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ABSTRACT
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ide composites
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ing, University of Pretoria
Prof. F.J.W.J. Labuschagne, Department of Chemical Engineering, Uni-
versity of Pretoria
Dr. R. Coetzer, Department of Statistics, North-West University

Polymer-clay composites have applications in numerous sectors such as packaging, automotive
manufacturing and agriculture. A primary focus of polymer composite research is to improve
the performance of these composites while also reducing costs. Adding clay to the polymer
can enhance the strength and stiffness of the composite. However, adding too much clay can

degrade the ductility, hence reducing the usefulness of the material system.

In historical exploratory studies of polymer-clay composites, conducted at the University of
Pretoria, it was observed that the mechanical properties were not enhanced as expected by
the addition of clay. In fact, the variability observed in the mechanical properties was greater
than the effect of increasing the clay weight loading. This could possibly be attributed to
manufacturing methods. If polymer-clay composite properties are much more sensitive to
manufacturing methods than has been recognised, this is concerning, since bulk manufac-
turing processes will generally be less tightly controlled than laboratory investigations. By
gaining more insight and understanding into the effects of manufacturing variation on the final
composite properties it is possible to reduce the issues which inevitably arise when scaling a

manufacturing process from a laboratory to an industrial setting.

This study therefore aims to investigate the effects of different manufacturing methods on

the statistical variation of the mechanical properties of polymer-clay composites. The mate-
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rial system studied is high-density polyethylene (HDPE) filled with layered double hydroxide
(LDH), a synthetic clay. A multi-site collaborative study between University of Pretoria (UP,
South Africa), Tshwane University of Technology (TUT, South Africa) and Leibniz Institute
for Polymer Research (IPF, Germany) was designed. This study is fundamentally interdis-
ciplinary, combining knowledge from polymer materials science, manufacturing, mechanical

characterisation and statistics.

A statistical design of experiments was developed using the insights gained from a statistical
analysis of historical data and from an in-depth systematic literature review on the effects
of manufacturing variation on mechanical properties of HDPE-clay composites. The system-
atic literature review followed Preferred Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. Statistical design of experiments is a robust method to draw reason-
able conclusions about the influence of multiple contributing factors on experimental results.
The design considered the influence of manufacturing method (compression and injection
moulding) and site (UP, TUT and IPF) in addition to the clay type and clay weight load-
ing material parameters. Due to the limited mould availability at the South African site, a
sub-study considering the influence of the injection moulded tensile sample mould type

was also included.

A statistical analysis of the experimental results indicated that the moulding method, sample
mould type and site (i.e., machine variation) had a larger effect on the mechanical proper-
ties then the clay type and clay loading. The effect due to moulding method was expected
as it has been documented in literature. The influence of site and sample mould type are
important results from this study. The same processing conditions were used at the differ-
ent sites for both the compression moulding and injection moulding comparisons. The core
manufacturing process should not change even when the equipment used is not exactly the
same. However, the experimental results demonstrated significant variability as a result of
compression moulding on different equipment. The influence of the tensile sample mould type
was not expected as the mechanical properties are normalised to the sample geometry, and
the comparison was between ISO standard moulds. This raises concerns about the validity
of applying experimental test results to predict bulk material performance. This thesis has
therefore demonstrated the importance of the consideration of manufacturing variability in

studies of polymer-clay composites.
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CHAPTER 1

INTRODUCTION

1.1 Background

The South African plastics industry contributed 2.3 % to the country’s GDP and 18.5 % to
the manufacturing GDP in 2019 (Plastics SA| 2020]). The largest contributor is the plastics
packaging sector (Department of Trade and Industry, 2018} Plastics SA| 2020). Examples

include plastic bottles, piping, bags, food storage containers, etc. Some key limitations to
South Africa’s global competitiveness in the plastics manufacturing industry are high costs
and access to raw materials in the plastics value chain, the small local and regional market, the

lack of advanced manufacturing practices and downstream focus on R&D, and high logistics

costs due to South Africa’s geographic location (Department of Trade and Industry, [2018]).

Several programmes and interventions have been developed in the country with collaboration
between the government, industry and academic institutions to address these limitations. To
compete on a global level in the plastics manufacturing industry South Africa needs to improve
and update its bulk manufacturing processes. Understanding the influences of manufacturing
variation on material behaviour in a controlled laboratory setting is a first step towards

improving the efficiency of industrial polymer composite manufacturing.

1.1.1 Particulate Composite Materials

Polyethylene-based polymers are popularly used in the plastics industry as they are versatile,

cost effective, light weight, ductile and can easily be processed using heat-based techniques

such as extrusion and injection moulding (Khanam and AlMaadeed| [2015; |Osman and Atallah|
2004)). Polyethylene (PE) is a semi-crystalline thermoplastic polymer. Thermoplastics soften

when heated and harden when cooled, processes which can be repeated and are reversible

(Callister, Jr., |2003), in contrast with thermoset polymers. Crystallinity refers to the level

of alignment of the polymer chains, in other words, how the chains are packed together
(Callister, Jr., 2003). A semi-crystalline polymer structure is illustrated in Figure where
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the long polymer chains fold in a regular packing orientation around an amorphous region.

The amorphous region is the material that has no crystalline structures (Callister, Jr., 2003).
Variants of PE are classified, based on their density and branching, as low-density PE (LDPE),
medium-density PE (MDPE) and high-density PE (HDPE). HDPE has long linear chains
without any major branching resulting in regular packing with a higher crystallinity. LDPE

on the other hand has many long branches resulting in a more irregular packing with low
crystallinity. LDPE is more flexible than HDPE with lower tensile and compressive strengths.
(Khanam and AlMaadeed, [2015).

A N NN AN NN
RQRQ R~ 2. Polymer Chains

N a N aalala

A A

)

Amorphous Region

S U U U

Figure 1.1: Illustration of a semi-crystalline polyethylene structure with folded polymer chains
around an amorphous region. [Redrawn from |Callister, Jr.| (2003)]

To further reduce the cost or improve desired properties of polymer products, fillers — among
them micro or nanoclays — are frequently added to form composite materials. Particulate
composite materials are a combination of two or more sub-components of materials and consist
of a polymer matrix and a filler. Clay particles are a common filler with a layered mineral

structure consisting of nanometer-thick silicate layers, and are often referred to as layered

silicates (Azeez et al) [2013)). By adding these clay fillers the final particulate composite

material may have improved material, thermal and electrical properties, as well as a high
strength-to-weight ratio at lower costs, all desirable traits for various industrial applications
(Gao, 2004; Jordan et al., |2005; Fu et al. [2008; Albdiry et al., 2012} |Azeez et al., [2013}
Sheikhy and Al-Shamrani|, 2015; Khanam and AlMaadeed, 2015;|Zabihi et al., 2018)). However,

adding particles to a semi-crystalline polymer such as polyethylene leads to changes within

the polymer morphology. In particular the polymer crystallinity is affected, which may result

in the degradation of some properties (Osman and Atallah| [2004)).

Layered silicates can be dispersed into individual layers, and their surface chemistry can be

modified to change the interaction between the clay and polymer (Choudalakis and Gotsis,
. The resulting particulate composite material can be classified into one of three different
states, dependent on how the polymer matrix and filler are mixed together (Albdiry et al.l
, referred to as the composite morphology. The three states — immiscible, intercalated
and exfoliated — are illustrated in Figure and show the degree of dispersion of the filler

(represented as lines to reflect the layered structure) in the polymer matrix. An immiscible

composite, Figure (a), occurs when the phases remain separate since the chemical bonds
within each phase are strong, also known as phase-separated. Figure (b) shows an inter-
calated state where some polymer chains are located between the filler layers. In exfoliated
composites, Figure c), filler layers are increasingly separated, resulting in random disper-

sion through the polymer. The level of dispersion of the composite is normally identified using
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U
fﬂﬁj Polymer Matrix /// Filler (e.g. Layered Silicate)

(a) Immiscible (b) Intercalated (c) Exfoliated

Figure 1.2: Overview of the three states of dispersion in a particulate polymer-clay composite system.
|[Redrawn from Albdiry et al.| (2012); |Azeez et al| (2013); Chen et al| (2008, 2013); [Fu et al.| (2019);
[Paul and Robeson| (2008)]

wide angle X-ray diffraction (WAXD) and Transmission Electron Microscopy (TEM) (Azeez|
et al., [2013; Jordan et al) 2005). The level of dispersion is a critical contributing factor to

the properties of the composite. The ideal state for proper dispersion would be exfoliation,

which ensures enhanced overall properties of the composite (Nguyen and Baird), [2006; |Zabihil
, 2018]). The level of dispersion is dependent on optimisation of the compounding con-
ditions, and it is not always possible to obtain ideal dispersion (Paul and Robeson| 2008).

The effects of compounding have therefore been investigated in several studies considering
different compounding methods (Boran et al} 2017; Brandenburg et al., 2014} [Esteki et al.,
2013 [Heinemann et al., [1999; [Hofler et all, 2018 Merinska et al, 2012; [Minkova and Filippil
2011} Silva et al.,2014) and varying the compounding conditions (Barbosa et al., 2012} |Gong

let al),[2013; [Huang et all 2015 Lapshin et al.,[2008; [Li et al.l [2007; Mainil et al. [2006; Nguyen
and Baird, 2006; [Oliveira et al) 2009; Swain and Isayev, 2006, [2007; |Ujianto et al., 2018).

The choice of clay is dependent on the desired overall polymer composite properties for a
specific application. Montmorillonite (MMT) is a natural clay popularly used due to its

unique natural characteristics (high surface area and surface reactivity) which tend to provide

improvements to the polymer composite properties (Azeez et al.l 2013; [Hussain et al., [2006;
Kotal and Bhowmick} 2015). The MMT crystal structure consists of two silicate tetrahedral
layers with an octahedral layer of aluminum or magnesium sandwiched in between (Fu et
lal), 2019} [Kotal and Bhowmick| [2015; [Paul and Robeson| [2008). These layers are stacked in
parallel with van der Waals gaps between them, often known as the interlayer or gallery
et all [2013; Fu et al) 2019; [Kotal and Bhowmick| [2015). MMTs are primarily negatively
charged which is characterised by the cation exchange capacity (Paul and Robesonl [2008). A

higher cation exchange capacity is indicative of a higher hydration, swelling and dispersion

capacity (Azeez et all 2013). A common alternative to MMT is synthetic clays known as

layered double hydroxides (LDH) which are structurally similar with opposite charge of the
hydroxide layers (Costa et all [2005; Kotal and Bhowmick, 2015). LDH has a brucite-like
(or hydrotalcite) structure with a single octahedron layer containing Mg?* surrounded by
hydroxyl groups (Kotal and Bhowmick, 2015; Labuschagne et al., 2015). LDHs are primarily
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positively charged which is characterised by the anion exchange capacity (Dabrowska et al.l
2013; Kotal and Bhowmick}, 2015). A major advantage of using LDH compared to MMT is the

ability to manipulate the clay chemical and physical properties during synthesis to provide

improvements on specifically desired properties (Costa et al.,[2005; Kotal and Bhowmick, [2015;

Moyo et al) 2012, [2013). A disadvantage, however, is that the anion exchange capacity for

LDH is quite high compared to the cation exchange capacity for MMT (Kotal and Bhowmick,
2015)). Even though MMT-based composites are more likely to provide enhanced mechanical

properties with only a small amount, LDH-based composites will have more exfoliated layers

per unit amount of filler (Kotal and Bhowmick} 2015). This is due to the crystal structure

where each layer of LDH is only composed of a single octahedral sheet, whereas MMT contains
multiple octahedral/tetrahedral sheets (Kotal and Bhowmick, 2015). MMT is considered far
more often in literature compared to LDH, because it is more familiar (Costa et al.l [2005;
Dabrowska et all 2013). LDH is often considered for its enhanced thermal stability and
flammability properties (Kotal and Bhowmick, 2015; Labuschagne et al.l 2015; Moyo et al.|
, . Mg-Al LDH is one of the most commonly considered in literature due to its
availability, high anion exhange capacity and low charge density (Kotal and Bhowmick, 2015;
Moyo et al}2012). A summary of the key characteristics of both MMTs and LDHs is provided
in Table 1]

Table 1.1: Summary of key characteristics of montmorillonite (MMT) and layered double hydroxides
(LDHs). (Kotal and Bhowmick, 2015 Labuschagne et al., |2015; [Moyo et al.,|2012} 2013)

Clay Chemical Formula Ion Type Exchange Capacity
(mequiv/100 g)

MMT (Na,Ca)O.gg(Al,Mg)g(—Sm 010)(OH)2mH20 Cation 80-150

LDH [M{L, MEZH(OH)o]*F (A™7), /,mH20 Anion 200-400

Mg-Al LDH  [Mg; Al (OH)o|** (A"7), /,,mH50 Anion 200-400

M1 divalent cation (Mg?*, Zn?*, Fe?t, Co?*, Ni?*, Cu?*); M!!; trivalent cation (AI**, Fe3 ™,
r°t, Mn°*); A" : interlayer anion (Cl—, , , etc.); x: net positive charge where

Cr®t, Mn3"); A"~: interl ion (Cl~, CO3, NO3 , et t positive charge wh

0.2 < x < 0.36; and m: number of co-intercalated water molecules

A challenge to overcome during dispersion is the incompatibility between the hydrophilic clays

and the hydrophobic polymers, leading to poor clay-polymer interactions (Rong et al.l 2006)).

This is normally addressed by either modifying the surface of the clay (Azeez et al., 2013}
\Crosby and Lee|, [2007; [Fu et all 2019; Rong et all [2006) or incorporating a compatibiliser
into the composite (Barbosa et al. 2012 Lei et al., 2007; Merinska et al.l |2012; Rong et al.l
. The clay is converted into an organophilic clay by modifying the surface through an
exchange of ions (Chen et al., 2013} |[Kotal and Bhowmick| [2015). Modification of the clay

surface ultimately allows for the expansion of the interlayer space, the area between the layered

silicate and polymer matrix. Surface modification thus improves diffusion of the polymer into

the interlayer space, leading to improved dispersion (Azeez et al., 2013; Fu et al., 2019; Rong|
let all [2006). A compatibiliser acts as a lubricant between the clay and polymer increasing

their interactions, consequently improving the level of dispersion.

LDH has been used in several industrial applications, both on its own and together with

other polymers, and its global market size is expected to reach USD 381.6 million by 2027
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(360 Research Reports| 2022). LDH is commercially available from companies such as Kisuma
(Kisuma), [2023), Ataman Chemicals (Ataman Chemicals| [2020) and Kyowa Chemical Industry
(Kyowa Chemical Industry, [2022). Typical commercial applications of LDH-polymer compos-

ites include packaging (e.g., polyolefin films, rigid packaging, thermoforming); and automotive

(e.g. thermoplastic compounds, coatings, adhesives, sealants, wires and cables) to name a few

(Kisumal 2023).

1.1.2 Manufacturing: Compounding and Moulding

Particulate polymer composites are manufactured in two stages to produce a testing sample
or final component. In some sources these stages are both referred to as processing, with
a distinction between primary and secondary processing. In this discussion I will refer to
the primary processing as compounding and the secondary processing as moulding. Com-
pounding is the process in which the powdered mix of polymer and clay is combined into the
composite material. Moulding is then applied to form the compounded composite material
into the final component. In this thesis, the final component will be a sample which can be

tested to characterise the composite mechanical properties.

The choice of compounding method is largely dependent on the desired level of dispersion.

An intercalated structure can be obtained by either melt blending (e.g. internal mixing or

Melt Compounding (Extrusion)

2. Feeding Hopper

The mixed polymer and clay
is poured into the feeding
hopper.

1. Mixing Polymer and Clay

The polymer and clay are measured using
scales and mixed together using a plastic
bag for a set time.

Potential Sources of Error A + A -

- Contaminants could be introduced Polymer Clay
- Scales could not be calibrated

- Calculated wrong mass for materials

- Mixing method can cause bad dispersion

Potential Sources of
Error
- Air bubbles or contaminants
could be introduced

Feeder Slide

Extruder Funnel X

Vibrating Control

Chipper Inlet

Composite Wire

Twin Screws

Heaters

3. Barrel
The material pellets are mixed and melted by means of the different
heating zones, and material flows around the screws before exiting at
Potential Variables: the die to form a composite wire.

- Number of Extrusions

- Temperatures for the heating zones
- Feed rate

- Wire diameter

- Pellet size

Potential Sources of Error

- If barrel was not flushed before use, previous material can still be
lodged and can contaminant the new samples

- Air bubbles or contaminants could be introduced from the feeding
hopper.

- If the wire is not extracted at a constant rate it can affect the diameter
which can in turn clog the chipper if too thick, or not be chipped at all
if too thin.

Natasha Botha, 2019

Figure 1.3: Graphical representation of the melt compounding process via extrusion including all
the potential sources of error.
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extrusion) or in-situ polymerisation, and an exfoliated structure is dependent on the clay,

compounding method and any curing agents considered (Jordan et al. 2005). Extrusion is

the most popular method of compounding, employing either a single or twin-screw approach,

as it is more economical while being flexible for different formulations (Albdiry et all 2012;
\Agassant et al.,[2017; El-Sheikhy and Al-Shamrani| 2015; [Paul and Robeson}, 2008). The melt

compounding process with a co-rotating twin-screw extruder is illustrated in Figure [[.3] This

figure lists potential sources of error that may occur during the process. A twin-screw extruder
has two screws that are parallel to one another and rotate in the same direction (Agassant et
, . The extrusion process has three distinct zones: solid-conveying, melting and melt
flow (Agassant et al., 2017). During solid-conveying the mixed polymer and clay is first fed

into the hopper, before the solid material is conveyed from the feeder to the screws with a
fixed feed rate. A positive displacement effect is created by the rotation of the screw which
ultimately pushes the solid downstream through the barrel, further mixing the composite.
In the melting zone the solid composite melts as it flows over the heating elements with
a temperature range between 190 and 230 °C, higher than the melting temperature of the
polymer. The melt flow is then pushed through the die end to obtain the desired cross-section,
in this case a thin wire (also known as an extrudite), where it solidifies. The extrudite is then
quenched in water to cool down before being fed into the chipper to produce pellets.
et al.,[2017; [Khanam and AlMaadeed, 2015). Key compounding conditions that can be varied

are: barrel heating zone temperature profile, screw speed, feed rate, mixing duration (also

referred to as residence time), number of extrusions and die pressure (Albdiry et al. 2012).

For example, longer residence times lead to better dispersion while screw configuration also

plays a role in achieving better dispersion (Paul and Robeson| 2008]).

Once a particulate composite material is compounded it is necessary to shape it into a usable
component. For polymer-clay materials this is usually done by means of moulding methods
such as injection and compression moulding. Both moulding methods have applications in
industry where compression moulding is often used in a high production volume environment
requiring high strength components such as the automotive industry; and injection moulding is
preferred for higher quality and precision products such as required in the electronics industry
(Asim et al.,2017). For commercial production injection moulding is preferred
lal}, 2017} |Gaol 2004} [Khanam and AlMaadeed, [2015)), however |[Jordan et al] (2005) note
that researchers prefer compression moulding. The compression moulding process wastes less

material compared to injection moulding, and is able to produce larger parts (Tadmor and
2006]). Both will be discussed here and considered for comparison in this thesis.

The injection moulding process is illustrated in Figure[I.4] Injection moulding primarily con-
sists of two distinct phases: plasticising and moulding. During plasticising the compounded
composite pellets are fed through a hopper to a screw that is able to move forwards and back-
wards through hydraulics, creating the injection pressure. As the screw rotates, the composite
solid pellets are fed downstream melting as they move through the heating zone. The molten
composite is then forced into the desired mould with an injection pressure created by the

hydraulic screw. During moulding a holding pressure and time is applied to the screw until
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the injected material solidifies. The temperature of the mould is normally room temperature
for thermoplastics, such as HDPE. This temperature is achieved by circulating water through

cooling channels around the mould thereby solidifying the composite material. The mould

is ejected and final cooling takes place at ambient air temperature. (Agassant et al., 2017}
Khanam and AlMaadeed, 2015; |Tadmor and Gogos, 2006)). Key injection moulding conditions

that can be varied are: injection pressure, holding pressure, holding time, cooling time, barrel

temperature profile, screw speed and stroke.

Injection Moulding

Potential Variables:
- Metering Stroke
- Specific back pressure 1. Feeding Hopper
- Injection pressure The compounded composite is poured into .
- Injection speed the feeding hopper. Metering Stroke
- Injection time Measure
- Holding pressure Potential Sources of Error
- Holding time - Air bubbles or contaminants could be Motor
- Cooling time introduced.
- Clamping force
- Heater temperature
Water Cooling Channels
//* g
oofbo
e ==
Q=8 \1\RTR\E\RVRYEVRVRARARURARARURTRARARRVEARNVRARNARARNRAR
o0 o\o
3. Filling Mould 2. Barrel
The melted composite material is injected into the The material pellets are melted by means of the heaters, and material
mould based on the injection pressure and held flows around the screw. The screw is drawn back based on the specific
there for the indicated amount of time at the back pressure and metering stroke measurement. The material is then
indicated pressure. injected into the mould based on the injection pressure and the screw
. is held in place based on the holding pressure and time.
Potential Sources of Error
- Air bubbles or contaminants introduced in the Potential Sources of Error
barrel or feeding hopper could affect the mould - If barrel was not flushed before use, previous material can still be
filling, either under- or over-filling, or the quality lodged and can contaminant the new samples
Samples of the final sample. - Aiir bubbles or contaminants could be introduced from the feeding
- If the different pressure settings and the metering hopper. If the back pressure is too low the air in the system won't be
stroke are not complimentary it could result in a pressed out and moulds won't fill completely.
sub optimal sample quality. - If the metering stroke is too low, there won't be enough material to

fill the mould. If it is too high, there is a chance of flashing where
excess material is pushed to the sides of the mould.

- The metering stroke, injection pressure and back pressure are all
linked and if any one is in correct it will result in a mould not
completely filled.

Natasha Botha, 2019

Figure 1.4: Graphical representation of the injection moulding process including all the potential
sources of error.

During compression moulding, illustrated in Figure [[.5] the composite pellets are placed in
the desired mould before placing it on the bottom pre-heated plate. The bottom heated plate
is then hydraulically moved to meet the stationary top plate. At this point a pressure can be
applied while the composite material transitions into a molten state. The molten composite
flows to fill the mould undergoing complete polymerisation (i.e. polymer cross linking) in
the process. During polymerisation the pellet skins around the polymer pellets break down
with the increased heat. Two polymer pellets then diffuse together to form a new continuous

melt. This allows the polymer chains to become mobile in the skin zones to form net chain

entanglement (or polymer cross linking). (Bucknall et al. 2020; Raghavan and Wool, 1999;

Wool et all |1989). These polymer pellet boundaries will always be present despite efforts to

optimise the process (Bucknall et all 2020). The temperature and pressure applied during

compression moulding are dependent on the properties of the polymer. Once the total press
time has been reached, the pressure is released and the bottom heated plate moves back down.

The mould is then removed carefully using the correct heat resistant gloves and allowed to
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Compression Moulding

3. Remove Sample

1. Filling Moulds - The mlo.ulds abr'e removed from thg };:re;s and left
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g object on top to prevent warping. Once the mould

composite material until full is cooled samples are removed from the moulds
and visually inspected for quality. Samples are then
either milled or cut from the plaque.

Potential Sources of Error

- Not consistently filling the moulds with
the same amount of material

- Using lubrication that might influence
samples

- Air bubbles or contaminants could be
introduced

Potential Sources of Error
- Not placing a heavy object on top of the mould

could create warped samples.
- Not waiting until samples are completely cooled

before removing could lead to damaged samples. —’
- Removing samples from the mould can cause

damage if not done with care and patience.
- Milling could introduce dimensional errors if too
much material is removed.

2. Hot Pressing

The mould is placed on the bottom
plate and the hydraulic acuator is
initiated to engage the bottom plate

until it connects to the top plate. The Stationary Top
compression cycle starts with the n N
desiid pressuge and press time. Heated Plate P“'e""_’l V’"’ble_S:
Guide Rails - Material volume into mould
Potential Sources of Error - Mould lubricant
- Temperatures not correctly set. Mould - Sheet material between mould
- Proper alignment of moulds on the - Samples time in press
bottom plate before pressing. Hydraulic Actuated - Press Pressure
Misalignment could compound Bottom Heated Plate - Press Temperature
samples unevenly. - Mould cooling method
- Incorrect application of hydraulic — Temperature Panel - Mould cooling time
actuator resulting in inconsitent @
application of the pressure. Heater Control

- Sources of contaminants on the
bottom and top plate if not cleaned
properly.

- Incorrect application of the
compression cycle where pressure
is incrementally increased to ensure
all air is removed from the samples.

- Unequal distribution of material
results in different thicknesses
across sample, with potential
unequal distribution of temperature
from the plates which affects Natasha Botha, 2019
material morphology, crystallinity ’
and ductility.

t— Pump Switches

Pressure Dial

Lever to move
bottom plate
Pressure Panel

Figure 1.5: Graphical representation of the compression moulding process including all the potential
sources of error. Two mould types are considered: a plaque from which the dogbone sample is milled
and a mould with five individual dogbone samples.

cool down in ambient air temperature, or some other desired cooling method. (Khanam and;
‘AlMaadeed, 2015; |Tadmor and Gogos, 2006). Key compression moulding conditions that can

be varied are: temperature, press time, press pressure, cooling method and cooling time.

The compounding method plays a prominent role in determining the level of dispersion within
the polymer-clay matrix, thereby influencing the composite morphology and overall mechan-
ical properties. Nevertheless, the important role of the moulding method should not be
overlooked. Such high temperature and pressure methods result in changes to the composite

morphology, such as the crystallinity and polymer chain structure, and consequently affect

the final component properties (Shamloo et al., 2017).

1.1.3 Characterisation of Mechanical Properties

The mechanical properties of particulate polymer composites are characterised by tensile

and impact tests, among others. Polymer-based composites are very sensitive to the rate of

deformation, or strain rate, as shown in Chapter 2 and by Jo and Naguib (2008)). Other

sensitivities include the temperature and laboratory environment (e.g. presence of water,
oxygen, etc.) (Callister, Jr.) [2003; |Grellmann and Seidler, |2013; Khanam and AlMaadeed,
. To ensure a standardised approach all tests should follow international standards such
as [ASTM D638-14| (2014)) or DIN EN ISO 527-2| (2012).
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During a uniaxial tensile test a load is applied to a dogbone sample, shown in Figure
1.6(a), which has wide end sections for clamping, and a narrow uniform central section called
the gauge section. The sample is clamped between a fixed bottom clamp and a top clamp
attached to the cross-head, which applies a force F' to the sample by moving up until the
sample fractures or the test is halted. The force applied, measured using a load cell, is
normalised by the cross-sectional area of the gauge section to obtain stress, o. The change
in length of the gauge section, normalised by the undeformed length, gives the strain, e.
The mechanical properties are characterised from a tensile stress-strain curve according to
an international standard (ASTM D638-14] 2014; [DIN EN ISO 527-2, 2012). The cross-head

speed is controlled during tensile testing. In the first stage, up until a strain of approximately

1 %, the cross-head speed is slow, 1 mm/min, to allow accurate determination of the Young’s
modulus. The remaining properties are then determined in the second stage, in which the

cross-head speed is specified as 50 mm /min for polymeric materials.

Figure (b) provides an illustration of a typical polyethylene-based stress-strain curve. The
region before the first peak stress is known as the elastic region, where any deformation is still
reversible and there is a linear relationship between the stress and strain. The region after

the first peak stress is referred to as the plastic region, where the deformation experienced is

irreversible.
Force (F) A
Fracture
op X
First Peak Stress (FPS)
OFps [p---—-------7
<
e
Gauge \%
Length g
L) Z
Elastic Plastic _
€rps . € »
Strain (%)
(a) Tensile dogbone sample (b) Definition of mechanical properties

Figure 1.6: Illustration of a typical polyethylene-based stress-strain curve showing ho the mechanical
properties are determined. [Redrawn from Callister, Jr.  (2003) and Grellmann and Seidler; (2013)]
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The following mechanical properties can be determined:

¢ Young’s modulus (MPa): Determined using Hooke’s law to find the gradient in the
linear elastic region. It represents the material stiffness and is shown as E on Figure
LL.6l

e First Peak Stress (MPa): The first maximum stress which is achieved. In the case
where this corresponds to an increase in strain without an increase in stress, this is
equivalent to the yield stress, at which the material transitions from elastic to plastic
deformation. In the case where the sample fractures before the stress begins to decrease,
this will be equivalent to the maximum stress. As seen in Figure[l.7|(a), polymers under
tensile testing display a wide variety of possible material responses. The First Peak
Stress (FPS) offers a general and unambiguous definition of the onset of first failure,

either by yield or by fracture.
e Elongation at FPS (%): The strain corresponding to the first peak stress.

e Tensile stress at break (MPa): The tensile stress where the sample fractures. This

can be identical to the maximum stress as is the case in the Figure [1.6]

e Elongation at break (%): The total strain corresponding to the point of fracture.

Both the stress and strain at break usually do not provide any physically meaningful values. In
addition, the elongation at break tends to exhibit high statistical variation, while the stress at
which fracture is identified to have occurred is dependent on the testing software.
and Seidler| [2013)).

Various different possible stress-strain curves for polymer-based materials are shown in Figure
1.7(a). Curve A (red) represents a brittle polymer which fractures while still deforming
elastically. Curve B (blue) shows a ductile polymer with the maximum stress above the yield
point, typical for softer polymers where work hardening occurs after the first peak stress.
A ductile material with no work hardening is shown by curve C (green). Here the polymer
undergoes elastic deformation before reaching the first peak stress (or yield point) thereafter

undergoing plastic deformation before reaching fracture.

Figure (b) shows the material behaviour for a semi-crystalline polymer, such as HDPE,
and illustrates the sample appearance at different stages. Before any load is applied, the
sample is undeformed (1). In the linear region uniform elastic deformation occurs with an
increase in load (2). In this elastic region deformation is largely due to the movement of
polymer chains, which are randomly oriented, relative to one another. Just after the first
peak stress is reached the material softens, resulting in a localised reduction of the sample
cross-section which is commonly referred to as necking (3). The material softens due to the
rupture of weak intermolecular bonds between the chains, which then begin to straighten,

resulting in extensive plastic deformation. Strain hardening, in which the stress begins to
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(a) Typical tensile curves (b) Typical polyethylene material behaviour

Figure 1.7: Illustration of (a) typical stress-strain curves for polymer materials and (b) typical
material behaviour for polyethylene-based materials during tensile testing. [Redrawn from
(2003) and |Grellmann and Seidler| (2013)]

increase, is caused by the stretching of polymer chains (4). With further increases in loading,

the polymer chains will begin to break, at which point sample fracture will occur (5).

Another important mechanical property test is a Charpy impact test to determine the frac-

ture characteristics by measuring the impact energy (Grellmann and Seidler, 2013; [Khanam|

and AlMaadeed 2015)). The international standards to consider for a Charpy impact test are
'ASTM D6610-18) (2018) and DIN EN ISO 179-1 (2010). An illustration of the Charpy impact

test is shown in Figure [I.8, For a notched Charpy impact test a small notch is milled into

the sample. The sample is then placed, notch down, between two supports. A pendulum,
with an energy of 0.5 to 50 J, then hits the sample first creating a crack by transferring
energy to the sample, thereafter enlarging the crack with additional hits until it fractures.

The impact strength is then calculated by dividing the absorbed energy with the smallest

initial cross-section of the sample under the notch. (Grellmann and Seidler, 2013; Khanam
and AlMaadeed}, 2015)

1.1.4 Influences on Mechanical Properties

Mechanical properties of polymer composites are affected either by changing the polymer

composite material system or the manufacturing approach (Boran et al), 2017; |Chen et al.
. Good interaction between the clay and polymer and good dispersion within the com-
posite are important factors to consider when trying to improve the mechanical properties
(Albdiry et al.,2012; Jordan et al. [2005; [ Khanam and AlMaadeed, 2015; Paul and Robeson,

2008).
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Figure 1.8: Illustration of the Charpy impact test focusing on the sample configuration. [Redrawn
from |Grellmann and Seidler| (2013) and |ASTM D6610-18 (2018)]

Influence of Material System

The influence of the polymer-clay material system (e.g. clay and polymer type, clay loading,
dispersion and the interaction between the clay and polymer) on the mechanical properties
have been the subject of much research (Crosby and Lee, 2007; Fu et al. 2008; |Azeez et
lal), [2013; [Albdiry et all, 2012} Kotal and Bhowmick| 2015). Thermo-mechanical properties

are dependent on the interactions between the clay particles and the polymer matrix which

include the type of clay, compatibiliser or surface treatment used and its dispersion in the
matrix (Albdiry et al.,2012; Paul and Robeson| |2008} |Zabihi et al., 2018). As a result, much

research has focused on finding the clay loading that will yield the optimum thermo-mechanical

properties for a desired application. The desired improvement of the mechanical properties is
most often obtained at a relatively low clay loading (< 5 wt%) (Jordan et al., 2005; |Azeez ef]
lal, 2013} [Quaresimin et al., 2016; Romo-Uribe, 2017; Rueda et al, 2017; Mittal et ol} 2018;
Zabihi et all 2018). As such, most experimental studies normally only investigate low clay
loadings of, for example, 3 wt% (Romo-Uribe], 2017)), 5 wt% (Lim et al) [2017; [Nevalainen ef
lal [2009; [Nunes et all [2016) and 7 wt% (Heydari-Meybodi et all,[2015)). [Heydari-Meybodi ef,
concluded in their study that the Young’s modulus decreased with an increase in
clay loading from 5 wt% to 7 wt%. |[Romo-Uribe (2017) mentioned that a clay loading of 10
wt% or more only results in small improvements of some of the mechanical properties.
mentioned that when the clay loading is increased beyond the threshold limit
value, the Young’s modulus will level off. They attribute this to a change in the clay-polymer

interaction. It has been observed that while including clay fillers may increase the Young’s

modulus and tensile strength of the nanocomposite, other important mechanical properties

such as elongation to failure and impact fracture toughness often decrease (Chen et al., 2008;

Lim et al) 2017; Nevalainen et al.,2009). This degradation in mechanical performance is an
important variable to understand when designing a composite material system (Fechter} 2016
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[Fechter et all) 2018). Despite this there are few reports from literature on the threshold clay

loading beyond which the mechanical properties start to degrade. I have shown in Chapter
2 and Botha et al| (2018) that by adding too much clay (> 10 wt%) we mitigate and even

reverse the initial improvements in the mechanical properties.

Jordan et al.| (2005) provides a comprehensive review on the experimental trends of polymer

composites which includes a detailed discussion on the influence of mechanical properties.
They extracted general behavioural trends based on the nature of the polymer matrix (crys-

talline or amorphous) and the clay-polymer interactions:

e Young’s Modulus: Increases with the addition of clay, especially at lower clay load-
ings. However, there is a critical loading where aggregation occurs resulting in a decrease
in Young’s modulus. The Young’s modulus was not found to be dependent on the nature

of the polymer matrix or the clay-polymer interactions.

e Yield Stress (First Peak Stress in the thesis): Increases with an increase in clay
loading. If there is poor interaction between the clay and polymer the yield stress

decreases regardless of the clay loading.

e Ultimate Tensile Stress: Increases when there is good clay-polymer interaction, with-

out a uniform trend as the clay loading increases.

¢ Elongation at Break: Decreases with an increase in clay loading, especially for semi-

crystalline or crystalline polymers.

Based on the observations from Jordan et al|(2005) it is clear that the interaction between the

polymer and clay plays a larger role with regards to the mechanical properties. When there
is greater adhesion between the polymer and clay it results in less debonding with an applied
stress, leading to an improvement in both Young’s modulus and tensile strength
lal, 2005; [Paul and Robeson| [2008).

Influence of Manufacturing

In addition to the material system, the manufacturing process has an influence on the compos-

ite morphology and consequently the thermo-mechanical properties (Albdiry et al.,|2012; |Chen|
let al., 2017, El-Sheikhy and Al-Shamrani|, 2015; Khanam and AlMaadeed, 2015)). Albdiry et
(2012) compared various experimental studies, each using different manufacturing meth-

ods, and concluded that the mechanical properties of the resulting polymer-clay composites

are affected by the manufacturing method. This is largely due to the change in polymer-
clay morphology (i.e. degree of dispersion, polymer chain formation, crystallinity, ductility,
etc.) which is dependent on the manufacturing procedure (Albdiry et al 2012; El-Sheikhyl|
and Al-Shamranil 2015} [Khanam and AlMaadeed, 2015)). It is theoretically possible to tai-

lor the mechanical properties of polymer-clay composites by controlling the manufacturing
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process and hence change the composite morphology. For example, increases in crystallinity
generally accompany an increase in stiffness in high-density polyethylene (HDPE) (Ferhoum
, while a decrease in the size of the crystallites (regions of crystallinity) results
in increased impact strength and stiffness (Leephakpreedal 2001). Both of these factors can

be controlled, for example through variation of the cooling rate and time. It is possible to

increase the polymer-clay stiffness by increasing the exofliation of clay within the polymer

(Luo and Daniell, 2003; [Sheng et al., [2004). Clay agglomerates — a collection of clay parti-

cles which forms a larger group — may be formed with a reduction in dispersion of the clay

particles. These agglomerates reduce the overall matrix-filler contact area thereby acting as

stress concentrators, leading to reduced overall mechanical properties (Tolinskil, 2015 |Zare,

2016}, Zare and Rheel 2019)). By increasing the shear in the polymer melt (for example through

higher rotational speeds during extrusion, a reduction in melt temperature, or change in screw
design) the degree of dispersion is increased and the prevalence of agglomerates reduced. This
may result in increased exfoliation (Tolinskil |2015; |Cho and Paull |2001; |Zhang et al., 2017).

It is important to note that the agglomeration encountered in polymer-clay composites is

typically soft agglomeration, rather than the reinforcing hard agglomeration or aggregation

found in some composites with nanoparticles (Dorigato et al., 2013; Nichols et all, 2002).

To this effect the choices made during manufacturing — that is either the method or condi-

tions — clearly have an effect on the resulting mechanical properties (Albdiry et al. 2012;

Boran et all) 2017} |Chen et al., 2017). However, before the desired manufacturing process can

be successfully controlled it is first necessary to understand the effects of manufacturing on
the composite morphology and mechanical properties. Two important review articles consider
the effects of compounding on the composite properties of polymer-clay composites.
focused on the effects of compounding of polypropylene (PP) and polyamide
(PAG6) based composites and how these affect the composite morphology and overall compos-
ite properties. The review also included the consideration of additional techniques added to
the compounding process in an attempt to improve clay dispersion, for example ultrasound,
water and supercritical COs. In their review they discussed the effects due to variation in
temperature, shear (by changing the extruder screw speed), residence time, extruder config-
uration, extruder screw profiles and processing route (or blending protocol). They concluded

that it is difficult to compare and generalise observations from different studies, despite the

importance of the effects due to compounding conditions. Albdiry et al.| (2012) focused on the

effects of different compounding methods and their influence on the polymer-clay composite
properties. They provide a detailed review of the polymer-clay composite morphology and
how the clay dispersion is affected by the compounding method. This is followed by a discus-
sion on the resulting effects on various properties, including mechanical properties, by means
of selected examples from literature. Specifically regarding the mechanical properties,
investigated 8 studies (none PE-based composites) and found that the properties
significantly change depending on the compounding method and conditions employed. They
briefly discuss the effect of different moulding methods, indicating that the Young’s modulus

for compression moulded samples are much lower than those of injection moulded samples.

14
© University of Pretoria



CHAPTER 1. INTRODUCTION

General behavioural trends for the different mechanical properties due to compounding based

on the review article from Albdiry et al.|(2012) are summarised below:

¢ Young’s Modulus: Mechanically mixed composites show good exfoliation and there-
fore have a larger Young’s modulus than shear mixed composites. Injection moulded
samples have higher Young’s modulus than compression moulded samples, which is at-
tributed to a greater shear history. During mixing of the composite the Young’s modulus
increases with an increase in mixing time. This is attributed to the a good dispersion

and compatiblisation effect of the clay in the polymer matrix.

e Ultimate Tensile Stress: Shear mixed composites have a higher strength than me-
chanically mixed composites. Similar to Young’s modulus, an increase in mixing time

increases the tensile strength.

e Stress at Break: For the mechanically and shear mixed composites there is no clear
behavioural trend. This behaviour is attributed to the mobility restrictions of the poly-

mer chains during tensile testing.

¢ Elongation at Break: Similar behaviour to the stress at break for the mechanically

and shear mixed composites.

Barrel temperature and screw configuration during extrusion are shown to have little influence
on the tensile properties or the impact strength (Albdiry et al., 2012} Modesti et al., 2010)).

These observations clearly show that the mechanical properties are dependent on the changes

in compounding.

To date there are no review articles that discuss the effects of moulding, or secondary pro-
cessing, methods or conditions. To this end, select studies are briefly discussed to illustrate
the importance of understanding the influence of moulding method on the composite mor-
phology and final component properties. Both |Chu et al.| (2007) and Mistretta et al.| (2018)
considered the effect of compression and injection moulding on HDPE-based composites.
found Young’s modulus to be higher for injection moulded samples compared to

compression moulded samples. This increase was attributed to the injection moulding pro-

cess which imparts a greater shear history and the orientation of the clay particles in the flow

direction. Similarly, Mistretta et al| (2018) found injection moulded samples to have much

higher Young’s modulus, tensile strength and elongation at break than compression moulded
samples. They attributed this improvement to better material compactness and homogene-
ity regarding the distribution of the clay in the polymer that is obtained during injection
moulding. Injection moulding also reduces thermal degradation effects with lower residence
times. Xiang et al| (2009) and |Gao et al|(2012) investigated the differences between tradi-
tional injection moulding and dynamic packing injection moulding (DPIM). DPIM induces

shear during the moulding phase dramatically changing the composite structure by changing

the orientation of the clay in the polymer matrix compared to the isotropic orientation in

conventional injection moulding. [Xiang et al.| (2009) and Gao et al| (2012)) observed that
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DPIM provides a significant improvement in both the Young’s modulus and tensile strength

compared to conventional injection moulding. Xiang et al|(2009) more interestingly showed

that DPIM samples exhibit a brittle behaviour compared to the more ductile behaviour of
conventional injection moulded samples. The behaviour of the mechanical properties is indica-

tive of the prolonged shear that samples experience during DPIM improving the orientation

and interfacial adhesion between the clay and polymer. Dabrowska et al.| (2013) investigated

two different manufacturing routes: (1) internal mixing followed by compression moulding to
manufacture plates and (2) twin-screw extrusion and spinning to manufacture fibers. Young’s
modulus and tensile strength at yield for the plates was higher than for the fibers. The crys-
tallinity for the plates was higher than the fibers, although the stiffness and strength for both
correlated well as a function of crystallinity. The main differences observed are therefore due
to the differences in the manufacturing route as this affects the crystallinity. Stress at break
was on average higher for the fibers compared to the plates, in fact it was almost double.
This is attributed to the polymer chain orientation during the spinning process to create the
fibers. The elongation at break showed similar ductile behaviour. The fiber samples had lower

mechanical properties compared to the compression moulded samples.

Most of the studies that do consider the influence of compounding and moulding on mechanical
properties focus on MMT as the clay, purely because it is more well known and widely used.
Far fewer consider the effects when using LDH as a filler. There is a clear gap in the knowledge
base concerning the effect of manufacturing on the mechanical properties of HDPE/LDH
composites. This is corroborated in Chapter 3 where I identified 33 studies from an initial
1633 (2 % of the total literature identified) investigating the effects of manufacturing on the
mechanical properties of HDPE/MMT composites. From the initial search only
, which used LDH, was identified as a candidate for inclusion. It was excluded on
the basis that one of the manufacturing routes only produced a fiber, which is not considered

to be a useful end product.

Based on these discussions it is evident that moulding plays a vital role in the final composite
mechanical properties, particularly as this is the method used to produce a final component.
This is an especially important step in the manufacturing process for bulk manufacturing
where the aim is a suitable end product with the desired properties. Despite the clear im-

portance of moulding on the final component mechanical properties there have been far fewer

studies investigating these effects compared to compounding (Modesti et al., [2010; [Shamloo|

et al), BT,

1.1.5 Statistical Design of Experiments

Traditionally, especially when designing polymer-clay composite experiments, a one-factor-at-
a-time approach is considered. In this approach one factor is varied while the other factors of
interest are fixed. This ultimately results in a large number of experiments, often time con-
suming and costly. Alternatively, when confronted with an experiment containing a number

of different factors, while accounting for all the potential sources of error, a more systematic
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and scientifically rigorous approach should be considered. This is especially important in a
field such as polymer-clay composites where there are numerous complex interactions between
the material system, manufacturing, composite morphology and mechanical properties. To
save on time and cost it is ideal to design an experiment that is able to evaluate multiple
factors simultaneously. One such approach is from the field of statistics known as a statistical

design of experiments (DoE).

Statistical design of experiments (DoE) is a collection of statistical optimisation techniques

used to plan an experiment that is able to consider the effects of multiple factors with a

sufficient number of experiments (Montgomery, |2013). The aim of a DoE is to optimise the

experimental design by minimising the number of required experimental runs, while still inves-

tigating the full experimental design space. Box and Liu| (1999) refer to DoE as the catalyst

for scientific learning and discovery. They used a paper helicopter to illustrate using DoE for
screening of the most influential variables, understanding the variable effects and optimising
the flight time of the helicopter from a fixed height. (Coetzer et al.|(2008) illustrated the opti-

misation of a catalyst system through the sequential application of the design of experiments

and response surface models. They engaged in four rounds of statistical experimental design
and analysis to reduce the amount of co-catalyst required by 12 times, which made the process
economically feasible. DoE has excellent inductive power if employed correctly and provides a
scientific paradigm for learning sequentially more about the process or product development,

and for discovering optimal conditions and formulations.

This approach has been considered in polymer composites to find the optimum manufacturing
conditions (Ramachandran et all, [2012; Campos-Requena et al., 2014; Ibrahim et al.l 2014}
Moghri et all, 2016 Ujianto et all 2018) for a range of polymer-clay composite systems.

The different DoE designs fall into two classes: factorial designs and response surface method
(RSM) designs. As the name implies, factorial designs take a factorial approach by considering
all possible combinations of the factors and their variations. Factorial designs normally require
a large number of experiments and are used to screen potential factors of interest. RSM
designs use an assumed response surface (e.g. linear, two-order interactions or quadratic) to
optimise a design. Commonly considered RSM designs in polymer composites include Taguchi
(Ibrahim et al., [2014), Box-Behnken (Moghri et al) 2016; Ramachandran et al.,[2012; [Ujianto|
2018)), central composite design (Campos-Requena et al 2014) and D-optimal designs
(Mohamadi et all [2014] 2016). RSM designs are ideal for the field of polymer composites

where the aim of an experiment is often to optimise the material system or the manufacturing

conditions.

It is clear that DoE has many benefits over the traditional one-factor-at-a-time approach
designing a more efficient and optimal experimental study. However, there is very little
information available in literature on how to choose the most appropriate design for the desired
application. In fact, there are limited resources available that provide an introductory level
knowledge of DoE and its application (Giindogdu et al., 2014; Montgomery 2013; Lundstedt|
let al., 1998; Telford, 2007, Wang and Wan, 2009). [Tanco et al| (2009 has emphasised the

importance of choosing the correct design and knowing how to apply it properly. If not
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applied properly the data obtained from the study would have no statistical relevance and the
researcher would be unable to infer any sound conclusions. This highlights the importance of

increasing the knowledge base for experimental designs in the field of polymer composites.

1.1.6 Historical Experiments

LDH as a filler has been the focus of research at the University of Pretoria, as its structure
can easily be manipulated to provide improvements to desired properties. Several studies
(Moyo et all 2012] 2013} [Labuschagne et al., [2015; [Fechter] [2016; [Fechter et al., 2018)) have

focused on better understanding the effect of LDH in different polymeric matrices and how the

composite properties are affected, especially thermal stability and flammability. However, the
enhancements observed in the thermal properties were at the cost of the mechanical properties
(Fechterl, [2016}; [Fechter et al.,2018]). This prompted further research into the effect of adding

LDH to a polymer on the mechanical properties in an attempt to identify the optimum clay

loading.

In addition to the effect of the material system (i.e., clay loading, clay type and polymer

grade) variations in manufacturing were investigated to better understand the effect on the

composite morphology (e.g. level of clay dispersion) (Parschaul, 2016} Ellis, 2017, Braun) 2018}
Heymans|, 2018} Botha et al. 2018). The LDH used in these studies is chemically modified

with a surface treatment to assist in better dispersion, and for this reason the addition of a

compatibiliser is unnecessary. Two LDH clays were considered, namely DHT4-A, because of its
compatiblity with polyolefins such as polyethylene, and Alcamizer 1 which is not compatible
with polyolefins but specifically designed for polyvinyl chloride (PVC). Both are Mg-Al LDHs
with similar chemical formulations to Mg-Al LDH in Table [[.I] The effect of the surface
treatment was also studied by removing it from some of the Alcamizer 1. The mechanical
properties of interest were the Young’s modulus and ultimate tensile strength (equivalent to
the first peak stress) as they are indicative of mechanical improvements. It was observed
that low clay loadings (2.5 wt%, 5 wt% and 7.5 wt%) do not provide any conclusive results
to determine an optimum clay loading. There was no clear influence due to the surface
treatment, indicating that it did not increase the affinity of the clay to bond with the polymer

matrix. This led to a new question in which the aim was to determine the limits of adding

clay loading, and whether the mechanical properties degrade (Botha et al.,[2018). In addition

to the first peak stress, the percentage elongation was determined, as it is a measure of the
material ductility and therefore an indicator of material property degradation. The ultimate
tensile strength for higher clay loadings (10 wt%, 15 wt% and 20 wt%) provided no further
insights. However, the percentage elongation at failure showed clearly the onset of material

property degradation for clay loadings above 10 wt%.

The lack of any observable influence due to clay loading prompted a more detailed analysis of
all the historical data by means of an exploratory data and statistical analysis (see Chapter
2). This analysis corroborated the initial findings where clay loading was determined to have

no statistically significant effect on the mechanical properties. This could be attributable
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to a lack of good dispersion or clay-polymer interaction, both of which are required for en-

hancements in mechanical properties (Albdiry et al., 2012; |Jordan et al. 2005, Khanam and

'AlMaadeed, 2015; Paul and Robeson) [2008). Scanning electron microscopy results suggested

that intercalation and exfoliation were not achieved, resulting in a less advantageous compos-
ite morphology. The level of dispersion of the filler in the polymer matrix cannot be directly

controlled thus an ideal level of exfoliation cannot be guaranteed even when the compounding

conditions are optimised (Paul and Robeson, 2008).

The results indicated that there is no statistically significant difference between Alcamizer
1 and Uncoated Alcamizer 1 (i.e., Alcamizer 1 without any surface treatment). This addi-
tional chemical modification therefore played no role in the clay-polymer interaction. Another
unexpected observation was that Alcamizer 1 provided better overall mechanical properties
than DHT4-A | even though Alcamizer 1 is less compatible with the polymer matrix. Overall,
there was significant variability in the data, in fact, this variability far exceeded the effect
due to an increase in clay weight loading. The statistical variability observed in the historical
experimental data could be attributed to human error, to manufacturing or could be inherent

in the material system.

The motivation for designing this study was therefore to understand why we did not see
the expected enhancements in mechanical properties due to clay loading that were expected
from the literature. It is hypothesised that the property enhancements are potentially sen-
sitive to manufacturing. This becomes a crucial problem once tightly controlled laboratory

investigations are upscaled for bulk manufacturing operations.

1.2 Thesis Aim and Scope

The aim of this study is to investigate the sensitivity of HDPE/LDH composite properties to
manufacturing variations, comparing the two most common moulding methods, compression
and injection moulding. To understand the effect of manufacturing variation on the composite
mechanical properties this thesis will further compare manufacturing performed on university
equipment with manufacturing performed on state-of-the-art equipment. Clay type and clay
loading will be studied to quantify the relative impacts of material composition and man-
ufacturing variation for this material system through proper statistical analysis. As far as
possible the same moulding conditions will be implemented at the different sites to minimise

statistical differences.

This is a multi-site collaborative study between two South African universities, University of
Pretoria and Tshwane University of Technology; and an international state-of-the-art facility,
Leibniz Institute for Polymer Research (Germany). The polymer is high-density polyethelene
(HDPE) grade C7260. The LDH clays that will be compared are DHT4-A and Alcamizer
1, which were chosen based on the difference in their compatibility with polyethylene. No
compatibiliser is included as both clays are already surface treated which will aid their dis-
persion into the polymer matrix (Azeez et al., 2013} Fu et all |2019; Rong et al., 2006)). The
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HDPE/LDH composites will be compounded using co-rotating twin-screw extrusion before

dividing the material according to a statistical design of experiments.

To address the thesis aim, this study will answer the following research question: How do
variations in manufacturing influence the mechanical properties of polymer-clay composites?
This is inherently an interdisciplinary study requiring knowledge from polymer composites,

manufacturing, mechanical characterisation and statistics.

The specific study research objectives are listed below.

1. Gain insight into the historical tensile data for HDPE/LDH using statistical
tools. This will provide an overall sense of the influence of the material and manu-
facturing systems, and their resulting effect on the mechanical properties. (Chapter
2)

2. Perform an in-depth systematic literature review on the influence of man-
ufacturing variations on mechanical properties of polymer-clay composites.
Following the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines allows for a transparent and reproducible review. Only behavioural
trends will be considered as it is difficult to compare and generalise observations from
studies where different composite systems are considered (Modesti et all 2010]). Note,
for the review HDPE/MMT is considered as opposed to HDPE/LDH. This is purely
because MMT is considered far more often in literature (Costa et al., [2005; Dabrowska
et all 2013) and will therefore yield a larger dataset to review. As LDH is the syn-
thethic alternative to MMT, it is theoretically possible to extrapolate the observations
to HDPE/LDH. (Chapter 3)

3. Compare statistical design of experiments techniques through two case stud-
ies. This will allow me to select an appropriate design method to develop an efficient

experimental design. (Chapter 4)

4. Design the experimental studies to investigate the influence of material and
manufacturing systems on the tensile and impact properties of HDPE/LDH
composites. The potential sources of error discussed in Figures to will be
taken into account during the design. The design will be informed by discussions with

collaborators to standardise the manufacturing conditions. (Chapter 5)

5. Use statistical analysis to analyse the experimental data. This will allow iden-
tification of parameters which have a statistically significant effect and a quantification

of their relative importance. (Chapter 6)

There are two limitations in this study, namely the polymer grade and the tensile sample
mould types. The HDPE C7260 polymer grade was discontinued by the supplier. As a
consequence the study was limited to the amount of polymer acquired based on the statistical

design of experiments. Another limitation is the availability of the tensile sample mould types
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for the equipment in use. The compression moulding equipment only has moulds available for
ISO Type 1BA. However, the injection moulding university equipment only has a ISO Type
1A mould available, whereas the state-of-the-art equipment has both a ISO Type 1A and ISO
Type 1BA mould available. This study will therefore also investigate the influence of tensile

sample mould type.

It should be noted that compounding and testing are outside the scope of the analysis of
this thesis. Compounding of the HDPE/LDH composites were done at the National Centre
for Nano-structured Material at the Council for Scientific and Industrial Research (CSIR).
The impact and tensile testing were both conducted at the Leibniz Institute for Polymer
Research, which is an internally accredited facility in Germany, complying with the relevant
ISO standards. All testing was done at this single site using equipment specifically set up for
testing of polymer specimens. The testing equipment is calibrated and validated according to

the required standards.

1.3 Significance

The South African Industrial Policy Action Plan highlights the lack of advanced manufac-
turing practices and downstream R&D focus as key constraints in the plastics manufacturing
industry (Department of Trade and Industry| [2018). The knowledge gained through this re-

search can support researchers and industry in making more informed decisions on the design

and manufacturing of their polymer-clay composite systems. This is especially vital when
considering the scalability of the manufacturing process which inevitably has new challenges

not necessarily observed in controlled laboratory investigations.

All the published literature regarding the effects of manufacturing variation is based on ex-
periments conducted in a controlled laboratory environment. There is a disconnect between
academia and what the resulting product performance would be in an industrial manufac-
turing operation. This research therefore has important implications for applying research
done on sample scale, in a controlled laboratory environment, to predict performance of bulk

polymer composites.

Many concepts covered in this thesis will be familiar or intuitive to experienced practitioners
in the field of polymer science. The significance of my research is to investigate these con-
cepts through an interdisciplinary study. My training as a mechanical engineer means I have
approached polymer science as an outsider, a perspective which has allowed me to question
the tacit knowledge in the field. The PRISMA guidelines (originating in medical science)
establish a systematic and replicable methodology for reviewing the published literature. Sta-
tistical Design of Experiments allows robust and efficient investigation of a multi-factorial
design space, and ensures that the inferences which are drawn from the experimental data are
reliable. The specific novel contributions of this thesis, never previously reported in literature,

are: the investigation of the influence of manufacturing machine variation on the mechanical
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properties of polymer-clay composites; and the discovery of a size effect for tensile sample

moulds.
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CHAPTER 2

ANALYSIS OF HISTORICAL TENSILE DATA

From 2016 to 2018 a number of experimental studies were conducted as part of the mechanical
engineering undergraduate research project module at the University of Pretoria. Each study
considered different material, manufacturing and testing conditions. Before conducting any
future experimental studies it is necessary to get an overall sense of this historical data. The
aim of this chapter is to gain insight into the effect of various manufacturing and composite
material parameters on the mechanical properties based on historical tensile data. This will

be done in two stages:

1. Investigate and understand the data set to identify any main characteristics, patterns

or anomalies. This process is referred to as an exploratory data analysis (EDA).

2. Once we have a better understanding of the data a statistical analysis will be conducted

to quantify the observed effects.

Sections of the work discussed in this chapter, along with additional statistical analysis, have
been presented as full length conference articles at two peer reviewed conferences (Botha et

lal, 2018] 2020)) and as a preprint on ChemRXiv (Botha et al) [2019).

2.1 Introduction

The experimental data considered here were collected from 2016 to 2018 as part of a larger
study to better understand the composite material system and manufacturing procedure and
how the mechanical properties are affected by these. This was done by focussing on different
aspects of the system as part of the final year undergraduate mechanical engineering research
projects at the University of Pretoria. In 2016, the aim was to investigate the influence of
the number of extrusion passes and clay loading on HDPE A7260 and Alcamizer 1
. With the number of extrusions fixed, in 2017 the aim was to find the mechanism which

causes changes in the mechanical properties by investigating different polymer grades, clay
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types, clay loading and varying the vertex hot press time (Ellis, 2017)). Following this, in 2018
the number of extrusions and press time were fixed along with the clay type and polymer
grade. Two research projects were defined. The first investigated the effects of higher clay

loadings and again considered the influence of the number of extrusions at these higher loads

(Heymans, 2018). The second investigated the effects of the sample cooling method and the
strain rate during tensile testing (Braun), 2018). Clay loading as a design variable is the only
commonality between the experimental studies, with the exception of the second study in
2018 which only considered neat HDPE.

It should be mentioned that in each year a statistical design of experiments (DoE) was con-
ducted where Parschaul (2016) considered a Box-Behnken design, (2017) a full factorial
design and (2018]) a Taguchi design. During 2018 there were complications with the

equipment and only 18 % of the total samples were manufactured.

The composite material, manufacturing and testing system parameters considered in the
historical studies are summarised in Table 2.1 The total number of samples include the five
repeated test specimens for each case investigated as per the requirements of
to ensure statistical significance. Strain rate, press time, number of extrusions
and sample cooling method are constant variables in at least three of the four experimental

studies.

Table 2.1: Summary of the historical experimental studies conducted by the students indicating the
design and constant variables considered.

Year Experiment Design Variable Constant Variable Total Samples
Influence of Clay loading 0, 5, 10 wt% Press Time 20 min
the number Nr of extrusions 1,2, 3 Sample Cooling Air
2016  of extrusions Strain Rate 5 mm/min 79
and clay Clay Type Alcamizer
loading Polymer Type HDPE AT7260
Influence of Polymer Type HPDE B7750, C7260, Nr of extrusions 2
the material D7255 Sample Cooling Air
2017 system and Clay Type Alcamizer, DHT4A, Strain Rate 5 mm/min 538
press time Uncoated Alcamizer
Clay loading 0,2.5,5, 7.5 wt%
Press Time 25, 30, 35, 45 min
Influence of Clay loading 10, 15, 20 wt% Press Time 25 min
extrusions and  Nr of extrusions 1, 2 Sample Cooling Air
2018 higher clay Strain Rate 5 mm/min 20
loadings Clay Type DHT4-A
Polymer Type HDPE B7750
Influence of Sample Cooling  Air, Quenched, Polymer Type C7260
sample cooling Furnace Clay Type None
2018 method and Strain Rate 5, 100, 500 mm/min  Clay loading 0 wt% 65
strain rate Nr. of Extrusions 2
Press Time 25 min

2.2 Materials and Methods

Melt-mixing combined with extrusion is a simple, cost-effective method for producing ther-

moplastic polymers while providing sufficient clay dispersion (Jordan et al., 2005; Azeez et al.l
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2013; [El-Sheikhy and Al-Shamrani, 2015; |Albdiry et al, 2012). The polymer-clay composite
systems in the historical experiments were compounded using a TX28P CFAM 28 mm 18 L/D

twin-screw extruder before applying a compression moulding technique (using a Vertex Hot
Press) to manufacture the tensile test samples (Parschau, 2016} Ellis, 2017; [Heymans| 2018;

Braur) BO1S).

2.2.1 Materials

One of the most versatile and widely used thermoplastics is polyethylene because of its tough-
ness, near-zero moisture absorption, chemical inertness, low coefficient of friction, ease of pro-
cessing and electrical properties (Khanam and AlMaadeed, |2015; Osman and Atallahl 2004]).
High density polyethylene (HDPE) was chosen for the polymer matrix, with different grades

considered during the different experimental studies. The polymer was procured in pellet

form by Safripol, South Africa.

To better understand the effects of the clay filler three fillers were considered, (1) Alcamizer 1,
which is developed for polyvinyl chloride (PVC) compatibility, (2) DHT4-A which is designed
for poly-olefin compatibility and (3) an uncoated Alcamizer 1 to determine the effect of
surface coating which was obtained by removing the surfactant using a solvent. All clays were
obtained from Kisuma Chemicals, The Netherlands. Literature has shown that we can expect
an improvement in mechanical properties at relatively low levels of clay loading (< 5 wt%)
(Jordan et al., 2005; Azeez et al.l 2013} |Quaresimin et al., 2016; Romo-Uribe, 2017; Rueda et
lal, 2017, Mittal et al) 2018} [Zabihi et all 2018). For this reason the historical experimental

studies mainly focused on clay loadings of 2.5, 5 and 7.5 wt%. However, as we are interested

in better understanding the relationship between clay loading and degradation of mechanical

properties, higher clay loadings of 10, 15 and 20 wt% were considered in a later study.

2.2.2 Manufacturing

An overview of the manufacturing process considered for the collection of the historical data

is provided in Figure 2I] The manufacturing process is divided into two phases.

Phase 1: Compounding Phase 2: Moulding

Extrusion
to produce a Chipping of Stack the polymer Samp

wire of the the wire to composite pellets samples finishing

combined produce into the specimen using hot and

material pellets el IS and quality
system cooling control

Produce test REIE
Mixing
polymer

and clay

Figure 2.1: Overview of the manufacturing process divided into a compounding phase and a moulding
phase.
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The first phase is the compounding process. HDPE is pulverised into a fine powder and tumble

mixed with the required clay loading in a bag for 45 min to ensure dispersion (El-Sheikhy and

'Al-Shamrani|, |2015). A mathematical relation is used to determine the required mass of clay

(me) for a specified mass of the polymer (m,) given a specified clay weight loading (z):

_ome mc:mp< v ) (2.1)

_mp+mc 1—=2x

The polymer-clay mixture is then extruded into a long wire using a TK28P CFAM twin
screw extruder after which the wire is fed through a chipper to obtain pellets. This process
was repeated a second time when two extrusions were required and a third time for three
extrusions. The heating zone temperatures for the extruder were set to 105 °C (heating zone
1), 165 °C (heating zone 2), 195 °C (heating zone 3) and 185 °C (die heating zone).

In the second phase, the tensile testing samples are created by stacking the polymer composite

pellets into specimen moulds designed and manufactured by Parschau| (2016 based on the
'ASTM D638-14 (2014) Type I dimensions as shown in Figure The specimens were then

compression moulded using a vertex hot press at a fixed temperature of 180 °C and a pressure

of 15 MPa applied in increments for the total press time specified in Table 2.1} The pressure
increments were applied from 0 to 7.5 MPa and held for 30 s before increasing the pressure
to 15 MPa for 5 min. The pressure is then dropped back to 0 MPa where it is increased to
7.5 MPa and held for 30 s before increasing it to 15 MPa and holding for the remainder of
the press time. The pressure is released back to 0 MPa before removing the mould from the
vertex hot press. This incremental pressure increase and reduction is done to ensure that any

air trapped in the mould is released to prevent air bubbles from forming in the final sample.

ASTM D638-14 Type I (2014)

L 76mm s mm ]
[~ !{ ™
A
13 mm 19 mm
[ S — |
| 50 mm |
[~ 115 mm =

Thickness = 3.2 mm

Figure 2.2: Tensile dogbone sample with dimensions for |ASTM D638—14| (]2014[) Type L.

Finally, specimens were cured using one of three sample cooling methods, (1) air cooled at
room temperature by placing the mould in the laboratory until the mould was cool enough to
touch, (2) quenched by placing the mould immediately after removal from the press into cold
water or (3) furnaced by placing the moulds into a furnace which was heated to 60 °C before
switching it off. Once the moulds were cooled, the samples were removed and the surfaces
finished using a carpenters knife and fine grade sanding paper. This is done to remove any
excess material or impurities due to the pressing procedure that could potentially influence

the tensile testing results.
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2.2.3 Mechanical Characterisation

To obtain the desired mechanical properties a tensile test was conducted using a Lloyd In-
struments LRX Plus 5 kN Tensile Machine according to ASTM D638-14 (2014). For each

case investigated an average of 5 repeated samples were tested. Tensile tests were conducted

at a strain rate of 5, 100 or 500 mm/min depending on the study as described in Table ?7.

noted that the 5 kN Tensile Machine is adequate to determine the ultimate
tensile strength, but does not provide the 0.2 % offset Yield Strength and Elastic Modulus.
A clip gauge was therefore used with the collection of the 2016 and 2017 data to measure
the specimen displacement to obtain a more accurate representation of the composite strain.

However, during the 2018 tensile tests the clip gauge continued to slip and was therefore not

used (Heymans| [2018). The elastic modulus and yield stress are not considered as no strain

gauges were used during the 2018 tensile tests and as a result these cannot be determined

with any measure of accuracy from the resulting stress-strain curves.

2.2.4 Data Processing

Unprocessed data files were obtained from the tensile testing process for all cases considered,
except for the 2016 data investigating the number of extrusions. The data for the 2016
study were digitised (using G3Data, (2000)) from the report of Parschaul (2016) as the

unprocessed data files were no longer available. [Parschau (2016) conducted tensile testing up

to the ultimate tensile strength (UTS) without a clip gauge. The unprocessed tensile data files
for the experimental tests conducted in 2017 and 2018 require post processing and correction

before the mechanical properties of interest can be estimated from the tensile curve.

An experimental tensile test provides a text file containing the applied force and resulting
specimen or machine displacement (depending on whether a clip gauge was used or not)
over time until failure occurs. This data set is first converted to the more commonly used

stress-strain curve using the following relations:

AL
Lo

o= and €= (2.2)
where L, is either the gauge length (if a clip gauge was used) or the distance between the
grips (if no clip gauge was used). The stress-strain curve is then processed to remove any
abnormalities in the curve according to [ASTM D638-14) (2014):

1. Correct the toe region (caused due to takeup of slack and alignment of the sample) by
first determining the maximum linear gradient (also known as Young’s modulus) in the

elastic region and then applying the maximum linear gradient to the curve.

2. If a clip gauge was used there is the potential for slippage of either the sample or clip
gauge. In such cases the negative strain is zeroed before enforcing linear elasticity on

the vertical strain and correcting the toe region as discussed in step 1.
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3. In the rare case where there is an abnormality in the data due to incorrect computer
settings and the relative displacement is presented, the average linear gradient for other
curves in that set is determined and then applied to the abnormal dataset to correct
the linear region.

4. In cases where a clip gauge was not used, the machine displacement is recorded and it is
normally required to account for the machine stiffness. However to accurately determine
the machine stiffness a few samples would need to be tested with a clip gauge. This
step is only relevant to the 2018 dataset and is shown to be unnecessary in Appendix

It has no effect on the first peak stress and corrects the elongation to failure with
an average error of 3.75 %. This error is much lower than the observed variation in the

elongation to failure data as seen in the exploratory data analysis.

5. In general some data cleaning steps are required such as enforcing a positive increasing

strain, removing any NaN values from the dataset and correcting any large horizontal

steps in the linear region.

Figure[2.3]illustrates these correction steps through examples from the overall dataset. Figure
2.3|a) considers a normal data set (HDPE B7750 with 15 wt% DHT4-A, 2018) with no clip
gauge where only a toe correction is required. Figure 2.3[b) shows a data set (Neat HDPE
B7750, 2017) where the clip gauge slipped, both an increase in strain and linear elasticity were
enforced. Figure [2.3|c) is one of six cases (HDPE B7750 with 2.5 wt% Uncoated Alcamizer,

2017) where incorrect computer settings resulted in a lower gradient than observed in the
remaining data. The unprocessed and processed stress-strain curves for all cases considered
can be viewed in Appendix A.

(c) Incorrect Computer Settings
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Figure 2.3: Examples to illustrate the data processing steps correcting for (a) the toe region, (b)

clip gauge slippage and (c) incorrect computer settings.

The mechanical properties of interest are then determined from the processed stress-strain
graphs as shown in Figure where the First Peak Stress (cppg) is defined as the first peak
stress the material can achieve, the percentage elongation at the first peak stress (eppg) is the
strain measured at oppg and the percentage elongation to failure (ey) is the strain measured
at the recorded point of failure. As the tensile testing conditions for each of the experimental

studies were different, €; is merely considered to give an indication of the material ductility
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and potential material property degradation. To this end, €; is normalised using eppg to
obtain the normalised €y which can be compared across the different experimental studies. A
normalised €7 of 1 would indicate a sample which failed at the first peak stress (eppgs). Based
on this definition, it is not possible to obtain a normalised €; value below 1. This would
assume that eppg is higher than ey, which is an unlikely occurrence in any material as the
first peak stress will at the very least equal the point of failure if failure was reached before

yield. An example of calculating the normalised ¢ is shown in Figure [2.4]

Defining variables (HDPE B7750/10 wt% DHT4A)

25

20 First Peak Stress (Ofps)

—_
()]
!

Point of
failure

Stress (MPa)

—
S

0.0 0.2 0.4 0.6 08 1.0
Strain (mm/mm)

Figure 2.4: Defining the variables used in this chapter with HDPE B7750/10 wt% DHT4A case as
an example.

Following the determination of oppg and normalised e;, Table provides the summary
statistics for the different combinations of the experimental variables, reporting the mean,
standard deviation (SD) and the standard error of the mean (SEM) for each of the exper-
imental conditions. In statistics the SD indicates the variation in the data from the mean.
A lower SD therefore indicates that the data are clustered around the mean, where a high
SD indicates that the data are spread out. The SEM provides an indication of how far the
sample mean of the data is from the true population mean and will always be smaller than

SD. A SEM value close to 0 will indicate that the sample mean is accurate.

For the historical data the SD for oppg ranges from 0.237 to 7.713 which indicates that some
cases are clustered around the mean, while others are more spread out. We observe similar
behaviour for normalised ey with a range of 0.029 to 5.885. In both instances the SEM is
rather small compared to the SD and provides a good indication that the sample mean is
accurate. The mean for oppg ranges between 15.267 and 31.730 MPa and for normalised

ef between 1.026 and 11.316 %. In both instances this is quite a large variation across the

29
© University of Pretoria



CHAPTER 2. ANALYSIS OF HISTORICAL TENSILE DATA

Table 2.2: Summary statistics of the o pg and normalised € responses for the different combinations
of experimental variables, where SD is the standard deviation and SEM is the standard error of the
mean.

Clay Strain  Extru- Clay Polymer Press  Sample Nr. of orps (MPa) Normalised €
Loading Rate ions Type Grade Time Cooling  Observations Mean SD SEM Mean SD SEM
0 5 1 Neat AT7260 20 Air 7 18.801 1.533 0.579
0 5 2 Neat AT7260 20 Air 11 21.538 2.812 0.848
0 5 2 Neat B7750 25 Air 5 22275 3.430 1.534 2152 0.787 0.352
0 5 2 Neat B7750 30 Air 8 21.086 1.497 0.529 1.709 0.874 0.309
0 5 2 Neat B7750 35 Air 5 23.874 2954 1.321 2662 0.953 0.426
0 5 2 Neat B7750 45 Air 5 22,491 2992 1.338 2.903 1.086 0.485
0 5 2 Neat C7260 25 Air 20 22395 1.964 0439 11.316 5.604 1.253
0 5 2 Neat C7260 25 Furnace 9 16.729 7.713 2571 6.504 5.885 1.962
0 5 2 Neat C7260 25 Quenched 11 18.778 2.669 0.805 10.719 3.346 1.009
0 5 2 Neat C7260 30 Air 5 21.563 3.478 1.555 2.522 0.728 0.326
0 5 2 Neat C7260 35 Air 5 21.240 1992 0.891 3.431 0.407 0.182
0 5 2 Neat C7260 45 Air 5 20.395 2977 1.331 2.543 1420 0.635
0 5 2 Neat D7255 25 Air 5 20.145 2.130 0.952 3.153 0.696 0.311
0 5 2 Neat D7255 30 Air 5 19.913 2428 1.086 2.551 0.651 0.291
0 5 2 Neat D7255 35 Air 5 18.758 3.560 1.592 2.195 0.825 0.369
0 5 2 Neat DT7255 45 Air 5 19.643 3.437 1.537 2.892 0.127 0.057
0 5 3 Neat AT7260 20 Air 10 21.725 3.086 0.976
0 100 2 Neat C7260 25 Air 14 26.486 3.436 0918 2478 0.774 0.207
0 100 2 Neat C7260 25  Quenched 1 25.373 6.818
0 500 2 Neat C7260 25 Air 15 31.730 1.236 0.319 1.067 0.073 0.019
2.5 5 2 Alcamizer 1 B7750 25 Air 5 20.822 3.343 1495 3.047 0.320 0.143
2.5 5 2 Alcamizer 1 B7750 30 Air 5 19.360 1.700 0.760 3.025 0.148 0.066
2.5 5 2 Alcamizer 1 B7750 35 Air 5 20.545 1.150 0.514 2976 0.029 0.013
2.5 5 2 Alcamizer 1 B7750 45 Air 5 19.122 2644 1.183 2371 1.004 0.449
2.5 5 2 Alcamizer 1 C7260 25 Air 5 22,147 2361 1.056 2.936 0.565 0.253
2.5 5 2 Alcamizer 1 C7260 30 Air 5 22581 2941 1315 2991 1.041 0.466
2.5 5 2 Alcamizer 1 C7260 35 Air 5 23491 1.224 0.547 3.199 1.175 0.526
2.5 5 2 Alcamizer 1 C7260 45 Air 5 22393 1.233 0.551 3.245 0.181 0.081
2.5 5 2 Alcamizer 1 D7255 25 Air 5 17.708 1.802 0.806 3.280 0.540 0.242
2.5 5 2 Alcamizer 1 D7255 30 Air 5 19.583 1.515 0.677 2.424 1.060 0.474
2.5 5 2 Alcamizer 1 D7255 35 Air 5 17.077 0.832 0.372 2.783 0.887 0.397
2.5 5 2 Alcamizer 1 D7255 45 Air 5 18.177 1.034 0463 2.409 0.820 0.367
2.5 5 2 DHT4-A B7750 25 Air 5 17.374 1.344 0.601 1.713 0.553 0.247
2.5 5 2 DHT4-A B7750 35 Air 5 20.054 1.418 0.634 2.016 0.244 0.109
2.5 5 2 DHT4-A C7260 25 Air 5 20.860 1.452 0.649 2437 0.825 0.369
2.5 5 2 DHT4-A C7260 35 Air 5 20.134 0.878 0.393 4.103 2.288 1.023
2.5 5 2 DHT4-A D7255 25 Air 5 18.111 2320 1.038 2.537 0.799 0.357
2.5 5 2 DHT4-A D7255 35 Air 5 17.806 2.076 0.928 2.728 0.100 0.045
2.5 5 2 Uncoated Alcamizer 1~ B7750 25 Air 5 19.345 1.048 0.469 2.146 0.539 0.241
2.5 5 2 Uncoated Alcamizer 1 ~ B7750 35 Air 5 19.904 3.108 1.390 1.692 0.282 0.126
2.5 5 2 Uncoated Alcamizer 1 ~ C7260 25 Air 5 18.934 3.090 1.382 1.406 0.245 0.109
2.5 5 2 Uncoated Alcamizer 1 C7260 35 Air 5 21.414 2410 1.078 1.385 0.420 0.188
2.5 5 2 Uncoated Alcamizer 1  D7255 25 Air 5 18.886 1.310 0.586 1.075 0.124 0.055
2.5 5 2 Uncoated Alcamizer 1 ~ D7255 35 Air 5 17.429 1.557 0.696 1.729 0.445 0.199
5 5 1 Alcamizer 1 AT260 20 Air 8 22.284 0.596 0.211
5 5 2 Alcamizer 1 AT7260 20 Air 9 22.693 0.803 0.268
5 5 2 Alcamizer 1 B7750 25 Air 5 19.121 0.816 0.365 2.730 0.530 0.237
5 5 2 Alcamizer 1 B7750 30 Air 5 19.079 2.365 1.058 2.650 0.879 0.393
5 5 2 Alcamizer 1 B7750 35 Air 5 18.625 1.869 0.836 2.561 1.316 0.588
5 5 2 Alcamizer 1 B7750 45 Air 5 20.976 2.210 0.989 2.196 1.025 0.458
5 5 2 Alcamizer 1 C7260 25 Air 4 20.431 3.025 1.512 3.053 0.658 0.329
5 5 2 Alcamizer 1 C7260 30 Air 6 20.027 1.318 0.538 3.463 1.228 0.501
5 5 2 Alcamizer 1 C7260 35 Air 5 21.037 1.308 0.585 3.427 0.386 0.173
5 5 2 Alcamizer 1 C7260 45 Air 5 20.809 1.345 0.602 3.188 0.868 0.388
5 5 2 Alcamizer 1 D7255 25 Air 5 20.560 1.803 0.806 2.773 0.993 0.444
5 5 2 Alcamizer 1 D7255 30 Air 5 20.640 3.205 1.433 3.249 0.348 0.156
5 5 2 Alcamizer 1 DT7255 35 Air 5 18.935 2455 1.098 2.279 0.826 0.369
5 5 2 Alcamizer 1 D7255 45 Air 5 17.872  1.667 0.745 2.741 1.254 0.561
5 5 2 DHT4-A B7750 25 Air 5 19.361 1.298 0.581 2.131 1.068 0.478
5 5 2 DHT4-A B7750 35 Air 5 18.917 2375 1.062 2.954 0.085 0.038
5 5 2 DHT4-A C7260 25 Air 5 17.427 1.193 0.534 2.963 0.557 0.249
5 5 2 DHT4-A C7260 35 Air 4 17.074 1321 0.661 4.282 4.997 2.499
5 5 2 DHT4-A D7255 25 Air 5 18.521 2.381 1.065 2.595 0.749 0.335
5 5 2 DHT4-A D7255 35 Air 5 19.738 1.133 0.507 2.842 0.343 0.153
5 5 2 Uncoated Alcamizer 1~ B7750 25 Air 5 16.878 5.030 2.249 1.037 0.052 0.023
5 5 2 Uncoated Alcamizer 1~ B7750 35 Air 4 20.563 1.240 0.620 1.026 0.436 0.218
5 5 2 Uncoated Alcamizer 1~ CT7260 25 Air 5 20.295 3.019 1.350 1.682 0.697 0.312
5 5 2 Uncoated Alcamizer 1 C7260 35 Air 5 21.346 2.104 0.941 1.624 0.554 0.248
5 5 2 Uncoated Alcamizer 1~ D7255 25 Air 5 15.267 3.612 1.615 1.851 0.410 0.183
5 5 2 Uncoated Alcamizer 1  D7255 35 Air 5 18.987 2.161 0.966 2.277 0.798 0.357
5 5 3 Alcamizer 1 AT260 20 Air 8 22.844 0.790 0.279
7.5 5 2 Alcamizer 1 B7750 25 Air 5 19.210 1.280 0.573 3.410 2.216 0.991
7.5 5 2 Alcamizer 1 B7750 30 Air 5 19.385 1.593 0.712 2.214 1.388 0.621
7.5 5 2 Alcamizer 1 B7750 35 Air 5 20.847 1.656 0.740 3.412 0.241 0.108
7.5 5 2 Alcamizer 1 B7750 45 Air 5 19.463 1.442 0.645 1.937 1.721 0.769

Table continues on the following page.
30

© University of Pretoria



CHAPTER 2. ANALYSIS OF HISTORICAL TENSILE DATA

Table continues from the previous page.

Clay Strain  Extru- Clay Polymer Press Sample Nr. of orps (MPa) Normalised €y
Loading Rate ions Type Grade Time Cooling Observations Mean SD SEM Mean SD SEM
7.5 5 2 Alcamizer 1 C7260 25 Air 4 20.920 0.940 0.470 2.342 3.359 1.679
7.5 5 2 Alcamizer 1 CT7260 30 Air 5 21.470 0.597 0.267 1.681 1.315 0.588
7.5 5 2 Alcamizer 1 C7260 35 Air 5 20.094 2495 1.116 2.497 1.026 0.459
7.5 5 2 Alcamizer 1 C7260 45 Air 5 20.232 2975 1.330 5.424 4983 2.228
7.5 5 2 Alcamizer 1 D7255 25 Air 5 16.999 1.537 0.687 3.024 0.552 0.247
7.5 5 2 Alcamizer 1 D7255 30 Air 5 18.024 2.353 1.052 2.747 0.610 0.273
7.5 5 2 Alcamizer 1 D7255 35 Air 5 18.762 1.132 0.506 2.504 0.921 0.412
7.5 5 2 Alcamizer 1 D7255 45 Air 5 17.515 0.737 0.330 2.610 0.487 0.218
7.5 5 2 DHT4-A B7750 25 Air 5 18.295 1.161 0.519 1.652 0.300 0.134
7.5 5 2 DHT4-A B7750 35 Air 5 16.640 2.885 1.290 1.987 1.045 0.467
7.5 5 2 DHT4-A C7260 25 Air 5 19.258 1.430 0.639 1.595 0.385 0.172
7.5 5 2 DHT4-A C7260 35 Air 5 19.854 1.330 0.595 1.995 0.294 0.132
7.5 5 2 DHT4-A D7255 25 Air 5 18.901 2.297 1.027 2.635 0.812 0.363
7.5 5 2 DHT4-A D7255 35 Air 5 18.880 2.495 1.116 2.971 0.294 0.132
7.5 5 2 Uncoated Alcamizer 1~ BT7750 25 Air 4 16.469 3.887 1.943 2434 2.178 1.089
7.5 5 2 Uncoated Alcamizer 1 C7260 25 Air 4 20.505 4.973 2486 2.620 1.592 0.796
7.5 5 2 Uncoated Alcamizer 1 C7260 35 Air 4 21.082 2.869 1.435 1.621 0.449 0.224
7.5 5 2 Uncoated Alcamizer 1~ D7255 25 Air 5 17.096 1.689 0.755 1.380 0.428 0.191
7.5 5 2 Uncoated Alcamizer 1~ D7255 35 Air 5 18.747 3.967 1.774 1.108 0.159 0.071
10 5 1 Alcamizer 1 AT7260 20 Air 7 18.736  0.636 0.241
10 5 1 DHT4-A B7750 25 Air 5 17.747 0.358 0.160 3.581 1.326 0.593
10 5 2 Alcamizer 1 AT7260 20 Air 9 21.337 0435 0.145
10 5 2 DHT4-A B7750 25 Air 5 19.001 0.587 0.263 3.589 3.761 1.682
10 5 3 Alcamizer 1 AT7260 20 Air 10 21.425 0.754 0.238
15 5 2 DHT4-A B7750 25 Air 5 18.448 0.344 0.154 1.070 0.059 0.027
20 5 2 DHT4-A B7750 25 Air 5 18.001 0.237 0.106 1.078 0.085 0.038

data set which provides an initial indication that the variables do have an influence on the
mechanical responses. The number of observations for the different combinations of experi-
mental conditions are very different. This is partly due to the fact that the experiments were
conducted across three years. This is a clear indication that the experimental conditions are
unbalanced. In a balanced design we would expect the number of observations to be almost

the same for all the different conditions considered.

2.3 Exploratory Data Analysis

The exploratory data analysis (EDA) investigates the effect of the different manufacturing
(number of extrusions, press time and sample cooling method), testing (strain rate) and
material parameters (polymer grade, clay type and clay weight loading) on the mechanical

properties of interest, i.e. oppg and €y.

According to literature we expect to observe an increase in oppg if there is a good interaction
between the filler and polymer (Fu et al., 2008; |Azeez et al.,|[2013} El-Sheikhy and Al-Shamrani,
and a decrease if the interaction between the filler and polymer is poor (Jordan et al.
2005; Fu et al} 2008). HDPE is a semi-crystalline polymer (Osman and Atallah, 2004) and

it has been reported that, in general, with the addition of clay particles a decrease in €y is

observed regardless of the interaction between the clay and polymer (Jordan et al., 2005).
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2.3.1 Material System Influence

The influence of the material system on oppg and €y was the focus of the 2017 data set
as described in Table This dataset is visually explored in scatter plots, where each
data point for the mechanical properties is plotted as a function of clay weight loading for the
different HDPE grades and clay types as shown in Figure 2.5] There is a lot of variation in

the €; data and as a result it is difficult to draw any sensible conclusions.
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Figure 2.5: Influence of the material system variables on orpg and e¢;. Each HDPE grade is in
a new row of the figure and the clay types are represented by different markers and Unc Alcamizer
refers to Uncoated Alacamizer.

Clay Loading

A general observation from Figure 2.5]is that as clay is added to the polymer system, there is

a decrease in oppg from the neat case for all polymer grades and clay types, which indicates

a poor interaction between the polymer and clay (Jordan et al. [2005). Depending on the

HDPE /clay system, either an increase or further decrease is observed at higher clay loadings
(> 5 wt%). opps for HDPE B7750 is less variable than for HDPE C7260 and HDPE D7255.
For example, referring to the HDPE B7750/DHT4-A composite system, the largest difference

in oppg between two consecutive clay loadings is 3.55 MPa which was the initial decrease from
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neat to a loading of 2.5 wt%. There is at most a 0.55 MPa change in oppg for clay loadings
larger than 10 wt%. Similar observations are made for the other HDPE/clay composite
systems. We can therefore conclude that the difference in oppg due to clay loading is not
meaningful enough to determine either an optimum clay loading or the point at which the

material strength starts to degrade.

There is a general decrease in ey with the addition of clay. This is to be expected for a semi-
crystalline polymer. For the HDPE B7750/DHT4A composite system it is clear from Figure
2.5(b) that there is a degradation in the material ductility as the ey mean decreases from
39.91 % at 10 wt% to 9.50 % and 8.24 % for 15 and 20 wt%, respectively. This degradation
in material properties is potentially due to an increase of particle agglomeration (Azeez et
, . There is a lot of variability in e for clay loadings below 10 wt% even within
individual clay types. This indicates that even though the manufacturing process is kept
constant, the possibility for variability within the composite morphology exists, most likely

due to the polymer-clay interaction.

Polymer Grade

For the influence of the polymer grade, it is observed from the cppg mean in Table that
neat HDPE B7750 has the highest mean with 22.26 MPa compared to HDPE C7260 (20.38
MPa) and HDPE D7260 (19.61 MPa). With the inclusion of clay we note that, in general,
HDPE C7260 has a higher oppg mean irrespective of clay type.

There appears to be no noticeable trend for e¢; between the different HDPE grades as the

mean values are within 1% or less of one another.

Clay Type

Alcamizer 1 provides a higher oppg followed by DHT4-A and Uncoated Alcamizer. This is
surprising, since Alcamizer 1 is known to be designed for compatibility with PVC (a highly
polar polymer). The surface treatment of Uncoated Alcamizer 1 does little to improve me-
chanical properties, as the means of oppg for Alcamizer 1 and Uncoated Alcamizer 1 are very
close. The variability in the results for Uncoated Alcamizer 1 is larger than Alcamizer 1 and
DHT4-A, with DHT4-A providing the least variability.

From Figure 2.5, we see that Alcamizer 1 and DHT4-A tend to have larger values for € than
Uncoated Alcamizer 1. Alcamizer 1 and DHT4-A are treated with a surface coating, whereas
the surface coating was removed for Uncoated Alcamizer 1. This clearly indicates that clay

surface coating has a noticeable influence on the material ductility.

The variability in both oppgs and €y highlights the inconsistent interaction between the poly-
mer and clay, especially in the cases where there is no surface coating (e.g. Uncoated Alcamizer

1). This surface coating normally acts as a lubrication to improve polymer-clay interaction.
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2.3.2 Manufacturing and Testing System Influence

The influence of the manufacturing and testing system variables on the mechanical properties
of interest (i.e. oyrg and €y) is shown in Figure

(a) Ofps for Nr. of Extrusions (HDPE A7260/Alcamizer)
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Figure 2.6: Influence of the material system variables on opps and €f. Each row in the figure
represents a manufacturing condition where (a) is the number of extrusions (HDPE A7260/Alcamizer
1), (b)-(c) the press time (HDPE B7750/Alcamizer 1), (d)-(e) the sample cooling method (Neat HDPE
C7260) and (f)-(g) the strain rate (Neat HDPE C7260). Markers denote each of the variations within
a manufacturing condition and an up arrow denotes more data points outside the y-axis limit.
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Number of Extrusions

From Figure (a) there is a definite influence from 1 to 2 extrusions, where oppg increases
with an increase in the number of extrusions. This is expected due to better mixing of the
clay in the polymer, but not too much to degrade material. However, when increasing the
number of extrusions to 3 there is no significant enhancement in oppg. Generally an increase

in the number of extrusions causes a material to become more brittle which will influence its

processability (Azeez et al.l 2013]). This could lead to the sample experiencing failure before

yielding occurs, consequently decreasing oppgs.

Press Time

In Figure (b) there is a decrease in oppg as the clay weight loading increases, but oppg
appears to be constant from about 5 wt%. The maximum mean opps enhancement is found
to be 6.67 % for neat HDPE and 4.9 % for 2.5 wt% at a 35 min press time; and 12.06 % for
5 wt% and 1.85 % for 7.5 wt% at a press time of 45 min. This enhancement in mean oppg is
not considered enough of an improvement to warrant the additional time and effort required
to press the tensile samples during manufacturing. The variability in press time across the
different clay types is rather large. This is likely due to the compression moulding process
itself which is known to have a non-uniform heating distribution. This inconsistent heating
process affects the composite morphology, consequently affecting the mechanical response
which could explain the observed variations (Chu et al. 2007; [Mistretta et all 2018).

€7 in Figure (c) does not provide additional insight into the influence of press time as there
is no observable trend in the data. Most of the samples reached the prescribed elongation
of 30 %, with a number of samples failing before then. This could be attributed to the
changes in composite morphology (i.e. an increase in clay agglomerates and therefore material

brittleness) due to the inconsistent heating process in compression moulding.

Sample Cooling Method

As noted in Figure 2.6(d) the furnaced samples had the largest variance within the data set
and provided the lowest mean oppg (16.73 MPa), whereas the air cooled samples provided
the highest oppg (22.51 MPa) and the quenched sample mean oppg was 19.33 MPa.

The air cooled samples were highly ductile with e; higher than 200 % as seen in Figure
2.6{e). The level of ductility decreased for the quenched and furnaced samples. This is to
be expected as the method of cooling the tensile samples influences the material crystallinity

which consequently influences its ductility.
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Strain Rate

In Figure 2.6(f) a linear increase in oppg is observed with an increase in strain rate where
the mean oppg is 20.38 MPa for 5 mm/min, 26.41 MPa for 100 mm/min and 31.73 MPa for

500 mm /min.

The material ductility decreases as €y decreases with an increase in strain rate as shown in
Figure (g) The strain rate clearly has an influence on the mechanical properties. During
tensile testing as the sample is pulled in tension the polymer chains extend. For a low strain
rate the polymer chains have ample time to extend and therefore tend to exhibit more ductile
behaviour. On the other hand at higher strain rates the polymer chains don’t have enough

time to extend and tend to break quickly resulting in brittle behaviour.

2.4 Statistical Analysis

In any manufacturing process we expect a degree of variability and uncertainty and the aim
of the statistical analysis is to quantify the sources of this variability. That is, the percentage
of variability attributable to the material system, the manufacturing methodology or random

error.

From the summary statistics shown in Table[2.2]it is clear that the number of observations per
case is fairly large, and the standard error of the mean is quite small compared to the mean for
each response. This provides an indication that it should be possible to quantify statistically
significant effects of the experimental variables, and significant differences between the levels
of the variables of interest. The effects of polymer grade, clay type, clay loading, number of

extrusions, press time and strain rate on the responses, orpgs and €y, were of interest.

For the statistical analysis normalised € is considered due to the large variability observed for
€y in the EDA. Sample cooling is not considered as there are fewer data points for furnaced
and quenched samples (9 furnaced and 12 quenched) compared to the 555 air cooled data

points. In the normalised €, analysis will exclude the 2016 data as results are only up to FPS.

Due to the unbalanced nature of the historical experimental study, only the main or linear
effects of the variables could be statistically quantified, and no two-order interactions are con-
sidered. The statistical analysis was conducted using Python’s statistical modelling module,
statsmodels (Perktold et al. 2010)).

2.4.1 Analysis of Variance (ANOVA)

The effects of the variables on orpg and normalised € are quantified through the analysis of
variance (ANOVA) (Montgomeryl, 2013). ANOVA is a statistical procedure used to determine
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whether several population means are equal. This is done using an F-test which simply

compares the variability between two or more groups (Montgomery and Runger}, 2007):

F = SSbethe@%/beetween
SSuwithin/ D fwithin

(2.3)

where 5SS is the sum of squares which describes the total variability of the data from the
mean for a specific variable group. The subscript between refers to the variability between
groups and is indicated by the variable name in the ANOVA table (c.f. Table for each
variable. The subscript within refers to the variability within the groups and is indicated by
the "Residual" row in the ANOVA table. To yield significance, S'Spetween must be greater than
S Swithin- D f denotes the degrees of freedom and is dependent on the number of levels within
each variable (e.g., clay type has 3 levels: Alcamizer 1, DHT4-A and Uncoated Alcamizer 1)

and the number of repeated sample points (i.e., the number of observations listed in Table

23).

The p-value is the probability of obtaining an F-value with the specified degrees of freedom
that is greater than the calculated F-value. That is, the probability that the calculated value
follows the F-distribution under the null hypothesis, which indicates the means of the groups
are equal. It is therefore represented as Pr(>F) in the ANOVA table (c.f. Table and
indicates the probability that the effect of the variable on the response is only by chance.
Therefore, the smaller the p-value the greater the probability that the variable has an effect
on the response. For example, a p-value smaller than 0.05 indicates that the variable has a

significant effect on the response with more than 95 % confidence.

The different computations mentioned here are used to populate the ANOVA tables that will
be discussed in this subsection. The significance level of the p-value is indicated with a set of
codes below the table, where only those with a ‘“*’ indicating statistical significance (e.g., “*’,
GR or “0F%) - Tn the tables the first row refers to Intercept which is the value of the intercept
for a linear model as the ANOVA is performed for the linear model discussed in the following

subsection.

First Peak Stress (oppgs)

The validity of the ANOVA F-test is based on the assumptions of constant variance between
the populations compared and whether the data originated from simple random sampling
i.e., residuals are normally distributed approximately. Therefore, for the ANOVA analysis
it is good practice to first determine if the assumptions of constant variance and random
distribution of the errors hold. The results for the ANOVA analysis of oppg are shown in
Figure[2.7 From Figure[2.7(a) the variability of the residuals are within an acceptable range
varying at most 3 units from the mean. The residuals versus predicted results in Figure (b)
indicates randomness which confirms simple random sampling. It can therefore be concluded
that the ANOVA assumptions are upheld.
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(a) Variance of Residuals

(b) Residuals vs. Predicted
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Figure 2.7: ANOVA assumptions for (a) variance of the residuals and (b) residuals vs. predicted
values for oppg.

Table 2.3: Analysis of variance for oppg. A significant effect is when Pr(>F) (p-value) < 0.05.

Df  Sum Sq F-value Pr(>F)

Intercept 1.0 839.24 51254 5.43e738 kkk
PolymerGrade 3.0 77.35 15.75  3.03¢708  wkk
ClayType 3.0 24.98 5.09 2. 7403 *x
Extrusions 20 7.36 2.25 0.112
ClayLoading 1.0 444 2.7 0.103
StrainRate 1.0 9291 56.74  4.62e7 11 Hxx
PressTime 1.0 0.027 0.017 0.90
Residual 86.0 140.82

Significance Codes: “***’: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, ‘.’:0.05-0.1, ‘ ’: 0.1-1.0

The ANOVA results are given in Table 3] for oppg. It is clear that polymer grade, clay
type and strain rate have a statistically significant effect on oppg. All these variables have
a p-value of less than 0.05 which indicates a statistically significant effect. On the other
hand, number of extrusions, clay loading and press time have p-values larger than 0.05 which

indicate that they have no statistically significant effect oppg.

Normalised Elongation at Failure (normalised ¢y)

The residual analysis results for the ANOVA analysis of normalised €; are shown in Figure
From Figure (a) the variability of the residuals are within an acceptable range varying
approximately 1 unit from the mean except for a few outliers. The residuals versus predicted
values for the normalised € in Figure (b) is random indicating simple random sampling.
The ANOVA assumptions are verified for normalised €.

The ANOVA results for the normalised € are shown in Table @ Note that all variables have
a statistically significant effect (p-value < 0.05) on the normalised €; except for press time
(p-value > 0.05). The most surprising result here is that clay loading is deemed to have no

statistically significant effect on oyrg. It is a well known fact from literature that clay loading

38
© University of Pretoria



CHAPTER 2. ANALYSIS OF HISTORICAL TENSILE DATA

(a) Variance of Residuals (b) Residuals vs. Predicted
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Figure 2.8: ANOVA assumptions for (a) variance of the residuals and (b) residuals vs. predicted for

normalised €.

does influence the properties of a polymer-clay composite system. The EDA corroborated this

influence where we observed a decrease in both oy7rg and €y with an increase in clay loading.

Table 2.4: Analysis of variance for normalised e;. A significant effect is when Pr(>F) (p-value)
< 0.05.

Df  Sum Sq F-value Pr(>F)

Intercept 1.0 18.64 66.36 4.90e712  Hxx
PolymerGrade 2.0  2.30 4.10 2.02e702  *
ClayType 3.0 2055 24.39 3.11e 1L Hxk
Extrusions 1.0 4.88 17.37  7.88¢705  wik
ClayLoading 1.0  2.69 9.58 2.74e703  *x
StrainRate 1.0 232 8.27 5.21e703  xx
PressTime 1.0 0.34 1.20 0.28

Residual 78.0 21.90

Significance Codes: “***’: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, ‘.’:0.05-0.1, ‘ ’: 0.1-1.0

2.4.2 Linear (or Regression) Model

Now that we know which experimental variables have a statistically significant effect, the
next step is to determine whether there are any statistically significant differences between
the different levels of each experimental variable. To achieve this, a linear (or regression) model
is developed as a function of the experimental variables using the least squares method. The
linear model fitted for this work is defined as:

9 = Bo + B121,B7750 + B2z1,c7260 + B321,07255 + Bazo, pHTA—A + B522, Neat + B622,UncAlcT

3723 extr2 T BSZB extr3 T BQajloadin + Blowstrain + Bllx ress - (24)
b} b g p

The response variable is represented by ¥, with the fitted or predicted value denoted by g, and
is either o pg or normalised €. The estimated regression coefficients are represented by BZ and

shown in the "Estimate" column in the linear regression table (c.f. Table [2.5). Parameter
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estimates are obtained with least squares minimisation of the residuals i.e., > .(y — 9)>.
Categorical dummy variables are denoted with z; je,¢; indicating the second and third levels
of the variable as Bo, the intercept, captures the first levels. The dummy variable is set to

either 0 or 1 depending on which level is active.

For a linear regression model the R? value provides an indication of the proportion of total
variability in the response variable explained by the model. The adjusted R? is a variation on

the R? value which adjusts for the number of terms in the regression model. This value reduces

as the number of unnecessary terms in the model is increased (Montgomery, 2013). A value

closer to 1 is indicative of good model predictability as it would fit the observed data well.
For this study, a minimum value of 0.7 is arbitrarily considered to represent a good model.
Residual standard error indicates the standard error of the model, and provides an indication
of the model’s ability to quantify statistically significant effects. This value should ideally be
very small when compared to the overall mean of the model. The linear regression model

considers a t-statistic to determine the p-value, which determines the difference between the

means of two groups. In regression, the t-value is determined from (Montgomery and Runger}

2007):

. Bi — Aﬁz
SE(B;)

Under the null hypothesis 8; = 0, the numerator is just the estimated regression coefficient,

: (2.5)

~

B;. The denominator is the standard error (SE) of the parameter estimate. It is denoted by
"Std. Error" in the linear model table (c.f. Table . Similar to the ANOVA, the p-value
is the probability to obtain a t-distribution value with specified degrees of freedom which
is greater than the calculated t-value. It is therefore represented as Pr(>|t|) in the linear
model table (c.f. Table and indicates the probability that the effect of the variable on

the response is only by chance. The significance level of the p-value is indicated with a set

T3 ky o okoko
)

of codes below the table, where only those with a indicate significance (e.g.,

4***7)_

or

First Peak Stress (opps)

It is good practice to first determine if the assumption of normal distribution of residual holds.
This is visually observed by means of a probability plot where the percentiles of the residuals

would approximate the percentiles of the standard normal distribution and the points will

fall on a straight line, approximately (Montgomery, 2013). The probability plot for the linear

regression model of oppg is shown in Figure 2.9 The residuals follow a standard normal
distribution approximately. Both the R? and adjusted R? values are close to one another

which indicates that the model can provide good predictability.

The linear regression model results are shown in Table for opps. Note that the first
level of the variable is used for comparison which is why Polymer Grade [T.A7260]|, Clay
Type [T.Alcamizer| and Extrusions [T.1] do not appear in Table Similary, Polymer
Grade |[T.B7750| and Clay Type |T.Alcamizer| do not appear in Table Note that for the
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Probability plot of regression residuals for Orps

Ordered Values
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Adj R? =0.9942
R2 =0.9946

Figure 2.9: Probability plot of the residuals for oppg.

-1

1

Theoretical quantiles

linear model the statistical significance is quantified by comparing the ratio of the estimate

to its standard error for the variable to a t-distribution with specified degrees of freedom

(Montgomery, 2013]).

Table 2.5: Linear model for oppg, where a significant effect is when Pr(> |t|) (p-value) < 0.05.

Nr. Observations 98 R-squared 0.702
Df Residuals 86 Adjusted R-squared 0.664
Df Model 11 F-statistic 18.46
Residual Standard Error 1.28

Estimate Std. Error t-value Pr(> [t])
Intercept 20.2450  0.894 22.639 0.000 ok
PolymerGrade|T.B7750] -1.4766  0.755 -1.955 0.054
PolymerGrade[T.C7260] -0.3909  0.772 -0.506 0.614
PolymerGrade|[T.D7255] -2.6314  0.775 -3.396 0.001 ok
ClayType[T.DHT4-A] -1.0894 0.364 -2.990 0.004 ok
ClayType[T.Neat] 0.5988 0.470 1.275 0.206
ClayType[T.Uncoated Alcamizer 1] -0.9418  0.384 -2.451 0.016 *
Extrusions|T.2] 1.4276 0.822 1.737 0.086
Extrusions|T.3] 1.8135 0.994 1.825 0.071
ClayLoading -0.0836  0.051 -1.647 0.103
StrainRate 0.0205 0.003 7.533 0.000 otk
PressTime 0.0028 0.021 0.129 0.898

Significance Codes: “***’: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, .:0.05-0.1, ‘ ’: 0.1-1.0

From Table We note that the adjusted R? of 0.664, i.e. relatively close to 0.7 which is the

minimum threshold, and the model will be able to predict oppg with relative accuracy. The

residual standard error of the model is 1.28, which is very small compared to the overall mean
of 20.245 (Estimate value for Intercept in Table and indicates that statistically significant

effects of the variables on oppg can be quantified.
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The values in the Estimate column is the average change in oppg for the specific level of the
variable compared to its first level given in alphabetical order. Note that a variable is always
compared to its first entry which is not shown in the table (i.e. Polymer Grade [T.A7260],
Clay Type [T.Alcamizer| and Extrusions [T.1]). For example, the opps of HDPE B7750 is
on average 1.4766 MPa lower than the oppg of HDPE A7260. Again, the p-value (Pr(> [t])),
indicates the probability that the effect is only by chance and a statistically significant effect

is when the p-value is less than 0.05.

We note that polymer grade has on average a negative effect on oppg. Only HDPE D7255
has a statistically significant effect when compared to HDPE A7260 with a p-value lower than
0.05. The effect on orpg due to clay type is more varied, with a negative effect for DHT4-A
and Uncoated Alcamizer and a positive effect for neat HDPE when compared to Alcamizer.
Both DHT4-A and Uncoated Alcamizer have a statistically significant effect when compared
to Alcamizer with p-values less than 0.05. Strain rate has a positive effect on oppg and
increases on average by 0.0205 units for a one mm/min increase in strain rate. Strain rate is

statistically significant with a p-value less than 0.05.

Normalised Elongation at Failure (normalised ¢y)

To determine if the normalised €y follows a normal distribution a probability plot of the
regression residuals is illustrated in Figure 2.I0] From Figure 2:10] the residuals follow an
approximately normal distribution. Both the R? and adjusted R? values are close to one

another which indicates that the model can provide good predictability.

Probability plot of regression residuals for Normalised &¢
[ ]

Ordered Values

Adj R?=0.927
R?=0.932

-2 -1 0 1 2
Theoretical quantiles

Figure 2.10: Probability plot of the residuals for normalised €.

The linear regression model results for normalised €y are shown in Table @ From Table @
we note that the adjusted R? value is 0.554, i.e. the model will therefore struggle to predict
the normalised €;. The residual standard error is 0.530 which is smaller than the overall mean
of 4.2949, indicating that statistically significant effects of the variables on the normalised €

can be quantified.
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Table 2.6: Linear model for normalised ¢y, where a significant effect is when Pr(> [t|) (p-value)
< 0.05.

Nr. Observations 88 R-squared 0.600
Df Residuals 78 Adjusted R-squared 0.554
Df Model 9 F-statistic 13.03

Residual Standard Error 0.530

Estimate Std. Error t-value Pr(> [t])

Intercept 4.2949 0.527 8.146 0.000 ok
PolymerGrade|T.C7260)] 0.3972 0.142 2.796 0.007 o
PolymerGrade|T.D7255] 0.2737 0.142 1.933 0.057
ClayType|T.DHT4-A| -0.2546 0.155 -1.648 0.103
ClayType|T.Neat| -0.5108 0.210 -2.430 0.017 *
ClayType|T.Uncoated Alcamizer 1| -1.3475 0.160 -8.406 0.000 ok
Extrusions|T.2] -1.6989 0.408 -4.168 0.000 ok
ClayLoading -0.0684 0.022 -3.094 0.003 o
StrainRate -0.0033 0.001 -2.875 0.005 ok
PressTime 0.0098 0.009 1.094 0.277

Significance Codes: “***’: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, .’:0.05-0.1, ‘ ’: 0.1-1.0

Polymer grade has on average a positive effect on the normalised e;. We note that only
HDPE C7260 is statistically significantly different (p-value < 0.05) when compared to HDPE
AT7260. Neat HDPE and Uncoated Alcamizer both have a statistically significant effect (p-
value < 0.05) from Alcamizer and have on average a negative effect. The number of extrusions,
clay loading and strain rate have on average a negative effect on the normalised €, and are

statistically significant.

2.4.3 Tukey Honest Significant Difference (HSD)

The linear model in Tables [2.5] and [2.6] does not provide a statistical comparison of all the
variable levels with each other, only to the first level (listed alphabetically, e.g. HDPE A7260
for polymer grade, Alcamizer 1 for clay type and 1 extrusion for number of extrusions).
The Tukey Honest Significant Difference (HSD) test is used to provide multiple comparisons
between all the levels of the variables of interest (Montgomery, 2013); and is based on the
Studentised Range Statistic to provide a family-wise true significant difference test. The
studentised range statistic is simply the difference between the minimum and maximum data

point within a group and is normalised using the group’s standard deviation.

The Tukey HSD test results are shown in Figure@for both oyrs and normalised €. These
are for all experimental variables which consist of more than one level, namely the polymer
grade and clay type; and were found to have statistical significance from the ANOVA results.
The intervals on the graph represent 95 % confidence intervals (CI) for the mean difference
in the response variable between the two levels of interest. If the confidence interval does
not contain zero, the two levels of interest are statistically significantly different with 95 %

confidence. Note these are family wise 95 % confidence intervals adjusted for the number of
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(a) Ofps for Polymer Grade (b) Normalised &r for Polymer Grade

A7260-B7750 )t

B7750-C7260 |—

A7260-C7260 e e
A7260-D7255 { p————
B7750-C7260 —_—

B7750-D7255 e

-
_|

C7260-D7255 |—|—

C7260-D7255 s e |

—4 -2 2 4 20 -15 -10 05 0.0 0.5 1.0 1.5 2.0
Differences in mean levels of Polymer Grade Differences in mean levels of Polymer Grade
(c) Ofps for Clay Type (d) Normalised & for Clay Type
Alc-DHT4-A | —— Alc-DHT4-A —t—
Ale-Neat I Ale-Neat —
Alc-Unc Ale —_ Ale-Unc Ale —_
DHT4-A-Neat —t— DHT4-A-Neat —t—
DHT4-A-Unc Alc —t— DHT4-A-Unc Alc | ——
Neat-Unc Alc l—'—' Neat-Unc Alc l—'—'
-4 -2 0 2 4 2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Differences in mean levels of Clay Type Differences in mean levels of Clay Type

Figure 2.11: Tukey HSD test to determine the statistical significance of (a) ocppg for Polymer Grade,
(b) Normalised ey for Polymer Grade, (¢) oppg for Clay Type and (d) Normalised e; for Clay Type.
In (b) and (c) UAlc refers to Uncoated Alcamizer 1 and Alc refers to Alcamizer 1.

levels being compared.

From Figure M(a) we note that three levels of polymer grade are statistically significantly
different from each other for orpg, namely HDPE A7260-D7255, HDPE B7550-C7260 and
HDPE C7260-D7255. HDPE A7260-B7750, HDPE A7260-C7260 and HDPE B7550-D7255
were not statistically significantly different (zero on the x-axis is within the 95 % CI band).
For normalised € in Figure (b) we note that none of the polymer grades are statistically

significantly different from one another.

For clay type all levels are statistically significantly different for oppg except for Uncoated
Alcamizer (UAlc in Figure 2.11fc)) which is not statistically significantly different from Al-
camizer or DHT4-A (zero on the x-axis is within the 95 % CI band). For normalised e
(c.f. Figure[2.11[d)) Alcamizer is not statisically significantly different from DHT4-A or Neat
HDPE and Neat HDPE is not statisically significantly different from DHT4-A. This is unex-
pected since Alcamizer 1 is less compatible with HDPE, while DHT4-A is.

2.5 Conclusion

Over the past few years a number of experiments were performed by mechanical engineering

undergraduate students during their final year research project. These projects considered
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different HDPE/clay composite systems and manufacturing parameters.

An exploratory data analysis (EDA) was considered to explore the historical data and to gain
potential insight for the direction of future experimental work. The EDA has shown that
the material and testing system parameters have an influence on the mechanical properties
of interest (cpps and €f). The results indicated that there is a poor interaction between
the polymer and clay as oppg tends to decrease with the addition of clay. A decrease in
€ was observed with an increase in clay loading. These observations correspond with what
was expected based on literature (Jordan et al., 2005; Fu et al.l 2008; |Azeez et all 2013). Tt
was observed that low clay loadings (< 7.5 wt%) do not provide any conclusive results to
determine an optimum clay loading. This observation is contrary to literature
20055 |Azeez et al., 2013 Quaresimin et al., 2016) which has indicated that improvements can
be obtained with clay loadings < 5 wt%. For higher clay loadings (> 10 wt%) oppg provided

no further insights, however the € indicated an onset of material property degradation. This
initial observation should be supplemented with other measurements such as toughness and
impact resistance in future studies. The manufacturing parameters have slight influences but
the small improvements in mechanical properties do not outweigh the substantial investment
in time and resources required to achieve the improved properties. The strain rate had an

observable influence on both the response variables.

Initial observations in the statistical analysis indicated that due to the different experimental
designs considered, only main or linear effects between variables could be quantified. The
statistical analysis for oppg and normalised € considered Analysis of Variance (ANOVA)
and linear regression models. The ANOVA results indicated that polymer grade, clay type
and strain rate had a statistically significant effect on oppg. Similarly, clay type, number of
extrusions, clay loading and strain rate had a statistically significant effect on the normalised
€¢. An interesting result for oppg was that clay loading has no statistically significant effect,
which is in contrast to what we expect from literature. The linear regression model indicated
polymer grade, clay type and clay loading have a negative effect on oppg, while the number of
extrusions, strain rate and press time had a positive effect. For normalised €7 the linear model
indicated a positive effect due to polymer grade and press time, and a positive effect due to
clay type, clay loading and strain rate. Only the linear model for cppg can be used to predict
the response variable of interest. However, both linear models indicated that statistically

significant effects are quantifiable.

From the EDA we noticed a lot of variability in the results for both oppg and €;. This
variability can either be inherent in the material system, due to the manufacturing process or
something else entirely. Despite this variability it was possible to conduct a statistical analysis
on the oppg and normalised €y to quantify some of these effects which seem primarily to be
influenced by the material system with polymer grade and clay type identified as statistically
significant. Based on the observations of both the EDA and statistical analysis it is recom-
mended that the following material, manufacturing and testing conditions are considered for

future studies:
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¢ Polymer Grade: The influence of polymer grade observed in the EDA is due to the
different grades having different neat properties. The statistical analysis indicated that
there is no difference between the HDPE A7260-HDPE B7750, HDPA A7260-HDPE
C7260 and HDPE B7550-HDPE D7255 grades for oppg. The EDA indicated that
HDPE B7750 provides the highest mean oppg. However, Safripol South Africa no
longer manufactures this polymer grade. As a consequence, HDPE C7260, with the
second highest mean oppg, will be considered for this thesis. Unfortunately, HDPE
C7260 has been discontinued since the completion of this thesis and future studies will

therefore not be able to replicate the work presented in this thesis.

e Clay Type: The EDA indicated that Alcamizer 1 resulted in higher oppg compared
to DHT4-A which was unexpected as Alcamizer 1 is not ideal for poly-olefins. There
is statistical significance for clay type for both response variables of interest. It should

therefore be investigated further in future studies.

e Clay Loading: Clay loading should always be considered during a polymer clay study
as it does have a known effect on the mechanical properties. Based on the EDA it is
suggested that clay loadings considered not exceed 10 wt% as material degradation sets
in. Higher clay loadings is dependent on the focus of the study, however it will add
another level of uncertainty. The concerning statistical observations should be further

investigated.

e Number of Extrusions: There is no statistical significance for ocrpg, while statistical
significance was indicated for normalised €;. During the EDA it was determined that 2
extrusions is sufficient, as more does not provide additional improvements and requires

more resources (i.e. cost and time).

e Press Time: No statistical significance was found and the EDA indicated that the
orps improvement from 25 to 45 min does not warrant the additional manufacturing

time and cost. A press time of 25 min is therefore adequate.

e Sample Cooling: The EDA indicated that air cooled samples provide the highest

mechanical properties.

e Strain Rate: Both analyses indicated a clear influence due to strain rate which should

be investigated further.

An unexpected result from the historical data analysis is the lack of any statistical significant
effect due to the clay loading. This is especially evident for orppg where no increase was
observed once clay is introduced into the polymer matrix. This is counter to what is expected
based on literature. Generally, there were difficulties in obtaining consistent and significant
results, with large variations observed in both mechanical responses. Based on the historical
data, it was not possible to determine the origin of these variations. This ambiguity is the

fundamental motivation for the research conducted in this thesis.
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These results have highlighted the need for a better approach to designing the experimental
studies required to better understand and quantify the effects on the mechanical properties
of the HDPE/clay composites. The conclusions and recommendations from this chapter will

be used to determine the parameters and ranges of interest in the thesis experimental design.
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SYSTEMATIC LITERATURE REVIEW

The historical data analysis clearly indicated that changes in the manufacturing conditions do
have an influence on the mechanical properties of high-density polyethylene/layered double
hydroxide (HDPE/LDH). A natural next step is to interrogate the research landscape to gain
a better understanding of the variation in manufacturing and their influence on mechanical

properties.

The purpose of this chapter is therefore to analyse and compare the behavioural trends of the
different manufacturing considerations and their effects on the mechanical properties, with a
specific focus on HDPE and montmorillonite (MMT) composites. It was decided to focus on
MMT for this review as it is more commonly used in literature compared to LDH (Costa et
lall, 2005} Dabrowska et all 2013). This will ensure that there is ample data to conduct a
proper review, which is not guaranteed when only considering LDH. For example, the current
keywords do include "layered silicate" finding 7 studies where LDH was considered.
(2006)); |Costache et al|(2007); Ardanuy et al| (2009); Dabrowska et al., (2013); [Peng et
(2017) and El-Fattah and ElKader| (2018) were excluded as they didn’t conform to the
eligibility criteria. One study (Botha et al., 2020)) is based on the work presented in Chapter

2 and was therefore not included in this chapter. It is safe to assume that the observed
behavioural trends in this chapter can be directly applied to LDH as it is structurally similar

and a common alternative to MMT.

In this review, I followed the PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines, aiming to provide a comprehensive overview of the current
literature on the influence of manufacturing variation on the mechanical properties. PRISMA
requires investigator triangulation, meaning that more than one investigator should work on
deciding whether a study conforms to the eligibility criteria. The initial database search
and study selection was performed in January 2020, with updated searches conducted in

September 2021 and June 2022 to ensure no recent publications were omitted.
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3.1 Introduction

A number of review papers have been published, discussing the processing, characterisation

and properties of polymer nanocomposites (Fu et al 2019; Hetzer and Kee| 2008} |[Hussain|
let al, 2006} Jordan et al., 2005} [Khanam and AlMaadeed], 2015} [Kotal and Bhowmick], 2015}
Mittal et all 2018 Miiller et al 2017)), and providing an overview of the polymer nanocom-

posite components (Crosby and Lee| 2007)) and the synthesis and properties of nanoparticles

(Hanemann and Szabo|, [2010). These reviews usually discuss a wide range of polymer-clay

systems and the different techniques used to manufacture these composites. The paper by

Khanam and AlMaadeed| (2015) is narrower in scope, in that it only considered polyethylene-

based (PE) nanocomposite systems. The authors provide a discussion on the various com-
pounding and processing methods and the types of analyses that may be performed, but do
not compare the effects of manufacturing variations on mechanical properties. The reviews
by [Albdiry et al.| (2012) and Modesti et al.| (2010) investigate the effects of manufacturing,

specifically compounding, on the mechanical properties of polymer-clay composites. [Alb-|

diry et al| (2012) compare seven experimental studies with diverse manufacturing methods

and composites. The material systems studied did not include PE. They concluded that the

mechanical properties of the resulting polymer-clay composites are affected by the manufac-

turing method. Modesti et al.| (2010) provide a review investigating how different blending

protocols, compounding methods and conditions, and compounding treatments (for example,
supercritical CO9 and ultrasound) affect the mechanical properties of nanocomposites. They
did not compare different studies, but rather provided an analysis and understanding of the
specific factors and the relationships that exist between manufacturing factors and composite

morphology by discussing selected works.

A drawback of reviews that follow an ad-hoc search strategy is that they only provide an
overview of a part of the literature, and don’t necessarily include all the available literature on
the topic or research question. For this reason, I will pursue a systematic literature review to
ensure a prescribed methodology is used to collect, evaluate, identify and select the literature
to review. By following such a predefined systematic methodology, the process minimises any
potential bias while being repeatable (Moher et all) 2009, [2015). The PRISMA (Preferred

Reporting Items for Systematic Reviews and Meta-Analyses) guidelines define a systematic

literature review as an ‘attempt to collate all relevant evidence that fit pre-specified eligibility

criteria to answer a specific research question" (Moher et al., 2015)). The PRISMA guidelines

provide a checklist of recommended items to include in a systematic review, including details
on the method such as eligibility criteria, information sources, search strategy, data collection
and synthesis; and the synthesis of the results either considering a quantitative or qualitative
analysis depending on the data (Moher et al., [2009} 2015). This is a beneficial approach to

reporting literature reviews as it highlights the transparency of the research process while

ensuring the quality, reliability and reproducibility of the review (Moher et al.l 2015). These
types of reviews are considered the reference standard in the health care industry (Moher et
lall,[2009] [2015)). Only a limited number of systematic reviews have been published in the field
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of polymer-clay composites (Maniar, 2004; Mochane et al., |[2018; [Mishra et ol 2019; [Sapuan
et al., 2016]).

At present, there are no general or systematic literature reviews that provide a comprehensive
overview of the published literature focusing on the effects of manufacturing on the mechanical
properties of high-density polyethylene (HDPE) /montmorillonite (MMT) composites. This is
largely due to the difficulty in comparing and generalising observations from different sources
(Modesti et al., 2010). The purpose of this chapter is to provide an example of a systematic
literature review following the PRISMA guidelines (Moher et al., 2009, 2015) while addressing
the gap in the current knowledge base with regards to the influence of manufacturing variation
on mechanical properties. I will do this by following the systematic literature review method-
ology to compare and assess the available evidence with the aim of answering the following
research question: How do variations in manufacturing influence the mechanical properties of
HDPE/MMT composites?

3.2 Methods

This systematic literature review is performed in accordance with the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) guidelines (Moher et al., 2009}
2015).

3.2.1 Eligibility criteria

To be included in this review, a study had to meet the following eligibility criteria based on

the stated research question:

e The study considers any high-density polyethylene-based (HDPE) polymer which
includes blends with or without compatibiliser as long as HDPE is the primary
polymer component. For polymer blends the secondary component should aid

processing, for example through reducing melt viscosity.

e The composite system contains any type of silicate layered clay either modified
or not, as long as it is the primary filler. Examples include montmorillonite, mica,

halloysite and vermiculite.

e The study investigates change or variation in the manufacturing conditions of
a specific method or there is a comparison of two or more manufacturing

methods.

e The final processing step should result in a useful end product that can be used for

bulk material testing (i.e., not an extrudite or fiber).
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e The influence on the mechanical properties is reported. This will include studies
where the mechanical properties are reported as a function of either clay or compati-

biliser loading.

Studies are immediately excluded from the screening process if any of the following exclusion

criteria is met:

e The study is not in English.
e The full text of the study is not available.

e The publication type is anything other than a peer-reviewed journal article, conference
paper, book, book chapter or dissertation. For example, patents and news articles are

excluded.

e There are no mechanical properties reported for a variation in the manufacturing meth-

ods or conditions.

e No mechanical properties are reported as a function of manufacturing variation, even if
other properties (for example, thermal properties, flame retardancy, etc.) are reported.

This applies to studies which only investigate creep behaviour.

e The study does not meet the inclusion criteria or is not within the scope of the research
question. This will include studies primarily focused on the effect of clay or compati-

biliser loading on mechanical properties, which are well represented in literature.

3.2.2 Information sources

Four electronic databases for materials science and engineering were identified: Scopus, Web
of Science, EBSCOHost and Engineering Village. The keywords used to search the databases
were directly derived from the research question, and included potential synonyms used in
the field:

(manuf* OR proc* OR extru®* OR compound* OR injection OR compress* OR mizing OR
ultraso® OR mold* OR mould* OR cast*) AND (mech* OR tensile OR strength OR stiffness
OR impact OR fracture OR flexur*) AND (propert* OR character* OR strength OR stiffness)
AND (hdpe OR "high density polyethylene”) AND (*clay OR *clays OR "layered silicate” OR

montmorillonite)

The keywords were used as presented here in each of the four databases. No limitations or
advanced search strategies were included and no start- or end-date limits were used. The
search results were exported into a spreadsheet-compatible file, which was used for the data
management and screening process. The database search was performed independently by
myself (NB) and a collaborator, Mr. David Viljoen (DV), during January 2020 with the
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results from the four databases consolidated and stored in a spreadsheet-compatible file, in-
dependently for each investigator. In this review, I refer to this spreadsheet-compatible file as
a database. Updated searches were performed in September 2021 and June 2022 to ensure no
new publications are omitted. Both of these updated searches found that no new publications

conformed to the eligibility criteria.

3.2.3 Search strategy and Study Selection

Mr. David Viljoen (DV) and I (NB) removed duplicate entries from the consolidated databases
before screening for initial exclusion based on language and publication type. We then in-
dependently applied the eligibility criteria in a three-step screening process: screening based
first on the title, then on the abstract and finally the full text before providing an initial
recommendation for inclusion/exclusion. A new database was created to consolidate the rec-
ommended articles and we evaluated the database again to provide a recommendation with
our rationale on all studies considered. In cases where no consensus was reached between
us, my supervisors Dr. Helen Inglis (HI) and Prof. Johan Labuschagne (JL) considered the

recommendations and rationale provided to make a final decision.

3.2.4 Data collection and synthesis

The data collected from the included studies were compiled in a database, and the following

data and metadata were collected in an overview table:

e Publication details such as year and publication type.

e The full reference, study focus, material composition (polymer, clay, compatibiliser
type and loadings), manufacturing methods and conditions, type of mechanical proper-
ties tested (including international standard used and the number of repeated samples

tested) and the main conclusions.

e All mechanical properties (tensile, impact, flexural, hardness and dynamic mechanical
analysis (DMA)) presented as a function of the manufacturing variation were either
extracted from a table or digitised using G3Data (Frantz, [2000) from figures. The

method of extraction is indicated in the database.

During the data-collection process the references of included studies evaluating the titles and
abstracts against the eligibility criteria were screened. Studies identified for potential inclusion
were shared with Mr. David Viljoen (DV) and the same three-step screening process, described

earlier, was followed.

A meta-analysis is not viable in this case, as the included studies considered different material
compositions, manufacturing methods and conditions—making direct comparison implausi-

ble. For this reason, I only considered an exploratory data analysis approach to evaluate
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potential trends in the data. The extracted data are presented with no additional processing,
apart from ensuring unitary consistency, as the main objective of the study is to present the
mechanical properties as recorded in the original studies. This will allow us to gain insight
into the mechanical-property trends resulting from manufacturing variations within and across
studies. In cases where a study also investigated material system influences I will only report
the mechanical properties from the best-performing material system. The focus of this review
is on the influence of manufacturing variation, not the material system. The studies were
categorised into five categories based on their main focus, namely blending protocol, com-
pounding methods, compounding conditions, processing methods and processing conditions.
These categories were chosen as they represent the main phases in the manufacturing process
of a polymer-clay composite. The blending protocol describes the process of mixing the com-
ponents together. Compounding method and conditions is the stage where the polymer-clay
composite is mixed together to form a composite compound. The processing method and con-
ditions refers to the stage used to convert the composite into final products, here relevant to
mechanical testing. After the data were synthesised and each category written up, I followed
a process that included investigator triangulation, with DV providing a detailed review of the

data synthesis.

3.2.5 Limitations

There are a few limitations in this systematic literature review. The first relates to the initial
search strategy, which was performed during September 2021 and June 2022 using predefined
keywords and only four databases, which are considered to be the most prominent in the
engineering field. I may, therefore, have omitted studies which could otherwise have been

included in this review.

The second limitation is related to the retrieval of the data, where 43 % of the study results had
to be digitised, which could introduce slight deviations from the original published results.
28 % of the studies did not report the international testing standard used to obtain the

mechanical properties and 39 % did not report the number of samples tested. One study

(Merinska et al 2012) did not provide sufficient information on the polymer considered in

their material system. More importantly, several studies (Esteki et all [2013; [Eteldaho et

lal), 2009} Hwang et all, [2009; Jainal et all 2014} Lew et ol 2005; Merinska et all 2012}
Nguyen and Baird), 2006} [Oliveira et al., 2009) did not provide sufficient information on their

manufacturing methods or conditions to replicate their experimental work.

The third limitation is the variation between the material systems and manufacturing- and
testing conditions used by the different studies. This resulted in a large variation between
the reported mechanical properties, such that I was only able to analyse behavioural trends.
59 % of the studies did not report the standard deviation of the mechanical properties. There
was no consistency in the reporting of units for impact strength, for example KJ/m?  J/m

or Kgf.cm. Where possible conversions are made to ensure consistent units are compared.
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However, there is no conversion available for J/m to KJ/m? unless the cross-sectional area
under the notch of the samples were reported (ASTM D256-10, 2018; ASTM D6610-18|,2018)).

The last limitation is the reported strain rate. Studies considered different strain rates ranging
from 1 mm/min to 100 mm/min with a number of studies not having reported their strain
rates. Strain rate is known to have an influence on the mechanical properties
2008; Botha et al., 2019} [2020). There is an increase in Young’s modulus with an increase
in strain rate (Jo and Naguib, 2008; Botha et al. 2019} 2020). This increase is due to the

polymer chains having more time to adjust at the lower strain rates, resulting in more ductile

behaviour. This, of course, is countered by more brittle behaviour at higher strain rates.
Results in this review therefore indicate the strain rate at which mechanical properties were

obtained.

3.3 Overview of Included Literature

An overview of the 33 studies included in this review is provided here by first reporting the
results of the study selection. This is followed by a discussion of the study characteristics
which includes an overview of the publication years, the number of papers assigned to each of
the five categories, the different components considered in the polymer-clay composite system,
the compounding methods and conditions, the processing methods and conditions and the
testing standards and number of repeated samples reported. The purpose of this section is to

provide a macroscopic view of the included studies.

3.3.1 Study selection

An overview of the study selection process is shown in Figure [3.I] A total of 1633 studies were
found during the search of all four databases. After removing duplicate studies, 945 studies
remained. The eligibility criteria applied independently by two investigators on the title and
abstract resulted in 380 (NB) and 189 (DV) studies for which the full text was evaluated.
After evaluation, the independent databases were consolidated—resulting in 312 studies. In
cases where a study was included in one database but not the other it was added to the

consolidated database.

The full-text studies of this consolidated database were reviewed a second time against the
eligibility criteria where the two investigators (NB and DV) agreed on the exclusion of 275
studies. The remaining disagreements were then resolved by two additional investigators (HI
and JL), who excluded 4 studies that did not conform to the eligibility criteria. A total of
33 studies are included in this systematic literature review. An overview table reporting key

details for each study is provided in Appendix B.
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Figure 3.1: The PRISMA (Moher et al. [2009} [2015) flow diagram for the different phases of sys-
tematic literature review
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Figure 3.2: An overview of the study characteristics for the 33 studies included in the systematic
literature review. (a) provides the total number of publications across the different years and (b) the
total number of studies assigned to each defined category.
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3.3.2 Study characteristics

A summary of the study characteristics are provided in Figures to 25 journal publi-
cations and 8 conference publications were included. From Figure a) note that there is a
consistent rate of publication for manufacturing variation-related studies up to 2018. None of
the papers published after 2018 met the eligibility criteria. From Figure b), compounding
conditions seem to be the preferred area of study for manufacturing variation. It should be
noted that 4 of the studies were assigned to two categories (Jo and Naguib, [2006], 2007alb}
Mainil et al., 2006).

The different material system elements considered in the included studies are presented in
Figure [3.3] Sub-groups are used owing to the large variety of material combinations. Some
studies investigated multiple combinations of different clays and/or compatibilisers.
ska et al] (2012) did not specify the type of PE used, as indicated in Figure [3.3(a). From
Figure [3.3(b) note the most popular clay type used is Cloisite (especially 20A). The major-

ity of studies did not consider a compatibiliser, as seen in Figure ¢). In cases where a

compatibiliser was included, it appears that PE-g-MA was most often used. Similar to the
clay type, note that a large variety of compatibiliser types were considered. Finally, two
studies considered the use of a secondary filler in their material compositions, namely carbon
nanotubes (Brandenburg et all, 2014} [Silva et al) [2014), as indicated in Figure [3.3|(d).
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Figure 3.3: An overview of the material compositions characteristics for (a) the polymer base, (b)
clay type, (c¢) compatibiliser type and (d) secondary filler.

An overview of the different compounding methods and conditions considered across the stud-
ies is provided in Figure (a). There are 10 primary methods used for compounding—with
extrusion and internal mixing the two dominant methods. The majority of studies used a
temperature of between 130 °C and 250 °C with a screw rotation speed of between 30 rpm
and 130 rpm and that internal mixing tends to have higher mixing times, with residence

times rarely reported for the other methods. Some studies used an assisting device dur-

ing compounding, for example ultrasound (Lapshin et al., 2008 Li et al., 2007, Swain and
Isayev, 2006}, [2007) and water (Esteki et al. 2013). From Figure[3.4[(b) note that compres-

sion moulding is the preferred processing method followed by injection moulding. Typical

processing temperatures are between 150 °C and 200 °C, with pressures of, at most, 20 MPa
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and a processing time of between 8 min and 16 min. Esteki et al.| (2013) did not provide any

information regarding their processing methods and conditions. It is noteworthy that different
variations were considered within the injection moulding category, for example dynamic and
static packing (Gao et al. 2012} [Xiang et al., 2009).
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Figure 3.4: An overview of the manufacturing characteristics (methods and conditions) for (a)
compounding and (b) processing.

An overview of the mechanical property characteristics is provided in Figure [3.5] where 43 %
of the properties were digitised from the studies, 35 % were obtained directly from tables and
22 % were provided both in a table and digitally. Figure (a) indicates whether a study used
an international standard for the mechanical testing. Figure (b) indicates whether a study
considered repeated samples for the mechanical testing. It is clear from Figure (a) that
the majority of studies reported tensile properties with a smaller portion reporting impact,
flexural and DMA properties. The majority of studies reported the international standard and
number of repeated samples (cf. Figure (b)) for each test, especially for the tensile, impact
and flexural properties. The most commonly used international standards are the ASTM D638
for tensile, ASTM D256 for Izod impact and ASTM D790 for flexural properties. On average,
the number of repeated samples considered is 5 for all tests as required by the international
testing standards. From Figure (c) note that 48 % of studies investigating tensile properties

reported the use of a strain rate of 50 mm/min which is typical for international standards.
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Figure 3.5: An overview of the study characteristics for the mechanical properties for (a) the type of
properties reported and whether an international standard was used, (b) the number of studies which
indicated the repeated samples used and (c) the strain rate used during tensile testing.

It is concerning that 23 % of studies did not report the strain rate used. There were large

variations in the strain rates used, ranging from 1 to 100 mm/min.

3.4 Results and Discussion

The results from the data synthesis are discussed here and are divided into five categories
chosen based on the stage of the manufacturing process. These include blending protocol,
compounding methods, compounding conditions, processing methods and processing condi-

tions.

3.4.1 Blending Protocol

The method by which clay is dispersed in the polymer matrix has a direct impact on the me-
chanical properties of the composite. For this reason, understanding the effect that a blending
protocol (i.e. the order in which components are premixed and compounded together) has
on the mechanical properties and composite morphology is important. All of the studies
discussed here considered a one-step (direct mixing) and two-step (masterbatching) blending
protocol, albeit with different approaches to the two-step blending protocols. A direct mixing
protocol is when all material components (polymer, clay and other stabilisers are mixed to-
gether at the same time. A masterbatching protocol will first mix two components together
(e.g. clay and compatibiliser), followed by a second mixing step to mix the masterbatch with
the remainder of the components. Six studies considered the effects of blending protocol on
the mechanical properties (Asgari et al. 2017; Eteldaho et al.l 2009; Lei et al., 2007; Mainil
et all |2006};, Passador et al., 2014} [2016)).
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In the subsequent figures, blending protocols are denoted with acronymns defined at the top
of each figure. For ease of reference the acronymns will be displayed in brackets in the text

where discussed.

Tensile Properties

Figure [3.6] shows the effect of the different blending protocols on the mechanical properties of
the composites. When comparing the intra-study results in Figure (a), the clay /compatibiliser
(C/C) masterbatch tends to improve the Young’s modulus when compared to that of di-

rect mixing. For [Passador et al| (2014} [2016)) there is no visible improvement between
clay/compatibiliser (C/C) and the polymer/clay/compatibiliser (P/C/C) masterbatches. Adding

a compatibiliser provides higher values for Young’s modulus as seen with [Eteldaho et al|(2009)

and [Passador et al| (2014} [2016). This is due to the compatibiliser improving the interaction
between the clay and polymer. From Figure b) there is no change in First Peak Stress be-
tween the different blending protocols. Elongation to failure, Figure [3.6|(c), is higher for direct

mixing (DM) and reduces by half for a clay/compatibiliser (C/C) masterbatch as observed
for both |Asgari et al. (2017)) and [Mainil et al.| (2006)).

DM - Direct Mixing; C/C - Clay/Compatibiliser; P/C/C - Polymer/Clay/Compatibiliser
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Figure 3.6: Effect of the blending protocol on the tensile properties: (a) Young’s modulus, (b) first
peak stress and (c) elongation to failure.
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Flexural and Impact Properties

The effect of blending protocol on the flexural and impact properties is shown in Figure
The effects of blending protocol on the flexural properties are small, with only slight changes
due to a change in masterbatching protocol. There is a slight increase in impact strength
for the clay/compatibiliser (C/C) masterbatch when compared to direct mixing. The general
improvement in the flexural and impact properties of the clay/compatibiliser (C/C) master-

batch is due to the clay being properly dispersed and distributed in the polymer matrix which

improves clay-polymer adhesion (Passador et all 2016} Scaffaro et all [2013)). This reduces

crack propagation, as the stress transmission between phases is enhanced—thereby improving
the toughness of the material (Scaffaro et all 2013).

DM - Direct Mixing; C/C - Clay/Compatibiliser; P/C/C - Polymer/Clay/Compatibiliser
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Figure 3.7: Effect of the blending protocol on the flexural and impact properties: (a) flexural
modulus, (b) flexural strength and (c) impact strength.

Dynamic Mechanical Analysis

Commonly used measures in rheology to describe the materials deformation response are
storage and loss moduli. The storage modulus (also known as the elastic modulus) is defined
as the ratio of the elastic stress to strain. It therefore describes the material’s ability to store
energy elastically. The loss modulus (also known as the viscous modulus) is defined as the
ratio of the viscous component to the stress. It describes the material’s ability to dissipate

stress through heat.

Lei et al| (2007) and Passador et al| (2016 provided DMA results, which are presented in
Table and Figure|3.8] From Table there is no significant difference between direct

mixing and clay/compatibiliser masterbatching in the storage and loss moduli.

In Figure a), note that clay/compatibiliser masterbatching results in a higher storage
modulus than polymer/clay/compatibiliser masterbatching. This indicates that the poly-
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Table 3.1: DMA results based on the effect of blending protocol for rHDPE with 5 wt% Cloisite 15A

and 5 wt% MAPE. (Adapted from (2007))

Blending Protocol ~ Storage Modulus (MPa) Loss Modulus (MPa)

Direct Mixing 1.50 0.166
Clay /compatibiliser 1.43 0.154
(a) (b)
) N \/\
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Material Systems:
HDPE/LLDPE (75/25 wt%) with 7.5 wt% Cloisite 20A and 5 wt% LLDPE-g-MA (Passador et al., 2016)

Figure 3.8: Effect of the blending protocol on the DMA properties: (a) storage modulus and (b)
loss modulus. (Reproduced with permission from [Passador et al.| (2016))

mer/clay/compatibiliser masterbatching has a reduced energy elastic storage capacity, thereby
decreasing the resistance to material deformation. In Figure[3.8(b), the loss modulus for
clay /compatibiliser masterbatching tends to be lower than that of polymer/clay /compatibiliser
masterbatching at lower temperatures, and higher than that of polymer/clay/compatibiliser
masterbatching at higher temperatures with the change-over point just above 0 °C. This in-

dicates that the clay/compatibiliser masterbatching is better able to dissipate stress through

heat with increased temperatures. According to Passador et al. (2014, [2016) there is crosslink-

ing between the clay and compatibiliser in the clay/compatibiliser masterbatch which is
process-induced as a result of matrix degradation. This explains the higher storage mod-
ulus while a lower loss modulus is expected compared to the polymer/clay/compatibiliser

masterbatch.

The sharp peak around 20 °C (the « relaxation of the matrix), can be ascribed to the increase
in amorphous volume in the clay/compatibiliser case, and, potentially, an increase in the

ordering present in these volumes owing to mixing effects of the already partially cross-linked

masterbatch in the matrix (Danch et al) [2003). The latter must be taken with care, owing to

the absence of data for an annealed case of the material prepared using the clay/compatibiliser

masterbatch.
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Conclusion

Ultimately, the mechanical properties of a composite are affected by the crystallinity of the

polymer matrix and the degree of reinforcement from the clay (Passador et al) 2016). The

masterbatching approach, therefore, improves the overall composite morphology by improv-

ing clay distribution and intercalation (Scaffaro et al., [2013). The clay/compatibiliser mas-

terbatching provides an improvement in composite stiffness compared to direct mixing as it
more effectively disperses the clay in the polymer matrix. On the other hand, direct mixing

provides better material ductility compared to clay/compatibiliser masterbatching.

3.4.2 Compounding Methods

During compounding, the morphology of the composite changes which ultimately affects the
mechanical properties. The different methods used during compounding of the material,

that is the phase in the manufacturing process where all the material components are mixed
together to form a compound, are considered here. There were 8 studies (Boran et al.

2017; [Brandenburg et all 2014} [Silva et ol 2014}, [Esteki et all [2013; [Heinemann et al., [1999);
Hofler et al.,|2018; Merinska et al., 2012} Minkova and Filippil, 2011) which compared different

compounding methods.

In the subsequent figures, compounding methods are denoted with acronymns defined at the

top of each figure. Theses acronymns will be displayed in brackets in the text where discussed.

Tensile Properties

The effects of the different compounding methods on the tensile properties are shown in
Figure [3.9. Note that [Merinska et al.| (2012) used DMA to determine the Young’s modulus
compared to the other studies which used tensile testing. [Merinska et al.|(2012) did not specity
the type of PE used, although it is assumed to be HDPE due to the properties obtained.

From Figure 3.9(a), note that internal mixing (IM) offers the highest Young’s modulus. From

Esteki et al|(2013), water-assisted twin-screw extrusion (WA TSE) provides an improvement

in Young’s modulus over twin-screw extrusion (TSE) as it improves the degree of intercala-

tion. From Boran et al|(2017), single-screw extrusion with an extensional-flow mixer (SSE

EFM) reduces the Young’s modulus slightly but not in a statistically significant way. Solution
intercalation (SI) provides a slight decrease in Young’s modulus compared to internal mixing.
In-situ polymerisation (IP) provides the lowest Young’s modulus. This is an interesting ob-
servation as it enhances exfoliation which should result in an increased stiffness
1999). In their study, Heinemann et al| (1999) found an increase in stiffness with

in-situ polymerisation (IP) over internal mixing (IM) when adding 1l-octene, which acts as

a compatibiliser to improve the dispersion. However, it did reduce the Young’s modulus by

61 % for in-situ polymerisation (IP) and 86 % for internal mixing (IM) from that reported
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IM - Internal Mixing; TSE - Twin-screw Extrusion, WA TSE - Water-assisted Twin-screw Extrusion;
SSE - Single-screw Extrusion; SSE EFM - SSE with Extensional-flow Mixer; BK - Buss Kneader;
SI - Solution Intercalation; IP - In-situ Polymerisation; DB - Dry Blending
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Figure 3.9: Effect of the compounding methods on tensile properties: (a) Young’s modulus, (b) first
peak stress, (c) strain at the first peak stress, (d) elongation to failure and (e) stress at fracture.

in Figure a). Dry blending (DB) in a high-speed mixer will likely result in agglomeration
of particles, which is why Young’s modulus is reduced, whereas twin-screw extrusion (TSE)
provides better mixing and dispersion (Hofler et al. 2018). From Merinska et al.| (2012) there

is no significant change in Young’s modulus when using either twin-screw extrusion (TSE) or
BUSS kneading (BK).

There are similar trends in the first peak stress, Figure b), where twin-screw extrusion
(TSE) provides the best overall improvement comparing within the respective studies. BUSS
kneading (BK) (Merinska et al., 2012) and dry blending (DB) in a high-speed mixer
, reduce the first peak stress, and there is no observable change in adding an
extensional-flow mixer to the single-screw extruder (SSE EFM) (Boran et al.;2017). A reduced
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first peak stress can be explained by stress concentrations during tensile testing caused by

agglomerates of clay (Merinska et al., 2012). Adding water to the twin-screw extrusion (WA

TSE) process does improve the first peak stress.

It is difficult to draw any overall conclusions from the remaining properties owing to insuf-
ficient data. However, there is no change in the strain at first peak stress in Figure (c)
From Figure (d), the elongation to failure decreases significantly for in-situ polymerisation

(IP) (Heinemann et al, 1999). Internal mixing (IM) provides much better stress at fracture

compared to in-situ polymerisation (IP) as seen in Figure e).

Flexural and Impact Properties

The results for the flexural properties are shown in Figure [3.10] There aren’t any significant
changes in flexural properties for the different methods within a given study. Owing to

differences in material and loading, no conclusions can be drawn between studies in this case.

TSE - Twin-screw Extrusion, SSE - Single-screw Extrusion;
SSE EFM - SSE with Extensional-flow Mixer; DB - Dry Blending
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I HDPE with 5 wt% Halloyiste (Hofler et al., 2018)

Figure 3.10: Effect of compounding methods on flexural properties: (a) flexural modulus and (b)
flexural strength.

The toughness properties are shown in Figure Note that for the impact strength in
Figure (a), the studies reported their results in different units. There is an improvement
in impact strength for dry blending (DB) in a high-speed mixer compared to twin-screw
extrusion (TSE) (Hofler et al |2018). When adding water to the twin-screw extrusion (WA
TSE), the impact strength actually decreases because nano-voids form at the polymer-clay
interface, reducing the energy transfer capability (Esteki et al.,2013). In Boran et al.| (2017),

adding an extensional-flow mixer to the single-screw extrusion (SSE EFM) process improves

the impact strength as the extensional-flow mixer improves mixing and dispersion. From

Figure|3.11{(b), the nanohardness improves slightly for solution intercalation (SI) compared to
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internal mixing (IM) (Brandenburg et al} 2014; Silva et al.,[2014). Solution intercalation (SI)

provides a larger interface area allowing for better interaction which increases the resistance

to plastic deformation increasing the material toughness (Silva et al., 2014]).

IM - Internal Mixing; TSE - Twin-screw Extrusion, WA TSE - Water-assisted Twin-screw Extrusion;
SSE - Single-screw Extrusion; SSE EFM - SSE with Extensional-flow Mixer; SI - Solution Intercalation;
SB - Solution Blending; QA - Quiescent Annealing; DB - Dry Blending
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Figure 3.11: Effect of compounding methods on the toughness of the material: (a) impact and (b)
hardness.

In Minkova and Filippi (2011), microhardness slightly decreases for solution blending (SB)
and quiescent annealing (QA) compared to internal mixing (IM), which provides the highest

microhardness. No significant change was found in the additive hardness between the three

methods considered. Internal mixing (IM) and quiescent annealing facilitate higher levels of
exfoliation and clay dispersion, resulting in improved hardness values. Conversely, poor clay
dispersion and agglomeration result in lower values (Minkova and Filippi, 2011)). The internal
mixing (IM) method provides the best dispersion and therefore the best properties, followed
by quiescent annealing (QA) and, finally, solution blending (SB).

Conclusion

Internal mixing and twin-screw extrusion offer the best overall mechanical properties, justi-

fying their frequent use in the literature.

3.4.3 Compounding Conditions

The effects of different compounding conditions such as temperature, time, rotation speed or

the use of additional equipment is considered here. This section is subdivided by the type
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of compounding condition as opposed to the type of mechanical property as seen in previous
sections. This section considers extrusion and internal mixing which are two of the most

commonly melt mixing methods employed for polymer-clay composites. A total of 13 studies

are discussed which include extruder screw profile (Barbosa et al) 2012), extruder screw
speed (Oliveira et al. |[2009), extruder temperature profile (Lew et al.l [2005), CO2 treatment
(Nguyen and Baird, 2006)), ultrasound treatment (Lapshin et al., 2008} |Li et al.l [2007; [Swain|
and Isayev, 2006, |2007), novel vane mixer(Huang et al 2015), internal mixer temperature
(Gong et al., [2013; Ujianto et all 2018), internal mixer speed (Gong et al., [2013; Ujianto et
lal and internal mixer time (Gong et al.| 2013; Mainil et al. 2006; Ujianto et al., 2018).

This is the largest category presented in this review.

Extruder Screw Profile

Barbosa et al|(2012) considered two different screw profiles, ROS and 2KB90, as well as a

torque rheometer connected to a twin-screw extruder. Details of the screw profiles considered

are discussed in Barbosa et al.| (2012)). The results for the mechanical properties are shown
in Figure 3:12] The ROS screw profile offered the highest Young’s modulus of the three

configurations, while the rheometer configuration offered the highest first peak stress, with

little difference between the performance of the two screw profiles. The screw profiles are
believed to improve dispersion of the composite components, thereby improving the overall
material stiffness (Barbosa et al., 2012). However, Barbosa et al. (2012) does indicate that

sufficient exfoliation was not achieved through these screw profiles as the composite mechanical

properties were reduced from the neat HDPE sample.
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Figure 3.12: Effect of screw profile on the tensile properties: (a) Young’s modulus and (b) first peak
stress.
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Extruder Screw Speed

The effect of the extruder screw-speed on impact strength is shown in Figure [3.13] [Oliveira ef]
(2009)) reported the impact strength as 0.12 KJ/m at 200 rpm and 0.13 KJ/m at 400 rpm

which is not a significant increase (7 %). An increase in screw speed aids exfoliation, thereby

improving mechanical properties but only up to an optimum point before it starts to degrade
the properties due to the decreased residence time. A decreased residence time may result in

reduced mixing and/or exfoliation, which, in turn, results in the worsening of the properties.
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Figure 3.13: Effect of the extruder screw speed on the impact strength.

Extruder Temperature Profile

The effect of varying the temperature profile across all zones is shown in Figure
considered different temperature profiles with varying combinations of low and high
temperatures in the different extruder zones. In Figure [3.14] the different temperature profiles
are denoted with TPx where x is a number followed by the extruder temperature profile for

each zone.

The higher temperature profiles provided improved mechanical properties with the TP1 (215-
215-215-215-215-215-215 °C) and TP5 (215-215-170-170-185-200-215 °C) temperature profiles
providing the greatest overall improvement. The authors claim that the initial high temper-
ature aids the interaction of the polymer chains and the clay particles, while the reduced
temperature in the latter portions of the extruder will increase melt viscosity and through the

ensuing increase in shear, improve exfoliation.
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TP1: 215-215-215-215-215-215-215 °C;  TP2: 145-145-145-145-185-200-215 °C; TP3: 145-145-145-145-145-145-145 °C;
TP4: 235-235-235-235-235-235-235 °C; TP5: 215-215-170-170-185-200-215 °C; TP6: 170-170-215-215-215-215-215 °C;
TP7: 200-200-200-200-200-215-215 °C;  TP8: 185-185-185-185-185-200-215 °C
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Figure 3.14: Effect of the extruder temperature profile on the mechanical properties: (a) elongation
to failure, (b) stress at fracture, (c) flexural modulus and (d) impact strength. Square brackets indicate
that a material was recompounded with the letter indicating the starting material. (H - high, L - low,
m - mid).

CO;3 Treatment

Nguyen and Baird| (2006 used supercritical CO2 in an attempt to improve the dispersion

of the clay particles within the polymer matrix during extrusion. They pressurised the COq
before injecting it, through a port, into the extrusion process at the beginning of the second

stage of the two stage screw in a single screw extruder.

The tensile properties obtained through COs treatment are shown in Figure [3.15] where the
treatment clearly improves the Young’s modulus with no significant effect on the first peak

stress. This change suggests that the degree of exfoliation is improved for COg treatment

during the mixing process (Nguyen and Baird) [2006). Unfortunately, treating the polymer-

clay composite with COs during extrusion does lead to a loss of material ductility as seen
with the lower elongation to failure. This suggests that while improved exfoliation enhances

the material stiffness and strength, it does have the drawback of decreasing material ductility.
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Figure 3.15: Effect of supercritical COy treatment on the tensile properties: (a) Young’s modulus,
(b) first peak stress and (c) elongation to failure.

Ultrasound Treatment

Ultrasound treatment uses sound waves or vibratory oscillations in an attempt to improve
clay dispersion. This is achieved by attaching an ultrasonic device to the slit die at the end
of the extrusion process. This allows for continuous treatment of the extrudite as it exits the
extruder. (Swain and Isayev, 2006, [2007) and (Lapshin et al., 2008) all used exactly the same
ultrasonic device developed in their laboratory with details regarding it published in (Oh et
lal [2003). (Li et all 2007) developed their own ultrasonic device with details regarding it
published in (Zhao et al., [2006).

Lapshin et al.| (2008) considered the effect of the ultrasound flow rate on the tensile properties

as shown in Figure .16} The ultrasound flow rate refers to the different material flow rates

as it exits the extruder and corresponds to the residence time in the treatment zone. In

- @ (b)
| [ |
2l B B BN R
[} 1 o
w1 1 B b: i
E F 8001
il N B N e i
S =
= J S 600
= 150 g I I
g & 400 | .
3 100 =
1 0B B b .8 B 0 B
X
i 1 i 1
J1 1 h h R N N N
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Ultrasound Flow Rate (g/s) Ultrasound Flow Rate (g/s)

Material System:
HDPE with 2.5 wt% Cloisite 20A (Lapshin et al., 2008)

Figure 3.16: Effect of ultrasound treatment on the tensile properties as a function of ultrasound
flow rate: (a) Young’s modulus and (b) elongation to failure.
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Figure [3.16|a) there is an initial increase in Young’s modulus up to a flow rate of 0.25 g/s
before decreasing as the flow rate increases. The Young’s modulus is moderately affected by
the ultrasound flow rate with the maximum improvement only 7 % at 0.25 g/s compared
to the untreated composite. Lapshin et al.| (2008) states that this is due to balance of the

intercalation or exfoliation of the clay and the polymer-matrix degradation—two competing

processes. Elongation to failure, in Figure b), has the opposite behaviour: decreasing
initially for a flow rate of 0.25 g/s before increasing with an increased flow rate. The increase
in elongation to failure is due to the partial exfoliation observed improving the ductility of
the material (Lapshin et al., 2008).

The effects of the ultrasound intensity on the mechanical properties are illustrated in Fig-
ure [3.17] The ultrasound intensity refers to the power output of the device, e.g. at 0 W the
ultrasonic device is off and no ultrasound treatment is received, whereas ast 200 W the device
is on and the material undergoes ultrasound treatment. There is a general increase in mechan-
ical properties with an increase in intensity, with the exception of the impact strength, which
decreases slightly. The general improvement in mechanical properties is due to an improved
dispersion of the clay in the polymer matrix, owing to the ultrasound treatment, which breaks

down clay agglomerates into smaller stacked tactoids (Li et al [2007). According to [Li et al.

(2007)), this improved dispersion is a reason for the improvement in the elongation to failure.
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Figure 3.17: Effect of ultrasound treatment on the mechanical properties as a function of intensity:
(a) Young’s modulus, (b) first peak stress, (c) elongation to failure and (d) impact strength.
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Swain and Isayev| (2006, 2007)) considered the effect of ultrasound amplitude on the mechanical
properties, with the results shown in Figure B.I8 The ultrasound amplitude refers to the

amplitude of the wave produced by the device. There is a general improvement in the first

peak stress, elongation to failure and toughness; while Young’s modulus, strain at first peak

and impact strength tend to decrease with increased amplitude. Swain and Isayev| (2006,
2007) concluded that by applying ultrasound treatment, the clay was better dispersed in

the polymer matrix by creating stronger interfacial adhesions, which increased the material

ductility.
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Figure 3.18: Effect of ultrasound treatment on the mechanical properties as a function of amplitude:

(a) Young’s modulus, (b) first peak stress, (¢) strain at first peak stress, (d) elongation to failure, (e)
impact strength and (f) toughness.
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Novel Vane Mixer

A novel vane mixer is different to the traditional extruder consisting of a feeding unit and two
mixing units. This change in structure allows the novel vane mixer to induce elongation flow

as opposed to shear flow in traditional extrusion equipment. More details on the novel vane

mixer can be found in (Huang et al.l 2015).

Huang et al. (2015) investigated the effect of rotation speed and mixing time on the tensile

properties as shown in Figure [3.19] There is a general increase in first peak stress and
elongation to failure up to 40 rpm before decreasing at 50 rpm. The improvement in properties

due to rotor speed is attributed to the stress transfer between the polymer matrix and the

clay layers (Huang et al., 2015). For mixing time, there is general increase in these properties

up to 4 min followed by a decrease at 6 min before increasing again, albeit much more

slowly. The initial increase in performance may be ascribed to the improved intercalation

that accompanies an increase in mixing time (Huang et al) 2015). It is evident from the

results that the optimum conditions for Huang et al.| (2015)) are 40 rpm and 4 min, as these

resulted in the highest performance. [Huang et al.| (2015) conclude that the decrease in tensile

properties at higher speeds and mixing times is due to the loss of organic cations between the

clay platelets, which reduces the stress transfer between the polymer matrix and clay.
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Figure 3.19: Effect of novel vane mixer rotation speed (constant time of 6 min) and mixing time
(constant speed of 30 rpm) on the tensile properties: (a,c) first peak stress and (b,d) elongation to
failure.
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Internal Mixer Temperature

The effect of internal mixer temperature on mechanical properties is illustrated in Figure [3.20]
There is a general increase in Young’s modulus, albeit small, with an increase in temperature
for either a Banbury or Roller rotor, with the Banbury providing the highest modulus. In
Figures b) and (c), flexural modulus and strength are shown to have a slight negative

correlation with temperature in a Brabender mixer.
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Figure 3.20: Effect of internal mixer temperature on the mechanical properties: (a) Young’s modulus,
(b) flexural modulus and (c) flexural strength.

Internal Mixer Speed

Figure illustrates the influence of internal mixer speed on the mechanical properties. For

(Ujianto et al.l [2018) there is a decrease in Young’s modulus with an increase in rotation

speed, with the Banbury rotor providing a higher Young’s modulus compared to the Roller

rotor. For (Gong et al., 2013) there is no change in the flexural properties. The adhesion
between the clay and polymer matrix is improved by increasing the rotor speed (Teymouri
and Nazockdast), 2011 Zawawi et al., 2012). This leads to more sufficient exfoliation due to

higher shear stress which provides an improvement in composite stiffness and strength. This

improvement in stiffness is not observed here which indicates that the increased rotor speed

did not provide sufficient exfoliation for the composite systems presented here.

Internal Mixer Time

The effect of internal mixing time on the mechanical properties is shown in Figure [3.22] where

a general increase in mechanical properties is observed with an increase in mixing time.

From Ujianto et al. (2018) the Banbury rotor provides the most improved Young’s modulus

compared to the Roller rotor. A longer mixing time allows for a better degree of dispersion
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Figure 3.21: Effect of internal mixer rotor speed on the mechanical properties: (a) Young’s modulus,
(b) flexural modulus and (c) flexural strength.
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Figure 3.22: Effect of internal mixer time on the mechanical properties: (a) Young’s modulus, (b)
elongation to failure, (c) flexural modulus and (d) flexural strength.

of the clay in the polymer matrix thereby improving both the tensile (Ujianto et al., 2018}
Mainil et al., 2006) and flexural (Gong et al., 2013) properties as seen in Figure
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Conclusion

For extrusion, the choice of screw type, speed and temperature profile have an impact on the
obtained mechanical properties. Including additional treatments such as CO9 and ultrasound
provides an improvement in the polymer-clay exfoliation consequently enhancing the overall
mechanical properties. Internal mixing temperature does not have a significant effect, however
an increase in rotation speed does have a negative impact on the material stiffness. An increase
in mixing time provides improvements in mechanical properties. It is clear that the choices
made during compounding of HDPE/MMT composites have an influence on the mechanical

properties.

3.4.4 Processing Methods

Processing methods in the context of this study refer to the process subsequent to com-
pounding whereby the samples that are ultimately used to obtain the mechanical properties
are produced. Injection and compression moulding are the most commonly used processing
methods with injection moulding providing better overall mechanical properties compared to
compression moulding. Five studies considered the effects of processing methods
2007; Gao et all[2012; Jo and Naguib|, 2006|, [2007a; Mistretta et al., 2018, Xiang et al., 2009).

In the subsequent figures, processing methods are denoted with acronymns defined at the top
of each figure. For ease of reference the acronymns will be displayed in brackets in the text

where discussed.

Tensile Properties

The mechanical properties as a function of processing method are shown in Figure [3:23] It is
immediately noticeable that injection moulding (IM) results in higher stiffness and strength
when compared to compression moulding (CM). This is due to how the processing methods
affect the composite morphology. Injection moulding (IM) tends to lead to better separation
and dispersion of the clay in the polymer matrix as a result of shear effects, while compression
moulding (CM) has a higher likelihood to form agglomerates during melting with the higher
compacting times (Chu et al. 2007; Mistretta et al) 2018). It is difficult to make claims

regarding the elongation to failure between studies as each study considered a different strain

rate. For Mistretta et al| (2018)) injection moulding (IM) provided a higher elongation to

failure compared to compression moulding (CM).

When applying a CO2 foaming process to compression moulded samples (Foam) as in

Naguib| (2006, 2007al), there is a slight decrease in Young’s modulus and a significant decrease

in elongation to failure. This is due to the clay deteriorating the performance of foamed

samples due to poorer dispersion, with little exfoliation and potential agglomeration (Jo and

Naguibl 2006}, |2007a). Dynamic-packing injection moulding (DPIM) provides a significant
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CM - Compression Moulding; IM - Injection Moulding;
DPIM - Dynamic-Packing IM; Foam - Foamed using CO5;
(In brackets: T - Transverse; F - Flow; M - Meridian; 45 - 45 Degree)
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Figure 3.23: Effect of the processing methods on the mechanical properties: (a) Young’s modulus,
(b) 0.2 % yield stress, (c) first peak stress, (d) stress at fracture and (e) elongation to failure.

improvement in stiffness and strength compared to injection moulding (IM). This improvement
is attributed to the improvement in the composite’s morphology, where dynamic-packing
results in improved dispersion of the clay, clay-polymer interfacial adhesion and orientation
of the polymer chains due to the shearing effects (Gao et al., 2012; Xiang et al., 2009).

\Chu et al.|(2007) studied the effect of cutting an injection-moulded sample for testing in either
the transverse (IM(T)) or flow (IM(F)) direction. The choice of which direction to cut the

samples has a clear influence, with samples cut along the flow direction (IM(F)) providing

much better mechanical properties than those cut along the transverse direction (IM(T)).

This is due to the polymer matrix being able to transfer greater stress to the clay and the

clay particles are oriented in the flow direction (Chu et all 2007).
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Dynamic Mechanical Analysis

Another measure used to describe the materials deformation response in rheology is tan §.
The angle between the storage modulus and loss modulus is referred to as the phase angle, 6.
For example, if ¢ is close to 0 it means that the storage modulus plays a larger role and the
material is more elastic. Whereas if it is close to 90 © the loss modulus has a larger role and
the material is more viscous. tan J is therefore the tangent of the phase angle and defined as
the ratio of the viscous to elastic response of a material. In other words, tan § denotes the

energy dissipation potential of the material.

In Figure|3.24] the findings of Xiang et al.|(2009) on the effects of static and dynamic-packing

injection moulding on a material’s DMA behaviour may be seen. Dynamic-packing injection

moulding provides increases in the DMA storage and loss moduli. The increased storage
modulus is due to the shearing effect introduced in dynamic-packing increasing the material
stiffness (Xiang et al [2009), as seen in Figures [3.23[a) and (c). The loss modulus increases
due to the enhanced interfacial interactions between the clay and polymer as a result of the
shearing effect (Xiang et al., 2009)).
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Processing Method Processing Method Processing Method
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Material Systems:
HDPE with 10 wt% Mica (Xiang et al., 2009)

Figure 3.24: DMA results showing the effect of processing methods on the (a) storage modulus, (b)
loss modulus and (c) tan § for HDPE with 10 wt% Mica. (Reproduced with permission from

e al] 2009)

Dynamic-packing only results in increased tan § up to approximately -70 °C. The enhanced
shear effect which improves the interaction between clay and the polymer results in propor-

tionally stiffer or more elastic behaviour (due to the higher storage modulus), which is why

tan ¢ is reduced for dynamic packing (Xiang et al., 2009).

Conclusion

Injection moulded samples provide better improvement in mechanical properties when com-
pared to compression moulded samples. For injection moulded samples there is an influence

on mechanical properties depending on the direction along which samples are cut. Samples
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cut along the flow direction provided better overall properties. Dynamic injection moulding
is an improvement on conventional injection moulding as it enhances the material stiffness

and strength significantly.

3.4.5 Processing Conditions

Processing conditions are varied during the processing phase where samples for testing are

manufactured. Similar to the compounding conditions subdivisions are done according to the

type of processing condition. 4 studies are discussed where Jo and Naguib| (2006] [2007a]bl
2008)) considered the effect of foaming time and sample cooling, while using two different press

times between two of the studies.

Foaming Time

The effect of foaming time is illustrated in Figure [3.25] There is a general increase in Young’s
modulus (absolute and relative) with an increase in foaming time and a decrease in elongation
to failure, while there is little change in first peak stress. By increasing the foaming time,
the volume expansion ratio first increases before deteriorating at the maximum foaming time
of 60 s (Jo and Naguib, 2006, 2007a). The larger volume allows for better clay dispersion,
resulting in improved stiffness at the cost of decreased ductility (Jo and Naguib|, 2007b).
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Material System
BN HDPE with 0.5 wt% Cloisite 20A and 15 wt% PE-g-MAn (50 mm/min) (Jo and Naguib, 2006; 2007a)
IS HDPE with 0.5 wt% Cloisite 20A and 15 wt% PE-g-MAn (50 mm/min) (Jo and Naguib, 2007b)

Figure 3.25: Effect of the foaming time on the tensile properties: (a) Young’s modulus and relative
Young’s modulus, (b) first peak stress and (c) elongation to failure.

Compression Moulding Press Time

Jo and Naguib| (2006, 2007alb) inadvertently considered the effect of press time, as they

considered different press times in the separate studies. These results are shown in Figure[3.26

It is not possible to directly compare the Young’s modulus as lJo and Naguib| (2007b) provided
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their result only in relative terms. However, converting the provided value for a press time of
15 min (870.06 MPa) with that of the neat HDPE at 15 min which is 797.35 MPa a relative
Young’s modulus of 1.09 for a press time of 15 min is obtained. When compared to the relative

Young’s modulus of 1.09 for 10 min there is no effect on the Young’s modulus due to press

time. This observation corresponds to a previous study (Botha et al., 2020) where press time
has no statistically significant effect (c.f. Section [2.4.1]).
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Figure 3.26: Effect of the compression moulding press time on the tensile properties: (a) Young’s
modulus and (b) elongation to failure.

Sample Cooling Method

Jo and Naguib| (2008) conducted an investigation to understand the influence that the sample

cooling method has after compression moulding. These results are shown in Figure for
both conventional and foamed samples. Hot-plate cooling offers the highest Young’s modulus
and first peak stress, but the lowest elongation to failure. This is followed by air and then
water quenching. During sample cooling, the crystallinity of the composite morphology is
augmented; where water (65 %) showed the lowest crystallinity, followed by air (71 %) and
hot-plate (76 %) cooling with the highest (Jo and Naguibj, 2008). Young’s modulus and
first peak stress increase with increased crystallinity as the cooling rate is decreased
and Naguibl 2008). A previous study (Botha et al., |2020) indicated that air-cooled samples
offered better mechanical properties than those quenched in water (c.f. Section . From
Figure (a), conventional compression moulding results in samples with greater Young’s

modulus than that of those that have been subject to foaming.

Conclusions

An increase in foaming time has a largely negative impact on elongation to failure, while there
is a slight increase in Young’s modulus. Compression moulding press time has no significant

effect on the mechanical properties, while the sample cooling method does have an impact.
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Figure 3.27: Effect of the cooling method after compresson moulding on the tensile properties: (a)

Young’s modulus, (b) first peak stress and (c) elongation to failure.

The sample cooling method changes the composite crystallinity which affects the mechanical

properties.

3.5 Conclusion

In this systematic literature review, I analysed the mechanical properties of 33 studies to
determine the influence of different manufacturing variations. The mechanical properties are
influenced by the choices made during manufacturing as these affect the composite morphol-

ogy. The main findings in this review for each of the considered categories are:

e Blending Protocol: The order in which composite components are mixed affects the mor-

phology of the composite which has a significant effect on the degree of exfoliation of the
clay, ultimately affecting the mechanical properties. Clay/compatibiliser masterbatch-
ing provides the most significant improvement in Young’s modulus. However, it does
decrease the material ductility. Direct mixing provides the best overall improvement in

material ductility but at the cost of material stiffness.

e Compounding Method: Internal mixing followed by solution intercalation offers the best

material stiffness, as both methods enhance the degree of intercalation and/or exfoliation
of the clay within the polymer matrix. Twin-screw extrusion provided the best material

strength followed by Buss Kneader.

e Compounding Conditions: The choice of conditions and combination of these parame-

ters has a large effect on the degree of dispersion. For example, low processing temper-
atures with high rotational speeds promote high shear, where longer mixing times with
medium temperatures promote higher dispersion and higher temperatures and speeds

at longer mixing times degrade the clay surface. Mechanical properties can be im-
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proved by enhancing exfoliation with additional treatments, such as supercritical COq

and ultrasound.

e Processing Methods: Injection moulding offers the best overall improvement in mechan-

ical properties. However, compression moulding is most often the preferred processing

method for many researchers (Jordan et al., 2005). This is likely due to it being more

cost effective than injection moulding, especially for small scale manufacturing. In this
review, 56 % of the studies used compression moulding, with 44 % using injection

moulding.

e Processing Conditions: Foaming time and sample-cooling method were found to have

an influence on the mechanical properties as these directly affect the composite density

and/or crystallinity, while compression-moulding time had no effect at all.

It is quite clear from this review that the choice in not only material system, but the order in
which the components are mixed and the decisions made in manufacturing have an important
effect on a composite’s mechanical properties. In fact, the decisions made during the entire
manufacturing process have a direct impact on the final mechanical properties and the type
of composite obtained. The main reason for this is that manufacturing has a direct effect on a
composite’s morphology, crystallinity and the degree of intercalation and/or exfoliation, all of
which directly contribute to the mechanical properties. It is, therefore, recommended to take
care when choosing and optimising the manufacturing conditions as these should be based on

the intended purpose of the final composite.

In general, studies report only the mean and, occasionally, the standard deviation for exper-
imentally determined mechanical properties. This is a limitation to our ability to quantify
the variability of associated manufacturing processes. Researchers are encouraged to include
statistical techniques in their approaches, such as statistical design of experiments (DoE).

Such statistical techniques allow greater insight into the potential effects of design choices.

The influence of manufacturing on mechanical properties has not been as well represented in
literature as the influence due to a change in the composite material system. This is even more
pronounced for high-density polyethylene/montmorillonite (HDPE/MMT)composite systems.
During the screening process I identified 1633 articles of which only 33 conformed to the
eligibility criteria. Even within the included articles, most of the studies considered the effects
of compounding conditions, while far fewer considered the effects of processing conditions. In
fact, all four of the articles where processing conditions were considered were published by the
same researchers. This systematic literature review is the first step to bridging this gap by
providing a detailed overview of the influence of manufacturing variation on the mechanical

properties of HDPE/MMT composite systems.
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STATISTICAL DESIGN OF EXPERIMENTS

Statistical design of experiments (DoE) aims to develop a near efficient design while minimis-
ing the number of experiments required. This is an optimal approach especially when there
is a need to investigate multiple variables. This chapter serves as an introduction to DoE
to provide the necessary overview before generating the DoE’s required for the experimental

portion of this thesis.

Sections of the work discussed in this chapter have been presented as a full length peer

reviewed conference paper (Botha et al., [2021)).

4.1 Introduction

Experimental work is a key part of any research or industrial project. The engineers and
scientists conducting these experiments use some measure of statistical analysis to analyse and
report their results. However, not all experimenters have been exposed to statistics during
their training. This often results in a lack of knowledge to properly design an experiment and
apply the correct statistical tools when there are multiple interacting variables. As a result,

experimenters often use the one-factor-at-a-time approach which is commonly taught during

their training or practised in industry. (Tanco et al., 2009)

In an experimental design we need to specify the factors, levels and response variables. A
factor is the manipulated or control variable, also referred to as the input variable of interest.
If we consider the example of melt compounding of polymer composites the factors might
include temperature and screw speed. The levels are the number of different variations (i.e.
settings or levels) we consider for each factor, for example, with three levels we would consider
a low, medium and high temperature. A response variable is the output variable of interest,

such as material strength.

In a one-factor-at-a-time approach, the experimenter varies one factor while keeping the
other factors of interest fixed. This is illustrated in Figure (a) for a design space with

82
© University of Pretoria



CHAPTER 4. STATISTICAL DESIGN OF EXPERIMENTS

two factors. Such an approach requires a large number of experimental runs, but does not
give insight into the interactions between the variables or identify the optimum conditions
(Montgomeryl, 2013)).

To mitigate these challenges we consider an approach from the field of statistics, statistical
design of experiments (DoE). DoE is the collective name for statistical optimisation techniques

which are commonly employed to plan an experimental program with a sufficient number of

experiments in order to make sound scientific conclusions from the data (Giindogdu et al.

2014; Montgomery, [2013)). They achieve this by optimising the design process, screening for

the most influential factors and determining their interactions while establishing and main-

taining quality control (Montgomeryl, [2013). The goal of a DoE is therefore to provide a near

optimal and efficient design which can be performed with the minimum number of experi-
mental runs. DoE’s can be grouped into two design classes, factorial designs and response
surface method (RSM) designs.

Factorial designs consider all the possible combinations of factors and levels that are being
investigated. As a result these tend to rapidly increase the number of experimental runs
required as the number of factors increase. A full factorial design will have n* experiments
where n is the number of levels and k is the number of factors. For certain applications, it
is possible to do a fractional factorial design which will reduce the number of experimental
runs. Fractional factorial designs are generally used when screening the factors that are of
interest. An example of factor screening considering a full factorial design is shown in Figure
4.1|(b) for two factors and two levels.

RSM designs rely on making an initial assumption about the shape of the response surface.
The response surface is the response variable plotted as a function of the factors in the design
space. An experiment can be efficiently designed to accurately capture the features of the
assumed response surface. RSM is employed after factor screening to optimise the product or
system. An example of an RSM design is illustrated in Figure (c) showing a more focused
design region compared to the factorial design. Notice that this is the recommended method

which estimates the true optimum.

(a) One-factor-at-a-time (b) DoE Factorial Designs (Screening) (c) DoE Response Surface Designs (Optimisation)

experiment 1
A

A *
A e optimum

A@ A A

experiment 2

Factor 1 Factor 1 Factor 1

<4 true optimum A factorial points @ center points  Wlack of fit points ¥ replication points

Figure 4.1: Graphical illustration of the (a) one-factor-at-a-time approach, (b) factorial designs for
efficient screening and (c) response surface designs for optimisation. The contour colour gradient
represents the response variable (yellow = high value and blue = low value). [Redrawn from
under the |Creative Commons Attribution 4.0 International License|

In the field of polymer composites, specifically investigating high density polyethylene (HDPE)
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or low density polyethylene (LDPE) and clay systems, the standard approach has been one-
factor-at-a-time. More recently, researchers have embraced the DoE approach and used tech-
niques such as Taguchi (Akhlaghi et al. [2012; Ibrahim et al |2014; Najafabadi et al., |2014;
Namdeo et al/, 2017, 2018al]; [Hafshejani et al [2019), Box-Behnken (Ramachandran et al.
2012} [Shahabadi and Garmabi|, 2012al[b; [Anjana et all, [2014; [Moghri and Dragoi, [2015; [Moghril
et al., [2016; Rahnama et al., 2017; Moghri et al., [2018; |Ujianto et al. 2018)), central compos-
ite design (CCD) (Campos-Requena et al., [2014; Koodehi and Koohi|, 2018)) and D-optimal
(Mohamadi et al.l 2014} 2016). In polymer composites DoE is mainly used to either find the
optimum material system (Akhlaghi et al 2012} [Shahabadi and Garmabil [2012alb} [Anjana)
let all, [2014; [Campos-Requena et all 2014} Mohamadi et all 2014; Najafabadi et all 2014}
Moghri and Dragoi, 2015} Mohamadi et al., 2016} [Rahnama et al), 2017} [Koodehi and Koohil,
2018; Moghri et al.l 2018; Hafshejani et all,|2019), manufacturing conditions (Ramachandran|
let al), 2012} [Campos-Requena et al., 2014} Tbrahim et al. [2014; [Moghri et al., 2016} [Ujiantol
or testing conditions (Namdeo et all, 2017, 2018alb). Finding the optimum con-

ditions is the main consideration, as seen from literature, which is why studies from literature

consider designs from the RSM design class. However, none of these studies provided an
indication on how or why they chose the desired DoE design. This highlights the need for
wider knowledge on the different DoE methods. Choosing the correct method and knowing

how to apply it correctly is of the utmost importance, otherwise the data obtained from the

study would be meaningless. (Tanco et al., [2009)

There have been introductory review articles which provide a brief introduction to the concept
of DoE and the theory behind some of the most used methods. Some of these include general
introductory articles (Lundstedt et al., 1998; Telford, |2007)), while others are focused on a

specific application such as bioengineering (Giindogdu et al., [2014) or fermentative hydrogen

production (Wang and Wan| 2009). Currently there are no such introductory DoE studies in

the field of polymer composites.

The aim of this chapter is to provide an introduction to DoE by showcasing and discussing
RSM designs. This chapter defines the criteria which will be used to compare these designs
in the context of two case studies from the field of polymer composites. The first case study
considers only continuous (numerical value) factors and the second considers both continuous

and categorical (non-numerical value) factors.

4.2 Theory and Background of Response Surface Methods

The three simplest response surface models are first discussed. This is followed by four classic
examples of RSM designs which are then introduced and explained: Taguchi Design, Central
Composite Design (CCD), Box-Behnken Design (BBD) and Optimal Designs (with specific
focus on D-optimal). Lastly, the criteria for evaluating the efficiency of these methods is
defined.
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4.2.1 Response Surface Models (RSM)

RSM rely on the assumption of a mathematical relationship between the response variable and
the factors. The three simplest assumptions: a linear model, a two-order linear interaction

model and a quadratic model, are presented and discussed.

Each model will be considered for continuous and categorical factors. A continuous factor is
defined as having a numerical value with an infinite number of values between any two values.
For example, the clay weight loading, time or temperature. A categorical factor describes a

category or distinct group, for example the clay type or manufacturing method.

In each of these models y represents the response variable, x; the continuous factors, 5 are the
regression coefficients and z; the categorical factor dummy variables. The dummy variable
would be equal to 1 for the n'" level of a categorical factor and 0 otherwise. In instances where
the regression coefficients have the same subscripts, cat is added to indicate that the subscript
is assigned to the categorical factors. The purpose of an experiment is to characterise the

response surface by solving for the number of regression coefficients, p.

Continuous Factors

The response surface models for continuous variables are illustrated in Figure [£.2] for a model

with two factors.

(a) Linear Model (b) Two-order Interaction Model (¢) Quadratic Model

Figure 4.2: Example response surface plots for the (a) linear (regression) model, (b) two-order
interaction model and (c) quadratic model with continuous factors.

A linear model (also called a linear regression model) for k& continuous factors has p =k + 1

model parameters and will take the following form:

k
y="PF0+ > Bimi. (4.1)

i=1

The two-order interaction model (also called an interaction model) for k continuous factors
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has p = 1 + (k% + k) /2 model parameters:

y=fBo+ Zﬁm + Z Z Bijwiz;. (4.2)

=1 j=1+1

A quadratic model for k factors has p = 1 + (k? + 3k)/2 model parameters:

y=po+ Zlglxl + Z Z /BZj'erj + Z’an (4.3)

=1 j=1+1

Continuous and Categorical Factors

With the addition of categorical factors a dummy variable, z;;, is introduced into the response
surface models. This dummy variable would be equal to 1 if the n'" level of the categorical
factor is active and 0 otherwise. The additional terms describing the categorical factors will
therefore result in a numerical value that gets added to the model intercept, 5y. With the
inclusion of categorical factors the response surface plots illustrated in Figure [£.2| will therefore

shift up or down depending on the updated intercept value for the response variable, y.

A linear model for k£ continuous factors and r categorical factors with n number of levels

has p =k + 1+ r(n — 1) model parameters and will take the following form:

r n—1

y=Po+ Z Biwi + Z Z le cat?il- (4'4)

=1 [=1

The two-order interaction model for k continuous factors and r categorical factors with
n number of levels has p = 1 + (k% + k)/2 + r(n — 1)(k + 1) model parameters:

r n—1 r n—1
y =B+ Z Bix; + Z Z /szmzl'j + Z Z ﬁzl catZil + Z Z Z Bzﬂszzl (45)
=1 j=i+1 i=1 [=1 =1 j=11=1

A quadratic model for k factors and r categorical factors with n number of levels has
p=1+ (k*+3k)/2+r(n—1)(k + 1) model parameters with the following form:

r n—1 r n—1
y=Po+ Z Biwi + Z Z szxzxj Z Z /le cat?il T Z Z Z Bzyll‘]zzl + Z B’LZ:E
=1 j=i+1 i=1 [=1 i=1 j=1 [=1

4.2.2 Explanation of Different RSM Design Methods

An overview of four commonly used response surface design methods (RSM) is given. They

are illustrated in Figure [£.3] for three factors, in which case the design space is represented
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by a cube. For the purposes of this thesis a replication point refers to an additional design
point which is exactly the same as an existing design point. A repeated sample refers
to testing multiple samples of the same design point. This is to ensure repeatability and is

required to conform to international testing standards.
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Figure 4.3: Graphical representation of the three-factor design space for the different RSM designs:
(a) Taguchi, (b) Central Composite Design, (c) Box-Behnken and (d) Optimal Designs.

Taguchi Design

The Taguchi design originated as a class of factorial design known as robust parameter design

(Montgomeryl, 2013, [Myers et al., 2016)). A Taguchi design tests all combinations of factors

and levels, similar to a factorial design, but uses pairs of combinations to reduce the number

of experiments required (Giindogdu et al. 2014). RSM is applied to the Taguchi design

to improve the efficiency of the design by mathematically including both the controllable

and noise (or uncontrollable) factors in a single response function to account for uncertainty

(Montgomeryl, [2013)). Thus, the effect of two or more levels of the factors on the response
variables can be studied (Giindogdu et al., 2014; Wang and Wan, 2009). The two levels of
factors can be seen in Figure (a) with the inner factorial points denoting the controllable

factors and the outer factorial points the noise factors. A disadvantage of Taguchi designs is
that they do not account for interaction effects between controllable and noise factors (Myers

et al), {OT6).

Central Composite Design and Box-Behnken Design

A central composite design (CCD) is a factorial design consisting of factorial points at the
edges of the design space, axial points at the midpoint of each level (centers of the faces) and
a center point in the middle of the design space. A CCD is illustrated in Figure [£.3(b). The
CCD is based on a two level factorial design, 2¥, where k is the number of factors. By adding

axial and center points to the design, the CCD requires fewer experimental runs compared

to a full factorial design while still producing similar results (Giindogdu et al., 2014). Axial

points are determined by the distance from the design center, o, which provides a measure

of rotatability. The rotatability of a CCD i.e., when the design is rotated around the center,
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provides an indication of the model’s ability to ensure the variance of the predicted response

is constant and stable (Montgomery, 2013). This rotatibility measure is dependent on the

assumed shape of the response surface. For this study, I consider a« = 1 which assumes a
cuboidal shape resulting in a face-centered CCD. The axial points are then in the center of
the cube faces as shown in Figure (b) Center points are added to the design to estimate
experimental error. They provide an indication of curvature, that is detecting quadratic effects
(Myers et al.,2016). A CCD is considered to be efficient when fitting a second order model
(Giindogdu et all 2014; Montgomery, 2013; Wang and Wan, 2009).

An alternative to the CCD is the BBD which is reported to be more economical as it requires

fewer experimental runs for the same number of factors (Montgomery, 2013). A BBD is
based on a 2 three level factorial design with an incomplete block design
lall), 2014} Myers et all, 2016; Wang and Wanl, [2009). An incomplete block design considers
all combinations for a certain number of factors while keeping the remaining factors at the
central levels (Giindogdu et al.,[2014; Montgomery, 2013; Wang and Wan, 2009). The BBD is
illustrated in Figure[£.3[c). In comparison with the CCD (Figure[d.3|b)) there are no factorial

points at the vertices of the design space. Instead, the factorial points lie along a sphere with

radius v/k. This is similar to where the axial points of a spherical CCD would lie if the design
is rotatable with radius o = v/k. As with the CCD, center points can be added to the BBD

to estimate experimental error.

Optimal Designs

Optimal designs are very flexible and are able to handle different user constraints and more

complex experimental design problems, such as: constrained design regions; many factors

or levels and limits on the total number of experimental runs (Montgomery, [2013; Myers|
2016). Optimal designs are numerically generated designs which aim to minimise a

specific optimality criterion to select a near optimal design (Montgomery, 2013 Myers et al.,

2016). Optimality criteria minimise some mathematical measure which focus on either the
estimation of regression coefficients or the prediction of the response variable in the design
region (Myers et al)[2016). An optimal design is illustrated in Figure [£.3d). The constrained

design region is represented by a gray triangle in the top right corner, indicating that no

design points can be selected above the triangle. As with the CCD and BBD designs center
points can be included for estimation of experimental error. For an optimal design, additional
design choices can be made which include specifying the number of replicates and lack of fit

points. Replications (purple x’ in Figure [£.3(d)) of certain design points can be added if

there is a strong interest in a specific combination of factors and levels (Montgomery, 2013).

On the other hand, if there is a need to test the prediction ability of the chosen response
surface model, lack of fit points (green squares in Figure [.3(d)) are included in the design

space (Montgomery, 2013). The design is then evaluated based on the response surface model

and specified optimality criterion. The optimality criterion is optimised by using a suitable

nonlinear optimisation algorithm (Montgomery, |2013; Myers et al.,[2016). The computational
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algorithm first constructs a full factorial design to create a set of candidate points. An initial
design is then selected at random from the candidate points and design weights (w; = 1/p) are
assigned to each design point. The points and design weights are then adjusted to optimise the
specified criterion. The choice of optimality criterion determines the type of optimal design.

For this study, I will consider a D-optimal design as these are the most widely used optimality

criteria (Montgomery|, 2013). The interested reader is referred to Montgomery Chapter 11
(Montgomeryl, 2013) or Myers et al. Chapter 9 (Myers et al., [2016|) for the definitions of other

optimality criteria.

A D-optimal design aims to find a good estimation of the regression coefficients subject

to the constraints on the design region and experimental runs (Myers et al., [2016). The D-

optimal design estimates the regression coefficients by maximising the determinant of |(X'X)],
where X is the model matrix and X’ is the transpose of the model matrix. X is populated
with all the combinations of the factor levels (i.e., -1, 0, 1 for a three level design) for each

factor and has columns expanded for all the terms in the response surface model.

Optimal designs can be classified as either continuous (approximate) or exact (discrete) designs

(Atkinson et all [2007). The classification refers to the optimisation approach considered

when generating the optimal design. For a continuous design, the aim is to find the minimum

number of distinct design points with their assigned design weights (0 < w; < 1) considering

the design region (Atkinson et all 2007). Exact designs specify the number of experimental

runs (V) for the optimisation process at the start (Atkinson et al.,2007). The exact design can

be approximated by multiplying the design weights w; (r; = w; N is the number of replication
points) with the total number of experiments (N) (Atkinson et al. [2007).

Global D-optimal designs are also referred to as continuous or approximate designs. They
assign optimum weights to each design point. If the total of number of experiments are
specified, the weights can be used to specify the number of replications for each design point,
approximately. Therefore, global optimal designs are not always practical since the number
of replications must be approximated from the weights. In practice, D-optimal designs are
generated from a candidate set, for example n* experiments, and its efficiency is specified
compared to the global D-optimal design. D-optimal designs generated from a candidate set
is referred to as exact designs. For a given set of factors, levels and response surface, the
global D-optimal design is uniquely defined. This makes the global D-optimal design ideal as
a benchmark design. In this study, each of the experimental designs will be compared to the
global D-optimal design for the relevant response surface model. Both the required number of

experiments and the efficiency of the designs will be compared to the global D-optimal design.

4.2.3 Design Evaluation

I measure the performance of a design by evaluating its efficiency. The efficiency is an indica-

tion of whether a design will be able to produce reliable results under a variety of circumstances
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(Myers et all [2016). There are two widely used measures of design efficiency: D-efficiency
and G-efficiency (Montgomeryl, 2013} Myers et al., 2016; |Atkinson et al., 2007).

D-efficiency is a measure of the precision of estimation of the regression coefficients, (;;
(Myers et al. 2016). Figure a), which illustrates D-efficiency in two dimensions. In
this simple example the area of the ellipse represents the confidence region of the regression
coefficients. D-efficiency is achieved when the area of this ellipse is minimised
2013; [Myers et al., 2016). This is equivalent to maximising the determinant, |(X'X)|. Recall

that X is the model matrix containing the factors (z;) for all levels in the response surface

model.

When we want to compare two different designs we need to evaluate the relative D-efficiency,

which compares the D-efficiency of the current design to that of the global D-optimal design

(denoted by subscript gopt) by comparing their determinants (Montgomery], 2013} [Atkinson|

(4.7)

by = (WY
| (XIQOPtWQOPtXQOPt) |
where p is the number of regression coefficients, and the matrix W is a diagonal matrix
containing the design weights attached to each design point. [(X’WX)| is the determinant
whose inverse provides insight into the variance of the regression coefficients. W can be
included or excluded for exact designs when calculating the D-eff where the design weights

w; = 1/ N for exact designs.

The G-efficiency of a design is a measure of the accuracy of the prediction of the response

variable in the design region (Montgomery, 2013; Myers et al. [2016). The G-efficiency is
defined as (Montgomery), [2013} Atkinson et al., [2007):

_ p _p
Gers = max(#'(X'WX)~12)  max(SPV)’ (48)

The denominator is known as the scaled prediction variance (SPV). SPV is the variance of
the predicted response at a point in the design region scaled to the number of experimental
runs (Myers et al., 2016).

A simple visualisation of G-efficiency for a linear model with three factors is shown in Figure
4.4(b). Two designs are shown, represented by the red dash-dotted line and the blue dashed
line. The y-axis, the SPV, is a measure of how many regression coefficients are required
to accurately predict the model response for a given fraction of the design space (FDS),
shown on the x-axis. The linear model with three factors has four regression coefficients, i.e.
p = 4. This is represented by the black line for a G-efficiency of 100 %. The red design has
max(SPV) = 6.5 giving a G-efficiency of 61.5 %, while the blue design has max(SPV) =5
resulting in a G-efficiency of 80 %. This means that the red design would require more
replications at the specified design points to achieve similar prediction variance as the blue
design. Thus it has a lower G-efficiency. To improve the G-efficiency of the design we want

to minimise the variance in the response variable prediction, i.e. change the design such that
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at an FDS of 1 the SPV is minimised (Montgomery, 2013; Myers et al, 2016).

o (a) D-efficiency e (b) G-efficiency
71 :
G-efficiency =4/6.5 = 61.5 %

084 P e e I R E e
~ Z6 7
Q % /7
= S . |G-efficiency =/4/5 =80 % .
£ 064 = e e 7"“7
_g 8 5 5 -7
g ~ , | Geefficiency = 100 % Ve
S g 7
= 2 /z”

4 b=l D
‘g 0.4 L3 ,/’
4 = N
B 3 _-T
[ S 2 e

4 @n - 7

21 . | | - e
|4====" s
-
-
—

0.0 - : : ! (IR - - -

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Regression Coefficient 2, (82) Fraction of Design Region

Figure 4.4: Graphical representation of the (a) D-efficiency where the volume of the ellipse denotes
the confidence region of the regression coefficients; and (b) G-efficiency where the dashed and dashed-
dot curves are examples, for different designs, of the prediction variance across the design region
considering a linear model.

4.3 Case Studies

To illustrate the differences between the different experimental designs I consider two case
studies. The first only considers continuous (numerical) variables, whereas the second includes
categorical (non-numerical) variables. Understanding the use of categorical factors in an
experimental design is especially important in polymer composites as the effect of different
clay types, polymer types and compatibiliser types are often of interest. Similarly, when
investigating different manufacturing methods these are normally indicated as a categorical
factor. Each case study is briefly explained. The response surface models are then defined
and the global D-optimal and RSM designs generated. Finally, I compare and evaluate the
designs in terms of the relative D-efficiency and the G-efficiency, as well as the number of

experiments required.

I used Design Expert (Stat-Ease, Inc.,[2009) to generate the different RSM designs. To develop
the global D-optimal designs and to calculate the D-efficiency and G-efficiency I used R (The)
R Foundation) |2019) with the AlgDesign Package (Wheeler; 2019)).

4.3.1 Case Study 1: Continuous Variables

\Ujianto et al.|(2018)) aimed to find the optimum compounding conditions for an HDPE/Cloisite
93A/HDPE-g-MA (93/2/5 wt%) polymer composite using an internal mixer. They investi-

gated the internal mixer temperature, rotor speed and mixing time. They chose the lower

and upper boundaries for each factor such that the polymer melts without causing material
degradation. This paper has been chosen as the case study as it is well suited for RSM designs,

allowing us to illustrate the use of DoE in the design of polymer composite manufacturing
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methods. The paper considers only quantitative (i.e., numerically measurable) factors which
significantly simplifies the design approach. The three factors and two levels considered are
summarised in Table £.1] The authors used a BBD with three center points, requiring 15 ex-
perimental runs. For the response variable analysis they applied a quadratic response surface

model.

Table 4.1: Factor and level selection for case study with continuous variables only.

Factors Low High

Temperature (°C) 150 210
Rotor speed (rpm) 30 130
Mixing time (min) 4 16

Response Surface Models and Experimental Designs

To compare with the case study design, I generated different experimental designs considering
the three response surface models. The Taguchi, CCD and BBD designs are not dependent on
the response surface model chosen. In other words, it is not required for the user to specify a
response surface model to generate the design. However, the design can still be evaluated for
the different response surface models. The global D-optimal and D-optimal designs require
the user to define the response surface model and will therefore change depending on the
selected model. The full set of designs investigated is summarised in Table [£.2] Notice that
the Taguchi design is only considered for the linear model and the same CCD and BBD
designs are considered for each of the response surface assumptions. In the modifications
column T indicate if it is the base design (i.e., no additional points added) or whether any
points are added to the design. For the Taguchi design additional points cannot be added
to the design as it is already a complete design considering all the combinations of factors
and levels. Center points (CP) provide a measure to estimate the experimental error and
are investigated in all the designs except for Taguchi. For the CCD we can add either axial
(Ax) or factorial (Fac) points which provides an indication of consistency and stability in the
design. For a D-optimal design either replication (Rep) or lack of fit (LOF) points can be

added to improve the accuracy of specific factors or the response surface model.

From Equation (4.1]) a linear model for three factors will have the following form:

y = Bo + Bix1 + Boxa + Baxs, (4.9)

where x1, x2 and x3 are the temperature, speed and mixing time, respectively. The relative D-
efficiency compares the generated designs to a global D-optimal design as shown in Equation
. The linear model in Equation has four unknown regression coefficients to estimate.
Therefore, the global D-optimal design is specified as a 237! fractional factorial design with
equal weights assigned to the four design points (w; = 1/4). As equal weights are assigned to

the design points the global D-optimal is an exact design with the total number of experiments
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Table 4.2: Summary of the different RSM designs generated using the linear, interaction and
quadratic models for the case study with continuous variables only.

Design Method Modifications Number of Experiments for each
response surface
Linear Interaction Quadratic

Taguchi L4 Base design 4 - -

CCD Base design 14 14 14
Add 3 center points (3CP) 17 17 17
Add 2 factorial points 22 22 22
(2Fac)
Add 2 axial points (2Ax) 20 20 20
Add 2 factorial and 2 axial 28 28 28
points (2Fac, 2Ax)
Add 3 center, 2 factorial 31 31 31
and 2 axial points (3CP,
2Fac, 2Ax)

BBD Base design 12 12 -
Add 3 center points (3CP) 15 15 15
(Case Study)

D-optimal Base design 4 7 10
Add 3 center points (3CP) 7 10 13
Add 5 replication points 9 12 15
(5Rep)
Add 5 lack of fit points 9 12 15
(5LOF)
Add 5 replication and 5 14 17 20
lack of fit points (5Rep,
5LOF)
Add 3 center, 5 replica- 17 20 23
tion and 5 lack of fit points
(3CP, 5Rep, 5LOF)

Global D-optimal 4 8 27

a multiple of 4. A fractional factorial design is very efficient as it covers the whole design

region and provides precise estimates for the regression coefficients.

The two-order interaction model for three factors will have the following form based on Equa-

tion (4.2)):
y = fo + B1x1 + Powe + B3w3 + Brex122 + f13w123 + Pazwows, (4.10)

This model has seven unknown regression coefficients. The global D-optimal design is therefore

a 23 full factorial design with equal weights assigned to the eight design points i.e., w; = 1/8.
A quadratic model for three factors will have the following form based on Equation (4.3):

y = Bo+ Brx1 + Boxa + B33 + PBrawiwe + Biawirs + Pazraxs + Prixs + Pogxs + Pz, (4.11)

where 22, x3 and x% represent the quadratic terms. The quadratic model has 10 unknown
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parameters to estimate. For the global D-optimal design we need to consider three levels to
capture the quadratic effects. The global D-optimal design is a fraction of the 3* full factorial
design. However, the design is made up of three parts with different design weights assigned
to each. The center point has a weight equal to 0.066, the 23 factorial points have a total
weight equal to 0.424, and the remainder of the points have total weight equal to 0.510 (see
‘Atkinson et al. (2007)), Chapter 11, Table 11.6).

Results and Discussion

The relative D-efficiency and G-efficiency for the different designs, including the global D-
optimal design, are shown in Figure [£.5] plotted against the number of experiments for all
three response surface models. In this case study we considered efficiencies > 90 % to provide
an indication of good performance. This threshold is shown with a horizontal line. The
vertical line shows the number of experimental runs required by the global D-optimal design.
The grey area represents the region for a good design where we have high efficiency with fewer
experiments than the global D-optimal design. To differentiate between designs at the same

location we have incorporated a slight horizontal perturbation (or jitter) for these data points.

For a linear model the global D-optimal design requires 4 experiments. The Taguchi and
D-optimal designs have a relative D-efficiency and G-efficiency of 100 % and only require 4
experiments. These designs are therefore most efficient for estimating the linear regression
coefficients. They are equivalent to the global D-optimal design with the exact same number
of experiments. However, the D-optimal design with 4 experiments cannot be used to estimate
the linear model with 4 parameters, since it has no replicated points for estimating experi-
mental error. BBD has a 100 % G-efficiency, but a less than acceptable relative D-efficiency.
It requires three times the number of experiments compared to the global D-optimal, Taguchi
and D-optimal designs. BBD is a less than ideal design to consider, but a viable option if
the objective of the study is to predict the response variable. CCD provides the worst effi-
ciencies and the highest number of experiments. It is therefore not a viable option when only

considering linear effects.

For the two-order interaction model the global D-optimal design requires 8 experiments. It is
clear that all the designs are sub-optimal in terms of their efficiencies. However, the D-optimal
design is a viable option as they still have relatively high D-efficiencies (approximately 80 %)
requiring fewer experiments. Note the D-optimal design with 7 experiments cannot be used to
estimate the two-order interaction model with 7 parameters, since it has no replicated design
points for estimating the experimental error. BBD has a 100 % G-efficiency, but a very low
relative D-efficiency. As with the linear model, it is an option if response variable prediction
is the focus. CCD is not a good option to consider for an interaction model as it requires the

most experiments and has the worst efficiencies.

To investigate the quadratic effects, the global D-optimal design requires 21 experiments.

Some CCD and D-optimal designs require fewer experiments while retaining acceptable effi-
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Figure 4.5: Calculated D- and G-efficiencies for the generated designs for case study 1 considering
the (a) and (b) linear model, (c) and (d) two-order interaction model, and (e) and (f) quadratic model.
The horizontal line indicates a 90 % efficiency and the vertical line denotes the number of experiments
required by the global D-optimal design. Data points are slightly perturbed horizontally if they lie at
the same location.

ciency measures. Similar to the linear and two-order interaction models, the base D-optimal

design with 10 experiments cannot be applied to estimate the quadratic model with 10 param-

eters, since it has no replications for estimating experimental error. The BBD design is not

seen here as the system was found to be computationally singular and the D- and G-efficiencies

could not be determined. It is clear from the observed results that CCD designs tend to per-

form better with a quadratic response surface model, resulting in higher D-efficiencies that

are within an acceptable margin. The CCD and BBD have a higher D-efficiency compared

to the global D-optimal. Their D-efficiency is lower for the linear model since they use too

many experiments for estimating the simple linear regression model.
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Adding center points (CP) reduces the relative D-efficiency and G-efficiency for all designs and
response surface models, while increasing the number of experimental runs by three. However,

there is value in adding center points (CP) as it provides stability in the prediction variance

and is a measurement of experimental error (Myers et al., 2016). When adding replication
(Rep) and lack of fit (LOF) points to the D-optimal design, the decrease in both relative

D-efficiency and G-efficiency is still within the acceptable range with only an additional five

experimental runs needed. For CCD we note an improvement in relative D-efficiency and G-
efficiency when adding factorial (Fac) points but at the cost of a larger number of experimental

rumns.

The case study design, a BBD with three center points, provided the worst relative D-efficiency
for all three response surface models. This indicates that it is not able to estimate the
regression coefficients precisely. On the other hand, it has an acceptable G-efficiency (in the

80 % range). In other words, it is able to predict the response variable with low variance in the

design region. The aim of [Ujianto et al.|(2018) was to analyse the effects of the compounding

conditions. They would, therefore, have benefited from a design which is able to provide a

better estimation of the regression coefficients, such as D-optimal.

4.3.2 Case Study 2: Including Categorical Variables

Mohamadi et al| (2014, 2016) aimed to find the optimum material system composition for

HDPE /Fluoromica with a compatibiliser. They investigated clay weight loading, compati-
biliser type and compatibiliser to clay ratio. For the compatibiliser type the effect of molecular
weight was investigated with HDPE-g-MA at two different molecular weights. The three fac-
tors and three levels considered are presented in Table[d.3] [Mohamadi et al| (2014} 2016) was

chosen for this case study as they designed an experiment to conduct multiple investigations,

1.e. effect of molecular weight with the same compatibiliser type and optimising the material
system. The authors considered a D-optimal design requiring 16 experimental runs with one
repetitive sample to verify repeatability and reproducibility. As this would result in only 13
experimental runs it is assumed that three additional lack of fit points were considered to
obtain the total of 16 experimental runs. This is a logical assumption as additional replica-
tion points would have replicated design points which is not the case. Adding center points
with categorical factors would duplicate the number of center points for the combinations of
categorical factors which would require 22 experiments in this case. For the response variable
analysis the authors applied a quadratic model, which had to be obtained individually for each
compatibiliser type. This is due to the use of a categorical variable as each set of regression

coefficients differed for compatibiliser type.

Response Surface Models and Experimental Designs

To compare with the case study design, I generated different experimental designs considering

the three response surface models. As discussed in the previous case study, the Taguchi, BBD
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Table 4.3: Factor and level selection for the case study with both continuous and categorical variables.

Factors Type Low Mid High

Clay weight loading (wt%)  Continuous 2 - 6
Compatibiliser to clay ratio Continuous 3 - 5
Compatibiliser type Categorical EVA HDPE-g-MA 1 HDPE-g-MA 2

and CCD design is not dependent on the chosen response surface model. The same designs
will therefore be considered for each response surface assumption. The global D-optimal and

D-optimal designs, however, require the user to define a response surface model.

In Design Expert, three continuous factors need to be defined for a BBD design. However, the
case study only has two continuous factors. A Taguchi design is only able to construct a design
using either continuous or categoric factors, but not a combination of both. To circumvent
this, dummy continuous factors are considered for the categorical factors. For example, EVA
will be represented by a 1, HDPE-g-MA 1 by a 2 and HDPE-g-MA by a 3. These are then be
replaced in the developed design to reflect the true categorical factors before evaluating the

designs.

Table [4.4] summarises the full set of designs considered for this case study. Center points (CP)
provide a measure to estimate the experimental error and are investigated in all the designs.
For the CCD we can add either axial (Ax) or factorial (Fac) points which provides an indication
of consistency and stability in the design. For a D-optimal design either replication (Rep)
or lack of fit (LOF) points can be added to improve the accuracy of specific factors or the

response surface model.

From Equation (4.4) a linear model for two continuous factors and one categorical factor will

have the following form:

y = Bo + Bix1 + oz + Biicatzi1l + B12,cat?12, (4.12)

where x; and x9 is the clay weight loading and compatibiliser to clay ratio, respectively.z11
and zpo are the compatibiliser type categorical dummy variables with its second and third
levels since the first level is represented by the intercept, 5yp. That is, z11 denotes HDPE-g-
MA 1 and z12 HDPE-g-MA 2 where EVA is the first level and therefore represented by the
intercept, Bp. z11 and z1o will take on the value of 1 if the associated compatibiliser type is

active and 0 otherwise. Mathematically this is described as:

1 ifn=1 (HDPE-g-MA 1) or n =2 (HDPE-g-MA 2),
0 if otherwise (EVA).

Z1n =

The global D-optimal design is defined in two parts, one for the continuous factors and one for
the categorical factor. For the continuous factors the global D-optimal design is specified as
a 22 full factorial design with equal weights assigned to the design points. For the categorical

factors the global D-optimal design considering the continuous factors is replicated for all
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Table 4.4: Summary of the different RSM designs generated using the linear, interaction and
quadratic models for the case study with the addition of one categorical factor.

Design Method Modifications Number of Experiments for each
response surface
Linear Interaction Quadratic

Taguchi L9 Base design 9 9 9
BBD Base design 12 12 12
Add 3 center points (3CP) 15 15 15
CCD Base design 24 24 24
Add 3 center points (3CP) 33 33 33
Add 2 factorial points 36 36 36
(2Fac)
Add 2 axial points (2Ax) 36 36 36
Add 2 factorial and 2 axial 48 48 48
points (2Fac, 2Ax)
Add 3 center, 2 factorial 57 57 57
and 2 axial points (3CP,
2Fac, 2Ax)
D-optimal Base design 5 10 12
Add 3 center points (3CP) 14 19 21
Add 5 replication points 10 15 17
(5Rep)
Add 5 lack of fit points 10 15 17
(5LOF)
Add 5 replication and 5 15 20 22
lack of fit points (5Rep,
5LOF)
Add 3 center, 5 replica- 24 29 31

tion and 5 lack of fit points
(3CP, 5Rep, 5LOF)
Case Study D-optimal, add 1 replica- - - 16
tion point (assume addi-
tion of 3 lack of fit points)
Global D-optimal 12 12 27

combinations of the categorical factors. Therefore the global D-optimal design for both the
continuous and categorical factors is a 22 x 3! design with equal weights at the design points

(w; = 1/12 for an exact design).
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The two-order interaction model for three factors will have the following form based on Equa-

tion (4.6):

y = Po + B1z1 + Poxe + Braw122 + Bi1,cat?11 + B12,catz12+

Briizizi1 + Prigxizi2 + farix2z11 + Poiexeziz,  (4.13)

where x1211, 1212, T2211 and xa219 represents the interaction between the clay weight loading,
compatibiliser to clay ratio and the compatibiliser type categorical factor levels. Similar to
the linear model, the global D-optimal design for the two-order interaction model is a 22 x 3!

design with equal weights at the design points (w; = 1/12).

A quadratic model for three factors will have the following form based on Equation (4.3):

y = Po+ Brz1+ Boxa + frax122 + B11,cat 211 + B12,cat 212 + Br1171211 + Briz2x1 212 + Bar1 w2211+
Botawazia + r1ai + Pooxs, (4.14)

where 2?2 and 22 represent the quadratic terms. For the global D-optimal design we need to
consider three levels to capture the quadratic effects. The global D-optimal design is a 32 full
factorial design. However, the design is made up of three parts with different design weights
assigned to each. For a global D-optimal design considering a combination of continuous and
categorical factors, the weights at the design points for a quadratic response model are defined
as the continuous global optimal design weights (w;) divided by the number of levels of the
categorical factors (b), i.e. w;/b (Atkinson et al., [2007). The design weights for the global
D-optimal design were extracted from R (The R Foundation, [2019). For EVA the center
point has a weight equal to 0.0047, with the factorial point weights equal to 0.0565 and the
remainder of the points have a weight equal to 0.0257. For HDPE-g-MA 1 and HDPE-g-MA
2 the factorial points have a weight of 0.0599 and 0.0600, respectively. The remainder of the

points have a design weight equal to 0.0187. The weights are a result of the optimisation
algorithm and is done in such a way as to confirm global optimality. The difference in the

weights between the design points is due to the quadratic response surface model.

Results and Discussion

The relative D-efficiency and G-efficiency for the different designs considered in this case study
are shown in Figure[£.6]plotted against the number of experiments for all three response surface
models. For case study 2 efficiencies > 80 % are considered an indication of good performance.
This threshold is reduced compared to case study 1 as the inclusion of a categorical factor
reduces the design efficiencies. This efficiency threshold is shown with a horizontal line, while
the vertical line indicates the number of experiments required by the global D-optimal design.

The grey area then represents the region for a good design.

For the linear model, the global D-optimal design requires 12 experiments. Three of the

D-optimal designs require fewer experiments namely, the base design, design with 5 replica-
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Figure 4.6: Calculated D- and G-efficiencies for the generated designs for case study 2 considering
the (a) and (b) linear model, (c) and (d) two-order interaction model, and (e) and (f) quadratic model.
The horizontal line indicates a 80 % efficiency and the vertical line denotes the number of experiments
required by the global D-optimal design. Data points are slightly perturbed horizontally if they lie at
the same location.

tion points and the design with 5 lack-of-fit points. However, the D-optimal design with 5
experiments cannot be used to estimate the linear model with 5 parameters, since it has no
replicated points for estimating experimental error. The D-efficiency of the optimal designs
are lower than the global D-optimal design, but is within an acceptable range to estimate
the linear regression coefficients. These designs are most efficient for estimating the linear
regression coefficients. The Taguchi L9 design requires 9 experiments and has a D-efficiency
within the acceptable range, although it has a very low G-efficiency. This design would be a
viable option if the aim is to accurately estimate the regression coefficients, but at the cost of

prediction. The CCD designs require many more experiments while the D-efficiency and G-
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efficiency do not provide significant improvement over the global D-optimal design. The base
BBD requires the same amount of experiments as the global D-optimal with a D-efficiency
within the ideal range and an acceptable G-efficiency. D-optimal designs are the best option
if the goal is to only consider linear or main effects between the factors. However, the Taguchi

L9 and BBD designs are alternative options if prediction is not of importance.

For the two-order interaction model the global D-optimal design requires 12 experiments. All
the designs are suboptimal in terms of their efficiencies, except the D-optimal design with
a D-efficiency within an acceptable range and a G-efficiency equal to the global D-optimal
design. However, the D-optimal design with 10 experiments cannot be used to estimate the
two-order interaction model with 10 parameters, since it has no replicated design points for
estimating the experimental error. As with the linear model, the CCD designs require more
experiments without providing good efficiencies. If two-order interaction effects are important
a base D-optimal design would be the best option. Other designs are not viable requiring more

experiments than the global D-optimal with inadequate efficiencies.

For the quadratic model the global D-optimal design requires 27 experiments. Most of the
D-optimal designs are viable options requiring fewer experiments than the global D-optimal,
while retaining acceptable efficiency measures. Note the base design with 12 experiments
cannot be applied to estimate the quadratic model with 12 parameters, since it has no repli-
cations for estimating experimental error. The base CCD design performs well requiring less
experiments than the global D-optimal, while retaining better efficiencies than the D-optimal
designs. Note that the case study performs well with a D-efficiency and G-efficiency within
the ideal region. For this case study a quadratic response surface model has the best over-
all efficiencies for the different designs. Both D-optimal designs and CCD designs can be

considered, however the D-optimal designs do require fewer experiments.

Adding center points (CP) or replication points (Rep) reduces the efficiencies for all designs
and response surface models. Adding replication points has a larger effect on the efficiency
decrease than adding center points, especially for the linear and two-order interaction models.
Adding lack of fit points (LOF) does not contribute to the D- or G-efficiency and are mainly
used to test model validity. For the CCD designs when adding factorial points there is a
general improvement in the D-efficiency and G-efficiency, while the addition of axial points
reduces the efficiencies. In both instances the number of experimental runs required is greatly

increased.

The case study design was a D-optimal design with 1 center point, 3 lack-of-fit points and
developed with a quadratic response surface model. From Figure [4.6]it is clear that the case
study design does not provide good efficiencies for the linear and interaction models. This
indicates that these models are not able to estimate the regression coefficients precisely (high
D-efficiency) or predict the response variable with minimum variance (high G-efficiency).
For both cases the design requires more experiments than the global D-optimal while not
providing good efficiencies. For the quadratic model the case study design performs well

requiring less experiments than the global D-optimal. A D-efficiency of 93 % indicates that
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the model is able to estimate the regression coefficients precisely. Similarly a G-efficiency of

87 % provides an indication that the quadratic model can be used to predict the response

variable with low variance in the design region. Mohamadi et al| (2014, [2016]) designed

their experiment to find the optimum material system composition. Such a design must be

suitable for fitting a response surface model that is able to accurately estimate the regression

coefficients. Therefore, Mohamadi et al| (2014, 2016) chose a good design for the purposes of

their study.

4.4 Conclusion

In this chapter I provided an overview of different RSM designs. I compared and evaluated
these designs in terms of their relative D-efficiency and G-efficiency by considering two case
studies. The first case study used only continuous (numerical) factors and the second case

study included a categorical (non-numerical) factor.

The D-optimal designs were more efficient in estimating the regression coefficients, while
minimising the reponse variable prediction variance across the design region. It is considered
to be a good design option for all three response surface models. When only considering main
or linear effects of the factors, a Taguchi design is a good choice. For quadratic effects, CCD

is a viable option although it does require more experimental runs than a D-optimal design.

When adding a categorical factor to the design similar conclusions were observed to the
case study only considering continuous factors. The D-optimal design was more efficient
in estimating the regression coefficients. For continous and categorical factors a quadratic
response surface model performs better in terms of D- and G-efficiency than the linear and

two-order interaction models and all designs are viable options.

Additional points (i.e. center, lack of fit and replication) can be considered, however, these do
negatively impact the designs’ relative D-efficiency and G-efficiency. Nevertheless, it is up to
the experimenter to decide how many experimental runs are feasible and whether estimation

or prediction is more important.

This chapter has clearly shown that considering an experimental design approach is beneficial
to reducing the number of experimental runs while obtaining statistically relevant results. It
showed the importance of evaluating different designs to determine which one is best suited for
the problem of interest. This is especially clear from the two case study designs. [Ujianto et al.
aimed to analyse the effects of the compounding conditions, that is the temperature,
rotor speed and mixing time. A design which is able to precisely estimate the regression
coefficients would therefore be the better choice. A BBD is not able to estimate the regression

coefficients within a reasonable accuracy, although it is a good design to consider for predicting

the response variable with minimum variance in the design region. |Ujianto et al.|(2018]) would
therefore have benefited from a proper design evaluation. On the other hand,
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(2014} 2016) aimed to optimise the material system. They chose to utilise a D-optimal
design which performed well when compared to the global D-optimal design.
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EXPERIMENTAL METHODOLOGY

From the literature review it is clear that variation in manufacturing does have an influence
on the mechanical properties of high-density polyethylene (HDPE)/montmorillonite (MMT)
composites. Most of the studies in the systematic literature review focused on better un-
derstanding the effects of compounding methods and conditions (20 studies) with far fewer
investigating the effects of processing methods and conditions (8 studies). This chapter will
consider the influence of compression and injection moulding, and the influence of machine
variation on layered double hydroxide (LDH) the alternative to MMT. As a synthetic alter-
native it is theoretically possible to extrapolate the observations for HDPE/MMT and apply
them to HDPE/LDH. Since LDH is synthethic it is more tightly controlled.

The manufacturing and experimental work was a multi-site collaborative effort. The com-
pounding and moulding was completed based on a statistical design of experiments developed
in this chapter. I completed compounding of all the material required at the Center for
Nanocomposites, Council for Science and Industrial Research in South Africa. The compres-
sion moulding for the South African samples were completed at the University of Pretoria
(UP) by myself. The injection moulding for the South African samples was completed at
Tshwane University of Technology (TUT), South Africa. The Leibniz Institute for Polymer
Research (IPF) in Dresden, Germany completed both compression and injection moulded
samples. The compression moulded samples were pressed as plaques at both sites. The de-
sired sample geometries were then cut from these plaques at the IPF. The IPF conducted all

the tensile and impact tests and provided the resulting stress-strain curves to me.

This chapter outlines the experimental methodology followed which includes a description
of the materials used, manufacturing methods and conditions, mechanical characterisation,

experimental design and statistical analysis.
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5.1 Introduction

This experimental study considers the influence of clay type and clay loading on the me-
chanical properties of HDPE/LDH. Additionally, the influence of compression and injection
moulding at different sites is also considered. This multi-site study considers two university
laboratories (UP and TUT) and an international state-of-the-art polymer facility (IPF). The
effect of manufacturing through different equipment by using the same moulding technique is
investigated at different sites. Due to the limitations of the injection moulding tensile moulds

available at TUT, the effect of two tensile sample mould types is considered as a sub-study.

A statistical design of experiments approach is considered to develop the experimental designs,
thereby ensuring that the fewest amount of experimental runs are required to make reliable
inferences. This approach ensures that a near optimal and efficient design is obtained to form
reasonable conclusions from the data. To analyse the data various statistical techniques are

considered and discussed.

5.2 Materials

Safrene high-density polyethylene (HDPE) grade C7260 was obtained from Safripol, South
Africa in pellet form. The HDPE was then pulverised into a fine powder before use. The
HDPE has a density of 0.958 g/cm?, a melt flow rate of 23 g/10 min at 190 °C and an injection
moulding temperature range of 200-260 °C. It should be noted that since the inception of this
study, Safripol has decommissioned HDPE C7260.

Synthethic LDH clays, DHT-4A (average particle size of 0.5 pum) and Alcamizer 1 (average
particle size of 0.7 pum), were obtained from Kisuma Chemicals, The Netherlands. These clays
were specifically chosen based on their polymer compatibility. DHT-4A is compatible with
polyolefins such as HDPE, whereas Alcamizer 1 is compatible with polyvinyl chloride (PVC).
In a previous study (Botha et al., 2019) (c.f. Chapter Alcamizer 1 showed a higher first
peak stress than DHT-4A, which is unexpected given Alcamizer 1’s presumed incompatibility

with HDPE and therefore needs further investigation.

5.3 Manufacturing

Manufacturing of the HDPE/LDH composite samples occurred in two phases, namely com-
pounding and moulding. During compounding the different materials are mixed together to
form a composite. A sample to use for mechanical testing is then manufactured during the

moulding phase.
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5.3.1 Compounding

The compounding method employed for this study is illustrated in Figure[I.3] The fine HDPE
powder was tumble mixed with the desired clay loading in a Jones mixer for 5 min to ensure
proper dispersion. The following equation was used to calculate the required mass of the clay

(me) for a specified mass of polymer (m,) given the desired clay loading (x):

mC:mp< < ) or z=—"° (5.1)

1—=x _mp+mc

The HDPE-clay mixture was then compounded in a TE-30 co-rotating twin screw extruder
with a screw diameter of 30 mm, a screw speed of approximately 200 rpm and an extruder
temperature profile of 143-170-146-165-199-198-200-201-199-194 °C for the 10 zones. The
extruded wire was fed through a chipper to obtain pellets which were then dried overnight
at 60 °C. The moisture content affects processability and mechanical properties, especially
once clay is introduced. Once the pellets were dried, a second extrusion was performed. From
a previous study (Botha et al., 2020)) (c.f. Section [2)) the exploratory and statistical data
analysis indicated that two extrusions are sufficient to obtain a reasonable improvement in

mechanical properties.

5.3.2 Moulding Methods

Mechanical testing samples were created by using either compression or injection moulding
at different sites. Even though the available equipment at the different sites were not from
the same manufacturer or the same model, every effort was made to ensure the moulding

conditions were identical.

Injection Moulding

Figure[I.4] provides an illustration of the injection moulding methodology. Injection moulding
was done on a TMC30H at TUT, and an ARBURG Allrounder 270S at IPF. It was decided
that TUT would determine the optimum injection moulding conditions for neat HDPE C7260
using their equipment. They then shared these conditions with the IPF who used identical

conditions as far as possible.

The following optimum moulding conditions were considered at both sites: A mould temper-
ature between 37 °C and 40 °C with no cooling water, a screw speed of 350 rpm, a cooling
time of 20 s, an injection pressure of 160 bar, a hold and suck back pressure of 100 bar,
a back pressure of 10 bar and a temperature profile from the nozzle to the feed zone of
250-250-230-200-80 °C.

A limitation to consider was the availability of tensile dogbone sample moulds. TUT only

had an ISO Type 1A mould available. However, due to the compression moulding equipment
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size limitation an ISO Type 1BA will be used for compression mouldedsamples from both UP
and IPF. This would result in two different mould sizes considered for each moulding method.
Fortunately, the IPF had both an ISO Type 1A and 1BA available. Due to this limitation,
the difference in tensile sample mould types is therefore investigated. The sample dimensions
for both ISO Type 1A and 1BA are shown in Figure [5.1]

ISO Type 1A [SO Type 1BA

1A: 170 mm |
>

le
NA; 24 mm »
IIA: 20 mm

1BA: 75 mm
IBA: 30 mm

|
>

IBA: 5 mm

1BA: 25 mm

=

je—1A:30mm
1BA: 58 mm
I«
1A: 109.3 mm .
Thickness 1BA =2 mm

Thickness IA =4 mm

IHS A: 10 mm

¢ IA: 10 mm

]

Figure 5.1: Tensile dogbone sample with dimensions for ISO Type 1A (blue) and ISO Type 1BA
(orange) (DIN EN ISO 527-2, 2012).

Compression Moulding

The compression moulding methodology is illustrated in Figure [[.5] The methodology that
was counsidered for the historical samples at UP is different to the methodology employed at
the IPF. To determine the effect of these two methodologies on the mechanical properties a

preliminary experimental study was conducted. The two methodologies are:

e UP: Apply a pressure from 0 MPa to 7.5 MPa and hold for 30 s before increasing to 15
MPa and holding for 5 min. Drop the pressure back to 0 MPa and repeat the procedure,
this time holding for 19 min at 15 MPa. The total press time is 25 min.

e IPF: At 0 MPa hold for 5 min before applying a force of 40 kN and holding for a
further 2 min. The total press time is 7 min. The force is converted to pressure, with a
piston diameter of 120 mm as provided by the IPF, resulting in a pressure of 3.54 MPa.
However, this pressure seems low based on what was observed in literature (c.f. Table

B.1), and a pressure of 7.5 MPa (half of the UP pressure) was therefore investigated.

The results are shown in Figure [5.2] with the associated tensile curves in Appendix [7.3.2]
There is a 3.65 % difference between the mean oppg for the compression moulding method
considered at UP (32.33 MPa) and at the IPF with a pressure of 3.5 MPa (33.5 MPa); and a
0.63 % difference between the two pressures considered for the IPF method. In light of this
there will be a considerable saving to manufacturing time by adopting the IPF method which
has a total press time of 7 min compared to the UP method which is 25 min and had a number
of steps where errors could occur. It appears that pressure has no significant influence and we
will therefore use a pressure of 3.5 MPa which is comparable to the 40 kN force (applied to a
120 mm diameter piston) which is used at the IPF. There is a 8.26 % decrease in € between
the UP and IPF (3.5 MPa) methodologies. Given the large variations in €f, a less than 10 %

difference is not considered a significant effect.
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Figure 5.2: Influence of the manufacturing conditions on the (a) first peak stress and (b) elongation
to failure for the 2020 data.

Compression moulding was done on a Vertex Hot Press at UP, and a PW40EH (Paul-Otto-
Weber GmbH) at IPF. It was conducted at 190 °C with 5 min of heating while no pressure
is applied. This is followed with a pressure of 40 kN (equivalent to 3.5 MPa calculated from
the cylinder area) for 2 min. The initial heating without pressure applied allows any trapped
air in the mould to release, preventing air bubbles from forming in the final sample. Sample

moulds were then removed and cooled at room temperature before finishing sample surfaces.

Due to mould restrictions there are differences in the mould thickness. Both sites considered
a 100 x 100 mm mould, however the IPF mould was 2 mm thick and the UP mould 3 mm
thick. The tensile dogbone (ISO Type 1BA) and impact samples were milled from the plaques
at IPF before testing. We do not expect any effect due to the difference in thickness as it is
assumed that the mechanical property data is normalised to the sample geometry according
to ISO standards. In addition to the differences in thickness, the samples compressed at UP

had a wavy or rippled surface (c.f. Figure compared to the smooth surface for the IPF
samples.

Figure 5.3: Example of the wavy or rippled surface observed for UP compression moulded samples.
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5.4 Statistical Design of Experiments

Due to the multi-faceted nature of the experimental study we consider a technique from
statistics to develop an experimental design (c.f. Chapter 4). Statistical design of experiments

(DoE) allows us to find a sufficient number of experimental runs required while attaining

statistically relevant results (Montgomery, 2013).

Based on the evaluation of the case studies from Chapter []it is clear that a D-optimal design
with a quadratic response surface model would provide the most efficient design. D-optimal
designs are able to effectively estimate the effect of different design factors and are best suited
for screening purposes and studies which contain categorical variables. In polymer composites,
the D-optimal method has successfully been implemented by Mohamadi et al. (2014}, 2016))

to investigate the effects of the material system (e.g. clay content, compatibiliser type and

compatibiliser to clay ratio) on the mechanical, barrier and rheological properties. These are

the only studies where D-optimal has been implemented for HDPE-based composites.

A D-optimal design is therefore considered for this study. The designs were generated using

Design Expert (Stat-Ease, Inc.| 2009) and are evaluated by comparing their D-effiency and G-
efficiency to a global D-optimal design using R (The R Foundation| [2019) with the AlgDesign

Package (Wheeler, 2019).

5.4.1 Overview of Factors

Based on the conclusions from both Chapters 2] and [3] the controllable design factors
considered for the experimental study are clay type, clay weight loading (wt%), strain rate
(mm/min), moulding method and site. The response variables of interest are the mechan-

ical properties which include tensile and impact properties.

There are several held-constant factors, which may have some effect on the response vari-
ables but are held at a specific level for this experimental study. These factors include the com-
pounding method, compounding conditions and moulding conditions for each of the moulding
methods considered. In other words, the conditions for both moulding methods were kept the
same at the different sites, with different operators for each site. The polymer grade is set
to HDPE C7260 and the number of extrusions considered during compounding is kept at 2.
Testing conditions were also kept constant with a single trained operator conducting all the

tests to minimise any potential variation due to the human operator.

Uncontrollable factors are present in all phases of the manufacturing and testing process:

e Laboratory: ambient temperature and humidity.

e Raw Material: initial material properties may differ between batches.

109
© University of Pretoria



CHAPTER 5. EXPERIMENTAL METHODOLOGY

e Compounding: potential contaminants in the feeder, inconsistent diameter of the ex-
trudite, inconsistent size of the chipped pellets after extrusion and the level of clay

dispersion.

e Moulding: potential contaminants in the mould, not consistently filling tensile sample
moulds with the same amount of material, misalignment of moulding plates, air bubbles

trapped in mould and inconsistent cooling depending on laboratory environment.

e Testing: thickness of the compression moulded plaques.

Nuisance factors are unknown and uncontrolled but may have an influence on the results.
Potential nuisance factors for this study are different time frames to conduct moulding and
testing, machine tolerance, different human operators used during moulding and measurement

inaccuracies for mixing of composite material or testing samples.

These different factors are summarised in a cause-and-effect diagram shown in Figure
A cause-and-effect diagram is often used to assist in planning the experimental design by
identifying all factors of interest and those that might have an effect on the experimental

study.

Uncontrollable Controllable Design
Factors Factors

Thickness of compression moulds

Processing (e.g. not consistently
filling mould, air bubbles trapped,
inconsistent cooling.

Level of clay dispersion

Compounding (e.g. inconsistent Strain Rate
extrudite diameter and size of pellets)
. . Site (UP, TUT, IPF)
Potential contaminants
. . Moulding method
Raw material (e.g. different ion. iniecti
initial properties%elween batches) (compression, injection)
. Clay Weight Loadi

Laboratory (e.g. ambient ay Weight Loading
temperature and humidity)

Clay Type

) Response Variables

Different time frames for
processing and testing

Polymer Grade Mechanical Properties:

Nr. of Extrusions 1. Tensile Properties
2. Impact Properties

Machine tolerance
Different human operators
during processing
Measurement inaccuracies

(eg‘ mixing of composite
and samples to be tested)

Compounding method

Compounding conditions

Processing conditions
(compression and
injection moulding)

Testing conditions

(including operator)
and location

Nuisance (blocking) Held-constant
Factors Factors

Figure 5.4: Cause-and-effect diagram for the thesis experimental study.

Controllable Design Factors

The controllable design factors shown in the cause-and-effect diagram will be varied in this

experimental study. The different factors and associated levels are summarised in Table [5:1}

110
© University of Pretoria



CHAPTER 5. EXPERIMENTAL METHODOLOGY

Table 5.1: Design factors and levels considered for the thesis experimental study.

Design Factor Type Levels used

Low High
Clay Type Categorical DHT4-A Alcamizer 1
Clay Loading (wt%) Continuous 2 10
Strain Rate (mm/min) Continuous 5 500
Moulding Method Categorical Compression Injection
Site Categorical South Africa (UP, TUT) Germany (IPF)

The historical data analysis indicated that clay type has a statistically significant effect. The
interesting result from the exploratory data analysis was that Alcamizer 1 resulted in higher
first peak stress than DHT4-A, which is unexpected as Alcamizer 1’s surface treatment is not

designed for HDPE, whereas DHT4-A is. This observation requires further investigation.

Clay weight loading is known to have an influence on the mechanical properties, although the
historical data analysis indicated that there was no statistically significant effect. We want
to explore this further to determine if this is due to the material system or the inexperience
of the undergraduate students in polymer composite manufacturing. From the historical
data analysis we concluded that the clay loading should not exceed 10 wt% as the mechanical
properties start to degrade. All previous studies considered 2.5 wt% as the lowest clay loading.

For this experimental study we will set this lower bound at 2 wt%.

There is a clear effect on mechanical properties due to strain rate as was shown in the histor-
ical data analysis. For this reason it will be further investigated in the experimental study.

The lower bound was chosen at 5 mm/min and the upper bound is chosen at 500 mm/min

prescribed as the minimum and maximum strain rates in (ASTM D638-14, [2014).

The systematic literature review indicated that the moulding method does have an influence
on mechanical properties. Compression moulding is a much simpler and more cost effective
method to employ than injection moulding, especially when considering scalability
lall, 2013} [Albdiry et all 2012) (i.e., from a controlled laboratory to uncontrolled industrial

setting). The systematic literature review concluded injection moulding provides better prop-

erties than compression moulding as it provides better dispersion of the clay in the polymer.

Finally, we want to determine whether different equipment will influence results even though
it performs the exact same moulding method. To do so we compare the manufactured samples
from South African university laboratories with that of a state-of-the-art international facility.
In South Africa, the compression moulded samples will be manufactured at the University
of Pretoria (UP) and the injection moulded samples at Tshwane University of Technology
(TUT). Internationally, both samples will be moulded at the Leibniz Institute for Polymer
Research (IPF) in Germany.
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Table 5.2: D-optimal experimental design for tensile testing. (Gray - removed from design, Orange
- missing data points, Green - additional data points not in original design)

Run Clay Loading (wt%) = Strain Rate (mm/min) Clay Type Moulding Method Site
1 2.8 500 DHT4-A Compression UP
2 10 500 Alcamizer 1  Injection IPF
3 5.12 5 DHT4-A Compression IPF
4 10 50 DHT4-A Compression UP
5 6 252.5 Alcamizer 1 Compression UP
6 6 252.5 DHT4-A Compression IPF
7 2.8 500 DHT4-A Injection IPF
8 6 252.5 Alcamizer 1 Compression UP
9 3.56 50 Alcamizer 1 Compression IPF
10 2 5 Alcamizer 1 Compression UP
11 6 252.5 DHT4-A Injection IPF
12 10 5 Alcamizer 1 Injection TUT
13 6 252.5 Alcamizer 1 Injection IPF
14 8 500 Alcamizer 1 Injection TUT
15 10 252.5 DHT4-A Injection IPF
16 10 50 DHT4-A Injection IPF
17 2 50 DHT4-A Compression IPF
18 2.8 500 DHT4-A Injection IPF
19 10 500 DHT4-A Injection TUT
20 5.2 5 DHT4-A Injection TUT
21 6 252.5 DHT4-A Compression UP
22 2 500 Alcamizer 1 Compression IPF
23 3.59 50 Alcamizer 1 Injection TUT
24 10 50 DHT4-A Compression UP
25 10 5 Alcamizer 1 Compression IPF
26 6 252.5 Alcamizer 1 Compression IPF
27 2 50 DHT4-A Injection TUT
28 2.8 500 DHT4-A Compression UP
29 10 500 Alcamizer 1 Compression upP
30 10 252.5 Alcamizer 1 Compression IPF
31 6 252.5 Alcamizer 1 Injection IPF
32 6 252.5 DHT4-A Injection TUT
33 2 500 Alcamizer 1 Injection TUT
34 2 5 Alcamizer 1 Injection IPF
35 6 252.5 Alcamizer 1 Injection TUT
36 10 500 DHT4-A Compression IPF
Additional Data (AD) — not in original design
AD 4 Alcamizer Injection IPF
AD 8 DHT4A Injection IPF
AD 2 DHT4A Injection IPF
AD 2 DHT4A Compression UP
AD 2 DHT4A Compression UP
AD 10 Alcamizer Injection IPF
AD 2 Alcamizer Injection IPF

5.4.2 Tensile Testing Design

The tensile testing design is the main component of this thesis and requires an efficient
design able to predict the response variable. The tensile testing experimental design therefore
considered a quadratic response surface model with 11 lack of fit points to test the models

prediction ability. There are two instances where the clay loading is close to one another,
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namely run 3 and 20 with 5.12 wt% and 5.2 wt% and run 9 and 23 with 3.56 wt% and 3.59
wt%. These are examples of lack of fit points. To account for repeatibility 5 replication points
are included (e.g. run 7 and 18), while 8 center points are added to account for experimental
error (e.g. run 6 and 21). This design allowed for a wider representation of clay loading and
is shown in Table[5.2] Note that for all individual cases a neat sample is tested as the control

sample.

Some of the compounded material was destroyed during shipping. It was therefore necessary
to amend the tensile testing experimental plan to accommodate for the material loss. In this
amendment the strain rate was removed as a factor and any samples that specifically consider
a difference in strain rate were subsequently removed. In Table the factor and samples

removed due to the loss of material are indicated in gray.

In Table samples that are missing, ¢.e. no data was received for them, are indicated in
orange. Additional data that was not part of the original DoE are shown in green and the
Run number is indicated with an "AD". The missing and additional data are mainly due to

a miscommunication and lack of experience working with DoEs.

It must be emphasised that missing data points do not eliminate or reduce the effectiveness
of the DoE for estimating the variable effects most precisely. This is clearly illustrated in the
discussions of the results that follow. The reason is that the full experimental space in all the

design factors is still covered within the amended experimental design program.

5.4.3 Tensile Sample Mould Design

A limitation during tensile testing is the tensile test sample mould type. Due to the equipment
restrictions we can only manufacture 100 x 100 plaques for the compression moulded samples
which would yield an ISO 1BA tensile sample size (DIN EN ISO 527-2 2012). For injection

moulding TUT only has an ISO 1A tensile sample mould available. The compression and

injection moulded samples will therefore be two different tensile sample mould sizes. The

influence of this change in size on the mechanical properties needs to be investigated.

For this investigation I considered a quadratic response surface model with 2 replication points,
3 lack of fit points and 8 center points to account for experimental error and repeatibility.
The resulting design is summarised in Table [5.3] with additional data, that was not part of
the original design, shown in green and the Run number indicated with an "AD". For this
design we considered clay type, clay loading and the tensile mould type. All samples will be
injection moulded at the IPF as they have both moulds available, and will be tested using a

single strain rate. A neat sample is tested for all individual cases as the control sample.

113
© University of Pretoria



CHAPTER 5. EXPERIMENTAL METHODOLOGY

Table 5.3: D-optimal experimental design for tensile testing of ISO 1A and ISO 1BA sample moulds.
(Green - additional data points not in original design)

Run Clay Loading (wt%) Clay Type Tensile Mould Type

1 6 DHT4-A ISO 1A
2 6 Alcamizer 1 ISO 1BA
3 6 Alcamizer 1 ISO 1A
4 2 Alcamizer 1 ISO 1A
5 4 Alcamizer 1 ISO 1BA
6 10 Alcamizer 1 ISO 1A
7 8 DHT4-A ISO 1BA
8 8 DHT4-A ISO 1A
9 2 Alcamizer 1 ISO 1BA
10 2 Alcamizer 1 ISO 1A
11 2 DHT4-A ISO 1BA
12 10 DHT4-A ISO 1A
13 10 Alcamizer 1 ISO 1A
14 2 DHT4-A ISO 1A
15 6 DHT4-A ISO 1BA
16 10 DHT4-A ISO 1BA
17 10 Alcamizer 1 ISO 1BA
Additional Data (AD) — not in original design
AD 4 Alcamizer 1 ISO 1A
AD 2.8 DHT4A ISO 1A
AD 28 DHT4A I1SO 1BA
AD 238 DHT4A ISO 1BA
AD 6 Alcamizer 1 ISO 1BA
AD 6 Alcamizer 1 ISO 1A

5.4.4 Impact Testing Design

Similar to the other designs, I considered a quadratic response surface model with 2 replication
points, 3 lack of fit points and 4 center points for the impact testing design. The additional
points account for experimental error and repeatibility. The resulting design is summarised
in Table [5.4] where all design factors, except for strain rate, are considered. Samples that are
missing, 4.e. no data was received for them, are indicated in orange. Similarly, additional data
that was not part of the original design are shown in green and the Run number is indicated
with an "AD".

5.4.5 Design Evaluation

As discussed in Chapter [d], it is important to evaluate the designs to determine if they are
good designs for the intended purpose. As shown in the case studies the generated designs
are evaluated against a global D-optimal design. As a quadratic response surface model was
considered for all three designs, the global D-optimal design will therefore be a full factorial 3,
where k is the total number of continuous and categorical factors. The designs are evaluated
in terms of their D-efficiency and G-efficiency against the global D-optimal design. The results
for the original developed designs and the amended designs are shown in Table [5.5] Note for
the tensile testing design an amended global D-optimal design without the strain rate factor
is completed otherwise the D-efficiency would be calculated inaccurately due to the mismatch

of the number of factors.
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Table 5.4: D-optimal experimental design for Charpy impact tests. (Orange - missing data points,
Green - additional data points not in original design)

Run Clay Loading (wt%) Clay Type Moulding Method Site

1 2 Alcamizer 1  Compression upP
2 2 DHT4-A Injection TUT
3 2 DHT4-A Compression UP
4 6 DHT4-A Injection TUT
5 6 Alcamizer 1 Injection TUT
6 6 DHT4-A Compression IPF
7 6 Alcamizer 1 Compression uP
8 2 Alcamizer 1 Injection IPF
9 6 Alcamizer 1  Compression IPF
10 10 DHT4-A Compression IPF
11 2 Alcamizer 1  Compression IPF
12 2 DHT4-A Injection IPF
13 10 Alcamizer 1 Compression IPF
14 2 Alcamizer 1 Injection TUT
15 10 DHT4-A Compression upP
16 6 DHT4-A Injection IPF
17 10 Alcamizer 1 Injection TUT
18 6 DHT4-A Compression up
19 10 DHT4-A Injection TUT
20 10 Alcamizer 1 Injection IPF
21 6 Alcamizer 1 Injection IPF
22 10 Alcamizer 1 Compression UP
23 10 DHT4-A Injection TUT
24 2 DHT4-A Compression IPF
25 10 Alcamizer 1 Injection IPF
Additional Data (AD) — not in original design
AD 3.59 Alcamizer Injection TUT
AD 4 Alcamizer Injection IPF
AD 238 DHT4A Injection IPF
AD 8 DHT4A Injection IPF
AD 10 DHT4A Injection IPF
AD 238 DHT4A Compression 105
AD 10 Alcamizer Injection TUT

Table 5.5: Evaluation of the generated optimal designs for the thesis experimental study.

Design Type Nr. Experiments D-efficiency G-efficiency
Global D-optimal D-optimal 72 100 100
Tensile Testing D-optimal 36 81.16 60.37
Amended Global D-optimal D-optimal 72 100 92.83
Amended Design D-optimal 37 84.12 53.97
Global D-optimal D-optimal 12 100 100
Tensile Sample Mould Evaluation D-optimal 17 91.50 66.18
Amended Design D-optimal 23 86.91 55.65
Global D-optimal D-optimal 72 100 92.83
Impact Testing D-optimal 25 93.88 75.15
Amended Design D-optimal 29 89.48 65.29

Both the original and amended tensile testing and impact testing designs require approxi-
mately half the number of experiments required for the global D-optimal designs. The original
tensile sample mould design requires 5 more experiments than the global D-optimal design,

with the amended design requiring about double the amount of runs.

For all the designs the relative D-efficiency is high indicating that the design would be able to
efficiently estimate the regression coefficients for the quadratic response surface model. Even
though the amended designs see a reduction in D-efficiency, mainly because of the increase in

experiments required, it is still considered high being above 80 %.
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The G-efficiency indicates that the designs will be adequate at minimising the prediction
variance of the response variable. The reason for these lower G-efficiencies is the addition of
multiple categorical factors. Again, the additional experiments required with the amended

designs adds to the decrease in G-efficiency.

5.5 Mechanical Characterisation

The samples were characterised to obtain the tensile and impact properties. All samples
were tested at the IPF, Germany, an internationally accredited polymer testing facility. All
necessary calibrations and validations for the testing equipment were done according to the
required ISO standards. Due to the material losses discussed in the previous section the

number of repeated samples were reduced from 8 to 5.

Tensile properties were measured according to DIN EN ISO 527-2 (2012) for all prepared

samples using a Zwick UPM-1456 universal tensile testing machine at a cross-head speed of

50 mm /min.

To calculate the Young’s modulus a cross-head speed of 1 mm/min was used. To determine
the remainder of the mechanical properties the strain rate was changed to 50 mm/min after
the yield point. For each case investigated an average of 5 repeated samples were tested with
an extensiometer. For the ISO Type 1A samples the maximum possible traverse movement
was often reached. As a result, the elongation to failure and stress at failure could not be
determined. To accommodate for this, at least one sample for each case was tested until the
maximum traverse movement was reached and all remaining samples were tested to 100 %

elongation unless it fractured first.

Charpy impact tests on notched rectangular bar samples were conducted according to
EN ISO 179-1] (2010) at a capacity of 0.5 J and impact speed of 2.9 m/s. For each case

investigated an average of 5 repeated samples were tested.

5.5.1 Data Processing

The resulting stress-strain curves were already processed using the software of the universal
tensile testing machine. The processed tensile curve data was received with the corresponding
tensile properties. The maximum stress was reported, however in some instances this related
to a stress higher than the first peak stress due to extreme ductility in the material. As a
result, the first peak stress and corresponding elongation were extracted from the obtained
stress-strain curves. The tensile properties that were provided, along with those extracted,
are shown in Figure [5.5] for the ISO Type 1A and ISO Type 1BA moulds.
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(a) ISO Type 1BA (b) ISO Type 1A (c) ISO Type 1A Elastic Region
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Material System:
HDPE with 4 wt% Alcamizer, Injection Moulded at IPF

Figure 5.5: Tensile properties defined for the experimental study considering HDPE with 4 wt%
Alcamizer 1 injection moulded at IPF as an example. Two cases are illustrated for the (a) ISO Type
1BA and (b) ISO Type 1A mould types, with (c) providing a closer look at the elastic region for the
ISO Type 1A mould type.

Figure [5.5|(a) represents a case where failure occurred for the ISO Type 1BA sample. The
point of failure is denoted with an 'x’ and the stress at failure is represented with oy and the
elongation to failure with ey. Figure (b) represents a case where failure was not attained
as the ISO Type 1A sample is not only too long for the strain gauges used, but also for the

testing area in the universal tensile testing machine.

A zoomed in version of the curve in Figure [5.5(b) is presented in Figure [5.5|c) to view the
elastic region. The first peak stress (FPS) is defined as the first peak on the curve where
the gradient changes from positive to negative. In polymer composites this is known as the
yield point where the material transitions from the elastic region to the plastic region
, . It was decided to refer to this point as the FPS rather than the yield point
as there were cases where yield was not attained and the value therefore not provided in
the reports received. However, in these cases the tensile curve still showed a first peak which
could be captured (c.f. Figure[5.6[a)). Young’s modulus provides an indication of the material
stiffness and is the gradient of the linear elastic region, indicated in green on Figure (c)

5.5.2 Tensile Properties of Interest

The full set of tensile curves are presented in Appendix For the purpose of determining
the tensile properties of interest, a select few tensile curves are considered as part of the

argument for or against a tensile property.

The Young’s modulus was calculated using a strain gauge and a cross-head speed of 1 mm /min

and can therefore be considered accurate.

In some cases it is not clear if yield was obtained as shown in Figure (a), for example, and
therefore not reported. In addition, some samples tested at a later stage did not report yield

at all even though it was reached. As mentioned earlier this point is referred to as the first
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peak stress in this thesis as all tensile curves showed a first peak for which a value could be

obtained.
(a) Lack of Yielding (b) Variation in Failure Conditions (c) Maximum Stress at Failure
3 (Neat HPDE Compression Moulded) 35 (2 wt% Alcamizer Compression Moulded) 35 (2 wt% Alcamizer Injection Moulded, IPF)
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Figure 5.6: Tensile stress-strain curves indicating variation in reported results due to (a) lack of
yielding (Neat HDPE - compression moulded), (b) variation in failure conditions (2 wt% Alcamizer -
compression moulded) and (c) maximum stress at failure (2 wt% Alcamizer - injection moulded).

The stress at break is not a meaningful property to consider based on the large variation in
failure types for the same conditions. An example of this phenomenon is shown in Figure
[5.6|(b) for HDPE with 2 wt% Alcamizer compression moulded. Even though all samples are
compression moulded the stress at break is higher for some breaks and lower for others. In
fact, the stress at break was found to be higher than the first peak stress for certain cases as
shown in Figure [5.6[c). It should be mentioned that not all samples were tested to failure.
Due to this, not all samples have a reported stress or elongation at failure, only those where

failure was attained.

The elongation at failure, however, is still a meaningful measure which provides an indication
of the material ductility. It is therefore still included even though it is not reported for all

cases considered.

The response variables of interest for this study are therefore the Young’s modulus, first peak
stress, elongation at first peak stress and elongation of failure obtained via tensile testing;

and the impact strength obtained from Charpy impact testing.

5.6 Statistical Analysis

Statistical analysis is a powerful tool that can be used to better understand the nuances in
the data, determine which factors have any statistically significant effect and quantify these

effects. The statistical analysis was conducted using Python’s statistical modelling module,

statsmodels (Perktold et al.,|2010). Some of the information in this section is briefly repeated

from Chapter 2 for ease of reference.
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5.6.1 Summary Statistics

The summary statistics provides an indication of the important statistical measures for each
response variable. These include the mean, standard deviation (SD) and the standard error of
the mean (SEM). The SD indicates the variation in the data from the mean, where a lower SD
indicates that the data are grouped around the mean and a higher SD that data are spread
out. The SEM indicates how far the sample mean of the data is from the true population
mean. It will always be smaller than SD with a value close to 0 indicating the sample mean is
accurate. The summary statistics therefore provides an indication of the uncertainty, or error
limits, related to the obtained data.

5.6.2 Analysis of Variance (ANOVA)

Analysis of variance (ANOVA) is a statistical procedure commonly used to test the equality

of several population means (Montgomery| 2013)). An F-test compares the variability between

two or more groups and is normally used to conduct the ANOVA. The F-value is defined as
(Montgomery and Runger, [2007):

F = SSb@tween/beetween
SSwithin/ D fuwithin

(5.2)

where 5§ is the sum of squares which describes the total variability of the data from the
mean for a specific variable group and D f is the degrees of freedom. The subscript between
refers to the variability between groups and within refers to the variability within the groups.
S Spetween Must be greater than SSy,;hin to yield significance, that is, a larger F-value is ideal
for significance. The probability that a statistically significant effect of a variable on the
response is only by chance is indicated by the p-value. The p-value is the probability that
the calculated F-value follows the F-distribution under the null hypothesis, which is that the
means are equal. Therefore, a p-value smaller than 0.05 indicates a statistically significant
effect on the response, with a smaller p-value indicating less probaility that the results are

due to chance.

For an ANOVA F-test several assumptions are made, such as a constant variance between

the groups and whether the residuals are normally distributed approximately i.e., the data

originated from simple random sampling (Montgomery, 2013)). It is therefore good practice

to perform diagnostics to test these assumptions. The diagnostics are a visual representation
of the residuals against the number of observations for the constant variance assumption;
residuals against the predicted response variable for the simple random sampling assumption;

and a probability plot of the residuals for the assumption of normal distribution.

To quantify the strength of the relationship between the group and response variables, a

descriptive statistics variable referred to as w? can be used (Salkind, 2010). w? is defined as
a proportion of variation in the response variable that is associated with the group (Salkind!
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20105 [Olejnik and Alginal 2000). Between-subject analysis w? is calculated as (Olejnik and

— D MSerror
w2 _ (SSbetween fbetween X S, )7 (53)
SStotal + MSerror

where SSpetween 18 the sum-of-squares between groups, D fietween the degrees of freedom be-

tween the groups, M Se.ror the mean square error and S.S;qtq; the total sum-of-squares. These
values are easily obtained from the ANOVA table. w? has a value between 0 and 1, where 0

indicates that there is no relationship and 1 indicates that the factor explains the variation

in the response variable completely (Salkind, 2010J).

5.6.3 Linear Regression and Prediction Model

To determine whether there are any statistically significant differences between the different
levels for each factor a linear regression model is considered. This is done by developing
a model as a function of the factors using the least squares method. From Section {271
(Equation[d.4)), a linear model with both continuous (k) and categorical (r) variables is defined

as:

k r n—1
y =B+ Zﬁifﬂi + Z Z Bazil- (5.4)
=1 =1 1=1

The response variable of interest is denoted by y. The intercept is represented by £y which
includes the first level for variables where a variable consists of more than one level. (§; and
B denote the regression coefficients, x; the continous variables and z; the dummy categorical
variables for each level. The dummy categorical variable is set equal to 1 if the level of the

categorical variable is active, and 0 if it is not active.

The ability of a linear regression model to provide a good fit is represented by the R? value.
R? is indicative of the proportion of the total variability in the response variable explained
by the model. When the R? value is closer to 1 the model provides a good predictability as
it would fit the observed data well. When the number of terms in the linear regression model
is adjusted, an adjusted R? value is considered. As the number of unnecessary terms in the

model is increased, the adjusted R? value decreases.

As part of the discussion the fitted linear models for the different response variables (or
mechanical properties) will be used to predict the response as a function of clay loading. The
predicted response, or fitted regression line, is considered for interpretation purposes within
the developed statistical design of experiments (DoE) framework. To this end, I will present
an example here of how to derive the fitted linear model to predict the desired mechanical
properties. For this example I will derive the fitted linear model for the Young’s modulus
in the tensile testing DoE. In the tensile testing DoE we consider both continuous (i.e. clay
loading) and categorical (i.e. clay type, moulding method and site) variables. Therefore for

three categorical variables and one continuous variable the above equation, for a predicted
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linear model, will take the following form:

§ = Bo + Pra1 + Biizi1 + Praziz + Parzar + Parzsr + Bazzaz, (5.5)
where gy is the predicted response variable, BO; ; and Bz‘l are the estimated regression co-
efficients, x1 denotes the continuous variable clay loading, z11 and z12 are dummy variables
indicating the second and third levels of the clay type, 221 is a dummy variable for the second
level of the moulding method, and z3; and z3o the second and third level for the site. The
dummy variable is set equal to either 1 or 0 depending on which level of the categorical vari-
able is active. The estimated linear regression coefficient values are obtained from the fitted
linear regression model as provided in the Estimate column of Table 5.6} For the fitted linear
regression model a t-statistic is used to determine the p-value by determining the difference
between the means of two groups. The t-value is therefore determined from (Montgomery
and Runger| 2007):
e Bi — Aﬁz
SE(:)

, (5.6)

where 5; = 0 under the null hypothesis and the numerator just becomes the estimated regres-
sion coefficient BZ SFE is the standard error represented by Std. Error in Table . For this
model the p-value is the probability to obtain a t-distribution value which is greater than the
calculated t-value, and is therefore represented as Pr(>|t|) in Table [5.6}

Table 5.6: Tensile testing DoE linear model for Young’s modulus.

Nr. Observations 40 R-squared 0.903
Df Residuals 33 Adjusted R-squared 0.886
Df Model 6 F-statistic 51.42

Residual Standard Error 0.003

Estimate  Std. Error t-value Pr(> |t])

Intercept 0.1513 0.001 105.563 0.000 ok
ClayType|T.DHT4A] 0.0009 0.001 0.858 0.397
ClayType|T.Neat] -0.0005 0.002 -0.284 0.778
MouldingMethod|T.Injection| 0.0165 0.001 12.822 0.000 ok
Site[T.TUT]| -8.582¢7%  0.001 -0.057 0.955
Site|T.UP| -0.0001 0.001 -0.109 0.914
ClayLoading -0.0005 0.000 -2.855 0.007 ok

Significance Codes: "***: 0-0.001, **’: 0.001-0.01, "*’: 0.01-0.05, ’.:0.05-0.1,’ ’: 0.1-1.0

An overview of all the variables related to Equation [5.5] with the estimated regression coeffi-
cients in Table is summarised in Table for ease of reference. The response variable of

interest for this example is the Young’s modulus for the tensile testing DoE.

Next the predicted Young’s modulus is determined from Equation [5.5| using the information

in Table [5.7] for specific conditions. For example, given that:

Condition 1: The clay type is Alcamizer 1 with tensile sample moulds compression moulded
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Table 5.7: Overview of Young’s modulus predictive response equation variables. (n denotes the level
and [y captures the estimated coefficient for the first level of each categorical variable.)

Variable Variable Type Description Value
Bo Estimated Regression Coefficient Intercept 0.1513
1 Continuous Clay Loading 0-10 wt%
51 Estimated Regression Coefficient Clay Loading -0.0005
0.0009 if n=1 (DHT4-A),
Bin Estimated Regression Coefficient Clay Type —0.0005 if n =2 (Neat),
if otherwise.
if n =1 (DHT4-A = 2 (Neat
21n Categorical Dummy Variable Clay Type nn ) .or " (Neat),
if otherwise (Alcamizer 1).
- 0.0165 if n =1 (Inject
Ban Estimated Regression Coefficient Moulding Method if n =1 (Injection),
if otherwise.
. . . if n =1 (Injection),
Z1n Categorical Dummy Variable Moulding Method
if n # 1 (Compression).
—8.582¢"-05 if n =1 (TUT),
BSn Estimated Regression Coefficient Location —0.0001 if n =2 (UP),
if otherwise.
ifn=1(TUT =2 (UP
Z1n Categorical Dummy Variable Location nn= ) orn (UP),
if otherwise (IPF).
at IPF.

Clay Type Moulding Method Site

Alcamizer 1~ Compression IPF

n=20 n=>0 n=20
Bro=0 P20 =10 B30 =0

211 =212=0 221 =0 231 =232 =0

The above is substituted into Equation [5.5 which then reduces it to:
= By + Pra1, (5.7)

= 0.1513 — 0.0005x;. (5.8)

Condition 2: The clay type is changed to DHT4-A while the remaining variables are the

same as for condition 1.

Clay Type Moulding Method Site

DHT4-A Compression IPF

n=1 n=>0 n=>0

B11 = 0.0009 B20 =0 B30 =0

z11=1,212=0 291 =0 231 =232 =10
122
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Substituting the above into Equation [5.5] results in:

§ = Bo + Pra1 + Prizi, (5.9)
= 0.1513 — 0.0005z1 + 0.0009, (5.10)
= 0.1522 — 0.00052;. (5.11)

Bn is the estimated difference between DHT4-A and Alcamizer 1 for compression moulding
at IPF. The addition of Bll therefore changes the initial intercept for DHT4-A from 0.1513
to 0.1522.

Condition 3: The moulding method is changed to injection moulding while the remaining

variables remain the same as for condition 1.

Clay Type Moulding Method Site

Alcamizer 1  Injection IPF

n=2~0 n=1 n=>0

P10 =10 f21 = 0.0165 B30 =0
z11=212=0 291 =1 231 =232 =10

Substituting the above into Equation [5.5] results in:

§ = Bo+ Prx1 + Parea, (5.12)
— 0.1513 — 0.0005, + 0.0165, (5.13)
— 0.1678 — 0.00051. (5.14)

Bgl is the estimated difference between injection and compression moulding for Alcamizer 1
at IPF. The addition of Bgl therefore changes the initial intercept for injection moulding from
0.1513 to 0.1678.

Condition 4: The site is changed to UP while the remaining variables remain the same as

for condition 1.

Clay Type Moulding Method Site

Alcamizer 1 Compression UP

n=>0 n=>0 n=2

B1o =0 B20 =0 B31 = —0.0001
211 =212=0 291 =0 231 =1

The above is substituted into Equation 5.5 which then reduces it to:

g = Bo + Py + Ba1231, (5.15)
= 0.1513 — 0.00052; — 0.0001, (5.16)
— 0.1512 — 0.000521. (5.17)
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Bgl is the estimated difference between compression moulding at UP and IPF for Alcamizer 1.
The addition of 351 therefore changes the initial intercept for the site (i.e., UP) from 0.1513
to 0.1512.

Other iterations for the different variables will result in similar observations considering a
linear equation as a function of clay loading with the intercept changed due to the conditions

of interest.

This predicted response variable () can be represented by the following generalised equation
(Montgomeryl, 2013)):

§(xo) = X,8, (5.18)

where xo is a vector of the different points for the factors in the model expanded for all

terms in the model. x/ is the transpose of the x, vector and ,[; contains the linear regression

coefficients for all factor combinations and is expressed as (Montgomeryl, |2013):

B8 =(X'X)"'X'y, (5.19)

where X is the model matrix populated with the different combinations of factors and levels
and has columns expanded for all the terms in the linear response surface model. X’ is the

transpose of the design matrix and y contains the observations of the response variable.

5.7 Conclusion

This chapter discussed the experimental methodology that was followed to successfully man-

ufacture and test samples to produce results based on a statistical design of experiments.

A composite consisting of a high-density polyethylene (HPDE) matrix filled with layered
double hydroxides (LDH) particulates was considered. The composite was compounded using
twin-screw extrusion and processed by means of compression and injection moulding. The
processed samples were then characterised with tensile and impact testing according to the

relevant ISO standards.

For the experimental designs a D-optimal design was chosen for all three experiments consid-
ered: tensile testing, impact testing and evaluation of the two ISO sample mould types. This
design was chosen as it provides a good design with acceptable efficiencies. It was decided
to include lack of fit, replication and center points in all the designs to ensure we evaluate
all aspects. That is, evaluating the model’s prediction ability, testing specific combinations
of factors and levels and estimating experimental error. Based on the evaluation these de-
signs are adequate and will be able to provide statistically significant observations from the

experimental results.

This chapter shows that even when you have a good design, one of the complexities of a

large experimental study involving multiple operators is the potential for misinterpretation of
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the experimental design. This was experienced during this study where additional data was
received that were not part of the initial DoEs. On the other hand, there are missing data
which were part of the initial DoEs. Additional work was therefore done unnecessarily due
to a lack of explicit communication. Despite the additional and missing data, the DoEs are
still effective in estimating the variable effects most precisely, as well as predicting response
variables. This is because the full experimental space in all the design factors is still cov-
ered within the amended experimental design program. This type of experimental design is

obviously still not fully understood within the polymer composite community.

Experimental results will be analysed by means of statistical techniques such as linear re-
gression and analysis of variance (ANOVA). The linear regression line is the best average fit
through all the data points, and is used to predict the response for any combination of the
factors and levels included in the model. To this end, an example of the linear prediction

model for the Young’s modulus was provided.
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CHAPTER 6

EXPERIMENTAL RESULTS AND DISCUSSION

This chapter presents and discusses the results obtained by following the experimental method-
ology outline in the previous chapter. This includes the tensile curves, statistical analysis and

discussion of key observations which emanated from the results.

6.1 Introduction

The systematic literature review indicated that injection moulded samples have a higher
Young’s modulus, first peak stress and elongation at break compared to compression moulded
samples. Even though this was for high-density polyethylene (HDPE) /montmorillonite (MMT)
composites these results can be extrapolated to HDPE /layered double hydroxide (LDH) as
LDH is the synthetic equivalent to MMT.

The novel contribution of this thesis, which will be shown in this chapter, is the effect that
machine variation (i.e., different sites) and tensile sample mould type have on the mechanical
properties. Both of these have not been reported in literature as yet. We would expect that
different machines would not have an influence on the properties for the same process with
identical moulding conditions. Similarly, the tensile stress and strain results are normalised

to the tensile sample geometry and are therefore not expected to have any influence.

In this chapter I will begin by showing all the tensile curves in Section 6.2 and discussing
the observable variability. Using statistical analysis methods I will quantify the effect of the
design parameters on the response variables of interest in Section 6.3. I will conclude this

chapter by discussing the key observations from the data in Section 6.4.

6.2 Tensile Curves

The full set of tensile curves are presented in Figure [6.1] It is most notable that there is a

significant increase in stress in the ductile region for the last 100-200 % elongation, especially
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for the injection moulded samples. This is the typical stress-strain behaviour expected of
soft thermoplastics, such as HDPE. The compression moulded samples did not exhibit this
increase in stress with an increase in elongation, but rather a behaviour similar to hard
thermoplastics. This indicates that the compression moulding process affects the material
ductility significantly more than the injection moulding process. This is likely due to the
inconsistent heating process which affects the fusion of two particles creating weaker polymer
pellet boundaries (Raghavan and Wool| |1999; Wool et al., [1989; Wu et al., 2002). This could

lead to the harder more brittle behaviour observed in the tensile curves for the compression

moulded samples.

There are observable differences between the two different sample mould types. ISO Type
1BA has a higher maximum tensile strength at break than ISO Type 1A. ISO Type 1BA
elongation to failure is about half the elongation to failure experienced by ISO Type 1A. The
tensile strength at break is higher for ISO Type 1BA than ISO Type 1A. These observed
differences in mechanical properties between the two sample mould types are unexpected as

the data is normalised to the sample geometry.

From these tensile curves it is clear that the elongation at break and consequently the tensile
strength at break are sensitive to the moulding method and the sample mould type. There
are no easily observable differences for the effect of site, clay type or clay loading. These
will be considered by viewing the tensile curves up to an elongation of 50 % to provide more
visibility of the elastic region, shown in Figure[6.2] Compression moulded samples are more
stiff with a higher linear gradient than injection moulded samples, while having a higher first
peak strength. This is contradictory to what was concluded from the systematic literature
review where injection moulded samples tend to have a higher stiffness and strength. This
is attributed to the changes in composite morphology and clay-polymer interfacial adhesion
based on the type of clay and moulding method. In the systematic literature review montmo-
rillonite (MMT), a natural clay, was considered whereas this experimental study considered
LDH, a synthetic alternative to MMT. There are differences in the chemical composition of
the two clays which could affect the material stiffness and strength. Another factor which
affects the composite morphology is the moulding method, where injection moulding tends to
consistently heat the material while compression moulding suffers from an inconsistent heat-
ing distribution. This can lead to defects such as incomplete fusion of inter-polymer pellet

boundaries, which affects the elongation at break, as already noted from Figure [6.1]

There is a potential effect on the mechanical properties due to site where compression moulded
samples from UP tend to have a higher first peak stress value and are more brittle than those
from IPF. Similarly, for the injection moulded samples those from TUT have a higher FPS
than IPF, with both sites producing more ductile samples. For the different sample mould
types ISO Type 1BA has a higher FPS although it appears that the stiffness i.e., linear region
of the curve is very similar. After investigating the elastic region of the tensile curves we can
observe an influence on the mechanical properties due to moulding method, site and sample
mould type. The material stiffness and tensile strength are most sensitive to the moulding

method and to a lesser degree the site and sample mould type as well. The influence of clay
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Figure 6.2: Tensile stress-strain curves for HDPE/LDH composites up to an elongation of 50 %.
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type and clay loading is not immediately obvious as it appears to have little influence. These

influences will be quantified using statistical analysis in Section 6.3.

A very interesting observation in the injection moulded tensile curves is the presence of an
artifact, a pronounced step in the response just after yielding occurs. This occurred exclusively
in the samples produced at IPF and primarily in the ISO Type 1BA, with a few of the ISO
Type 1A samples also exhibiting this behaviour. This artifact effect is illustrated in Figure[6.3
with 4 wt% Alcamizer as an example. This artifact is not something that has been observed
in past tensile curves or those presented in literature for polymer-clay composites. As it
was not observed for the injection moulded samples manufactured at TUT, this artifact is
due to something that exclusively occurs during the injection moulding process at IPF. This
could denote a snap-through behaviour or buckling response where the sample cannot bend
back into strain i.e., no negative strain values are reported in displacement controlled tensile
testing. This behaviour could potentially be due to a thin skin which forms during injection

moulding of the samples.

30

—— 1SO Type 1A

—— 1SO Type 1BA
251
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Figure 6.3: Tensile stress-strain curves for 4 wt% Alcamizer injection moulded at IPF for both ISO
sample mould types.

6.3 Statistical Analysis

The summary statistics for the mechanical properties of interest are presented for each of
the developed statistical design of experiments (DoEs). This is followed by the required
diagnostics to verify the assumptions for the analysis of variance (ANOVA). The statistical
significance of the different design factors are then discussed in terms of the p-value. Finally,
the strength of the relationships are quantified through the w? value to determine which

significant factors contribute more to the mechanical properties of interest.
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6.3.1 Summary Statistics

The summary statistics for all the mechanical properties of interest are presented here for each
of the developed DoEs. The summary statistics include the mean, standard deviation (SD)
and the standard error of the mean (SEM), thereby providing a measure of the uncertainty,
or error limits, in the data. To study the repeatability of the different DoE’s additional
points were allocated to the design which replicated certain design points. Ideally, for the
design repeatability to be validated the variation within each replicate point should be close
together while comparing well with the other replicated points. Replicate points in the designs

are indicated in red.

Tensile Testing DoE

The summary statistics for the tensile testing DoE are provided in Table [6.1] The number
of observations for the tensile testing DoE’s is equal with the majority of cases having 5
observations, with the exception of 2 wt% Alcamizer (compression moulded at UP) with 6
observations, 6 wt% Alcamizer (injection moulded at TUT) with 7 observations and 6 wt%
DHT4-A (injection moulded at IPF) with 12 observations. In cases where the majority of

cases have an equal number of observations it is said that the design is well balanced.

The mean ranges between 946.96 and 1792.92 MPa for the Young’s modulus, 21.81 and
31.86 MPa for FPS, 4.06 and 9.47 % for elongation at FPS, and 4.46 and 1701.68 % for

elongation at break.

The SEM is small compared to the mean of the FPS (0.3 - 10.3 % of the mean) and the
elongation at FPS (0.5 - 17.6 % of the mean). For Young’s modulus the SEM is small when
compared to the mean ranging between 0.8 and 6.6 % of the mean value. It is therefore possible
to quantify the statistically significant effects of the Young’s modulus, FPS and elongation
at FPS. For the elongation at break there is a large variation in the SEM ranging between
0 and 62 % of the mean value. This is too large a variation indicating that it will not be
possible to quantify statistically significant effects for the elongation at break. Even though
the elongation to failure cannot be quantified I will still include it in the statistical analysis

and discussion for the sake of completeness.

The SD for FPS ranges between 0.6 and 23% of the mean. Similarly, the SD for elongation at
FPS ranges between 1.4 to 39.4 % when compared to the mean. The SD for Young’s modulus
ranges from 1.8 to 14.7 % of the mean. For all three response variables the variation in SD
is small enough indicating that the mean is reliable providing a good measure of the average
response. For the elongation at break samples tended to break at different instances within
the same sample group where SD ranges from 24.5 to 139.2 % of the mean. This variation is

too large and the mean is therefore not reliable.

The repeatability of the design is determined by the replicate points which are shown in Figure

[6.4] The error between the means of the two replicate points are shown in the figure.
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CHAPTER 6. EXPERIMENTAL RESULTS AND DISCUSSION

For the injection moulded replicate points (left column) the groups are close together showing
minimal variability, whereas the compression moulded replicate points (right column) have
more variation and therefore a larger SD. For Young’s modulus the error between the means
of the replicate points is between 10.29 and 15.26 % for the injection moulded samples and
between 4.24 and 6.82 % for the compression moulded samples. This error is smaller for
FPS (4.94-6.90 % for injection moulded and 1.50 and 4.57 % for compression moulded) and
elongation at FPS (2.93-8.10 % for injection moulded and 0.61 and 23.03 % for compression
moulded). For elongation at break none of the injection moulded samples reached failure and
the error for the compression moulded samples was between 14.93 and 40.02 %. Elongation
at break provides higher variations within a group as samples break at different points and it
is not guaranteed that the samples in the same group will all break at a similar point. Apart

from the larger errors for the elongation at break, the design is still considered repeatable for

(a) Young's Modulus (Injection, IPF) (b) Young's Modulus (Compression, UP)
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Figure 6.4: Scatter plot of the replicated points in the tensile testing DoE. IPF injection moulded
samples are in the first column and UP compression moulded samples in the second column.
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the remaining mechanical properties which are within a reasonable margin of error.

Sample Mould DoE

The summary statistics for the sample mould DoE are provided in Table [6.2] The number
of observations for the sample mould DoFE cases is equal with all cases having 5 observations,
with the exception of 6 wt% DHT4-A (ISO 1A) with 12 observations. The design is therefore

said to be well balanced as almost all of the cases have an equal number of observations.

The mean ranges between 927.87 and 1521.60 MPa for the Young’s modulus, 21.81 and
25.31 MPa for FPS, 7.72 and 9.80 % for elongation at FPS, and 595.04 and 1701.68 % for

elongation at break.

For the FPS, elongation to FPS and Young’s modulus the SEM is found to be small when
compared to the mean. The SEM for FPS is between 0.3 and 1.7 % of the mean, for elongation
at FPS it is between 0.8 and 3.7 % of the mean, and for Young’s modulus it is between 1 and
5 % of the mean. A small SEM indicates that it is possible to quantify statistically significant
effects. Not much can be said for elongation at break regarding the SEM as there are only
two values. This is mainly because not all samples reached failure, and as such an elongation
at break wasn’t available for all five samples in a case and therefore the SEM would not be
an accurate representation. Regardless, the elongation at break results will still be presented

in the statistical analysis and discussion for the sake of completeness.

A small SD indicates that the mean is reliable and will provide a good measure of the average
response. This is the case for FPS, elongation at FPS and Young’s modulus. The SD for FPS
ranges from 0.6 to 3.7 % of the mean, for elongation at FPS it ranges between 1.7 and 8.2
% of the mean, and for Young’s modulus SD ranges from 2.6 to 11 % of the mean). For the
elongation at break we observe a much larger variation in SD ranging between 0.1 to 71.7 %

of the mean. This variation is too large to consider the mean to be reliable.

Replicate points are included in the design to determine the repeatability. The results are
illustrated in Figure [6.5] with the error between the means of the replicate points shown on
the figure. The sample points for each group are close together corresponding to the small
SD’s. The error between the means for Young’s modulus ranges between 10.29 and 17.41 %.
This error is significantly lower for FPS ranging between 2.94 and 6.9 %, and for elongation
at FPS the error ranges between 2.93 and 16.02 %. The overall error between the response
variable means for the replicate points is considered acceptable, and the design is therefore

repeatable.
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2000 (a) Young's Modulus (Alcamizer, IPF) 20 (b) First Peak Stress (Alcamizer, IPF)
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Figure 6.5: Scatter plot of the replicated points in the tensile sample mould DoE. All replicate points
are Alcamizer 1 and injection moulded at IPF.

Impact Testing DoE

The summary statistics for the Charpy impact testing DoE are provided in Table The
number of observations for the impact testing DoE’s is equal with cases having either 5 or 6
observations. It is therefore considered to be a well balanced design, as cases have an equal

number of observations. The mean for impact strength ranges between 3.5 and 9.3 kJ /m?.

For impact strength the SEM is between 0.2 and 6 % of the mean. The statistically significant
effects can therefore be quantified. The SD ranges 0.6 and 14.6 % of the mean. The small
variation is a good indication that the mean is reliable and will therefore provide a good

measure of the average respounse.

There are two replicate points in this design, shown in Figure[6.6] to determine repeatability.
Both points are injection moulded at TUT and are grouped closely together. There is a 4.14
% and 3.54 % difference between the replicate point means for 10 wt% Alcamizer and 10 wt%

DHT4-A, respectively. This is a small error range and the design is therefore repeatable.
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Table 6.3: Summary statistics of the impact response for the different combinations of experimental
variables, where SD is the standard deviation and SEM is the standard error of the mean. Replicate
points are indicated in red.

Clay Clay Moulding Site Nr. of Impact Strength (kJ/m?)
Loading Type Method Observations Mean SD SEM
0 Neat Compression IPF 5 3.76  0.17 0.08
0 Neat Compression ~ UP 6 3.82  0.23 0.09
0 Neat Injection IPF 5 574 0.17 0.08
0 Neat Injection TUT 5 5.92  0.53 0.24
2 Alcamizer Compression IPF 5 4.29 042 0.19
2 Alcamizer Compression UP 6 455 0.41 0.17
2 Alcamizer Injection IPF 5 9.27 049 0.22
2 DHT4A  Compression IPF 5 3.87 0.13 0.06
2 DHT4A  Compression UP 6 3.80 0.10 0.04
2 DHT4A Injection IPF 5 5.75 0.04 0.02
2.8 DHT4A  Compression UP 5 3.87 041 0.18
2.8 DHT4A Injection IPF 5 570 0.18 0.08
3.59 Alcamizer Injection TUT 5 5.64 0.19 0.08
4 Alcamizer Injection IPF 5 581 0.15 0.07
6 Alcamizer Compression IPF 5 3.91 0.10 0.05
6 Alcamizer Compression UP 6 4.16  0.32 0.13
6 Alcamizer Injection IPF 5 740 0.31 0.14
6 Alcamizer Injection TUT 5 6.32  0.33 0.15
6 DHT4A  Compression IPF 6 4.06 0.39 0.16
6 DHT4A  Compression UP 6 3.54  0.52 0.21
6 DHT4A Injection IPF 5 5.45 0.06 0.03
6 DHT4A Injection TUT 6 4.77 043 0.18
8 DHT4A Injection IPF 5 6.28 0.20 0.09
10 Alcamizer Compression IPF 5 4.05 0.13 0.06
10 Alcamizer Compression UP 6 3.90 049 0.20
10 Alcamizer Injection IPF 5 6.21 0.17 0.08
10 Alcamizer Injection TUT 5 5.63 0.18 0.08
10 Alcamizer Injection TUT 5 541 0.14 0.06
10 DHT4A  Compression IPF 5 3.97  0.20 0.09
10 DHT4A  Compression UP 6 3.58 0.20 0.08
10 DHT4A Injection IPF 5 6.15 0.08 0.04
10 DHT4A Injection TUT 5 529 0.28 0.12
10 DHT4A Injection TUT 5 548 0.14 0.06

(a) Impact Strength (Injection, TUT)

Replicate
® Growpl
o 8 Group 2
<
E
=
= 6
%:D og & 8o %
o
3 4 Mean Error Mean Error
B =4.14% =3.54%
é
= 2
0
10 wt% 10 wt%
Alcamizer DHT4-A
Clay Type

Figure 6.6: Scatter plot of the replicated points in the impact testing DoE. Replicate points are
injection moulded at TUT.
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6.3.2 Diagnostics

Diagnostics are performed to verify the assumption of normality for linear regression, and

constant variance and random sampling for ANOVA (Montgomeryl, 2013). In the following

figures, the normality assumption is in the left column, constant variance assumption in
the middle column and assumption of random sampling in the right column. Normality is
visualised by means of a probability plot of the residuals and will approximate a straight
line, with more emphasis on central values as opposed to values at the edges
. Constant variance considers a plot of the residuals against the number of observations.

Ideally a constant variance assumption would have a constant error spread across the number

of observations (Montgomery, [2013)). Should the assumption be violated the variance spread

may be larger on one end than the other (Montgomery, 2013). Random sampling is illustrated

with a residuals vs. predicted plot. For the assumption of random sampling to hold this plot

should not reveal any structured pattern, but instead appear random (Montgomeryl 2013).

Tensile Testing DoE

To determine which response surface model should be considered the R? and adjusted R?

values are determined and summarised in Table

Table 6.4: Overview of R? and adjusted R? for the different response surface models for the tensile
testing DoE.

Mechanical Linear Two-order Interaction Quadratic

Property R2  Adjusted R2 Error (%) R2?  Adjusted R? Error (%) R?  Adjusted R?  Error (%)
Young’s Modulus 0.873 0.858 1.673 0.920 0.910 1.000 0.926 0.918 0.907
FPS 0.990 0.989 0.121 0.951 0.946 0.589 0.947 0.941 0.644
Elongation at FPS  0.918 0.908 1.025 0.827 0.808 2.381 0.840 0.821 2.180
Elongation at break 0.913 0.894 2.016 0.749 0.696 7.067 0.830 0.794 4.327

Based on the difference between the R? and adjusted R? values these are quite close to one
another (< 3 %) for all mechanical properties and response models. The only exception is
the elongation at break for the interaction and quadratic models with a difference of 7.067 %
and 4.327 %, respectively. When the R? and adjusted R? values are close to one another it
indicates that the model considered can provide good predictability. This is clearly the case
for the all models, except the interaction and quadratic models for the elongation at break.
The interaction and quadratic models will therefore not provide good predictability for the

elongation at break.

Both the R? and adjusted R? values decrease when considering an interaction or quadratic
model for all properties except Young’s modulus which sees an increase in both values. All
properties, except Young’s modulus, have the highest R? and adjusted R? values for the
linear model. For the linear model, the R? value is 0.8726 for Young’s modulus, 0.9898 for
FPS, 0.9175 for elongation at FPS, and 0.9128 for elongation at break. In all instances the

R2 value is above 0.9 indicating a very good model, except for Young’s modulus where a
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quadratic model would be better. However, a value of 0.8726 is still a good value, and this
can be improved upon by applying a Box-Cox transformation. A Box-Cox transformation
applies a power law to the data to better approximate a normal distribution (Montgomery)
. By applying this transformation the R? value improves from 0.8726 to 0.9041 which is
a 3.61 % increase, thereby providing a better fit of the observed data. This is still not as good
as the quadratic model, being 2.4 % lower, however it is still an acceptable R? value and the
linear model will be able to provide good predictability for Young’s modulus. A linear model

will therefore be considered for all the mechanical properties of interest.

The linear regression and ANOVA diagnostics for the tensile testing DoE are shown in Figure
with a transformed dataset for Young’s modulus. All plots indicate an approximately
normal distribution, thereby verifying the normality assumption. The constant variance as-
sumption is within an acceptable range for all mechanical properties with a constant error
across the number of observations. The residuals vs. predicted results don’t follow any struc-

tured pattern for all the mechanical properties, which confirms simple random sampling.
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Figure 6.7: Tensile testing DoE ANOVA diagnostics for assumption of normality (left column),
constant variance of residuals (middle column) and random sampling (right column).
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Sample Mould DoE

Table summarises the R? and adjusted R? values for the different response surface models.

Table 6.5: Overview of R? and adjusted R? for the different response surface models for the tensile
sample mould DoE.

Mechanical Linear Two-order Interaction Quadratic

Property R?  Adjusted R® FError (%) R?  Adjusted R> FError (%) R?  Adjusted R> FError (%)
Young's Modulus 0.974 0.971 0.359 0.966 0.961 0.487 0.980 0.977 0.276
FPS 0.928 0.919 1.056 0.982 0.979 0.255 0.987 0.985 0.182
Elongation at FPS  0.955 0.949 0.638 0.958 0.952 0.595 0.972 0.969 0.391
Elongation at break 0.919 0.889 3.308 0.962 0.948 1.476 0.784 0.702 10.364

The R? and adjusted R? values are close to one another (< 3.5 %) for all mechanical properties,
except elongation at break for a quadratic model. This indicates that the models, except for
a quadratic model for elongation at break, can provide good predictability. There is an
increase in both R? and adjusted R? for most mechanical properties for an interaction or
quadratic model. The exception is a decrease in both values for an interaction model for
Young’s modulus, and a quadratic model for elongation at break. An interaction model has
at most a 0.89 % decrease in R? from the linear model for Young’s modulus, 5.75 % increase
for FPS, 0.26 % increase for elongation at FPS, and 4.70 % increase for elongation at break.
Similarly, for a quadratic model R? increases with 0.57 % for Young’s modulus, 6.28 % for
FPS, 1.78 % for elongation at FPS and decreases with 14.74 % for elongation at break. Both
interaction and quadratic models add additional terms to the response surface model which
adds an additional complexity to the statistical analysis. The slight improvement in R? does
not warrant this additional complexity. A linear model will provide good predictability with

all R? values above 0.9 and is therefore sufficient to consider for all mechanical properties.

The diagnostics for the ANOVA for the sample mould DoE are shown in Figure [6.8] The
assumption of normality is verified where all mechanical properties have an approximately
normal distribution of the residuals. The assumption of constant variance is verified with
a constant error across the number of observations. There is no structured pattern to the

residuals vs. predicted results which verifies the assumption of random sampling.
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Figure 6.8: Sample mould DoE ANOVA diagnostics for assumption of normality (left column),
constant variance of residuals (middle column) and random sampling (right column).

Impact Testing DoE

Similar to the DoE’s above, the response surface model is first determined by investigating

the R? and adjusted R? values, summarised in Table

Table 6.6: Overview of R? and adjusted R? for the different response surface models for the impact
testing DoE.

Mechanical Linear Two-order Interaction Quadratic
Property R?  Adjusted R?> Error (%) R2?  Adjusted R® Error (%) R2?  Adjusted R? Error (%)
Impact Strength 0.811 0.784 3.33 0.766 0.732 4.38 0.805 0.777 3.47

Both the R? and adjusted R? values are relatively close (< 3.5 %) except for an interaction
model. The linear and quadratic models can therefore provide a good predictability. There
is a decrease in the R? and adjusted R? values for both an interaction and quadratic model
when compared to the linear model. The linear model provides the highest value for R? and

even though 0.811 is an acceptable value being reasonably close to 1, this can be improved by
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applying a Box-Cox transformation. By applying this transformation the R? value increases
from 0.811 to 0.9664 which is a 19.2 % increase. The adjusted R? value increases from 0.784
to 0.9616. This transformation reduces the error between the R? and adjusted R? values from
3.33 % to 0.50 %. A transformed linear model therefore fits the observed data much better

than a normal linear model while providing an improvement in the model predictability.

The diagnostics for the ANOVA for the impact testing DoE are shown in Figure [6.9] The
normality plot approximates a normal distribution verifying the assumption of normality. The
constant variance assumption varies approximately 0.02 units from the mean, except for a few
outliers, with a constant error across the number of observations. The assumption of random

sampling is verified with no discernible pattern observed in the residuals vs. predicted results.
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Figure 6.9: Impact testing DoE ANOVA diagnostics for assumption of normality (left column),
constant variance of residuals (middle column) and random sampling (right column).

6.3.3 Analysis of Variance (ANOVA)

The complete fitted linear model and ANOVA tabulated results are shown in Appendix C. For
simplicity, only the resulting p-value is considered for all the design factors and mechanical
properties of interest. A p-value indicates the probability that the effect of the variable on
the response is only by chance. A p-value less than 0.05 indicates that the variable has a
significant effect on the response with more than 95 % confidence. In Figure the results
are presented as (1 — p-value) for easier interpretation where the solid black line represents a
p-value of 0.05 or (1 — p-value) of 0.95. Therefore any design factor that is above this line is

considered to be statistically significant.

From Figure [6.10] the statistically significant influences for the different factors are:

e Clay type (blue) only affects the impact strength for the impact testing DoE. For the
sample mould type DoE it affects the elongation at first peak stress.

e Clay loading (orange) was deemed to have a statistically significant effect for all mechan-
ical properties for the tensile testing DoE, except elongation at break. It has no effect
on the impact strength. For the sample mould type DoE clay loading is statistically

significant for all mechanical properties except elongation at break.

e Moulding method (green) has a statistically significant effect on all mechanical proper-

ties of interest for the tensile and impact testing DoE’s.
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(a) Tensile and Impact Design of Experiments

Factors
N Clay Type: Alcamizer vs. DHT4-A
WS Clay Loading (wt%)
W Moulding Method: Injection vs. Compression
B Site: UPand TUT vs. IPF
L

0.0+

Young's Modulus (MPa) First Peak Stress (MPa) Elongation at FPS Elongation at Break

Mechanical Property

Impact Strength (kJ/m?)

(b) Sample Mould Type Design of Experiments

Factors
B Clay Type: Alcamizer vs. DHT4-A
W Clay Loading (wt%)
== Sample Mould Type: 1SO 1A vs. ISO 1BA

Elongation at FPS
Mechanical Property

Elongation at Break

Young's Modulus (MPa) First Peak Stress (MPa)

Figure 6.10: Resulting p-value obtained from ANOVA for all mechanical properties of interest
represented as (1—p-value) for (a) tensile and impact testing DoE and (b) sample mould type DoE.
The solid black line represents a p-value of 0.05.

e Sample mould type (purple) has a statistically significant effect on all mechanical prop-
erties except elongation at FPS for the sample mould type design. This indicates that

material stiffness is largely influenced by the size of the tensile dog bone sample.

e Site (red) in the tensile and impact DoE has an effect on all mechanical properties except

Young’s modulus.

6.3.4 Quantify Relationships

To quantify the strength of the relationships between a design variable and the response

2 is considered. w? is the proportion of variation

variable a descriptive statistic known as w
in the response variable associated with a specific group. The w? results are shown in Figure
6.11] plotted only for variables which have been shown to have a statistically significant effect

on the property.

From Figure [6.11|(a) it is clear that moulding method (green) contributes to explaining the
variations in the mechanical properties and has a strong effect. Site (red) has a smaller effect
contributing less to the variation in mechanical properties. The effect due to site is not as

pronounced as the effects of moulding method. The effects due to clay type (blue) and clay
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Figure 6.11: w? to quantify the strength of relationships between the different factors and the
mechanical properties of interest for (a) tensile and impact testing DoE and (b) sample mould DoE.

loading (orange) are smallest being much closer to 0, indicating the relationship is tenuous
at best. Overall, the moulding method has the strongest effect on the mechanical properties

followed by the manufacturing site.

From Figure b) the effect of sample mould type (purple) is more pronounced for Young’s
modulus and elongation at break. This indicates that the mould type largely affects the
material stiffness and ductility parameters which is exactly what a tensile test determines.
Clay loading (orange) has a less pronounced effect although it is still strong, especially for
Young’s modulus. The effect of clay type (blue) is almost non-existent with very low w?

values. For the sample mould type DoE there is a strong relationship with sample mould

type.

6.4 Discussion of Key Observations

The key observations from the statistical analysis are discussed here. To complement the
discussion an exploratory data analysis approach is considered to present the experimental
results. A predicted linear regression line is presented with the experimental results. It is
the best average fit through all the data points, and is used to predict the response for any

combination of the factors and levels included in the model. The predicted fitted regression
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line is represented as a solid straight line and calculated according to the example presented
in Chapter 5.

6.4.1 Effect of Moulding Method

For the moulding method I investigated the effect of compression and injection moulding
on the mechanical properties of HDPE/LDH. Based on the conclusions of the systematic
literature review we expect a difference in mechanical properties between the two moulding

methods. In fact, literature often states that injection moulded samples have higher tensile

properties than compression moulded samples (Chu et al.| [2007; Mistretta et al., [2018]). The

systematic literature review indicated that Young’s modulus, first peak stress and elongation

at break is normally higher for injection moulding than compression moulding.

The statistical analysis clearly indicated that moulding method has a statistically significant
effect on all the mechanical properties of interest. In fact, based on w? it has the strongest
relationship to the mechanical properties. To better understand the effect of moulding method
only the data from the IPF is considered here as there is consistency in the mould thickness
(at 2 mm) and the sample mould type (ISO Type 1BA) for both injection and compression
moulded samples. This ensures that any potential bias due to the other factors of interest
which have been shown to have a statistically significant effect (i.e., site and sample mould
type) is removed. The resulting data to discuss the effect of moulding method is shown in
Figure [6.12] The predicted response based on the fitted linear model is shown as a straight

solid line.

From Figure [6.12] it is interesting to note that compression moulding has a higher Young’s
modulus and first peak stress compared to injection moulding for both DHT4-A and
Alcamizer 1. This is contradictory to what |Chu et al| (2007) and Mistretta et al.| (2018

reported and what was observed in the systematic literature review. This is unexpected

as injection moulding generally leads to better separation and dispersion of the clay in the
polymer matrix, and consequently improved stiffness and tensile strength. It should be noted
however that both |Chu et al. (2007) and |Mistretta et al.| (2018)) considered MMT whereas this

study considers LDH. Even though the initial assumption was that the observations could be

extrapolated as LDH is the synthetic alternative to MMT, perhaps there is a morphological
effect due to the chemical differences between the natural and synthetic clay which ultimately

affects the composite morphology during compounding and moulding.

The elongation at break does perform as expected with higher, more ductile, values for

injection moulding compared to compression moulding, which was reported by Mistretta et al.|

(2018). This indicates that injection moulded samples are a lot more ductile than compression
moulded samples. This was observed in the tensile curves where UP samples broke at a higher

stress and earlier than IPF samples.

By definition impact strength is a measure of the material’s capability to withstand a sudden

applied load. The higher impact strength for injection moulded samples is therefore expected
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Figure 6.12: Effect of moulding method on the mechanical properties of interest for IPF ISO Type
1BA samples. The first column considers DHT4-A and the second column Alcamizer 1. Predicted
values with the fitted linear model are plotted as a straight solid line.

due to the improved processing which leads to a better composite morphology compared

to compression moulding. For neat HDPE C7260 the notched Charpy impact strength is
4 kJ/m? for compression moulded samples , considering DIN EN ISO 179-1|
. Both the UP and IPF compression moulded neat samples have an impact strength of
approximately 4 kJ/m? which correlates with the published data for HDPE C7260.
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Injection moulded samples are grouped closer together, indicating good repeatability. In
comparison, compression moulded samples have higher variability. This is likely due to the
heating process which is more constant during injection moulding as compounded material
is fed through a barrel with a screw and constant heating applied throughout the barrel to

melt the material before injecting it into the mould. This allows for better mixing resulting in

less agglomeration than compression moulding (Chu et al.l 2007; Mistretta et al., 2018). Due

to inconsistent heat distribution, the polymer pellet boundaries form inconsistently during
compression moulding. A polymer pellet boundary is the interface between two polymer
pellets which can affect the overall mechanical properties. Normally during compression
moulding the pellet skins around a polymer pellet breaks down with the increased heat and two

pellets then diffuse together to form a new continuous melt. This allows the polymer chains

to become mobile in the skin zones to form net chain entanglement. (Bucknall et all 2020;
Raghavan and Wool, 1999; |Wool et al.,[1989; Wu et al.,[2002)). This could perhaps explain the

higher stiffness and strength observed in compression moulded samples. If the polymer chains

do not achieve net chain entanglement, but are rather aligned to one another it increases the

composite crystallinity resulting in a stiffer material (Khanam and AlMaadeed, 2015)). Both

the increase in agglomeration and the improper fusing of polymer pellets affect the composite
morphology, creating points of stress concentration and reducing the overall material ductility.
The ductility is thus more sensitive to the moulding conditions than stiffness and strength
(Wu et al.l [2002).

These observations are similar for both clay types with very little difference between the
properties and identical predicted responses. This was expected from the statistical analysis,
which indicated that clay type has no statistically significant effect, except for impact strength
where the predicted response for Alcamizer 1 is higher than DHT4-A.

It is clear from these observations, and the statistical analysis, that moulding method has a
strong influence on the overall mechanical properties of HDPE/LDH. This was observed in
the systematic literature review. It is not an unexpected conclusion as the different mould-
ing processes change and affect the composite morphology, and consequently the mechanical
properties, in important ways. This has not been reported often in literature, presumably
as it is assumed knowledge within the polymer composite and manufacturing communities.
Nevertheless, there is a benefit to explicitly studying these effects to gain more insight into the
role of the composite morphology and how it is affected by different manufacturing methods

and conditions.

6.4.2 Effect of Machine Variation

In the historical analysis the different clay types did not behave as expected and the effect due
to clay loading was almost unobservable. As a result [ wanted to compare the results obtained
using the available University equipment with those from a state-of-the-art facility. This allows
me to better understand whether different equipment will have an influence on the overall

mechanical properties even if it performs the exact same moulding method with identical
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conditions as far as possible. The only differences are the machine itself (i.e., manufacturer
and model) and the human operator’s experience level. In the DoE this factor is referred
to as site with the levels defined as the three laboratories, UP, TUT and IPF. From the
statistical analysis site has a statistically significant effect on all the mechanical properties,
except Young’s modulus. For the purposes of this discussion the results for all mechanical

properties will be presented.

Compression Moulding

First consider the results for the compression moulded samples (ISO Type 1BA) manufactured
at UP and IPF shown in Figure [6.13] Note that in this case due to the limitations of the
available moulds, the samples from UP were 3 mm thick and had a wavy surface, whereas
those from IPF were 2 mm thick with a smooth surface. A straight solid line represents the

predicted response based on the fitted linear model.

From Figure[6.13|the Young’s modulus is not affected by any variation in the machine used
or the human operator, or the mould thickness (the blue and orange solid lines are on top of

one another visualised here with a slight perturbation for clarity).

Interestingly, the first peak stress is higher for samples manufactured at UP than those at
IPF. This could allude to an increase in stiffness and strength in the composite morphology
which likely results from the polymer pellet boundaries that form during the compression
moulding process. It is possible that the increased strength observed is due to the difference
in thickness as we now know that the initial assumption i.e., we expect no difference in tensile
properties from different sample sizes as they are normalised to the geometry, is flawed. In
Section 6.4.3 we show that there is a clear influence on the mechanical properties due to
different tensile sample mould sizes. When considering the observations from Figure [6.15
note that the most prominent effect is on the Young’s modulus, with very little change to
the FPS and elongation at FPS. This is contrary to what we observe here where the Young’s
modulus has almost no effect and all the variation lies within the FPS and elongation at FPS.
One could argue that the effect due to pellet boundaries plays a larger role than the sample
thickness. We would need to investigate this more thoroughly to determine the true source

of variation.

The elongation at break indicates that the samples from UP tend to be much more brittle
than those from IPF which have a higher ductility. This is due to the lack of proper fu-
sion between particles during the moulding process which form weaker inter-polymer pellet
boundaries. This defect results in a reduction of the material ductility (Wu et al., 2002). This

result clearly illustrates that different machines lead to different polymer pellet boundaries

which affect the mechanical properties differently, especially the ductility. It appears that the
impact strength is not affected by the different sites with very similar values for both UP and
IPF.
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Figure 6.13: Effect of site on the mechanical properties of interest for compression moulded (ISO
Type 1BA) samples. The first column considers DHT4-A and the second column Alcamizer 1. Pre-
dicted values with the fitted linear model are plotted as a straight solid line.

There is more variability in the samples compression moulded at the IPF than those at UP.

While unexpected, this further illustrates the influence of different machines, including the

differences in the formation of the polymer pellet boundaries, and how these can affect the

repeatability of an experimental design.
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Injection Moulding

Now consider the results for the injection moulded samples (ISO Type 1A) manufactured at
TUT and IPF shown in Figure [6.14] From Figure [6.14] the Young’s modulus and elonga-
tion at FPS are not affected by the site (the blue and orange solid lines are on top of one
another with a slight perturbation for visual clarity). Similarly, the first peak stress is only
slightly higher for TUT samples compared to IPF samples.

Not much can be said regarding the elongation at break as very few samples reached failure
due to the limitations of the transverse distance of the tensile testing machine. The ISO Type
1A samples were too long for this limitation and therefore did not fail. This is why the
predicted response does not appear to match the observed data. The predicted response is
based on all the observed data points, but it had very few data points to consider for the IPF
and TUT injection moulded levels which influences its predictability. Based on the observed
data points and predicted response there is a difference in site for the impact strength. TUT

samples tended to have a higher impact strength than IPF samples.

Contrary to the compression moulded samples, there is almost no variability in the injection
moulded samples which experience closer groupings. This indicates that the different ma-
chines used for the injection moulding process do not affect drastic changes to the composite

morphology, and will therefore provide more consistent results and good repeatability.

Similar to moulding method, the observations discussed here (for both the compression and
injection moulded data) are the same for both clay types where identical predicted responses
are observed, except for impact strength where Alcamizer 1 has a higher predicted impact
strength compared to DHT4-A. Again, the statistical analysis did indicate no statistically
significant effect for clay type.

There is a clear effect on the mechanical properties due to a change in site, especially for
compression moulded samples. It is clear that when you are closer to front end technology
the differences would be smaller. That is, for injection moulding a standard injection moulder
would still produce similar components to a state-of-the-art injection moulder. However, for
compression moulding there is a much larger difference between a state-of-the-art compression

moulder and a standard one, hence the larger variation between the sites.

The fact that I have shown that different sites, and by extension different machines, produce
differences in the obtained mechanical properties is important. This observation questions
our inherent assumptions of similar machines producing similar results and will therefore
inevitably have an effect when upscaling or changing a manufacturing process, or even just
upgrading existing equipment. This is an observation that has not been discussed in the

polymer composites literature and definitely requires further research.
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Figure 6.14: Effect of site on the mechanical properties of interest for injection moulded (ISO Type
1A) samples. The first column considers DHT4-A and the second column Alcamizer 1. Predicted
values with the fitted linear model are plotted as a straight solid line.
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6.4.3 Effect of Tensile Sample Mould Type

For the initial tensile testing DoE a limitation regarding the available tensile sample moulds
was identified. The compression moulded samples would only be able to yield an ISO Type
1BA due to the mould size restriction of 100 x 100 mm. On the other hand, TUT only
had an ISO Type 1A mould available and therefore the injection moulded samples would be
a different size. Fortunately, IPF had both moulds available for injection moulding and I
decided to investigate the effect of the different tensile sample mould types to ensure scientific
due diligence. Theoretically, the mould type should not affect the mechanical properties as the
resulting stress-strain curve is normalised to the specific sample dimensions when following

DIN EN ISO 527-2 (2012).

For the purpose of this discussion the injection moulded results from the IPF are presented
in Figure for all mechanical properties of interest. The statistical analysis indicated
that sample mould type has a statistically significant effect on all the mechanical properties,
except elongation at FPS. The statistically significant effect is most prominent for the Young’s

modulus and elongation at break according to w?.

From Figure[6.15/ISO Type 1BA has a higher Young’s modulus than ISO Type 1A, which is
interesting as the mechanical properties are normalised for the mould geometry. This indicates
that measured material stiffness is influenced by the size of the tensile dog bone sample. A
smaller mould (ISO Type 1BA) will therefore yield a higher material stiffness compared to the
larger mould (ISO Type 1A). This could potentially be due to the skin effects where a smaller
mould will have a larger skin to bulk volume ratio. The ISO Type 1BA has a larger variability
in the sample data than ISO Type 1A which has closer groupings. The repeatability for the
ISO Type 1A injection moulded samples is therefore good.

There is a small effect of sample mould type on the first peak stress which is almost
unobservable. This indicates that the tensile strength of the material is not largely influenced
by the size of the tensile sample moulds, which is expected as the strength is normalised for
geometry. As indicated in the statistical analysis, the sample mould type has no observable

effect on the elongation at FPS.

Unfortunately, not all the ISO Type 1A moulds reached failure due to the transverse limita-
tions of the tensile testing equipment. For this reason there are not many data points for the
elongation at break. The predicted elongation at break is so high for ISO Type 1A as there
are just not enough data points available for a good prediction. It is evident that ISO Type
1BA samples all attained a similar point of failure, close to the ISO Type 1A results that
were obtained. This indicates that both sample mould sizes would potentially have similar
elongations at break. Further work is needed, with a longer traverse area to accommodate

the larger ISO Type 1A sample.

For all the mechanical properties there is no change due to clay type, which is corroborated

by the statistical analysis.
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Figure 6.15: Effect of sample mould type on the mechanical properties for IPF injection moulded
samples. The first column considers DHT4-A and the second column Alcamizer 1. Predicted values
with the fitted linear model are plotted as a straight line.

It is clear from Figure (a) and (b) that there are two distinct groupings, especially for
the replicate samples. This is more prominent in the ISO 1BA samples. Tensile testing
occurred on four different days: 11 November 2021, 26 November 2021, 4 January 2022, and
28 February 2022. It is therefore possible that testing conditions could have an influence. To
investigate it as a possibility I include the testing dates for all the data for the two different
mould types. Upon closer inspection both replicate sets for 2.8 wt% DHT4-A and 6 wt%
Alcamizer were tested on different days as shown in Figure [6.16] There is a possibility that
the different testing days have an influence on the mechanical properties which is evident
with the different replicate groups, where replicates were tested on different days. However,
when only considering the results of samples tested on 11 November 2021, we still see a clear
variation in the Young’s modulus between the ISO Type 1A and ISO Type 1BA which is
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Figure 6.16: Effect of the testing date on the Young’s modulus for IPF injection moulded samples
for (a) DHT4-A and (b) Alcamizer 1. Predicted values with the fitted linear model are plotted as a
straight line.

indicative of a size effect. The different tensile testing days therefore does not detract from

the observed conclusion.

The effect of tensile sample mould type was a very unexpected result as tensile results are
normalised to the sample geometry. It was observed however that the most prominent effect
is on the Young’s modulus which was indicated by the statistical analysis. The effect of the
tensile sample mould geometry has not been reported previously in literature, most likely due
to the same reason I initially thought there would be no effect. Nevertheless, this study has
shown that it does have an effect on the mechanical properties. A potential influence could

be the skin effects (i.e., surface area to bulk volume of the sample) which form during cooling

of the samples. Meister et al.| (2013) showed that when scaling down the dogbone specimen

dimensions from an ISO 1A there is a clear reduction in Young’s modulus and yield stress
(first peak stress in this thesis). They attributed this behaviour to a change in the polyamide

morphology where there is a decrease in crystallinity with a decrease in sample size. Based

on the morphological studies of Meister et al.| (2013 there are clear grain boundaries for the

larger sample sizes which reduce due to the accelerated cooling as the sample size reduces. For
the very small sample sizes the grain boundaries are no longer visible although the visibility of
the sheared and oriented portions based on the injection flow orientation increase. Additional

studies are needed to understand the mechanics behind this effect.

6.4.4 Analysing in Isolation

A very interesting overall observation, especially when considering an overview of all the
experimental results, is that if T had considered the results in isolation I would have drawn

very different conclusions especially with regards to the material system.

Example 1: Analysing different sites in isolation

Consider the compression moulded (ISO Type 1BA) UP samples as shown in Figure We
observe that Alcamizer 1 has a higher Young’s modulus than DHT4-A. This is unexpected
as DHT4-A is designed to be compatible with polyolefins such as HDPE, whereas Alcamizer
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1 is designed for PVC. There is an increase in stiffness for Alcamizer 1 with an increase in
clay weight loading. For DHT4-A there is a sharp decrease at 6 wt% before increasing again.
The FPS, elongation at FPS and impact strengths don’t reveal much with an increase in clay
weight loading. However, DHT4-A does have a larger variation than Alcamizer 1 for FPS
and elongation at FPS. Elongation at break indicates a large variation which is expected in

compression moulded samples due to the grain boundaries that are formed during the heating

process. [Wu et al.| (2002) pointed out that the elongation at break is very sensitive to moulding

conditions.

Now, consider the IPF compression moulded samples (ISO Type 1BA) as shown in Figure
There is a definite increase in Young’s modulus with an increase in clay loading. DHT4-A
tends to have a slightly higher stiffness and first peak stress than Alcamizer 1. This result
is more expected as DHT4-A is designed for compatibility with HDPE, and Alcamizer 1 for
PVC. The first peak stress is relatively constant exhibiting a decrease only at 10 wt% for
both clay types. Notice that both clays tend to be more brittle with elongation at break
being lower than 50 %. The impact strength is relatively constant although Alcamizer 1
tends to be slightly higher than DHT4-A.

If T had only viewed the first data set I would have questioned the validity of the results as
I didn’t expect Alcamizer 1 to perform better than DHT4-A. In fact, this is exactly what

occurred when analysing the historical data in Chapter 2 and the motivation for this thesis.
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Figure 6.17: Exploratory data analysis of compression moulded (ISO Type 1BA) UP samples.
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Figure 6.18: Exploratory data analysis of compression moulded (ISO Type 1BA) IPF samples.

On the other hand, if I had only viewed the second data set I would not have questioned
the results as the clay performance is exactly as expected. Both experimental methods are
identical with the only difference the site of compression moulding. As already observed, site
has an influence on the overall mechanical properties, but I would not have been aware as

this is not openly discussed in literature.

Example 2: Analysing different sites using different moulds in isolation

Consider injection moulded samples from IPF using the ISO Type 1BA mould shown in Figure
[6.19] Clay loading has a clear influence on both Young’s modulus and impact strength for
both clay types. Alcamizer 1 has a higher impact strength compared to DHT4-A. Clay type
is similar for the remaining mechanical properties which is unexpected. As Alcamizer 1 is not
compatible with HDPE, I would expect it to have a worse performance compared to DHT4-A
which is compatible. I would expect clay loading to have a more pronounced effect on all

mechanical properties.

Now, consider injection moulded samples from TUT using the ISO Type 1A mould shown in
Figure[6.20] The effect due to clay loading is neglible, except in the impact strength at 6 wt%
and Young’s modulus at 10 wt%. Both clays have similar performance, except for impact

strength at 6 wt% where Alcamizer 1 is a higher strength than DHT4-A. Very few samples
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Figure 6.19: Exploratory data analysis of injection moulded (ISO Type 1BA) IPF samples.

reached failure, due to the limitation on the tensile testing machine traverse length. As a

result there are only two data points, which do not provide any useful insight.

This example considered injection moulded samples with different sample mould types at
different sites. As I've already shown, both the site and sample mould size have an influence
on the mechanical properties. For the sample mould size this is most prevalent in the material
stiffness, whereas the site influenced the material strength and ductility. This is clear when
considering first data set where Young’s modulus provided variation in the stiffness as well
as higher stiffness values than the second data set. This would not have been noticeable
when analysing the data in isolation. Similarly, the first data set illustrated that clay loading
does have an effect, which is expected and known. However, the second data set showed no

noticeable effects due to clay loading.

It is clear from both examples that analysing results in isolation can result in very different
observations and conclusions. Both examples considered the same conditions with variations
in either site (Example 1) or site and sample mould type (Example 2). These examples
illustrated that the choice of manufacturing can have a larger influence on the mechanical
properties than the clay type or clay loading. This is an especially interesting observation as
it provides insight into how important it is to consider multi-factor experiments as different
conditions (e.g. moulding method, site, sample mould type) for the same material system can

lead to very different conclusions if considered in isolation.
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Figure 6.20: Exploratory data analysis of injection moulded (ISO Type 1A) TUT samples.

6.5 Conclusion

This chapter presented the results from the thesis experimental study highlighting the effects
of the design factors on the mechanical properties of interest. Through statistical analysis the
aim was to better understand the effects of manufacturing choices (e.g. moulding method,

sample mould type and site) on the mechanical properties of HDPE/LDH composites.

Injection moulded samples were found to be more ductile than compression moulded samples,
although compression moulded samples had a larger stiffness and first peak stress. This was
observed in the tensile curves and corroborated through the ANOVA which indicated that
moulding method has a strong influence on the mechanical properties, especially elongation
at break, impact strength and Young’s modulus. The higher Young’s modulus and first peak
stress in compression moulded samples is contrary to literature (which considered MMT)
where injection moulded samples had higher values. This is attributed to changes in the
composite morphology which ultimately affect the mechanical properties. Firstly, the chemical
difference between LDH and MMT can affect the clay-polymer interaction. Secondly, the
inconsistent heating distribution of compression moulded samples can lead to agglomerations
or weak inter-polymer pellet boundaries with no chain entanglement which could increase

material stiffness and strength while decreasing ductility.
The influence of machine variation (or site) was considered by comparing university equipment
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to state-of-the-art equipment. The influence of site was more prevalent in the compression
moulded samples from UP and IPF, whereas the injection moulded samples from TUT and
IPF showed similar mechanical properties. This indicates that mechanical properties from
compression moulding are more sensitive to a variation in machine, most likely due to the
differences in heating which affect the polymer pellet boundaries. The statistical analysis
indicated that elongation at break and first peak stress had the strongest relationship with

site.

A more unexpected result was the influence of sample mould type on the mechanical prop-
erties, especially elongation at break and Young’s modulus. From the tensile curves it was
obvious that ISO Type 1A experienced almost double the elongation than ISO Type 1BA.
This observation is surprising as the mechanical properties from a tensile curve are normalised
for the sample geometry, and it should therefore not have any influence. The size effect can
potentially be attributed to the skin effects which form during sample cooling. This is an
important result which will have a significant influence when upscaling manufacturing from a

laboratory setting to bulk material processing.

Through a detailed statistical analysis and investigation of the mechanical properties this
chapter clearly shows that manufacturing variations had a much larger effect on the mechanical
properties than the material system in this study. In fact, the results have shown that the

mechanical properties are very sensitive to changes in manufacturing.

Two novel contributions to the field of polymer composites emanated from this chapter. These
include the influence of tensile sample mould type and site (or machine variation). Both were

surprising as intuition would dictate that these do not have any influence.
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CHAPTER 7

CONCLUSIONS

7.1 Summary of Findings

The aim of this thesis was to better understand the effects of manufacturing on the mechanical
properties of HDPE/LDH composites. By means of a multi-site collaborative experimental
study and rigorous statistical analysis, this was successfully demonstrated in the thesis. A
summary of the main findings and conclusions for each section of work in this thesis are

presented here.

7.1.1 Historical Data Analysis

The motivation for this project was to explain the variability observed in the historical tensile
test data, generated by undergraduate students between 2016 and 2018. The question was
whether this variability was inherent in the material system, was due to the manufacturing
process or was a result of inexperienced operators. To determine the extent of the variability
an exploratory data and statistical analysis was conducted on the historical data, with key

findings listed below.

e It was found that clay type (Alcamizer 1 and DHT4-A), sample cooling (air, quenched
and furnace) and strain rate had a statistically significant effect on both the first peak

stress and elongation to failure.

o Interestingly, Alcamizer 1 had a better first peak stress compared to DHT4-A which was
very unexpected as Alcamizer 1 is developed for polyvinyl chloride (PVC) and therefore
not compatible with poly-olefins such as HDPE.

e The number of extrusions only had a statistically significant effect on the normalised

elongation to failure.

e Polymer grade, clay loading and press time had no statistically significant effects.
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The historical studies had the goal of investigating the effect of clay loading with a carefully
chosen polymer-clay system. However, we found that the material system (e.g. polymer
grade and clay loading) had very little influence on the mechanical properties compared to
manufacturing (e.g. sample cooling and number of extrusions) and testing (e.g. strain rate)
parameters. That is, the composite system is more sensitive to the manufacturing process

than expected.

In response to the historical data analysis, the research question of this thesis was developed:
How do variations in manufacturing influence the mechanical properties of polymer-clay com-
posites? The current study was formulated to carefully investigate the influence of both
material and manufacturing parameters on the mechanical behaviour of the composite sys-

tem.

7.1.2 Systematic Literature Review

For more insight into the manufacturing landscape of polymer-clay composites I conducted
an in depth literature review, together with colleagues, using the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) guidelines. The PRISMA guidelines
allowed us to present a review which is reliable and reproducible. For this review we con-
sidered HDPE/MMT as opposed to HDPE/LDH, simply because it is more commonly used
in literature. As LDH is a synthetic alternative to MMT, it should theoretically be possible
to extrapolate the observations for HDPE/LDH composites. In this review we considered 33
studies categorised into blending protocol (the order in which material components are pre-
mixed or compounded together), compounding method, compounding conditions, processing

method and processing conditions.

e For blending protocols it was found that by producing a clay/compatibiliser master-
batch, Young’s modulus can be improved although this does decrease material ductility.
Conversely, direct mixing (i.e., mixing all the material components together at once)

improves the material ductility while decreasing material stiffness.

e For compounding methods the best overall material strength was obtained using twin-
screw extrusion. Whereas internal mixing provided the best overal material stiffness.
Both these methods enhance the level of dispersion of the clay within the polymer

matrix.

e Compounding conditions are very important and affect the degree of dispersion. Low
temperatures with high rotational speeds will promote high shear increasing the disper-
sion of clay within the polymer matrix. Whereas high temperatures and high speeds at

longer mixing times will degrade the clay surface, thereby reducing its ability to disperse

properly.

e For processing methods it was found that injection moulding offers an improved material

stiffness, strength and ductility when compared to compression moulding.
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e Processing conditions have an influence on the mechanical properties with foaming time
improving the material stiffness at the cost of material ductility. Sample cooling (air,

water and hot plate) affect the material stiffness.

The most notable finding from the review is that all these methods and conditions play an
important role in the composite morphology. The degree of intercalation of the clay within
the polymer matrix is strongly influenced by the blending protocol, compounding method
and conditions. Processing methods and conditions, on the other hand, affect the composite
crystallinity, potential clay agglomerates and polymer pellet boundaries. These changes in
composite morphology, as a result of manufacturing, have a direct effect on the mechanical
properties of HDPE/MMT composites. Given that manufacturing has an important influence
on mechanical properties it is significant that this is seldom explicitly studied. The remainder

of the thesis addresses this gap.

7.1.3 Experimental Methodology and Statistical Design of Experiments

The design of the experimental methodology was informed by the early investigations. The
historical analysis indicated that clay type, clay loading and strain rate are potential
variables of interest, and these were included as factors in the study. From the system-
atic literature review it was clear that research into processing methods is needed, therefore
injection and compression moulding were compared. The effect of manufacturing
equipment was investigated by comparing university laboratory equipment with equipment
at a state-of-the-art facility. This led to the design of the following multi-site collaborative

protocol:

e An HDPE/LDH composite system was studied, using Alcamizer 1 and DHT4-A as the
LDH clays and HDPE C7260 as the polymer matrix.

e All compounding was performed at the Council for Scientific and Industrial Research
(CSIR, South Africa).

e Compression and injection moulding at the Leibniz Institute for Polymer Research (IPF,
Germany) was compared with compression moulding at the University of Pretoria (UP,
South Africa) and injection moulding at Tshwane University of Technology (TUT, South
Africa).

e Tensile and impact testing was done at IPF.

e For each activity, a single operator handled all samples, meaning that operator variabil-

ity was included in the comparison between sites.

e As far as possible, processing conditions were identical between the different sites, with

the only difference the specific machine being used and the operator.
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To ensure a rigorous study, I considered a statistical design of experiments (DoE) approach to
develop the experimental plan for my research. DoE is an important tool which can be used
to design an experiment given a large number of factors to investigate. The aim of statistical
DoE is to efficiently study a design space and to allow reliable quantification of the influence

of the different design factors.

Statistical DoFE is not well known or frequently used in the field of polymer-clay composites. 1
therefore provided an introduction to the topic comparing different methods in two case stud-
ies. Response surface method designs (Taguchi, Central Composite Design, Box-Behnken and
D-optimal) were considered. In the first case study I only considered continuous factors (nu-
merical variable) and in the second case study I included a categorical factor (non-numerical
variable, normally a name). From these case studies I found that D-optimal designs were
more efficient than the other designs, with higher D- and G-efficiencies, while requiring fewer

experiments.

A D-optimal approach was therefore employed to design the experiments. Two DoE’s, one
for tensile and one for impact testing, were initially developed, with clay type, clay loading,
moulding method, site (i.e. machine variation) and strain rate (for tensile testing) as factors.
During the design phase we identified a mismatch between available tensile sample moulds,
with TUT only having an ISO Type 1A injection mould, and the compression moulded plaque
sizes only allowing for an ISO Type 1BA. A third DoE was therefore designed to investigate
the effect of tensile sample mould type during tensile testing. For this DoE, different clay
types and loadings as well as different mould types were investigated for injection moulded

samples produced at IPF.

Tensile and impact testing were conducted to obtain the mechanical properties of interest
(Young’s modulus, first peak stress, elongation to FPS, elongation to failure, impact strength),
which were then analysed using statistical analysis to provide further insight into the different
effects. For the statistical analysis a linear regression prediction model was developed to relate
the factors with the mechanical properties of interest. This model was used in an analysis
of variance (ANOVA) to determine statistical significance for the different design factors.
During implementation, it was discovered that the planned strain rate variation could not
be investigated. The strain rate was therefore removed as a factor of interest from the first
tensile testing DoE. This serves as an example of the simplicity with which a design can be

amended, without compromising the validity of the results obtained.

7.1.4 Experimental Results

The statistical analysis revealed that moulding method and sample mould type had a statis-
tically significant effect on all the mechanical properties. Site (i.e. machine variation) had a
statistically significant effect on all the mechanical properties, except Young’s modulus. Clay

loading had a statistically significant effect on all the mechanical properties, except elongation
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at break and impact strength. Clay type only had a statistically significant effect on impact
strength.

The data showed far less variability than observed in the historical data. This indicates
that much of the variability in the historical data can be attributed to the inexperienced
operators, as the same material system was considered, using the same university equipment.
Both Alcamizer 1 and DHT4-A provided similar mechanical behaviours, with clay type not
having a statistically significant effect. It is still interesting that we are not seeing the expected

behaviour based on polymer compatibility of the clay types.

This thesis quantified the strength of these relationships through a descriptive statistics vari-
able known as w?. These results allow us to clearly demonstrate the influence of manufacturing

variation on mechanical properties.

e As expected, moulding method has a large influence on both tensile and impact prop-
erties. Elongation at break and impact strength, both measures of ductility, are higher
for injection moulding. We note an unexpected (but small) effect on Young’s modulus
in this study, with the compression moulded samples being stiffer than the injection
moulded samples. The difference between compression moulded and injection moulded
samples can be attributed to the heating distribution of the process. For compression
moulded samples an inconsistent heating distribution could lead to improperly fused

polymer pellet boundaries which will increase brittleness.

e Machine variation was investigated by comparing university equipment to state-of-
the-art equipment and was shown to have an effect on the mechanical properties. This
effect was most prevalent in the compression moulded samples between UP and IPF,
with almost no effect between TUT and IPF for injection moulded samples. For the
compression moulded samples, the different sites influenced the first peak stress and
elongation at break. This is attributed to the polymer pellet boundaries which are more
influenced during compression moulding due to inconsistent heating. This indicates that

different compression moulding machines form different polymer pellet boundaries.

e The tensile sample mould type had a significant effect on the mechanical properties.
The ISO Type 1A is larger than ISO Type 1BA, but otherwise very similar in proportion.
Since the mechanical properties are normalised to the sample geometry we did not expect
to see an effect. ISO Type 1A had twice the elongation to failure of ISO Type 1BA.
Additionally, ISO Type 1BA had a higher stiffness than ISO 1A. This could be due to
the skin effects which are formed during sample cooling. The observed size effect is a
critically important finding as it brings into question the transferability of mechanical

testing results to bulk material processing.
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7.2 Limitations and Lessons Learnt

From a practical point of view there were several roadblocks during the execution of the
experimental methodology. Firstly, the polymer (HDPE C7260) chosen for this study has
since been discontinued by Safripol South Africa. It is therefore not possible to recreate
the current study or to conduct the necessary additional morphological studies for further
insight. The second roadblock was the onset of Covid-19 and strict lockdown restrictions
at the point when experimental work had to be conducted. As a consequence, instead of
going to the IPF in Germany myself to conduct the tensile tests, all material and samples
were shipped. However, during shipping there were significant material losses as a result of
contaminated cases which required an amendment of the developed DoEs. The final roadblock
was miscommunication due to assumptions I made about the equipment and processes at the
collaborating laboratories. This resulted in additional samples manufactured and tested which
weren’t required, and some data missing that was originally defined in the DoE. Nevertheless,
a major advantage of DoE is that it covers the full design space within the experimental design

and is therefore still effective and able to provide statistical insights despite these limitations.

Statistical Design of Experiments (DoE) was a key focus of the study to ensure rigorous
scientific study. As such it is important to discuss the practicalities of implementing a DoE.

In this study I came across two situations which affected the DoE:

e During shipping of the material from South Africa to Germany a lot of material was
lost when customs searched the parcels. This search resulted in contaminated material.
I amended the DoE by only removing one of the variables, strain rate and any design
points which only varied the strain rate. This exercise showed that it is quite easy
to adapt the DoE without having to develop a new one which will potentially change
the initial composition of the material (i.e. clay type, and clay and polymer weight

loadings). This amendment didn’t affect the effectiveness of the design.

e During testing of the mechanical properties of interest there was a miscommunication
between myself, my collaborators in Germany and the technicians conducting the test-
ing. The developed DoE was not followed exactly and as a result there were some missing
data points while also obtaining additional data not in the planned DoE. This did not
have a negative influence on the resulting data analysis which provided statistically sig-
nificant observations. This is due to the main advantage of a DoE approach. The full
experimental space in all the design variables is covered within the specified experimen-
tal design program and the effectiveness of the developed DoE is therefore not affected.
This experience did, however, highlight the fact that the practical implementation of a

multi-site DoE requires clear, unambiguous and ongoing communication.

There are clearly benefits to using a statistical experimental design approach even if it is
not implemented precisely. The design still provides a more efficient approach to traditional

experimentation, where one variable is varied at a time.
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7.3 Conclusions

Composite morphology plays a large role in the mechanical properties obtained, and these are
significantly affected by our manufacturing choices. The level of dispersion and interaction
of the clay and polymer is determined by the compounding methods and conditions. This
was clearly illustrated in the systematic literature review. This thesis focussed on processing
methods, machine variation (i.e., different sites) and tensile sample mould type. It was found
that processing methods significantly affect the composite morphology, ultimately influencing
the mechanical properties. During injection moulding the heat distribution is evenly spread
throughout the composite as it travels through the barrel before being pressurised into the
desired mould. In the mould, the melted composite is evenly spread out with a constant
mould temperature which exhibits good interactions between the clay and polymer. The
polymer pellet boundaries, which result because of the proper fusion between two polymer
pellets to form a new continuous melt, are consistent and strong. This leads to more con-
sistent overall mechanical properties as was observed in the thesis experimental results. For
compression moulded samples the heat distribution is uneven often resulting in weaker poly-
mer pellet boundaries due to the improper fusion of polymer pellets and a lack of polymer
chain entanglement. This leads to a decrease in material ductility and an increase in material

stiffness.

A limitation of this study is that we did not investigate the compression moulding size effect.
This was initially assumed to not have an effect, since material properties are normalised
to the sample geometry according to ISO standards, we assumed that there would be no

difference in properties between different thickness compression moulded samples. There is

very little literature which contradicts this assumption (Meister et al., 2013). It was also

not convenient at the time to study the size effect with compression moulding as there were
limitations with the experimental equipment and availability of different mould sizes. We
therefore only studied this effect with injection moulding where these limitations did not
exist. Based on these studies we now know that it is possible for a size effect to exist based on
manufacturing different size samples. We therefore cannot attribute the observed variability
in compression moulding results between sites exclusively to machine variation until we have

investigated the potential influence of a size effect.”

7.3.1 Key Contributions from the Study

There are two novel contributions to the field from this thesis. The first is the influence of
machine variation when manufacturing using the same process with identical settings. This
influence is most pronounced in the compression moulded samples. This indicates that the
composite morphology is particularly sensitive to variations in the compression moulding pro-
cess. Different machines inherently result in different heating distributions thereby affecting
the polymer pellet boundaries, and consequently the mechanical properties. In comparison,

injection moulding, a newer technology, is less sensitive to machine variation. The second
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contribution is the identification of a size effect for injection moulded tensile samples. The
mechanical properties are clearly influenced by the mould size. The cause of this effect is not
yet known, but could be due to differential heating or cooling or to changes in clay-polymer

interactions.

A very important observation from the thesis was the care that should be taken when analysing
results in isolation, and the importance of multi-faceted studies. This thesis clearly showed
that it is possible to draw competing conclusions from the same studies conducted in slightly
different circumstances. As scientists, we need to continually question our assumptions and
accepted knowledge. This thesis has shown that expected results from the literature will not be
obtained without careful control of manufacturing conditions. Clearly, a better understanding
of how manufacturing choices affect composite morphology and hence mechanical properties
is necessary. This will not only allow for better composite design practices with specific
applications in mind, but to make better choices regarding the manufacturing approach for

industrial scale manufacturing operations.

7.3.2 Recommendations for Future Research

This thesis opens some important avenues for future research. The immediate next step is a
study which investigates changes in composite morphology, especially the level of intercalation
of the clay in the polymer matrix, clay-polymer interactions and polymer pellet boundaries
using scanning electron microscopy and transmission electron microscopy. This study should
compare compression and injection moulded samples for an HDPE/LDH material system

similar to the one considered in this thesis, manufactured at one facility.

An important second investigation should determine the true source of variation for the com-
pression moulded samples. In this study a range of different mould sizes should be considered,
including varying the mould thickness. These samples should also be manufactured at differ-

ent sites to investigate machine variation.

It is also important to investigate the potential sources of machine variation considering the
same process with identical settings. To isolate the potential sources of error it is recommended
to design this new experiment considering a blocking technique. Blocking allows us to remove
the effect of nuisance variables such as different operators, different time frames (compounding,

moulding and testing) or slight variations in the material properties due to different batches

if this source of variability is known and controllable (Montgomery, [2013)). An experiment is

designed in blocks (or groups) where each block contains some combination of the nuisance
factors which are held constant such that only the factor of interest is varied (Montgomery

2013).

Future investigations should also consider different material systems, where intercalation is
attained, to see whether the effects of manufacturing are still as important. It is recommended
to consider a polymer grafted with maleic anhydride which already includes compatibilisa-

tion to enhance the clay-polymer interactions. This study could also include varying the
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compounding method to get better intercalation or exfoliation of the clay in the polymer

matrix.

To investigate the size effect of the tensile samples, additional work should compare a range of
different compression and injection mould sizes to see if there is a saturation point. A follow
up study would then consider bulk processing and how it compares to the laboratory study
by cutting tensile samples from the bulk processed component at different locations (e.g. near

the surface, interior or diagonally).
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APPENDIX A: HISTORICAL TENSILE DATA

This appendix contains additional information with regards to the historical tensile data anal-

ysis discussed in Chapter 2. That is, all the unprocessed vs. processed tensile (stress-strain)

curves from the historical studies. If you are interested, more details regarding the experimen-
tal work for a specific year can be found in [Parschau| (2016)), [Ellis| (2017)), Braun| (2018)) and
Heymans| (2018)). In addition to this, in 2020 I conducted a preliminary experimental study

to test the compression moulding equipment and differences in procedure between University
of Pretoria and Leibniz Institute of Polymer Research Dresden (IPF).

A quick overview of all the available historical data is provided in Table The Type V

dogbone sample size was used in 2020 because of the sizing limitations on the compression

moulding equipment at the IPF. The dogbone geometry with relevant dimensions is shown in
Figure [A.] for both Type I and V.

Table A.1: Overview of the available historical tensile data.

Year Design Variables Tensile Conditions Sample Mould Type Type of Data Nr. of Samples
2016 clay loading, number of Up to failure without [ASTM D638-14 2014b No raw files available, 79
extrusions clip gauge Type I digitized from report
2017 clay loading, clay type, Up to elongation of |ASTM D638-14 2014b Raw data available 410
polymer grade, press 30 % with clip gauge Type 1
time
2018 clay loading, number of Up to failure without a |[ASTM D638-14 2014b Raw data available 85
extrusions, sample cool- clip gauge Type I
ing, strain rate
2020 number of extrusions, Up to failure without a |[ASTM D638-14 2014b Raw data available 20
compression moulding clip gauge Type V
method,  compression
moulding pressure
Al
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Figure A.1: Tensile dogbone sample dimensions for ASTM Type I (blue) and ASTM Type V (orange)
(ASTM D638-14, [2014).

A.1 Tensile Data Processing: Machine Stiffness

When not using a clip gauge the machine displacement is normally accounted for by calculating
the machine stiffness using a few samples which were tested with a clip gauge. This was done
during the experimental studies in 2018 where a single sample was tested with a clip gauge
and the machine stiffness (k) was calculated to be 195 N/mm (Heymans|, 2018)). The machine

displacement (dyeqsured) 1s then corrected (deorrected) by means of:

F
dcorrected = dmeasured - E (1)

To determine whether the displacement values are trustworthy it is necessary to quantify the

error due to the machine stiffness. This is done by considering different stiffness values.

Through trial and error it was determined that a machine stiffness lower than 150 N/mm
resulted in corrected displacement values which are negative. For the sensitivity study, this
value was therefore chosen as the lower bound. The upper bound was chosen to be twice the

original calculated machine stiffness of 195 N/mm.

The resulting tensile curves from the sensitivity study are shown in Figure [A:2] The blue

curve in each figure represents the sample tested with a clip gauge.

From Figure it is clear that there is no effect on the oppg when applying a machine
stiffness. This is to be expected as oppg is not a function of the strain. When considering a
lower stiffness (c.f. Figure[A.2b)) the average change in e is 11.76 % which decreases as the
machine stiffness increases. Applying the machine stiffness as calculated by [Heymans| (2018)
(c.f. Figure[A.2(c)) results in a 9.04 % change in £y and finally doubling the stiffness ((c.f.
Figure [A.2{d)) results in a change of 4.53 % in ;.

In Chapter [2] it was noted that there is a lot of variation in e7. To determine the effect of
applying the machine stiffness correction on ey consider the mean ey for all datasets, except
2017 which used a clip gauge and therefore no correction is necessary. These results are shown
in Table where it is noted that there is an average error in e; of 3.75 % for 2018 and
0.48 % for 2020. Compared to the large variations of €7 in a dataset, this is such a small error.

Therefore, there is no need to perform a machine correction on the 2018 or 2020 datasets.

A2
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Figure A.2: Tensile curves for (a) no machine correction applied and applying a machine stiffness
of (b) 150 N/mm, (c) 195 N/mm and (d) 390 N/mm.

Table A.2: Mean, standard deviation and average error (based on the mean) of e for the 2018 and
2020 data sets where no clip gauge was used.

Year No correction With Correction Average Error
2018  121.25+135.24%  116.71 £+ 135.24% 3.75%
2020  494.32 +252.99%  491.95 £ 252.61% 0.48%

A.2 2016 Data

In 2016 the primary design variable under consideration was to investigate the influence of the
number of extrusions on the resulting material system (Parschau, [2016). HDPE A7260 was
chosen for the polymer and Alcamizer 1 for the clay. The raw data was no longer available and
as such the data was digitized from the report of [Parschau| (2016) with the digitized tensile

stress-strain curves shown in Figure [A:3]for the three different extrusions considered.

The unprocessed data is shown in the top row and the processed data in the bottom row for

each figure.
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Figure A.3: Digitized tensile stress-strain curve for HDPE A7260 with Alcamizer 1 considering the
influence of the number of extrusions.

A.3 2017 Data

During 2017 the influence of different polymer grades and clay types were investigated, along
with the the total time the sample moulds spent in the Vertex Hot Press (Ellis, 2017). HDPE
B7750, C7260 and D7255 were considered for the polymer grades; and Alcamizer 1, Uncoated

Alcamizer 1 and DHT4-A for the clay types. The raw vs. processed tensile stress-strain curves

are shown in Figures [A4] through on pp. for the different material compositions
and the four different pressing times considered.

The unprocessed data is shown in the top row and the processed data in the bottom row for

each figure.
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Appendix A: Historical Tensile Data
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Appendix A: Historical Tensile Data

A.4 2018 Data

During 2018 the influence of the number of extrusions was investigated at higher clay weight
loadings Heymans| (2018)), as well as the influence of the sample cooling method and the
applied strain rate during tensile testing . HDPE B7750 with DHT4-A was
considered for the first investigation and due to polymer supply and equipment failures Neat
HDPE C7260 was considered for the second investigation. The raw vs. processed tensile
stress-strain curves are shown in Figures [A.T3]and [A.14] on pp. [AT4ATE| for the two different

extrusions and three different cooling methods and strain rates considered.

The unprocessed data is shown in the top row and the processed data in the bottom row for

each figure.
(a) HDPE B7750 with (b) HDPE B7750 with (c) HDPE B7750 with
200 10 wt\% DHT4-A 200 15 wt\% DHT4-A 200 20 wt\% DHT4-A
' -~ === 1 Extrusion ’ S ==="1 Extrusion ’ === 1 Extrusion
17.51 ~== 2 Extrusions 17.54 ﬁ\;\\ ~== 2 Extrusions 17.51 ~== 2 Extrusions
1 HH
s 1501 15014t 15.01
< o
a - - Foa -
g § 12.51 § 12.51 ] 13:.‘ § 12.5
§on
% =100 10014 <100
S % z o g
2 &5 CIRAT ey iy & 15
=] Yo
=) 5.0 509 F i 5.0
] o
2.5 e 25
oo
00 00 0/0 | 0.2 0.4 0.6 00 0.2 0.4 0.6
Strain (mm/mm) Strain (mm/mm) Strain (mm/mm)
20.0 20.0 20.0
—— 1 Extrusion — 1 Extrusion —— 1 Extrusion
17.5 ~——— 2 Extrusions 17.54 ~——— 2 Extrusions 17.51 ~——— 2 Extrusions
~ 15.0 15.0 15.0
s - ~ ~
A gl12s g 125 g125
B = = =
g Z100 < 100 < 10.0
s 3 3 3
S & 15 & 15 & 75
-
s 5.0 501
25 2.51 25
0.0-—= T T T 0.0-— T T T 0.0-— T T :
0.0 0.2 0.4 0.6 0.0 0.2 04 0.6 0.0 0.2 0.4 0.6
Strain (mm/mm)

Strain (mm/mm) Strain (mm/mm)

Figure A.13: Unprocessed (top row) vs. processed (bottom row) tensile stress-strain curve for
HDPE B7750 with DHT4-A considering the influence of the number of extrusions at higher clay

weight loadings.
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(a) Neat HDPE C7260 (b) Neat HDPE C7260 (c) Neat HDPE C7260
Air Cooled Quenched Furnaced
35 35 35
===' 5 mm/min Strain Rate === 5 mm/min Strain Rate === 5 mm/min Strain Rate
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§ @ 7] 7]
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Figure A.14: Unprocessed (top row) vs. processed (bottom row) tensile stress-strain curve for Neat
HDPE C7260 considering the influence of the tensile sample cooling methods and different strain rates
during tensile testing.

A.5 2020 Data

Before conducting the primary experimental study for this thesis a preliminary experimental

study was required to test:

1. the manufacturing equipment and procedure as the 2019 results were not at all what
is expected with all of them having a brittle failure even when ductile behaviour was

expected and hence not reported in this thesis; and

2. the difference between our compression moulding procedure and the one used at the
Leibniz Institute of Polymer Research Dresden (IPF), our international collaborators.

In both cases a melting temperature of 190 °C' was considered.

Only neat HDPE C7260 was considered at 1 and 2 extrusions. The unprocessed data is shown
in the top row and the processed data in the bottom row in Figure [A15]

For the number of extrusions there is a 5.62 % increase in mean oppg from 30.61 MPa (1
extrusion) to 32.33 MPa (2 extrusions). As was shown in Sections and ?? we know
that the number of extrusions has a statistical significant effect especially from 1 to 2. The

material also exhibits higher ductile behaviour for 2 extrusions compared to 1 extrusion.
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w0 (a) Neat HDPE C7260 w0 (b) Neat HDPE C7260 w0 (c) Neat HDPE C7260
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Figure A.15: Unprocessed (top row) vs. processed (bottom row) tensile stress-strain curve for Neat
HDPE C7260 considering the influence of (a) the number of extrusions, (b) the compression moulding
method and (c) the compression mouling pressure.

There is a 3.65 % difference between the mean oppg for the compression moulding method
considered at UP (32.33 MPa) and at the IPF with a pressure of 3.5 MPa (33.5 MPa). And a
0.63 % difference between the two pressures considered for the IPF method. There is a 8.26
% decrease in %ey between the compression moulding at UP (621 %) and the IPF (569.7

%). Given the large variations in these values, a less than 10 % difference is not considered a
significant effect.
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APPENDIX B: DETAILED OVERVIEW OF SYSTEMATIC
LITERATURE REVIEW STUDIES

A detailed overview of the study characteristics and main conclusions for each of the 33
studies included in the systematic literature review is provided in Table B.1. The studies are
sorted alphabetically for ease of reference and studies where work was done together (e.g.
same material system and manufacturing conditions, same collaborators, etc.) are grouped

together.

Also of note is that only one of the studies (Ujianto et al. |2018) included in the systematic

literature review actually performed a statistical experimental design. Ujianto et al.| (2018)

considered a Box-Behnken design.
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Table B.1: Detailed overview of all the studies included in the systematic literature review.

Paper Material System Manufacturing System Mechanical Properties
Classification Paper Focus Polymer Clay Compatibiliser Other Compounding Method Processing Method Tensile Impact Flexural DMA/DMTA Other Main results DoE Used
Masterbatching provides higher Youngs
modulus with a lower yield stress and no
Silane functionalisation (1.4, 2.7, 3.6, affect to strain at break.
4.5,9 and 15 mmol/g clay)) followed by ASTM D638
, . Cloisite Nat (2 internal mixing (temperature: 180 C, ) ) . Type V General increase in Young’s modulus and
Asgari ctal. 2017) |Diending Different blending protocols and HDPE Wi%, silane | PEMA (15 wi%) speed: 100 rpm, time: 15 min) Compression moulding (temperature: 50 mm/imin yield stress and almost no change in strain at N
Protocols effect of adding compatibiliser ) P 200 C, Time: 20 min) . . -
modified) considering: (5 replicates) break when adding compatibiliser.
1. Masterbatching (clay/compatibiliser) (Table)
2. Direct mixing Statistical analysis indicated that the
blending protocol has significance.
Barbosa et al. (2012) POUNEINg 1 ompounding and effect of adding HDPE Bentonite (3 wt%) | PE-g-MA (6 wt%) - couplecy P 200 C, mould temperature: 40 C, cooling| ~. © P : s N
Conditions e bitiser 2. considering two different screw e 25 (Digitised and modulus and tensile strength.
clay anc compatibriise profiles (ROS and 2KB90) 6295, Table)
T STngle screw extruder (Temperature
profile: 145-145-150-150-160-170 C,
speed: 65rpm)
2. Twin screw extruder (Temperature )
Different compoundine methods and Nanomer L44P (2 profile: 145-145-150-150-160-170 C, bod Or"evrﬂl‘;"f'i'bi‘f‘:C:’:",":‘“z‘:':‘,g methods
Compoundin effeccl zt’:;:sufr(l)):!ch 55 inedi\:id::l Wi%) or speed: 60rpm) Injection moulding (Barrel and mould | - ASTM D638 ASTN; Dp2se | ASTM D790 fnschaZimle r::nieps oremene
Boran et al. (2017) pounding ' HDPE Masterbatch (S0 | PE-g-MA (4 wi%) 3. Single screw extruder and extensional | temperature: 180 C, pressure: 17 MPa, | (3 replicates) ] (3 replicates) @ properties. N
Methods components and adding 5 ‘ ] ) P (3 replicates)
i Wi%% clay diluted to flow mixer (Temperature profile: 190 |holding and cooling time: 10'5) (Table) (Table) , N ,
compatibiliser ) (Table) Mechanical properties are improved with the
2wi%) 200- 200 C, speed: 60rpm) addition of compatibiliser
4. Bowl mixer masterbatch method P :
(Temperature: 180 C, speed: 60rpm,
time: 10min) — diluted the mixture using
2 arl
Solution intercalation provided highest
1. Solution Intercalation (130 C followed Nanoindentation ‘mr“":"le:el':‘i:": Tml"‘lgl Snmfd‘,'i'(;'s“i I"}“ best
Brandenburgetal. | L Different compounding methods and Cloisite Na+ or Carbon Nanotubes | somication for 30 min at 150 W and | Compression moulding (temperature: ~ provided E ‘g; ioiemcem in“ﬂ;::ha‘; d:;s‘;‘ ¢ the bes
(2014) and Silva etal. [ BRI effect of clay type and a secondary HDPE Cloisite 30B (3 0 withy precipitation at 6 C for 8h) 180 C, pressure: 14.5 Mpa (ST), time: § from thisas |7 " N
(2014) filler Wt%) " 2. Internal Mixer (temperature: 180 C, |min). Cooled in water. well ' . 5
e $0 rpm, time: 16 miny (Divitisedy _|/Ading carbon nanotube improved Young’s
peed: 50 rpm, time: e modulus. Cloisite 30B also provided best
Tnjection moulding provided higher
mechanical properties. Injection moulded
1. Compression moulding (temperature: samples cut from the transverse direction
190 C, pressure: 0.5 MPa) ASTM D638 generally provided higher mechanical
2. Injectis 1di Barrel ith 1 H: i
Different processing methods and ) ) njection moulding (Barrel Wit z pmpemes»as onosed to samples cut from
Processin ot ot o HDPEatlow, [ (oo 012 Single screw extrusion ( 190 C, mould 3010 140 C the flow direction.
Chuetal. (2007) |, occssne etiect of clay loading, porymer middle and high | <S¢ > % profile: 130-160-160-190 C, speed: 20 |70 C, holding pressure: 0.5 MPa, speed: | 1.27 mm/min (only for N
Methods molecular weight and direction in ! 4,8 wi%) " ) . )
. molecular weights tpm, L/D: 18) 200 rpm) (5 replicates) polymer type) High molecular weight HDPE provided the
which sample was cut o ' )
(Digitised and best mechanical properties.
Clay at 8 wi% for all three polymer Table)
molecular weights. DMTA results only consider the difference
in molecular weight, not the different
i methads
Closite Nav (0. 1.6 TWin screw extrusion (temperature Mechanical properties are improved with
Compounding | Compounding with or without water wiohy or Cloisie. | PE-MA (0.4 profile: 150-180-185-190-185-170 C, ASTM D638 z0d water assisted extrusion.
Esteki ctal. 2013) | PO assistance and effeet of clay type and HDPE 1AL 01 1 ’ gmo/) : speed: 180 rpm, L/D: 40) assisted with | Not mentioned S0 mm/min | ASTM D256 N
adding compatibiliser 3 4’ b‘W;" ‘) 3 " or without water at a feeding rate of 340 (Table) (Table) C ibiliser does improve
o Eow o/h and a serew sneed of 260 rom. oronerties as does Cloisite Nat.
Twin serew extrusion (temperature Mechanical properties generally improved
profile: 170-170-170-170-170-170-180- anica’ propertics & ¥ IMPprovec
180-180-195 C, speed: 200 rpm) considering the masterbatch method with in-
Nanomer L44P (0, comidering, | Pee SR Charpy house better for lower clay loadings (<=3
Blondin Different blending protocols and 3,6,8 Wi%) or R 150527 | (Notched and Wi%) and commercial for higher.
Eteliaho et al. (2009) | "8 crent bending protoco’s a HDPE Nanoblend MB | PP-g-MA (9 wt%) - omree . ) Injection moulding 50 mm/min | Unnotched) N
Protocols effect of clay loading ! 2. Masterbatching using commercial )
2201 (with clay it ot o (Table) 1SO 179 Notched and unnotched impact tests were
content of 40 wt%%) compounc diluted 10 the desired clay (Table) performed, however for PE based results
concentration .
R only the notched impact strength was
3. Masterbatching using an in-house
reported.
) ) Injection moulding (barrel temperature: | .y
Processing Different injection moulding methods Attapulgite (0, 1, 3 Twin serew extrusion (temperature 180 C, pressure: 88.26 MPa (900 50 mm/min Dynamic packing injection mouldiny
Gao et al. (2012) ssing v iding HDPE puette (0. 1, 3, profile: 130-155-165-170-170-145 C,  [kg/cm2)) considering: 5 ynamic packing tnject "e N
Methods and effect of clay loading 5 Wi%) o)) considenne: ) (5 replicates) provides better mechanical propertics.
speed: 110 rpm) 1. Conventional injection moulding Disitined)

2. Dynamic packing injection moulding

© University of Pretoria
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Table B.1. continues on from the previous page

Paper Material System Manufacturing System Mechanical Properties
p Material System Manufacturing System Mechanical Properties ___
Reference Classification Paper Focus Polymer Clay Compatibiliser Other ‘Compounding Method Processing Method Tensile Tmpact Flexural | DMA/DMTA Other Main results DoE Used
Increase in rotation speed decreases
) mechanical properties. Lower temperature
) - . 3 different MAPE — antca’ prope ‘
Diffe X C s a ASTM D E high s th S.
Compounding ifferent mixing conditions and Bentonite (0,2, 6 | E100, E265, M603 Internal mixer (temperature: 130, 160 C, STM D790 and higher time improves the properties.
Gong etal. (2013) |- "P! effect of compatibiliser type and clay HDPE ) " ! Pressed into sheets and plates (4 replicates) Ideal is 60 rpm, 160 C and 12 min N
Conditions pa ! wi%%) (MAPE/clay ratio: time: 4, 12 min, speed: 30, 60, 90 rpm) i
and compatibiliser loading 013600 (Digitised)
> 1,30 Adding compatibiliser improves the
properties with E265 providing the highest.
I In st polymersation Tn-situ polymerisation provided better
Heinemann etal. —Compounding || o methods HDPE Bentonite or 2 Iternel mior (temperatures 190 , | COmPression moulding (temperature: Yes Young's modulus while internal mixing N
(1999 Methods Fluoromica - - 170 C, pressure: 1 MPa, time: 15 min) (Table) provided better stress and elongation at
time: 5 min) break
Different compounding methods and 1. Dry blended with high speed mixer | Rotational moudling (temperature: 250 | ASTM D638 Champy oM D790 Extrusion provided betier mechanical
. Compounding P e LMDPE (VP305 or | Halloysite (0, 2, 5, oY Hen Sp ! S {temp! : 0% | ASTM D6110 ; properties. HDPE provided best mechanical
Hofler et al. (2018) effect of polymer type and clay 2. Twin screw extrusion (temperature | C, cooling from 180 C). Samples cut (5 replicates) ! (5 replicates) ! N
Methods ° VX567) or HDPE 10 wi%) ! . : i (5 replicates) i propertics.
loading profile: 140-200 C) from side walls for testing. igitised) | TP (Digitised)
) GB/TI040 Tncrcase in mechanical properties up to 40
Compoundin Nanomer L44P (3 Novel vane mixer (temperature: 210 C, oo ol ding (temperature: 50 mm/min m before they decrease. Similar
Huang et al. (2015) POUREINE | Dyifferent compounding conditions HDPE - speed: 10, 20, 30, 40, 50 rpm, time: 1, 2, P 8 (temp . ! ! ore they decrease. Simi N
Conditions Wi%) o8 10mim 210 C, pressure: 15 MPa, time: 6 min) | (5 replicates) observation for an increase in time up to 4
T (Digitised) min.
Compression moulding (temperature:
160 C, pressure: 14.5 MPa, time: 15 min | Not mentioned,
for 20062007 10min 2007 | but s S —
Processing Twin screw extrusion (temperature - ies( esomer 8.3 M a) | it was indieated the addition of clay for both HDPE/clay and
Jo and Naguib (2006, |Conditions and |Different foaming times during Cloisite 20A (0, | PE-g:Man (15 , P sampies (p! 282 VP ) ' ‘ HDPE/clay foams. Volume expansion ratio
- ) ) HDPE profile: 140-180 C, speed: 70 rpm, L/D: [immerse in glycerin bath for foaming inJoand . I . 0 N
2007a,2007b) | Processing processing and effect of clay loading. 0.5, 1,2 wi%) Wi%) ' oa ’ increases with an increase in foaming time,
Methods 19 temperature: 130 C. time: 13, 30, 45, 60| Naguib (2008) but decreases with an increase in cla
s for 2006/2007a and 15, 20, 30,35, 40's| 50 mm/min . Y
for 2007b) after releasing the pressure | (5 replicates) e
and immediately quenched in cold water |  (Digitised)
to prevent cell deterioration.
Compression moulding (temperature:
160 C, pressure: 14.5 MPa, time: 10
min).
Apply CO2 to compression moulded Results presented were for a foaming time of
samples (pressure: 8.3 Mpa). Considered 205 which resulted in the highest volume
three cooling rates: room temperature, ASTM D638 expansion ratios. Results are presented as a
Processing Tuin serew exirusion (temperature quenched in cold water and cooled L sand 20 function of percentage crystallinity which
“onditions 2 Effect of sample cooling and strai “Joisite 20A PE-g-Man (15 slowly on a hot pressing plate. : indicated that hot plate cooled samples
Jo and Naguib (2008) (unqnwm and fect of sample cooling and strain HDPE Cloisite 20A (0, -g-Man ( profile: 140-180 C, speed: 70 rpm, L/D: slowly on a hot pressing plate. m/min mdnfmdt at vm plate cool Cvdvmmp es N
Testing rates 0.5, 1,2 wi%) Wi%) o (5 repleates) provided the highest crystallinity. Foaming
Conditions Compression samples were then (D:"m‘;;)’ degree increased with an increase in
immersed in glycerin bath for foaming e crystallinity. Mechanical properties
(temperature: 130 C, time: 20, 30, 40, 50 generally increased with an increase in
5) after releasing the pressure and crystallinity and strain rate.
immediately quenched in cold water to
prevent cell deterioration.
Single screw extrusion (temperature - ) Improved mechanical propertics with
Inje Iding (Barrel temperature:
) ) - profile: 180-190-200-200 C, speed: 100 | "iection moulding (Barrel temperature: | - 7y ez ultrasound treatment at lower residence time
Lapshin <t al, 2008) Different compounding conditions o with ulrasound (equeneg, 20 |190.C: mould temperature: 25 C for oo Izod o e o
“Aapsin et al Compounding | with and without ultrasound Cloisite 20A (0, P witrasound {irequency: 2008 and 40 C for 2006/2007, injection " (5 replicates) OF 1. higner residence fimes causes
and Swain and Isayev ol HDPE kHz, amplitude: 5, 7.5, 10 micom) at the (5 replicates) | P property degradation. N
Conditions treatment and the effect of clay 25,5, 10 wi%) ! ! speed: 40 mm/s, pressure: 10 Mpa for e (Digitised and ¢ )
(2006, 2007) i dic at varied flow rates (0.25, 0,5, 0.75 | JE7 SRS P RS (Digitised and Table) Increase in ultrasound amplitude generally
& g/s) for different residence times (21, 10, |7 & Mpa o ’ Table) improves mechanical properties, with 7.5
o holding and cooling time: 20 5) ! mechanica
s) microm being optimal.
Internal mixer (temperature: 165 C, od xz;er:?:;“h'"g provides higher mechanical
) Different blending protocols and L e speed: 60 rpm) considering: Compression moulding (temperature: | ASTM D638 ) g
. B s “loisite 15A 1, [MAPE "AP! ., . . . N ASTM 25 Yes
Lei et al. (2007) ending effect of clay and compatibiliser tHDPE Cloisite 15A (0, or CAPS (0 1. Masterbatching (MAPE/clay) at 20 |175 C, pressure: 87 MPa (30T), time: (6 replicates) | ASTM 256 et . N ) N
Protocols P 3,5,7 wi%) 25,5, 10 wi%) i smuim) tTabley (5 replicates) (Table) Compatibiliser improves mechanical
84 P P N ) (Table) properties, but decreases loss and storage
2. Direct mixing at 15 min modulus
Single screw extrusion (L/D: 30) Mechanical propertics arc improved at all
Compounding | ) o Fluoromica (4 considering 12 different temperature - ) ASTM D638 | ASTM DS628 | ASTM D590 temperature profiles with the best
Lew etal. (2005 P! Different d ditions HDPE PE-g-MA (6 Wt% ! Inject Iding : . N
ewetal- 2005 | ditions Hicrent compounding conditions Wt%) &MA (6 w%) gradient profiles. Refer to paper for njection moulding (Digitised) (Digitised) (Digitised) improvement found with HHLL (215-215-
details on the profiles. 170-170-185-185-200-215)
od Ultrasound treatment improves mechanical
. ) Different ultrasound conditions and N L o ) - 100mm/min o propertics.
Lietal, o7y |Compounding | e e el HDPE DKI (0,3, wiog) | PPEEMA©.9 Single serew extrusion with ultrasound | Compression moulding (pressure: 12 (5 repheatesy | GBTISN N
Conditions efiect of addu Wi%) (power: 0, 200 W) at the die MPa, time: 10 min) > (5 replicates) S
compatibiliser (Table) T Compatibiliser improves mechanical
provertie:
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Paper Material System Manufacturing System Mechanical Properties
Classification Paper Focus Polymer Clay Compatibiliser Other Compounding Method Processing Method Tensile Impact Flexural DMA/DMTA Other Main results DoE Used
] Tnternal mixer (temperature: 185 C, ASTM D638 Masterbatching provides higher mechanical
Blending PE-eMAor speed: 20, 75 rpm, time: 7, 30 min) Type v propertics.
Mainil et al (2006, |Protoeols and | Different blending protocols and HDPE Cloisite 20A 0,3 |y 15 o | rganos antioxidant considering: Compression moulding (temperature: o o ) N
effect of type wi%%) 5 (03wt%)  |1. Masterbatching 145 C, 7.5 MPa, time: 7 min). ! Compatibiliser improves mechanical
(8 wt%) . L (3 replicates) . . L
Conditions (compatibiliser/antioxidant/clay) bl properties, with EVAI2 providing best
2. Direct mixing results.
1. KO Buss Kneader (temperature Twin screw extrusion provided best
Compounding | D/erent compounding methods and | | Cloisite 25A, 30B, profile: 180 C, L/D: 18) Yes 30C mechanical properties.
Merinska et al. (2012) [ m" o 8 |effect of clay type and adding o 5 [o3A0rNanoil 5 (5 2. APV MP19-25 TC Twin screw Compression moulding (Digitied) (Digitised and N
cthods compatibiliser Spectiie Wi%) extrusion (L/D: 18, temperature profile: Bitise Table) Cloisite 93A provided best mechanical
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2. Static nacking without shearing.
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APPENDIX C: ANOVA AND LINEAR REGRESSION MODEL

RESULTS

In this appendix the full set of tabled results from the analysis of variance (ANOVA) and

linear regression model are presented as only a summary of the p-values and w? values are

presented in the main text. Statistical significance is determined by obtaining a p-value of

less than 0.05. The level of significance is indicated in each table using the list of significance

codes presented at the bottom of the table as reference.

C.1 Tensile Testing DoE

C.1.1 Young’s Modulus

Table C.1: ANOVA results for Young’s Modulus for the tensile testing DoE.

Df

F-value

2

Sum Sq Pr(>F) w
Intercept 1.014¢7%% 1.0  11143.633 2.502¢=4% 0.982 ok
ClayType 8.749¢7% 2.0  0.481 6.225¢7 %1 -0.000091
MouldingMethod 1.495¢7% 1.0  164.391 2.287¢71* 0.014 ook
Site 1.377¢797 2.0  0.008 9.925¢7 %1 -0.000175
ClayLoading 7.412¢7% 1.0 8.149 7.390e7%  0.000630  **
Residual 3.002¢7% 33.0 NaN NaN NaN

Significance Codes: “***’: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, ‘.’:0.05-0.1, ‘ ’: 0.1-1.0
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Appendix C: ANOVA and Linear Regression Model Results

Table C.2: Linear model results for Young’s Modulus for the tensile testing DoE.

Nr. Observations 40 R-squared 0.903
Df Residuals 33 Adjusted R-squared 0.886
Df Model 6 F-statistic 51.42

Residual Standard Error 0.003

Estimate  Std. Error t-value Pr(> [t])

Intercept 0.1513 0.001 105.563 0.000 ook
ClayType|T.DHT4A] 0.0009 0.001 0.858 0.397
ClayType[T.Neat| -0.0005 0.002 -0.284 0.778
MouldingMethod|T.Injection| 0.0165 0.001 12.822 0.000 ook
Site[T.TUT] -8.582¢7%  0.001 -0.057 0.955
Site|T.UP| -0.0001 0.001 -0.109 0.914
ClayLoading -0.0005 0.000 -2.855 0.007 ok

Significance Codes: “***’. 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, ‘.’:0.05-0.1, ‘ ’: 0.1-1.0

C.1.2 First Peak Stress (FPS)

Table C.3: ANOVA results for first peak stress (FPS) for the tensile testing DoE.

Sum Sq Df  F-value Pr(>F) w?

Intercept 3005.562 1.0 2446.243 1.554e732 (0.944  *xk
ClayType 0.141 2.0 0.057 9.442¢~1  -0.0007
MouldingMethod 19.087 1.0  15.535  3.972e™% 0.006  ***
Site 103.756 2.0  42.224 7.999¢710  .032 Rk
ClayLoading 12.526 1.0 10.195 3.090e79  0.004  **
Residual 40.545 33.0 NaN NaN NaN

Significance Codes: “***’: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, ‘.’:0.05-0.1, ‘ ’: 0.1-1.0

Table C.4: Linear model results for first peak stress (FPS) for the tensile testing DoE.

Nr. Observations 40 R-squared 0.874
Df Residuals 33 Adjusted R-squared 0.851
Df Model 6 F-statistic 38.03

Residual Standard Error 1.108

Estimate Std. Error t-value Pr(> [t])

Intercept 26.0513  0.527 49.460 0.000 ook
ClayType[T.DHT4A] -0.1061 0.374 -0.283 0.779
ClayType|T.Neat] 0.0860 0.705 0.122 0.904
MouldingMethod[T Injection]| -1.8696  0.474 -3.941 0.000 ok
Site|T.TUT] 1.0404 0.551 1.889 0.068
Site[T.UP] 4.4993 0.500 8.998 0.000 ok
ClayLoading -0.1912 0.060 -3.193 0.003 ok

Significance Codes: “***’: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, .’:0.05-0.1, ‘ ’: 0.1-1.0
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Appendix C: ANOVA and Linear Regression Model Results

C.1.3 Elongation at FPS

Table C.5: ANOVA results for elongation at FPS for the tensile testing DoE.

Sum Sq Df  F-value Pr(>F) w?

Intercept 253.890 1.0 1006.001 2.675e726 (0.859  ***
ClayType 0.588 2.0 1.165 3.244e7%1 0.0003
MouldingMethod 20.953 1.0  83.023 1.577e710 0.070  **
Site 5.827 2.0 11.545 1.581e7 %%  0.018  ***
ClayLoading 5.337 1.0 21.149 5.986e05  0.017  *kE
Residual 8.328 33.0 NaN NaN NaN

Significance Codes: “***’; 0-0.001, “**’: 0.001-0.01, ‘*: 0.01-0.05, .’:0.05-0.1, ‘ >: 0.1-1.0

Table C.6: Linear model results for elongation at FPS for the tensile testing DoE.

Nr. Observations 40 R-squared 0.904
Df Residuals 33 Adjusted R-squared 0.887
Df Model 6 F-statistic 091.87
Residual Standard Error 0.502

Estimate Std. Error t-value Pr(> [t])

Intercept 7.5716 0.239 31.718 0.000 ***
ClayType[T.DHT4A] -0.1627 0.170 -0.959 0.345
ClayType|T.Neat] -0.4359  0.320 -1.364 0.182

MouldingMethod|T.Injection| 1.9589 0.215 9.112 0.000 ***
Site[T.TUT] -0.0265 0.250 -0.106 0.916

Site|T.UP]| -1.0888 0.227 -4.804 0.000 ***

ClayLoading -0.1248 0.027 -4.599 0.000 ***

Significance Codes: “***’. 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, ‘.’:0.05-0.1, ‘ ’: 0.1-1.0

C.1.4 Elongation at Break

Table C.7: ANOVA results for elongation at break for the tensile testing DoE.

Sum Sq Df  F-value Pr(>F) w?

Intercept 2.244e+05 1.0  3.377 0.084 0.039
ClayType 2.334e+05 2.0 1.755 0.203 0.025
MouldingMethod 1.840e+06 1.0  27.687  0.000064 0.438  ***
Site 9.509e+05 2.0 4.144 0.034 0.103 *
ClayLoading 6.094e+03 1.0 0.092 0.766 -0.015
Residual 1.130e+06 17.0 NaN NaN NaN

Significance Codes: “***’: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, .’:0.05-0.1, ‘ ’: 0.1-1.0
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Appendix C: ANOVA and Linear Regression Model Results

Table C.8: Linear model results for elongation at break for the tensile testing DoE.

Nr. Observations 24 R-squared 0.733

Df Residuals 17 Adjusted R-squared 0.639

Df Model 6 F-statistic 7.775

Residual Standard Error 257.815
Estimate  Std. Error t-value Pr(> [t])

Intercept 262.8967  143.069 1.838 0.084
ClayType|T.DHT4A] 47.2624 121.273 0.390 0.702
ClayType|[T.Neat| -329.0666 194.613 -1.691 0.109
MouldingMethod|T.Injection| 1118.6623 212.598 5.262 0.000 ok
Site[T.TUT] -577.3708  264.850 -2.180 0.044 *
Site|T.UP| -214.4825 116.604 -1.839 0.083
ClayLoading -5.7233 18.902 -0.303 0.766

Significance Codes: “***’. 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, ‘.’:0.05-0.1, ‘ ’: 0.1-1.0

C.2 Sample Mould DoE

C.2.1 Young’s Modulus

Table C.9: ANOVA results for Young’s Modulus for the tensile sample mould DoE.

Sum Sq  Df  F-value Pr(>F) w?

Intercept 3.174et%6 1.0 136.965 1.154e710 (.787  ***
ClayType 1.241et%% 2.0  0.268 7.677¢ % -0.009
MouldType  2.056et% 1.0  8.870 7.168¢793  0.046  **
ClayLoading 1.023¢*% 1.0  4.415 4.787¢792 0.020 *
Residual 4.867¢t%  21.0 NaN NaN NaN

Significance Codes: “***’: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, .:0.05-0.1, ‘ ’: 0.1-1.0

Table C.10: Linear model results for Young’s Modulus for the tensile sample mould DoE.

Nr. Observations 26 R-squared 0.430
Df Residuals 21 Adjusted R-squared 0.322
Df Model 4 F-statistic 3.967
Residual Standard Error 152.24

Estimate Std. Error t-value Pr(> |t])
Intercept 917.3448 78.384 11.703 0.000 ok
ClayType|T.DHT4A] 36.1812  62.492 0.579 0.569
ClayType[T.Neat| -35.9247  130.759 -0.275 0.786
MouldType|T.ISO 1BA| 179.0038 60.103 2.978 0.007 o
ClayLoading 22.1186 10.527 2.101 0.048 *

Significance Codes: “***’. 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, ‘.’:0.05-0.1, ‘ ’: 0.1-1.0
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Appendix C: ANOVA and Linear Regression Model Results

C.2.2 First Peak Stress (FPS)

Table C.11: ANOVA results for first peak stress (FPS) for the tensile sample mould DoE.

Sum Sq Df  F-value Pr(>F) w?
Intercept 2128.521 1.0 3588.250 5.85le™2® (.990  ***
ClayType 0.327 2.0 0.276 7.618¢701  -0.0004
MouldType  4.341 1.0 7.318 1.326e7°2  0.002  *
ClayLoading  3.403 1.0  5.737 2.602¢79%2 0.001  *
Residual 12457  21.0 NaN NaN NaN

Significance Codes: “***’: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, ‘.’:0.05-0.1, ‘ ’: 0.1-1.0

Table C.12: Linear model results for first peak stress (FPS) for the tensile sample mould DoE.

Nr. Observations 26 R-squared 0.412
Df Residuals 21 Adjusted R-squared 0.299
Df Model 4 F-statistic 3.671

Residual Standard Error 0.770

Estimate Std. Error t-value Pr(> [t])

Intercept 23.7540  0.397 59.902 0.000 ok
ClayType|T.DHT4A] 0.1801 0.316 0.570 0.575
ClayType|T.Neat] -0.2016 0.662 -0.305 0.764
MouldType[T.ISO 1BA] 0.8225 0.304 2.705 0.013 *
ClayLoading -0.1276 0.053 -2.395 0.026 *

Significance Codes: “***; 0-0.001, “**’: 0.001-0.01, ‘*: 0.01-0.05, .’:0.05-0.1, ‘ >: 0.1-1.0

C.2.3 Elongation at FPS

Table C.13: ANOVA results for elongation at FPS for the tensile sample mould DoE.

2

Sum Sq Df  F-value Pr(>F) w
Intercept 348.425 1.0 2431.171 3.392¢7% (0.979  *xx*
ClayType 1.014 2.0 3.537 4.743¢792  0.002  **
MouldType  0.000 1.0 0.001 9.769¢~1  -0.0004
ClayLoading  3.098 1.0 21.618 1.377e79  0.008  Fxk
Residual 3.010 21.0 NaN NaN NaN

Significance Codes: “***’: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, .:0.05-0.1, ‘ ’: 0.1-1.0

C5

© University of Pretoria



Appendix C: ANOVA and Linear Regression Model Results

Table C.14: Linear model results for elongation at FPS for the tensile sample mould DoE.

Nr. Observations 26 R-squared 0.601
Df Residuals 21 Adjusted R-squared 0.525
Df Model 4 F-statistic 7.915

Residual Standard Error 0.379

Estimate Std. Error t-value Pr(> [t])

Intercept 9.6106 0.195 49.307 0.000 ok
ClayType|T.DHT4A] -0.4126 0.155 -2.655 0.015 *
ClayType[T.Neat| -0.2806 0.325 -0.863 0.398
MouldType|[T.ISO 1BA| 0.0044 0.149 0.029 0.977
ClayLoading -0.1217 0.026 -4.649 0.000 ok

Significance Codes: “***’. 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, ‘.’:0.05-0.1, ‘ ’: 0.1-1.0

C.2.4 Elongation at Break

Table C.15: ANOVA results for elongation at break for the tensile sample mould DoE.

Sum Sq  Df F-value Pr(>F) w?

Intercept 1.430et% 1.0 25.130  0.002 0.565  **
ClayType 1.085¢T% 2.0 0.954 0.430 -0.002
MouldType  4.253¢t% 1.0 7.476 0.029 0.152 *
ClayLoading 9.388¢t% 1.0 0.165  0.697  -0.020
Residual 3.983¢T% 7.0 NaN NaN NaN

Significance Codes: “***’; 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, ‘.’:0.05-0.1, ‘ >: 0.1-1.0

Table C.16: Linear model results for elongation at break for the tensile sample mould DoE.

Nr. Observations 12 R-squared 0.541

Df Residuals 7 Adjusted R-squared 0.278

Df Model 4 F-statistic 2.059

Residual Standard Error 238.521
Estimate  Std. Error t-value Pr(> [t])

Intercept 1411.8641 281.642 5.013 0.002 ok
ClayType[T.DHT4A| 21.3143 157.935 0.135 0.896
ClayType|T.Neat| -333.4609 274.181 -1.216 0.263
MouldType|T.ISO 1BA| -564.8989 206.604 -2.734 0.029 *
ClayLoading -10.7679  26.507 -0.406 0.697

Significance Codes: “***: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, .’:0.05-0.1, ‘ ’: 0.1-1.0
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Appendix C: ANOVA and Linear Regression Model Results

C.3 Impact Testing DoE

C.3.1 Impact Strength

Table C.17: ANOVA results for impact strength for the Charpy impact testing DoE.

2

Sum Sq Df  F-value Pr(>F) w
Intercept 0.203 1.0 832.240 2.846e~2! (.802 ***
ClayType 0.004 2.0 8438 1.500e79  0.014 **
MouldingMethod  0.037 1.0 149.893 2.684e7'2 (.144 F**
Site 0.002 2.0 4.044 2.956e792  0.006 *
ClayLoading 0.0005 1.0 2.208 1.493¢79%  0.001
Residual 0.006 26.0 NaN NaN NaN

Significance Codes: “***’: 0-0.001, “**’: 0.001-0.01, ‘*’: 0.01-0.05, .’:0.05-0.1, ‘ ’: 0.1-1.0

Table C.18: Linear model results for impact strength for the Charpy impact testing DoE.

Nr. Observations 33 R-squared 0.917
Df Residuals 26 Adjusted R-squared 0.898
Df Model 6 F-statistic 47.78
Residual Standard Error 0.0156

Estimate Std. Error t-value Pr(> [t])
Intercept 0.2543 0.009 28.849 0.000 ook
ClayType[T.DHT4A] 0.0223 0.006 3.820 0.001 ok
ClayType|T.Neat] 0.0264 0.011 2.471 0.020 *
MouldingMethod|T .Injection| -0.0946  0.008 -12.243 0.000 otk
Site|T.TUT] 0.0211 0.008 2.737 0.011 *
Site|T.UP| 0.0059 0.008 0.725 0.475
ClayLoading 0.0014 0.001 1.486 0.149

Significance Codes: “***’; 0-0.001, “**’: 0.001-0.01, ‘*: 0.01-0.05, .’:0.05-0.1, ‘ ’: 0.1-1.0
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