test Kinetic Energy (J) Velocity (m/s) Result
PA66-GF35_wl 2.16 14.00 OK
PA66-GF35_w2 3.66 18.25 Crack_w1
PA66-GF35_w3 4.20 19.53 Crack_w2
PA66-GF35_w4 4.35 19.89 Crack_w4
PA66-GF35_w5 5.92 23.20 Crack_w6
Sample ID test Kinetic Energy (J) Velocity (m/s) Result
PA66-i-GF35_w1 2.05 13.64 OK
PA66-i-GF35_w2 3.67 18.27 OK
PA66-i-GF35_w3 4.08 19.25 Crack_w3
PA66-i-GF35_w4 4.96 21.23 Crack_w5
PA66-i-GF35_w5 6.24 23.82 Crack_w7

Table 18 - Damage assessment on gas gun impacted plates subjected to water uptake condition

Crack ID Size (mm) Shape
Crack_wl 19*19 Y
Crack_w?2 22*21 Y
Crack_w3 3 I
Crack_w4 24*22 Y
Crack_w5 18 I
Crack_w6 29*23 Y
Crack_w7 19 I
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Effect of aqueous CaCl, uptake

Table 19 shows the Charpy impact strength for PA66-GF35 and PA66-
i-GF35 subjected to aqueous calcium chloride uptake and compares them to
those in dry as moulded condition. The Charpy test is conducted to
determine the Charpy impact strength of PA66-GF35 and PA66-i-GF35
subjected to aqueous calcium chloride uptake. All the tests led to a complete
break, in which the samples are separated into two pieces. The type of
failure observed is a tension failure where the opposite side of impact fails
first. Both materials break in two ways. On the tension side, the breakage
has jagged edges, shear lips typical of a ductile fracture. On the compression

side, the breakage is on flat plane characteristic to a brittle fracture

Table 19 - Charpy impact strength in dry as moulded and aqueous CaCl, uptake conditions

Materials Energy absorbed (J) Impact strength (kJ/m?)
PA66-GF35 reference 4.14 103.38
PA66-GF35 aqg. CaCl, uptake 4.20 105.07
PA66-i-GF35 reference 4.07 101.69
PA66-i-GF35 aq. CaCl, uptake 3.93 98.30

Figure 28 and Figure 29 show the lower and upper limit of impact
energy resistance of PA66-GF35 and PA66-i-GF35 subjected to aqueous
calcium chloride uptake. This also allows the assessment of the maximum
impact strength to failure for each material. PA66-GF35 samples fail
between 3 and 3.5 J. The maximum deflection prior to failure is around 1.14

mm (28.5%), and the maximum force prior to failure is between 1360 and
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1480 N. PA66-i-GF35 samples fail between 3 and 3.5 J. The maximum force
before showing a sign of weakness is between 1180 and 1200 N after 1.05
mm deflection (26.3%). The drop is not obvious in that area, the material
resistance fluctuates by 80 N but it is enough to display at tiny crack (1 mm

line). All materials start to deflect at just above 900 N.
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Figure 28 - PA66-GF35 subjected to aqueous CaCl, uptake condition impacted at 3, 3.5and 4]
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Figure 29 - PA66-i-GF35 subjected to aqueous CaCl, uptake condition impacted at 3, 3.5 and 4 ]

Figure 30 compares both materials at 3 J subjected to aqueous calcium
chloride uptake showing their differences in terms of impact resistance and
behaviour. At 3 ], PA66-GF35 and PA66-i-GF35 withstood and survived the
impact but each in a different way. PA66-GF35 has higher impact strength
than PA66-i-GF35, respectively 1320 and 1180 N. In return, PA66-i-GF35

deflects slightly more than PA66-GF35, respectively 1.76 and 1.73 mm.
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Figure 30 - PA66-GF35 and PA66-i-GF35 subjected to aqueous CaCl, uptake condition impacted at 3 J

Table 20 presents the impact energies and their corresponding
velocities to which PA66-GF35 and PA66-i-GF35 plates exposed to aqueous
calcium chloride uptake were subjected by the air gun impact tester. Table
21 provides the assessment of their damage, post-impact, characterised by
the shape and the size of the failure. PA66-GF35 and PA66-i-GF35 plates fail
between 3.66 and 4.20 ] corresponding to a velocity of 18.25 to 19.53 m/s.
At first sight, there is no distinction between them. However, the major
difference comes from the scale and the shape of the failure and this is

verified up to 6.5 ] or 24.31 m/s. PA66-GF35 tends to fail with a cross-
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shaped crack whereas PA66-i-GF35 fails with a linear crack. The scale of the
damage increases with the energy but it is more pronounced for PA66-GF35

than PA66-i-GF35.

Table 20 - Gas gun impacts on plates subjected to aqueous CaCl, uptake condition

Sample ID test Kinetic Energy (J) Velocity (m/s) Result
PA66-GF35_s1 2.10 13.82 OK
PA66-GF35_s2 3.56 18.99 OK
PA66-GF35_s5 4.18 19.49 Crack_s1
PA66-GF35_s4 4.32 19.81 Crack_s3
PA66-GF35_s3 5.96 23.28 Crack_s5
Sample ID test Kinetic Energy (J) Velocity (m/s) Result
PA66-i-GF35_s1 2.11 13.85 OK
PA66-i-GF35_s2 3.69 18.32 OK
PA66-i-GF35_s5 4.05 19.19 Crack_s2
PA66-i-GF35_s4 4.92 21.15 Crack_s4
PA66-i-GF35_s3 6.15 23.65 Crack_s6

Table 21 - Damage assessment on gas gun impacted plates subjected to aqueous CaCl, uptake

condition
Crack ID Size (mm) Shape
Crack_sl1 22*21 X
Crack_s2 12 I
Crack_s3 26*21 X
Crack_s4 14 I
Crack_s5 29*23 X
Crack_s6 15 I

4.4. Conclusions

In this study, glass reinforced polyamide 66 (PA66-GF35) and rubber
toughened glass reinforced polyamide 66 (PA66-i-GF35) subjected to water
and aqueous CaCl, were examined in terms of tensile, flexion properties and

impact strength.
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Water uptake led to an increase of mass of 3% in each material. The
absorption of water affects the tensile properties of both material, lowering
Young’s modulus and reducing strength by 45% for PA66-GF35, a little less
for the rubber toughened PA66-i-GF35 by 40%. On the other hand, the
elongation in tension is increased in both materials by 40%. The flexural
properties are also changed with increased modulus, increased strength by
15% in all materials and deflection by 10% for PA66-GF35 and 15% for
PA66-i-GF35. In comparison, the water uptake affects all material in the
same proportion, with PA66-i-GF35 still more ductile and less stiff than
PA66-GF35. Impacts on PA66-GF35 plates have shown that the material has
lower impact strength. Moreover, the failure occurred at lower impact energy
than compared to when it is dry when impacted with a projectile. PA66-i-
GF35 has its impact strength increased with an improved impact resistance
benefiting from a larger plastic deformation and above the failure threshold

the extent of the damage is reduced.

Aqueous calcium chloride uptake led to an increase of mass of 1.6%
for PA66-GF35 and 1.4%for the rubber toughened PA66-i-GF35. The tensile
properties and flexural properties are affected in the same way as when
subjected to water absorption. In tension, Young’s modulus is lowered and
strength is reduced by 20% but the extension is increased by 20% for PA66-
GF35 and 40% for PA66-i-GF35. Flexural modulus is increased and so is

strength augmented by 10% and deflection by 8% in both materials. The
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Charpy tests show that PA66-i-GF35 is affected by the calcium chloride with
lowered impact strength whilst PA66-GF35 has similar impact strength
compared when subjected to water uptake only. However, when the impact
is localised, the outcomes are different. PA66-i-GF35 compared to when it is
saturated with water has slightly higher impact strength and deflects more
for similar impact energy. Meanwhile, it reaches its failure threshold sooner.
Compared when saturated with water, PA66-GF35 has better impact
resistance. Nevertheless, subjected to the same conditions PA66-i-GF35 has
in overall a better impact resistance and a greater deflection compared to

PA66-GF35.

The effect of water and aqueous calcium chloride uptakes are similar.
The water is not only absorbed and diffused into the material but it also
plasticises the matrix [98]. The aqueous calcium chloride plasticises the
matrix as well because of the aqueous solution but at the same time this
process enters in competition with the complexation of the calcium chloride
with the polymer [107] that induces the crazing of the matrix [108]. This
was found when observing the shape and size of the cracks between each
sample. The cracks in the aqueous calcium chloride treated samples are

more radially dispersed with the material being even less homogeneous.
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Chapter 5. Influence of temperature on mechanical properties of
short glass fibre reinforced polyamide 6/66s

5.1. Introduction

The properties of thermoplastics are temperature dependent due to
the fact that they are soft when heated and hard when cooled [110]. The
increase of temperature reduces the Young’s modulus and tensile strength
but increases the failure strain leading to a material more ductile and less
stiff [5; 64]. Thomason [61] found that additional energy dissipation
mechanisms are activated thanks to the addition of fibres. Lhymn et al. [43]
and Chevali et al. [110] mentioned that the moisture absorption can also be
increased with the temperature [43; 110]. On the other hand, the effect of
thermal ageing on unreinforced and glass reinforced polyamide 66 was
reported by Eriksson et al. [41] and Rudzinski et al. [111] to cause oxidative
degradation on the surface region resulting in a decreased elongation at
break and embrittlement of the material. Of particular concern are the
under-the-hood thermoplastics parts that are required to be functional at
elevated temperatures (around 80°C) encountered in and around the
engine. The thermoplastic oil pan is subjected to the heat created by the
engine which is transferred via its connection by contact, the circulating oil

and the surrounding air.
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5.2. Experimental testing

5.2.1. Materials

Materials used in this study are the two materials outlined in the
previous chapter PA66-GF35 and PA66-i-GF35, refer to section 3.2.1.
Another material is also studied: Ultramid B3ZG8 which is a rubber modified
SGFR Polyamide 6 with 35 wt% of fibre and manufactured by Basf (data
sheet available in Appendix 3). This material is henceforth named PA6-i-
GF35. PA6-i-GF35 was used in some experiments and compared against
PA66-GF35 when PA66-i-GF35 was not yet available. PA66-GF35 and PA66-
i-GF35 are based on the same polymer PA66 but the latter is rubber
toughened. PA6-i-GF35 is based on another polyamide, PA6, and is rubber
toughened as well. For more information on the rubber toughened material
to improve impact resistance, refer to section 3.2.1. Finally, pieces are then

cut off from the ribbing of each oil pan to make test samples.

5.2.2. Characterisation

Two thermal analysis techniques were conducted:

The DSC (Differential Scanning Calorimetry) measures heat exchanges
during physical transformations between a sample and a reference. The DSC
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instrument used is a DSC 200 from NETZSCH. The temperature is linearly
increased at a rate of 10°C per minute in a range from ambient to 300°C.
The reference used is air, which has a constant heat capacity in the range of
temperature studied. Analyses are performed under argon, an inert gas, to
avoid any reaction of the sample with the atmosphere of the furnace. This

test also determines the maximum operating temperature for each material.

The TGA (Thermogravimetric Analysis) measures mass variation of a
sample which is linked to phase transitions and thermal degradation during a
thermal cycle of heating. This test is performed to assess the temperature of
decomposition and the rate of degradation of each sample. The TGA
instrument used is a TG 209 from NETZSCH. The temperature is set at 30°C

and then linearly increased by 10°C per minute until 610°C.

5.2.3. Ageing tests in oil and air

Ageing tests have been conducted in collaboration with industrialists
(BASF and Eaton Corporation) to assess the heat ageing effect in oil and air
[138]. Tensile samples of PA66-i-GF35 and PA6-i-GF35 were aged in
chambers at 150°C immersed in oil (Shell Helix Plus SAE 5W-40) or at
150°C in air for a period of up to 3000 hours. Weekly, five tensile samples

per conditions were taken off from their chambers and tensile tests were
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performed as describe in section 3.2.2. Evolutions of tensile strength and

tensile strain of each material were measured.

5.3. Finite element analysis

Low velocity impact tests were performed on 2D ribbed structure
(11286 shells elements, 1 mm per element) to assess the impact
performance of PA66-GF35 and PA6-i-GF35 with the influence of the
temperature. The ribbed structure was constrained on its edges. The impact
locations are on the ribs and between the ribs. PA6-i-GF35 is used instead of
PA66-i-GF35 because of the available data under different temperatures and
similar impact response. Therefore, the purpose of this study is to
investigate the influence of the rubber modifier on the impact performance.
Single impact tests are performed with a 10 mm diameter and 22 g
projectile (defined as rigid part) shot at 90° to surface at 26 m/s so as to
achieve the impact energy of 7.5 J. For more information on simulation

settings, refer to section 3.2.2.

Figure 31 and Table 22 illustrate the temperature dependency of
PA66-GF35 and PA6-i-GF35 and the stress-strain relations at -20°C, 23°C

and 120°C implemented into the simulations.
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Figure 31 — Temperature dependency of tensile stress-strain relations up to breaking point of PA66-
GF35 and PA6-i-GF35 [49]

Table 22 - Strain to failure PA66-GF35 and PA6-i-GF35 at -20, 23, 120°C [49]

Materials Temperatures Maximum Strain at Effective Plastic Strain
Break (%) at Break (%)
PA66-GF35 -20°C 4.1 at 262 MPa 1.64
PA6-i-GF35 -20°C 3.98 at 217 MPa 2.04
PA66-GF35 23°C 3.8 at 213 MPa 1.90
PA6-i-GF35 23°C 5.3 at 158 MPa 3.64
PA66-GF35 120°C 7.4 at 104 MPa 5.18
PA6-i-GF35 120°C 12.8 at 79.3 MPa 11.06
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5.4. Results and discussion

5.4.1. DSC results

Figure 32 shows the DSC of PA66-GF35. The mass of the sample
studied is 4.3 mg. The graph shows heat flow on the left and the variation of
heat flow on the right versus the temperature. A negative peak related to an
endothermic transition is observed at 260.9°C that corresponds to the
temperature of fusion of the PA66-GF35 material. The peak begins at 234°C
and finishes at 269°C. The integration of the area under the peak
determines the enthalpy of this endothermic transition, AHpags-Gr35 = -45.16
J/g. This refers to the consumption of heat needed for the sample to melt. At
234°C, the organised structure of the sample starts to dislocate and the
chains of polymers move about. From this point, the temperature of the
sample will not increase further until all the organised areas have melted.
That is the reason why at the same time, the variation of the heat flow
fluctuates. Indeed, the DSC instrument has to keep up and maintain the
temperature ramp set. A lot of heat is absorbed by the sample. After 269°C,
less heat is required to increase the temperature of the sample and the

variation of heat flow is back to null.
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Figure 32 - DSC results of PA66-GF35

Figure 33 shows the DSC of PA66-i-GF35. The mass of the sample
studied is 4.4 mg. In this analysis, the endothermic transition is
characterised with two peaks. The main peak is at 258.1°C stretched from
230°C to 264°C followed by a small one at 268°C from 264°C to 274°C. The
possible explanation is that two different entities have reached their melting
points. The first peak is the melting transition of the polyamide polymer but
the second peak could result from the melting point of the rubber additives
or its effects. The curve of the variation of the heat flow helps us to spot
changes of phases when matched with the heat flow curve. The enthalpy of

the first transition is AHpage-i-cr35s = -36.8 J/g.
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Figure 33 - DSC results of PA66-i-GF35
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Figure 34 shows the DSC of PA6-i-GF35. The mass of the sample

studied is 4.4 mg. PA6-i-GF35, like PA66-i-GF35, presents two peaks. The

big peak from 191°C to 227°C has its maximum at 219.4°C. The second

peak is detached from the first one, it is small and weaken from 238°C to

262°C and reaches its maximum at 249.4°C. A comparable statement as

previously given can explain each peak. The enthalpy of the first transition is

AHpag-i-Gr35 = -38.05 J/g and that is comparable to AHpag6-i-GF35-
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Figure 34 — DSC results of PA6-i-GF35

The difference between PA66-GF35 and PA66-i-GF35 is the rubber-
based additive. These thermoplastics have the same PA66 polyamide grade
which can be spotted by the similar peak at about 206°C. The PA66-i-GF35
and PA6-i-GF35 materials are respectively PA66 and PA6 polymers.
Therefore their temperatures of fusion are different. However, the DSC
graphs illustrate that they have practically the same enthalpy. Thus, the only
correlation is the rubber content that levels this energy. The hypothesis is

that the rubber additive spaces the polymer chains from each other by
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getting in between them. The consequence is that the energy linking the

chains is lowered. Table 23 compares relevant DSC data findings.

Table 23 - Material comparison of relevant DSC data

Materials Literature values | Recorded melting Enthalpy of Glass
of melting point point (°C) fusion (J/9g) transition

(°C) [49] (°6)

PA66-GF35 260 260.9 -45.16 155

PA66-i-GF35 260 258.1 -36.8 155

PA6-i-GF35 220 219.4 -38.05 155

These three materials exhibit a barely noticeable smooth glass

transition at just about the same temperature of 155°C. However there is no

distinctive sign of crystallisation peaks. All materials have faced a phase

transition when heated which has changed their heat capacities (Table 24).

The polymer in solid state has a lower heat capacity than when melted. That

is to say with a minor elevation of the temperature, the polymer in a melted

state absorbs more heat.

Table 24 - Specific heat capacities

Materials Literature values of specific Recorded data of specific heat capacity
heat capacity (J) - (1) - endothermic
endothermic [49] (Solid state - Melted state)

PA66-GF35 1500 1750 - 1470 average 1610

PA66-i-GF35 1500 1640 - 1220 average 1430

PA6-i-GF35 - 1790 - 1480 average 1635
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5.4.2. TG results

Figure 35 shows the TG of PA66-GF35. The mass of the sample at the
start is 5.1 mg. The graph illustrates the variation of mass in percentage on
the left and its time derivative on the right. The increase of mass at the start
may be a sign of oxidation that is translated as a gain of mass in the curve.
The material at 270°C, which is over its melting point, has lost just 1% of its
original mass. The temperature of degradation is reached at 446°C after
having lost, since the beginning, 47% in mass and at 459°C it has lost 50%

of its mass. Over 600°C, the mass seems to stabilise after 65.3% of mass

lost.
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Figure 35 - TG results of PA66-GF35

109



Chapter 5.

Figure 36 shows the TG of PA66-i-GF35. The mass of the sample at

the start is 5.1 mg. The same comment can be used concerning the increase

of mass at the beginning as a sign of oxidation. The material at 221°C has

lost 1% of its original mass. The temperature of degradation is reached at

444 .3°C after having lost, since the beginning, 33% in mass and at 467°C it

has lost 50% of its mass. Over 600°C, the mass does not seem to stabilise

but the rate of mass lost decreases after 68.3%.
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Figure 37 shows the TG of PA6-i-GF35. The mass of the sample at the
start is 5.2 mg. The same comment can be used concerning the increase of
mass at the beginning as a sign of oxidation. The material at 174°C has lost
1% of its original mass. The temperature of degradation is reached at
459.8°C after having lost, since the beginning, 34.2% in mass and at 464°C
it has lost 50% of its mass. Over 600°C, the mass seems to stabilise with a

very small slope after 68.2% of mass lost.
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Figure 37 - TG results of PA6-i-GF35
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The temperatures of degradation of PA66-GF35 and PA66-i-GF35 are
nearly identical within 1,7°C since they are based on the same polyamide
(PA66). PA66-i-GF35 and PA6-i-GF35 have lost a very similar amount of
weight of 2% before the degradation at respectively around 250°C and
270°C. This correlates with the peaks suspected to be due to the additives in
the DSC analysis, which are similar in each material. The evaporation of
these additives has for a consequence a loss of weight. The fact that it is not
at the same temperature is explained by their divergent arrangements with

the different polyamides.

Table 25 gathers temperatures of degradation and masses lost by each

material.

Table 25 - Temperature of degradation and mass lost
Materials Original Temperature of degradation (°C) Total mass lost (% and

masses and mass lost (% and mg) mg)

(mg)
PA66-GF35 5.1 446.0°C - 47% = 2.40 mg 65.3% = 3.33mg
PA66-i-GF35 5.1 444.3°C - 33% = 1.68 mg 68.3% = 3.48mg
PA6-i-GF35 5.2 459.8°C - 34.2% = 1.69 mg 68.2% = 3.55mg
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5.4.3. Ageing test results

Figure 38 shows the consequence of heat ageing in oil Shell Helix Plus
SAE 5W-40 on the properties of two rubber toughened polyamide grades
PA66-i-GF35 and PA6-i-GF35 (ASTM 105). The effect of oil on polyamides
may be slightly different depending on the composition of the oil. Some oils
have the tendency to strengthen the material and some others to weaken it
[138]. However in this particular case, short-term tensile properties are
increased up to 1000 hours and then after 1000 hours in a long-term are
unchanged or stabilised. The exception is for the tensile strain of PA6-i-GF35

that seems affected and decreases during the first 1000 hours of heat

ageing.
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Figure 38 - Heat ageing in oil at 150°C [138]
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Figure 39 shows the consequences of heat ageing in the air on the
properties of two rubber toughened polyamide grades PA66-i-GF35 and PA6-
i-GF35. The oxidation appears to have more dramatic effects on the material
mechanical properties in such a way that heat ageing in air is more
problematic to those with different types of oil. Tensile strength and strain
decline significantly whilst under heat ageing in air [4]. Even after 3000
hours in hot air, which represents more than 4 months, this degradation of

properties does not seem to end if tests were continued.
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Figure 39 - Heat ageing in air at 150°C [138]
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5.4.4. Simulated impact response (-20°C, 23°C, 120°C)

As seen in Figure 31, each material reacts differently with an increase
in temperature. Figure 40 illustrates the impact performance on a ribbed
structure with the increase of temperature between PA66-GF35 and PA6-i-

GF35 and gives the outcomes in each situation.

At -20°C, both materials are rigid and have higher strengths than at
23°C, +23% for PA66-GF35 and +74% for PA6-i-GF35. However, they
become essentially brittle, with their strains reduced by -14% for PA66-GF35
and -44 for PAG6-i-GF35. At 120°C, both materials have their ductility
considerably increased, +173% for PA66-GF35 and +204% for PA6-i-GF35
than at 23°C. Their impact strengths on the other hand are significantly

reduced, -51% for PA66-GF35 and -50% for PA6-i-GF35.

At the range of temperatures tested (-20°C, 23°C, 120°C), PA6-i-GF35
has a better impact performance at 7.5 ] than PA66-GF35 thanks to its
toughness that allows larger deformation. PA66-GF35 has constantly failed
when impacted between the ribs especially at low temperature and at the
base section of the rib. Its brittleness makes the rib crack whilst exercising
pressure on the base wall because the deformation is reduced. On the other
hand, PA6-i-GF35 allows more deformation at the range of temperature

tested which spreads the impact loading undertaken by the structure.
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Figure 40 - Impact performance on a ribbed structure at -20, 23 and 120°C at 7.5 ]

116



Chapter 5.

Figure 41 shows the variation of the peak load with the temperature
for each material impacted at 7.5 J. An increase of temperature reduces the
peak load response significantly. The rubber modified polyamide grade, PA6-
i-GF35, exhibits a lower load level by -30% at 7,5 J compared to the non-
rubber modified material, PA66-GF35, throughout the range of -20°C to
120°C. The rubber content in the modified polyamide makes it tougher. The
brittle to ductile transition temperature is decreased thus improving the
impact behaviour at low temperatures. My findings agree with Borggreve et

al. [151].

2.5 -
2 .
z
X 15 -
el
3
- B PA66-GF35
s 1
9 B PA6-i-GF35
0.5 -

-20°C 23°C 120°C
Temperature (°C)

Figure 41 - Variation of the peak load with the temperature at 7.5 ]
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5.5. Conclusions

DSC and TG analyses conducted on PA66-GF35, PA66-i-GF35 and PA6-
i-GF35 permitted to distinguish polyamide grades, the fibre glass and more
importantly to reveal the presence of the impact modifier and its effect on
the material in terms of heat exchange and temperature degradation. The
polymers have their characteristic melting point temperature, which is
around 260°C for PA66 and 220°C for PA6. The impact modifier interferes by
lowering the consumption of heat needed for the polymer to melt. In the
case of PA66-GF35 and PA66-i-GF35, this difference is 8 J/g. When
subjected to heat degradation, the materials having the impact modifier lose
2% of their masses before reaching the temperature of degradation of their

polymer.

Ageing effects in hot oil and in hot air revealed some disparity between
PA66-i-GF35 and PA6-i-GF35. PA66-i-GF35 has a better tensile strength but
a lower tensile strain than PA6-i-GF35. The oil (Shell Helix Plus SAE 5W-40)
tends to slightly increase strength and strain except the strain of PA6-i-
GF35, which is regularly affected over time. The hot air, however, is the
parameter that affects both materials strengths and strains very

dramatically and constantly over the time.
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The simulated influence of the temperature on PA66-GF35 and PA6-i-
GF35 on a ribbed structure illustrates their impact resistance and their
temperature dependency. The increase of temperature softens each material
which absorbs more impact energy in deformation. The rubber modified
material PA6-i-GF35 absorbs more energy in deflection and deformation
compared to PA66-GF35. The brittleness of PA66-GF35 at -20°C contributes
in broken wall and ribs whereas the toughness of PA6-i-GF35 allows
progressive damage on the structure with ribs that absorb the impact energy
by crushing. PA6-i-GF35 also allows larger distribution of the impact loading
which results in a reduced peak load compared to PA66-GF35 in the range of

temperature studied (-20 to 120°C).
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Chapter 6. Influence of structural configuration on impact
performance of short glass fibre reinforced polyamide 66s

6.1. Introduction

When designing a part with dimensional stability it is important to
have a robust and optimised the design with good strength to loadings likely
to occur and even taking into consideration the characteristics of the
impacting object. Particular geometrical patterns must be developed in

response to certain stresses.

Corrugated design is frequently used for applications to resist external
pressure loads undergone by buried plastic PVC (polyvinyl chloride), PE
(polyethylene) and PP (polypropylene) cables or drainage pipes [172].
Corrugations in tubular structures were found to increase the maximum
buckling resistance, whilst reducing wall thickness by nearly 60% in some
cases [173]. Tubular structures are found to provide efficient stiffness
against bending loads in the directions of the corrugations and also deliver
good flexibility perpendicularly to the directions of the corrugations.
However, it is also found that different plastics for pipes require different
corrugation designs in terms of curvature, pitch and depth of the
corrugations and that attention must be paid to balance good resistance to
bending and impact strength [172; 174]. Finite element analyses performed

on the structure capacity on corrugated metal box culverts found that small
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variation in the culvert geometry has noticeable but not severe effect on
deflections and moments [175; 176] but experimental testing are required
to assess the accuracy of the predictions. Corrugated design is also found in
corrugated metal sheets as load bearing structure of roofs of industrial
buildings or corrugated box culverts providing good stiffness over long span
and durability compared to asphalt shingles. However, metal roof sheeting is
prone to thermal elongation / contraction movement and potentially
susceptible to corrosion or rusting through bolts [177]. Multi-layered
corrugated paperboard, used for protection of products against mechanical
shocks and vibration during transportation and handling, was investigated
under shock loading or equivalent drop [178; 179] and it was found that
inserting layers of sacrificial crumple elements of corrugated paperboard
dramatically increases the overall level of protection to products in terms of
expected edgewise crush strength [180]. Finite element analysis was also
developed to determine the strength under compression in corrugated
fibreboard structure [181] but it is based on linear isotropic elasticity
properties. Furthermore, as this structure is voluntarily designed to be
sacrificial, the number of shocks or drops is limited and therefore their

protective performance.

The ribbing pattern is also another protective feature well developed
along corrugations in underground infrastructure pipe work, but also in a lot

of plastic vehicle parts to stiffen a flat area [182]. The drive towards
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miniaturisation and lightness has led to a constant decrease in the wall
thickness of enclosure applications necessitating the use of ribs to enhance
the impact resistance. Furthermore, several simulations studies looked into
prediction of the material behaviour and the effect of wall thickness and rib
optimised dimensions [63; 183; 184]. Numerical explorations indicated that
the ratio of wall thickness to rib height is the predominant factor to
determine impact failure energy, and then followed by rib thickness and
centre to centre ribs spacing [184; 185]. It was shown that load versus
displacement behaviour of impacted plastic disk/plate can be accurately
described using bi-linear representation of the stress-strain curve and flow
theory of plasticity with strain-rate effects implemented [186]. Automobile
bumpers can also include ribs. The impact behaviour of an aluminium
bumper was investigated in low velocity impacts finite element analysis
[182]. It was found that the addition of ribs causes an increase of rigidity,
impact force and reduction of bumper deflection compared to an un-ribbed
bumper but with a gain in mass as well. Localised impacts on transmission
oil pan covered with a ribbing pattern were investigated to simulate stones
impacts [187]. It was found that the ribs elastically absorb the impact
energy and prevented direct contact between stones and pan base wall.
However, the ribs were defined to be sacrificial and were systematically
destroyed leaving an unprotected base wall that is susceptible to follow up

with impacts occurring in the same location.
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In this chapter, the influence of an un-ribbed flat structure is
compared against corrugated and ribbed structures on low velocity localised
impact performance. The sidewalls of the current thermoplastic oil pan are
flat and unprotected (Figure 42). In the past, these areas were considered to
be at low risk and were not a design priority prior to an extensive
experimental program being undertaken [34]. Besides, the existing ribbing
on the bottom section of the part was designed as sacrificial which is not
desirable. The ribbing should protect the base wall without being snapped at

the first impact.

Unprotected sicde walls

Figure 42 - Unprotected sidewalls on thermoplastic oil pan
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6.2. Finite element modelling

6.2.1. Materials and test models

Material employed for the simulations is a PA66-GF35, a 35 wt% of
discontinuous glass fibre reinforced polyamide 66 with properties taken at
temperature of 23° C. PA66-GF35 was the first material used for the plastic

oil pan. For more information on simulation settings, refer to section 3.2.2.

The original 2D CAD model of the oil pan was used as a starting point
to build a corrugated and ribbed pattern on the sidewall. In Figure 43,
sections of 100 x 100 mm of each pattern are used for impact simulations.
These sections were constrained on their edges. In parallel, the effect of the

elongation is studied using models with double height (100 x 200 mm).

The effect of the ribbing on a wall is also studied more specifically
against an un-ribbed wall. Firstly, the consequence of a 7.5 J impact using
80468 shells ribbed oil pan against 49006 shells un-ribbed oil pan is
assessed and then using 100 mm diameter models of 9690 shells flat disk
and 12158 shells single ribbed disk impacted at 5 J (Figure 44). The base
wall is 3 mm thick (same for all models) and the rib is 2 mm thick and 10

mm tall.
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2D Unprotected flat models 2D Corrugated models 2D Ribbed models
5391 & 7480 shell elements 4974 & 7675 shell elements 7253 & 11286 shell elements

Figure 43 — Outer view of three patterns on sidewall with superimposed elongated models

49006 shells 80468 shells 80468 shells
Centre impact On rib impact Off-centre impact

Figure 44 - Flat disk and single ribbed disks
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6.2.2. Impact conditions

Impact simulations were performed with LS-DYNA. Each section is
impacted in its centre with a 10 mm, 22 g projectile 90 degrees to surface.
Impacts are located on the centre of flat wall, on and between ribs, and on
and between grooves of the corrugations, and between the ribs and the

grooves under the following conditions:

1. The comparison between each model is assessed at three impact
velocities so as to achieve impact energies of 31, 7.5J and 12.2 J.

2. The effect of the elongation on each model is also studied and
compares their impact performances at 7.5 J (26 m/s) impact.

3. Finally, the effect of the ribbing on a wall is performed on a ribbed and
un-ribbed oil pan at 7.5 J and at 5 J on disk and single ribbed disk at
different impact locations, in the centre, on the rib and off-centre of
the rib reducing the deflection. The disk is used so as to avoid or
reduce edges effect. The ribbing is expected to act like a shield against

the impacting projectile and protect the base wall.

126



Chapter 6.

6.3. Results and discussion

6.3.1. Effect of the geometry

Table 26 provides the energies of the system. The kinetic energy
history of the projectile allows checking if the impact energy was completely
transferred to the target by the return to zero. At this point, the impacted
section is at its maximum deflection. Afterwards, the excess of energy
accumulated during the deflection is given back to the projectile. The
difference between the initial and final kinetic energy of the projectile
recorded provides the energy dissipated during the impact in the structure.
The more energy dissipated through a large area, the better if the base wall
resisted. The manner of how this energy is dissipated is different in each
model and impact position. The absorbed energy can lead to failures through
cracks or perforations. Table 26 also provides the maximum displacement
measured at the base wall. The maximum displacement is reached when the
velocity of the projectile is null. Less displacement means that the structure
is rigid. Each structure deflects to an extent and some bear the load by
deflecting more to resist the impact but some are restricted. For instance,
the unprotected flat model deflects 2 to 3 times more than the wall of the
ribbed model. The ribbed model benefits of the stiffening ribbing pattern
which also reduced the damage on the wall. Therefore the ribbed model is

stiffer than the flat wall. The corrugated model sits between the unprotected
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flat model and the ribbed model in terms of stiffness and provides more

distance or surface to deflect than the two other structures.

Finally, Table 26 provides the resultant forces recorded on the wall of
each structure. The higher is the force undergone by the base wall, the more
damage occurs. The force created by the base wall to resist the impact is
proportional to the effective incoming force endured. The flat model suffers
more than the other models. The ribbed model appears to have the best
protective feature. The more mass the model has got, the better the model
resists. The thickness parameter has not been modified in order to readjust

the mass, as it is a relatively fixed parameter for base wall mouldings.

Table 26 - Energies, maximum displacements and resultant forces on each model

Model Impact Energy Energy Maximum Resultant
Impact position energy (J) given back dissipated (J) displacement force (kN)
Q) (mm)
Unprotected flat 12.2 2.6 9.6 0.27 8.5
Centre 7.5 1.9 5.6 0.19 7.7
3 1.3 1.7 0.12 5.5
Corrugations 12.2 3.8 8.4 0.44 5.6
Centre convex 7.5 3.2 4.3 0.32 5.1
2.2 0.8 0.19 3.9
Corrugations 12.2 4.5 7.7 0.36 6
Centre concave 7.5 4.1 3.4 0.28 5.5
3 2.4 0.6 0.19 4.3
Ribbing 12.2 0.9 11.3 (0.007)* (2)*
On rib 7.5 0.5 7 0.019 3.4
3 0.4 2.6 0.010 2.4
Ribbing 12.2 1.5 10.7 0.018 4.1
Between ribs 7.5 1.3 6.2 0.014 1.9
3 1.0 2 0.004 0.9

(O* Low values explained by crushed or shattered rib which has dissipated the energy away
of the base wall and therefore reduced displacement and force undergone by the wall.
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Table 27 provides the contact and internal energies histories. The

contact energy also called the sliding interface energy is the measure of the

work done to overcome frictions between the contacting surfaces. The

contact energies are almost conversely proportional to the kinetic energies.

At the end of contact, the contact energies correspond to the dissipated

energies in each structure. For flat and corrugated models having their base

wall directly impacted, nearly all of this contact energy is transferred into

internal energy. The ribbed model received a small quantity of this contact

energy in the base wall. The ribbing consumes a great amount of the

incidental energy. Less internal energy in a structure is better [30]. The

structure works less therefore the damage is reduced.

Table 27 - Contact energies and internal energies histories on each model

Model Energy Contact Internal Contact Internal
Impact position received (J) | energy (J) at | energy (J) at | energy (J) at | energy (J) at
maximum maximum end of end of
penetration penetration contact contact
Unprotected flat 12.2 11 10.5 9.5 9
Centre 7.5 6.9 6.5 5.5 5
3 2.5 2.4 1.6 1.4
Corrugations 12.2 11.4 11 8.2 7.7
Centre convex 7.5 6.8 6.6 4.2 3.9
3 2.7 2.6 0.8 0.8
Corrugations 12.2 10 7.6 7.2 6.9
Centre concave 7.5 5.5 5.4 3.1 2.8
3 2 1.9 0.4 0.3
Ribbing 12.2 10.7 (0.16)* 10 0.08
On rib 7.5 7.3 0.18 6.8 0.05
3 2.6 0.13 2.2 0.05
Ribbing 12.2 9.2 0.29 8.5 0.10
Between ribs 7.5 6.3 0.20 5.4 0.07
3 2.8 0.14 1.9 0.06

(O* Low value explained by crushed or shattered rib which has dissipated the energy away
of the base wall and therefore reduced internal energy measured on the wall.
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Figure 45 illustrates the impact event of the unprotected flat model.
The flat model received directly all of the incident energy on its base wall.
The wall deflects creating circular waves of deformation towards the edge. At
low impact of 3 J, when the initial wave encounters an edge, it goes
backwards. When this wave is confronted to the first opposite wave, the wall
undergoes a failure at the meeting point. At high impact of 12 ], the
intensity is already too high when the wave meets the edge and the failure is

initiated from the edge or at the impact point.

Figure 46 pictures the impact event of the corrugated model. As in the
unprotected flat model, the incident energy is directly received into the
grooves. In the corrugated structures, the deformation wave goes sideways
when concavely impacted and upward and downward when convexly
impacted. The grooves create pre-constrained areas of tension and
compression. As a result, a succession of strong and weak zones is formed
and the direction of the wave follows the easy route to propagate. Compared
to the unprotected flat model, the corrugation model reduces the damage by

an average of 45%.

Figure 47 shows the impact event of the ribbed model. When the
impact is between two ribs, the deformation shock wave goes sideways and

once it has reached a rib, the rib redistributes the wave all along its length.
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When the impact is on a rib, the shock wave goes in line with the rib upward
and downward on its length. The ribbing protects the base wall to a large
extent but this protective feature design sometimes cost the ribbing to be
altered after the first impact. Compared to the unprotected flat model, the
ribbed model improves the impact resistance between 56% whilst impacted

between ribs to 85% whilst impacted on a rib.

Impact energy Effective Stress Effective Plastic Strain
Results on wall

3]
Perforation

7.5]
Perforation

12.23]
Perforation

Figure 45 - Impact performance of the unprotected flat model
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Impact energy Effective Stress Effective Plastic Strain
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Figure 46 - Impact performance of the corrugated model
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Figure 47 - Impact performance of the ribbed model
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6.3.2. Effect of the elongation

Figure 48 illustrates the effect of the elongation after a 7.5 J impact on
the unprotected flat model and its double height elongated model. In both
models, the base wall is directly touched and both have failed but at
different level of damage. The regular size flat model was perforated from
the outer side to the inner side and the projectile went almost through it.
The elongated model resisted better but was deeply cracked, meaning that
the failure reached the neutral axis of the part. The elongated model allows
more deflection and therefore has permitted to reduce the extent of the

damage by around 65% compared to the non-elongated flat model.

Model 1-Unprotected flat model 2-Elongated flat model
Result on wall Effective Stress Effective Plastic Effective Stress Effective Plastic

Strain Strain

1-Perforation
2-Deep crack

T T

Figure 48 - Unprotected flat pattern and its elongated model at 7.5 ]
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Figure 49 shows the effect of the elongation after a 7.5 J impact on
and between the grooves of the corrugation model and its double height
elongated model. In both case, a concave impact is more damaging than a
convex one. In a concave impact, tension stresses are found on the inner
face of the impact area but also on the outer face on the edge of the nearest
convex corrugations and that considerably affect the impact resistance. The
increase of deflection did not really improve the impact resistance. The scale
of the damage is slightly reduced by 8% on a concave impact and 2 % on a

convex impact.

Model 1-Concave impact 2-Convex impact

Result on wall Effective Stress Effective Plastic Effective Stress Effective Plastic
Strain Strain

Corrugated
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Figure 49 - Corrugated pattern and its elongated model at 7.5 ]
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Figure 50 pictures the effect of the elongation after a 7.5 J impact on
and between the ribs of the ribbed model and its double height elongated
model. Longer ribs mean long area to dissipate the impact energy. The
elongation did improve the way the structure resists to the impact. The
impact resistance is improved between 30 to 35 % and especially when the
impact occurs between two ribs. Nevertheless, the ribbing still cracks and

breaks in the same manner.

Model 1-Impact between two ribs 2-Impact on a rib
Result on wall  Effective Stress Effective Plastic Effective Stress Effective Plastic
Strain Strain

. .
T .

Figure 50 - Ribbed pattern and its elongated model at 7.5 ]
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6.3.3. Effect of the ribbing

The structural geometry determines the target impact response. Figure
51 shows the visual damage of a single impact conducted at 7.5 J and shows
the contours of the effective plastic strain undergone by ribbed and un-
ribbed oil pan. The ribbed oil pan has a rib damaged, half crushed, but the
base wall remained entire despite a small and negligible point of plastic
deformation at the bottom of the rib. The maximum strain collected at the
wall is 0.2%. The wall of the un-ribbed oil pan, however, has directly
supported the impact resulting to a 6 mm perforation which if filled with oil
will have led to an oil leakage with bad consequences to the engine. The
strain has reached and overcome the 3.8% strain failure criterion. This
clearly shows the great contribution of the ribbing in the protection of the oil

pan.

Effective plastic
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Figure 51 - Single 7.5 J impact on ribbed and un-ribbed oil pan
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The effect of the ribbing is also highlighted on a 5 J impact on 100 mm
diameter disks, flat disk and single ribbed disk impacted in the centre, on
the rib and halfway off-centre the rib (see Figure 44). The measured point is
situated on the base wall in line with the axis of the impact. Figure 52 shows
the displacement histories and Figure 53 displays the energy histories of

each model.

In the flat disk model, the disk has no protective feature. At 5 J centre
impact (21.3 m/s), the disk undergoes the highest force (4 kN) and also the

largest displacement (4 mm) and eventually fails, perforated.

In the single ribbed disk model with impact on the rib, the disk
withstands the Ilowest force amongst all (1 kN) and the smallest
displacement (0.7 mm). As the measure point is on the base wall and that
the rib supports the impact, the maximum energy received by the disk is
only 1.9 J from the initial 5 J impact. The disk remained entire. The rib has
consumed over 60% of the incidental energy and an insignificant energy was

given back to the projectile (0.1 J).

In the single ribbed disk model with impact halfway off-centre, the
elongation allowed is half reduced because of the rib in the middle.
Therefore the wall is stiffer than the flat disk model. The model withstands a

force slightly lower (3.5 kN) but this rigidity permitted to reduce
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considerably the base wall displacement (1.1 mm) compared to the flat disk
model. The energies absorbed are somewhat equals (2.5 J]). Despite an

important effective plastic strain, the disk is unbroken.

The rib reduces significantly the maximum penetration and the forces
undergone by the disk, and mostly when the rib is directly impacted. As a

protective feature, it stiffens the structure and reduces the elongation of the

wall.
3 —
£
E
2 =
()
£
]
&
1 s
2
[=)
0 -—--\.
-1
-2
-3 ——Flat disk
=== Ribbed disk - impact on rib
4 Ribbed disk - impact off-centre of rib
Time (ms)
-5
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Figure 52 - Displacement histories of flat and single ribbed disks at 5 ]
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Energy (J)
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Figure 53 - Energy histories of flat and single ribbed disks at 5 ]

6.4. Conclusions

In order to improve sidewall impact performance on the oil pan, two
protective designs were investigated alongside the existing unprotected flat
wall. This study highlighted the important role of the geometry in such
situation. The unprotected flat pattern has no protections against impacts
and therefore the structure is directly impacted. The corrugated model does

improve the impact resistance compared to the flat wall but it suffers of its
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succession of constrained areas creating zones where stresses are likely to
be concentrated. This design is more dedicated to resist pressure
homogeneously than a localised impact. Amongst the geometries tested, the
ribbed model stands as the best design thanks to its ribbing pattern. The rib
absorbs a significant amount of the impact energy (over 60% on a 5 ]
impact) as a result the base wall is, to an extent, not compromised. The rib
erodes and keeps the wall structure safer than the two other designs by
withstanding the impact and spreading the stress along themselves. The
localised impact energy becomes spread in a much longer area reducing the
risk of having the wall damage. However, this protective feature can be
altered after the first shot and this can cause problems if there is another

impact in the same position.

The elongation of the base wall by a factor 2 in height proved the
ability of the structure to improve the impact resistance by deflecting more.
However, each design was improved at different level. The flat wall was
improved by 65% and the ribbed wall by 30 to 35%. However, the

enhancement on the corrugated wall was very little, 2 to 8%.

On the oil pan, the ribbing stiffens the structure and therefore gives a
dimensional stability. The ribbing pattern helps to keep the wall structure
entire whilst consuming the major part of the impact energy. As a protective
feature, it stiffens the structure and reduces the deflection of the wall by up

to 95% compared to the unprotected flat wall.
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Chapter 7. Localised low velocity impact performance on
reinforced polyamides oil pans

7.1. Introduction

The under carriage of any road going production vehicle contains many
vulnerable components. Driving on gravel surfaces, tough roads, near
construction sites or during road maintenance can cause stones to be
ejected from the wheels which then are projected into the air and could
possibly damage the under carriage area of a car. The main concern of this
research is the impact performance and damage caused by those stones to a
recently converted engine oil pan for light utility vehicles into PA66
reinforced with 35% of short glass fibre. Figure 54 shows an early version of
the thermoplastic oil pan that has been damaged by foreign flying debris,
identified as a stone by the fragments left on the impacted surface (Figure
54-a). The engine oil was seeping out through the crack from the inner side

(Figure 54-b) to the outer side of the pan (Figure 54-a).

Damage tolerant design of vehicle components requires a methodology
to predict the likelihood of critical impacts occurring over the operational
lifetime of the vehicle. Such information could be provided by examination of
the damage caused in previous incidents, so that the locations of severe
impact damage can be mapped out. In practice, the limited availability of

such detailed records makes this approach very difficult to utilise. An
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alternative approach relies on understanding the complex lofting processes

of objects by wheels, which may be considered as an impact event given the

high speed at which a tyre may contact the object [188].

Figure 54 - Thermoplastic oil pan crack failure, a) outer side, b) inner side [34]
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Few investigations were conducted to assess the threat of impact
damage caused to vehicles or aircrafts by tyre-lofted runway debris, yet
there is limited understanding in the stone lofting process and in the
influence of stone characteristics [35; 188-192]. It comes out that a
compilation of stones collected from roads or airfields led to stones of
various shape with different overlaps, orientations and densities. However,
the conditions most conducive to stone lifting concerns stones with small
diameters lofted following different mechanisms. The tyres can hammer or
pinch the stone, and in the process the stone can be deviated by some
asperity on the road. The tyre tread grooves could also throw stones
upwards. The tread of a tyre is typically a few millimetres in width. Table 28

shows the variables and attributes of the stone impact phenomenon [193].

Table 28 - Stone impact phenomenon

Variables Attributes

Projectile Shape, mass, density and material constants (modulus, Poisson’s ratio)

Impact conditions Velocity and angle of incidence

Ambient conditions | Temperature and humidity

Component system | Type (material properties), thickness (injection moulding), stiffness
(ribbing), strain rate properties, moisture uptake

The characteristics of stones likely to cause damage into the engine oil
pan presented in the Figure 54 were quantified allowing the measurement of
road stones typical mass and size [194]. The granite stones shown in Figure
55-a weigh less than 17 g and all fit into the damaged area between two

consecutive ribs except the two big stones on the right side; the rounded
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stone weighs 21 g and the larger one weighs 78 g. There are variable gaps
between the ribs in the area of impact. An 87 g random stone with a pointy
profile is able to fit into the gap where damage is evident, Figure 55-b. A
possible solution would be to reduce the rib spacing so as to exclude more
stones, Figure 55-c. However, the mistake would be to overload the oil pan
structure with protective features. The compromise is in the balance in

where more or improved ribs are disposed in the areas prone to impacts.
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Figure 55 - Collection of random stones

7.2. Experimental testing

7.2.1. Materials and manufacture of oil pan samples

Oil pans samples were supplied by Eaton Corporation (UK) using
material grades PA66-GF35 and PA66-i-GF35 respectively BASF Ultramid®
A3HG7 and A3ZG7. Details about each polyamide grade are outlined in

section 3.2.1. Oil pans were manufactured using injection moulding. Details
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of the injection moulding process are described in section 2.2.3. The design
of the oil pan is made in such a way that its connection to the engine is
consistent with the metal construction previously used. A distinguishable
element of the design is the ribbing pattern which provided increased
stiffness. Ribs are part of the oil pan and are not meant to snap, however,
damage such as crushed or deflected ribs are acceptable at high impact

energy.

Figure 56 shows an early version of the oil pan made with PA66-GF35.
This oil pan weights around 2.4 kg. Overall dimensions are 580 x 300 x
75/160 mm. Thickness of the base wall is 3 mm. Ribbing heights varies from

6-20 mm, ribbing thickness is 2 mm, rib spacing varies from 5-30 mm.

Figure 56 - Early version of the oil pan
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Figure 57 shows the last improved version of the oil pan made with
PA66-i-GF35. This oil pan weights around 2.8 kg. Overall dimensions are 580
x 300 x 60/205 mm. Thickness of the base wall is 3 mm. Ribbing heights
varies from 10-20 mm, ribbing thickness is 2 mm, rib spacing varies from 5-
15 mm. Despite the increased density of ribs, the weight difference with the
early version is only 400 g thanks to a more homogeneous overall shape and

with reduced rib height.

Figure 57 - Improved version of the oil pan
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7.2.2. Mechanical testing and conditions

Experimental impact tests are carried out using a drop weight tower
and a gas gun. The drop weight tower has been conducted by adjusting the
height of a 10 mm hemi-spherical tip impactor (3170 g total falling weight)
to the desired impact energies. Gas gun impact tester employs a 10 mm
hemi-spherical projectile and has been conducted by adjusting the pressure
in the gun to reach the desired impact velocities. The projectile and impactor
were chosen according to the collection of random stones presented in
Figure 55. A picture showing side-by-side, projectile, impactor and reference

stone was provided in Figure 4, section 3.2.2.

Single impacts at room temperature of 20-23°C of energy range from
3-12 J at 90° to surface (maximum impact energy compared to an impact at
an angle) are investigated on dry-as-moulded oil pans. The age of the
mouldings vary from 1 to 3 months. Impact energies, for the reference
stone or projectile, represent a driving speed from 50-120 km/h. Targeted
positions are all around the oil pan, on flat walls, on ribs and between, and
on groove walls. Each position has been impacted 10 times on 10 different
samples. Oil pans are tested bolted on a steel plate and clamped to the test
fixture. Oil pans do not contain oil or welded part. Impact resistance

specifications are 7 ] for sidewalls and 12 ] for bottom walls facing the road.
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Broken off fragments of the oil pan during testing were examined

under Scanning Electron Microscope (SEM) to observe fracture mechanisms.

7.3. Finite element analysis

Simulation impacts on the oil pan were conducted using experimental
data. Early design model (80468 shells) and improved design model
(118205 shells) were meshed at density 1 element per 3 mm. Thickness of
the part is 3 mm for the wall and 2 mm for the rib. Models are constrained in
all directions on their sealing edges. Simulation settings are outlined in

section 3.2.2.

7.4. Results and discussion

Figure 58 shows the early version of the PA66-GF35 oil pan with key

areas highlighted. Gas gun tests results are:

- Areas in (A) are covered with flat walls, groove walls (25 mm
diameter) and walls with Y-axis ribs (spacing 10 mm, height 6 mm).
Areas in (A) must resist to a 7 J impact. However, 80% of flat walls
failed at 3 J because walls are directly exposed; 100% of groove walls

failed at 3 ] because concave shape are fragile and uncovered; and
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60% of walls with Y-axis ribs failed at 7 J with damaged ribs because
impacts between ribs can be directly reached by the projectile.

Bottom walls in (B) are covered with ribbing mesh pattern (Z-axis ribs
height 10 mm, spacing 15 mm; X-axis ribs height 5 mm, spacing 25
mm). Areas in (B) must resist to a 12 J impact. However, in the low
density ribbing area 60% of walls failed at 12 ] because of rib spacing
too large; and in the high density ribbing area 20% of walls failed at
12 J at the bottom of the rib.

Walls in (C) are represented by Y-axis ribs, flat and groove walls.
Areas near the pick-up oil channel feature must resist 7 J but 40% of
walls failed especially nearby uncovered sharp angles. Areas near the
cylinder feature must resist 12 J but 80% of walls failed because of
uncovered concave walls, tall ribs easily snapped and a lack of dense
ribbing pattern. Transitions between areas (C) and (B) are at 90° and
characterise zones of stress concentration.

Walls in (D) are covered with Y-axis ribs (spacing 15 mm) and groove
walls. Area in (D) must resist 7 J. However 60% of ribbed walls failed
because of rib spacing too large; 80% of groove walls failed because of

uncovered concave walls.
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Sealing Edge
Pick Up Oil Pipe Channel

Qil Sump

ylinder Feature Qil Pump

Figure 58 - Early version of the oil pan and key areas, a) inner view, b) outer view
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Impact resistance results of the early version of the oil pan are rather
alarming. Figure 59 and Figure 60 show typical failures encountered in each
area. Figure 59 displays crack failures in Area A, impact between two ribs,
and in Area D, impact in a concave groove wall. Figure 60 displays broken
ribs and perforation in Area B and crack (sharp junction between surfaces)
and perforation (concave cylinder feature) in Area C. Almost all causes of
failure were taking place on exposed areas, on unprotected walls and where
the rib spacing is too large. Other failures were spotted on sharp transitions
between surfaces resulting in long scale cracks along the separating line
between each surface. Unprotected concave groove walls are weak features
in composite as found in the preceding Chapter 6. Finally, 95% of ribs
higher than 15 mm were snapped. Tall ribs are not sufficiently stiff, they
deflect too much which cause the removal of long portion of ribs whilst
impacted. 90% of failures were cracks, 75% of them were only visible on the
inner side of the oil pan and 15% were visible on both side of the wall. The

rest 10% were perforations of the wall.
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Area A

Area D

Figure 59 - Typical failures encountered in Area A and Area D
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Area B

Area C

Figure 60 - Typical failures encountered in Area B and Area C

A broken off fragment from the Area B (PA66-GF35) was put under
SEM observation. The magnification of the following Figures varies from 200-

4000. In Figure 61, the two constituents characterising the composite are
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clearly distinguishable that is to say short glass fibres and matrix resin
wrapping the fibres. The picture reveals that there is a wide range of fibres
pointing in one general direction, the direction of the injection moulding flow
(skin area). At magnification of 200, fibres mostly appear uncut (average
length of 300 um), some are uncoated but they seem unaltered whilst the
matrix is unevenly distributed with some bits peeled or detached. Besides,
fibres emerging from the fractured surface have been displaced and are
completely de-bonded from the matrix precisely because of a lack of matrix.

Unmistakably, it is a sign of a matrix cracking failure.

——— 100 ym
TIF

Figure 61 - Matrix cracking failure at magnification 200
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When the area towards the centre of the fragment is magnified, we
observe other types of failure, but they are still localised in the impact point
area. At magnification of 400, Figure 62 shows failures surrounding the
impacted surface. Both matrix and fibres have failed. The picture illustrates
a net cut section of each material constituent. In this area, compression
stress acted more than tension stress. Fibres are shorter than normal (<50
um) and are also randomly dispersed (core area). They are also few holes
and hollows caused by fibres pulling out of the matrix but for the major part,

matrix and fibres remained linked together.

Figure 62 - Matrix cracking, fibres fracture and limited fibres pull out at magnification 400
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At the same magnification of 400, Figure 63 shows failures taken from
the backside of the impacted surface. Many hollows are visible from where
fibres were filling them and also many uncoated fibres can be spotted. In
this region of the fractured surface, the bond between fibres and the matrix
has yielded first. This finding illustrates the fact that in this area of the
sample tension stress is bigger than compression stress. The system de-
bonds and fibres are pulled out of the matrix during fracture. Noticeably, the
matrix has failed in its function. Fibres seem to have one general direction
which confirms that the area is in the skin section of the sample (skin-core

morphology during injection moulding).

Figure 63 - De-bonded and pulled out fibres at magnification 400
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Figure 64 shows one end of a fibre which presents a tear on its surface
probably resulting from a failure across the diameter of the fibre. The
fractured fibre was perpendicular and in line with the general direction of the
impact. The stress was so intense that it has removed the matrix and split
the fibre in two with a peeled chip still attached to the fibre. Chopped fibres
in their major part present a bevel-shaped fracture. For a matter of
comparison, another fibre is visible at the bottom background that presents
a clean flat end surface. Furthermore, the base of the matrix where the

ruptured fibre is attached displays also a fissure.

Figure 64 - Close-up of a fibre fracture at magnification 400
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Figure 65 shows the latest improved version of the PA66-i-GF35 oil

pan with key areas highlighted compared to the early version. Gas gun

results are:

Areas in (A) that were found weak received improvements. Flat walls
are now covered with Y-axis ribs spaced by 8 mm (10 mm from the
centre of each rib). Groove walls are reinforced by layered ribs from
10-5 mm in height around them. The pattern of ribbed walls was made
denser with rib spacing of 8 mm and height of 10 mm. At 7 J, the only
damage observed was crushed ribs by 2 mm maximum.

Bottom walls in (B) received a denser ribbing pattern with
homogeneous rib height of 10 mm (rib spacing in Z-axis is now 8 mm
and 15 mm in X-axis). At 12 J, the base wall was never directly
touched and no visible cracks were found.

The main improvement in areas in (C) concerned the transition
between the sump and the pan especially at the bottom transition.
Instead of being at 90° which were zones of stress concentration, they
are now presenting a smooth rounded transition. This chamfer allows a
better distribution of the effort in a much wider surface area. Another
chamfer or recess was introduced on the transition edges to

accommodate the height difference. The cylinder feature found in the
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previous design was extremely weak with large rib, large spacing and
unprotected concave grooves. It was removed and the oil drain hole
was moved off-centred to a position where it was feasible to integrate
it. The pick-up oil channel is not straight anymore and has an S-shape
look in accordance with the move of the drain hole. The other
improvements are similar to areas in (A). No wall is left uncovered and
Y-axis ribs were increased in density around grooves. The transition
between sump and pan contains two X-axis ribs across the denser Y-
axis ribs (spacing 8 mm). This was intended to reduce the broken-off
fragments of ribs. At 7 J, no failure is visible, only marks, scratches or
small crushes (1-2 mm). At 12 ], some Y-axis ribs are likely to be
crushed (by 2-3 mm) but again no failures are observed.

Walls in (D) received same improvements as in (A). Reduction of the
rib spacing (8 mm), Y-axis ribs height to 10 mm, and grooves

protected with layered ribs (10-5 mm height).
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Figure 65 - Improved version of the oil pan and key areas, a) inner view, b) outer view
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Figure 66 shows forces histories of each structure impacted at 3 ]
(drop tower) in the middle of a rib spacing in Area (B) on the pan section. In
the early version, Z-axis ribs height is 10 mm and X-axis ribs height is 5
mm; spacing between Z-axis ribs is 15 mm and between X-axis is 25 mm.
Therefore a 10 mm surface impact directly hits the wall. In the improved
version, Z-axis and X-axis ribs heights are 10 mm and spacing between Z-
axis ribs is 8 mm and between X-axis ribs is 15 mm. Consequently, a 10 mm
surface impact inevitably hits the ribbing. The 3 ] impact on the early
version can be described as follows, between 0-3 ms, the wall deflects. At 3
ms, the maximum deflection is reached for the given impact. From then, the
wall pushes back the impactor. The 3 J impact on the improved version has
a different scenario. The impactor touches the two Z-axis ribs which resist
and slightly deflects till 2.4 ms. From then, ribs deflect and the impactor
slightly penetrates in between thus the fall in the force. At 2.6 ms, ribs start
to stop deflecting and at 3 ms the walls of the ribs begin to push back the
impactor. The oscillation in the force can be interpreted by successive
returns between each rib wall. At 3 J, no failure is observed on each

structure.
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1.8
1.6 The drop on the improved version is the
result of a rib crushed and not a base failure.
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Figure 66 - Forces histories for each design at 3 ]

Figure 67 shows force histories of each structure impacted at 7 J (drop
tower) in the same area as before but on other samples. In the 7 J impact
on the early version, the wall deflects and begins to show signs of damage
at 2.4 ms till it eventually fails at 3.5 ms. Crash appeared on both sides of
the wall. In the 7 J impact on the improved version, the two ribs are
successively touched and crushed till their walls stop to crush at 0.75 ms.
From then, they resist, deflect and push back the impactor. No failure is
visible on the wall but only damaged ribs. Figure 68 illustrates an example of

a 3 mm crushed rib on the pick-up oil channel feature.
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7] - Early version
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Figure 67 - Forces histories for each design at 7 J

i

Figure 68 - Rib crushed after impact on rib at 7 J (PA66-i-GF35)
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Figure 69 shows the correlation between 7 ] experimental and
simulated impacts on the same location of the improved version (PA66-i-
GF35). The general look of each curve appears similar. However, forces in
the model are overestimated at the beginning of the impact and
underestimated towards the end. The model predicts around 20% more
strength (2.15 kN instead of 1.76 kN) when the impactor tries to penetrate
between the ribs and around 60% less towards the end (0.5 kN instead of
0.8 kN). However, the order of magnification is correct and the model can be

used to approximate the impact behaviour of the oil pan.
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Figure 69 - Experimental and simulation forces histories on improved design at 7 ]
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Figure 70 shows a 10 mm projectile impact sequence at 14 m/s with
shock waves stress distribution propagating in circle away from the impact
spot. At t; when shock waves reach sharp edges, an accumulation of stress
is created. The impact occurs in the base wall and the ribbing restrains the
wall to deflect to a certain extent. The ribbing plays a major role in the

stress distribution and my findings match other previous studies [195; 196].

h h
tz t3

Figure 70 - Evolution of the stress undergone by the oil pan structure
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7.5. Conclusions

Impact performance were realised on different oil pan design.
Investigations of weak areas of the early version were identified such as,
sharp surface transition which are stress concentration zones, unprotected
areas displaying the base wall (concave grooves, flat walls), the oil cylinder
feature which presents sharp angles, unprotected walls and tall ribs. From
then, improvements were added on the design which led to the latest
version. The improvement of the design was taking into account different
elements of the engine surrounding the oil pan. Sharp angular surface
transitions are made rounded. The oil cylinder feature was removed and the
oil drain hole was moved to a compatible location. Therefore the transition
between the sump and the pan is made with the same wall which also
received stiffening rib lines. The surface transition between sump, pan and
their respective side walls are accommodated by creating a curved recess on
the edge. Uncovered walls needed protective ribbing feature. The reduction
of the rib spacing or densification of the ribbing led to higher impact
performance. The standardisation on the rib height permitted better
distribution of the impact. In terms of materials, the toughness of PA66-i-
GF35 allows more progressive deformation or damage of ribs (crushing)
instead of brittle behaviours of PA66-GF35 ribs which were easily broken up.

The improvement on the latest version of the oil pan did not show a sign of
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failure on the base wall. This new version is optimum in terms of impact
resistance thanks to the design of the structure and the optimised stone
impact material. Impact simulations were found to give good correlations
with impact experiments. However, when the impact induces material
response close to its yielding point, the outcome can be slightly over or
underestimated by 10-15%. Nevertheless, it was found as well in the
experiments that the yield on the structure has to be considered with a 0.5-

1 J margin. Therefore specifications were taking this parameter into account.

SEM analysis on PA66-GF35 showed that fibre-matrix interface rupture
is observed. The damage is characterised by matrix plastication, matrix
micro-cracks, fibre pull out and fibre fracture. Localised impact against the
composite wall acts like a dynamic flexion with characteristic tension failure
on the backside and compression failure on the impacted side. Once the
projectile enters in contact with the wall, the wall quickly starts to undergo
deformation, bends and eventually fails if the impact intensity is higher than
the wall can cope. The excess of energy in the structure is evacuated
through tension stresses that make the matrix to crack and the interfacial to
break. Cracks were always found initiated on the backside of the impacted
wall and can propagate towards the impacted side if the impact energy is

sufficiently important.
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Chapter 8. Conclusions and future work

8.1. Conclusions of the thesis

Glass reinforced polyamides 66 have good intrinsic mechanical
properties that make them attractive to use in structural components.
However, they also have some drawbacks. They were found sensitive to
moisture and salt uptakes, very sensitive to temperature ageing and air
oxidation. Those parameters have detrimental effects on impact
performance. Nevertheless, the good flow property of the PA66 resin enables
long flow distances allowing making reliable molding of complex thin-walled
sections. The addition of ribs at the edge of the pan wall increases stiffness
and strength of the component. Furthermore, brittle failure introduced by
the addition of glass fibers can be reduced by the addition of rubber
particles. The rubbery phase is blended intimately with the matrix which
makes the material tougher enabling better elongation and impact
performance. The impact loading response of glass reinforced polyamides 66
and the way the incident impact energy is dissipated is far different to that
of metals. For Cantwell et al. [17] at low and intermediate incident energies,
metals absorb energy through elastic and plastic deformation. Although the
latter may cause some permanent structural deformation, its consequences

on the load-carrying capability of the component are usually small. At high
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incident impact energies, target perforation may occur and the passage of
the impactor will generally result in petalling, cracking and spalling. Such
damage degrades the load-bearing ability of the structure but its effects can
generally be predicted using fracture mechanics principles. In studied
composites however, the ability to undergo plastic deformation is extremely
limited with the result that energy is frequently absorbed in creating large
areas of fracture with ensuing reductions in both strength and stiffness.
Furthermore, the prediction of the post-impact load-bearing capability of a
damaged composite structure is more difficult than for metals since the
damage zone is generally complex in nature and consequently very difficult
to characterise. Furthermore, identical impact on a given target may have
variable outcomes when the intensity of the impact is relatively close to the
material failure limit. It is therefore essential to have a careful approach and
to consider a security margin when assessing the impact performance of

composite components.

8.2. Contributions of the present work

From the original design of the oil pan, some weaknesses have been
found. Most of them were wall surfaces not sufficiently protected or stiffened
against localised impact loadings. These weak areas were flat walls, grooves,

incorrect configuration of the ribbing (height), or lack of ribs (concentration).
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Other issues concerned abrupt edges between surfaces and also
inappropriate design features such as the oil cylinder drain. Figure 71
presents the evolution on the oil pan design. The weight difference between
each version, 2,4 kg for the early version against the 2,8 kg for the
improved version is not a problem because it is completely optimized.
Furthermore, the weight of a comparable die-casted oil pan is still
significantly higher (around 55 to 60% more). Visually, the improved version
has a smoother structure with reduced sharp corners and the colour of the

part is matte black instead of shiny black.

Early version Improved version

Figure 71 - Improvements on the oil pan design
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The identified weakness areas were improved by covering the oil pan
with a homogeneous and dense ribbing network. Abrupt edges were made
curved and exposed features were integrated in a better position. Moreover,
the rubber toughened glass reinforced polyamide 66 (PA66-i-GF35) is a
material that has been specifically developed in collaboration with industrials
(including BASF and Eaton Corporation) to fulfill the request in terms of
impact improved material with better impact resistance at low temperature.
The brittle to ductile temperature transition is lowered and therefore
improves the toughness in the material. PA66-i-GF35 has a larger elongation
to failure than PA66-GF35 and despite having lower tensile modulus and
strength its impact resistance is significantly better. After series of impact
tests, the latest design of the oil pan associated with a superior impact
modified material has successfully passed the specifications imposed in
terms of impact performance. That is to say, the ability to resist impact

stones with kinetic energy range from 7-12 J.

The simulation modelling approach proposed is relatively simple to
implement and gives good correlations of the relation between the structure
and the material (more information in Appendix 4). Experimental data were
used to validate the impact simulations and simulations were employed to
predict component and material behaviours. As for the experiments, the
impact simulations require the consideration of an error margin (£1 J) when

the material failure limit is approached. The model is rigid as the failure
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criterion is clearly defined. Furthermore, the model does not accommodate

significant change in the impact parameters. Therefore, data implemented

should be in accordance with the test performed.

Other under-the-hood parts could also benefit from this research work

such as radiator end tanks, air intake tubes and gearbox covers (see Figure

72). The understanding acquired in the experimental program on the oil pan

is replicable to other structural components. The contributions to knowledge

are:

A better understanding of the glass reinforced polyamide material in
terms of mechanical properties and impact resistance along with the
development of an improved impact material with the material
supplier.

The development of a material model and an extensive material
database created from the experiments. This has allowed the
relationship between structure and material property (intrinsic
property of the material, of the structure and the combination of these

properties) to be understood.
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Radiator End Tank EGR / Air Intake Tubes

Figure 72 — Automotive composite plastic parts

8.3. Suggestions for future work

Investigations in this research work were focused on the understanding of
polyamide 66 grades under several conditions and assess their influence on
their mechanical properties. Except at 3 J where repeated impacts where
performed, single localised impact were mostly achieved as the
consideration of failure or damage is difficult to quantify. Consequently
impact specifications were done at most to critical levels: 90 degree to
surface, small tip for the projectile, high impact energy. However, further
researches can investigate repeated impacts and its consequences on the
progression of the damage. Other work can drop the entire oil pan in order
to simulate engine manoeuver during maintenance as the oil pan may have
to support the entire weight of the engine on its top. Further research can
investigate the variables angles of impact or crash impact against a rigid wall
or assess the friction welding strength of the oil pan module (see Appendix
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5). Finally, the component can be tested in more realistic conditions with
elevated temperature and with oil in the sump taking into account the

ageing effects on the impact performance of the part.
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Appendices

Appendix 1: PA66-GF35 material data sheet

Product Information
Sep 2012

Ultramid® A3HG7

Polyamide 66 n - BASF

The Chemical Company

Product Description
Uliramid A3HGT is a 35% glass fiber rainforcad injclion malding PASE grade.

Applications
Typical applications indlude machinary companants and housings of high stiffnass and dimansional
slabilily such as gaars, sdlanoid valve housings, alectrical low haalers, trailing cable allachmants,
as weall as aaciically insulating pars.
PHYSICAL 150 Test Method Property Value
Dansity, glem 1183 141
Maistura, % 62
(50% RH) 1.6
{Saturation) a8
RHECLOGICAL IS0 Test Method Dry Conditioned
Mall Valuma Rate (275 G- Kg), cef10min. 1133 40 -
MECHANICAL 150 Test Mathod Dry Conditioned
Tansie Madulus, MPa 52T
23C 11,500 8500
Tansile strass at braak, MPa 52T
23c 210 150
Tanszia strain at braak, % 527
23c 3 &
Flaxural Modulus, MPa 178
23C 10,000 -
IMPACT 150 Test Method Dy Conditioned
Charpy Molched, klfm2 174
23c 13 22
-30C 12 -
Charpy Unnotched, k/m2 174
23c 85 105
-30C T3 -
Malting Paint, C 3148 260 -
HOTA, C 15 250 -
HOTH, C [t 250 -
Coeaf. of Linear Tharmal Expansion, Parabal, 017 X10-4 -
mmfmm C
Coaf. af Linear Tharmal Expansion, Marmal, 055 X10-4 -
mmfmm C
ELECTRICAL 150 Test Mathod Dry Conditioned
Comparativa Tracking Indax |EC 60112 550 £50
Vaoluma Rasistivily |EC 60093 1E15 1E10
Didlactric Canstant (1 MHz) |IEC 60250 a5 5T
BASF Comaration Ganaral Information: BOO-BC-RESIN
Enginaaring Plastics Tachnical Assistanca: BOD-527-TECH (7 34-324-5150)
1609 Biddla Avenua Wab address: hitp/iwww. plasticsportal. comfusa
Wyandaolla, M| 48182 Page 1012
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Ultramid® A3HGT7 O - BASF

Theas Chaimical Company

Dissipation Factor (100 Hz) |IEC 80250 200 3,000
Dissipation Factor (1 MHz) |EC 60250 200 1,500
UL RATINGS UL Test Method Property Value
Flammahility Rating, 1.5mm LIS HB
Relative Teamperature Index, 1.5mm ULT46E

Machanical wfo Impact, C 130

Machanical w/ Impact, C 120

Electrical, C 120

Processing Guidelines
Material Handling
Max. Water cortant: 0.12%
Praduct is supplied in seakad containars and drying priar ta malding is not required. If drying
bacomes nacassary, a dehumidifying ar dasiccant dryar aparating at B0 dagC (176 dagF) s
racommeandad. Drying time is dapandant an maistura leval, but 2-4 hours is ganarally sufficant.
Furthar information conceming safe handling proceduras can ba ablained from the Malarnal Safely
Data Sheel. Allamatively, please conlact your BASF rapresantative.
Typical Profile
Malt Tamparatura 280-305 dagC (535-580 dagF )
Mald Temparatura B0-90 dagC (176-194 degF)
Injaclion and Packing Pressura 35-125 bar (500-1500 psi)
Mold Temperatures
A mold lemparature of B0-90 degC (176 194 degF ) is recommandad, bul tamparatures of aslow as
45 degC (113 degF ) and as high as 105 degC (221 dagF) can ba used whera applicabla.

Pressures

Injaction prassure contrals the filling of tha part and shauld ba appliad for 90% of ram traval.
Packing prassura affects the final par and can ba usad affactivaly in contralling sink marks and
shrinkaga. It should ba applied and maintained until tha gate area is completaly frozan aoff.

Back pressura can ba ulilized to provide uniform mall consistency and reducea frapped air and gas.
Minimal back pressure should be ulilized o prevani glass breakage.

Fill Rate
Fast fill ratas ara recommandad 1o ansura uniform malt dalivery 1o tha cavity and pravent pramatura
fraazing. Surfaca appearancea is diraclly affacted by injection rata.

Note
Although all stalemants and infarmation in this publication ara baliaved o ba accurate and raliabla,
thay are presaniad gratis and for guidancea anly, and risks and liability for results obtained by use af
tha praducts or application of the suggestions described are assumad by the usar. NO
WARRANTIES OF ANY KIND, EITHER EXPRESS OR IMPLIED, INCLUDING WARRANTIES OF
MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE, ARE MADE REGARDING
PRODUCTS DESCRIBED OR DESIGNS, DATA OR INFORMATION SET FORTH. Statamants ar
suggashions concarning possible usa af the products are made withoul représantation ar warranty
that any such usais fres of patentinfringamant and ara nal racommandations toinfringa any
palent The usar should not assume thal loxicity data and safaty measuras are indicalad ar that
athar maasuras may not ba required.

BASF Corporation Ganaral Infarmation: B00-BC-RESIN

Enginaaring Plastics Technical Assistanca: B0D-527-TECH (734-324-5150)

1609 Biddla Avanua Wab addrass: hitp:/fwww plasticsporal comiusa

Whyandaotte, MI148192 Page 2ol 2
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Appendix 2: PA66-i-GF35 material data sheet

Product Information ¥
o Ultramid® A3WG7 BK23210
Polyamide 66
=]
The Chemical Company

Product Description

Ulramid ASWGT BK23210 is a 35% glass fibar rainforcad, pigmentad black and heal resislanca

imacthion malding PAGE grada for machinary far industnal itams.
Applications

Ty pical applications indude gear whaals, salanoid valva housings, cabla attachments, automotive
fual distributars and componants for aulomotive gear shift.

PHYSICAL 150 Test Mathod Property Value

Dansily, glcem 1183 141
Maistura, % 62

{50%: RH) 1.4

{Saturatiaon) 5
MECHANICAL 150 Test Method Dry Conditioned
Tansila slrass at break, MPa R2T

23C 180 -
Tansia slrain at braak, % R27

23C 25 -
Flexoural Modulus, MPa 178

23C 8600 -
lzod Nolched Impact, kim? 180

23C 10 -
THERMAL 150 Test Method Dry Conditicned
Melling Paint, C 3146 260 -
HOT A, C 75 250 -

Processing Guidelines
Material Handling
Max. Water contant: 0.12%
Praduct is supplied in seakad conlainars and drying priar ta malding is not required. If drying
bacomas nacessary, a dehumidifying or dasiccant dryar oparating al B0 dagC (176 dagF) is
recommeandead. Drying lime is dapandant on maistura leval, but 2-4 hours is ganarally sufficant.
Further information conceming safe handling procaduras can ba ablained from the Malanal Safely
Dala Sheel. Allamatively, please conlact your BASF rapresantative.
Typical Profile
Malt Tamparature 280-305 degC (535-580 dagF )
Mald Temparatura B0-90 dagC (176-194 degF)
Injaclion and Packing Pressure 35-125 bar (500-1500 psi)
Mold Temperatures
A mold lempearature of B0-90 degC (176- 194 degF ) is recommeandad, bul temperatures of aslow as
45 degC {113 dagF ) and as high as 105 degC (221 dagF) can ba used where applicabla.

Pressures

Injaction prassure contrals the filling of tha parl and should ba apphiad for 90% of ram traval.
Packing prassura affects the final parl and can ba usad affactivaly in controlling sink marks and
shrinkaga. It should ba applied and maintained until tha gala area is completaly frozan aff.

BASF Corparation Ganaral Infarmation: B00-BC-RESIN

Enginaaring Plastics Technical Assistance: B0D-527-TECH (734-324-5150)

1609 Biddla Avanua Wab addrass: hilp/iwww. plasticsportal com/iusa

Wyandotte, MI148192 Page 10f2
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Ultramid® A3WG7 BK23210 O - BASF

Mote

BASF Corporation
Enginaaring Plastics
1609 Biddla Avanua
Wryandatte, M1 48182

Thes Chamical Company'

Back pressura can ba ulilized to pravide uniform melt consistency and reduce rapped air and gas.
Minimal back prassure should be ulilized o prevani glass breakage.

Fill Rate
Fast fill rates are recommendad o ansure uniform malt delivery 1o the cavity and prevert pramatura
fraazing. Surface appearanca is directly afected by injection rata.

Although all stalamants and infarmation in this publication are balieved 1o ba accurala and raliabla,
thay ane presantad gratis and for guidancea only, and risks and Rability for rasults oblained by use of
tha praducts ar application of the suggastions described are assumad by the usar. NO
WARRANTIES OF ANY KIND, EITHER EXPRESS OR IMPLIED, INCLUDING WARRANTIES OF
MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE, ARE MADE REGARDING
PRODUCTS DESCRIBED OR DESIGNS, DATA OR INFORMATION SET FORTH. Statamants or
suggastions concarning possibla use of the products are made withoul represantation or warranty
that any such usa is free of patentinfringaement and are nol recommandations toinfringe any
pakent The usar should not assume that laxicity dala and safely measures ara indicated or that
athar maasuras may not ba required.

Ganaral Information: 800-BC-RESIN
Technical Assistance: BOD-527-TECH (734-324-5150)
Wab addrass: hitp:/fwww plasticsporal comiusa

Paga 20f2
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Appendix 3: PA6-i-GF35 material data sheet

Product Information ¥
e e Ultramid® B3ZG8 BK20560
Polyamide 6
O0-BASF
The Chemical Company
Product Description
Ulramid B3ZGE BK.20560 is an impact-madified, pigmanted black and 40% glass fibar reinforced
imachion malding PAG grade having vary high impact sirangth and migidity.
Applications
Ty pical applications incdluda airbag housings and hali-shalls for suitcasas.
PHYSICAL 150 Test Method Property Value
Dansity, glcm 1183 1.42
Maistura, % 62
(50%: RH) 1.6
{Saturation) 5
RHEOLOGICAL 150 Test Method Dry Conditioned
Malt Volume Rate (235 C/5 Kg), coM10min. 1133 4 -
MECHANICAL 150 Test Method Dry Conditionad
Tansila Madulus, MPa R2T
23C 11,600 &,700
Teansia strass al break, MPa R2T
23C 160 115
Tansia strain al braak, % R2T
23c 4 9
Fleoural Modulus, MPa 178
23C 9500 6,100
IMPACT 150 Test Method Dry Conditioned
lzod Nolched Impact, kdim2 180
23C 22 -
THERMAL 150 Test Method Dry Conditioned
Malting Paint, C 3148 220 -
HDOT A, C 75 205 -
HOTEB, C 75 220 -

Processing Guidelines

Material Handling

Max. Water cortant: 0.08%

Praduct is supplied in seaked containars and drying priar ta malding is not required. If drying
bacomes nacessary, a dehumidifying ar dasiccant dryar aparating al B0 dagC (176 dagF)is
recommeandad. Drying time is dapandant an maistura leval but 2-4 hoursis ganarally sufficiant.
Furthar information conceming safe handling procaduras can ba abtainad from tha Malanal Safaly
Data Sheeal. Allamatively, please conlact your BASF rapresantative.

Typical Profile

Malt Tampearalure 270-295 degC (518-563 dagF )

Mald Temparatura 80-95 dagC (178-203 degF)

Injaction and Packing Pressura 35-125 bar (500-1800psi)

Raar fona 245-275 degC (473-527 dagF)

Canter Zona 260-285 dagC (500-545 dagC)

Front Zona 270-295 degC (518-563 dagF)

BASF Corparation Ganaral Information: B00-BC-RESIN

Enginaaring Plastics Technical Assistance: B0D-527-TECH (734-324-5150)

1609 Biddla Avanua Wab addrass: hilp/iwww. plasticsportal com/iusa

Wyandotte, MI148192 Page 10f2
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Ultramid® B3ZG8 BK20560 O - BASF

Mote

BASF Corporation
Enginaaring Plastics
1609 Biddla Avanua
Wryandatte, M1 48182

Thes Chamical Company'

Mazzle 270-295 degC (518-563 dagF )
Mold Temperatures

This product can ba procassad ovar a wide ranga of mald tempearaturas; however, for applications
whara aasthatics ara critical, a mald surface temparature of B0-95 dagC (176-203 degF) is required.

Pressures

Injection pressura contrals the filling of the par and should be appliad for 90% of ram travel.
Packing prassura affects the final part and can be used affectivaly in controlling sink marks and
shrirkage. Itshould ba applied and mairtained until the gata area is completaly frozan off.

Back pressura can be ulilized to pravide uniform mell consistency and reduce rapped air and gas.
Minimal back prassura should be ulilized 1o prevant glass braakaga.

Fill Rate
Fast fill rates are recommendad o ansure uniform malt delivery to the cavity and prevert prematura
fraazing. Surface appearanca is directly afacted by injection rata.

Although all stalemeants and infarmation in this publication are balieved o ba accurala and rdliable,
thay ane presantad gratis and for guidancea only, and risks and Bability for rasults oblained by use of
tha products or application of the suggestions dascribed are assumad by the usar. NO
WARRANTIES OF ANY KIND, EITHER EXPRESS OR IMPLIED, INCLUD ING WARRANTIES OF
MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE, ARE MADE REGARDING
PRODUCTS DESCRIBED OR DESIGNS, DATA OR INFORMATION SET FORTH. Statemants ar
suggeastions concarning possibla usa of the products are made without represantation or warranty
that any such usa is free of patantinfringament and are nal recommandations 1o infringe any
patent The usar should not assume that toxicity data and safely measures ara indicated or that
athar maasuras may not ba requirad.

Ganaral Information: B00-BC-RESIN
Tachnical Assistanca: BOD-527-TECH (734-324-5150)
Wab addrass: hilp/iwww. plasticsportal. comiusa
Paga 20f2
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Appendix 4: Guidance for impact simulation on plastic part using LS-DYNA
with stress-strain relations

Introduction

This report gives some general guidance on how to represent, analyse
and interpret localised low-velocity impact using finite element method to
predict performance and damage of reinforced plastic structure. The
application is the assessment of localised impact on short glass reinforced

polyamide oil pan structure.

Thermoplastic polymers and thus, polyamides, are complex materials
to describe. Their behaviours are rate-dependent therefore their mechanical
properties diverge with changing environment. Thermoplastics perform in a
non-linear way that is not easily accessible by conventional material models
with roots in metals theory. They do not exhibit ideally elastic behaviour.
The plastic strain begins prior to yield and the elastic behaviour is non-
linear. Another problem arises with the reinforcement with short glass fibres
filling the matrix, those considerations complicate evens more the
description of their mechanical behaviours. In addition to increasing
stiffness, fibres also change the way plastics fail and often from ductile to
brittle. The material is anisotropic due to short glass fibres. There is a
particular dependency in the direction of the fibres since they are strongly

oriented by the flow during the injection moulding process. Nonetheless,
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despite fully dedicated material laws, it is possible to conduct meaningful

analyses with limited data input.

The simulations described in this document are based on stress-strain
relations at fixed conditions to describe a very specific situation at each
time. The failure is considered and is flagged by the maximum strain leading
to failure. The finite element analyses are carried out with LS-PrePost as a

pre and post-processor and LS-DYNA as the solver.

Pre-Processing

System of units

LS-DYNA is dimensionless computational solver and therefore the end
user is free to use any mechanical system of homogeneous units (examples
given at Table 29). It is important to be consistent with the system of units
chosen as the output parameters will be given according to the system

employed.
Table 29 - System of units

Example | Length Time Mass Force Pressure Velocity Density Energy

1 mm s t N MPa mm/s  t/mm> mJ

2 mm ms g N MPa mm/s g/mm> m)
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Part section and Meshing

The representation of the part section can be in two or three
dimension and it depends on the application needs and time resource. In the
case of a large part with complex geometries, the time necessary for
calculation on a 3D quad model can rapidly be excessively important. As a
result, its representation in a mid-surface 2D shell thickness model is
sensible and practical. The quality of the meshing has also an important role
on the accuracy of the simulated model. The partition of an interval depends
on the type of simulation realised. The mesh does not need to be dense if
the represented impact is a macro-scale crash. In the case of a localised
impact, only the impacted area does really need to have a refine mesh.
Beyond that area, it is not essential to have a dense mesh. It increases
unnecessarily the calculation time. A possible solution is to implement a
dynamic adaptive mesh refinement that will track the feature of the result as
the computation progresses (CONTROL_ADAPTIVE). In the case of the impactor
or projectile, the meshing density should not be too different from the
meshing of the impacted surface. One way to assess the quality of the mesh
is by plotting the hourglass energy of the model (CONTROL_ENERGY). If the
hourglass is not negligible, the mesh density is to be revised. If the quality
of the mesh is good but the hourglass energy is still important, the solution

is to control that energy (CONTROL_HOURGLASS).
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Material and failure criteria

The material model is based on elasto-plastic material law using
stress-strain relations. The elastic Young’s modulus defines the stress-strain
relation up to the yield stress. Above yield stress, there are several options.
The plastic behaviour can be described by the plastic modulus which defines
a linear relation between the stress and effective plastic strain. This relation
can also be a curve, defined by a range of stress-strain coordinates (LCSs:
Loaded Curve Stress Strain). Finally, the relation can also be dependent on the
strain rate (LCSR: Loaded Curve Strain Rate) in which several stress-strain curves
are defined together with a parameter setting the velocity for which each
curve is representative. The stress for a certain effective strain value is

determined as a linear interpolation from these curves.

The stress-strain relations depend on the type of loading considered. If
the aim is to model a simple tensile test, the tensile stress-strain relation
should be used. If the test considered is a localised impact, the tensile
stress-strain is not recommended. Instead, a dynamic flexion test is more

appropriate for given the right stress-strain relation.

Example of how to use stress-strain relation in a material card (MAT 24):

Initially, one should make sure that the experimental data used is

expressed in terms of true stress (o4,.) versus true strain (&,,.) and not
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engineering stress versus engineering strain. If not, the conversion has to be

done as follows (see differences in Figure 73):

Otrue = cyeng.gineering * (1 + Eengineering)
Etrue = In(1 + gengineering)

200
180
160
140
120

100
= engineering stress-strain

Stress (MPa)

80 = true stress-strain

60
40

20

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Strain

Figure 73 - True and Engineering stress-strain relation

Secondly, the stress-strain curve input in the material card concerns
only the plastic domain. Therefore, the curve used is the true stress versus

the effective plastic strain. The curve should be smooth and utilising a
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minimal number of points. The input of a noisy experimental data may cause
unwanted behaviour reaction (see Figure 74, Table 30 and Figure 75). The
effective plastic strain (e,) is defined as follows with E representing the

elastic Young’s modulus:

_ Otrue
Eep = €true — E

200

180

160

140

120

100

Stress (MPa)

20 = true stress / effective plastic strain

60
40

20

(en]

-0.002 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
Strain

Figure 74 - True stress / Effective Plastic Strain

The first plastic strain value should be input as zero and the first stress

value should be the initial yield stress.
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Table 30 - Smoothed stress / effective plastic strain curve

Otrue ep Otrue Eep
57,57 0 107,23 0,002
62,79 0,0001 122,55 0,003
66,99 0,0002 136,37 0,004
71,02 0,0003 148,08 0,005
74,17 0,0004 157,9 0,006
77,2 0,0005 165,79 0,007
80,18 0,0006 172,16 0,008
83 0,0007 176,65 0,009
85,1 0,0008 179,43 0,01
87,18 0,0009 180,46 0,011
89,88 0,001 180 0,012

_ KEYWORD INPUT

NewlID Accept Delete Default

[Juse *PARAMETER {Subsys: 1) Setting

*MAT,

_[KEYWORD INPUT

Done

[Juse *PARAMETER {Subsys: 1) Setting

*DEFINE_CURYE_(TITLE} (2)

TITLE

| L7 PlotWindow-1
1 MID RO E

‘1 Il.4llJe-lJlJ‘3 |1_0932+M4 — LS-DYNA keyword deck by LS-Prepost

Define Curve
FC [ LCSS ,7 I
180

‘n.n |n.n |z i e oon I [ — | A Curve2
3 EPS1 EPS2 EPS3 |2 |l] 160

‘U'" I'J'IJ |°'° Repeated Data by But
4 E51 ESZ ES3 Z Al o1 140

0.0 0.0 0.0 0.000 57.57

| | | | EZ [P

£ b

COMMENT: b=

R ——— S 100
LCSS :=Load curve ID or Table ID. /
Load curve ID defining effective stress versus eff, 80
The table ID defines for each strain rate value a | 8 L
versus effective plastic strain curve for the lowe: 8 7.0000e-004 8.300 60

40 L L L
0 0.002 0.004 0.006 0.008 0.01 0.012
Abcissa
| Title Scale Attr I Filter Print I Save Load I Oper Hide Close Quit

Figure 75 - Implementation of defined stress-strain curve in LS-Dyna
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The material failure is considered in each model using strain failure
criterion. If the calculated effective plastic strain for any element exceeds
the predefined value, the element will be removed from the model and the
simulation continues with the eroded model. However, with thermoplastics,
if the strain rate increases the failure strain drops but the model
understands that this parameter is constant and independent. That is the
reason why, if simulations follow only one curve defined in LCSs it will only
well represent the material behaviour in one condition. If very different
strain rate are applied, it is as many curves to input. This can be done by
defining many materials per conditions or by using LCSR in which several
stress-strain curves are defined together with a parameter setting the

velocity for which each curve is representative.

Concerning the impactor or projectile, it can be defined with a rigid

material (MAT_RIGID).

Initial and Boundary conditions

Initial load

In general case in the simulation, an impact can be defined via a

displacement over the time or via an initial velocity. In a localised impact
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due to a projectile, the initial velocity is the right way to define the kinetic

energy of impact (VELOCITY_NODE).

Contact

A contact algorithm should be formulated to prevent interpenetration
between the projectile and the impacted surface or self-contact during the
crash. The accurate modelling of the contact interfaces between each part is
critical to have good and accurate prediction capability with the simulations.
In LS-DYNA, a contact is defined by identifying what locations are to be
checked for a potential penetration of a slave node through a master
segment. In the case of a penalty-based contact, when a penetration is
found a force proportional to the penetration depth is applied to resist and
ultimately eliminate the penetration. The automatic contact options are
recommended, as these contacts are non-oriented. This means that they can
detect penetration coming from either side of a shell element. In the case of
shell elements, automatic contact types determine the contact surfaces by
projecting normally from the shell mid-plane a distance equal to one-half the
contact thickness. Further, at the exterior edge of a shell surface, the
contact surface wraps around the shell edge with a radius equal to one-half
the contact thickness thus forming a continuous contact surface. The contact
treatment allows for compression and tangential loads to be transferred
between the slave nodes and the master segments. The choice of the master

and slave surfaces is arbitrary when the symmetric penalty treatment is
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employed. Otherwise, the most coarsely meshed surface should be chosen
as the master surface unless there is a large difference in mass densities in
which case the side corresponding to the material with the highest density is
recommended. The projectile is assigned as master and the impacted part is
assigned as slave and the recommended contact is the

AUTOMATIC_SURFACE_TO_SURFACE.

Boundary conditions

The model boundary conditions are essential in the simulations. There

are defined by single point constraint (spC) on the nodes of the model.

Output Database

In Dbase, numerous of outputs can be defined. The ASCII_option
(DATABASE_OPTION) allows setting the wanted data and defines a time interval

between outputs: Global Statistics, Material Energies, Nodal/Resultant Interface
Forces, Nodal Displacement/Velocity/Acceleration data, Element Output Data,
Sliding Interface Energies and sO on. DATABASE_BINARY_D3PLOT defines the time
interval between complete output states. DATABASE_BINARY_D3THDT defines
the time interval between outputs of time history data for elements subsets
(DATABASE_HISTORY). The histories of particular nodes or elements can be set

for interests via DBHist.
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Other controls

CONTROL_TERMINATION: time of the impact event/ CONTROL_TIMESTEP:
if the calculation time is excessive, it can be reduced by increasing the time

step calculation (to be use with caution).

Post-Processing

Mode animation

D3PLOT animation is the animation defined in DATABASE_D3PLOT. The
animation displayed is just a representation and should be taken for what it
is and not for being truly realistic. The Fringe plotting (Fcomp) allows
displaying different parameters in different axis or plans into the animation

according to a colour scheme: stress, plastic strain, displacement and so on.

Section analysis

ASCII and Time history plotting or History allows plotting relevant
parameters (stress, effective plastic strain, force, displacement, energies,
etc.). These simulated data can be compared with the experimental data in
order to assess the accuracy of the defined model. The stress-strain can be
retrieved and plotted against the experimental curve. The force or
displacement histories can also be compared against the experimental data

(see Figure 76).
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0 0.5 1 15 2 2.5 3 3.5

Displacement (mm)

Figure 76 - 10 mm impact from a 22 g projectile at 5 joules

Figure 76 shows the force versus displacement on a PA66-GF35
impacted at 5 ] experimentally and into the simulations. The experimental
impact is measured from the impactor of the falling weight impact tester
whereas the simulated air gun impact is measured from an element of the
base wall in the area of the impact point. There are some variations on the
forces, and particularly half way into the deflection. However, the general
behaviour of the simulated impact is correlating to some extent with the

experimental impact. Both impacts start to deflect at approximately an
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equivalent force of 1200 N, and fail after 0.5 mm deflection. From then on,
the increase of the damage is arbitrary, the forces fluctuate but augment.
The maximum deflections are matching at around 2.88 mm. The recovering

rate to the initial position follows a comparable slope.
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Appendix 5: Traction tests on oil pick-up pipes to evaluate friction weld
strength

Conditions, samples and preparation

Tests were performed at the Cranfield Mechanical Testing Laboratory
on a 5/100 kN Instron 5500R Electro-mechanical Test Instrument.
Traction Rate: 1 mm/min
Air Temperature: 21.9-22.4 °C

Five oil pans were tested, labelled as follows:

Numbering | Date Material | Modifications

1 Mai (2011) A3WG7 | OSI

2 April (2011) A3WG7 | OSI

3 April (2011) A3WG7 | OSI

4 2011 A3WG7 | No modifications
5 2010 A3WG7 | No modifications

Table 31 - Oil pan samples tested
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Figure 77 - Test set-up

The oil pans (Table 31) are attached on a cradle steel plate bolted to
the moving part of the machine (Figure 77). At the top, a fixture is pined to
the fixed end part of the machine where the load cell is. A transversal bar
shackles the natural notch of each oil pump pickup. When the set-up is done
(Figure 78 and Figure 79), the test starts with the oil pan going down at a

speed rate of 1 mm/min.
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Oil pans (1, 2 and 3) have the same outer design and oil pump pickup -

Prod. Avalon Reversible

Figure 78 - View of the Avalon Reversible Oil Pump Pickup

Oil pans (4 and 5) have the same outer design and oil pump pickup -

Hawkeye

Figure 79 - View of the Hawkeye Oil Pump Pickup
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Results

Load vs. Extension curves (1, 2 and 3 ABWG7 OSI) - Production Avalon
Reversible

4000 l
3500 l Black arrows
l show where the
4= first snap started
3000 l
2500
z /
T 2000 =1 mai A3WG7 OSI
3 - =2 april ASWG7 OS|
1500 3 april AAWG7 OSI
1000 -

500 - Red arrows show
where the snhap of
the front end of

0 ] the pickup started
0 1 2 3 4 5 6
Extension (mm)
1 - after the test 2 — after the test 3 - after the test

w
»

S~

Top Front

Figure 80 - Tests on the Production Avalon Reversible Oil Pans
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Two ways of failure were observed (Figure 80): (1) and (2) had three
steps, respectively one side failed followed by its opposite one then the
complete end of the pickup snapped. (3) had two close steps, respectively
the sides failed together and quickly followed by the top front end of the
pickup. This difference could be explained by the imperfect horizontality
between the bar that shackles the pickup and its surface area in contact.
Even a very small angle will affect the way the force is applied. If it is the
case, the test with (3) is the one to look at or take into consideration.
Nonetheless, the comparable conclusion is that the sides failed before the
top front end of the pickup. The first failure occurred between 2.4 and 2.9

mm at between 2.75 and 3.4 kN.
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Load vs. Extension curves (4 and 5 ASWG7 no modifications) - Hawkeye

3000
2500
2000

1500

Load (N)

=14 2011 A3BWG7
1000

=5 2010 A3SWG7

500

1 1.5 2

2.5
Extension (mm)

4 - after the test 5 - after the test

Figure 81 - Tests on the Hawkeye Oil Pans
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The explanation previously given about the imperfect horizontality can
be applied here as well. However, due to the important inclination of the
front end, the sequence of events is slightly different. In the Figure 81, (4)
snapped homogeneously in one step at 2.34 mm whereas (5) had a snap at
0.4 mm with no visible damage before to completely snap at 2 mm. Again, if

the statement applies, the test with (4) is the one to be considered as good.

Load vs. Extension curves (Production Avalon Reversible + Hawkeye)

4000
3500 /\/
3000 '
2500
—_ ——1 mai A3WG7 OSI
3 /|
T 2000 ——2 april A3WG7 OSI
o
= 3 april A3WG7 OSI
1500 ——142011 A3WG7
52010 A3WG7
1000
500 \I
0 | |
0 1 2 3 4 5 6

Extension (mm)

Figure 82 - Load vs. Extension Curves of all of the 5 oil pans
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The graph in Figure 82 compiles load versus extension curves of all the
5 oil pans (3 Production Avalon Reversible and 2 Hawkeye) but the test (1,2
and 3) is not completely comparable with the test (4 and 5) as the notch in
each design is different and the force applied is not stressing the same
surface area. This force is spread in a much bigger area with the Production

Avalon Reversible than the Hawkeye.
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