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ABSTRACT
Aluminium is currently one of the most versatile and preferred engineering material of our
times. It is the world’s most abundant metal and is the third most common element on earth.
The worldwide demand for aluminium has been growing steadily at an average rate of 5-7%
annually. In fact, the demand has more than doubled up in the last decade. Despite the marked
growth for aluminium, its alloys and composites, there is still a dire need to redesign this
material’s system if it is to enjoy progressive and diverse economic feasibility and acceptability

in various industrial sectors.

This study opens up a new line of thought in the challenge of repositioning the material from
an economic, industrial, and environmental perspective. It explores the efficacy of integrating
a low-cost nanophased reinforcement system in the form of nanoclays into aluminium and/or
its alloys. In the study, an experimental approach was adopted. The study called for an
understanding of the intrinsic nature of both the aluminium and/or its alloys on one hand and
nannoclays on the other. Based on that understanding, potential processing technologies were

identified, with powder metallurgy eventually emerging as the most preferred processing route.

For the current study, AMB-2712 Al alloy was used as the matrix. Two nanoclays at 1% —
12.5%wt content were experimented with as the reinforcement system, i.e. Nanofil 116 and
Cloisite Ca++DEV. A conventional press and sinter approach was used to process the
composites. Variables under investigation included the effects of green compaction pressure,
sintering temperature profile, sintering atmosphere, and the percentage weight content of
nanoclay. Besides physical inspection, hardness and tensile testing were used in comparatively
evaluating the composites’ structural integrity. Thermal behaviour was assessed using DSC-
TGA. Additionally, thermal conductivity, thermal diffusivity, specific heat capacity, and

thermal expansion were examined with thermal-management-applications in mind.



Results from the study show that nanoclays can feasibly be integrated into aluminium and/or
its family of alloys and composites. Under the processing parameters used in this study, best
results were obtained with 1%wt nanoclay addition. For better appreciation, both the load
bearing capacity of the reference alloy and its percentage elongation to fracture were increased
by more than 150%. Melting temperature was increased by 6.6%. It was also observed that the
thermal conductivity, diffusivity, and specific heat capacity were not only significantly
improved, but also more stable. While the results for reference sample were deteriorating after
220°C, the composites were observed to be stable at 300°C and still showing signs of potential
to progress further. At 3%wt, content, the nanoclays were observed to demonstrate thermal
barrier properties. Microstructural analysis portrayed the nanoclays as heat-sinks, thereby ideal
for use in thermal management systems in areas such as the automotive engine components.
Effects of nanoclays as revealed by microstructural analysis further demonstrated that the
successful use of nanoclays as a reinforcement system for aluminium and/or its alloys presents

a novel technique of preparing conventional aluminium alloys in a more economical way.
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CHAPTER 1:

INTRODUCTION

1.1 Preamble

Aluminium has become one of the most versatile and preferred engineering material of our
times. It is the world’s most abundant metal and is the third most common element comprising
8% of the earth’s crust [1]. As of 2005, the worldwide demand for Aluminium was
approximately 29 million tons per year. Of this demand, 22 million tons was primary
aluminium while 7 million tons was recycled aluminium scrap. On average, world aluminium
demand grows 5-7% annually. For instance when compared with 2013, the global consumption
of primary aluminium in 2014 amounted to 54.8 million tonnes, which represented a 7%
growth. And based on data in 2015, world demand is expected to increase by additional 6% —
amounting to 58 million tonnes, which is double the demand in a decade [2]. The use of
recycled aluminium is compelling, both economically and environmentally. This is because the
remelting and recycling 1 tonne of aluminium only takes 5% of the power required to produce
1 tonne of new aluminium, yet there is no known difference between virgin and recycled

aluminium alloys in terms of quality [1].
1.2 Aluminium the Material

One of the key driving forces behind the growth in demand for aluminium is its unique
properties. Pure aluminium is soft, ductile, and corrosion resistant. It is also known to have a
high electrical conductivity. In it pure form, it is widely used for foil and conductor cables.
However, alloying aluminium with other elements is necessary in order to provide the higher
strengths that are often needed for other applications. Further, aluminium is one of the lightest
engineering metals. It has a superior strength-to-weight ratio as compared to steel. Through

utilization of various combinations of its advantageous properties, aluminium has found



applications in an ever-increasing range of applications and industries [1]. These properties
include strength, mechanical and thermal properties, high payload-to-weight ratio, corrosion
resistance, recyclability and formability. These properties are further complemented by
aluminium’s versatility in processing techniques and compatibility with physical-properties
enhancers, reinforcement, and alloying elements. These attributes attests to the feasibility of a
wide array of products ranging from structural materials through to thin packaging foils [1]. Of
significant interest is the diversity and increased growth in demand for aluminium in the
transport, packaging, and the building and construction industry in that order [3]. However, it
should be noted that, like most engineering materials, aluminium is hardly used in its pure

metallic form but rather in an alloy or metal matrix composite system.

In alloyed context, aluminium is mostly alloyed with copper, zinc, magnesium, silicon,
manganese and lithium. Small additions of chromium, titanium, lead, bismuth and nickel have
also been made, while iron has invariably been present in small quantities as a remnant. To
date, there are over 300 wrought alloys with 50 in common use [1]. Wrought alloys are
commonly identified using a four-figure-system as 1XXX — 8XXX depending on the key
alloying element(s). Cast alloys have similar designations and use a five-digit-system. For
unalloyed wrought aluminium alloys designated as 1XXX, the last two digits represent the
metal’s purity. The second digit indicates modifications in impurity limits. For the 2XXX —
8XXX groups, the last two digits are used to identify different aluminium alloys in the group.
The second digit indicates alloy modifications. On the other hand, a second digit of zero
indicates the original alloy while integers 1 to 9 indicate consecutive alloy modifications [1].
For the purposes of the current study, AMB-2712 (a 2XXX series alloy) was used with the
understanding that any favourable findings can be feasibly transferrable to other series of

aluminium.



In Aluminium Metal-matrix Composites (AMCs), one of the constituent and primary
ingredient is aluminium / aluminium alloy, which forms a percolating network and is termed
the matrix phase. The other constituent, which is embedded in this aluminium / aluminium
alloy matrix serves as the reinforcement. This latter phase is usually non-metallic and most
commonly a ceramic such as Silicon Carbide (SiC) and Alumina (Al203) [4-6]. Properties of
AMCs can be customized by varying the nature and volume fraction of constituents to suit the
target application [7-9].

1.3 Where aluminium has been used and why

The automotive industry has been facing challenges (as early as in the 80s) with respect to five
key aspects: (i) improving fuel economy, (ii) reducing vehicle emissions, (iii) increasing styling
options, (iv) enhancing performance, and (v) maintaining safety, quality, and performance [10,
11]. Durability, quality, and recyclability aspects have also been factored into the cost’s
equation. To meet these challenges, the quest of developing new materials and technologies
has been an ongoing one. Key to numerous efforts has been the focus on weight reduction,
which has additionally been construed to interpret into direct and indirect costs savings. Costs
in this context not only includes materials cost but also the manufacturing (including capex)
and recycling. For better appreciation, Figure 1-1 shows a comparative view of the various
costs in a typical automotive component manufactured from steel and discontinuously

reinforced aluminium (DRA).

Comparatively, it has positively been stated elsewhere [11] that aluminium and magnesium are
relatively more costly than the currently used steels and the cast irons that they might replace.
Accordingly, it has been suggested that their competitive edge lies in the ability to lower
component manufacturing costs. In comparison to cast irons and steel, cast aluminium and
magnesium products and/or components are potentially less costly to produce. This contention
is based on their: (i) better machinability, (ii) reduced manufacturing cycle times, (iii) ability

3



to have thinner and more variable wall dimensions, (iv) closer dimensional tolerances, (V)
reduced number of assemblies, (vi) less costly melting / metal-forming costs, and (vii) more

ease in production into near-net-shape with the effect of decreasing the finishing costs [11].
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Figure 1-1: Proportions of the various costs in a typical automotive component
manufactured from (a) steel, and (b) DRA [10].
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Figure 1-2:  Material distribution of total vehicle curb weight in Kilograms [12].
Figure 1-2 shows the relative distribution of materials used in making a typical vehicle in 2011,
with the iron and steel accounting for the majority weight while aluminium stands out as the
preferred alternative metal for the automotive industry [12]. It is therefore reasonable to expect
significant growth in the replacement of steel and iron with AMCs if the dream of light-

weighting and related cost economies are to be realized.



In the drive for new markets, AMCs have found industrial applications primarily in areas where
weight reduction is a key design consideration, especially in the aerospace and automotive
industries. In light of the campaign towards greening our industries, light-weighting has often
been advocated and perceived to interpret into less fuel consumption and carbon emissions [13,
14]. In fact, the drive towards this goal has seen to the introduction of carbon-tax in some
economies such as, among many others, the United States, Canada, China, India, South Africa,
and the European market [15]. The potential of aluminium as a mass reduction material
becomes apparent when looking at its specific weight of 2.7 grams per cubic centimetre, which
is significantly less than that of iron (7.8 g/cm3) and copper (8.9 g/cm?®) [13]. Besides direct
weight reduction by material substitution, there are also additional possibilities for component
light-weighting. An example of such possibilities relates to the aluminium-specific fabrication
techniques, such as complex, multi-hollow extrusions or thin-walled, high-strength vacuum die

castings that enable new design solutions [13].

Just for insightful reference purposes, when Audi designed the A8 model, it is reported that
they had to choose between a steel body-in-white having a mass of 441 kg or an aluminium
alternative of 247 kg. Upon deciding in favour of the aluminium aternative, further weight-
saving measures were also realized. These included that realization that a smaller engine or a
smaller fuel tank would effectively fulfil the given requirements for the car (acceleration,
mileage per tank filling). In effect, Audi reported such “indirect” weight savings as 45 kg which
represents 23% of the direct weight savings of 194 kg. This invariably means that the 247 kg
aluminium body-in-white effectively reduced the car weight by 239 kg. Studies on other

vehicle suggest a secondary weight saving in the range of 50 - 100% [13].

Similarly, the Jaguar XE is acclaimed to new levels of aluminium-intensive lightweight

construction. It is projected to deliver fuel economy of less than 4 litres/100 km on the EU



combined cycle. The XE uses aluminium-intensive monocoque design that accounts for 75% of
the vehicle’s structure. The inherent reduction in weight ensures that the XE is currently the
most fuel-efficient Jaguar yet, with fuel consumption and carbon dioxide (CO2) emissions on
the NEDC combined cycle of less than 4 litres/100 km and less than 100 g/km respectively. In
line with the quest for innovative materials, the Jaguar XE is also reportedly the first car in the
world to utilize RC 5754, which is a new grade of high strength aluminium. The alloy has been
developed specifically for the XE. It features a high level of recycled material and also makes

a significant contribution to Jaguar’s target of using 75% recycled material by 2020 [13].

With due reference to safety in the automotive industry, it is most important to find a suitable
compromise amongst key design aspects such as stiffness, crash performance and further body
requirements (such as styling, package restrictions, etc.) in the development of a car body
structure [16]. Aluminium is well suited to reach these targets with maximum performance and
the lowest possible mass. It can be appreciated that the specific characteristics that aluminium
alloys and AMCs offer do present the possibility of designing cost-effective, lightweight

structures that have high stiffness, and excellent crash energy absorption potential.

Comparatively from a crashworthiness perspective, the mass-specific energy absorption
capacity of aluminium is equivalent to double that of mild steel. Furthermore, it compares
favourably to the newly developed grades of high-strength-steel. It should also be mentioned
here that aluminium structures generally have a high rigidity as compared to a steel design.
This is as a result of the relatively higher material thickness of aluminium structures. In essence,
aluminium components generally have about 50% thicker walls than steel components
fulfilling the same function. This is coupled with the favourable possibility of using closed
multi-hole extrusions as well as high quality die castings of sophisticated design that allows

the elimination of joints. Depending on the available package space, it is highly feasible to



improve the rigidity of an entire structure and still maintain a significant weight reduction of

up to 40 — 50% [16].

One of the most important advantages of aluminium in the design of lightweight and cost-
efficient structures relates to its ease of formability, i.e. versatility with respect to production
technologies. Elaborate sheet-panels can efficiently be formed using various techniques. These
range from high productivity stamping processes to low-cost tooling technologies that are
suited to both high and low volume production. An interesting aspect compared to competing
materials relates to the availability of extruded open and closed profiles that have intricate
shapes and different wall thicknesses. Additionally, net-shaped and near-net-shaped aluminium
parts can be produced using powder metallurgy, forging and other forming techniques [17-29].
Various casting processes acknowledging aluminium’s flowability are readily available. The
resultant cast aluminium parts can exhibit a wide range of sizes, shapes and properties
depending on the applied method. Extruded and subsequently machined profiles, as well as
high quality, thin-walled pressure die cast aluminium components, are not only beneficial for
load-carrying and/or stiffening functions, but can be applied simultaneously as joining
elements. It is noted that their proper use facilitates the development of new, innovative
structural design solutions and that, as a result, significant weight and cost savings are realized

by parts integration as well as the incorporation of additional functions [17].

The assembly step is a critical success-factor in the transportation market. The assembly tasks
range from the joining of individual aluminium components of different alloys and product
forms (stamped sheet, castings, machined extrusions, forgings, etc.) to multi-material joining
of aluminium to steel, magnesium, plastics and composites. Inevitably, mixed material designs
bring additional complications, since the selection of the applicable joining methods is

restricted. Additionally, other factors such as differences in thermal expansion coefficients or



potential galvanic corrosion effects have to be taken into consideration. Most of the joining
processes that have been developed over many years for steel structures are also applicable to
aluminium. However, the ever increasing use of aluminium and, in particular, the growth of
mixed-material designs has led to the introduction of innovative joining techniques. These
include laser welding, friction-stir welding, self-piercing-riveting, and adhesive-bonding. As a
result, diversely appropriate joining methods are readily available for all aluminium
applications today. Nonetheless, selection of the proper method for optimal technical

performance and economic viability is still a challenging task [17].

As vehicle manufacturers increasingly apply aluminium to lightweight their vehicles, the focus
is increasingly being directed towards the system cost and life cycle cost analysis in order to
obtain the desired outcome as encompassed in improved driving performance, reduced fuel
consumption and/or reduced emissions. The manufacturer is increasingly considering avenues
of fully exploiting the weight reduction in one or more parts, while allowing this weight
reduction to offer additional weight or cost savings in other vehicle components [30]. Research
has shown that cost-effective solutions do exist with aluminium-intensive cars as well as trucks.
Under the right conditions, and in comparison to steel, these vehicles can be economically
viable especially for high-volume vehicles. During their useful life, the fuel savings can be

significant and directly or indirectly offer a real benefit to the consumer.

From another perspective, metals, aluminium being the most significant, do play an important
role in funding the end-of-life processing of vehicles, through their high scrap value [30]. In
fact, aluminium is already part of an established recycling system and the aluminium so
recycled can be utilized for almost all applications, thereby preserving raw materials as well as
reducing emissions and leading to considerable energy savings [31]. This value-chain

underscores the cost-effectiveness of aluminium throughout a vehicle’s useful life and beyond.



From an environmental-context of design considerations, aluminium components and
assembled structures resist corrosion as long as they are properly designed and manufactured
with appropriate alloys. This makes aluminium the material of high preference whenever it
comes to transport applications due to its durability. Aluminium is known to be a highly
reactive metal that oxidizes readily and quickly in air. In that process, a very thin, transparent,
protective, layer of aluminium oxide is formed. This layer effectively hinders deeper intrusion
of oxygen and other gases or liquids. The layer clings strongly on to the surface of aluminium
and it does not flake off. It therefore prevents exposure of more fresh surfaces to further
oxidation. Just in case the layer get damaged, it will “regenerate” itself, thus providing a
continuous protection. It is recommended that aluminium components should be designed and
constructed in a manner that avoids as much as possible the presence of entrapment areas for

agents of corrosion that include moisture, salts and dirt [32].

Besides technical functionalities, it is not surprising that some of the most stylish vehicles (and
indeed buildings, consumer products, fashion items and accessories) of the last two centuries,
have employed aluminium — both for its functional and also for its aesthetic properties; its
durability, formability and wide range of finishes. The Airstream trailer, London’s Eros,
Philippe Starck’s 1006 chair, the iPod, and the BMW 328 racing car are outstanding examples
— they all diversely make full use of aluminium’s light-weight, the strength and durability. At
the same time, they all have creatively been transformed from functional objects to cultural
icons of our times through their stylish look and feel [33]. The inherent design concept of
streamlining has been realized through the combination of technology and design aesthetics in
commercially innovative ways. It is noted that although streamlined objects have been and are
still popular in the home and workplaces, the design aesthetics aspect has found a niche in
transportation industry because of its obvious association with aerodynamic

movement. Aluminium has been suggested to be the perfect material for the streamlined age



by virtue of its clean, smooth, sleek, new, and ease of casting or extrusion into the seductive
curves that defines the look. Most importantly, aluminium’s lightness translates into, among
other benefits, greater speed — some all-aluminium streamlined trains have been reported to

provide a smooth comfortable ride and have even broken speed records [33].
1.4  What has changed about the strengths and weaknesses?

The characteristic behaviour of a material is normally highly reflective of the interdependence
/ correlation of the material’s intrinsic properties. For the purposes of this study and in the
particular context of automotive engine components, aluminium has been selected as the
candidate material for an investigation towards improving its performance and/or optimizing
its suitability as a candidate light-weight design material. Despite the diverse use and portfolio
of favourable properties of aluminium, the full potential use of aluminium is yet to be realized.
Great hope of exploiting this incumbent potential lies in the development of AMCs. AMC
material systems present a superior combination of properties in such a way that today no
existing monolithic material can rival [4]. Over the years, AMCs have been tried and
effectively used in various applications in different engineering sectors. These include both
structural and non-structural applications as well as functional applications. Driving forces for
the noted utilization of AMCs in these diverse sectors include performance, economic and
environmental benefits. In the context of the transportation sector, key benefits of AMCs
include less noise, lower fuel consumption, and associated lower airborne emissions. With the
increasing stringent environmental regulations by key stakeholders, and the emphasis on
improved fuel economy, an increased use of AMCs in the transport sector will be almost

inevitable and irresistibly desirable in the coming years.

Other major advantages of AMCs compared to monolithic materials include greater strength,
improved stiffness, reduced density (weight), improved high temperature properties, controlled
thermal expansion coefficient, thermal/heat management, enhanced and tailored electrical
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performance, improved abrasion and wear resistance, control of mass (especially in
reciprocating applications), and improved damping capabilities [4]. These advantages can be
quantified for better appreciation. For instance, the elastic modulus of pure aluminium can be
enhanced from 70GPa to 240GPa by reinforcing it with 60 vol% continuous alumina fibre [34,
35]. On the same note, incorporation of 60 vol% alumina fibre in pure aluminium results into
a decrease in the coefficient of thermal expansion from 24 ppm/°C to 7 ppm/°C [34, 35]. It is
also possible to process Al-9% Si-20 vol% SiCp composites that have a wear resistance
equivalent to, or even better than, that of grey cast iron [34, 35]. All these examples demonstrate
the possibility of altering several technological properties of aluminium or aluminium alloy by
more than two-three orders of magnitude through the incorporation of appropriate

reinforcement in suitable volume fractions [5].
1.5 Problem Statement (The Research Gap)

It is understood that reinforcement of light metals, especially aluminium, opens up the
possibility of their being used in areas where weight reduction is first priority. Karl U. Kainer
[36] identifies development objectives for light metal composite materials as: (i) Increase in
yield strength and tensile strength, both at room temperature and at elevated temperatures while
still maintaining the minimum ductility / toughness, (ii) Increase in material’s creep resistance
at higher temperatures as compared to that of conventional alloys, (iii) Increase in fatigue
strength, especially at elevated temperatures, (iv) Improvement of thermal-shock resistance,
(v) Improvement of corrosion-resistance, (vi) Increase Young’s modulus, and (vii) Reduction
of thermal percentage elongation. Since these objectives in themselves are not mutually
exclusive especially in the context of engineering design, efforts need to be made towards

ensuring that an improvement in one does not necessitate a trade-off with another per se.

From a general perspective, AMCs are intended to substitute monolithic materials including
aluminium alloys, ferrous alloys, titanium alloys and polymer based composites in several
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applications. It has been acknowledged that although increasing development activities have
led to improved system solutions using metal composite materials, the use of especially
innovative systems, particularly in the niche area of light metals, has not yet been realized [5].
The reason for this is said to be insufficient process stability and reliability, combined with
production and processing problems as well as inadequate economic efficiency. Over the years,
it has been recognized that in order for AMCs substitution for monolithic materials in
engineering system to be wide spread, there is a compelling need to re-design the whole system
in order to gain additional weight-and-volume savings as well as reduced production costs.
These goals need also embrace processing stability, reliability, and adequate economic

efficiency [5].

It is hereby considered that an opportunity for re-designing AMCs system lie in effective use
of innovative reinforcement system(s). With particular reference to the automotive and
aerospace industry where light-weighting is currently a primary design consideration, other
costing-related factors validate the quest for new approaches to AMCs formulation and
processing technologies. One area that is bound to benefit most from innovative AMCs system
is the engine and its peripheral systems. Bearing that in mind, it is worth noting that automotive
engines are nowadays more often than not operated at high speed and high temperature [34].
While at it, they are also expected to meet stringent emission regulations. As such, engine
components are required to be tighter and lighter [34]. Therefore in this quest, density and
thermal-mechanical properties are bound to play a critical role in the materials engineering

process.

At the on-set, it is hereby further contended that improving thermal properties of the material
for automotive engine components such as engine-blocks, cylinder-heads, connecting rods, and

other associated components can increase the engine’s operating temperatures, potentially
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yielding improved operational efficiency, lower fuel consumption, and lower carbon footprint
on the environment. This contention is founded in the fundamental Law of Conservation of
Energy, which states that the total amount of energy in a closed system remains constant [37].
This implies that “Energy cannot be created or destroyed, it can only be changed from one form
to another” — Albert Einsten. Considering the thermal energy from a combusted unit of fuel to
be constant, this energy can either be converted to useful work of driving the vehicle or
dissipated through heat losses avenues such as the exhaust gases, the water coolant and oil
cooling systems. It is therefore easy to appreciate that engine thermal management systems do
play a great role in the development and calibration of engines towards optimization of

performance in terms of power output, fuel consumption, and emissions.

The engine thermal management system may be considered to be constituted of three eminent
sub-systems. (i) The fuel-combustion system, i.e., thermal profile during the fuel injection-
combustion-exhaustion cycle inside the internal combustion chamber - The normal operating
temperature for most engines is in a range of 90°C (195°F) to 105°C (220°F) [38], (ii) The
water-cooling system — The coolant mixture can reach up to 135 °C (water's standard boiling
point of 100 °C can be exceeded since the cooling system is both pressurised and uses a mixture
with antifreeze), which is then cooled with 20 °C air [39], and (iii) The oil-cooling system - A
quality conventional motor oil may tolerate oil sump temperatures of up to 121°C (250°F), but
starts breaking down over 135°C (275°F) [40]. Although professional racing teams have been
reported to experiment with full-synthetic oils withstanding 177°C (350°F) or more, the
traditional approach has been to try holding oil temperatures between 110°C (230°F) and 127°C

(260°F) [40].

As of today, the latter two sub-systems present a significant limitation to the engine’s feasible

operating temperature. Holding the role and settings of the latter two sub-systems as a constant,
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a window of opportunity to improve the engine’s thermal management system exists in
managing the heat transfer between the first sub-system and these latter two sub-systems. This
opportunity is encompassed in thermal engineering of the material(s) used to make the
constitutive engine components and peripheral systems. To date, design engineers are normally
limited by the properties of materials that are available and the technique that can be used for
fabricating the end-product or its components [1]. The mission of the current study is to
challenge this status quo by re-engineering the thermal profile of the constitutive AMCs for
engine applications by way of re-designing their reinforcement system. It is hoped that for
every unit of combusted fuel, less energy dissipation will be necessary towards achieving
optimum performance of the engine with reference to costs, vehicle weight / payload, fuel

consumption, and emissions.
1.6  Aim of the study

In this study, primary interest is on the potential application of the material so developed in the
automotive and aerospace industries and particularly in the engine components. The study
encompasses an experimental exploration into the efficacy of using nanoclays as an
economically competitive ingredient for enhancing thermal, mechanical, and machinability
properties of aluminium and/or aluminium alloys. The objective is to characterize nanoclays-
reinforced aluminium-based metal matrix composites (AMCs) and gain an insight into viable

processing technigues.

Clay minerals have long been used in several applications, ranging from industrial materials
to consumption in health-related products [41]. Clay belongs to a wider group of minerals that
may simply be described as hydrous silicates that occur naturally as either residual clay or
transported (sedimentary) clay. Residual clays are produced from the surface weathering of
rock or shale (a dark fine-grained sedimentary rock composed of layers of compressed clay,
silt, or mud) through various means, and they are generally found in the place of origin. They
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could also be formed by the chemical decomposition of rocks. A common characteristic of clay

minerals is their fine-grained (nanoscale) natural structure with sheet-like geometry.

The essential nanoclay raw material is montmorillonite and several researchers have explored
the general nature of nanoclays from various perspectives. Amongst them, Uddin Faheem [41]
reported on the structural, chemical, thermal, and electrical properties of Clays, Nanoclays, and
Montmorillonite. Other relevant studies on nanoclays [231-238] are cited in Chapter 4. From
an industrial perspective, the introduction of nanoclays as fillers or additives in polymers for
various desired effects has been of enormous interest for research and development studies
[41]. As a result, there has been a significant viable commercial interest in the use of

nanoclays for the modification of polymeric material for numerous applications [41, 44-47].

To date, use of nanoclays as a reinforcement for aluminium-based metal matrix composites
(AMCs) has not yet been reasonably explored. One notable limitation of nanoclays relates to
their low functional threshold temperature, i.e. organic layered silicates begin to decomposion
above 200°C, which is relatively low compared to processing temperatures for most industrially
used metals [41]. However, two nanoclays (Nanofil 116 and Cloisite C++DEV) have been
engineered for higher temperature regime applications and introduced into the market by
Southern Clay Inc. USA. It is envisaged that their relatively improved threshold decomposition-
temperature present a new set of possibilities towards the development of novel Nanoclay-

infused Metal Matrix Composites.

For this study, and with due reference to alloying elements known to influence thermal-
mechanical properties of aluminium, a copper-based heat-treatable 2xxx-series alloy has been
selected as the preferred matrix. As the nanoclays consists of alumino-silica structure, it is
expected that the clays can induce properties of alumina and silica reinforcement in the

aluminium alloy matrix. By virtue of the selected nanoclay’s chemical elements being
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significantly similar to most of those found in the selected matrix alloy (Al, Si, and Mg), it is
envisaged that the nanoclay can compatibly be integrated into the matrix, thereby inducing the
inherent advantage of being nano-structured and chemically coherent with the matrix. For the
sake of simplicity of this study, Nanofil 116 was adopted as the datum nanoclay while Cloisite

C++DEV was used for the purposes of supplementary comparative analysis.

The incumbent potential in use of the nano-phased Nanofil 116 to especially improve thermal
properties of aluminium alloys lies in: (1) the potential to optimize surface area of interfacial
interactions — nanoclays are known to exhibit a very high aspect ratio [41], (2) As bentonite is
the primary ingredient in Nanofil 116, there are traces of ceramic particles such as AlOs and
ceramics are known to exhibit relatively low thermal conductivity [42], hence their typical use
as refractory materials, (3) There is potential for chemical reactions between Nanofil 116’s
functional groups and aluminium — since Aluminium has a high affinity for oxygen, it could
have chemically gained some oxygen atoms from the silicate layers of Nanofil 116 through a
localized thermally induced oxidation process, thereby increasing ceramic particles %wt
content and distribution, and (4) Nanofil 116 comprises of a layered structure — this could
significantly optimize heat transfer resistance especially if these layers are perpendicularly

oriented to the direction of heat flow especially between the matrix and alloying elements [43].

Interestingly at comparative level, nanoclays have been used as reinforcement particles in
polymer matrix composites [44-46]. Superior improvement in properties of polymer has been
observed in tensile, wear, and thermal properties due to the alumina/silica hard structure of
clay. Such increase in properties has been observed at relatively low clay concentrations, with
added advantage of low cost of commercially available nanoclays compared with SiC, Al20s,
W(C and other hard ceramic particle reinforcement [47]. Considering the cost effective benefits

of clay particles and the superior property enhancement in clay-filled polymer material, it is
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hoped that the success in use of nanoclays in polymer systems can be replicated in metal
systems. Accordingly, it is envisaged that a new breed of economically efficient AMCs with
enhanced mechanical, thermal and machinability properties will hereby materialize. Further, it
is hoped that a new direction can be pointed towards viable innovative processing technique(s)

for AMCs and/or Nanoclay-AMCs.
1.7 Impact and/or significance of the study

From a hypothetical perspective, a significant improvement of one property of the alloy without
compromising other properties can open up incredible opportunities for the automotive
industry. For example, a significant improvement of thermal properties of the selected alloy
can potentially interpret into a number of possibilities: (1) making of engine parts and/or
components with thinner walls, with the knock on effect of direct weight reduction, (2) raising
the temperature at which engines operate, thereby resulting to (3) improved operational engine
efficiency by minimizing energy lost through the exhaust gases and cooling systems, (4)
increased power output per unit of fuel intake through enhanced fuel combustion cycle
efficiency, and (5) a resultant reduction in the automotive industry’s carbon print, and (6)
Improvement on mechanical properties such as tensile strength would similarly interpret to use
of thinner-walled structural components with additional direct weight savings. For general
reference, a typical rule-of-thumb estimate for the trade-off between weight and fuel economy
has been that a 10% reduction in vehicle weight yields approximately 5.5% improvement in

fuel economy [10].

Another significant potential impact relates to the reduction of production costs. Since some of
the chemical elements in the nanoclays are also found in some aluminium alloys, e.g.
magnesium and silicon, there is an embedded possibility that we can produce nanophased
standard alloys using only elemental aluminium powder and nanoclays as the feed stock
without necessarily adding on those elements independently. Such powder blends would then
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simply need to be compacted and sintered into end products with properties that are either

similar to (or even better than) those of conventionally processed alloys.

All these benefits would be fully realizable upon effective transfer of the favourable
improvement(s) on properties of AMB-2712 alloy to other aluminium alloys without

significantly compromising their current properties.
1.8 Scope and structure of study

Despite the broad focus on the automotive industry applications and potential transferability of
properties to the building and construction industry, the scope of properties of interest has been
focused on relevance to the context of engine components. Powder metallurgy has been used
as the primary processing technique. Effects of nanoclay content on mechanical, thermal, and
machinability properties have been investigated. The study encompasses development of
economically viable nanoclay-reinforced AMCs. The AMCs sensitivity to inherent processing
variables has been explored. Potential use of alternative processing techniques has also been

evaluated based on acquired understanding of the characteristics of AMCs developed herein.

Towards unlocking the inherently enormous potential, the study’s experimental process has
been segmented into three progressively integrated phases. Firstly, the suitability,
compatibility, and processability of raw materials are assessed based on the materials’
respective physical and chemical properties. This content constitutes the chapters on literature
review, research methodology and design, and materials analysis. Secondly, the effect of
nanoclays on the AMC are investigated from the functional perspective of thermal, mechanical,
and machinability behaviour. This content is reported in the succeeding three chapters. Thirdly,
focus is shifted onto the processability of the AMCs towards optimization of the processing
variables. This makes up the chapter on processability, which is then followed by a conclusions

and recommendations chapter.
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CHAPTER 2:

LITERATURE REVIEW

2.1 Introduction

Material selection is a key element in the multifaceted engineering design space. In pursuit of
meeting the functional demands of a design product or component, the material’s physical,
chemical, mechanical, and processing requirements or limitations play a critical role. To
ascertain that the candidate material does meet at least the bare minimum design requirements,
experimental analysis comes in handy by way of providing a means of characterizing the
material quantitatively and qualitatively beforehand. Important reference performance
indicators that are commonly used can broadly be classified into three clusters based on the
material’s response to:
(1) Thermal energy — phase change, microstructure, coefficient of thermal expansion,
thermal diffusivity, specific heat capacity, etc.,
(2) External loading — direct, shear, bending, impact, quasi-static loading, cyclic loading,
etc., and
(3) Processing Variables — formability, rheology, machinability, safety considerations,

processing costs, physical-chemical properties, compatibility with other materials, etc.

The characteristic behaviour of a material as measured against the aforementioned indicators
is normally highly reflective of the interdependence / correlation of the material’s intrinsic
properties. For the purposes of this study and in the particular context of automotive engine
components, aluminium has been selected as the candidate material for an investigation
towards improving its performance and/or optimize its suitability as a candidate light-weight
design material. The ensuing background check is woven around the aforementioned three

broad clusters. Based on limitation of scope for the current study, review relating to the three
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clusters have been addressed and respectively reported under the sub-headings of thermal

properties, mechanical properties, and machinability.
2.2  Thermal Properties

It is envisaged that improvement of thermal properties of the material for automotive engine
components such as engine-blocks, cylinder-heads, connecting rods, and other associated
components can increase the engine’s operating temperatures, potentially yielding improved
operational efficiency, lower fuel consumption, and lower carbon footprint on the environment.
This is founded on the understanding that an engine’s thermal management systems play a
great role in the development and calibration of engines towards optimization of performance
in terms of power output, fuel consumption, and emissions as discussed in Chapter 1. In that
chapter, three constitutive sub-systems were identified, being the fuel-combustion system,
water-cooling system, and the oil-cooling system. Thermal engineering of the material(s) used
to make the constitutive engine components and peripheral systems was identified as an
opportunity for managing heat transfer amongst these systems towards improving the engines

performance.

In the technical design space, design engineers are normally limited by the properties of
materials that are available and the technique that can be used for fabricating the end-product
or its components [48]. In the quest for light-weight materials in the context of engine
components for the automotive and aerospace industry, density, thermal, and thermo-
mechanical properties play a critical role in the materials selection process.

2.2.1 Density — Light Weighting

Density is a function of the mass of the atoms making up the materials and the distance between
them [49]. Research shows that a material’s processing technology and parameters do have a
significant impact on its densification as well as the thermo-mechanical properties [50-62]. For
better appreciation, Zeng, R. with the colleague Rand, B. [53] and Forrester, J.S. et al [54]
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investigated the effect of particle size distribution and particulate agglomeration in alumina.
The former sought to understand the effect of particle size distribution, powder aggregation,
and their effect on sinterability of alumina powders. They found that a wider particle size
distribution generally leads to a lower true porosity, i.e. while agglomeration plays an important
role, usually it restrains the packing, resulting in a higher true porosity. They further observed
that a smaller mean primary particle diameter and lower true porosity does not guarantee a
higher final density of sintered ceramics. In general, they noted that a higher level of

agglomeration will cause poorer sinterability [53].

Forester, J.S et al [54] sought to determine the suitability of milling of alumina for the
production of a sufficiently small grain size to promote sintering at lower temperatures. With
the understanding that temperatures around 1700°C are normally required to sinter alumina
powder into useful ceramic monoliths, they hypothesized that grain size reduction using high
energy mechanical milling could be used to promote sintering at lower temperatures. They
further reiterated that agglomeration promotes uneven sintering, which sometimes results in
mechanically weak and porous products. In their study, a significant reduction in sintering
temperature to below 1200°C was realized. Besides their results, they identified with the work
of Inada et al [63] who reported that alumina powder particles in agglomerates do increase the
volume and size of pores in green compacts, thereby causing a decrease in the densification
rate in the compact. Since the target AMB-2712 matrix and nanoclay reinforcement systems
are in powder form, the potential effect of agglomeration and its possible elimination thereof

should be borne in mind.

Iwaoka, T. and Nakamura, M. investigated the effect of warm- versus cold-compaction of
magnesium and aluminium powders. They examined the effect of compaction temperature in

the range of 301K — 423K while subjecting the specimens to 489MPa compaction pressure.
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They observed that lamination cracks occurred in pure magnesium compacts during the
compaction process. This behaviour was not observed in other conditions. At the higher
temperature limit, comparatively smaller pores were observed to disappear. Porosity of the
compacts decreased with increasing temperature. Addition of aluminium powder (into
magnesium powder) was observed to decrease the spring-back effect and also reduce porosity.
This was attributed to aluminium’s better deformability compared to magnesium. The warm
compaction was observed to reduce expansion of the compacts in the radial direction. Upon
sintering, it was observed that the bonding between powder particles was stronger due to warm
compaction than the bonding due to cold compaction.

2.2.2 Implications of thermal properties

Since heat is generated in an engine through combustion of fuel, it is imperative that the engine
material should be able to either withstand the resultant high temperatures and/or conduct away
the heat to avoid localized melting or microstructural phase change. All factors being held
constant, an engine material with enhanced thermal resilience would be relatively more fuel-
efficient than one with relatively low thermal resilience. Thermal resilience may be perceived
as the derivative sum-total of the interaction between heat-transfer and the bulk body of an
engineering material. Reference quantitative measures of this interaction may be considered to
include thermal conductivity, thermal diffusivity, specific heat capacity, melting point, glass-
transition temperature, coefficient of linear thermal expansion, thermal shock resistance, and

creep resistance [64].

In many materials, thermal profile of a material has a significant effect on the material’s
mechanical properties such as strength, elastic limit, proportional limit, yield strength, ultimate
tensile strength, ductility, toughness, fatigue ratio, and loss coefficient [65]. These properties
can be traced back to the material’s atomic packing. For instance in crystalline materials,

toughness, which is a derivative of strength and ductility, is strongly dependent on the
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material’s crystal structure. For example, Face Centred Cubic (FCC) materials such as
aluminium are typically ductile while hexagonal close packed materials tend to be brittle [65,
66]. On the other hand, Body Centred Cubic (BCC) materials often display dramatic variation
in the mode of failure with temperature; they are more brittle at lower temperatures and more
ductile at higher temperatures [42, 65].

2.2.3 Heat Transfer

In engine components, heat transfer with respect to the constitutive materials is mostly through
conduction, which is the transport of energy due to molecular vibrations. Other modes such as
radiation and convection, (energy transfer modes involving molecular motion and interaction)
may be deemed relatively negligible. Nonetheless, these latter modes are actively involved in
the fluids-based cooling systems of the engine by way of carrying away heat from the engine
and dissipating it elsewhere [67, 68]. Accordingly, the material’s thermal conductivity and/or
barrier properties are critical design considerations. In a composite material system, it is
envisaged that these thermal properties are influenced by a heat-transfer-matrix comprising of
five key factors: (1) The chemical element(s) constituting the matrix and reinforcement, (2)
Relative content and distribution / dispersion of the alloying or reinforcing elements in the
system, (3) Interfacial boundary conditions and geometry of the dispersed phase relative to the
matrix, (4) The atomic and/or granular packing density, and (5) The dimensions, densification,

and nature of microstructure.

Firstly, different chemical elements have different thermal conductivities. For instance,
aluminium is reported to have relatively higher thermal conductivity than beryllium,
magnesium, tin, and zinc, while on the other hand its conductivity is lower than that of Copper
[69]. This aspect is intertwined with the contextual temperature, i.e. the thermal conductivity
of some materials is known to vary with temperature [42]. For example, the thermal

conductivity of aluminium and gold at reference temperature of 25, 125, and 225°C, are
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reported to have maximum conductivity at the 125°C while their respective conductivities at
both 25°C and 225°C are the same and relatively lower. Copper and iron on the other hand have
their conductivity declining at these same reference temperatures. Contrary to this latter trend,
the thermal conductivity of platinum and stainless-steel is shown to increase over the same

reference temperatures [42].

Secondly, alloying elements in composite materials systems are purposely used to induce one
or more of their respective properties. One of the approaches for improving thermal
conductivity involves the use of reinforcement elements with higher thermal conductivity [70].
For instance, the use of copper (401 W/m.K) as an alloying element in aluminium implicitly
improves the alloy’s thermal conductivity whereas silicon carbide (120 W/m.K) would lower
the thermal conductivity despite having the highest thermal conductivity amongst the existing
structural ceramics [3, 42]. It is expected that the percentage weight content and distribution of
the dispersed phase relative to the matrix affects the bulk material’s properties from one point
to another. Accordingly, a homogenous dispersion would be preferred for uniform thermal-
conduction or thermal-barrier properties. It should be noted here that the requirements and/or
choice of thermal properties, e.g. thermal-conduction versus thermal-barrier properties, do vary

from one industrial application to another.

Thirdly, heat transfer is a phenomenon that is dependent on interfacial boundary conditions
[43] just like most other properties of materials. In general, Metal Matrix Composites (MMCs)
intrinsically exhibit diverse interfacial boundary conditions dependent on the constitutive
chemical elements and varying geometry of the dispersed phase. Research shows that, for
composite materials consisting of a continuous matrix phase with dilute concentrations of

dispersions with spherical, cylindrical, and/or flat geometry with a thermal barrier resistance at

24



the interface between the components, the effective thermal conductivity not only depends on

the volume fraction of the dispersed phase [71-75], but also on the dispersion size [43].

The effective thermal conductivity of composites can be affected by a thermal barrier resistance
at the interface between the individual composite’s elements [43, 75, 76]. In studies conducted
by B. R. Powel et al [76] and D. P. H. Hasselman et al [77], thermal barrier resistance was
attributed to the combination of a poor mechanical or chemical adherence at the interface and
a mismatch in the coefficients of thermal expansion thereby possibly causing an interfacial gap.
This contention was affirmed by comparative experimental data for thermal diffusivity, which
depicted strong temperature dependence as the composites were heated towards the original

processing temperature.

Through mathematical modelling, it has been shown that interfacial thermal barriers are
expected to be effective if they are non-parallel to the direction of heat flow [43]. The
mathematical model indicated that, when compared to spherical and cylindrical phase
geometry, a flat-plate geometry for heat flow perpendicular to the plane of the plate will be
most effective in lowering the thermal conductivity of a material as the boundary conductance
tends to zero. The studies on effect of interfacial barriers on conductive properties can be
correlated to earlier studies on the effective thermal conductivity of single-phase materials with

cracks [43, 78, 79].

Fourthly, the fundamental atomic and/or granular packing mechanisms significantly affect the
effectiveness of efforts towards enhancing thermal properties. An insightful understanding of
the dynamics involved therein can be derived from studies on thermal barrier coatings (TBCSs).
Even though the study of TBCs is outside the scope of the current study, the heat-transfer
implications of the interfaces in TBCs and AMCs contexts are similar and a great opportunity

lies in the ability to connect the macroscopic failure phenomena to the microscopic properties.
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These coatings are most commonly used on aircraft engines to protect the engine from the
extreme combustion environment [80, 81]. The TBCs are comprised of ceramics, with
favourably low thermal conductivity, deposited on the engine metals. The ideal engine would
operate at very high temperatures without failure in order to have the highest fuel efficiency
[81]. Typically, the combustion gas is held at temperatures above 1370°C, while the metal
super-alloys that constitute the engine components have melting points ranging from 1230 —
1315°C. This makes it imperative to either cool the metal components for instance by drilling

holes and flowing cool air, or to provide thermal protection from the combustion gas [81, 82].

Unlike the automotive industry where ideas for optimizing the cooling techniques and engine
metal alloy compositions are still feasible, this concept reached a point of diminishing returns
long ago with respect to the aerospace industry [81, 83]. As a result, engineers have since
looked to ceramic materials as a means of providing a TBC that will: (i) extend the life of gas
turbine components, (ii) reduce cooling requirements, (thereby decreasing fuel consumption),

or (iii) allow for an increase in inlet temperatures (thereby increasing thrust) [81, 84].

The challenge of working with ceramics is that they typically have completely different
thermo-mechanical properties from the material to which they are expected to adhere, namely
a metallic alloy [81]. As a result, the usual thermal cycling that such Metal-Ceramic interfaces
undergo tends to stress these interfaces to the point of fracture and spallation (chipping-off)
[81, 82]. A. Christensen et al [81] sought to characterize the Metal-ceramic interfaces at an
atomic level with the aim understanding the exact mechanisms by which the interface is
formed, stressed, fractured, and spalled. They sought to understand what roles circumstantial
phenomena such as oxidation and temperature plays in stabilizing or destabilizing the interface.
Central to the factors identified for failure of TBCs is the induced strains caused by thermal

expansion mismatch at the interfaces. Other factors noted include the build-up of thermally
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grown oxide layers (some of which are very brittle), contaminants-induced stresses (which
decrease adhesion during thermal expansion), migration of ions (leading to formation of
chemical bonds under reducing conditions at high temperatures), segregation of components,
phase transitions, porosity, the coating fabrication procedure used, and residual stresses after
thermal treatment. It can be appreciated that this interfacial challenge can be extended to

interfacial relationship between the matrix and reinforcement particles in an AMC.

Lastly, the dimensions, densification, and nature of microstructure of the composite material
are dependent on the processing temperature profiles [85]. This is further amplified by the
relative percentage weight content of alloying elements that render the alloy to be either heat-
treatable or not [86, 87]. For instance, small amounts of magnesium added to any silicon-
containing alloy will render it heat-treatable, but the converse is not true because excess
magnesium over that required to form Mg.Si sharply reduces the solid solubility of this
compound [87]. Heat-treatment on the other hand has been shown to affect thermal
conductivity of some aluminium alloy systems. For better appreciation of the impact of heat
treatment, it has been demonstrated that the thermal conductivity of some Al-Si-Cu alloys can
be increased by more than 60% when adopting T7 heat treatments [88, 89], which entails
solution heat treatment and overaging. It has been mentioned that effects of heat treatment on
the microstructure, such as grain refinement in aluminium alloys, increases the number of grain
boundaries [88]. Since grain boundaries are considered as defects in a crystal structure, it has
been suggested that their increase can be expected to reduce both electrical and thermal
conductivity. Materials with coarse grains have been observed to exhibit relatively poor
mechanical properties as compared to ones having fine grains [88]. However, the thermal
conductivity of a rheocast AISi1l0Mg (globular microstructure) has been measured to be about
that same as that of a corresponding traditionally cast alloy (dendritic microstructure).

Therefore, it has been concluded that the alloy composition and thermal history (heat
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treatments associated with precipitation) constitute the most important factors that determine

thermal conductivity while melt treatments do not have appreciable effect [88].

Resultant effects of the proposed heat-transfer-matrix manifest themselves in the end-product
in various ways. For example, the aluminium alloys used in cylinder heads will anneal at
350°C, but considerable softening begins at around 290 — 310°C [90]. Similarly, it has been
reported that a magnesium-free aluminium alloy yielded improved elevated temperature
properties (especially at 300°C), combined with good ductility and high fatigue strength at
room temperature [91]. Evidently, the product’s behaviour in the thermal-mechanical design
space significantly depends of the heat-transfer-matrix. Bearing in mind the diversity of factors
and/or variables that influence a material’s heat-transfer-matrix, it is imperative that
quantification of the effects attributable to key factors / variables does have a significant

potential towards optimization of a material’s heat-transfer-matrix.

Useful quantitative measures of this effect of heat-transfer-matrix include thermal
conductivity, coefficient of linear thermal expansion, thermal diffusivity, specific heat
capacity, wear rate, and thermo-mechanical test results. Analytical evaluations include phase
change and microstructural analysis. Directly related failure mechanics include galling, thermal
fatigue and creep. These resultant effects interpret to engineering design implications and
economics. For instance, optimizing the thermal properties of an engine-block and cylinder
head material can interpret into: (a) designing engines with thinner wall thicknesses,
interpreting into using less material and lighter-weight engines, (b) creating an opportunity to
possibly design engines that run at a relatively higher temperature, thereby enhancing their
performance efficiency and useful life, and (c) potential fuel economy and reduced carbon

emissions.
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2.2.4 Heat Transfer Matrix Optimization

Three broad areas are hereby envisaged to directly present an opportunity for optimization of
the heat-transfer-matrix of an AMC-system. With particular reference to thermal properties,
firstly there is materials engineering [36, 90-103] — combination of the intrinsic physical,
chemical, mechanical, thermal, and other properties and with due consideration of the inherent
synergies amongst the different materials. Significant advancements in this respect can be
identified with the development of advanced MMCs [7, 21, 35, 104, 105]. Thus far, materials
that have been used to improve the properties of aluminium and its alloys include ceramics
such as SiC, Al:Os, AIN, WC, TiB2, ZrSiOs, and Boron Carbide [4-7, 22, 100, 106-108].
Despite their having low thermal conductivity and improving the metal’s mechanical
properties, these ceramic reinforcement systems have been associated with intolerable tool

wear due to the particles’ abrasive properties [108].

Relatively recent research publications document the use of Carbon fibre, Carbon Nanotubes,
Fly Ash, and Nanoclays [4, 97, 98, 108-112]. However, in the case of using carbon fibres,
carbon reacts with aluminium to generate a brittle and water soluble compound, Al4Cs, on the
surface of the fibre [4]. To prevent this reaction, the carbon fibres are coated with nickel or
Titanium Boride. The use of Fly Ash has been discredited due to its insufficient chemical and
mechanical stability [5]. From the reviewed scanty literature relating to the use of nanoclays in
aluminium, nanoclay particles that were preheated to 500°C were introduced to a molten Al-
6061 metal pool through a vortex created in the melt using an alumina-coated stainless steel
stirrer [110-112]. Since no details of the nanoclay are given whatsoever, it is difficult to
establish if the nanoclay was still actively functional at the fabrication temperature as it

interacted with the metal in a molten state.
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Secondly there is the role of availability and choice of processing technology [113-115]. Given

the same set of ingredients, different technologies require working at different temperatures,

pressures, and environmental conditions, thereby yielding end-products that have diverse sets

of properties. Examples include, among others, the semi-solid metal casting technologies,

spark-plasma sintering, and conventional powder metallurgy, i.e:

(1)

(2)

©)

Semi-solid metal casting technologies such as thixocasting and rheocasting are
associated with relatively finer microstructure compared to conventional stir
casting [116].

Spark-Plasma-Sintering (SPS) [109, 117-120] is identified with (i) typical
operational or “monitored” temperatures (200-2400°C) that are commonly 200 to
500°C lower than with conventional sintering, thereby being classified as a lower-
temperature sintering technology, (ii) high heating rates (up to 1000°C/Minute),
(iii) High compaction pressures (up to 1000 MPa), (iv) relatively short processing
times (approximately 5 to 25 minutes) with high uniformity and without changing
the particles’ characteristics, and (v) significant influence on microstructure of the
consolidated material and thereby mechanical response.

Powder Metallurgy (P/M) and related processes [98, 99, 104, 121-124] are
generally associated with (i) Product cost effectiveness, and (ii) Product
uniqueness. Amongst other considerations, some combinations of chemical
constituents, control over microstructure and porosity, and choice of feasible
working temperatures can be achieved by starting from a powder feedstock, which
would otherwise be very difficult or sometimes impossible in conventional

processing routes.

Thirdly, heat treatment and aging of the finished product affects a broad spectrum of properties

including the microstructure and thermal-mechanical properties [87, 110, 125]. Heat treatment
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is normally used to refine the grains structure of the material. The mere fact that a material can
be heat-treated to improve its microstructure is reflective evidence that the material’s thermal

properties significantly relate to the material’s constitutive construction at grain level.
2.3 Machinability

Machining is a common integral aspect in several manufacturing processes especially when
working with metals. Conventional machining operations include turning, milling, drilling, and
their respective related machining operations [126-130]. Advanced machining technology
includes the use of, among others, electron beam, plasma, laser technologies, and Wire-
Electrical-Discharge-Machining [126, 131]. Machinability of a material quantifies the
machining performance of that material, which may be defined for a specific application by
various criteria such as tool life, surface finish, chip evacuation, material removal rate and
machine-tool power [132]. Elsewhere [133, 134], machinability of a metal is reported to relate
to the ease with which the metal can be machined to an acceptable surface finish. Besides
environmental considerations of machining processes, machinability of a metal affects the
costs dynamics of a production process with a knock-on effect on the absorption costing of the
end-product. It is imperative, therefore, that it is considered as a pivotal factor in the design
space.

2.3.1 Quantification of Machinability

Different automotive engine components require machining to different surface finish and
tolerances. To aid comparative analysis, various approaches have been used in quantifying
machinability of aluminium and its alloys. The most commonly used approaches include,
among others (1) the tool wear rate / tool-life, (2) tool-force and power consumption, and (3)
the surface finish method [128, 132, 133]. Each of these has unique advantages and
disadvantages. For instance, the tool-wear rate approach can be useful when comparing

materials that have similar properties and power consumptions but one of the materials happens
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to be more abrasive, thereby decreasing the tool-life [133]. The major disadvantage of this
approach is that tool-life is dependent on more than just the material the tool is machining and
is influenced by other factors such as the cutting tool material, tool geometry, machine
condition, tool clamping, cutting conditions, i.e. the speed, feed, and depth of cut. Furthermore,
machinability for one tool type cannot be compared to another tool type [133]. From an
economic perspective, it can be expected that this approach also necessitates the use of

relatively large test specimens, which may be considered onerous and wasteful of resources.

The other two methods may be effective even with relatively small experimental specimens. In
the tool-force and power consumption approach, tools forces are often given in units of specific
energy, which leads to a rating method where higher specific energies equal lower
machinability. The advantage of this method is that outside factors have little effect on the
rating [133]. Surface finish method has the advantage that it is easily measured with an
appropriate instrument. Nevertheless, it has the limitation that its relevance is tiered with the
need to use only the finish cuts which often requires a certain accuracy that is naturally
acclaimed to achieve a good surface finish. Consequently, surface finish during rough cuts is

often irrelevant. This rating method also does not always agree with the other approaches [133].

Reference to chip formation is often effectively used to mitigate limitations associated with the
surface finish approach. However, it should be noted that chip formation is a derivative of the
material’s properties and cutting conditions [126]. To appreciate this, brittle materials are
known to form discontinuous chips when machined at low cutting speeds. On the other hand,
ductile materials cut at high speeds and relatively small feeds and depths tend to form long
continuous chips resulting to a good surface finish. To the contrary, when ductile materials are
machined at low-to-medium cutting speeds, friction between the tool and chip tends to cause

part of the work material to adhere to the rake face of the tool near the cutting edge [126]. This
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tendency results into cyclical formation, growth, instability and eventual break-off of a built-
up-edge (BUE). Much of the detached BUE is carried away with the chip, sometimes taking
portions of the tool rake face with it, which reduces the life of the cutting tool. Portions of BUE
not carried off with the chip become imbedded in the newly created work surface, thereby
causing the surface to become rough [126]. It is reported that aluminium alloys as well as
materials with a high shear zones typically do not tend to form BUE and would generally rank
as more machinable [133]. It is elsewhere averred that, aluminium alloys as a class are
considered as the family of materials offering the highest levels of machinability, as compared
to other families of lightweight metals such as titanium and magnesium alloys [132].
Nonetheless, there is still a room for improvement.

2.3.2 Enhancement of AMCs Machinability

Several researchers have evaluated machinability of aluminium and aluminium Metal Matric
Composites (AMCs) from diverse perspectives with due consideration of variables that affect
machinability. It is generally understood that in order to meet the diverse target output
benchmarks of a machined surface for a particular application, a variety of variables come into
play. These can broadly be categorized into two groups: (1) variables related to the machining

process, and (2) variables related to the material.

The first category includes key variables such as: (a) the effect of machining conditions such
as the cutting speed, feed rate, depth of cut, and lubrication [135, 136], (b) effect of the cutting
tool material, tool design, and tool surface modification [127, 128, 137-140]. On the other hand,
the second category includes factors such as: (c) effect of material’s processing techniques and
the inherent processing variables [141-143], and (d) the effect of additives or alloying elements
[129, 130, 144-148]. Of significance is the versatility and impact offered by the approach of

using alloying / fortifying ingredients towards improving the machinability of AMCs [94].
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Relating to the second category and with significant simplicity, Schneider [133] broadly
categorised factors affecting machinability into two clusters. The first cluster relates to the
condition-of-work-materials comprising of eight factors identified as microstructure, grain
size, hardness, chemical composition, fabrication process, heat treatment, yield strength, and
tensile strength. The second cluster constitutes the physical-properties of the individual
material groups such as the modulus of elasticity, thermal conductivity, thermal expansion, and
work hardening. Other identified factors considered important include the operating conditions,
cutting tool material and geometry, as well as the machining process parameters [133]. The
current study is focused on harnessing the synergies embodied in the first cluster of factors

with particular emphasis on microstructure, grain size, hardness, and chemical composition.

In pursuit of improving the machinability of aluminium / aluminium alloys / AMCs, a variety
of chemicals, both metal and non-metal, have been added to make the material easier to cut.
These additives generally work by lubricating the tool-chip interface, thereby decreasing the
material’s shear strength or increasing the brittleness of the chip. Examples include nano-
ceramic particles such as carbides, nitrides, oxides as well as carbon nanotubes [128, 136, 140,
143, 149]. The main issue of concern for the synthesis of the nano-ceramic materials consists
in the low wettability of the reinforcement phase by the molten metal, which does not allow
the synthesis by conventional casting methods [149]. Furthermore, it is reported that many
ceramic particles of interest are thermodynamically unstable when they are in contact with pure
metals and will react to form reaction compounds at the interface between the particles and the
surrounding matrix [146]. These findings agree with observations made by A. Christian et al

[81] even though in the context of TBCs.

Besides ceramic particles, minor elements like Lead, Bismuth, and Cadmium have been found

to improve machinability of AMCs [150]. Other additives such as Titanium (Ti) and Boron (B)
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have been shown to impart grain refinement on aluminium [151], thereby imperatively
affecting the machinability. Originally, the processing methods were associated with risks such
as generation of toxic fumes and residual spent salt in the melting furnace. However, these
additives are still relatively expensive even after overcoming these risks [149]. Elsewhere,
minor additions of Scandium and Zirconium have been reported to improve the Machinability
of Al-Mg Alloys through grain refinement [152]. On the other hand, the rare-earth metals are
not economically savvy especially at the face of driving demand for aluminium to mass market
consumption. To mitigate the cost factor, some researchers have explored the possibility of
using industrial waste such as fly-ash and agricultural waste such as breadfruit seed hull ash
[108, 148, 153, 154]. However, fly-ash is reportedly associated with insufficient chemical and
mechanical stability [154], while agricultural waste inherently requires significant processing
(and costs) before integration into the metal matrix. The effect of nanoclays on the

machinability of aluminium is not yet satisfactorily known.
2.4  Mechanical Properties

In almost all industrial applications, AMCs are required to have sufficient mechanical strength
besides other contextual properties. Besides intrinsic physical-chemical properties of the
matrix, mechanical properties of AMCs depend on a variety of factors / variables including,
but not limited to, the relative quantity, size, geometry, chemical, and physical properties of
the alloying element(s), AMC’s processing route / technology, and any post-processing heat
treatments. In order to optimize mechanical properties, control of these variables is normally
design-oriented towards the envisaged application(s) and often plagued by trade-offs amongst
other properties such as thermal, thermal-mechanical, electrical, physical, wear, fatigue,
weldability, corrosion, and machinability properties. Accordingly, the costs-benefit matrix is
not always universally transferrable across industries and this aspect makes the selection of an

AMC for a particular design rather complex. However, it should be appreciated that mechanical
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properties are predominantly a common reference in applications such as in aerospace and
automotive industries where structural strength and lightweight are key design considerations.
Furthermore, some mechanical properties are easily transferable to other industries such as the

building and construction industry subject to costing considerations.

Over the years, significant strides have been made by several researchers towards improving
the mechanical properties of aluminium by way of focusing on the alloying ingredients in their
pure elemental form or as ceramic compounds. The choice and quantity of alloying ingredients
is always reflected on the cost-benefits matrix of the resultant alloy or AMC. Major alloying
elements targeted at improvement of mechanical strength include Copper, Magnesium,
Manganese, Iron, Silicon, and Zinc [155-172]. Minor elements include Calcium, Titanium,
Vanadium, Zirconium, and Boron for recrystallization / grain refinement [173-182], while
Indium, and Tin have been used for improved heat treatment through artificial ageing and/or
reduction of ageing time [156, 183, 184]. As a matter of fact, different combinations of these
major and minor elements have been used in creating standardized alloys with a clearly defined

nomenclature of wrought or cast alloys, and heat-treatable or non-heat-treatable alloys [185].

Additional elements such as Nickel and Lithium have been integrated into the formulation of
super-alloys for the aerospace industry [163, 167, 186, 187]. Besides elemental alloying
elements, ceramic compounds have also been used with positive structural strength and wear
resistance results, including SiC, WC, Al>;O3, AIN, TiB», ZrSiOs, and B4C [7, 100, 108, 153,
154, 188-205]. It should be noted here that one element (or fortifying ingredient) might be
considered as a major ingredient in one alloy whereas the same element is considered a minor
or remnant element in another alloy. Nonetheless, it can be appreciated that the resultant
effect(s) of a particular element may vary depending on the relative %wt content,

complementary elements in the matrix, and processing route - cum - atmosphere [60, 206-208].
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By virtue of these alloying ingredients tending to be relatively more expensive compared to the
aluminium matrix, the end AMC products tends to be either economically infeasible for the
broad aluminium market or limited to special applications. The general trend has been in favour
of using the relatively cheaper transitional metals such as Nickel in favour of rare earth metals
[187]. To mitigate the cost factor further, efforts have evidently been made towards using
relatively low-cost ingredients such as fly ash, which is an industrial waste [108, 153, 154].
However, results for this ingredient have been discredited due to insufficient chemical and
mechanical stability [154]. Once again, the efficacy of using nanoclays as an alternative low-

cost reinforcement system has not sufficiently been explored.
2.5 Summary

From the afore-going review, it is evident that there is a need for novel reinforcement system(s)
and processing technologies for aluminium to gain further market share from an economics
perspective. Despite transferability of a material’s properties from one industry to another, the
absorption of the material’s cost along the life cycle may be feasible in one industry and yet
infeasible in another. In the currently existing feasible niche markets such as the automotive
and aerospace industry, there is still a phenomenal room for increased demand for aluminium
in the quest for light-weighting. It is still possible to raise the benchmark for the knock-on
effects such as increased fuel economies, lower carbon print, and improved performance and/or
efficiencies. To optimize these knock-on effects as well as lower the cost of AMCs (and hence
diversify their industrial feasibility), re-design of reinforcement systems and/or processing

techniques is inevitable.

Towards this quest, it is envisaged that nanoclays can have favourable impact on the aluminium
family of materials from the following perspectives: (a) Besides having aluminium as the

primary chemical element, nanoclays have other elemental ingredients that are often
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substantially used in alloying aluminium, e.g. magnesium and silicon; this similarity increases
the probability of physical and chemical compatibility. (b) By virtue of being nano-phased,
nanoclays stand to have a favourable structural impact on the matrix, and (c) nanoclays are
relatively more affordable and available across the globe compared to the nano-ceramic

particles and/or rare-earth metals.

In this study, the efficacy of using nanoclays in AMC-systems has experimentally been
explored. Experimental results and discussions are embodied in the ensuing chapters with
particular focus on thermal, machinability, and mechanical properties Firstly, the chapter on
thermal properties documents an experimental investigation into the viability of using nanoclay
particles towards enhancing thermal properties of AMCs for automotive industry applications.
Secondly, the chapter on machinability documents a comparative study that explores the
efficacy of using nanoclays as an economically attractive candidate for development of Nano-
phased AMCs with particular focus on their influence on machinability. Thirdly, the chapter
on mechanical properties documents a preliminary experimental exploration into the effect of
using nanoclays as an economically competitive alloying ingredient for enhancing mechanical

properties of AMCs.

An additional chapter on processability of Nanoclay-infused AMCs is presented towards the
end of this report. Processing parameters explored during the experimental investigation and
analysis may not necessarily be the optimal settings. They are however deemed sufficient for

the scope of analysis and do serve as an insightful foundation for further developments.
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CHAPTER 3:

RESEARCH METHODOLOGY AND DESIGN

3.0 Introduction

Through literature review, it was established that there currently exists a gap in the knowledge
base and technology relating to enhancement of properties of Aluminium towards its gaining a
broad-based economic application as a light metal. Insight was obtained relating to various
material systems that has thus far been applied to enhance the materials performance. These
included rare earth metals, ceramic particles, organic particles, and hybrid combinations
thereof. Performance benchmarks revolved around, among other aspects, the mechanical,
thermal, machinability, and processing. Potential avenues for closing up the gap were identified
relating to re-designing the AMCs reinforcement systems. Focus was re-directed to
applications in the automotive engine components with the target of harnessing the material’s
thermal properties. Secondary aspects such as machinability and mechanical properties were

also highlighted.

The current study sought to stretch boundaries of the aforementioned body of knowledge with
respect to reinforcement systems and processing technologies. In that pursuit, and in similarity
to most of the reviewed work of other researchers, an experimental approach was used and
anchored on comparative analysis. Quantitative and qualitative analysis were used to derive an
understanding of the effect of various input variables towards characterizing Nanoclay-
Aluminium composites. Relevant quality assurance standards and work procedures were used

as a guide and means of ensuring repeatability of the reported results.

Since properties of engineering materials are known to influence the nature of application and

feasible processing and/or manufacturing technologies, this chapter has been demarcated into
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two main sections. The first section focuses on insights and characterization aimed at
understanding the nature and limitations of candidate materials for the current study. The
second section focuses on the techniques explored in this study to process and characterize new

aluminium metal matrix composites.

SECTION A: MATERIALS

3.1 Overview

Most metals, including Aluminium are hardly used for engineering applications in their pure
form but rather in alloyed or composites form [126]. A priori set of raw materials of interest in
this study comprised of: (1) Matrix: constituting a standard Aluminium alloy, (2)
Reinforcement: constituting a low-cost, nano-phased material system, and (3) Binder-cum-
Lubricant: constituting a medium for facilitating in part the handling of powdered matrix and
reinforcement system. Choice of the particular materials used was based on contemplated
contextual applications in the automotive engine components sector. This chapter gives an
insight into the take-off materials with the objective of understanding their physical, chemical,
and thermal behaviour. The objective of the ensuing characterization was to establish a

potential portfolio of feasible processing parameters and techniques.
3.2 Raw Materials

3.2.1 MATRIX - Standard Aluminium Alloy

Pre-alloyed aluminium powders were sourced from AMPAL INC (USA). Three sets of
composition were available as shown in Table 3-1. Based on understanding from the preceding
chapters, and with due reference to alloying elements known to enhance key properties of
aluminium, a copper-based heat-treatable 2xxx-series alloy was pre-selected as the preferred
matrix for the current study. Of the three sets, AMB-2712 alloy was pre-selected as the matrix

of choice based on three factors. Firstly, copper-based aluminium alloys have been observed
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Table 3-1:  Candidate Metal Matrices for the current study.
Heat-
REF Composition Key Alloying Element
Treatable
Yes/ No Element (%) 'Density | 2Cash | ‘Young’s
(g/cm?®) Price Modulus
(1 Year Ave.) (G pa)
US$/Kg
Al Al 100 Al 2.7 1.984 69
Cu, 3.8%
AMB-2712 Mg 1.0%
3 YES Cu 8.96 6.371 117
(Theoretical Si 0.75%
Density = ' '
2.7546 glcm?3)
Al Balance
Cu, 2.98%
Mg, 1.2%
AMB-2905
3 YES Si, 0.26% Cu 8.96 6.371 117
(Theoretical
Density =
2.7482 glcmd) Sh 0.6%
Al Balance
Cu, 0.25%
AMB-6711 Mg 1.0%
3 YES Mg 1.738 2.260 45
(Theoretical Sj 0.8%
Density = ' '
2.6864 g/cm?d)
Al Balance
Sourced on 8" August 2017 from: *https://en.wikipedia.org 2 http://www.infomine.com ; and

to exhibit relatively higher mechanical strength than the counterpart magnesium-based [209]

and silicon-based alloys [210]; strength is a significantly important property in key engine

components, especially on components such as connecting rods due to their dynamic mode of
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operation. Secondly, despite magnesium’s favourable higher resistance to corrosion, lower
density, higher specific strength, and lower cost as compared to copper, Al-Cu alloys have been
observed to show better performances than Al-Mg alloys at both room and high temperatures
[209, 210]. Thirdly, high levels of magnesium have been associated with embrittlement of
AMCs [211] and since the contemplated reinforcement system also has magnesium in its
formulation, minimal or no magnesium in the matrix would be preferable. Since all the three
powders look the same, Figure 3-1 shows a sample of the AMB-2712 as a representative
sample. Nonetheless, additional supplier’s information for the alloys is herewith attached as

Appendix Al - A3.

Figure 3-1: AMB-2712 Alloy powder.

3.2.2 REINFORCEMENT SYSTEM - Low Cost and Nano-phased

For this study, two natural montmorillonite nanoclays with high thermal stability were sourced
from Southern Clay Inc. (USA). This company has since been acquired by BYK Additives &
Instruments. Their respective compositions were as shown in Table 3-2. As a datum for this
study, Nanofil 116 was pre-selected as the take-off nanoclay. Nonetheless, the effect of Cloisite
Ca*"*DEV was at a later stage comparatively evaluated against the performance of Nanofil 116.

Figure 3-2 shows samples of these nanoclays. For additional information, their respective
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Product’s Bulletin from the supplier are herewith attached as Appendix B1 — B2. Similarly,
Nanofil 116 was pre-selected as the preferred datum nano-phased reinforcement system.

Table 3-2:  Candidate nanoclays for the current study.

Bentonite Quartz Price
Nanofil 116 99 - 100% 0.1-1% US$ 10.13
Cloisite Ca**DEV 97 - 100% <3% US$10.13

(if)

Figure 3-2:  Images of (i) Nanofil 116, and (ii) Cloisite Ca**"DEV

As alluded to in the literature review chapter, various reinforcement systems do exist for
aluminium and its alloys. Materials that have been used to improve the properties of aluminium
and its alloys include ceramics [4, 6, 7, 22, 52, 100, 107, 108], carbon fibre, carbon nanotubes,
fly Ash, nanoclays [4, 97, 98, 108-112]. The respective limitations associated with the use of

these reinforcement systems have also addressed [4, 52, 108] and reported in the literature
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review chapter. With reference to the use of nanoclays in aluminium, only limited literature
relating to the use of nanoclays in aluminium, has thus far been reported [110-112]. Since no
details of the nanoclay were given whatsoever, it was difficult to establish if the nanoclays
were still actively functional at the processing temperature as they were introduced to a molten

metal matrix metal.

With reference to the relative prices of reinforcement materials systems, nanoclays and
nanomaterials have been noted to be more expensive than technical ceramics and glasses [212].
Of this class of materials, nanoclays are the cheapest when compared to single-walled, multi-
walled, and functionalized carbon nanotubes. This has been attributed to the processing
requirements such as application-targeted functionalization. As economic logistics would
dictate, the pricing has been noted to vary with quantities of use and level of purity.
Nonetheless, quantities required for any real application would necessarily be quite large and
costs would correspondingly decrease [212]. From another perspective, the high pricing may
also be correlated to the research and development costs absorption by virtue of the materials
being in the early years of technological advancements and applications. However, it should
be borne in mind that direct comparison of pricing with bulk materials, such as the matrix into
which they are integrated, should be viewed in the light that quite small quantities of
nanomaterials may normally be actually used [212].

3.2.3 LUBRICANT - Cum - BINDER

Since powder metallurgy was one of the contemplated processing methods, a means of
lubricating the dies and/or facilitating green compaction of the powdered raw materials was
required. Researchers have in the past used lithium and zinc stearates, stearic acid, stearic acid
in acetone, liquid paraffin, glycerol, polytetrafuloloethyren (PTFE), polyethylene (PE),
Acrawax / ethylene bisstearamide (EBS), graphite-organic binder, and paraffin wax among

others [50, 51, 55, 60, 62, 123, 213]. Since the afore-discussed matrix and nanoclay-
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reinforcement system were essentially sourced in powder form, atomized acrawax was pre-
selected as the preferred lubricant-cum-binder in order to facilitate in part the handling of these
powders. The rationale for pre-selection of acrawax was that its light-weight and atomized
nature were hypothetically perceived to complement the blending and binding process of the
other (nano- and micro-scale) particulate raw materials. For the current study, atomized
Acrawax-C was used on the basis 1.5% of every powder-mix [95]. Materials Safety Data Sheet

for Acrawax-C is herewith attached as Appendix C.
3.3 Characterization of Raw Materials

It is understood that a material may behave differently and exhibit diverse physical, chemical
characteristics depending on whether it is in solid or powder state [214-216]. For instance,
physics of granular material in ambient gases is governed by interparticle forces, gas-particle
interaction, geometry of particle positions and geometry of particle contacts [214]. In the
context of low consolidations, these aspects are strongly dependent on the external forces,

boundary conditions, and on the assembly procedure.

In the bulk context, the scale of reference matters. At nanoscale, a dominant mechanism of
deformation is the rearrangement of free nano volume and exchange of momentum between
bulk and grain boundary space [216]. Comparatively at microscale, the most common
mechanism of deformation is dislocation motion. Then at macroscale, deformation patterning
normally occurs by the transport of strain from region of the deforming material to another.
This understanding has led to various classes of material behaviour including a gradient theory
of elasticity, a gradient theory of defect dynamics, and a gradient theory of macroscopic

plasticity [216].

Based on the afore-going understanding, the selected constituent materials were characterized

using various methods before processing them into Nanoclay-infused AMCs. This was done
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with the hope of gaining insight into their specific behaviour in their form and scale as received
from their respective suppliers.

3.3.1 Apparent Density

Arnold Meter was used to determine the powders apparent density according to MPIF 48
standard. The standard is suitable for both free and non-free flowing powders, premixes, and
blended mixes.

3.3.2 Differential Scanning Calorimetry (DSC) / Thermogravimetric Analysis (TGA)
Materials are known to have different behavioural properties upon exposure to heat. Signature
thermal properties of materials includes phase changes, fluctuations in weight, thermal
expansion, diffusivity, and heat capacity. In order to understand and/or evaluate the
temperature-dependent properties of the selected constituents, DSC-TGA thermal analysis was
conducted using a Thermal Universal Analyser Model: V4.5A (Supplied by TA Instruments).
Temperature was ramped up at 10°C/minute to a maximum of 900°C and immediately left to
cool back to room temperature in the heating chamber. As most commercially available
organoclays are known to decompose at temperatures higher than 212°C [217], this procedure
was especially important towards gaining an insight into the nanoclay’s thermal behaviour in
the extreme context of taking aluminium matrix to liquidous phase (>650°C) as is normally the
case in most processing techniques [218, 219]. With reference to Cloisites, it is further noted
that degradation of the nanoclays may involve several mechanisms including the Hoffman
elimination reaction, SN2 nucleophilic substitution, thermal degradation of tallow residue, and

the thermal decomposition of unexchanged surfactant [217].

For purposes of comparative analysis with respect to processing of Nanoclay-infused AMCs
and bearing in mind the different views on processing atmosphere(s) for aluminium alloys such
as vacuum, dissociated ammonia, argon, nitrogen, nitrogen/argon, and nitrogen/hydrogen

mixtures [60, 121, 123, 220], an in-active processing atmosphere was preferred as a datum.
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Accordingly, argon was chosen as the datum processing atmosphere at a flow rate of 2L/min
[221]. However, it should be noted here that in powder metallurgy, argon is noted to be only
effective at high green densities when magnesium is present [121] as was the case with the
current study. This is mostly because, unlike a nitrogen atmosphere which promotes
densification through nitridation, argon is inert and therefore has no associated chemical
reactions in the alloy’s constituents. Accordingly, any densification and sinterability relies
heavily on cold welds created during green compaction, subsequent diffusion bonding process,
and possible formation of liquid phases.

3.3.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectrometer Model: Scimitar 800 FT-IR (Supplied by Varian Inc.) was used in order to
verify any potential temperature-dependent chemical transitions of the nanoclays. For
reference purposes, a sample of each of the nanoclays was analysed as supplied. The next set
of samples was heated in argon atmosphere at 10°C/minute to a maximum temperature of
635°C and held at that temperature for 45 minutes before analysis. This temperature was
selected based on DSC-TGA results for nanoclays and further fits into the supersolidus
temperature range as depicted by Figure 3-3, which shows a representative Al-Cu binary phase
diagram for AMB-2712. Two other follow-up sets of samples were similarly heated as the
preceding set of samples but up to maximum temperatures of 590°C and 550°C, which
respectively correspond to the solidus and eutectic temperature (548.2°C) of the AMB-2712
alloy matrix. All the heated samples were left to cool down to room temperature in the heating

chamber before FTIR analysis.

To facilitate FTIR analysis, each of the powder samples was mixed with 0.1g potassium
bromide (KBr) as a carrier in the ratio of 1:100. The mixture was ground and blend manually
using a set of ceramic mortar and pestle. The homogenous fine mixture was then put into a

Beckman KBr Die with a maximum load rating of 10 Tons. In order to compact the powder
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Figure 3-3:  Al-Cu binary phase diagram [218, 219].

into a pellet, air pressure at 10 MPa was passed through the die for 8 minutes by means of a
customized instrument supplied by the Instrumentation Centre, Technicon Natal. FTIR
procedure was then run on the pellet with the intention of gaining an insight into thermal-
resilience of nanoclay’s constituent functional groups in the context of a thermal profile similar
to that contemplated for the sintering of test specimens.

3.3.4 Optical Microscopy, TEM, SEM, and EDX

Powder’s morphological analysis was conducted using a Transmission Electron Microscope,
TEM Model: Jeol TEM-1010. Optical Microscope supplied by Olympus Corporation, Japan,
and an Environmental Scanning Electron Microscope, ESEM Model: S-3000N (Supplied by
Karl Zeiss — Germany) were used for microscopy. The latter equipment was further used to

extract Energy Dispersive X-Ray Spectroscopy (EDX) results for the test samples.
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3.3.5 Particle Size Analysis (PSA)

Figure 3-4: Particle Size Analysis Equipment located at CSIR, Pretoria.
Distribution of particles sizes is reported to affect the sinterability of Aluminium powders [59],
whereby green density of compacts was observed to increase linearly with particle size
distribution. This phenomenon was attributed to the smaller particles filling up the interstices
between the larger ones, thereby increasing the overall density of the compact. In general, a
narrow-size-distribution powder is preferred to monosized or broad-size-distribution powders
for high sinterability and microstructure control of powder compacts provided that
agglomerates in the starting powder are removed by appropriate means. In their work, J Ma
and L.C Lim observed that powders with a higher geometric standard deviation (GSD = 1.6

and 1.9) exhibit superior sinterability compared to the near-monosized (GSD = 1.2) and broader
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size distribution (GSD = 2.1). Despite there being an optimum range of particle size distribution
for best sinterability of a given powder system, they noted that the resultant grain size at the
final stage of sintering is very much determined by the sintering condition used but not the

particle size distribution of the starting powder [59].

Since the atomized Acrawax-C was expected to only serve as a binder and lubricant during the
green compaction stage and thereafter burn out, particle size distribution / analysis was
conducted only on the AMB-2712 powder and Nanofil 116 powders. Figure 3-4 shows a Laser
Scattering Particle Size Distribution Analyzer LA-950 that was used to do the analysis

according to ASTM C1070 standard.

SECTION B: PROCESSING AND CHARACTERIZATION OF AMCs

3.4 Processing of Nanoclay-AMCs

Based on findings from DSC-TGA results with respect to temperature-dependent stability of
the nanoclays, it was determined that the feasible processing temperature had to be below the
liguidous temperature of Aluminium or AMB-2712 alloy. At the on-set, candidate processing
techniques were: (i) Spark-Plasma Liquid Sintering (SPLS), which is reported to allow
sintering at relatively low temperatures under shorter time intervals [118] such as 500°C with
a holding time of 120 Seconds [119], (ii) Conventional Powder Metallurgy (P/M) processing,
which similarly does not necessarily require the material to enter the liquidous phase and rather
entails solid-state-sintering [50, 94], (iii) Liquid Phase Sintering (LPS), a variation of
conventional powder metallurgy process in which one of the admixed powders melt or reacts
upon heating to form a liquid between the particles and thereby engulfing the more refractory
phase, [61, 222] - the process consists of several overlapping steps involving solid-state
diffusion, particle rearrangement, solution reprecipitation, and solid skeleton rearrangement,

and (iv) Supersolidus Liquid Phase Sintering (SLPS), a variation of LPS whereby pre-alloyed
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powders are heated to a temperature between the solidus and liquidous temperature [50, 61].
Based on available raw materials, the latter option was chosen as the datum processing

technique for the current study.

From a general perspective, powder metallurgy encompasses three key steps namely the
blending of powders, green compaction of the powders, and sintering at a selected temperature
profile and atmosphere. Advantages of powder metallurgy include, but are not limited to: (i)
Efficient material utilization, (ii) Enables close dimensional tolerances, i.e. near-net shapes are
possible, (iii) Good surface finish, (iv) Manufacture of complex shapes possible, (v) Hard
materials used to make components that are difficult to machine can be readily made, e.g.
tungsten wires for incandescent lamps (vi) Environment friendly, energy efficient, (vii) Suited
for moderate to high volume component production, (viii) Powders of uniform chemical
composition - reflected in the finished part, (ix) wide variety of materials - miscible, immiscible
systems, refractory metals, and (x) Parts with controlled porosity can be made. It’s limitations
include the high cost of powder material & tooling, the parts thus made being less strong than
wrought ones, and the process is less well known [223].

3.4.1 Blending of Powders

Table 3-3: Powder Mixture Sets

Mix Sets REF 1 2 3 4 5 6

Nanofil 116 0% 1% 3% 5% 8% 10% | 12.5%

Aluminium (AMB

0 0 0 0 0 0 0
2712 Alloy) 100% 99% 97% 95% 92% 90% | 87.5%

The AMCs were prepared by mixing AMB-2712 powder with varying amounts of Nanofil 116
in %wt ratios. Table 3-3 shows the most commonly used mixes used in this study. Other
combinations include and these are not exhaustive. Atomized Acrawax-C powder was added

into the composite powder mix on basis of 1.5% of the mix-set weight [224]. In order to achieve
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a homogenous mix, every mix set of mixture was mechanically mixed using a TURBULA
System planetary mixer Type T2C for 20 minutes [121]. Alternative mixing time used by other
researchers was noted to vary from 10 minutes [108] to 30 minutes [50].

3.4.2 Green compaction of powders

Figure 3-5:  Green compaction hydraulic machine, housed at CSIR, Pretoria.
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Green compact samples for the datum sintering process were made from the homogenous
powder mixtures using the biaxial hydraulic press shown in Figure 3-5. The press, located at
the Council for Scientific and Industrial Research (CSIR) in Pretoria, had a rated maximum
capacity of 100 Tons / 700 Bars / 1000 kKN. Green compacts were cylindrical in shape based
on available compaction dies. Based on compaction gauge pressure of 160, 200, and 240 Bars
and a die cavity of @17.5mm, effective green compaction pressures of 950, 1187, and 1425
MPa were used, respectively. With an average feedstock powder of 7g, the corresponding
resultant green compacts measured to an average height of 11.5mm, 11.0 mm, and 10.5mm,
respectively. For ease of reference, these specimens were named Batch 1. All the dies used in
this study were made from high-speed-tooling-steel.

3.4.3 Sintering of green compacts

For the sintering stage, a sintering boat made of Zirconia (Zr) was used. Interior dimensions of
the boat measured 17.5 mm (height) by 20 mm (width) by 95 mm (length). It has an average
wall thickness of 2.5 mm. Four Al-Nanoclay composite specimens were packed in the sintering
boat for every of the sintering cycles with an approximate equal spacing between any two
adjacent specimens as well as from the boat’s interior end-walls along the boat’s length. Care
was taken to position them centrally with reference to the 20 mm width, thereby leaving an

approximate 1mm-spacing between the specimens and the boat’s interior side-walls.

Figure 3-6 shows a horizontal tube furnace Model No. STF16/180 supplied by Carbolite, UK,
which was used for sintering all the AMCs. The furnace is housed at CSIR in Pretoria and has
a maximum temperature of 1600°C. Sintering was done at 635°C for 45 minutes; a sintering
profile closely aligned to those used elsewhere [52, 60, 121, 123, 124, 220]. The sintering
temperature was chosen in consultation with the Al-Cu binary phase diagram and with due

reference to DSC-TGA results for Nanofil 116. This selective reference to copper was based
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Figure 3-6:  Horizontal tube furnace, housed at CSIR, Pretoria..

on the fact that Copper constitutes the highest proportion amongst all the alloying elements in
Al-2712. Figure 3-7 illustratively summarises the experimental datum sintering-profile,

namely Set “4”" Run.

i ! S1 Temp. Ramp @ 10Deq.C / Min.
SET"A" Run: Temp. ; i 52 Temp. Held @ 635Deg.C for 45 Minutes.

51 | 52 | 83 53 Program End = Reset: Back to Room-Temp.
Argon Atmosphere @ 2L / Min.

Time

Figure 3-7:  Datum sintering profile (Set “4” run).
3.5 Characterization of Nanoclays - AMCs
3.5.1 The Sintered Samples
3.5.1.1 Physical inspection
The samples were inspected for any visible deformities. A preliminary grinding test was also

conducted to assess if the samples were sufficiently sintered.
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3.5.1.2 Sintered density and Porosity

Sintered density of the specimens was determined using the Archimedes principle. The process
entails weighing a sample in air and then weighing it while immersed in a liquid, which can
either be water or oil (for highly porous samples). For a fully immersed object, the sintered
density is then calculated using the formula [225]:

Density of object Weight

Density of fluid ~ Weight — Apparent Immersed Weight
As a follow-up parameter, porosity of the respective sintered AMC specimens was quantified
using the formula:

) (Theoretical Density of Alloy — Sintered Density)
Porosity = - - x 100 %
Theoretical Density of Alloy

3.5.1.3 DSC-TGA
Figure 3-8 shows the sampling schematic for DSC-TGA analysis. Of the three samples, two
randomly selected samples were used for analysis. The ensuing reference numbering of

samples as 1 or 2 was independent of the original location.
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Figure 3-8: DSC-TGA Sampling schematic.
3.5.1.4 Optical Microscopy, SEM, EDX
With reference to Figure 3-8, the flat rectangular plane of section B of the sintered specimens
was used for microscopy. Metallographic preparation of the samples was executed using
Struers MD-System™ involving four steps: (1) Grinding on SiC foil with a grain size of 46pum,
(2) Polishing using MD-Largo (hardness: HV 40 — 150) with 9um diamond suspension
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(Allegro Largo), (3) Polishing using MD-Mol (Woven 100% wool) with 3u diamond
suspension (Diapro Mol B3), and (4) Polishing using MD-Chem (Porous Neoprene) with

0.04um colloidal silica suspension (OP-S). No etching was used on the samples.

As with the raw materials, an Optical Microscope supplied by Olympus Corporation, Japan,
and an Environmental Scanning Electron Microscope, ESEM Model: S-3000N (Supplied by
Karl Zeiss — Germany) were used for microscopy. Similarly, the latter equipment was further
used to extract Electron-Dispersion X-Ray (EDX) results for the sintered AMC samples.
3.5.1.5 X-Ray Diffraction (XRD) analysis.

Samples measuring @10mm by 2mm in thickness were machined from the datum reference
specimens and subjected to an XRD analysis. The phase compositions were determined using
a Phillips X-Ray Diffractometer operated at 40kV and 20mA, in the 2Theta range 20 — 90°.
The objective was to investigate any chemical transitions as a result of infusion of Nanofil 116
and the datum sintering process.

3.5.2 Thermal Properties

Another set of specimens named Batch 2 was prepared for assessment of additional thermal
properties, in particular the coefficient of thermal expansion, thermal conductivity, thermal
diffusivity, and specific heat capacity. Green cylindrical compacts having @8mm were
prepared for coefficient-of-thermal-expansion samples, which were then machined to @6mm

x 25.4mm length after sintering. The die used had an internal diameter of 7.5mm.

Similarly, green compact discs measuring approximately @43mm x 3mm thickness were
prepared. After sintering, smaller discs measuring @19mm x 3mm were wire-cut as specimens
for thermal conductivity, thermal diffusivity, and specific heat capacity. A common green
compaction pressure of 550MPa was used for both the rods and discs, a value closer to the

regime used on AMB-2712 by other researchers [108, 222]. Table 3-4 shows the portfolio of
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samples compacted and sintered for thermal properties analysis. For consistency, sintering of
these specimens was accomplished using the datum Set- “4 ”-Run profile in argon atmosphere.

Table 3-4:  Thermal properties samples matrix

Come’)S'“O” Geometry |REFERENCE | 1% | 2% | 3% | 4% | 5%
Pressure |
16.5 Bars -
@ = 8mm, v v v v Y Y
(550 MPa) Length =
25mm
558.8 Bars -
v v v v v v
(550 MPa) @ = 43mm
Height = 3mm

Based on preceding results for Set- “4 ”-Run samples, it was deemed necessary to only further
test three representative samples. Accordingly, specimens subjected to further testing included
the Reference, 1%wt, and 3%wt Nanofil 116 specimens. Nonetheless, other relevant data such
as the sintered density, optical micrographs, SEM, and EDX analysis was collected for all

samples in order to aid in comparative analysis of the entire batch.

The thermal properties tests were done in a South African National Standards (SANAS)
accredited laboratory. The measurement of thermal expansion was done in accordance with
work procedure MSM-LM-WP-317 Rev 01 for measurement of thermal expansion, which is
in alignment with section 5.3 of BS 1902. Determination of thermal conductivity was by laser
flash method according to work procedure MSM-LM-WP-307 Re 04, which is in alignment
with ASTM E 1461. The laser flash method entails heating the front side of a small, usually

disk-shaped plane parallel sample by a short (61 ms) laser pulse. The temperature rise on the
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rear surface is measured versus time using an infrared detector. All samples were coated on
both faces with a very thin layer of colloidal graphite. The thermal diffusivity a(T) values can
then be converted to thermal conductivity A(T) by using the specific heat Cp(T) and bulk

density p(T) of studied material according to [226]:

A(T) =a(T).Cp(T).p(T)

Figure 3-9:  Orton Automatic-Recording Dilatometer.

Figure 3-10: Anter Flashline 3000 apparatus.
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In the case of Reference specimens, thermal expansions were first carried out to 520°C in argon
atmosphere. After that, the three categories of specimens were tested in air to 320°C. Figure 3-
9 shows the computer-compatible Orton Automatic Recording Dilatometer Model 1600 that
was used for recording of thermal expansions data while Figure 3-10 shows the Anter Flashline
3000 apparatus that was used for thermal conductivity work (conductivity, diffusivity, and
specific heat capacity), which was carried out at three different temperatures (120, 220, and
320°C) in argon atmosphere. All these tests were conducted in line with procedures accredited
by the South African National Standards (SANAS) for Cermalab / Light Metals Collaboration

laboratory.

In order to gain further insight into results for this set of specimens, metallurgical samples were
hot mounted at 165°C (max.) in Bakelite using ATA-Opal 450 supplied by Advanced
Laboratory Supplies (ALS). They were then prepared for microscopy using ATA Saphire 550
supplied by ALS. Since this exercise were performed at a different site with a different set
grinding and polishing facilities, the following steps were used. (1) grinding with 800-grit SiC
paper in water for 4 minutes at 300 revolutions per minute (rpm) and 25N load, (2) grinding
with 1200-grit SiC paper in water for 3 minutes at 300 rpm and 15 N load, (3) grinding with
2400-grit SiC paper in water for 3 minutes at 300 rpm and 15 N load, (4) grinding with 4000-
grit SiC paper in water for 3 minutes at 300 rpomand 10 N load, (5) polishing with 50nm alkaline
colloidal silica for 10 minutes at 150 rpm and 10N load, (6) cleaning in water for 10 minutes
at 150 rpm and 10N, and (7) drying using 5.3-bars compressed air. Optical microscopy was
conducted on un-etched samples using a Leica optical microscope while SEM and EDX were
conducted using a JEOL Scanning Electron Microscope.

3.5.3 Machinability

With reference to Figure 3-8, the flat rectangular plane of section A (Batch 1 specimens) was

used for machinability testing. The samples were mounted using Fast-Cast™ resin system
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supplied by AMT South Africa. The sampling surfaces were milled using @20mm High Speed
Steel (HSS) cutting tool (0.00GRAD). Final cutting conditions comprised of a cutting speed of
1910 rpm (220 @ 120 m/min), feed rate of 382 mm/min (0.1 mm/Tooth), and a 0.5 mm depth

of cut. As with machining of other comparable materials, no cutting fluid was used [227].
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Figure 3-11: (i) Surface finish profilometer, and (ii) Quantification criteria Ra & R; [228].
Figure 3-11(i) illustrates the set-up for machinability rating with reference to surface finish as
was determined using a Taly-Surf™ profilometer, while Figure 3-11(ii) explains the surface
finish quantification criteria Ra and R; as given on an excerpt from Japanese Industrial
Standards (JIS) B 0031(1994) [228]. These reference values were used throughout the analysis.
Ten readings were taken for each sampled surface and arithmetically averaged to get a
representative mean value for the sample and standard deviation.

3.5.4 Mechanical Properties
3.5.4.1 Hardness Testing

Since experimental procedures were carried out at different geographical sites based on the
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availability of equipment, hardness testing of specimens was conducted using either Rockwell
B Hardness or Vickers scale depending on the available equipment at the respective locations.
Rockwell B Hardness

After microscopy, the metallographically prepared surface of samples was further used for
hardness testing. The assumption here was that no significant residual stresses emanated from
the preparation process of the specimens. The test procedure was in alignment with ASTM E18-
02. A spherical ball indenter (81.588mm) was used with a 588N load being applied for a pre-
set dwell time of 8 seconds. For each sample, at least five readings were taken, arithmetically
averaged, and a standard deviation from the mean calculated thereof.

Vickers Hardness

The testing was in alignment with ASTM E92-17. A load of 2Kg force was used and a dwell
time of 15 seconds. For each sample, at least five readings were taken, arithmetically averaged,
and a standard deviation from the mean calculated thereof.

3.5.4.2 Tensile properties

Batch 3:

Based on on-site available equipment, dumbbell-shaped green compact samples were made
from the homogenous powder mixtures using a 30kN biaxial hydraulic press (MTS Criterion
Model 43) in accordance with ASTM B965-03. Surface area of the dumbbell profile face was 1
square inch (645.16mm?). Gauge Length (L) of the samples was 25mm and the target cross-
section Width (W) and Thickness (t) at the mid-section were 6mm by 5mm respectively. The
maximum load capacity of the machine was used as the green compaction load, interpreting to
a compaction pressures of 46.5 MPa. Datum sintering profile and atmosphere were used to

sinter this batch of specimens.

Gauge length of the sintered samples was 25mm. Cross-sectional area was calculated based on

measured width and thickness at the mid-section of the gauge length. Tensile testing was
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conducted using the MTS Criterion Model 43 universal testing machine having a maximum
loading capacity of 30kN. A strain rate of 1mm per minute was used for all the samples. Three
compacts were successfully sintered and duly tested. The maximum load values were recorded
net of the preloads.

Batch 4:

The primary objective of Batch 4 was to optimize the processability of nanoclay-AMCs
through iterative experimental assessments. For the sake of consistency in processing of datum
specimens, the pre-mixed powder was biaxially compressed into cylindrical green compacts
measuring g43mm using a 1000kN, 700-Bar hydraulic press. Aluminium powder with Nanofil
116 as the fortifying ingredient were biaxially pressed in a @43mm die using green compaction
pressures of 350, 438, and 525 Bars. These compaction pressures were selected on the basis of
50, 63, and 75% of load capacity of the then available press machine. Choice of the die size
was based on targeted post-sintering wire-cutting and machining of tensile testing samples

from the successfully sintered specimens.

Compacts were then sintered in the tube furnace using the sintering profile illustrated in Figure
3-12. This profile was chosen after a series of trials as detailed in the succeeding section on
processability. The delubrication temperature was set at 450°C based on the DSC results for
the atomized Acrawax-C. The sintering atmosphere for this batch was switched from argon to
nitrogen for 30 minutes in S4 stage, with the end of the 30 minutes marking the start of S5
stage. The switching of atmosphere was founded on the understanding that an addition of 0.1-
1 wt-%Mg has been reported to facilitate break-up of the surface oxide layer on aluminium and
its alloys through the development of MgAI2O4 phase [229]. At elevated Mg contents however,
it is reported that the inferior phase does not completely dissolve in solid solution and therefore
stays as a complex at the grain boundaries resulting to embrittlement of the alloy [230]. This

sintering profile was named Set- “4D ”-Run for ease of reference.
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Argon Nitrogen Argon
X - Minutes {30 Minutesi X - Minutes Sintering Profile AD

S1 Temperature Ramp at 2°C/Min

S2 Delubrication Stage @ 450°C for 1 Hour
S3 Temperature Ramp at 2°C/Min

S4 Temperature held at 635°C for 2 Hours
S5 Reset to Room Temperature

Sintering
Temperature (°C)

§1: s2 | S3

54 S5

Sintering Time

Figure 3-12: Sintering profile for Batch 3 (Set- “4D "-Run).
From the sintered specimens, @10mm cylindrical samples were wire-cut and machined to a
dumbbell-shape for tensile testing. The dimensions of test samples and testing procedures were
in alignment with ASTM E63-01 standards. However, the samples diameter at the gauge length
was only machined to @5mm instead of the standard’s @2.5mm. This modification was
deemed necessary after observed fracture of some of the specimens during the trial stages of
turning. The tensile testing results there-off were further deemed relevant and valid based on
four aspects: (1) this was a comparative study on the samples, (2) the modification was
uniformly applied entirely to this batch of samples, (3) the samples were for tensile testing, yet
turning entails axial loading on the test samples, and (4) tensile test results are fundamentally
normalised, i.e. they are based on relative measurements between load and cross-sectional area

at every data point.

After wire-cutting the tensile test samples, the remaining shell of each specimen was used for
sampling of test samples for either Rockwell-B hardness testing, assessment of sintered density,
DSC-TGA, and/or microstructural analysis.

3.6 Processability of Nanoclay-AMCs

Using Batch 4 specimens, and further relating to results from the preceding other batches, the

effect of a variety of processing variables was evaluated, including: (i) Sintering temperature
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limitations (ii) Type of nanoclay used, i.e, effect of composition of the reinforcement system,
(iii) Sintering profile, and (iv) Sintering atmosphere. The objective of this stage was to gain an
insight into the effect of different processing variables and optimize the processing settings for
Nanoclay-AMCs.

3.6.1 Sintering temperature and time

A set of samples of the matrix alloy as supplied were pressed at the same green compaction
pressures as the datum reference samples, i.e. same as Batch 1. However, this set was sintered
using the profile shown in Figure 3-13, whereby the temperature ramping was similar to that
of datum Set- “4 ”-Run profile but with a higher holding temperature of 650°C for a duration of
2 hours. This sintering profile was for general reference purposes and named the “Trial-Run”.
Two sets of processing parameters were used. Its objective was to tentatively assess, deduce,
and / or establish a feasible range of process settings with respect to sintering temperature and
time for the alloy under study. In essence, Set-“4”-run sintering parameters were
conceptualized in consultation of the preliminary visual inspection and destructive-testing
(grinding) results from the Trial-run samples.

KEY

51 Temp. Ramp @ 10Deq.C/ Min

5¢ Temp. Held @ 620Deq.C for 2 Hours

, 53 Program End = Reset Back to Room-Temp
Time Argon Atmosphere @ 2L / Min.

Temp.
TRIAL -Run SmP

5l 52

Figure 3-13: “Trial-Run” sintering profile representing evaluation of sintering temperature
thresh-hold.

3.6.2 Nanofil 116 versus Cloisite Ca** DEV

Specimens were processed using Cloisite Ca**DEV as the reinforcement ingredient under
similar processing conditions as those used for the datum samples, i.e. similar to Batch 1. These

specimens were then evaluated comparatively against results for Nanofil 116.
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3.6.3 Effect of processing parameters

Table 3-5:  Nanofil 116-AMCs green compaction and composition optimization matrix.

Composition | pEFERENCE | 1% | 2% | 3% | 4% | 5% | 10%
Pressure |
350 Bars v v v v v v Y
438 Bars v v v v v v Y
525 Bars v v v v v v v

Table 3-5 shows the matrix of (Batch 4) green compaction pressures and compositions of the
evaluated AMCs. On the other hand, Figure 3-14 shows the different sintering profiles and

atmospheres that were used in processing these specimens.

Specimens were then sampled for further characterization in terms of sintered density, optical
micrographs, SEM—cum-EDX analysis, DSC-TGA, Rockwell-B hardness, and/or tensile
strength properties. The sampling was necessitated by the need to prioritize samples and
thereby minimize the number of samples in view of the time-duration required for sintering
each specimen and demand for use of the sintering facility by other users. Accordingly, the
sampling was done aimed at the following objectives:

(1) To assess the effect of %wt of Nanofil 116 on the AMCs.

(2) To assess the effect of green compaction pressure on the AMCs.

(3) To assess the effect of sintering profile and atmosphere.

(4) To deduce threshold %wt Nanofil 116 and green compaction pressure for sinterability

of the AMC:s.
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X - Minutes Sintering Profile AA

S1 Temperature Ramp at 10°C/Min

S2 Temperature held at 635°C for 2 Hours
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S1 S2
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29 : : S2 Delubrication Stage @ 450°C for 1 Hour
5 *E ; ; S3 Temperature Ramp at 5°C/Min
= ?g_ ; ; S4 Temperature held at 635°C for 1 Hours
« £ } b i i S5 Reset to Room Temperature
(V] I 1 . .
- 51 i S2 ; S3 i sS4 i S5 NITROGEN ATMOSPHERE
Sintering Time
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X- Minutes Sintering Profile AC
3 . . S1 Temperature Ramp at 2°C/Min
29 : : S2  Delubrication Stage @ 450°C for 1 Hour
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0] 1 1 . .
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Sintering Time
(iii) Set-“AC”-Run
Argon Nitrogen Argon
X - Minutes 130 Minutes; X - Minutes Sintering Profile AD
- '
g . . S1 Temperature Ramp at 2°C/Min
o9 : : S2  Delubrication Stage @ 450°C for 1 Hour
52 ; ; S3  Temperature Ramp at 2°C/Min
E t':;a_ i i S4 Temperature held at 635°C for 2 Hours
@ £ } t i : S5 Reset to Room Temperature
(V] I 1 . .
= S1; S2 ; S3 S4 1S5
Sintering Time

(iv) Set-“AD”-Run

Figure 3-14: Optimization sintering profiles and atmospheres for Nanofil 116-AMCs.
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3.7 Summary

The experimental processes used in this study were aligned as much as possible to generally
accepted work procedures and test standards. They may not be exhaustive but have been
deemed sufficient for an understanding of Nanoclay-AMCs. For ease of reference, Table 3-6
shows a summary of the pressed green compacts, their respective sintering conditions, and the
eventual use in different chapters. Further examinations and/or test procedures may be adopted
towards specific target applications of the AMCs thus developed, for instance electrical
properties and tribological analysis aimed at electrical and wear-related applications,
respectively. The possibilities are diverse, unlimited, and do present an opportunity for future

work.
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Table 3-6: Summary of green compacts, sintering profiles, and targeted use.

Sintered Specimens

Sintering Profile

Targeted Use

BATCH 1
(160 / 200 / 240) Bars
(950 /1187 / 1425) MPa

@ =18 mm
Height = 11 mm

Sampled for sintered density,
microstructural analysis XRD,
DSC-TGA (Thermal
Behaviour), Hardness, and
Machinability tests

(i) SET-“A”-RUN

SET"A" Run: Temp.

S1 Temp. Ramp @ 10Deg.C / Min.
52 Temp. Held @ 635Deg.C for 45 Minutes.

S3  Program End = Reset: Back to Room-Temp.
» Argon Atmosphere @ 2L/ Min.

(i) Characterization of:

Nanofil 116-AMCs

Chapter 5
Physical inspection,
Sintered density,
Microstructures,
XRD.
Chapter 6
DSC-TGA (Thermal
behaviour).
Chapter 7
Hardness.
Chapter 8
Machinability.

&

Processability:

Nanofil 116-AMCs

- Versus -

Cloisite Ca*"DEV-AMCs

Chapter 9
Machinability.
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(i) TRIAL-RUN

Temp. i :
TRIAL-Run 51! s2 ;R

KEY

S1 Temp. Ramp @ 10Deq.C/ Min.

52 Temp. Held @ 650Deq.C for 2 Hours.

S3 Program End = Reset: Back to Room-Temp.
Argon Atmosphere @ 2L/ Min.

(i) Processability:
Trial-Run
- Versus -
Set-“A”-Run

Chapter 9

Physical inspection,
DSC-TGA,
Machinability.

BATCH 2

Rods: 16.5 Bars (550 MPa)

@ = 8mm, Length =27 mm
Turned into @6mm x 25.4mm
Discs: 558.8 Bars (550 MPa)

@ = 43mm
Height = 3mm

Wire-cut to obtain discs
measuring @19mm x 3mm.

SET-“A”-RUN

SET"A" Run: Temp.

Time

S1 Temp. Ramp @ 10Deg.C / Min.
52 Temp. Held @ 635Deg.C for 45 Minutes.

53  Program End = Reset: Back fo Room-Temp.
» Argon Atmosphere @ 2L/ Min.

Characterization of:
Nanofil 116-AMCs

Chapter 5

Physical inspection,
Sintered density,
Microstructures,
SEM/EDX.

Chapter 6

Rods:

Thermal Expansion.
Discs:

Thermal Conductivity,
Thermal Diffusivity,
Specific Heat Capacity.
Chapter 7

Discs: Hardness
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BATCH 3
(46.5 MPa)

Dumbbell-Shaped Specimens
(Rectangular cross-section)

[ =7

SET-“A”-RUN

SET"A" Run: Temp.

S1 Temp. Ramp @ 10Deg.C/Min.
52 Temp. Held @ 635Deg.C for 45 Minutes.

Argon Atmosphere @ 2L / Min.

Time

53  Program End = Reset: Back to Room-Temp.

Characterization of:
Nanofil 116-AMCs

Chapter 7

Physical inspection,
Sintered density,
Tensile tests.

BATCH 4
(350 / 438/ 525) Bars
(3441 431/516) MPa

@ =43mm
Height = 15 mm

Wire-cut and turned into
Cylindrical dumbbell-shaped
tensile test specimens.

SET-“AA”-RUN TO  SET-“AD”-RUN

Sintering
Temperature (°C)

Argon Nitrogen Argon
X - Minutes {30 Minutes| X - Minutes Sintering Profile AD

. S1 Temperature Ramp at 2°C/Min
: : S2 Delubrication Stage @ 450°C for 1 Hour
i ; S3 Temperature Ramp at 2%C/Min
| H S4 Temperature held at 635°C for 2 Hours

: b i i S5 Reset to Room Temperature

1 1 .

S1; S2 ; S3 S4 1 S5

Sintering Time

Processability of:
Nanoclay-AMCs

Chapter 9

Physical inspection,
Sintered densities,
Tensile tests,
Microstructures,
SEM/EDX.
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CHAPTER 4:
RAW MATERIALS - CHARACTERIZATION

4.0 Introduction

This chapter details the results and discussions on the characterization of raw materials used in
the current study. Aspects covered include the apparent density, differential scanning
calorimetry and thermogravimetric analysis (DSC-TGA results), fourier transform infrared
spectroscopy (FTIR), optical microscopy, transmission electron microscopy (TEM), scanning
electron microscopy (SEM), electron-dispersion X-Ray (EDX), and particle size analysis.
4.1  Apparent Density

Average mass of AMB-2712 powder for the Arnold Meter samples was 25.272g with a

standard deviation of 0.231g. Apparent density of the plain powder was determined to be 1.264

glemd,
4.2 DSC-TGA
0
| DSC-TGA Standard ‘ | | 1
— A B C 11
1N le==== S 480°c sB5°c B35°C i
40 4 if F
E;é? |
5 % /%
= B 9
; 11,7 9min /! fJ‘LI: =
8 %0 50°C f 787 5
E ) % /f { T -‘E‘
o i S T
£ o ¢ / /%
B85C - _ ] / // T
N T | R
[ ¥ ————— —————— ——r | o4
% T, —
10 ( ~ /
050°C
0.271TWHg o) ___,_,_-"><
o __,__F--P_—'- ——
e
. ~ gassc .
0 200 400 500 200
Exo Doam Tﬂmperature ‘“C} Unragrsal WA 54 TA Instrumants.

Figure 4-1: DSC-TGA Results for Nanofil 116.
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Figure 4-1 shows DSC-TGA results for Nanofil 116 as-received from supplier. Lines A, B, and
C correspond to the temperature at 480°C, 565°C and 635°C respectively. The graph shows that
the nanoclay lost 15.46% of its weight at 90°C. This dominant mass loss was due to dehydration
of interparticle water, adsorbed water and interlayer water [231, 232]. Elsewhere [217], water
in nanoclays is said to be in the form of free water (generally released below 100°C), bound
water (below 300°C), and structural water (near 600°C). A heat flow endothermic peak
corresponding to the 15.46% weight loss was observed at the 90°C. From 100°C to about
450°C, the nanoclay lost an additional 1% weight. This may be attributed to burn out of organic
compounds in the nanoclay. Another 5% weight was lost within the 450°C and 650°C
temperature range after which there was no significant weight loss corresponding to the

increase in temperature. This latter mass loss was due to dehydroxylation of the nanoclay [231].

Of significance was the observation that the lines A, B, C map the maximum gradient zone on
the TG curve, which falls within the 450-650°C temperature range that befit with the
supersolidus phase according to the Al-Cu binary phase diagram at 3.8%wt Cu content [218,
219]. A corresponding sharp rise in heat flow at around 650°C was observed, being related to
the end of release of OH groups from the octahedral layer [231]. The slight change in gradient
of the heat flow graph at around 800°C possibly marks the start of recrystallization. According
to supplier’s specifications, the nanoclay has a moisture content of 11% and was subject to 8%
weight loss on ignition. These two sets of information comparatively imply that, besides the
weight loss attributable to moisture content, Nanofil 116 may be deemed functionally active
upto a temperature of 650°C, inclusive of a 200°C temperature-window during which
thermally-instigated chemical-reactions and/or transformations may be considered to occur. It
was on basis of this temperature-dependent-stability of nanoclays that powder metallurgy or
its variants was determined to be the most feasible processing route, i.e. the possibility of

processing nanoclay-AMCs at temperatures below the liquidus temperature of the matrix.
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Figure 4-2: DSC-TGA Results for AMB-2712 Alloy as received from supplier.
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Figure 4-2 shows DSC-TGA results for AMB-2712 alloy as-received from supplier. Phase
changes considered significant were those that occurred at 350°C, 609°C, and 643°C by virtue
of being accompanied by noticeable physical changes as reflected by the thermogrametric (TG)
graph. The 1.5% weight loss in the test sample was due to the loss of Acrawax. Additionally,
since the powder used in this study was produced through air atomization, it has been related
that such powders are invariably coated in a thin film that is principally based on aluminium
oxide together with adsorbed and chemisorbed water [56]. The release of a portion of that water
either through direct evaporation or thermally triggering its release via the decomposition of
Al>03.3H,0 [56] may partly be related to the first phase change at 350°C and contributory to
the 1.5% weight loss in the test sample. The 609°C and 643°C approximate to the solidus and

liguidous temperature of the Al-Cu binary phase [218, 219].
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Figure 4-3: DSC-TGA Results for atomized Acrawax-C as received from supplier.
Figure 4-3 shows DSC-TGA results for the atomized Acrawax-C selected as the preferred

binder. This ingredient does not form part of the targeted AMCs as it is meant to be fully
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eliminated during the processing. This occurs during a delubrication phase whereby the
ingredient is ideally meant to melt away out of the blended mixture and burn out without
leaving any remnants. Even though other researchers [95] have achieved the delubrication
objective at temperatures and duration as low as 300°C for 20 minutes, the DSC-TGA indicates
that a temperature within the range of 300 — 500°C should suffice. It can be expected that the
delubrication duration might have a correlation with the particulate packing density and the
heating rate, i.e. in the case of processes such a powder metallurgy, high green compaction
pressures would require relatively slower heating rates and longer durations than low green
compaction pressures. Other factors such as relative particle sizes and chemical composition

may also be perceived to play a role in the efficiency of the delubrication phase.
43 FTIR

According to the supplier’s Product Bulletin, Nanofil 116 is a natural montmorillonite with no
organic modifier and contains 0.1 — 1% Quartz and 99-100% Bentonite (Appendix B1). The
chemical formula for Bentonite is given as Al203.4Si02.H20 [233]. Figure 4-4 (i) and (ii)
shows the FTIR results for Nanofil 116 before and after heating to a temperature of 635°C with
a holding time of 45 minutes, respectively. The absorption band at Ass2scm-1 Was due to the
stretching vibrations of structural OH groups of the nanoclay [231, 234, 235]. The peak at
Bass2cm-1 Was attributed to H,O stretching vibrations [231]. Peaks at C2g25cm-1 and Dogssem-1 Were
attributed to CHa vibrations [234], i.e. C-H stretching mode of the organic matter in Nanofil
116. This is rather strange because organic materials typically do not survive temperatures
above 600°C (see C and D in Figure 4-4(ii)). Nonetheless, this phenomenon may be related to
structural modifications of the nanoclays [236] or remnant constituents. Peak at E2sssem-1 Was

assigned to O-Si-H and Si-H vibrations [237]. The band at Fis3scm-1 Was assigned to

75



T Manctl 115 @REF
= Y
o _”,“"-J & H‘\.‘ I""P'|
Y g \ A '
- ;B E E | vy
IIJIII ;.:‘ | L LY I"ll
= / b 5] | ‘-,.'I 5 N
I.-' || T E | - 1
. .f IRLANEN HE
;- il """‘44\,\“ " E- | rll K |
: \ i |\
# 0 4 | = f |
'. F - |
10= | ' [ I
o 'f\ -"j ll'l | J I|. f |I
i :-_r ".\ II II_I ll.'d.
b AR T 2
A B = :F
| - My
0= |
..... H‘:ﬂ‘ . wj:ﬂ - .!-i:u. ‘. 3;::0 .. 3;:0 - - -Jn: . _'535 - _‘aJ:l. - . ::Iu: - ":.mg “ 1a|:c .. IEI:l:I PR ‘I:u . .I.::o - e e :::'] - . BI:O e Dll:':- - _‘::u .
W pepragmisr
(i)
o Nonch 116 @625 Deg C
o
.22
@ ~ T
W= - ¥ e,
ol ey 7 Vs : ™ »
\ 2 8 : \ /™ YN
. “p E s, fg ™
i \ / c U '*- g \
iy ./ 3\ [ 50
i o 3 i \'H, [ v
# 1 F | %
= 3 N \ K
E \ i |
= \
B “-.L |'I \/
15 -.II | it
. | g
LV =
o= o £
I_"
..... R Ry
W araaihar

(ii)
Figure 4-4:  FTIR results for Nanofil 116 (i) Before, and (ii) After heating to 635°C and
holding for 45 minutes.
deformation vibration of adsorbed water (H20) in the structure of silicate [235] with an
overtone at around 3250 [234]. Similarly, the band at G1477cm-1 Was assigned to H>O [238]. The
band at Hize1cm-1 at H was attributed to CHs vibrations [239]. The intense band at l103gem-1 Was

assigned to the stretching of siloxane (Si-O-Si) groups [236]. Elsewhere, this band is attributed

to Si-O stretching [231, 238]. The band at Jo13cm-1 Was assigned to the deformation mode of the
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Al,OH group, i.e. deformation of OH linked to 2AI** [231, 234-236]. Similarly, the band at
Kags7ecm-1 Was assigned to the deformation mode of AIMgOH group exhibiting the deformation
of OH linked to AP and Mg?* [231, 236]. The peak at Lzgsem-1 Was attributed to the presence
of Quartz (SiO2) [234]. Bands at Ms1gcm-1, and Naesem-1, correspond to bending vibrations due
to Al-O-Si and Si-O-Si respectively [231, 235, 238] while the band at Oaszgcm-1 correspond to

Si-O vibrations [235].

Comparing the two graphs, it was evident that some functional groups (A, G, J, K, M and O)
were destroyed or altered after exposure to heat at 635°C. In particular, the functional groups
at A and G were destroyed, thereby leaving only remnant residue as implicitly depicted by the
replacement of those previously smooth and long peaks with several short peaks. Shoulders
previously at J and K were completely destroyed. This observation was consistent with findings
elsewhere [231], whereby the Al,OH peak at J was found to be absent in sample of natural
bentonite heated to 650°C. Functional groups represented by M and O were also affected, with

a seemingly resultant effect of refinement towards adding on to the group at N.

It was further observed that, of those functional groups that remained after heating to (and
holding the temperature at) 635°C, their transmittance generally increased. The increase in
transmittance by 23% at B was relatively the highest. This relates to the dominant dehydration
of water near the 100°C temperature. Corresponding increase at N was by 15%, while
transmittance at both C and D increased by 10%. Similarly, transmittance of groups at F, H,
and | increased by 6%. Lowest increases of 3% and 2% were noted at E and L respectively,

attributable to the thermally stable Si-O bonds in siloxane groups and quartz [240].

All the aforementioned differences in functional groups as a result of the nanoclay’s exposure
to heat represents a potential for chemical reactions and/or alterations as the nanoclay interacts

with the AMB-2712 matrix.
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4.4 TEM and SEM analysis

° PR 5o % T 5 vy
(i)
Figure 4-5:  TEM Micrographs of (i) Nanofil 116, and (ii) Plain AMB-2712 powders.

Figure 4-5 (i) and (ii) shows TEM micrographs of plain AMB-2712 Al powder and Nanofil
116 powder, respectively. Both powders are comprised of smooth-edged particles that seem to
be predominantly agglomerated. The smooth edges for AMB-2712 alloy particles may be
attributed to the associated gas atomization processing of the powder from molten stock. The
agglomeration phenomenon is consistent with the behaviour of powders constituting very small

particle sizes. Varying intensity in shades represents various levels of layered stacking of

platelet particles.

10pm Mag= 150KX EHT = 10.00 KV Date 111 Oct 2018 10 am Mag= 150 KX EHT = 3.00 kV Date :11 Oct 2016
WD = 13.5 mm Signal A = SE1 Chamber = 7.60e-004 Pa WD =15.5 mm Signal A = SE1 Chamber = 6.35e-004 Pa

Figure 4-6:  SEM micrographs of (i) Nanofil 116, and (ii) Plain AMB-2712 powders.
To complement the TEM results, Figure 4-6 shows respective SEM images captured at a

common magnification of 1500 times. Two observations were eminent: (1) Particles in both
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powders exhibited smooth, rounded surface profiles. These features generally account for the
degree of variation in local particle parking and the resultant green-compacts densities [59].
(2) Atthe common magnification, significantly higher disparity in particle sizes was noticeable

in aluminium powder than in the nanoclay powder.
4.5 Particle Size Analysis (PSA)

Table 4-1 shows the particle size analysis results for both Nanofil 116 and AMB-2712. Despite
the observed agglomeration from TEM results, almost a quarter of the Nanofil 116 particles
were less than 10um (22%). Results further indicate that the AMB-2712 particles were
generally 4 times the size of Nanofil 116 particles. It can be expected that mechanical blending
of these powders and/or ball milling and can potentially have a positive effect on the relative
particle sizes and distribution. The variance in diameter of aluminium particles was found to
be even bigger than the powder’s mean particle size. This phenomenon reiterates the observed
disparity in the particle size results as presented in Figure 4-6. Regardless of the observed
disparities, both powders showed a normal particle size distribution as presented in Figure 4-7
in the form of histogram and S-curve.

Table 4-1:  Particle size analysis results

Analysis — %PM10 | D10 | D50 | D90 | Mode | Mean | Std. Dev
(Units) (%) pm pm um | pm pm pm
Powder |
Nanofil 116 22 8.22 | 1348 | 21.75 | 14.08 | 1439 | 5.54
AMB-2712 Alloy 6 13.04 | 48.22 | 116.96 | 55.25 | 65.85 | 100.75

The Nanofil 116 and AMB-2712 alloy were found to have a GSD of 1.46 and 2.42 respectively.
At individual ingredient level, the determination of optimal particle size distribution for these

powders is outside the scope of this study. However, from the perspective of blending the
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powders in the process of making AMCs, their difference in GSD presents an opportunity for

the nanoclay particles to physically serve as interstitial filler for the aluminium powder matrix.
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Figure 4-7:  Particle Size Distribution for (i) Nanofil 116 powder, and (ii) AMB-2712 Alloy
Powder.

4.6 Summary

With due reference to alloying elements known to enhance properties of aluminium, a copper-
based heat-treatable 2xxx-series alloy was pre-selected as the preferred datum matrix for the
current study, i.e. AMB-2712 in particular. Similarly, Nanofil 116 was pre-selected as the

preferred datum nano-phased reinforcement system. Since these materials were originally
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sourced in powder form, atomized Acrawax-C was pre-selected as the preferred lubricant-cum-

binder in order to facilitate in part the handling of these powders.

As alluded to and hereby verified, Nanofil 116 comprises of chemical elements similar to some
of those found in the selected matrix (Al, Si, Mg, etc). It was therefore envisaged that nanoclays
can compatibly be integrated into the matrix, thereby inducing the inherent advantage of being
nano-structured and chemically coherent with the matrix. To accommodate the relatively lower
temperature range for the nanoclay compared to aluminium, powder metallurgy processing
route was selected as the preferred processing technique. The following chapters detail
explorative characterization processes revolving around evaluation of the efficacy of using

nanoclays as a preferred reinforcement system for aluminium and its alloys.
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CHAPTER 5:

NANOFIL 116 — AMCs: Physical Properties and Microstructures

5.0 Introduction

This chapter is documents the nature of sintered Nanofil 116-AMCs as characterized using
physical inspection, sintered density, microstructural analysis, and SEM / EDX / XRD analysis.
Any underlying and/or contributory factors relating to observed trends and features have been

discussed wherever deemed to be significant.
5.1 Physical inspection

5.1.1 Batch 1

Figure 5-1(i), (ii), and (iii) show the respective top-, side-, and bottom-view of reference
samples (no nanoclays) as processed using Set- “4 -run settings. The bottom view images were
taken after a preliminary grinding test meant to check whether the green compacts were fully
sintered. The images in Figure 5-1(iii) show that all the specimens were sufficiently sintered.
Figure 5-1(i) and (ii) show that the specimens as sintered exhibited no noticeable geometrical
distortion. Since SLPS is time-temperature sensitive [241], this geometrical stability depicts

suitability of the selected sintering conditions.

Figure 5-2 shows the side-view of sintered specimens with varying nanoclay content as
compared to the reference specimens. No defects such as cracks and/or physical deformations
were observed irrespective of the green compaction pressure and nanoclay content.
Nonetheless, varying hues of colour were observed on the surfaces of the specimens containing
1%wt. and 3%wt. content of Nanofil 116. This phenomenon points to potentially ineffective
delubrication of the specimens during sintering, which may be attributed to the following

contributory factors: (1) At the 10°C/minute heating rate towards the sintering temperature, the
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Set-A-Run sintering profile did not have a dedicated stage for delubrication, (2) the green

compactions used in making these specimens, e.g. 950MPa and 1425MPa, were approximately

(i)

160 Bars 200 Bars 240 Bars
(ii)

160 Bars 200 Bars 240 Bars
(iii)

160 Bars 200 Bars 240 Bars

Figure 5-1:  Set “A” Run Reference Samples: (i) Top view, (ii) Side view, and (iii) Bottom
view.

double and triple the magnitude of those used elsewhere on the same material, respectively
[108, 222] - the effect of this would be enhanced closure of the very pores that would otherwise
aid delubrication, (3) The nanoclay particles, whose sizes were observed to be significantly
smaller than those of the AMB-2712 matrix powder, would serve to fill-up the interstitial
vacancies, thereby creating less opportunities for the lubricant to escape. For further

appreciation, AMB-2712 with the same amount of 1.5%wt Acrawax has effectively been
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processed using a green compaction pressure of 200MPa, a delubrication temperature of 300°C

for 20 minutes, and a sintering temperature of 600°C for 30 minutes.

REF

160 Bars 200 Bars 240 Bars
1%N

160 Bars 200 Bars 240 Bars
3%N

160 Bars 200 Bars 240 Bars
8%N

160 Bars 200 Bars 240 Bars

12.5%N
160 Bars 200 Bars 240 Bars

Figure 5-2:  Side view of Set “4” Run Specimens.
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Interestingly, it was noticed that these hues of colour were absent in the 8%wt. and 12.5%wt.
specimens. This was perceived to be indicative of an improved delubrication process in these
latter categories. This perception is based on the understanding that, at higher contents of the
nanoclay, there would inevitably be a relatively higher number and size of nanoclay’s
particulate agglomeration sites. Agglomeration of particles on the other hand has been reported
to result into increased volume and size of pores in green compacts [54, 242]. It is further said
to promote uneven sintering, which sometimes results in mechanically weak and porous
products [54]. Accordingly, there must have been relatively increased level of porosity in these
latter specimens as a result of the agglomeration, thereby providing sufficient routes for escape
of Acrawax.

5.1.2 Batch2

Table 5-1 shows the second batch of sintered specimens for thermal analysis. Exudation and
warpage were observed in specimens containing 1% through to 4%wt. content of Nanofil 116.
The extent of warpage corresponded with the extent of exudation. Exudation in itself has been
associated with poor wettability of aluminium oxide in the absence of magnesium when
sintering Al-Sn alloys [121]. In their work, German and Hall [121] found that exudation was
apparent in Al-Sn alloys when samples were sintered without magnesium in the furnace. They
showed that the phenomenon could largely be avoided by placing magnesium filings in the
furnace upstream of the samples. They further reported that the use of an argon or nitrogen
atmosphere had no effect on whether exudation occurs. However, there is no indication of the
exudation phenomenon being observed in the case of Al-Mg specimens [121]. It is therefore
hereby suspected that the primary cause for exudation in the current study was directly related

to the addition of Nanofil 116 and the loading conditions of the specimens.
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Table 5-1:  Batch 2 of sintered specimens.

REF

1%N

2%N
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3%N

4%N

5%N

————— Exudation

=== Warpage
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In the current study, the issue of wettability was ruled out because (i) the phenomenon was not
observed in any other batch of specimens, (ii) both the matrix and nanoclay contained
magnesium, and (3) there was no tin (Sn) in the alloy, which is mentioned to experience
difficulties in wetting alumina [121]. Two factors were considered to have contributed to these
phenomena. Firstly, since the discs could not seat flat inside the relatively narrow sintering
boat, they were rather placed at angle and thereby being supported on their edge at the bottom
of the boat. This aspect was perceived to induce localized pressure at the lower support points.

An arrow has been used to show the respective pressure points.

Secondly, since these phenomena only occurred in the specimens containing nanoclay and the
sintering was conducted in the supersolidus temperature range, it is imperative that the
nanoclays significantly impacted on the thermal properties of the material, thereby resulting in
increased liquid ratio in the specimens. With the specimens seating at an angle, the resultant
effect of specimens own weight and mushy granular structure would inevitably cause the
observed warpage. This proposition is further validated by the fact that the phenomena was not
observed in the reference specimen and that the effects thereof became less profound with
increasing nanoclay content.

5.2 Sintered density of specimens

5.2.1 Batch 1

Table 5-2 shows sintered densities for the cylindrical specimens compacted to 200-bars and
processed using Set-A-Run sintering profile. It was observed that there was no significant
difference in porosity between Reference sample and the sample containing 1%wt nanoclay

content. The porosity quantifications seemed to follow no particular pattern.

It was observed that the sintered density decreased with increasing nanoclay content, except

the density value for the 8%wt specimen. This decreasing trend was attributed to nanoclay’s
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partial role of adversely affecting the delubrication process as it was notable that: (1) The
reference sample posted the highest sintered density value, which progressively declined upon
addition of 1%wt and 3%wt nanoclay, and (2) With improved delubrication as discussed earlier
on for samples having 8%wt and 12.5%wt content of Nanofil 116, the sintered density pick-up

again at the 8%wt content and decreased thereafter with further increase of the nanoclay

content.
Table 5-2:  Sintered density of Batch 1 specimens
i SINTERED DENSITY (g/cm’
Nanofil 116 {g/em?) POROSITY
Content Sample 1 |Sample 2| Sample 3 | AVERAGE | Std. Dev.
% 0.0000 | 0.0000 | 0.0000 0.0000 | (g/cm?) (%)

REF 2.4887 | 2.4837 | 2.4799 2.4841 0.0036 9.82
1%MN 2.4657 | 2.4652 | 2.4660 2.4656 0.0003 10.49
3%N 2.3575 | 2.3556 | 2.3683 2.3605 0.0056 14.31
8%MN 2.4557 | 2.4570 | 2.4605 2.4577 0.0020 10.78

12.5%N 2.3191 | 2.3020 | 2.3393 2.3201 0.0152 15.77

5.2.2 Batch 2
Table 5-3:  Sintered density of Batch 2 specimens
i SINTERED DENSITY (g/cm’
Nanofil 116 {g/em) POROSITY
Content Sample 1l |Sample 2| Sample 3 | AVERAGE | S5td. Dev.
% 0.0000 | 0.0000 | 0.0000 0.0000 | (g/cm?) (%)

REF 2.3679 | 2.3693 | 2.3808 2.3727 0.0058 13.87
1%N 2.4095 | 2.3979 | 2.3635 2.3903 0.0195 13.23
2%N 2.4062 | 2.4110 | 2.4279 2.4150 0.0093 12.33
I%N 2.3821 | 2.3600 | 2.3760 2.3727 0.0093 13.86
A%MN 2.3626 | 2.3610 | 2.3417 2.3551 0.0095 14.50
5%MN 2.3782 | 2.3681 | 2.3838 2.3767 0.0065 13.72
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Table 5-3 shows sintered densities for the disc specimens compacted to 16.5-bars and
processed using Set-A-Run sintering profile. It was observed that the sintered density increased
with increasing nanoclay content, peaking at 2%wt content. Thereafter the density generally
decreased with further increase in nanoclay content except at 5%wt content, which could
represent the onset of a microstructural transition resulting into observed densification. From
an alternative perspective, porosity decreased with increase in nanoclay content up to 2%wt
content, after which a tendency to increase with nanoclay content was then observed.

5.3 Microstructure of sintered specimens

Follow-up inspection as done using an optical microscope further confirmed that the samples
were significantly sintered. Figure 5-3(i) and (ii) shows the microstructure of specimen
previously compacted at 160 Bars and viewed at the mid-section of the edge of cylindrical wall
and at the central axis, respectively. Both images were taken in the mid-zone along the height
of the specimens. No expressly discernible difference in porosity was identified, potentially
implying an even distribution of green density and heat flow matrix, i.e. the microstructures
after sintering were uniform throughout the specimen. This observation is in agreement with
observations made by Min Ho Kyung et al [222] whose work was on AMB-2712 delubricated
at 400°C for 30 minutes and sintered at 630°C in dry nitrogen for 30 minutes. Nonetheless, the
effect of processing conditions such as the green compaction pressure and %wt. content of
lubricant / binder do have knock-on effects on other factors such as the porosity, interparticle

residual stresses, and bulk hoop stresses [51, 53, 62] .
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(1) Edge (ii) Central

Figure 5-3:  Microstructure of 160 Bars reference specimen sintered under Set-“4 ”-run
settings and viewed at: (i) Edge of Cylindrical wall, and (ii) Central Axis.

Figure 5-4 shows the microstructure of specimens with 1%wt. content of Nanofil 116 as
previously compacted to 160, 200 and 240 bars. It was evident that porosity decreased with the
green compaction pressure as seen in (i) towards (iii). This behaviour was attributed to: (1)
increase in green compaction pressure may be expected to have increased the cumulative inter-
particle contact’s surface area for conductive heat transfer as a result of cold-welding induced
by the compaction pressure, hence the observed thermal behavioural trend relative to
compaction pressure, and (2) the role of residual stresses, i.e. these stresses may reasonably be
expected to potentially affect the level and significance of thermally instigated lattice vibrations

with a knock-on effect of increasing the system’s entropy.
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Figure 5-4:  Microstructure for Set-“A”-run specimens with 1%wt Nanofil 116 showing
decreasing porosity with increasing compaction load seen in (i) towards (iii).
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Figure 5-5 shows the effect of Nanofil 116 on the microstructure of specimens previously
subjected to green compaction pressure of 160 Bars. The images were captured at the central
axis region of the respective polished surfaces. In comparison to the reference sample, it was
observed that the level of porosity in terms of pore-size and population declined with increase
in nanoclay content as evident in the samples with 1%wt and 3%wt. This phenomenon was
attributed to filler-effect of the nanoclay at the grain and inter-particle boundaries. In effect, this
could increase the material’s compressive strength and possibly also the tensile strength.
However, this favourable trend was observed to diminish at the relatively higher nanoclay
contents of 8%wt and 12.5%wt content. In the latter pair, porosity was characterised by
relatively fewer but larger diameter pores accompanied by smaller segregated grains. The trend
depicted by these results was consistent and equally representative of the specimens previously

subjected to green compaction pressures of 200 and 240 Bars.

Figure 5-5:

Microstructure for
specimens previously
subjected to 160 Bars.

8%wit. 12.5%wt.

Table 5-4 shows the evolution of microstructures with changes in the %wt. content of Nanofil

116 and the green compaction pressure. The trend for both the 160-bars and 240-bars
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specimens was observed to be similar as compositions changed from the reference samples

through to the 12.5%wt. nanoclay samples. At every comparative composition, microstructural

features in the 240-bars specimens were observed to be more amplified than in the 160-bars

specimens. This was perceived to infer into the role of the green compaction pressure on the

heat-transfer-matrix, which on the other hand relates to the system’s tendency to seek

thermodynamic equilibrium. This tendency is in accordance with the second law of

thermodynamics [243], which states that the total entropy for an isolated system can only

increase.
Table 5-4:  Microstructure for Set-“4 ”-run specimens with varying %wt Nanofil 116 and
previously compacted at 160 Bars and 240 Bars.
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A closer look at the microstructure of the sample with 3%wt nanoclay content showed an on-
set of particulate disintegration into individual grains potentially due to thermal stresses
concentration at both the grain- and interparticle-boundaries. This was accompanied by
noticeable discolouration of the grains and eminent concentration of a dark-looking phase, some
features suspected to alloying elements and/or chemical compounds at the boundaries. From
magnified microscopic sites as shown in Table 5-5(i) to (iv), four significant observations were

made, respectively.
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Firstly, Nanofil 116 had a resultant filler effect. Upon addition of nanoclays, porosity was
significantly reduced irrespective of the green compaction pressure especially in lower
nanoclay contents such as 1 and 3%wt.; at relatively higher contents such as 8 and 12.5%wt.,
the pores were very scarcely distributed but relatively much larger in size. This validates the
observed effective delubrication in these specimens in comparison to those containing 1%wt.

and 3%wt. nanoclay.

Secondly, for the same %wt content of nanoclay, increased green compaction pressure
effectively changed the heat transfer dynamics as depicted by thermally induced granular
collapse illustrated in figure (ii) of Table 5-5. Further evidence was as shown in Table 5-4, e.g.
sites of granular collapse were more prevalent in the 3%wt specimen previously compacted to
240 Bars as compared with 3%wt specimen previously compacted to 160 Bars.

Table 5-5:  Magnified microscopic sites of Nanofil 116-AMCs.

(1) Nanofil 116 as a filler (1%wt Nanofil 116 @ 240 Bars).
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(i) Thermally induced granular collapse (3%wt Nanofil 116 @ 200 Bars).

P @ s ) . -

\
- X : R )
4 i ; - \

(iii) Thermal stress concentrations (8%wt Nanofil 116 @ 200 Bars).
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(iv) Granular disintegration (12.5%wt Nanofil 116 @ 240 Bars).

Thirdly, local temperature gradients. There was a noticeable inference to potential disparities
in thermal properties (conductivity, diffusivity, and specific heat capacity) between the matrix
and the filler nanoclay (or chemical compounds formed due to its integration into the matrix),
thereby creating a cross-border heat transfer gradient and thermal stress concentrations as

implied by thermal-stress-bands (pointed out by arrows) evident in figure (iii) of Table 5-5.

Lastly, increased nanoclay presence progressively changed the heat transfer dynamics as
characterized by extensive granular disintegration at 8%wt. and 12.5%wt. content. At relatively
high contents, the nanoclay in effect served as heat dissipation sites due to potentially having
a relatively lower thermal conductivity, lower diffusivity, and a corresponding higher specific
heat capacity compared to the matrix. This thermal-barrier-effect would lead to local
temperatures becoming high enough to burn out some of the chemical elements and/or

reactively create other chemical compounds. In addition, this can be expected to have an effect
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Figure 5-6:  Sample phases and interfaces in a 240-bars specimen with 1%wt Nanofil 116
requiring SEM / EDX for better identification.
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on the relative proportion of liquid phase, effective granular dislocation, extent of densification,

and the resultant material’s physical-chemical properties.

Figure 5-6 illustratively shows sample phases and/or interfaces in a 240 Bars Specimen with
1%wt content of Nanofil 116. A higher magnification and/or etching would be necessary in
order to enhance and/or identify the phases or interphases of interest especially as alphabetically
marked from A to F. For this purposes, results from SEM / EDX / RXD analysis have been

provided in the succeeding section.

It should be noted here that microstructural analysis of samples from Batch 2 using JEOL
microscope revealed similar trends and features as observed and discussed above with respect
to Batch 1 samples. The only notable difference was that Batch 2 samples showed signs of
precipitation. Both representative microstructures and precipitation can be seen in the images

used for SEM analysis in the immediate next section.
5.4 SEM analysis of the sintered specimens

Comparable secondary-electrons images for Batch 2 specimens are given in Table 5-6 shows
the evolution of microstructure with respect to nanoclay content. The general trend and features
were similar to those observed from optical microscope imaging for Batch 1 specimens. Two
observations were considered significant. Firstly, unlike the reference specimen, grain
boundaries for the specimen containing 1%wt nanoclay were not easily discernible other than
by deciphering from the patterns of precipitates. This signified a relatively higher degree of
sintering and superior heat-flow-matrix compared to the reference specimen. Attenuation of the
level of porosity was also noted. From 2%wt nanoclay content onwards, grain boundaries
appeared to gradually become more defined as well as distribution of pores. At 4%wt and 5%wt
content, the boundaries were clearly defined, with the latter showing the onset of granular

fragmentation into globular shape. This was accompanied by a relative increase in the number
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and size of pores, a phenomenon linked by other researchers [54, 242] to agglomeration of
particles.

Secondly, the prevalence of precipitates both at the grain boundaries and within the grains was
observed to increase with the nanoclay content especially from 1%wt through to 3%wt content.
From images taken at a relatively higher magnification as presented in Table 5-7, it was
observed that the precipitates were becoming relatively fewer but larger in size with increase in
the nanoclay content and getting more concentrated at the grain boundaries.

Table 5-6:  Secondary electron images for Batch 2 specimens showing the evolution of
microstructure.
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In addition to precipitates, it was further observed that the reference sample had micro-cracks
in one of the phases located at the grain boundary as shown in Table 5-7. This phase was
observed in both the reference samples as well as in all the samples containing nanoclay. This
implies that the presence of this phase was not caused by addition of nanoclays. The cracking
of this phase was deemed to imply that the phase was brittle. The cracking possibly occurred
due to disparities between thermal properties of the phase relative to the neighbouring phases.
EDX and XRD analysis results gave more information about this phase and the precipitates as
detailed in the succeeding sections.

Table 5-7:  Back scattered images of Batch 2 specimens showing precipitation trend and
micro-cracks.
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5.6 Phase composition: EDX and XRD analysis

5.6.1 EDX Analysis

EDX analysis was used as a follow-up investigating into two significant observations: (i) a
dark phase appearing in all the specimens and seemingly plagued by microcracks, and (ii)
precipitations in the microstructure at both the grain boundaries and within the grains.

5.6.1.1 The dark phase with micro-cracks

Table 5-8 shows magnified sites with the dark phase present in all categories of specimens. Of
interest was the identification of a dark cracked phase in the sample as this phase. Sample

locations of this phase are shown with an arrow.
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Table 5-8:  Dark phase observed in all categories of specimens.
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Figure 5-7 shows a secondary electron image corresponding to the back-scattered image shown
in Table 5-8 for the sample with 3%wt nanoclay. From this figure, it was evident that this dark

phase had solidified from a liquid state. Of significance was the observation that the extent of

107



cracking of this phase in the nanoclay-AMCs was to relatively less compared to that observed

in the reference sample.

SEl. 20kV WD10mm

Figure 5-7: Secondary electron image showing the dark phase in sample with 3%wt nanoclay.
For identification of chemical composition of the dark phase, Figure 5-8 was used for EDX
spectral analysis. The site shown was from the reference sample. Alongside the dark-phase, the
figure was used to identify composition of other compounds as differentiable by the different
shades of colour. EDX spectra mapping identified the dark phase to be dominantly composed
of MgO and SiO». Additional phases were also observed as detailed in Chapter 9. Meanwhile,
it is worth noting that the phase was primarily found at the grain boundaries and seemingly
played a significant role in filling up the pores, and hence aiding the densification process.
Spectra overlays were used to decipher the elemental composition of different locations on the
microstructure. These compositions are provided in the key to the figure. It should be noted

that the major elements in section marked as B was Silicon (83%wt content).
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KEY
A: Aluminium (Al)
B: AIMgSiOCu
C: Medium Grey (MgO)
D: Light Grey (AISiO)
E: Copper (Cu)
F: Dark Grey (MgO)

Figure 5-8: EDX spectral overlays identifying elemental compositions.
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5.6.1.2 Precipitations

REF
1%N

SEl 20KV WO10mm LA 1200 e—
3%N

-

SEl 20kv  WD1omm

Figure 5-9:  Evidence of nanoclays effectively increasing the occurrence of precipitations.
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Figure 5-10: EDX spectra showing sample large silicon precipitates within grains.
A look at Figure 5-8 shows that copper, silicon, and magnesium precipitated both at the grain

boundaries and within the grains. However, precipitation was more dominant in the boundary
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grains especially as demonstrated by the copper-precipitates appearing as white particles in
high contrast from the background. This trend was also visible from Table 5-7 where the
distribution of precipitates was observed to become less but accompanied by increase in size
of the precipitates. Figure 5-9 exemplifies the observed trend of precipitates increasingly
appearing within the grain besides their concentration at the grain boundaries as a result of
increase in nanoclay content in the system. Even though the magnification for the reference
sample was higher than the counterparts, it was evident that the relative intensity of precipitates

distribution within the grains increased with increasing nanoclay content.

EDX revealed the precipitates within the grains to be largely comprised of silicon. Figure 5-
10 shows the distribution of copper and silicon precipitates in the sample containing 5%wt
nanoclay. As observed on all other samples, copper is seen predominantly precipitated at the
grain boundary. Interestingly, in addition to presence at the grain boundaries, large silicon
precipitates were clearly evident within the grains. For this to happen, the silicon solubility in
aluminium must had been exceeded beyond the 1.65% limit [244]. Since the AMB-2712 only
has 0.6-0.9%Si according to the supplier, the excess silicon must had been from the nanoclay.
Therefore, this precipitation phenomen presents evidence to the effect that nanoclays can
innovatively be used as an effective source of silicon in the formulation of conventional
aluminium alloys and composites.

5.6.2 XRD Analysis

The different versions of cracks or phase discontinuities observed were further investigated
using XRD. Irrespective of the magnification used, it was noted that in the absence of nanoclay
(Figure 5-11(i)) as well as at relatively low nanoclay contents (Figure 5-11(ii)), any visible
microcracks were observed to be entirely contained within the grain-boundaries and distinct
from the inherent porosity evident in most materials processed through powder metallurgy.

They either constituted instances of incomplete fusion or separation of a solidified liquid phase.
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(iii)
Figure 5-11: SEM images: (i) Reference, (ii) 1%wt, (iii) 12.5%wt Nanofil 116 sample.
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Figure 5-12: XRD results (i) Reference Samples, and (ii) Samples with 3%wt Nanofil 116.
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In contrast, at relatively higher nanoclay contents (Figure 5-11(iii)), micro-cracks originating
from the grain-boundaries were observed to propagate outwards into the grains of the matrix.
This phenomenon was increasingly observed as the nanoclay content was increased especially

from 3% upwards.

Prevalence of the observed micro-cracks was considered to suggest insitu formation of brittle
phases of a ceramic nature during sintering. In fact, it was established that thermally instigated
reactions amongst chemical elements in the nanoclays and matrix resulted into formation of
minerals of ceramic nature as seen in Figure 5-12. Despite the XRD graphs seemingly looking
the same, a comparison of the chemical composition of the two samples showed a decline in
the percentage proportion of Aluminium (Al) in favour of increased presence of ceramic
compounds such as Alumina (Al.O3). This may be attributed to the presence of Aluminium in
both the matrix and nanoclays, coupled with incremental introduction of organic elements

through the nanoclay.

The variation in composition can further be seen in the crystallinity of the samples whereby
the sample with 3%wt nanoclay shows a relatively higher number of secondary peaks than the
reference sample. This was represented by a relative shift to the formation of Alumina and
Akermanite in preference to Serandite. Besides the peaks being shorter in the reference sample,
the d-spacing is also generally reduced across all data points. This may be reflective of the

observed nanoclay’s grain-refinement effect on the matrix as discussed in Chapter 5.

At increased %wt content of Nanofil 116, it may expected that the relative quantity of
magnesium in the AMC became higher than the 0.1 — 1% recommended for the favourable
break-up of the surface oxide layer through the development of a MgAIl.O4 phase [229]. In this
context of increased presence of magnesium, the inferior phase would not completely dissolve

in solid solution, thereby staying as a complex at the grain boundaries resulting to
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embrittlement of the AMC [230]. This phenomenon was evident during microscopy analysis
as exemplified in highlighted zones (dotted zones) in Figure 5-13 whereby the spinel phase
was probably the bluish shaded particles at the grain-boundaries. Further TEM analysis is

therefore recommended.
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Figure 5-13: Microscopy Image of sample with 3%wt Nanofil 116.
Figure 5-14 shows an SEM image for a 160 Bars sample containing 12.5%wt Nanofil 116 and
on which an EDX analysis was conducted. Besides positive identification of metallic elements
such as aluminium and copper, it was evident that there were sufficient and varied non-metallic
and semi-metallic elements that typically anchor the formation of ceramic compounds. These
compounds were validated using XRD analysis, confirming presence of a diverse range of
minerals such as akermanite, serandite, zirconia (nanocrystalline), zangboite, almandine,

magnesite, quartz, and Al-Cu spinels. These minerals were in addition to the formation and
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relatively high presence of khatyrkite (Al.Cu) that may be associated with the relatively higher

solubility of copper in aluminium.

It was further observed that the micro-cracks also tended to originate at sites having a relatively

high content of copper. With reference to Figure 5-14, Spectrum 138 marks the centre of a
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Figure 5-14: SEM Image and spectra for 160 Bars sample with 12.5%wt Nanofil 116.
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circular micro-crack, with a 7.22 %wt Cu, which decreases with the shift to Spectrum 139
(1.84%Cu) and Spectrum 140 (1.01%Cu). A similar correlation was observed in Spectrum 142
(17.52%Cu) relative to the neighbouring Spectrum 141 (3.11%) and Spectrum 143 (1.99%Cu).
In both cases, it was clear that these micro-cracks were within the grains as opposed to being
aligned with the conventional grain boundaries. Since there was no significant variation in
content of the other major elements across the both sets of spectra, it can be argued that the
evident localized origination of micro-cracks around copper can directly or indirectly be linked
to the differences in coefficient of thermal expansion of copper relative to the bordering

elements and/or ceramic compounds.
5.7 Summary

Nanofil 116-AMCs specimens were successfully sintered despite minor delubrication
concerns. Stress concentrations can contribute to deformation of specimens when sintering in
the supersolidus temperature regime. The deformation may induce exudation. Despite
increased porosity at 5%wt content of Nanofil 116, the transition to globular microstructure
yields a gain in densification. Porosity decreased with the green compaction pressure. This was
attributed to increased cumulative surface area of contact for conductive heat transfer as a result
of cold-welding induced during green compaction. At high nanoclay content, the pores became

scarcely distributed but larger in size.

Beside the nanoclay having a resultant filler effect on the AMCs at as low as 1%wt content,
increase in nanoclay content did improve the heat transfer dynamics and induced granular
collapse or disintegration, thereby playing a significant role in densification. Precipitates were
observed both at the grain boundaries and within the grains. These precipitates increased with
increase in content of Nanofil 116, with the precipitates becoming fewer in distribution but

larger in size as the nanoclay content was increased especially beyond 3%wt content.

118



CHAPTER 6:

NANOFIL 116 — AMCs: Thermal Properties

6.0 Introduction

In the introduction to the current study, it was hypothesized that improvement of thermal
properties of the material for automotive engine blocks, cylinder-heads, and associated
components can increase the engine’s operating temperatures, potentially yielding improved
operational efficiency, lower fuel consumption, and lower carbon foot-print on the
environment. This chapter is dedicated to the reporting of experimental results and discussion
of the thermal behaviour of Nanofil 116-AMCs as assessed using physical inspection, DSC-
TGA, optical microscopy, SEM, thermal conductivity, specific heat capacity, thermal

diffusivity, thermal expansion percentages, coefficients of thermal expansion, and modelling.
6.1 Thermal Behaviour of AMCs

6.1.1 Thermal behaviour of sintered reference specimens

For ease of reference, samples were labelled in a standardized manner as “Matrix — Alloy -
Nanoclay %wt Content - Nanoclay’s Name - Green Compaction Pressure - Sintering Profile
Settings - Sample Number”, e.g. Al-2712-0-REF-160-A-1.001 refers to sample number 1 of
AMB-2712 alloy matrix with 0%wt content of Nanoclay (i.e. Reference specimens), previously
subjected to 160 Bar green compaction pressure, and processed using Set “A” run sintering
profile-settings. Similarly, Al-2712-3-Nanofil 116-240-A-2.001 refers to sample number 2 of
AMB-2712 alloy matrix with 3%wt content of Nanofil 116, previously compacted to 240 Bars,

and processed using Set- “4 ”-run sintering profile-settings.

Figure 6-1 shows results for Set-“4 ”-run reference specimens while Figure 6-2 shows an
expanded view of the boxed region in Figure 6-1. In similarity to the as-received aluminium

powder, the melting in the sintered Reference sample starts at approximately 512°C and ends
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Figure 6-1: Heat flow results for Set-“4 ”-run reference samples as a function of Green
Compaction Pressure.
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Figure 6-2:  Second phase change under Set- “4 ”-run processing settings.
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at around 646°C. Based on a typical binary-phase-diagram for Al-Cu alloy, the phase change at
646°C closely corresponded to the 648°C and represents transition from supersolidus to

liquidous phase.

It would be reasonable to expect thermal behaviour of specimens to exhibit some degree of
proportionality to the green compaction pressure. However, samples from the 200 Bars
specimen generally depicted superior heat flows relative to the 160 and 240 Bars specimens
and thereby implying a relatively higher entropy. As alluded to earlier on, this behaviour may
be related to the systems’ quest to attain equilibrium in entropy representing a balance between
pressure, density, and temperature according to the second law of thermodynamics [243], which
dictates that the entropy of an isolated system not in equilibrium will tend to increase over time,

approaching a maximum value at equilibrium [245].

It is hereby contended that the aforementioned anomaly may typically be related to, and deemed
consistent with, the anomalous behaviour reported on Al-Cu composites by K. Yamaguchi et
al [51]. For the same reference green compaction pressures and volume fractions, they observed
that the sintered density of Al-Cu composites became smaller than that of the green compact.
At a comparative level, this was unlike their observation with Cu-Fe composites where the
density of sintered parts was observed to increase with sintering temperature and volume
fraction of Copper powders. In their study, this anomaly was attributed to relative increase in
volume of the samples. An effort to explain the anomaly is herein given in the section preceding
conclusions, i.e. in the form a heat-transfer-matrix model.

6.1.2 Effect of Nanofil 116 on Phase changes

Figure 6-3 shows thermal behaviour results for nanoclay-infused-specimens previously
compacted at 160 Bars. These results were consistent for both tested samples, showing

improved thermal properties over the reference samples. It was also observed that the Nanoclay
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delayed the melting temperature by almost 7°C at 8%wt content. This corresponds to a 34%
reduction in heat flow, with the maximum reduction of 40% being recorded for the specimen
induced with 12.5%wt content of Nanofil 116. On the same note, it was interesting to notice
that 1%wt content of the nanoclay raised the melting temperature by 6.6°C as well as reduced
the heat flow by 25%, the greatest incremental impact with reference to the other %wt contents

of the nanoclay.
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Figure 6-3:  Thermal properties of 160 Bars specimen with varying %wt Nanofil 116.
Of significance was the observation that the thermal properties improved with increase in %wt
content of Nanofil 116 except for the 3%wt specimen which showed inferior thermal properties
than its counterpart having 1%wt specimen at 160 Bars compaction pressure. However, this
was not the case with the 200 and 240 Bars specimens, which showed a consistent trend of
improvement of the properties with increase in nanoclay content as shown in Figure 6-4.

Further, it was observed that the first two endothermic peaks (e.g. at ~ 512°C and ~ 535°C)
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Figure 6-4: Thermal behaviour properties of (i) 200 Bars, and (ii) 240 Bars specimen.
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were typically augmented at 3%wt content of the nanoclay, after which they significantly
diminished as the nanoclay content was increased. This observation was similarly evident in
the 200 and 240 Bars specimens with a variation of approximately 2°C in the 511-535°C range
as shown in Figure 6-4(i) and (ii) respectively. This phenomenon potentially indicates that the
new AMC may be expected to have improved high-temperature mechanical properties as a

result of modifying the heat-transfer-matrix.

In addition to compaction-induced residual stresses being attributed to the first two phase
changes, it is envisaged that these phase changes also partly related to an element or
combination of elements present in the matrix and/or the nanoclay. The contemplated elements
or their chemical combinations thereof are Si, Al, and O. This view is based on two

observations.

Firstly, the second phase change in the specimen infused with 3%wt-nanoclay is only additional
to the typical phase change observed in both the reference samples (Figures 6-1 and 6-2) and
1%wt-nanoclay samples. This second phase change was relatively not fully developed in these
latter sets of samples (i.e. references & 1%wt samples) possibly due to the relatively lower

quantity of the second-phase’s definitive elements or their chemical combinations thereof.

Secondly, it was evident from Figure 6-4 that both of these pronounced phase-changes were
evidently absent in the 8% and 12.5%wt specimens, yet the second phase change seemed to
become more augmented or articulate as the %wt-nanoclay increased from 0 to 3%. This
potentially implies (1) incremental thermal-chemical effect of an element or combination of
elements contained in the Nanofil 116, (2) heat flow inhibition as the %wt nanoclay content
increases, thereby creating increasingly dispersed sites for heat dissipation, and/or (3) induction
of thermal-barrier-behaviour into the AMC at the interfaces of the nanoclay and adjacent /

surrounding media. In effect, these nanoclay-occupied sites would undergo delayed phase
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change either alongside the matrix or after the matrix has melted depending on relative quantity.
This was evident in Figures 6-5(i), (ii) and (iii) that show the phase change signatures before,
during, and after the melting of the matrix respectively in the order of %wt content of nanoclay.

This evidence is irrespective of the green compaction pressure.

It was also noticeable that as the clay content increased beyond 1%, the 160 Bars specimen
exhibited relatively superior thermal properties than the 200 and 240 Bars specimens. It was
further evident that, for these specimens with increased nanoclay content, the 240 Bars
specimen consistently exhibited better thermal behaviour than the 200 Bars specimen. It should
also be noted here that, irrespective of the green compaction pressure, the melting temperatures
for samples with 8%wt and 12.5%wt of Nanofil 116 were above the liquidous temperature of
650°C with reference to the AIl-Cu binary-phase diagram [218, 219]. In as much as the
conditions under which the diagram was obtained could have been different from the current
study’s experimental conditions, this observation as based on comparative analysis does
significantly fortify the contention of the nanoclay serving as an intergranular thermal-barrier-

medium and/or heat dissipation sites in the AMC.
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Figure 6-5:  Phase changes at (i) 3%, (ii) 8%, and (iii) 12.5%wt Nanofil 116 content.
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The afore-going observations can be attributed to the role and chemical nature of Nanofil 116,
not forgetting the interaction with the constituents of the matrix. In as much as the alloying
elements (and potentially the nanoclay elements) are perceived to be in homogenous solution
with no individual properties, we cannot ignore their intrinsic elemental differences and
individualized effects on properties of the bulk material. On that note, and with reference to the
AMB-2712 Al-Nanofil 116 composite, Figure 6-6 shows a simplistic Venn diagram
representation of three primary sets of conceptualized interfacial virtual boundaries. Three
primary interfaces are identifiable: (A) Interface between Nanofil 116 and Aluminium matrix,
(B) Interface between Aluminium matrix and any of the alloying elements, and (C) Interface
between Nanofil 116 and any of the alloying elements. The system becomes more complex as
we consider multidirectional heat flow states, interactions between any two of the alloying

elements, and the interfacial boundaries represented by X in the Venn diagram.

Alloying
Elements
(Cu, Mg, Si)

Figure 6-6:  Virtual interfacial interactions in AMB-2712-Nanofil 116 Composite.

The interfaces represented by A, B, and C affects the effective heat transfer at both macro- and
micro-scopic levels due to the inherent diversity of heat transfer dynamics. It is envisaged that
the factors that determine or influence these dynamics include, but are not limited to: (1) the

size of particles and their distributions (size of interactive surface area) [6, 53, 59, 230], (2)
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orientation of the surface area [43], (3) presence of voids / cracks / cavities / pores (void
dynamics) [79], (4) localized chemical reactions [100, 203], (5) crystalline and morphological
packing of constituent particles [59], (6) thermal-treatment residual stresses [81], (7) thermally
induced stresses due to difference in thermal conductivity of adjacent materials [80-84], (8)
temperature gradient across the interface [81], and (9) thermal properties of the interfacial
medium [43, 71-75]. These factors are generally interconnected, for instance from analytical
geometry, it can be shown that reduction in spherical particle’s size increases the specific
surface area as well as the angle of curvature. Similarly from geometry, different granular
lattice structure such as Body-Centred-Cubic (BCC), Face-Centred-Cubic (FCC) and Simple
Cubic yields different volume fractions and bulk densities. Therefore, optimizations of the

interfaces at A, B, and C do present a significant potential in thermal engineering of composites.

It is hereby proposed that, at relatively high %-weight-content, the nanoclay dominates the
heat-flow-matrix with reasonable resilience to variations in green-compaction-pressures. This
phenomenon may be attributable to two possibilities: (i) The increased presence of nanoclay
particles possibly inhibits the conductive heat propagation across the interfacial and inter-
granular boundaries at microscopic level, and (ii) due to the increased presence, the nanoclay
serves as a filler content in the unoccupied inter-granular spacing, thereby resulting into

relatively increased heat-retention or serving as sites for heat disposal.

Chances of obtaining and optimizing interfaces such as represented by zone X in Figure 6-6 are
relatively limited because of production feasibility issues and the typically low %wt content of
alloying elements as well as Nanofil 116. Additionally, the effect of processing conditions such
as the green compaction pressure and %wt. content of lubricant / binder do have knock-on
effect(s) on other factors such as the porosity, inter-particle residual stresses, and bulk hoop

stresses [51, 53, 62].
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Figure 6-7:  Trend of green compaction pressure on thermal behaviour of 1%wt-Nanofil 116
samples.

The synergistic effects of these and other contributory factors, such as the method of integrating
nanoclays into the matrix and the subsequent thermal processing, could yield some empirical
variances in results. In order to counteract potential misjudgement based on variances in results
from sample to sample, graphs mapping significant behavioural trends were extracted. For
example, Figure 6-7(i) shows a trend of the effect of green compaction pressure on specimens
infused with 1%wt content of Nanofil 116. From this trend, it was observed that, for 1%wt
content and regardless of the sample’s original location on the sintered specimen, thermal
behaviour was proportionally related to the green compaction pressure with the 160 Bars
specimen showing the best thermal behavioural tendencies. This observation is affirmed by the

comparative microstructures as shown in Figure 5-4 in the preceding chapter.
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It should be noted here that the trend depicted by 1%wt-Nanoclay specimens was in contrast to
the trend represented by the effect of green compaction pressure on thermal behaviour of
reference specimens as was shown in Figure 6-1. In the reference samples’ case, the 240 Bars
specimen consistently depicted better thermal behaviour than the 160 Bars specimens, while
the 200 Bars specimen had the best overall thermal behaviour. This performance shift from
reference samples to nanoclay-infused samples was best observed with the 3%wt content
samples as shown in Figure 6-8 whereby the widest disparity in results was noticed with respect
to 200 Bars samples. The disparity for this pair of 3%wt samples reflected approximately 23%
difference in heat flow as the composite entered the liquidous phase. This corresponds to a 3°C
difference in melting temperature between the two samples at this phase change. This transition
and maximum disparity coincided with the changes noticed from a single to clearly defined

double phase-changes before reaching the melting temperature.
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Figure 6-8:  Trend of the effect of green compaction pressure on thermal behaviour of 3%wt-
Nanofil 116 samples.
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Figure 6-9:  Trend of the effect of green compaction pressure on thermal behaviour of:
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The transition is further evident to gradually progress in the graphs for 8% and 12.5%wt
samples shown in Figure 6-9(i) and (ii) respectively. It was noted that, as the nanoclay content
increased from 8%wt to 12.5%wt, thermal properties of the 200 Bars samples deteriorated
relative to the 160 and 240 Bars samples. The corresponding heat flow disparity for 200 Bars
samples with 8%wt Nanofil 116 was 22% while the melting temperature difference was
approximately 1°C. This interpreted to a 1% drop in sample-to-sample heat flow disparity and

2°C temperature difference with reference to the 3%wt-nanoclay samples.

From both Figures 6-9(i) and (ii), it was observed that the thermal performance of 160 Bars
samples was consistently superior to that of the 240 Bars specimens. Disparity in the respective
samples’ thermal performance for both the 200 and 240 Bars samples was observed to be
negligible at 12.5%wt. At this %wt content, the transitional progressive decline in thermal
performance of the 200 Bars samples saw this composite comparatively ranking as the poorest
candidate for thermal barrier applications. Nonetheless, corresponding disparity was minimal
at approximately 1% and 1°C in heat flow and melting temperatures respectively. This implies
some level of stability in the system’s entropy in terms of the combination of pressure,
temperature and density according to the second law of thermodynamics [236]. The
manifestation of changes in heat-transfer-matrix in response to variations in green-compaction-
pressure and %wt content of nanoclay was consistently depicted by the microstructural changes
as evident in Table 5-4 in the preceding chapter.

6.1.3 Effect of Nanofil 116 on control-weight

Results for weight variation as a function of temperature and green-compaction pressures gave
an insight into operational stability of the Al-nanoclay material system. TGA curves in Figure
6-10 shows the effect of green compaction pressure on weight variation as a function of
temperature. The general trend was similar to that for thermal behaviour, whereby samples

from the 200 Bars specimen showed better properties than those from the 160 and 240 Bars
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specimens. It was similarly observed that the 160 Bars specimen consistently had relatively

less percentage weight loss than the 240 Bars specimen. It further recorded the lowest weight

loss disparity of 0.11%. These results reinstate the relative preference of using 160-Bar as the

green-compaction pressure in lieu of 200 or 240 Bars.
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Figure 6-10: Effect of green compaction pressure and temperature on specimens sintered

using Set ’-A ”-run profile settings.

Figure 6-11(i), (ii) and (iii) shows the effects of %wt content of Nanofil 116 on the percentage

weight loss in samples from specimens previously compacted to 160, 200, and 240 Bars and

processed using Set- “4 ”-run profile settings. It was generally evident that the magnitude of

percentage weight loss increased in the order of percentage content of Nanofil 116 relative to

the reference samples. This trend was attributed to proportionate loss of H>,O and OH as well

as burn out of the organic elements contained in the nanoclay’s chemical composition. It was

further observed in Figure 6-11(iii) that, in addition to this general trend remaining true, the

percentage weight loss in the 1%wt-nanoclay-content samples from 240 Bars specimen was
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Figure 6-11: Effects of %wt content of Nanofil 116 on percentage weight loss in samples
from (i) 160, (ii) 200, and (iii) 240 Bars specimens.

relatively less than that of reference samples. Proposed reason for this was that new compounds

could have chemically been formed such that their positive marginal effect on bulk-weight

(gain) was relatively higher than the negative effect of any burnt-out elements on bulk-weight

(loss).

Table 6-1:  Summary of effect of Nanofil 116 on % wt loss at 635°C.

Ref. Samples 1% wit. 3% Wit 8% wit. 12.5% wit. AV

Compaction Pressure / 4 - . - . 3
Sample Ref. N o. 1 2 Diff. 1 2 | Diff. 1 2 Diff. 1 2 Diff. 1 2 Diff, | Diff.

160 Bars 065|054 | 011 | 071|066 | 005)|094(099 005191191 0 |25 |249(0.07 | 006
200 Bars 052|027 | 025|045 071 (026|110 (095 | 015237228 (009|239 295|056 | 026
240 Bars 115|090 | 025 | 0.87 | 060 (027 | 1.01 (122 | 021 | 229|206 (023 |2.84 | 295|011 | 021

Table 6-1 shows a summary of quantitative data extracted from the graphs at a reference

temperature of 635°C. Samples from 160 Bars specimen showed the least weight loss
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irrespective of %wt content of Nanofil 116, with zero disparity between samples having 8%wt
content. These samples also recorded the lowest average disparity in weight loss (0.06%). On
basis of average difference in percentage weight loss between samples from the same
specimen, it was generally evident that the disparity decreased gradually with increase in %wt
content of nanoclay until the content reached 8%wt. Thereafter at 12.5%wt, the disparity was
greater than even the reference samples. Therefore with respect to weight stability in bulk
production, a composite having 8%wt Nanofil 116, compacted at 160 Bars, and processed using

Set- “A ”-run profile settings would be recommended.
6.2 Thermal properties indicators

6.2.1 Thermal conductivity, Specific heat, and Thermal diffusivity

Figure 6-12 shows results for thermal conductivity, specific heat and thermal diffusivity for
the Reference, 1%wt and 3%wt nanoclay-infused samples of AMB-2712 alloy. Specimen with
1%wt Nanofil 116 consistently recorded a higher thermal conductivity than both the reference
and 3%wt Nanofil 116 specimens. An approximate 7% and 9% improvement was noted at the
120°C and 220°C respectively with the material’s conductivity stabilizing at 90 W/mK, which
interpret to 22% improvement at 300°C. Comparable thermal conductivity for pure aluminium
is given as 250 W/mK at 225°C. The observed decrease in conductivity between theoretical
and the experimental values obtained from this study may partly be related to increased
presence of Al,Os content in the AMB-2712 powder [102]. However, there is room for
improvement by changing the sintering atmosphere from argon to nitrogen whereby nitrogen

has been associated with breaking down the oxide layer as discussed in Chapter 9.

Of significance was the observation that, unlike the reference specimen whose conductivity
deteriorated after 220°C, conductivity of the nanoclay-infused samples consistently increased
beyond that temperature and showed signs of stabilizing at 300°C. In the context of engine

components such as the engine block and cylinder head, this would interpret to the material’s
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enhanced efficiency in conducting away heat from the combustion chambers to the engine’s
cooling system. These results were positively mirrored in the corresponding results for specific
heat capacity of the specimens and further explain the observed delay in phase change as
reflected by the comparative melting temperatures. Thermal conductivity results hereby
confirm that increased presence of nanoclay particles does inhibit the conductive heat
propagation across the interfacial and inter-granular boundaries at microscopic level. In the
lower temperature regime up to 220°C, thermal conductivity of the sample with 3%wt content
of Nanofil 116 was observed to be similar to that of the reference. This implies that the effect
of nanoclay in deterring thermal conduction was similar to the cumulative effect of cracks and

porosity that was observed in the reference samples.
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Figure 6-12: Thermal Properties for ref, 1%wt, and 3%wt Nanofil 116-AMB-2712 Alloy:
(1) Thermal conductivity, (ii) Specific Heat, and (iii) Thermal diffusivity.

Similarly, the specimen with 1%wt Nanofil 116 recorded relatively higher thermal diffusivity
than the Reference and 3%wt specimen in the test-temperature range. In comparison to
reference specimen, the percentage improvement in thermal diffusivity by adding only 1%wt
nanoclay was observed to vary almost exponentially with increase in temperature. Highest
value recorded was 5.22 x 10> m?/s at 300°C. Even though there seemed to be little difference
in the performance between the Reference and 3%wt specimens, the stability of thermal flux
as reflected by the diffusivity graph is important especially as the temperature exceed 300°C.
In the context of the automotive engines for instance, the importance lie in the possibility that

engines can then run at a relatively higher temperature while other peripheral systems such the

heat exchangers deliver higher heat dissipation efficiencies.

The almost horizontal sections of the graphs for nanoclay-infused specimens in the 220 — 300°C
imply an improvement in thermal stability of the material, thereby interpreting to higher
thermal resilience at the face of fluctuating weather conditions. In general, these results
implicitly point at potentially superior thermal-mechanical properties as alluded to by the

favourable effect of Nanofil 116 on phase changes. However, the lower thermal conductivity
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and other properties of 3%wt compared to the 1% wt specimen may have been caused by three
factors. Firstly, both Nanofil 116 and the AMB-2712 matrix have magnesium as one of their
ingredients. Magnesium has been reported to enhance sinterability of aluminium in nitrogen
atmosphere due to intermediate reactions between sublimated magnesium and nitrogen [123].
In argon atmosphere, this must not have been the case. Accordingly as the %wt content of
nanoclay increased, so did the accumulative content of magnesium. Since elevated content of
magnesium does not completely dissolve in solid solution, this inferior phase is reported to
cause embrittlement in aluminium [60], which potentially resulted into the formation of
observed microcracks. Such micro-cracks have on the other hand been shown to have a
negative effect on conductive heat transfer [79]. Furthermore, alternative heat transfers modes
such as radiation and convection across cracks do not help the situation either and can even be
considered to be absent [79]. It should be reiterated here that Argon was used as a datum
sintering atmosphere owing to its inert nature. This was meant to facilitate an initial analysis
of the new AMCs without any reference to atmosphere-induced chemical reactions. Thereafter,
the effect of sintering atmosphere was analysed as part of process optimization as detailed in

Chapter 9 (Processability of Nanoclays - AMCs).

Secondly, hydrogen gas may similarly have been released during dehydration and
dehydroxylation [231, 232] process of the Nanofil 116, yet the gas is known to have negative
effect on sinterability of Aluminium even when in small concentrations [123]. On the same
note, the natural oxide typically formed on aluminium powder (about 100 x 10*°m thick) is
amorphous and contains adsorbed water [102]. Upon heating at high temperature, the oxide
crystalizes first to n(Al203), then to X(Al-03) and finally to the stable y(Al.O3z). In the process,
the adsorbed water reacts with the metal to form additional oxide and release hydrogen. This
hydrogen may produce porosity at the grain boundaries and cracking or blistering. The higher

the oxide content, the more the hydrogen get released and the more pronounced the embrittling
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and defect deformation especially with cyclic heating and cooling. It has been indicated [102]
that the vacuum treatment or high temperature sintering before complete compacting reduce
hydrogen content and eliminates most if not all cracking. Small additions of aluminium fluoride

are also said to reduce the effect of hydrogen [102].

Thirdly, Nanofil 116 contains SiO2, which is known to react with Al with a resultant detrimental
effect on the thermal properties of the material [246]. However, at 3%wt content of nanoclay,
microstructural analysis revealed increased presence of pure silicon precipitates in addition to
presence of other Si-based compounds including SiO». Despite silicon having a relatively
higher thermal conductivity (149W/m.K) [247] as compared to SiO, (12 (|| c-axis), 6.8 (L c-
axis), 1.4 (am.) W/m-K) [248], its precipitation was noted to be less distributed but in larger-
sized crystals compared to precipitation in the specimen with 1%wt nanoclay. These enlarged
crystals would effectively interpret into a reduced surface area of thermal conductance. In
addition, these crystals were mostly engulfed in the then increased quantity of secondary
ceramic phases identified from the XRD results. End effect of these aspects would be to render
the 3%wt specimen less conductive, with lower thermal diffusivity and higher specific heat

capacity due to the resultant induced thermal-barrier-tendencies.

In comparison to the reference specimen, the combined effect of increased silicon content and
nanoclays-filler effect in the 3%wt specimen must have outweighed the effect of microcracks,
which were prevalent in both categories of specimens. Furthermore, it can be argued that the
increased precipitation of silicon and the relatively increased secondary ceramic phase in 3%wt
specimen did play a role in stabilizing the heat transfer within the specimen. This would explain
the thermal stability in this specimen as demonstrated by the results particularly beyond 220°C.
With every increase in nanoclay content, the combined effect of these factors generally become

more significant and thereby reflect on thermal performance of the nanoclay-infused AMCs.
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6.2.2 Thermal expansion
Table 6-2 shows results for thermal expansion of the tested samples. At the same temperature
readings, the reference samples were observed to expand more in the argon atmosphere than in

air at lower test temperatures with the gap closing up as the temperature was increased towards

300°C.
Table 6-2:  Thermal Expansion Percentages and Coefficients.
REF IN ARGON REF IN AIR
Temperature | Expansion - Temperature | Expansion I
(°C) (%) Coefficient (°C) (%) Coefficient
24 0.000 - 24 0.000 -
100 0.127 16.7E-6 100 0.107 14.1E-6
300 0.635 23.0E-6 300 0.619 22 4E-6
500 1.152 24 2E-6 - - -
1% N IN AIR 3 % NIN AIR
Temperature | Expansion - Temperature | Expansion -
(°C) (%) Coefficient °C) (%) Coefficient
23 0.000 - 24 0.000 -
100 0.108 14.0E-6 100 0.110 14 .5E-6
300 0.635 22 9E-6 300 0.675 24 5E-6

Under similar test conditions and atmosphere, both the percentage thermal expansion and
coefficient of thermal expansion increased with percentage nanoclay content. The relatively
greater thermal expansion and coefficients for Nanofil 116-AMCs compared to Reference
sample relate to the nanoclay’s structure, i.e. Nanofil 116 constitutes 99-100% Bentonite
(Appendix B-1), a hydrated aluminium silicate whose major component is montmorillonite,
which on the other hand belong to a group of silicate minerals known as dioctahedral smectites
[231]. The structure of this material is formed from two tetrahedral sheets with Si(IV) as a
central atom and one octahedral sheet containing Al(I11), which can be substituted by Fe(l11)
and/or Mg(Il). This kind of structure is said to exhibit cation exchange properties, swelling

ability, plasticity, cohesion, compressibility, adsorptive properties and catalytic activity [231].
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Nonetheless, the adverse disparity between thermal expansion of Reference and 1%wt

specimens was 2.58% compared to 9.05% for the 3%wt specimen.
6.3 Heat-flow-matrix model

The evident anomaly observed between Al-Cu and Cu-Fe sets can largely be traced back to
the correlation between heat-transfer on one hand, and the intrinsic properties of materials on
the other. Variation of thermal conductivity of Aluminium at a reference temperature of
25, 125, and 225°C works out to 2% with a maximum value of 255 W/m.°C recorded at the
125°C [42]. Over the same reference temperatures, thermal conductivity of Copper varies by
only 0.75% with a maximum value of 401 W/m.°C, whereas that of Iron varies by as much as
25% from 80 to 60 W/m.°C at 25 and 225°C respectively. This means that copper as an element
is relatively more resilient to thermal gradients. Further mapping of the temperature-related
variation of thermal conductivity over the reference temperatures indicate that the sensitivity
to thermal gradients is dependent on quantitative measure of the materials’ relative
conductivities. For example, ranking in the order of increasing thermal conductivity for the
current contextual materials at 25°C would be Iron (80W/m.°C), Aluminium (250W/m.°C), and
Copper (401W/m.°C) respectively, which is similar to the ranking in order of increasing

thermal resilience, i.e. Iron (25%), Aluminium (2%), and then Copper (0.75%) respectively.

Holding all other variables constant, the correlation of heat-transfer across the Al-Cu interface
at particulate level can be modelled using electrical resistance concepts. Fourier determined
that Q/A, the heat transfer per unit area (W/m?) is proportional to the temperature gradient

dT/dx, with the material’s thermal conductivity (K) being the constant of proportionality [249].

dT
Q/A = —k — ™

Since thermal barrier or thermal resistance relates to the ratio of temperature difference, dT, to

the heat transfer, Q, thermal resistance is analogous to Ohm’s Law, in which the electrical
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resistance is defined as the ratio of the voltage drop across a resistor to the current flow across

the resistor [250].

AV = IR or
AV
R=— (Ohm's Law) (2)
Similarly,
AT = (Q/A)R or
R ar (0 it basis) 3)
= — n per unit area basis
@n P

Equation (3) can be rearranged to express conductive thermal resistance as [250]:

AT L

Reona. = o "k (4)

where L = thickness of the material.
Assuming a steady state heat transfer scenario, and further assuming for simplicity purposes
that heat transfer is primarily one dimensional across the resistance element, the thermal
interaction between two solids that have different thermal conductivity may be represented as
shown in Figure 6-13, where ki represents the thermal conductivity of solid material i, k
represents the constitutive thermal conductivity of the interface between the two adjacent solids,

and L represents the respective thicknesses of the segments.

Solid 1 Solid 2
T 1 1
Al Interface Cu
} ¥ ¥
A N A
4 Y4 N h
Thermal Conductivity, K ' k keo
e AAAAA
Wall Thickness, L La L, | Lew }
L L
Conductive Resistance, R Ry=+ Ryp=— Rey=—
Ili:‘cu_ kI kf.'[[

Figure 6-13: Example of binary thermal resistance model: Al-Cu.

143



The effective thermal conductive resistance for the series model becomes:

L L L
Rcond. = —+ =+ — (SA)

ka; ky kcu
Even though this model was based on heat flow per unit area, it was in agreement with the
model proposed by DPH Hasselman et al [43] for flat plates dispersions perpendicularly
oriented to heat flow. The latter model was based on volumetric analysis whereby the composite
was considered to consist of a matrix with parallel plate dispersions with half-thickness, a/2,
and with concentration n dispersions per unit volume. Taking Kq to be the thermal conductivity
of dispersions imbedded in a matrix with thermal conductivity Km, and further relating the
volume fraction of dispersions, Vg, to the dispersion size and concentration n by Vg = na, the
latter model for a two-component composite (i.e. binary interface) with perfect contact

resistance was expressed as:

1 Vg Vi
Kerr Kq Km

(5B)

Holding all other factors constant, this inverse proportionality between R and k as expressed in
Equations (4) and (5A) simply affirms the fact that thermal barrier property (R) of a solid
material becomes lower as its thermal conductance (k) increases. For a given value of k, and a
unit AT for a material, decreasing the value of R consequently interprets to an increase in the

quantity Q/A. For the exemplified binary-materials system, this means increased system’s

enthalpy with the potential knock-on effect of melting and / or densification of the system.

From this analogy and model as expressed in Equation (5A), the interfacial interaction in a
binary-materials system can be better appreciated with respect to heat transfer. Let D be
difference between the respective k values for the two adjacent solids as we hold K; and all
other factors constant. If we substitute one of the materials with another material having a bigger
k value, the effective D value becomes less and vice versa. Subsequently, the effective thermal

resistance, Reond., becomes smaller and Q/A increases. Such is the scenario when comparing Al-
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Cu and Cu-Fe interaction having a D value of 145 W/m.°C and 332 W/m.°C respectively. Since
Al has a higher k value compared to Fe, thermal interaction defined by Equation (5A) would
yield higher effective thermal conductive resistance in the latter system and a relatively higher
Q/A and entropy for any given temperature gradient. In general, the higher the D value for any
binary-materials combination, the better the thermal barrier properties and this significantly

explains the anomalous observations made by K. Yamaguchi et al [51].

From the afore-going perspective it would therefore be more sensible to use a 5XXX Al-Mg
alloy or 6XXX Al-Mg-Si alloy for engineering applications where optimization of thermal
barrier properties is of primary importance. Such is the case with some automotive engine
components. This proposition is based on the fact that magnesium as an alloying element has
60% lower thermal conductivity. Additionally, magnesium has relatively lower density and
enthalpies than copper [42, 69, 251, 252]. However, this could mean trading off Copper’s
relatively higher mechanical properties. The use of magnesium could also decrease the alloy’s
corrosion resistance [253] and ductility [60] and its relative content should therefore be closely
monitored. With the targeted use of nanoclays for thermal-engineering purposes, it would
therefore be recommendable to prioritize reliance on magnesium content from the nanoclay

during formulation of nanoclay-infused AMCs rather than using a pre-alloyed matrix.

An alternative approach to improving thermal barrier properties of 2XXX Al-Cu alloy includes
the lowering of the thermal conductivity of the interfacial boundary (ki) without trading off the
strength properties associated with Copper. This can be achieved by, as optimally as possible,
strategically positioning a material with lower thermal conductivity at the interactive interface
between constituent binary metallic elements. Preceding results relating to the use of nanoclays

are testimonial to this concept.
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6.4 Summary

Thermal behavioural properties in AMB-2712 alloy were not proportionate to the green
compaction pressure. Samples from 200 Bars reference specimen showed superior thermal
behaviour compared to the 160 and 240 Bars reference counterparts. The behaviour was
observed to be consistent irrespective of the two sintering profile settings. This anomalous
behaviour was explored from both a thermodynamic perspective and modelling of thermal

conductivity of materials in analogy to electrical resistance according to Ohm’s law.

To the contrary of reference samples, the thermal behaviour of Nanofil 116-AMCs was found
be proportionate to the green compaction pressures with a trend favouring the lowest pressure
of 160 Bars irrespective of the %wt content of nanoclay. It was further observed that thermal
behaviour was significantly improved with increase in the %wt content of nanoclay, yielding
as much as 25% improvement at 1%wt Nanofil 116 and increasing the melting temperature by
6.6°C. Thereafter the improvement was marginally incremental upto a maximum of 40%
improvement in the thermal behaviour being achieved with the 12.5%wt samples and

accompanied by 7°C increase in melting temperature.

A second phase-change was observed closely succeeding the first phase-change. Since this
second phase was evident in both the reference and Al-nanoclay sample, the change was
associated with element(s) common to both the matrix and Nanofil 116, being Al, Si and O or
their chemical combinations thereof. This phase seemed to shift with reference to the %wt
content of nanoclay, thereby occurring before, during and after the melting temperature at the

corresponding 3%, 8%, and 12.5%wt content of Nanofil 116 respectively.

Based on %wt loss and disparity of results from one sample to another, weight loss results
reinstate the supremacy of using 160-Bar as the most preferred green-compaction pressure.

However, the percentage weight loss in 1%wt-nanoclay-content samples from the 240 Bars
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specimen was relatively less than that of reference samples. Weight stability increased with
%wt content of Nanofil 116 upto 8%wt content. Nonetheless, magnitude of percentage weight

loss increased with increase in weight content of nanoclay.

Specimen with 1%wt Nanofil 116 consistently recorded a higher thermal conductivity than
both the reference and 3%wt Nanofil 116 specimens, showing an approximate 7% and 9%
improvement at the 120°C and 220°C respectively. It was observed that, unlike the reference
specimen whose conductivity deteriorated after 220°C, conductivity of the nanoclay-infused
samples consistently increased beyond that temperature and showed signs of stabilizing at

300°C.

Corresponding results for specific heat capacity of the specimens reiterated the thermal
conductivity and diffusivity results and further explained the observed delay in phase changes
as reflected by increased melting temperatures. Thermal conductivity results confirmed that
increased presence of nanoclay particles does inhibit the conductive heat propagation across
the interfacial and inter-granular boundaries at microscopic level. In the lower temperature
regime up to 220°C, thermal conductivity of the sample with 3%wt content of Nanofil 116 was
observed to be similar to that of the reference. This was perceived to imply that the effect of
nanoclay in deterring thermal conduction was similar to the cumulative effect of micro-cracks
and porosity that was observed in the reference samples. However, the combined effect of
increased silicon content and nanoclays-filler effect in the 3%wt specimen seemed to outweigh
the effect of micro-cracks, which were prevalent in both categories of specimens. The increased
precipitation of silicon and the relatively increased secondary ceramic phase in 3%wt specimen
did play a role in stabilizing the heat transfer within the specimen. This would explain the

thermal stability in this specimen (compared to reference samples) particularly beyond 220°C.
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Under similar test conditions and atmosphere, both the percentage thermal expansion and
coefficient of thermal expansion increased with percentage nanoclay content. The relatively
greater thermal expansion and coefficients for Nanofil 116-AMCs compared to Reference

sample were attributed to the nanoclay’s intrinsic structure.

Based on the aforegoing results for the datum “Set-A-Run” sintering profile settings, it is
deemed befitting to conclude that the best AMC-System observed thus far in this study
comprised of AMB 2712 - 1%wt Nanofil 116 - 160 Bars. This assertion is founded on:

(1) Thermal behaviour improved with increase in the %wt content of nanoclay. However,
the greatest marginal improvement was observed at 1%wt nanoclay content, i.e. a 6.6%
increase in melting temperature and 25% reduction in heatflow.

(2) Regardless of the nanoclay content, 160 bars (950 MPa) not only gave the best thermal
behaviour as shown by Figure 6-5 (i) — (iii) but also gave the best weight-stability as
shown by the minimal average difference of 0.06% in Table 6-1.

(3) Compared to the Reference and 3%wt nanoclay samples, the 1%wt nanoclay samples
favourably dominated the thermal properties indicators including the thermal

conductivity, specific heat capacity, thermal diffusivity, and thermal expansion.
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CHAPTER 7:
NANOFIL 116 — AMCs: Mechanical Properties

7.0 Introduction

As mentioned in the research methodology and design chapter, three different batches were
prepared under different settings and used for evaluation of different mechanical properties of
the Nanoclay-AMCs. Despite the diversity in preparation procedures, the results were deemed
sufficiently valid for comparative analysis based on the fact that every representative specimen
in a batch was exposed to the same processing conditions as any other specimen in that batch
and therefore duly comparable. The choice of a batch for a particular evaluation was based on
suitability of the respective size to a target test method. The ensuing comparative analysis in

this chapter was primarily based on the hardness and tensile testing methods of assessment.
7.1 Batchl

7.1.1 Physical inspection

Physical inspection observations were as given in Section 5.1 of Chapter 5.

7.1.2 Rockwell B Hardness

Figure 7-1 shows Rockwell B Hardness results from Batch 1. Specific data values were as
given in Table 7-1. Three hardness test readings for the 12.5%wt sample were rejected as the
tests initiated visible macro-cracks in the respective regions of measurement. Except for the
160 Bars specimens that showed a 6.33% decline in hardness compared to the corresponding
reference specimen, the general trend showed a 1.72% and 2.48% increase in hardness for the
200 and 240 Bars specimens at 1%wt content of nanoclay. This initial increase in hardness may
be attributed to the nanoclay’s filler effect at the grain boundaries, regions which were

previously characterized by porosity as depicted in Figure 7-2. It should be noted here that the
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comparative observation shown thereof was consistent throughout all specimens and

irrespective of green compaction pressures.

120,00

10000

30.00
B ig0Bars

Hardness | s0.00
B 200Bars
W 2a0Bars

20.00

0.00

REF 1 % wt 3% wt 8% wt 12.5 % wt

% wt Nanofil 116

Figure 7-1:  Rockwell B Hardness test results for Batch 1 specimens.

Table 7-1: Rockwell B Hardness Results for Batch 1.

AMB 2712 - ROCKWELL B HARDNESS RESULTS - REFERENCES

REFERENCE SAMPLES Rockwell B Hardness Values
1 2 3 4 5 6 7 8 9 10 AVERAGE

REFERENCE Samples

REF @ 160 Bars 93.50 89.00 90.75 98.50 98.00 97.25 99.25 95.50 95.75 98.50 95.60
REF @ 200 Bars 95.75 94.25 92.25 96.00 97.00 95.75 98.50 98.00 94.50 95.50 95.75
REF @ 240 Bars 93.00 93.25 96.50 99.00 97.00 96.00 97.25 94.50 97.25 95.75 95.95

1%wt Nanofil 116 Samples

160 Bars 88.75 93.75 93.75 90.25 91.50 88.25 87.50 87.00 87.50 87.25 89.55
200 Bars 99.00 99.75 98.25 100.75 96.50 91.00 97.75 96.50 95.50 99.00 97.40
240 Bars 98.75 101.50 104.00 98.25 98.00 96.75 95.25 97.25 95.50 98.00 98.33

3%wt Nanofil 116 Samples

160 Bars 88.25 93.75 94.50 96.25 97.00 97.00 95.25 96.00 96.00 96.25 95.03
200 Bars 86.25 94.75 95.00 96.50 94.00 93.25 91.75 93.25 91.50 91.50 92.78
240 Bars 88.75 90.75 90.25 91.25 92.00 88.75 90.75 86.00 90.75 88.00 89.73

8%wt Nanofil 116 Samples

160 Bars 72.50 72.25 70.00 73.25 69.00 69.50 70.25 69.50 70.25 71.25 70.78
200 Bars 80.50 81.75 76.00 77.50 76.75 74.50 73.75 73.50 74.75 73.50 76.25
240 Bars 73.25 76.25 76.75 75.25 75.50 76.75 76.00 76.75 72.50 76.25 75.53

12.5%wt Nanofil 116 Samples

160 Bars 83.50 81.50 76.50 77.25 75.25 72.00 78.75 76.75 70.25 70.25 76.20
200 Bars 74.75 83.00 83.25 75.25 90.00 90.00 88.25 89.75 82.25 89.50 84.60
240 Bars 78.00 74.25 76.00 75.75 73.25 72.75 71.50 N/A N/A N/A 74.50
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(1) 240 Bars Reference Sample (i) 240 Bars Sample @ 1%wt Nanofil 116

Figure 7-2:  500um Images of microscopy samples viewed near the edge.

(1) 200 Bars Sample @ 3%wt Nanofil 116 (ii) 200 Bars Sample @ 8%wt Nanofil 116

Figure 7-3:  Examples of (i) Granular collapse, and (ii) Thermal stress concentrations.
The initial increase in hardness was observed to be followed by a consistent decline in hardness
at 3% and 8% respectively. A maximum average hardness of 98.33 was recorded at 1%wt
nanoclay content combined with a green compaction pressure 240 bars. The observed decline
in hardness was attributed to the prevalent thermally induced granular collapse (Figure 7-3(i))
as a result of thermal stress concentrations (Figure 7-3(ii)) around the nanoclay-filled sites.
However, a regain of some of the hardness was observed for some specimens at 12.5%wt
content, being possibly related to: (i) high concentration of derived ceramic compounds that

are typically both brittle and hard, hence inducing the reflected increase in hardness values,
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and (ii) significant completion of the transition to globular microstructure as a result of the
effect of the nanoclay’s thermal induction of granular disintegration, i.e. since increased
nanoclay content was observed to lower thermal conductivity of the AMCs, the nanoclay serves
as a heat reservoir, thereby increasing thermal stress concentration around the grains leading

to their breakdown into relatively smaller sizes.

In general, for the same sintering conditions and groups, the average group’s hardness
decreased with increase in %wt content of Nanofil 116. In comparison with the reference
samples, this quantitatively interpreted to 0.7% and 3.4% decline in average group’s hardness
for the group with 1%wt and 3%wt nanoclay respectively. Corresponding decline for the group
with 8%wt and 12.5% nanoclay was 22.5% and 18.1% respectively. This increased declines at
higher nanoclay contents affirmatively correlates with the increased adverse and unreliable
surface finish results for this latter groups of samples. From a structural perspective and despite
the nanoclay serving as filler in the inter-granular spaces, it was considered that the dispersed
nanoclay either constituted or contributed to formation of sites of relatively lower compressive
strength, hence the reported decline in hardness with increase in the nanoclay’s percentage
weight content. One possibility is that despite any so formed ceramic compounds contributing
to increase in hardness, the presence of microcracks had a deleterious effect on the resultant

hardness.
7.2 Batch 2

7.2.1  Physical inspection

Physical inspection observations were as given in Section 5.1 of Chapter 5.

7.2.2  Vickers hardness

Figure 7-4 shows Vickers Hardness results from Batch 2 at a load of 2Kg. Specific data values

were as given in Table 7-2. Specimen with 1%wt content of nanoclay showed a 25% increase
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Table 7-2:  Vickers hardness test results for Batch 2.

AMB-2712 Samples - Batch 2
HV2kg
#Indent  Ref 1%N 2%N 3%N 4%N 5%N
1 52.2 59.2 59.7 48.6 35.7 48.7
2 39.4 59.8 37.8 44.4 36.3 39.2
3 41.4 62.2 52.3 38 42.7 47.7
4 33 49.3 60 65 41.8 57.2
5 46.4 62.7 43.1 54.4 39.7 53.7
6 40 41.9 46.4 47 43,5 57.4
7 39.5 54.3 53.6 48.9 43,5 433
8 47.2 39.5 40.5 37.4 35.5 4.1
9 39.4 50.3 63.9 37.5 47 47
10 48.7 54.9 53.4 44.3 47.8 48.1
Mean 4272 5341  51.07 46,55 4135  48.44
Stddev 5727866 8.120406 8.852627 8.565855993 4.461751 6.141697
Stderror  1.81131 2.567898 2.799446 2.708761505 1.41093 1.942175
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Vickers Hardness Number (HV2kg)

Figure 7-4:  Vickers hardness results for Batch 2.
in hardness compared to the reference sample. The difference in percentage improvement in
hardness between Batch 1 and Batch 2 was due to precipitation hardening in Batch 2 specimens.
Nonetheless, and despite the hardness scale being different, the results trend was the same
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whereby an increase was realized by addition of 1%wt nanoclay, followed by a decrease in
hardness values thereafter, and finally a gain in hardness at 5%wt content (12.5%wt in Batch

1). Possible causes of this trend were discussed in the preceding section.
7.3 Batch 3

7.3.1  Physical inspection

Figure 7-5 representatively shows sintered specimens from Batch 3. Due to their low green
strength (46.5 MPa), some of the specimens from this batch broke even before sintering while
others broken prematurely during testing. Specimens containing nanoclay showed signs of
deformation after sintering. They were also observed to be asymmetrical. Since these
physiological changes were universal across the nanoclay-infused specimens, comparative
analysis was deemed still valid. The deformation was attributed to the effects of nanoclay on
heat-transfer-matrix with respect to liquid-phase ratio during sintering. Relating to thermal
conductivity results, the improved heat flow through the 1%wt content specimen would
interpret into formation of a higher volume of liquid phase as compared to the reference sample,

hence the visible gravity-induced sulking in these specimens.

Figure 7-5 (i) - Reference Specimens
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Figure 7-5 (ii) 1%wt. Nanofil 116 Specimens.

(iii) 3%wt Nanofil 116 Specimens.

Figure 7-5:  Sample of Batch 3 sintered tensile test specimens showing: (i) Reference, (ii)
1%wt, and (iii) 3%wt Nanofil 116 content.

155



However, at high nanoclay content, the thermal barrier effect dominates as reflected by
relatively lower thermal conductivity. On the other hand, nanoclay-induced thermal stress
concentrations cause localized thermal gradients, thereby causing delayed but gradually
progressive sintering. This proposed pattern of events explains the non-uniform sintering of
specimens containing 3%wt Nanofil 116 as depicted by a combination of relatively rough and
smooth patches of the specimen’s surface.

7.3.2  Tensile test results

Table 7-3 shows the tensile test results for the successfully sintered and tested specimens from
Batch 3. Despite the green compaction pressure being relatively low compared to the ASTM
standard’s stipulation, the ensuing relative analysis of the effect of Nanofil 116 based on
available experimental green compaction capacity holds relevance and validity as a preliminary
foundation for further experimental investigation. Based on the maximum load values, it was
observed that 1%wt nanoclay content improved the composite’s maximum tensile loading
capacity by 155% and a corresponding 150% improvement in tensile strain at fracture. The
ultimate tensile strength is therefore 50% higher than the respective theoretical value for
Aluminium of 110 MPa [254]. This phenomenon is hereby attributed to the filler effect of
nanoclays and improved localized heat transfer at the grain-boundaries complementarily
resulting to better granular fusion. The relative sintered densities and porosity results affirm
the effectiveness of 1%wt nanoclay content in improving the heat-transfer-matrix, and hence
the observed improved level of sintering, i.e. 1%wt nanoclay content showed the highest
density (2.6165 g/cm?®), which interpreted to the lowest porosity of 3.09%, i.e. 96.91%

densification.

At 2%wt content, the corresponding improvements on tensile loading capacity and strain at
fracture are 86% and 67% respectively. In spite of this being a relatively better performance

than the reference samples, this represents a significant decline in marginal effect of increasing
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percentage weight content of nanoclay from 1% to 2%. This decline was persistently observed
with further increase in content of nanoclay, whereby at 3%wt, the composites performance
was worse than the reference samples and out-rightly infeasible at 4% and 5%wt contents.

Table 7-3: Batch 3 Tensile Test results.

SAMPLE's PARTICULARS TEST RESULTS DERIVED RESULTS
Ultimat
Sample || Sample Mass Width |Thickness|| *Maximum | Extension | |Sintered Porosity Str:emn;tﬁ Maximum
ID. No. (w) (t) Load At Break || Density (Ou) Strain (=)
ut.
(@) | (mm) (mm) (N) mm (g/em®) (%) (Mpa) | (mm/mm)
1 5.9 5.4 1865 1.69 2.1708 58.54 0.07
REF 2 6.1 5.2 1549 1.57 2.2467 48.83 0.06
3 5.9 5.4 1972 1.28 2.2659 61.90 0.05
Average 6.0 5.3 1795 1.51 2.2278 19.12 | 56.42 0.06
1 5.5 5.0 4040 3.21 2.6234 146.03 0.13
1%N 2 5.5 5.1 4730 4.06 2.5339 168.35 0.16
3 5.5 4.9 4960 3.96 2.6923 184.30 0.16
Average 5.5 5.0 4577 3.74 2.6165 5.01 166.23 0.15
1 5.5 5.1 3190 2.59 2.5690 113.93 0.10
2% N 2 5.7 5.3 3290 2.34 2.4905 108.48 0.09
3 5.7 5.2 3560 2.60 2.4449 120.06 0.10
Average 5.6 5.2 3347 2.51 2.5015 9.19 114.16 0.10
1 6.1 5.4 1020 0.42 2.2128 31.20 0.02
3%N 2 6.1 5.4 1270 0.47 2.4239 38.02 0.02
3 6.1 2.6 1110 0.39 2.4353 32.68 0.02
Average 6.1 5.5 1133 0.43 2.3573 14.42 33.96 0.02
1 6.2 5.5 N/A N/A 2.2542 N/A N/A
4%N 2 6.2 5.3 N/A N/A 2.2948 N/A N/A
3 6.1 5.5 N/A N/A 2.3054 N/A N/A
Average 6.2 5.4 0 0.00 2.2848 17.06 0.00 0.00
1 6.1 5.4 N/A N/A 2.2225 N/A N/A
5%N 2 6.2 5.3 N/A N/A 2.3288 N/A N/A
3 6.3 5.3 N/A N/A 2.1968 N/A N/A
Average 6.2 5.3 0 0.00 2.2494 18.34 0.00 0.00
i
KEY * Maximum Load after accounting for preload
N/A Fractured during pre-load stage

Samples in the latter two categories were observed to fracture fairly within the preloading phase
of the test procedure with scarcely any recorded extension. This tendency was considered to
represent an onset of brittleness or significant loss of the composite’s ductility. The underlying
transition was attributed to presence of micro-cracks and formation of brittle ceramic

compounds.
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This observation was further complimented by the observed variation in sintered density of the
samples. Beyond 1%wt nanoclay content, the sintered density consistently declined. Samples
with 1%wt nanoclay content recorded the highest density (2.6165 g/cm?®), which interpreted to

the lowest porosity of 5.01%, i.e. approximately 95% densification.

7.4 Batch4

7.4.1 Physical inspection

Figure 7-6 shows representative Batch 4 samples as wire cut from successfully sintered
specimens and machine-turned with reference to ASTM E63-01 standards. Detailed discussion
of this batch is given in Chapter 9 on processability of Nanoclay-AMCs.

7.4.2 Tensile test results

All other factors being held constant, results showed that samples with 1%wt Nanofil 116 had
a 12% higher yield strength than the reference samples. This was accompanied by 3% and 1%
increase in young’s modulus and ultimate tensile strength respectively. The quantitative
structural markers for these specimens were almost similar to those reported for Batch 3 above.

A detailed analysis and discussion is given in Chapter 9 on processability.

Figure 7-6 (i) Reference Sample
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(iii) 3%wt Nanofil 116 Sample
Figure 7-6:  Tensile test samples from Batch 4 specimens.

7.5 Summary

The general trend showed an increase in hardness with increasing nanoclay content. This was
attributed to resultant filler effect of the nanoclay. Effect of nanoclay beyond 3%wt content
reduced the hardness due to thermal induction of granular collapse. A regain of hardness was
observed at 12.5% and related to the microstructural evolution to dominantly globular
microstructure as a result of induced localized thermal stress concentrations. Based on the
maximum load values, it was observed that 1%wt nanoclay content improved the composite’s
maximum tensile loading capacity by 155% and a corresponding 150% improvement in tensile
strain at fracture. Minimal difference was observed between results for Batch 3 (processed in

argon) and Batch 4 (processed in Argon + Nitrogen atmosphere).
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CHAPTER 8:

NANOFIL 116 — AMCs: Machinability Properties

8.0 Introduction

Different automotive engine components require machining to different surface finish
tolerances. To meet the target needs, a variety of variables can be fine-tuned through processing
techniques and selection of fortifying ingredients. In addition to environmental considerations
of machining processes, machinability of a metal affects the costs dynamics of a production
process with a knock-on effect on the absorption costing of the end product. It is imperative
therefore, that machinability is considered as a pivotal factor in the design space. This chapter
presents machinability results and discussion with respect to AMB-2712 Al-Nanofil 116
composites processed using powder metallurgy. Batch 1 was used for assessment of
machinability properties. Variables included the green compaction pressure and percentage

weight content of the nanoclay.
8.1 The reference samples
Figure 8-1 (i) shows result for the profilometer’s reference master while Figure 8-1 (ii) shows

representative results for surface finish obtained from machined reference samples from the

specimens previously compacted to 160-, 200-, and 240-Bars.

~ REFERENCE MASTER

o | oo

- - - Ra=078
- - - Rz(JIS) = 1.97
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Figure 8-1:

(i) Reference Master, and (ii) Reference samples from: 160, 200, and 240-Bar
specimens.

8.2 Effects of Nanofil 116 on machinability

Figure 8-2 shows sample results from the specimens infused with Nanofil 116 and processed

using Set- “4 ”-run sintering profile. Results indicated that as the Nanofil-116 content increased
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from 1 — 3%, the surface finish with reference to Ra improved by 14% from 1.60-to-1.38
microns. To the contrary, the quality seemed to deteriorate with reference to R; increasing by
14% from 8.13-t0-9.28 microns. This may be attributed to the filler effect of the nanoclay
towards closing-up any pores progressively from the pore’s walls inwards. In that manner, the
Ra value as based on the reduced surface area in the vertical plane of the probe stands to

decrease without necessarily having a corresponding decrease in the depth of the pore as

accounted for by the R.

(i) . AMB2712-1% Nanoill 116 - 200@A

: |
W
t T
T :::: 1
|Ra=160 7
"~ Rz()IS)=813 _
T 4.00 mm — e
(ii) R AMB 2712 - 3% Nanofil 116 - 200 @ A
| - L
: -;|'5 |I
i
,E | .Il 1l
»p
% |
T il

Rz(JIS) = 9.28

— — — 4D0PMFHW -

Figure 8-2: Set-“4 ”-run; 200-Bar specimens: (i) 1% wt, and (ii) 3% wt Nanofil-116.
Owing to substantial increase in the amplitudes recorded during preliminary readings of the
surface finish for 8%- and 12.5%wt content samples, the vertical scale was adjusted from 10.2
microns to 20.3 microns. This observed increase in amplitudes was attributed to: (1) localized

fracture mechanisms whereby the increased presence of brittle ceramic compounds as a result
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of increased nanoclay content would tend to predominantly create rough fracture surfaces
during the phenomenal shearing of chips off the specimen, and (2) despite the filler effect of
nanoclay, pore sizes in the latter set were relatively fewer but bigger in size than those observed
in the 1% & 3%wt set of samples. It is envisaged that this shift in pore-sizes was caused by
bubbling of gases through the relatively large nanoclay sites. Corresponding sample results for

the latter pair are shown in Figure 8-3.

AMB 2712 - 8% Nanofil 116 - 200 @ A

()
3 -~ " Ra=315 . i
_ - i Rz(JIS)=20.72 |
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“© —— —— i m———— ‘ nu mim —
AMB 2712 - 12.5% Nanofil 116 - 200 @ A
[ L (A erle-1evk 2an
:
il
.. I
(ii) 3 ]
- B} Ra =220 I |
Rz(JIS)=1373  — | '
- e .

Figure 8-3: Set-“4 ”-run; 200-Bar specimens: (i) 8% wt, and (ii) 12.5% wt Nanofil-116.
This set of results showed that as the %wt. content of nanoclay increased from 8%wt. to
12.5%wt., the values of Ra and R; improved from 3.15 — to — 2.20 microns and 20.72 —to —
13.73 microns, which interpreted to 30% and 34% improvement respectively. Notably, the

order of magnitude of surface finish values for the first pair (1%wt and 3%wt) was relatively
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lower than that of the second pair (8%wt and 12.5%wt). The leap from 3%wt to 8%wt was

marked by a 128% and 123% adverse variation in Ra and R; respectively.

For both sets of samples having the low and high %wt nanoclay content, the trend in results
held true with respect to the graphical results as well as the results reflected in the quantified
surface-finish values of both Ra and R;, which declined in magnitude with increase in the
compaction pressure. However, this trend was not consistent from one section of sample’s
surface to another. To mitigate the apparent variations, five readings were recorded and
averaged in order to obtain a representative surface-finish-value for the sample. Table 8-1

quantitatively presents a summary of the surface-finish values for both sets of test samples.

Reference samples previously subjected compacted to 200 bars of green compaction pressure
consistently yielded the best machinability results in terms of both R. and R;. To the contrary,
nanoclay-infused samples previously subject to the same pressure of 200 bars generally yielded
the worse machinability results in terms of both Ra and R; irrespective of the %wt content of
nanoclay. This phenomenon was considered to infer to the laws of thermodynamics.
Accordingly, a correlation must be existing amongst processing parameters such as green
compaction pressure, heat transfer, and other factors towards establishing a thermodynamic
equilibrium with a knock-on effect on the material’s resultant properties such as the extent of
particulate fusion, hardness, density, porosity, and structural strength. Inclusion of alloying
and/or reinforcing material such as nanoclay simply amplifies an already existing complex

dynamics.

With regard to the first pair of %wt nanoclay content, it was generally evident that for the same
green-compaction pressure, increase in %wt content of Nanofil-116 generally improved the
surface finish. This was attributed to the effect of nanoclay acting as a filler and grain-

refinement ingredient. Of the nanoclay-infused samples, best machinability results with
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Table 8-1:  Surface finish results for machined Batch 1 samples.

NANOFIL 116 SAMPLES Quantified Surface Finish values (um) STD. DEV
1 2 3 4 5 AVERAGE ’ '
REF Samples
Ra 0.47 0.52 0.66 0.34 0.42 0.48 0.11
REF @ 160 B
@ ars Rz(JIS) 482 455 5.10 2.95 3.93 427 077
Ra 0.28 0.51 0.55 0.36 0.41 0.42 0.10
REF @ 200 Bar
@ s Rz(JIS) 2.19 3.14 3.54 3.66 3.27 3.16 0.52
Ra 1.39 0.95 151 1.07 1.37 1.26 0.21
REF @ 240 Bars
@ Rz(JIS) 8.17 7.06 8.15 6.93 8.42 7.75 0.62
1%wt Nanofil 116 Samples
160 Bars Ra 1.50 1.63 141 1.68 1.56 1.56 0.10
Rz(JIS) 10.70 9.74 9.65 12.29 11.19 10.71 0.98
Ra 1.84 1.69 1.75 1.76 1.69 1.75 0.06
200 Bars
Rz(JIS) 9.48 8.77 9.50 8.88 9.77 9.28 0.39
Ra 1.40 1.09 1.33 1.38 1.23 1.29 0.11
240 Bars
Rz(JIS) 8.22 9.96 8.15 10.71 8.08 9.02 1.10
3%wt Nanofil 116 Samples
Ra 0.62 0.60 0.65 0.64 0.63 0.63 0.02
160 Bars
Rz(JIS) 5.71 4.58 491 4.36 4.79 4.87 0.46
Ra 1.40 1.70 1.63 1.44 157 155 0.11
200 Bars
Rz(JIS) 10.53 10.35 9.74 9.32 9.81 9.95 0.44
Ra 0.68 0.54 0.60 0.59 0.59 0.60 0.05
240 Bars
Rz(JIS) 4.78 4.52 4.13 4.37 4.45 4.45 0.21
8%wt Nanofil 116 Samples
Ra 1.38 ) . 1.38
160 B Unreliably | tent
ars Rz(JIS) 1114 nreliably Inconsisten 1114
Ra 1.78 ) . 1.78
200 Bars Rz(JIS) 13.20 Unreliably Inconsistent 13.20
Ra 1.72 171 1.30 1.69 1.49 1.58 0.16
240 Bars
Rz(JIS) 13.14 13.31 9.89 12.21 12.74 12.26 1.24

12.5%wt Nanofil 116 Samples

160 Bars Ej(JIS) Unreliably Inconsistent

200 Bars Ra Unreliably Inconsistent
Rz(JIS) y

240 Bars Ra Unreliably Inconsistent
Rz(JIS) Y

reference to both Ra and R; were observed at 3%wt nanoclay content combined with a green

compaction pressure of 240 Bars. In comparison to the corresponding reference sample, this
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represented an improvement in machinability by 52% and 43% in terms of Ra. and R;
respectively. This was interestingly a turning-point performance because the results for all
other test samples were observed to be inferior to those of the corresponding reference samples
irrespective %wt nanoclay content or green compaction pressure. After the 3%wt-cum-240
bars combination, the results for were observed to significantly deteriorate and unreliably

inconsistent.
8.3 Topography of machined surfaces

The afore-going observations resonated reasonably with optical micrographs of the milled
surfaces as presented in Table 8-2, whereby the surface texture topography was observed to
significantly vary with %wt content of nanoclay. These sample micrographs consistently
represent results across the population of samples and variety of regions across each sample’s
surface. In general, no significant topographical differences were discernible across samples
based on variation of green compaction pressures, i.e. key determinant factor was the presence
(or absence) of nanoclay and the relative %wt. content thereof.

Table 8-2: Effect of (i) Sintering profile and (ii) %wt of Nanofil 116.

200 Bar 240 Bars

REF
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With reference to preceding microstructural analysis (Chapter 5), the first pair of nanoclay-
infused samples showed that porosity was evidently reduced as the %wt content increased from
1% to 3%. This explain the relatively better surface finish in the latter sample. This
phenomenon was associated with the filler effect of nanoclay on the composite. However, the
second pair of samples showed that, as the clay content increased to 8% and 12.5%, the milled
surfaces were dominated by vacant patches, which were not typical of the porosity observed
from polished optical microscopy specimens. Three factors are hereby proposed as the possible
causes of these patches: (a) granular and/or particulate erosion during milling, (b) weak
granular and/or inter-particle fusion, and (c) The effect of micro-cracks.

8.3.1 Granular and/or particulate erosion

Factors that could contribute to the granular and/or particulate erosion phenomenon include:
(1) Since milling is an interrupted cutting process, the impact loading as each tooth engages
with the grains could be more than the structural strength of medium holding the grain(s) and/or
particles in position, (ii) With increased nanoclay content, inter-particle boundaries evidently
became relatively thicker in width and characterized with localized porosity, which would have
the effect of weakening the structural support around the grain(s) and/or particles, and (iii) Due
to inherent disparity in thermal properties of Nanofil 116 and the matrix, samples with
significant %wt content of nanoclay were characterised by localized thermal stresses that
seemingly created structurally weaker zones eventually leading to defragmentation of the
grains into relatively smaller ones.

8.3.2 Weak granular-fusion and/or inter-particle-fusion

Figure 8-4(i) shows the integrity of metallic grains being threatened by thermal stress within
the grains as well as from the edges of the grains resulting into granular collapse or
disintegration. Similarly, Figure 8-4(ii) shows connections at the grain boundaries being in the

process of disruption resulting into stand-alone metallic grains surrounded by the dark phase
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(ii)
Figure 8-4: Micrographs of 12.5%wt Nanofil 116 samples showing metallic fusion under
attack: (i) within grains, and (ii) at grain boundaries.
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Figure 8-5:  SEM images showing micro-cracks in (i) 8%wt and (ii) 12.5%wt specimens.
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that was relatively weaker due to presence of micro-cracks. Both micrographs were from
specimens containing 12.5%wt Nanofil 116 and previously compacted to 160 Bars.

8.3.3 The effects of micro-cracks.

In Chapter 5, the presence of micro-cracks in the non-metallic phase was validated and
discussed. The effect of such discontinuities in the material would be to weaken the material
structural integrity at both microstructural and bulk level. Figure 8-5 shows more exemplary

SEM images of cracks that may cause significant structural weaknesses.
8.3 Summary

As the Nanofil-116 content increased from 1 — 3%, the surface finish in terms of Ra improved
by 14%. To the contrary, the quality seemed to deteriorate with reference to R; increasing by
14%. Nevertheless, it was generally evident that for the same green-compaction pressure and
sintering settings, increase in %wt content of Nanofil-116 generally improved the surface
finish. Best machinability results in terms of both Ra and R, were observed at 3%wt nanoclay

content combined with a green compaction pressure of 240 Bars.

Milled surface topography was observed to vary both at the grain boundaries and within the
grains. This phenomenon depicted preference of the relatively fine grain-structure in favour of
the course grain-structure. Porosity was evidently reduced as the %wt content increased from
1% to 3% resulting to a relatively better surface finish in the latter sample. However, the milled
surfaces of samples with 8% and 12.5%wt were dominated by vacant patches deemed to be

possibly caused by granular and/or particle erosion during milling and incomplete fusion.

As for the 1%wt nanoclay content, average hardness increased with the green compaction
pressures just like in the reference samples, whereas the average hardness decreased with green
compaction pressure in the 3%wt content samples. Maximum hardness was recorded at 1%wt

nanoclay content combined with a green compaction pressure 240 bars. For the same sintering
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conditions, the average batch hardness generally decreased with increase in %wt content of

Nanofil 116.

Preference between 1%wt and 3%wt would entail a trade-off between machinability and
hardness. Further reference to thermal-mechanical properties may be necessary depending on
the design context. It is hereby recommended that these results be bench-marked against the
industrial norms for acceptable surface finishes and hardness depending on contextual design

requirements for the end-user applications.
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CHAPTER 9:

PROCESSABILITY OF NANOCLAYS-AMCs

9.0 Introduction

The final properties of an engineered material are reflective of the sum-total effects of the
respective material’s signature processing parameters and techniques. For instance, materials
processed through powder metallurgy are known to exhibit different properties as compared to
those prepared through casting processes. Furthermore, the parameters used during the powder
metallurgy processing do significantly affect the properties of material thus made. These
parameters include the physical and chemical nature of stock powders used, relative quantities
of the ingredients, green compaction parameters (such as the pressure, compaction temperature,

and lubricant), and the sintering conditions (temperature profile and atmosphere).

This chapter documents results from the experimental investigation of processability of Nanofil
116-AMCs with a focus on the effect of variables such the quantity of Nanofil 116 relative to
AMB-2712, green compaction pressure, sintering profile and sintering atmosphere. Properties
of the resultant specimen AMCs were benchmarked against a reference sample of the matrix
prepared using a datum set of sintering conditions and atmosphere as detailed in the research
methodology chapter. Effort was made to investigate only one variable at every iterative
evaluation of the significant parameters. Reference results used for comparative analysis
include the physical examination of processed samples, sintered density, DSC-TGA, hardness,

tensile properties, and microstructural analysis.
9.1 Nanofil 116 versus Cloisite Ca**DEV

Table 9-1 shows surface finish results for Cloisite Ca**DEV-AMCs. For ease of reference, the
comparable average and standard deviation values for samples with Nanofil 116 have been

integrated to Table 9-1 in the last two columns. Full results for the Nanofil 116-AMCs were as
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furnished in preceding chapter on machinability (Table 8-1). Figure 9-1 shows sampled
comparable machinability results for AMCs with 1%wt of Nanofil 116 and Cloisite Ca**DEV.
For each of the nanoclays, these results reflect the effect of green compaction pressures.

Table 9-1:  Surface finish results for samples containing Cloisite Ca™*DEV.

CLOISITE Ca++DEV SAMPLES Quantified Surface Finish values (um) STD. DEV NANOFIL 116 SAMPLES
1 2 3 4 5 AVERAGE ' ’ AVERAGE | STD.DEV
REF Samples
Ra 0,47 0,52 0,66 0,34 0,42 0,48 0,11
REF @ 160 Bars Rz(JIS) 4,82 455 5,10 295 393 427 077
Ra 0,28 0,51 0,55 0,36 0,41 0,42 0,10
REF @ 200 Bars Rz(JIS) 2,19 314 354 3,66 3,27 3,16 052
Ra 1,39 0,95 151 1,07 1,37 1,26 0,21
REF @ 240 B : ’ : ’ : ! :
@ ars Rz(JIS) 8,17 7,06 8,15 6,93 8,42 7,75 0,62
1%wt Cloisite Ca++ Samples
160 Bars Ra 1,69 1,79 1,60 1,58 1,36 1,60 0,14 1,56 0,10
Rz(JIS) 8,66 8,95 8,36 8,56 7,61 8,43 0,45 10,71 0,98
200 Bars Ra 1,73 1,52 1,79 1,52 1,76 1,66 0,12 1,75 0,06
Rz(JIS) 8,25 8,35 9,43 8,34 9,07 8,69 0,47 9,28 0,39
240 Bars Ra 1,42 1,65 1,28 1,58 1,52 1,49 0,13 1,29 0,11
Rz(JIS) 8,11 9,56 8,23 9,05 8,91 8,77 0,54 9,02 1,10
3%wt Nanofil 116 Samples
Ra . - 0,63 0,02
160 B. Visibl [ rf; finish : :
60 Bars Rz(JIS) isibly unacceptable surface finis| 487 0.46
200 Bars Ra 2,64 2,02 1,64 2,08 2,27 2,13 0,33 1,55 0,11
Rz(JIS) 23,42 13,81 12,49 18,33 17,87 17,18 3,85 9,95 0,44
Ra - - 0,60 0,05
240 Bars Rz(JIS) Visibly unacceptable surface finish 445 021
At 240 Bars
8%wt Nanofil 116 Samples Visibly unaccpetable surface finish X X 1,58 0,16
12,26 1,24
12.5%wt Nanofil 116 Samples Visibly unacceptable surface finish X X X X

With reference to the results for Nanofil 116, Ra showed declining results (from 1.65-to-1.75
microns) as green pressure switched from 160 to 200 bars and then improved (from 1.75 - 1.25
microns) as pressure changed from 200 to 260 bars. On the other hand, Rz consistently
improved from 10.71-t0-9.02 microns as the green compaction pressure increased through 160
— 200 — 240 bars. For the compaction pressures considered, best results for both Ra and Rz

were obtained at 240 bars.
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re 9-1(i): Sample machinability results for AMCs with 1%wt of Nanofil 116
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Figure 9-1(ii): Sample machinability results for AMCs with 1%wt of Cloisite Ca™™ DEV.

Corresponding results for the samples with 1%wt Cloisite Ca++DEV indicated that both Ra

and R; declined as the pressure increased from 160 — 200 bars and then increased as the pressure

increased from 200 — 240 bars. Best results according to R, were obtained at 160 bars while Rz

showed best results at 240 bars. Comparatively for 1%wt, same green compaction pressure,

and datum sintering conditions, Cloisite Ca++DEV consistently posted better results than

Nanofil 116.
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As noted in the preceding chapter on machinability, increasing the %wt content of Nanofil 116
from 1% to 3% generally improved the machinability results in terms of both Ra and Rz values
irrespective of the green compaction pressure with an exception of Rz for 200 bars specimen
(seemingly an outlier). To the contrary, comparable results for samples with 3%wt Cloisite
Ca*"DEV and above were observed to be unreliably inconsistent due to exaggerated surface
profile amplitudes (R;), thereby necessitating the raising of scale from 10.2um to 50.2pum on
Y-axis as shown in Figure 9-2. Nanofil 116 was noted to still give surface finish readings even
at 8%wt content at the same reference compaction pressures, though at taken at amplitudes set

at the scale of 20.3pum.

Measurement: 2712-3%C++DEV-200@A
Measured at:  1:2%:58 pm on 3 April 2013
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Figure 9-2:  Machinability results for sample with 3%wt Cloisite Ca**DEV.
Since the main difference between these nanoclays is in the quantity of quartz, it is hereby
proposed that the poor performance of Cloisite Ca*"DEV above 1% wt content as reflected by
especially high R; values is most likely associated with formation of Si-based compounds with
a knock-on-effect of embrittlement of the AMCs, bigger grains as a result of enhanced heat-
transfer matrix, and therefore bigger holes being left after granular erosion during the
machining process. This contention is in agreement with the observed deterioration of results

for AMCs with Nanofil 116 at much higher %wt contents, which would imply potential
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existence of a threshold capacity of SiO, for the AMB-2712 and other aluminium alloys.

Further investigation in this line may be helpful.
9.2 Trial-Run versus Set-“4”-Run (datum) sintering profile

For ease of reference, Figure 9-3 represents these two sintering profiles under evaluation.

KEY
Temp : ; 51 Temp. Ramp @ 10Deq.C / Min
TRIAL-Run ' o ! - b S2 Temp. Held @ 650Deg.C for 2 Hours
i ! .53 Program End = Reset: Back to Room-Temp.
Time Argon Atmosphere @ 2L / Min.

(i) General Reference Trial-Run profile

i ! S1 Temp. Ramp @ 10Deq.C / Min.
SET"A" Run: Temp. 52 Temp. Held @ 635Deg.C for 45 Minutes.
s1 | 52 | 83 53 Program End = Reset: Back to Room-Temp.
i Argon Atmasphere @ 2L / Min.

Time

(ii) Datum Reference Set- “4 ”-Run profile.

Figure 9-3: Reference sintering profiles.

9.2.1  Physical Observations

Figure 9-4 (i), (ii), and (iii) show the top-, side-, and bottom-view of samples from the Trial-
run, respectively. With reference to Figure 9-4, two observations were imminent. The First
Observation relates to the cratering visible on the top surface (as highlighted in dotted white
line in Figure 9-4 (i)). This indicates that there was physical mass transfer, which potentially
implies some level of densification. The distortion can be assessed in terms of relative changes
in both the diameter and height of the specimens. This phenomenon was evident when

observing samples from the side-view images whereby the initial cylindrical profile was clearly
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Figure 9-4:  Trials Samples: (i) Top view, (ii) Side view, and (iii) Bottom view.
distorted especially the bulged base in the case of the 200 Bars and 240 Bars specimens. A
quantitative measure of the distortion could potentially verify the proposed densification.
Nonetheless, reference to both the top-view and side-view, which shows the surface area and

depth of the cratering-patch respectively, was deemed to be a reasonable reflection of the extent
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of mass transfer as well as the resultant effect of heat-transfer dynamics. This concept can be
explored from two perspectives, viz, cratering and distortion.

A: Cratering

It was notable from the top-views that the cratering was not aligned to the central axis of the
specimens’ cylindrical profile. However, with reference to all the three specimens, exterior-
boundaries of the craters were significantly aligned to the outer cylindrical wall or
circumferential profile of the specimens while the interior-boundaries were curvilinear and
depicting a somewhat similar but sequential progression. With reference to the dotted white
lines in Figure 9-4 (i), notice the acute-angled horn-like profiles as the interior boundaries
cease being aligned to the circumferential profile. Similarly notice the wavy interior boundary:
in the 160 Bars specimen, one wave is evident while in the 200 Bars specimen there are two
waves. In the 240 Bars specimen, the second wave to the right seemed to have progressively

disappeared and that zone was relatively the deepest.

Assuming that the heat energy was evenly distributed around the specimens, the observed
profile and positioning of craters at the top surface of the specimen infers to three potential
primary heat-transfer dynamics: Firstly, alignment of the crater’s exterior boundary to the
circumferential boundary of the cylindrical specimen suggests that heat transfer must had
progressed from the exterior surface of the specimen towards the central axis, i.e. highest
temperature located at the surface. This potentially caused localized melting (de-nucleation) of
particles on the outermost surface with the resultant effect of progressive radial distribution of
that thermal energy to the neighbouring particles. Ideally, this de-nucleation would arguably
commence evenly throughout the surface area of the sample. Even though care was take in
positioning the specimens inside the sintering furnace with approximately the same spacing
from each other and from end-walls, the fact remains that they were all sitting inside a sintering

boat made of a refractory ceramic material (Zirconia).
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Besides the contact-interface between the boat’s floor and the base of specimens, the
thermodynamic interfaces represented by the space between the specimens’ cylindrical wall
and the boat’s side-walls (= 1 mm), the space between specimens and end-walls (= 4.5 mm),
and the space between any two adjacent specimens (= 4.5 mm) were all different. On the same
note, the specimens’ top-surfaces were exposed to the furnace’s open space. As a result, the
varied heat transfer dynamics across each interface and/or space cannot be expected to be the
same. Accordingly the de-nucleation must have started at such a point or zone on the cylindrical
surface that the temperature was differentially the highest, and then gradually conductively

spread inwards to the neighbouring particles.
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Figure 9-5:  Microstructure of 160 Bars specimen sintered under Trial-Run settings and
viewed at: (i) Edge of Cylindrical wall, and (ii) Central Axis.

In support of this contention, Figure 9-5 (i) and (ii) shows the microstructure of trial specimen
previously compacted at 160 Bars and viewed at the mid-section of the edge of cylindrical wall
and at the central axis, respectively. Both images were taken in the mid-zone along the height
of the specimens. Image (i) depicts a relatively greater level of inter-particle fusion compared
to image (ii) which is characterized by a visibly higher level of porosity. This observation was

consistent across all the Trial-run specimens irrespective of the green compaction pressure.
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However, this contrast was not easily discernible from the specimens processed under Set- “4 -
run specimens due to relatively higher levels of porosity as seen in the corresponding images

in Figure 9-6 (i) and (ii) for 160 Bars specimen.
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Figure 9-6:  Microstructure of 160 Bars specimen sintered under Set-“4 ”-run settings and
viewed at: (i) Edge of Cylindrical wall, and (ii) Central Axis.

Secondly, since there was relatively nothing in close proximity to the top-surfaces, heat transfer
from the furnace through the specimens’ top-surfaces must have been relatively higher
compared to the specimens’ cylindrical walls and bases that were bordering refractory material
of the sintering boat’s walls and floor, respectively. This partly explains the cratering being on

the specimens’ top-surfaces.

Thirdly, the role of gravity at macroscopic level, especially in a semi-solid phase cannot be
ignored. Assuming an evenly distributed capillary pressure at a solid-liquid interface and
holding all other factors constant, a grain surrounded by a liquid phase would tend to flow

downwards due to gravitational pull.

These three mechanisms imply the specimen’s highest possible temperature to have been at a
point or zone located at the right-angled corner between a specimen’s top surface and
cylindrical wall. These mechanisms synergistically partly explain the signature profile and
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depth of craters, and the resultant bulging at the base of specimens. Secondary contributory
factors may include the geometry of specimens, which may typically affect the distribution of
inter-particle thermal stresses as well as thermally-induced bulk hoop stresses.

B: Distortion

The relative proportion of solid- and liquid-phase in the specimens most likely affected the
extent of distortion. With reference to Al-Cu binary phase diagram [218, 219], the cause for
this distortion was most likely the fact that, at 650°C, the particulate matrix was already exiting
the supersolidus liquid phase sintering temperature range, thereby entering into the liquidous
phase. As much as this has some inference to the distortion, the fact that the three specimens
had been subjected to the same temperature profile would dictate their having the same extent
of distortion. Since this was not the case, an insight into the processing variables would be

helpful, hence the Second Observation.

Based on the noted relative cratering and distortion, and the fact that their composition and
sintering parameters were the same, it was evident that the green compaction pressures had a
significant effect on the final sintered product. With reference to the three sets of images in
Figure 9-4, the greatest physical profile distortion was depicted by the specimen previously
compacted at 200 Bar, while the least distortion was evident on the 160 Bar specimen. Since
all the three specimens were sintered in the same space in one run for the same duration of time,
it is hereby contended that the variation in the degree of distortion may partly be attributable to
the dependence of heat-flow-matrix on the degree of particulate agglomeration and/or

compaction, i.e. the green density.

Figure 9-7 shows the side view of Reference specimens as compared to specimens having
varying contents of Cloisite Ca**DEV. The features were similar to those observed in the case

of specimens having varying contents of Nanofil 116 except that no physically discernible
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Figure 9-7:  Side view of Set “A4”” Run specimens showing effect of Cloisite Ca*"DEV.
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cracks were observed in all the Nanofil 116 specimens irrespective of the nanoclay’s contents.
The cause(s) of cracking observed in specimens containing 8%wt. Cloisite Ca**DEV and yet
not observed in the specimens containing a relatively higher content (12.5%wt.) of the same
nanoclay is still not understood.

9.2.2 DSC-TGA Results

9.2.2.1 Implications on thermal behaviour

Figure 9-8 shows heat flow profiles for the randomly selected Trial-run samples 1 and 2
respectively as a function of green compaction pressure. The results were consistent for both of
the samples, indicating that heat-flow was partly a function of green compaction pressure. It
was evident that the correlation between heat-flow and green compaction was not a
proportionate one. Samples from specimen previously compacted to 200 Bars showed a
relatively higher order of heat flow than the 160 and 240 Bars specimens. In fact, results for the
200 Bars specimens seemed to be generative of heat energy unlike the 160 Bars and 240 Bars
sample which represent typical endothermic processes. This observation was consistent with

the level of geometrical distortion and cratering of the 200 Bars specimen.

Disregarding the samples’ reference numbers, the 160 Bars samples generally showed better
thermal behaviour than the 240 Bars specimens. There was better consistency in results for the
160 Bars specimen, depicting a common temperature of 514°C at the first phase change, and a
melting temperature of 645°C with a variation of 0.6°C for the two samples. This interpreted to
a 6.7% disparity in heat flows for the two samples. Corresponding heat flow disparity between
the two respective samples was 73% and 11% for the 200 and 240 Bars specimens, respectively.
With reference to the second law of thermodynamics and holding all other factors constant, the
implications of this superior heat flow rate would be an increase in localized entropy at both
macroscopic and microscopic level per unit time [243, 245]. This partly explains the relatively

greater distortion sustained by the 200 Bar specimens compared to 160 and 240 Bars specimens.
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Figure 9-8: Heat flow results for Trial-run reference samples as a function of Green
Compaction Pressure.

In general, the average melting temperatures seemed to increase with the increase in green
compaction pressure, i.e. 646.3°C at 160 Bars, 646.8°C at 200 Bars, and 648.3°C at 240 Bars;
an overall increase of 2°C. This trend is fully supported by the microstructure of the specimens
as shown in Figure 9-9 (i) — (iii). From these images however, it cannot be determined what
proportion of the reduced porosity may be attributed to the effect of green compaction pressure

on inter-particle voids on one hand, and the effect of improved heat flow on the other.
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Figure 9-9:  Microstructure at central Axis for Trial-run specimens previously compacted at:
(1) 160 Bars, (ii) 200 Bars, and (iii) 240 Bars.
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Of the three green compaction pressures experimented with, it was observed that the 160 and
240 Bars specimens generally produced consistent heat flow patterns irrespective of the
sintering profile settings (Trial-run or Set-“A4 ”-run). Figures 9-10 (i), (ii) and (iii) shows
comparative results for samples from the 160, 200, and 240 Bars specimens respectively as
processed using the two sintering profiles. With focus on the melting temperature zone, Table
9-2 shows a summary of performance indicators from the three graphs. The % disparity in heat
flow between the respective pair of samples is calculated on basis of absolute values while the
difference in melting temperatures is as determined at the peak representing transition to

liquidous phase.
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Figure 9-10: (i)
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Figure 9-10: Effect of sintering profiles on thermal behaviour of specimens previously

subjected to: (i) 160, (ii) 200, and (iii) 240 Bars of compaction pressure.
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Table 9-2:  Summary of key performance indicators for Graphs in Figure 9-10: (i) — (iii).

Trial-Run Set“A"-Run Average
Green % Diff. in % Diff. in % Diff. in
“presaue. | HeatFlow| U | HeatFlow | oo o | HestElow | ror 66
160 bars 6.1 0.6 25 0.6 4.3 0.6
200 Bars T26 30 8.0 0.6 40.3 1.8
240 Bars 11.3 3.0 1.5 1.2 6.4 2.1
Average 338 22 4.0 0.8

Two observations were prominent in terms of sintering process parameters and the green
compaction pressure. Firstly, on average heat flow basis, Trial-run settings showed 5.7% better
thermal barrier properties on the 160-Bar specimen than the Set- “4 ”’-run settings. However,
this represents a disparity of 6.1% between the Trial-run samples compared to a 2.5% disparity
between Set-“4 ”-run samples. This behaviour was similarly observed with samples from the
200 Bars specimens that showed a disparity of 72.6% and 8% for the Trial-run and Set-“A”-
run samples respectively. In contrast to this trend, the 240 Bars specimens showed 35.8% better
thermal barrier properties in the Set-“A”-run samples than the Trial-run samples. The
corresponding disparity between the respective pair of samples’ heat-flows was 1.5% and
11.3% respectively. It can therefore be deduced that the Trial-run set of processing parameters
exhibit a relatively greater sensitivity (hence less thermal stability) to variations in the green

compaction pressure in comparison to Set- “A ”-run processing parameters.

Secondly, it was also observed that, for the same green compaction pressure, there was disparity
/ sensitivity in thermal barrier properties in response to variation in sintering profile settings.
On average, the 240 Bars samples showed 86.7% improvement in thermal stability when
sintered under Set-“4”-run settings compared to those sintered under Trial-run settings.

Corresponding improvement for samples from the 160 Bars specimens was 59%. It may
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therefore be argued that the observed reversal of thermal barrier performance between the 160
and 240 Bars sets of samples was as a result of the alluded favourable insensitivity of Set-“4 -

run processing parameters to variations in green compaction pressure.

In general, it was evident from the graphs and summarized results that Set-“4 ’-run sintering
profile settings were more reliable in terms of less disparity in results across the varying green
compaction pressures. It was also observed that the 160 Bars specimen recorded the least
average disparity in results as the sintering profile settings were switched between Trial-run
and Set- “4 "-run settings. In a manufacturing scenario, this low disparity would interpret to a
better consistency in the quality of production outputs as well as less vulnerability to process
controls.

9.2.2.2 Implications on control-weight

Results for weight variation as a function of temperature, green-compaction pressures, and the
sintering process settings gave an insight into operational stability of the Nanofil 116-AMCs
material system. Figure 9-11 (i) and (ii) shows the effect of sintering process settings on weight
variation as a function of temperature and green compaction pressure. It was not clearly
understood as to what could have caused the consistent sudden percentage weight loss in
samples from the 200 Bars Trial-run specimen at 615°C and 663°C. The general trend was
similar to that for heat flow, whereby samples from the 200 Bars specimen showed higher
values than those from the 160 and 240 Bars specimens. However, the disparity of results
between the two test samples for 200 Bars specimen was also adversely the largest at 1.36%.
It was similarly observed that the 160 Bars specimen consistently had relatively less percentage

weight loss than the 240 Bars specimen irrespective of the sintering profile settings.
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Figure 9-11: Effect of green compaction pressure and temperature on specimens sintered
using: (i) Trial-run, and (ii) Set”-A”-run profile settings.
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A summary of quantitative data from these graphs is shown in Table 9-3 with reference to
properties recorded at 635°C. It can be seen that the least variation in percentage weight loss
between the tested pair of samples for each specimen was observed in Trial-run specimens
with a negligible difference of 0.01%, i.e. 0.05% and 0.06% weight loss for the 240 and 160
Bars respectively. With the Set-“4 ”-run specimens, samples from the 160 Bars specimens
showed the least disparity in weight loss, while samples from the 200 and 240 Bars specimens
equally showed more than twice as much disparity in percentage weight loss. These results
reinstate the supremacy of using 160-Bar as the preferred green-compaction pressure.
Nonetheless, this is subject to evaluation of the effects of nanoclays addition into the portfolio
of variables.

Table 9-3:  Percentage Weight Loss (%) at 635°C.

Trial-Run Samples Set“A"-run Samples

Compaction Pressure | - :
sample Ref. No. 1 2 Diff. 1 2 Diff.
160 Bars 0.41 0.35 0.06 0.65 0.54 0.11
200 Bars 0.56 -0.8 1.36 0.52 0.27 0.25
240 Bars 0.83 0738 0.05 1.15 0.90 0.25

9.2.3 Machinability

Table 9-4:  Surface finish results for Trial-Run and Set- “4 ”-Run reference samples.

REFERENCE SAMPLES Quantified Surface Finish values (um) STD.DEV.
1 2 3 2 5 AVERAGE
Trial-Run REF Samples
Ra 081 0,89 0,80 0,76 0,83 0,82 0,04
REF @ 160 Bars Rz@IS) | 673 6.48 481 526 534 5,72 0.86
Ra 085 0,86 0,75 0,82 0,73 0,80 0,05
REF @ 200 Bars Rz (JIS) 6,59 6,34 5,29 6,67 5,90 6,16 0,51
Ra 122 147 142 1,45 147 1,41 0,09
REF @ 240 Bars Rz@IS) | 827 9,02 8,44 9,76 8,86 8.87 052
Set-"A"-Run REF Samples
Ra 0,47 0,52 0,66 0,34 0,42 0,48 0,11
REF @ 160 Bars Rz(JIS) 4,82 4,55 5,10 2,95 3,93 427 0,77
Ra 0,28 0,51 0,55 0,36 0,41 0,42 0,10
REF @ 200 B : : : : : : ’
@ 200 Bars Rz(JIS) 219 3,14 3,54 3,66 3,27 3,16 0,52
Ra 1,39 0,95 151 1,07 137 1,26 0,21
REF @ 240 B : ’ : : ’ : :
@ ars Rz(JIS) 8,17 7,06 8,15 6,93 8,42 7,75 0,62
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Table 9-4 shows the surface finish results for Trial Run and Set-“A”-Run reference samples,
while Figure 9-12 shows samples of the machinability test results as printed out. It was
observed that as Set-“A”-Run specimens generally posted better surface finish results that the

Trial Run specimens irrespective of the green compaction pressure.

\_‘ _— _m_z_". E,'[ -

Measured at:  11:12:18 am on 22 August 2014

AMB 2712 - REF - 160@A

|
1

it i } H ,l' J .‘F J‘l A Y
™ UA %%%l‘w_&“ " ‘( Jlf‘il'rﬁflﬂ ﬁwjﬂ*# )‘Fﬂfl*-n r]‘tl\ ﬂ l
=
HIJ |
m Ra =034
R - - - _ Rz {JIS)=2.95
N
4.00 mm R
Messuredet: 12:0326pm on 22 Agumt 2014 AMB 2712 - REF - 200@A
-
i rl?“"‘ﬂl‘lg‘ﬁﬂ {h I‘I ™ ;'E“hm 7 J"I]:‘; .}f:""fw‘(:q—PﬁM%h¢uﬂ,.rp - "J‘q /'L' A "f\ ﬁ Wi "-\'."L-'.'_ )
| !r|f g ﬁ_f rf, i L] 1L_'I;ai' | |[ # Jl I;J
o ¥ - i

“Ra=028
.. Rz(JIS)=2.18

£.00 AN —

AMB2?12 REF - 240@A

m 15" i'ﬁ MM“H}HH ‘W

l“

*lWIN
JH

w ﬂ hw

7T

ELOL

= 400 mm  ———

| li

B
|

I—k i
IR

- Ra=0.35
Rz(JIS)=7.06 |

Figure 9-12 (i)

193



' e L L L R AMB 2712 - REF - 160@TRIAL ———

Ra = 0.77;

Musummm 2732-REF- 200D Trisd

prmeis ThRemm Rl —— AMB 2712 - REF - 200@TRIAL ——

ﬁ"’i”ﬁ"z;{'i?'ﬁﬁjdtlw L,J?A’ffv Mﬁz My i M Wi r'ff%

J

Ra = 0.72;
Rz(JIS) = 4.66

v - - — - - S ———————

= —— 400 men

Measuremont  2712.REF. 2408 Tridd
Measured st 1246:23 pm on 28 March 2013

- ~AMB 2712 - REF - 240@TRIAL —

l | - = -
i K N - p s
foh, B Fy - M AR o .
i ‘L'} b 51 l | ]'. | Al / '\ﬂ-\m‘s A 'll!"]% [ 1'f“'l "’ﬁ\\r\,l L + J

% ‘J‘ﬁ/ -i L*'i'il ' ! ‘;"'4 Lrl_}x" \“v,'"’" "/ e ll ¢ \\.7' \ ‘-1." l!" r.
st | - ) = G &
1 | ) Ra = 0.68; )
Rz(JIS) = 4.26
& =
(i)

Figure 9-12: Sample machinability results for Trial-Run samples.
9.3 Optimization of processing parameters
9.3.1 Overview
Table 9-5 shows the different sintering temperature profiles and atmospheres that were
experimented with and their corresponding specimens. The series of iterative sintering attempts
were motivated by a line of thought trailing a sequence of inquisitive queries that then directed
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selection of parameters for the succeeding sintering attempt. Since the datum sintering profile
(Set-“4-Run in argon atmosphere) had resulted into sufficiently sintered specimens, the
chosen starting point for the iterative process encompassed using the same temperature profile
but with nitrogen as the sintering atmosphere. For ease of reference, the datum conditions are
shown here as Step 0.

Table 9-5:  Sintering conditions optimization process.

STEP SINTERING PROFILE & NOTATION LINE OF THOUGHT &
ACTIONS
M
| |
| |
Temp. ! !
51 : 52 : S3
| |
1 1 :;
Time
Set“A” Run 100 C/Min.  6359C x 45 Minutes ~ Prog. End to Room Temp. Argon @ 2L/Minute
Results: Batch 1 Query:
0 What impact would the sintering

atmosphere and holding time have on
these Nanofil 116-AMCs?

Action:

Varied the sintering atmosphere to
Nitrogen and increased the holding
Top View time to 2 hours, i.e. Set-“44 ”-Run
profile.

e S s e e ]
Side View
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Results: Batch 2

Secondary Querry:
Does size matter?

Temp. s1

52

~
r

Time
 Sintering ProcessProfies SIS S5 Sintering Atmosphere

Sef *AA" Run 10° C /Min.

635°Cx 2 Hours

Prog. End to Room Temp.

Nitrogen @ 2L/Minute

RESULTS

@ Nitrogen

Notes:

Specimen looked physically alright,
but after sectioning, it showed signs
of incompletely fused particles as
depicted by fractured surfaces and
ease of breakage by bare hands.
Rough gliding of specimen led to
disintegration of the ground part into
powder.

Further Characterization: YES

NEXT STAGE

Query:

What impact would increasing the
green compaction pressure have on
the problem of incomplete fusion of
particles?
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Action:

Tried sintering samples compacted
to 525 bars while maintaining the
sintering profile Set-“AA”-Run and
Nitrogen atmosphere at 2L/minute.

RESULTS

2312 PeF (@ 515 5 wvs
AP

REF

@ 525 Bars

@AA
@ Nitrogen

Notes:

Specimens looked physically alright
and significantly sintered. No cracks
were observed. Upper diameter of
both specimens looked slightly
smaller than the bottom diameter,
thereby making the originally
cylindrical walls look tapered.
Additionally, the entire top surface of
both specimens showed slight,
though evenly distributed, sulking
from the edges to the central axis.
This was perceived to be reflective of
some sort of densification dynamics.

Further Characterization: YES

Z712(® 12. N6 S25Fews

1%ont

@525 Bars

@AA
@ Nitrogen

Notes:

Physically, the specimens looked
almost alright, significantly sintered,
and cracked near the upper end of
cylindrical wall. Geometry was
intact. Different shades of colour
were observed on both specimens.
At the onset, the cracking was
associated to the effect(s) of Nanofil-
116 on the AMC at chemical level
and/or as a result of its impact on the
heat-flow-matrix.

Further Characterization: YES

7 Lo NIfo@ 5758~
2t @ b

AT 11001V TS S =
E’z Io% ‘v '..W : \blo ; \o\o X \vk \‘&“3 Nitrogen

2%ont

@ 525 Bars
AA

Notes:

Specimens significantly cracked but
still seemingly sintered.
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@ Nitrogen

Notes:

Specimens looked heavily cracked
and not sintered. Their sintering
cycle was stopped after about 1 hour
as the furnace-tube’s exit cover
opened up by default. This was
attributed to observed clogging of the
exit-over’s hole by what seemed to
be accumulated remains on acrawax
as a result of delubrication.

NEXT STAGE

Query:
What impact would lowering the

green compaction pressure have on
the problem of observed cracking?

Action:

Tried sintering samples compacted
to 350 bars while maintaining the
sintering profile Set-“AA”-Run and
Nitrogen atmosphere at 2L/minute.

REF
@ 350 Bars

@AA
@ Nitrogen

Notes:

Specimen looked physically alright,
significantly sintered, and having
different shades of colour. No cracks
were observed. These colours were
suspected to be reflective of different
stages of the delubrication process of
the specimen, with black shades
representing fully burnt out acrawax
binder while the transition of shades
from black to lighter tones being
reflective  of the specimen’s
temperature gradient and hence the
direction of effective delubrication.
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1%t

(@ 350 Bars

@AA
@ Nitrogen

Notes:

The specimen looked physically
alright, significantly sintered, having
uniform colour distribution, but
seemingly cracked at the bottom end
of the cylindrical wall. The absence
colours compared to the reference
sample was attributed to possible
higher thermal conductivity through
the specimen, thereby resulting in
effective delubrication.

Further Characterization: YES

Query:
What impact would a delubrication
stage and lower heating rate have on
the persistently observed cracking
and/or sinterability of the Nanoclay-
AMCs?

NEXT STAGE
Action:
Tried sintering samples compacted
to 350 bars using a new sintering
profile Set-“AB”-Run (lower heating
rate from 10°C to 5°C) and Nitrogen
atmosphere at 2L/minute.
Nitrogen
X- Minutes Sintering Profile AB
g : : S1 Temperature Ramp at 5°C/Min
g‘ g ; ; S2 Delubrication Stage @ 480°C for 1 Hour
,§ B ; ; S3 Temperature Ramp at 5°C/Min
t™
u% Q i i S4 Temperature held at 635°C for 1 Hours
g ; L i i S5 Resetto Room Temperature
] . .
- S1 I S2 - S3 I sS4 I S5 NITROGEN ATMOSPHERE
Sintering Time
RESULTS Notes:

The specimen looked physically
alright, significantly sintered, but
having varying shades of colour. As
in previous specimens, the variation
in colour shades was attributed to
heat-flow-gradient and efficiency of
the delubrication process. For the
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1%t
@ 350 Bars

@ AB
@ Nitrogen

first time, no cracks were observed in
the Nanoclay-AMCs specimens.

Query:
What would be the impact of a
delubrication stage and further

lowering the heating rate from 5°C to
20C?

NEXT STEP
Action:
Tried sintering samples compacted
to 350 bars using sintering profile
Set-“AC”-Run and Nitrogen
atmosphere at 2L/minute.
Nitrogen
X- Minutes Sintering Profile AC
E"i : : S1 Temperature Ramp at 2°C/Min
2 g ; ; S2 Delubrication Stage @ 480°C for 1 Hour
E ‘é ; ; S3 Temperature Ramp at 2°C/Min
(;:; e i i S4 Temperature held at 635°C for 1 Hours
qE; : i i S5 Resetto Room Temperature
[ S1 | S2 S3 | sS4 | S5 NITROGEN ATMOSPHERE
Sintering Time
RESULTS Notes:
Sample physically seemed

3% wit

@ 350 Bars

@ AC
@ Nitrogen

satisfactorily sintered with no cracks.
However, both flat surfaces were
bulged. After sectioning, an internal
open space like a bubble was
observed.

Further Characterization: YES

NEXT STEP

Query:
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What would be the impact of
maintaining the delubrication stage
and heating rate of 2°C but increasing
the duration of holding temperature
from 1 hour to 2 hours and switching
from Argon to N,?

Action:

Tried sintering samples compacted
to 350 bars using sintering profile
Set-“AD”-Run and  Argon +
Nitrogen atmosphere at 2L/minute.

Argon Nitrogen Argon
X - Minutes 530 Minutesg X - Minutes Sintering Profile AD
— [ H
g ' . S1 Temperature Ramp at 2°C/Min
29 : : S2 Delubrication Stage @ 480°C for 1 Hour
E, -*2 ; ; S3 Temperature Ramp at 2%C/Min
£ :1;)- X X S4 Temperature held at 635°C for 2 Hours
“ £ : ! ; ; S5 Reset to Room Temperature
() 1 1 . .
| /S1; s2 ; S3 S4 i S5
Sinterina Time
RESULTS Notes:
Sample physically seemed

satisfactorily sintered with no cracks.

Further Characterization: YES

j0 120 130
A A 2
b1 o0

Notes:

Sample physically seemed
satisfactorily sintered with no cracks.

Further Characterization: YES
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Notes:

Sample physically seemed
satisfactorily sintered with no cracks.

Further Characterization: YES

4 9. PINER 528
Taa

Notes:

Sample physically seemed
satisfactorily sintered with no cracks.

Further Characterization: YES

Notes:

Sample physically seemed
satisfactorily sintered with no cracks.

Further Characterization: YES

Notes:

Sample physically seemed
satisfactorily sintered with no cracks.

Further Characterization: YES

Provisional Conclusion

Sintering profile and atmosphere deemed sufficiently
optimized as reference for future research work / interests.

Future Work Queries:

What may be the effect of
mechanical alloying of Nanofil 116 —
AMB-2712 via Ball Milling?
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Table 9-6 shows a summary of specimens that were sampled for further characterization in
terms of sintered density, optical micrographs, SEM-cum-EDX analysis, DSC-TGA,
hardness, and/or tensile testing. Specimens that had no physically noticeable defects are
highlighted in bold.

Table 9-6:  Summary matrix of specimens sampled for further investigation based on
physical inspection.

Composition | REFERENCE | 1% 2% 3% 4% 5% 10%

—

Pressure |

160 Bars
(157 MPa)

v AA

350 Bars

v AA v AC
(344 MPa)

438 Bars

v AD v AD v AD
(431 MPa)

525 Bars

v AA v AA vAD | YAD | ¥AD
(516 MPa)

9.3.2 Sintered Density

Table 9-7 shows the respective sintered density of selected specimens. Results for Set-“A”-
Run specimens are also provided here for purposes of ease of reference. Similarly, specimens
that had no physically noticeable defects are highlighted in bold. The green compaction
pressure as further shown in brackets (in MPa) was calculated based on the respective die’s
diameter. Of interest was the consistency of profile AD as applied to REF, 1% and 3% that had
been subjected 438 bars of green compaction pressure. Of these three, the 1%wt nanoclay
sample showed an almost 100 % densification at 2.50% porosity (i.e. 2.6856 g/cm?®). This

represents a significant optimization of the processing parameters.
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Table 9-7:  Sintered densities of sampled specimens.

Composition — | REF 1% 2% 3% 4% 5% 8% 10% | 12.5%
Pressure |
PART 1 — Reference Samples
160 Bars v
S | 200Bars |
— (1187
g MPa) 2.5471
|_
240 Bars v
(1425
MPa) | 2.5444
160 Bars vA v A v A vA vA
950 MP
(50MPa) |5 4812
5
@ | 200Bars | vA v A v A v A v A
< (1187
s MPa) 2.4841 | 2.4656 2.3605 2.4577 2.3201
3
240 Bars v A
(1425 v A vA VA YA
MPa) 2.4818
16.5 Bars
vA vA VA VA VA VA
(550 MPa)
PART 2 — Processability Samples
160 Bars v AA
(157 MPa) 2.5196
350 Bars v AA v AC
(344 MPa) 2.7095 2.4211
438 Bars vAD | YAD v AD
(431 MPa) 2.6211 | 2.6856 2.4321
525 Bars vAA | YAA vVAD | YAD v AD
(516 MPa) 2.6586 | 2.7113 2.4229 | 2.3420 2.3962
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Densification of sintered samples can be closely associated with liquid phase formation in the
sample. On the other hand, liquid formation on heating of an atomized alloy particle has been
claimed to involve the reverse of solidification whereby liquid nucleates at the sites that
solidified last during atomization [61]. It has been suggested that particle formation during
atomization is far from an equilibrium solidification event and accordingly, liquids might form
at temperatures 50°C lower than indicated by the phase diagrams. The liquid phase is reported
to have three possible locations during sintering [61]: (1) at the inter-particle necks, along the
grain boundaries inside the particle, and (3) at pockets located inside the grains. In the same
work, it was suggested that the liquid located at the inter-particle necks provides the capillary
force for densification, while liquid located in the grain boundaries lubricates grain-sliding
densification. From quenched micrographs, the necks appeared to form early but densification
was delayed by the particle rigidity. It is further suggested that the liquid that forms inside the
grains plays no discernible role in densification [61].

9.3.2.1 Effect of Green compaction pressure

As for the Trial-Run reference samples, mean sintered density for the batch was 2.5361 with a
standard deviation of 0.0137. For the Set-“A”-Run samples, mean sintered density was 2.4824
with a standard deviation of 0.0012. Trial Run samples generally posted a higher density that
the Set-“A”-Run samples. This was associated with the observed physical deformation which
represented some level of densification. Nonetheless, the Set-“A”-Run sintering profile can be
said to be more stable than the Trial Run profile based on a significantly lower standard

deviation.

For both batches of reference samples, the highest sintered density was observed for samples
from specimens previously compacted to 200 bars. Since the only difference between the two
batches was the sintering profile, this peaking was deemed to be independent of the sintering

profile. The peaking at 200 bars compared to the 160 and 240 bars was therefore considered to
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infer to the tendency of every system to thermodynamically equilibrate by self-regulating the
temperature, pressure and volume. Nonetheless, it was noted that in both reference batches, the

sintered density was below that of pure aluminium (2.7 g/cmd).

The observed low standard deviation about the mean density especially in the case of Set-“A”-
Run samples reiterates the understanding that the sintered density is resilient to green
compaction pressures as proposed by [62] and rather much more dependent on the sintering
conditions. On the other hand, the 2% difference in mean densities for the two reference batches
points to possible effects of (1) sintering profiles and/or (2) sintering atmosphere on the heat-
transfer-matrix.

9.3.2.2 Effect of sintering atmosphere

It has already been noted that green compaction pressure has limited effect (if any) on the
sintered density. From the references column of Table 9-7, it is notable that the Trial-Run, Set-
“4”-Run and Set-“44 ”-Run sintering profiles were observed to post different sintered
densities for specimens previously compacted to 160 bars. However, the latter of these three
samples had been noted to exhibit signs of incomplete fusion as evident in Table 9-5. This
aspect may have had an adverse effect on the sintered density. Despite this incomplete fusion,
Set- “4A4 ”-Run sample interestingly still posted better sintered density than the corresponding
datum Set-“4 ”-Run sample. Since both samples had been subjected to the same sintering
profile, the underlying 1.55% improvement in density (from 2.4812 to 2.5196 g/cm®) must had
resulted from the effect of sintering atmosphere, i.e. a favourable effect of nitrogen as compared

to argon atmosphere.

This observation is further complemented by the observed improved sintered density of all
comparable samples in PART 2 of the Table 9-7 relative to those in PART 1 of the same table

irrespective of the green compaction pressures. In agreement to this observation, sintering
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under argon and hydrogen have elsewhere been observed to lead to lower sintered density and
swelling behaviour [121]. This has been attributed to the insolubility of argon in liquid
aluminium with a resultant inhibiting effect upon densification. However, sintering in argon

has been noted to be effective only at high green density and when magnesium is present [121].

On the same note, hydrogen has been observed to result in lesser liquid formation in aluminium
alloys, thereby preventing shrinkage. Hydrogen is furthermore said to have a higher solubility
in liquid aluminium [121, 220] to the effect of degrading the wetting behaviour and thereby
retarding pore filling [255]. It has been suggested that a concentration of 5 vol.% hydrogen in
the mixture should be considered as a critical level, above which no sintering shrinkage occurs
[123]. However, it is positively reported that shrinkage observed in the lower hydrogen content
atmospheres suggested that hydrogen does not concentrate preferentially on the Al surface and
its amount was not high enough to hinder totally the reaction between nitrogen and Al, thereby
producing shrinkage. Nevertheless, even a small amount of hydrogen in the sintering
atmosphere lowers the rate of AIN formation, which results both in a longer shrinkage
incubation time and a lower shrinkage when compared with the hydrogen free atmosphere
[123]. This potentially explains why the sintered density in the current study decreased with
increase in nanoclay contents above 1% regardless of the green compaction pressure. The
detrimental effect of hydrogen on the sintering response of aluminium still needs further

investigation.

In contrast to the argon and hydrogen atmospheres, sintering in nitrogen has been reported to
induce a weight gain, the formation of AIN, and densification [121]. The presence of AIN phase
is elsewhere reported to alter surface wetting characteristics and in turn enhance rearrangement
and densification in sintered aluminium alloys [220]. The favourable effect of nitrogen as a

sintering atmosphere has been associated with chemical reactions involving the breakdown of
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Al;03 with the resultant effect of enhancing sinterability [121, 220, 229, 256-258]. Scaffer
[256] noted that the thickness of the oxide (5 — 15nm) is dependent on the temperature at which
it formed and the atmosphere in which it is stored, particularly the humidity. This researcher
pointed out that although the oxide cannot be removed under conventional sintering
atmospheres, it may be disrupted by sintering in the presence of magnesium. The researcher
further reiterated previous researchers’ comments that magnesia has lower free energy of
formation than alumina and magnesium metal can partially reduce alumina to form spinel,
MgAI>O.. Reaction of Mg with Al,Os film is accordingly claimed to rupture the oxide during
sintering, thereby exposing the underlying metal and facilitate sintering and less than 0.2% Mg
is all that is required [229, 256]. A proposed possible reaction for the formation of spinel is
shown below, which is a partial reduction reaction [229]:
3Mg + 4AL,03 <> 3MgALO4 + 2Al (1)
This reaction is reportedly observed at bonding interfaces in metal matrix composites and in
studies of the oxidation behaviour of Al-Mg alloys [229]. Because of the relative changes in
free energy, the aforegoing reaction is favoured at low magnesium levels. At concentrations
between 4 and 8% Mg in Al-Mg based composites, complete reduction is favoured and linked
to the equilibrium activity of Mg [229]:
3Mg + Al203 <> 3MgO + 2Al (2)

Since nanoclays under study have been observed to quantitatively increase the amount of
magnesium in the AMCs, the resultant effect would be to favour the reaction in Equation 2
with little or no formation of AIN. This further explains the observed lower sintered density of
samples containing relatively higher %wt content of nanoclays regardless of the green

compaction pressure and / or sintering profile.

The presence of spinel in Al-Mg powder alloys has been considered to indicate that local Mg

concentration may have been low when the oxide rupture occurred [229]. In contrast, MgO
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should occur if the reaction proceeded via direct contact with Mg particles or with the Al-Mg
eutectic liquid. However, it was noted that no evidence for MgO was found, thereby suggesting
that the oxide was not reduced through contact with the eutectic liquid. It was further argued
that it would be unnecessary for the magnesium to be in contact with the exterior of the powder
particles for there is no reason why the oxide could not be reduced from within. In any case,
some direct contact would be established during compaction. Accordingly, magnesium could
diffuse through the aluminium and along the aluminium-oxide interface from the contact points
and react at the metal-oxide interface, not at the oxide-vapour interface. In this way, only a
limited quantity of magnesium is required as observed experimentally and further facilitates
reaction in the solid state at temperatures below the eutectic temperature [229]. Besides the
related shrinkage due to nitrogen atmosphere, this underlying bare requirement of low
magnesium content and sub-eutectic temperature for the reduction equation potentially
explains further why the 160 bars reference specimen as processed in nitrogen atmosphere
showed better sintered-density than the one sintered in argon atmosphere despite signs of

incomplete fusion.

Magnesium has been noted to be transported in aluminium alloys in vapour form [121, 229].
Since this has been observed to occur in both argon and nitrogen atmospheres, the formation
of MgsN2 was ruled out as a prerequisite for vapour transport and thus for sintering, thereby
demanding an alternative explanation for the effect of the nitrogen atmosphere. This is further
supported by the understanding that magnesium has a higher vapour pressure than magnesium
nitride, which suggests that the formation of nitride phase may not be necessary for vapour
transport to occur [121]. It was accordingly reported that nitrogen can reduce the oxide and
form aluminium nitride by the reaction below:
2A1,03 + 2N2 — 4AIN + 302 (3)

provided that the partial pressure of oxygen is below a critical value Pc given by:
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where Py, - is the partial pressure of nitrogen,
@a1,0, and a;y - are the activities of oxide,

R - is the gas constant,

T - is the temperature, and

AG? - is the change in free energy for the reaction.
In their study, Schaffer and Hall hypothesized that the oxide layer grows as the temperature
increases [121]. Understandably, this would have a knock-on effect of decreasing the oxygen
partial pressure in the gas as it travels into the pore network. The fresh gas impinging on the
surface of the compact would have a high oxygen partial pressure. However, deep in the pore
network, where the gas flow rate is much lower than on the surface, the oxygen may be
consumed by the aluminium faster than it can be replenished by the incoming gas. The local
partial pressure of oxygen would then fall. In essence, the aluminium acts as a self-getter. This
self-gettering phenomenon would be operative only deep inside the pore network because it is
only there that the oxygen is not replenished fast enough. This suggests that the sample surface
would not sinter because it is always exposed to oxygen in the fresh gas, but the same surface

layers act as a getter for the core [121].

Supposing the self-getter hypothesis is correct, the question arose as to how this effects
sintering in nitrogen and not in other inert atmospheres bearing in mind that self-gettering also
occurs in argon and vacuum [121]. It was then proposed that thermal expansion may cause the
oxide layer to fracture. Where oxygen would be present, these fractures would readily heal.
However, the oxide would not heal when the oxide is reduced by self-gettering. Under N2, the
exposed metal would readily react according to [121]:

2Al + N2 — 2AIN ()
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which is an exothermic reaction. This would cause an increase in the local temperature, which

may induce local melting, thereby aiding sintering.

The possibility that self-gettering reduces the oxygen partial pressure to below Pc was also
proposed [121]. In that case, reduction of the oxide by reaction in Equation 3 would occur,
thereby exposing fresh metal. Reduction of the oxide would not happen under argon and
sintering would not be enhanced. It was emphasized that in either case, AIN should be apparent
in samples sintered in nitrogen. Inspection of optical micrographs suggested that the quantity
of the nitride decreases as the compaction pressure increases (the green porosity decreases).
The N2 was envisaged to be ineffective at high green density because the pore network would
be closed and permeability would be low. Magnesium would then be required and argon could
be used. The critical factor is the reduction in the oxygen partial pressure through self-gettering

by aluminium and the formation of AIN [121].

After experimenting with different sintering atmospheres (argon, vacuum, nitrogen,
nitrogen/hydrogen, and nitrogen/argon), Pieczonka et al [123] observed that only nitrogen
caused a detectable shrinkage of aluminium samples during sintering. Addition of hydrogen
even in small amounts to nitrogen was observed to be detrimental because it strongly decreased
the sintering shrinkage. Addition of argon to nitrogen was also observed to reduce shrinkage,
but only at much higher contents than hydrogen. They further reported that shrinkage may be
quickly interrupted by a change of the atmosphere during sintering. Their results indicated that
the sintering shrinkage was associated with nitride formation while an increase in the oxygen
content was simultaneously observed. Therefore, the assumption of a possible Al.O3 reduction
by nitrogen [121] was deemed questionable. They argued that the proposed reduction of the
Al>O3 by gaseous nitrogen at low oxygen pressures [121] is not a condition for the nitride

formation. They further argued that a direct reduction of Al.Os by gaseous nitrogen seems
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unlikely because magnesium, even in small amounts present in Al powder, concentrates on the
surface of powder particles and enhances sintering by local reduction of Al>Os prior to the
incorporation of nitrogen according to the following two equations [123]:

3Mg + 4Al03 — 3A12MgO4 + 2Al (6)

and then

2Al + N2 — 2AIN
They suggested that the higher nitride content in the interior should be explained by the
constant thickness of the oxide layer, while the growing oxide layers at the surface of the
specimen hinder the nitrogen diffusion. Accordingly, there is still a lack of understanding about
the details of nitride formation and its positive influence on the sintering behaviour.
Nonetheless, strength results indicated that stronger bonds between Al-particles are produced

in nitrogen atmosphere [123].

It is worthwhile noting that in this particular study, besides the effects of sintering atmosphere,
1%wt Cloisite C++DEV posted better results than 1%wt Nanofil 116. Since the respective
samples were processed under similar conditions, it is also possible that the relatively higher
content of quartz (or lower content of Bentonite) in the latter nanoclay might have affected the
oxides formation and thereby resulting in, or contributing to the observed phenomena.

9.3.2.3 Effect of sintering profile

Effect of this variable can be deciphered from the samples with 1%wt Nanofil 116 content as
shown in Table 9-7. Of the three samples, the samples processed under Set-“AA”-Run sintering
conditions (350 and 525 bars) were observed to have a similar sintered density just above
2.7g/cm®. To the contrary, sample from the specimen previously compacted to an intermediate
green pressure of 438 bars posted a relatively lower sintered density. Since the effect of
variation in green compaction pressure has been found to be irrelevant, the only significant

difference between this sample and the other two was the sintering profile whereby the 438
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bars specimen as processed using Set-“AD”-Run sintering profile. This reduction in sintered
density is attributable to the effect of switching of sintering atmosphere from argon to nitrogen
(for 30 minutes) as observed by Pieczonka et al [123].

9.3.2.4 Effect of Nanofil 116 content

For the sampled specimens, the sintered density was observed to peak up at the 1%wt nanoclay
content. This peaking represented a 2.5% and 2.0% improvement from the reference sintered
density for the samples from specimens previously compacted to 438 and 525 bars respectively.
Beyond 1%wt Nanofil 116 content, the sintered density decreased significantly. For instance
at 3%wt content, the density for specimens previously compacted to 438 bars decreased by
10%. This decrease corresponds well with a common 12% decrease in sintered density for
samples from the specimens previously compacted to 350 and 525 bars as nanoclay content
increased from 1% to 3 and 4% respectively. This indicates a strong dominance of the effect
of nanoclay content on the AMCs compared to the sintering conditions. As alluded to earlier
on, this significant drop in density at nanoclay contents higher than 1% is potentially linked to
the evolution of hydrogen gas (from the nanoclay) with its associated detrimental effects being
manifested in the form of physically discernible cracks. This contention is further supported by
the observation that reduction of the heating rate to from 10°C — to — 5°C —to — 3°C and finally
to 2°C as represented by Set-“AD”-Run sufficiently mitigated the cracking problem. With
reference to the 1%wt samples, it is suspected that the slow heating rate afforded by Set-“AD”-
Run profile did effectively provide room for gradual evolution of the hydrogen gas before being
adversely entrapped within the interstitial locations / sites as liquid formed at the particles

contact points.

It was interesting to notice that the peak sintered density was observed in 1%wt nanoclay
content samples from specimens previously compacted to 350 and 525 bars as processed using

Set-“44 ”-Run sintering profile and nitrogen atmosphere, i.e. 2.7095 and 2.7113 g/cm?®

213



respectively. It is evident that that this peaking must have been related to the effect of nitrogen
on densification of the specimens irrespective of the green compaction pressure. However,
noting that both of these two samples had visible physical defects, the need for fine-tuning the
sintering profile and atmosphere is obvious. Such moderation is represented by the sample
from specimens previously compacted to 438 bars and sintered using Set-“AD”-Run
conditions, i.e. 2.6856 g/cm?, which represents 99.5% of the theoretical density of aluminium.
9.3.3 Mechanical Properties

9.3.3.1 Tensile Testing Results

As an excerpt from Table 9-7, matrix for specimens that were subjected to tensile testing is as
shown in Table 9-8. All other follow-up tests and analysis were based on these three specimens.
The respective numbers (1 to 12) indicated below the samples labels are simply for tagging
purposes only with respect to analysis of the results.

Table 9-8:  Sampled specimens subjected to tensile testing.

Composition | REFERENCE | 1% 2% 3% 4% 5% 10%
—
Pressure |
160 Bars
v AA
(157 MPa)
350 Bars
v AA Y AC
(344 MPa)
438 Bars v AD v AD v AD
(431 MPa) 1,2, 3,4 6,7, 8 11 & 12
525 Bars
v AA v AA VAD| YAD | YAD
(516 MPa)
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300 :
Specimen label
— No.1- AMB2712-REF-438-AD —— No.6- AMB2712-1%-438-AD
No.2 - AMB2712-REF-438-AD —— No.7 - AMB2712-1%N-438-AD
| — No.3- AMB2712-REF-438-AD No.8 - AMB2712-1%N-438-AD
— No.4- AMB2712-REF-438-AD
No.11- AMB2712-3%N-438-AD
— No.12 - AMB2712-3%N-438-AD
—
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—
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o
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Figure 9-13: Tensile testing results for samples successfully sintered, machined and tested.
Figure 9-13 shows the graphical representation of the tensile testing result for the selected
samples while Table 9-9 quantitatively shows the same results. Every of the Ref, 1%wt, and
3%wit categories had four satisfactorily sintered specimens for the machining phase of samples
preparation. The first few samples that were machined broke during the process of turning the
gauge section to the specified @2.5mm, in particular samples No. 5, 9, and 10. For further
reference, the respective images of these samples are provided in Table 9-10 alongside
corresponding images for the successfully machined and tested samples. Based on the
preliminary failure during machining phase, a decision was made to deviate from the provisions
of ASTM E63-01 standards by machining the gauge lengths to a minimum diameter of 5mm
instead of the specified @2.5 mm. Since stress is a relative measure, it was considered that this
modification would not affect the signature properties of the AMCs as evaluated using the

modified samples. This aspect is evident from results for the one sample that was successfully
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machined to @3 mm, i.e. sample No. 6, which posted results similar to those of its batch
members irrespective of the difference in diameter at the gauge length.

Table 9-9:  Tensile test results for Set- “4D ”-Run samples.

TAG Area [Tensile Stress at Yield|Young's Modulus| UTS Elongation
SPECIMEN LABEL 2

No. (mm) (0.2% Off-set) (MPa) (Gpa) (MPa) (%)
1 AMB 2712 - REF -438 Bars-AD - 1 19,24 137,02 54,40 176,35 4,75
2 AMB 2712 - REF - 438 Bars - AD - 2 19,24 139,02 48,90 171,58 3,63
3 AMB 2712 - REF - 438 Bars - AD - 3 28,37 139,13 89,00 182,59 3,77
4 AMB 2712 - REF - 438 Bars - AD -4 28,46 142,58 67,40 181,59 3,00
Average 139,44 64,93 178,03 3,79

Std. Dev. 2,00 15,44 4,41 0,63

5 |[AMB 2712 -1%N - 438 Bars - AA-0 0 0,00 0,00 0,00 0,00
6 AMB 2712 - 1%N - 438 Bars-AD -1 491 179,61 66,90 179,63 1,43
7 |AMB 2712 - 1%N - 438 Bars - AD - 2 28,27 143,83 66,30 176,43 2,23
8 AMB 2712 - 1%N - 438 Bars - AD -3 28,27 144,23 67,20 181,86 1,77
Average 155,89 66,80 179,31 1,81

Std. Dev 16,77 0,37 2,23 0,33

9 |AMB 2712 -3%N -438 Bars - AD -0 0 0,00 0,00 0,00 0,00
10 |AMB 2712-3%N -438Bars -AD -0 0 0,00 0,00 0,00 0,00
11 |AMB 2712 -3%N-438Bars-AD -1 27,99 75,60 56,20 77,06 131
12 |AMB 2712 - 3%N - 438 Bars - AD -2 19,17 0,00 49,30 68,99 1,15
Average 75,60 52,75 73,03 1,23

Std. Dev. 3,40 4,04 0,08

All other factors being held constant, results as furnished in Table 9-9 show that samples with
1%wt Nanofil 116 had a 12% higher yield strength than the reference samples. This was
accompanied by 3% and 1% increase in young’s modulus and ultimate tensile strength
respectively. However, an adverse reduction in ductility was noted as reflected by a
corresponding reduction in % elongation of the samples (about 52%). The observed young’s
modulus (66.80 GPa) for samples containing 1%wt Nanofil 116 was found to be in the range
reported elsewhere [108] for AMB-2712 (68 GPa). However, the respective percentage
elongation for samples in current study was twice the value reported therein (0.9%), while their
corresponding yield stress (355 MPa) was almost twice of the value obtained in this study. The
underlying differences may be expected bearing in that the AMB-2712 reported on had been

subjected to T6 heat treatment.
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The observed reduction in ductility was related partly to the embrittlement associated with
increased content of magnesium [211] since both the AMB-2712 matrix and Nanofil 116
contained magnesium. Despite the content of aluminium not exceeding 5.5% in current
wrought alloys e.g. in 5xxx series, magnesium has a solid solubility 17.4% in aluminium and
precipitates preferentially at grain boundaries as a highly anodic phase (MgsAlsz or MgsAls),
which produces susceptibility to intergranular cracking and stress corrosion [87]. However,
properly fabricated wrought alloys containing upto 5% have been observed to be stable under
normal usage. In general, the addition of magnesium markedly increases the strength of

aluminium without unduly decreasing the ductility [87].

Silicon is yet another element that deserves further investigation because of its presence both
in the AMB-2712 matrix and Nanofil 116. The maximum solubility of silicon in aluminium
has been reported to be 1.65%wt [244]. Besides being known to improve the fluidity of
aluminium, silicon is said to have a favourable effect of lowering the melting temperature [169,
259], an aspect that is particularly relevant to the development of Nanoclay-AMCs system.
However, Kalhapure, M.G. and Dighe, P.M [168] investigated the effect of silicon on
aluminium alloys at contents of between 5 — 14% and found that it has a tendency of reducing
ductility while increasing the hardness, tensile yield stress, and the ultimate tensile strength.
Other researchers that experimented with 1.5 — 6% wt content of silicon [169] have observed

similar effects.

In wrought alloys, silicon has been used with magnesium at levels up to 1.5% to produce Mg2Si
in the 6xxx series of heat-treatable alloys [87]. It is further indicated that additions of 0.5 —
4.0% silicon reduces the cracking tendency of aluminium-copper-magnesium alloys. Even
though the addition of any amounts of magnesium to any silicon-containing alloy will render

it heat-treatable, it has been cautioned that the addition of excess magnesium over that required
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to form Mg2Si sharply reduces the solid solubility of this compound. It has further been advised
that silicon can be modified through the addition of sodium in eutectic and hypoeutectic alloys
and by addition of phosphorus in hypereutectic alloys [87, 260]. The fact that silicon crystals
were observed to precipitate and actually become bigger in size with increase in nanoclay

content infers to the silicon thresh-hold being exceeded.

From another perspective, the presence of silicon in the form of silica may potentially affect
the dynamics of solid solubility of silicon into aluminium. For instance in an experiment that
was conducted in the heat treatment temperature range of 350-560°C, SiO, was considered to
effectively prevent the solubility of silicon into aluminium in argon atmosphere [261]. As both
Nanofil 116 and Cloisite Ca™*DEV have approximately 1% and 3%wt quartz respectively, this
may be linked to the observed relatively poor sinterability of AMCs especially having more
than 1%wt content of Cloisite Ca**DEV. On the other hand, since the samples with 1%wt
content of Cloisite Ca**DEV generally posted better machinability results, it is possible that
the relatively higher content of SiO, favourably improved the heat-flow-matrix (through
effecting a better microstructure), thereby outweighing the adverse hindrance of diffusion of

the silicon that was already present in the matrix.

It is envisaged that the objective of balancing the relative %wt of magnesium and silicon in the
AMB-2712 alloy (and similar alloys) can be achieved by exploring the possibility of making
the AMB-2712 alloy using Nanofil 116 or Cloisite Ca**DEV as the sole source of the required
magnesium and silicon content for the alloy. Through that route, the adverse effects of excess

contents may be mitigated while still optimizing performance of this Nanoclay-AMCs system.

Images in Table 9-10 show that the sample tagged No. 3 seemingly fractured out of the gauge
length. This is confirmed by the recorded maximum load for the specimen. Exclusion of this

sample from the batch would interpret to an average yield stress of 56.90 MPa with a standard
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Table 9-10:  Images of faulty* as well as successfully machined-and-tested samples.

TAG No. TENSILE TEST SAMPLE’S IMAGE
1 méc.pw 7 T
2
T
3
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10*
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12
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* Faulty specimens identified during machining process.
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deviation of 13.44 MPa. Reported effect of Nanofil 116 would then switch from 12 to 17%
increase relative to the reference samples. Disregarding the differences in green compaction
pressure, results for Set-“AD”-Run samples with 1%wt Nanofil 116 represented an 8%
improvement with respect to UTS compared to the datum Set-“A”-Run samples with 1%wt

Nanofil 116.

Interestingly, corresponding results for reference samples showed an improvement of 215%.
This reinforces the observed favourable effect of introducing nitrogen into the sintering
atmosphere of AMB-2712 matrix and similar aluminium alloys containing magnesium, leaving
the nanoclay’s marginal effect at only 3%. At the on-set, this seemingly deleterious effect of
nitrogen on the effectiveness of nanoclay as previously observed under argon-atmosphere-only
is most likely attributable to two aspects: (1) presence of an ingredient that was in the Nanofil
116 but not in the matrix, e.g. the incumbent effect of evolution of hydrogen gas, and/or (2) the
introduction of silicon and/or magnesium element(s) beyond the threshold for optimal integrity
of the matrix. This phenomenon requires further investigation.

9.3.3.2 Hardness test results

Table 9-11:  Vickers hardness test for optimized specimens.

AMB2712-438Bar-AA
HV2kg

#Indent Ref 1%N 3%N

1 77.7 78.1 34.5
79.2 74.8 36.7
72.3 75.3 37.6
76.4 74.4 34.7
78.9 75.8 41.1
Mean 76.9 75.68 36.92
Std dev 2.799107 1.451551 2.68179
Stderror 1.251799 0.649153 1.199333

u b WN

Table 9-11 shows the Vickers hardness results for optimized specimens, i.e. previously
compacted to 438 Bars and processed using Set-“4D ”-Run sintering profile in argon and
nitrogen atmosphere. Hardness value decreased with addition of nanoclay, with the hardness
for 3%wt specimens being less than half that of the reference specimen.
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9.3.4 Microstructural analysis

REF

BEC 20kV WD10mm 100um
1%N

BEC 20kV WD10mm
3%N

BEC 20kV WD9mm 100um

Figure 9-14: Microstructures of sampled sites showing complete fusion.
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Figure 9-14 shows microstructures of the sampled sites showing that the specimens were fully
sintered. Low or no porosity was observed. Traces of the dark phase as observed in previous
specimens sintered in argon can also been seen here even at this magnification of 100 times.
This dark phase, confirmed to be Mg2Si, as well as other phases were better observed at a
higher magnification as shown in Table 9-12. In similarity to previous specimens, figures in
Table 9-12 demonstrates at a higher magnification the trend of increasing distribution of
precipitates with increase in the nanoclay content especially within the grains. The dark phase

can be seen to have served a significant role of filling-up the interstitial spaces and/or pores.

At an even higher magnification, the dynamics of micro-cracks were visible in the dark phase
as shown in Table 9-13. Notably, the phase was observed to have micro-cracks only when in
large quantity at a particular site. Evidence for this is shown in figures given in Figure 9-15
where micro-cracks can be noticed in image (i) and not in image (ii), yet these images were

both from the same reference sample and at the same magnification.

The behaviour demonstrated in Figure 9-15 validate the observation made earlier that the
micro-cracks reflect a disparity in thermal properties between the dark phase and its
surrounding phases. Furthermore, it can be noticed that the cracks appear mostly in the interior
region of the dark phase as pointed out at A. This serves as an indication that the region cooled
down last compared to the surrounding aluminium phase. The observation also alludes to the
dark phase having refractory properties. The cracking observed at point B confirms this aspect
because the crack is at the interphase with copper, a material with higher thermal conductivity

than aluminium [42].
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Table 9-12:  Microstructures of sampled sites showing distribution of precipitates.

REF

SElI  20kV WD10mm

|

f

,/ :
o £
"

*,

b

1%N

SEl  20kV WD10mm
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3%N

-

SEI 20kV - WD9mm

Table 9-13:  Microstructures of sampled sites showing micro-cracks dynamics.

REF

SElI  20kV WD10mm
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1%N

SEI  20kV WD10mm

3%N

P

SEl 20kV WD9mm

Additionally from Figure 9-15, it can also be observed that the interface between the dark phase
and aluminium was seamless as pointed out at point C of Figure 9-15(i). This serves as an

indication of good wettability between the two phases.
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REF

SEI 20kV WD10mm

REF

SElI  20kV WD10mm

(i)

Figure 9-15: Microstructures of sampled sites showing presence of micro-cracks in (i) and
absence of micro-cracks in (ii).
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9.3.5 EDX Analysis

Figures 9-16 to Figure 9-24 show elemental compositions of selected sites as determined using

EDX spectra overlays. Three site were considered for each of the specimens.

SEl  20kV WD10mm

KEY ELEMENTS
1: Mg-Si-O

2: Al

3: Cu

4: Si

10 pm 10 ym

Figure 9-16: Reference Sample(438 Bars-REF-AD): LOCATION 1.
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20kV WD10mm

CuK 1] E— [

KEY ELEMENTS
1: Mg-O

2: Al

3: Cu

4: Si

Figure 9-17: Reference Sample (438 Bars-REF-AD): LOCATION 2.
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20kV

WD10mm

uhf—w?“\ﬂg K]

KEY ELEMENTS
1: Mg-O

2: Al

3: Cu

4: Si

Figure 9-18: Reference Sample (438 Bars-REF-AD): LOCATION 3.
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20kV WD10mm

KEY ELEMENTS
1: Al-Mg-O

2: Al

3: Cu

4: Si

Figure 9-19: 1%wt Nanofil 116 Sample (438 Bars @ AD): LOCATION 1
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20kV

WD10mm

Figure 9-20: 1%wt Nanofil 116 Sample (438 Bars @ AD): LOCATION 2

KEY ELEMENTS
1: Mg-Si-Cu

2: Al

3: Cu

4: Si

10°pm
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SEl  20kV WD10mm

10 um

1: Mg-Si-Cu-0O
2: Fe-Si-Cu-O

KEY ELEMENTS

3: Mg-Si-Cu
4: Si

Figure 9-21: 1%wt Nanofil 116 Sample (438 Bars @ AD): LOCATION 3
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SElI  20kV WD9mm

T

KEY ELEMENTS
1: Si-O

2: Mg-Cu-O

3: Mg-Cu-O

4: Si

Figure 9-22: 3%wt Nanofil 116 Sample (438 Bars @ AD): LOCATION 1
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SEI  20kV WD9mm

1: Mg-Cu-O 3: Si-0
2: Fe-Si-O 4: Al

KEY ELEMENTS

Figure 9-23: 3%wt Nanofil 116 Sample (438 Bars @ AD): LOCATION 2
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SEl  20kV WDSmm

10 ym

1: Fe-Si-O 3: Mg-O
2: Mg-Cu-O 4: Mg-Cu-O

KEY ELEMENTS

Figure 9-24: 3%wt Nanofil 116 Sample (438 Bars @ AD): LOCATION 3
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Even though the dark phase was observed to be having varying compositions as demonstrated,
the phase was predominantly composed of Mg-O and Si-O. It was further observed that at
3%wt content Nanofil 116, Si-O was being formed preferentially compared to Mg-O. Possible
factors contributing to this trend include: (1) This trend could suggest that, even though silicon
could also be playing a role in breaking the Al>O3 layer, magnesium could be more active than
silicon in facilitating that process through the nitridation process, (2) Since the heat of
vaporization of magnesium (128kJ/mol.) [262] is equivalent to one third of the heat of
vaporization of silicon (383 kJ/mol.) [247], it means that magnesium could easily be swept
away from potential deposition sites as porosity increases due to higher contents of nanoclay,
and (3) with 1%wt to 3%wt content of quartz in their formulation, the nanoclays already have
a relatively higher content of silicon as compared to magnesium content. However, this
advantage is minimized by virtue of the matrix alloy having higher magnesium content than
silicon. With increased nanoclay contents, silicon is bound to be more than magnesium and

thereby possibly over-shadow the effects of magnesium.
9.4 Summary

The Nanoclay-AMCs system can feasibly be processed. Key parameters include, amongst
others, the choice of nanoclay, the relative composition and percentage weight content of
nanoclay clay as compared to the matrix, the sintering profile and atmosphere, and the green
compaction pressure. Use of nitrogen on its own as a sintering atmosphere yielded specimens
with macro-cracks. The use of argon and introduction of nitrogen towards the end of the
sintering stage is therefore recommended. Low contents of Nanofil 116 and Cloisite Ca**DEV
are recommended in favour of high contents. Further modifications and/or advancement may
improve the feasibility and favourable effectiveness of higher nanoclay contents and should be
explored. TEM analysis may also give additional insights into the phases and interphase present

in this Nanoclay-AMCs system.
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CHAPTER 10:
CONCLUSIONS

10.0 Introduction

The objective of this study was to explore the efficacy of using nanoclays as a low-cost
nanophased reinforcement system for aluminium and/or its alloys. In the study, an
experimental approach was adopted. The study called for an understanding of the intrinsic
nature of both the aluminium and/or its alloys on one hand and nannoclays on the other. Based
on that understanding, potential processing technologies were identified, with powder
metallurgy eventually emerging as the most preferred route of processing. Performance
evaluation criteria revolved around comparative analysis with respect to the nanoclays effects
on, among other aspects, the thermal, mechanical, machinability, and processability of the
nanoclay-aluminium metal matrix composites. The experimental comparative study has

successfully been completed with favourable results.
10.1 Materials analysis

Based on DSC TGA analysis, the nanoclays used in this study (Nanofil 116 and Cloisite
Ca**DEV) were found to be functionally active upto a temperature of 650°C, inclusive of a
200°C temperature-window during which thermally-instigated chemical-reactions and/or
transformations may be considered to occur. It was on basis of this temperature-dependent-
stability of nanoclays that powder metallurgy or its variants was determined to be the most
feasible processing route, i.e. the possibility of processing nanoclay-AMCs at temperatures

below the liquidus temperature of the matrix.

TEM micrographs of plain AMB-2712 powder and Nanofil 116 powder, respectively showed
that both powders comprised of smooth-edged particles that seem to be predominantly

agglomerated. The smooth edges for AMB-2712 alloy particles were attributed to the
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associated gas atomization processing of the powder from molten stock. The agglomeration
phenomenon is consistent with the behaviour of powders constituting very small particle sizes
as validated by particle size analysis. Due to the adverse effect of agglomeration on the
sinterability of powdered materials, a suitable method of eliminating such agglomerations

would be appreciated. In that line of thought, ball-milling is hereby recommended.

10.2 Processing and characterization of Nanoclay-AMCs

10.2.1 Green compaction and sintering

High green compaction pressures were observed to hinder the delubrication process.
Improvements in the sinterability of the AMCs were made by way of reducing the temperature-
ramping-rate (from 10°C/min. to 2°C/min.) as well as providing a dedicated delubrication stage
in the heating curve before the sintering stage. Favourable effect on densification was observed
on specimen sintered in nitrogen atmosphere. However, these specimens were observed to be
prone to cracking during the sintering process especially at high nanoclay contents. To avoid
this macro-cracking trend, the specimens were sintered in argon and only exposed to nitrogen
for a limited duration of time. I this way, the benefits densification benefits associated with
nitridation were realized while mitigating the problem of macro-cracking. Under the processing
conditions used in this study, nanoclay contents of 1%wt posted the better results than the

reference samples across all evaluation platforms.

Supersolidus liquid phase sintering (SLPS) was observed to be sensitive to temperature and
time variables, therefore calling for close regulation of the two, especially in the light of thermal
behaviour modifications observed from the integration of nanoclays. Non-uniform load
distribution during sintering was observed to infer into uneven stress distribution that possibly
led to exudation in relatively thin members. Results from this study serve as a foundation for
further explorations, developments, and process optimization efforts for the relatively new-
found family of Nanoclay-AMCs.
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10.2.2 Properties of Nanoclay AMCs

Structurally, nanoclay-aluminium composites displayed superior performance in terms of load
bearing capacity and percentages elongation to fracture. Experimental results from the study
showed that, with as low as 1% weight-content of nanoclay, the mechanical properties of the
aluminium alloy used in the study were improved by more than 150% in terms of both the
loading-bearing capacity and percentage elongation before fracture. Hardness of the material
also increased with addition of 1%wt. content. Beyond this content, poor hardness results were
observed and attributed to the effect of nanoclay of the material’s thermodynamics. However,
some regain of hardness was observed at nanoclay contents of above 5%wt and deemed to
occur only after completion of a thermally instigated microstructural evolution, a process that

was observed to be dependent on the percentage weight content of nanoclay.

From a heat transfer perspective, 1%wt nanoclay was observed to show a favourable 6.6°C
increase in the alloy’s melting temperature. This was also affirmed by significant
improvements in the alloy’s thermal properties as reflected by a higher thermal conductivity,
higher thermal diffusivity, lower specific heat capacity and small effect on thermal expansion
/ coefficient of thermal expansion. It was further demonstrated that the heat flow dynamics in
composites can be modelled in a manner that links the observed thermal behaviour to the
intrinsic properties of constituent chemical elements or compounds. In general, the superior
performances of Nanoclay-AMCs underscore the suitability of nanoclays as a candidate
reinforcement system in the making of novel AMCs for automotive engine applications where

thermal management is a key design objective.

With reference to specimens containing 1%wt and 3%wt Nanofil 116, it was generally evident
that for the same green-compaction pressure, increase in %wt content of Nanofil-116 generally

improved the surface finish. This was attributed to the effect of nanoclay acting as a filler and
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also inducing some grain-refinement. In comparison to reference samples, topographical
analysis of the machined surfaces showed no significant differences across this set of samples
with low nanoclay content. However, surface finish results for samples with higher range of
nanoclay contents (8%wt and 12.5%) were adversely affected, showing some grain-size vacant
patches that had not been observed during microstructural analysis. These patches were
considered to be as a result of (a) granular and/or particulate erosion during milling, (b) weak

granular and/or inter-particle fusion, and (c) The effect of micro-cracks.

Microstructural analysis revealed significant precipitation of copper and silicon. Increasing the
nanoclay content resulted into silicon precipitating as pure silicon crystals both at the grain
boundaries and within the grains. This invariably points to the possibility that, since nanoclays
such as those used in this study had chemical elements commonly used in commercial alloys,
the nanoclays can actually be used in the formulation of some conventional alloys at elemental
powder level. This in essence opens a new door to a new generation of low-cost nanophased

AMCs.

10.3 Merits of the Proposed Nanoclay-AMCs
In summary, there are several merits of the proposed Nanofil 116 or Cloisite C++DEV
Nanoclay-Al-Alloy-System especially with relevance to overcoming the limitations associated
with currently available composites such as the ceramic, carbon fibre, carbon nanotube, fly ash,
and even other nanoclay-based reinforced metal (Al) matrix composites. These merits include:
(1) Unlike other currently available nanoclays, Nanofil 116 and Cloisite C++DEV have
significantly higher thresh-hold processing temperature that is close to the melting /
processing temperature of Aluminium.
(2) Unlike most of the other reinforcement systems already tried on Aluminium, the
proposed Nanoclays are relatively more economical and abundantly available as a
natural resource in the earth’s crust.
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(3) The chemical elements in the proposed Nanoclays are significantly similar to those
often found in currently existing aluminium alloys, especially Al, Si, and Mg. This
study has proven that these elements as present in the proposed Nanoclays are
chemically compatible with those in the Aluminium matrix. The proposed Nanoclays
can thus be effectively used as substitute natural sources of these alloying elements.

(4) The current study has demonstrated that as minimal a quantity as 1%wt of the proposed
Nanoclays is required to significantly improve ALL the studied properties of
Aluminium and/or its Alloys including mechanical, machinability, and thermal
properties.

(5) Unlike most of the existing competing reinforcement systems, the proposed Nanoclays
are naturally available at nano-scale, thereby requiring no extra costs of processing from

micro- to nano-scale towards realising the inherent advantages.
10.4 Future works

In addition to further investigating the effect of other commonly used process-optimization
techniques, it is envisaged that exploring the following opportunities would be interesting.

0] Ball-milling:

This has the potential to completely or significantly eliminate the challenge of particulate
agglomeration and also induce mechanical welding of the nanoclays onto the matrix. It is
anticipated that this will yield improved structural properties of the as-sintered specimens and
also lower the required sintering temperature.

(i) Heat treatment:

The precipitation observed was through natural aging. It would be interesting to tap into the
full measure of benefits associated with heat-treatment of 2xxx series of aluminium alloys.
(iii)  Processing route:

According to the supplier of AMB-2712 alloy powder that was used in this study as the matrix,
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the powder was a blended powder except that copper was added to the blend as a proprietary
copper / aluminium concentrated alloy powder. It would be interesting to explore the possibility
of using a carrier ingredient into the formulation, e.g. integrate the nanoclays into a low-
melting-point material such as tin before introducing it into the matrix.

(iv)  Processing technology:

Amongst the known powder metallurgy avenues known to date, it would be interesting to use
the spark plasma sintering technology, thereby tapping into its relatively lower sintering
temperatures and shorter sintering times. This might potentially eliminate or minimize the
observed grains disintegration resulting for the inherent thermal incubation when high nanoclay
contents are used.

(v) Alternative formulation:

As a direct follow-up on the findings from this study, explore development of new formulation
or blend of 2xxx series aluminium alloy using elemental powders of aluminium, copper, and

nanoclay(s), where the latter powder serves as the sole source of magnesium and silicon.

- The possibilities are unlimited -
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ALUMINUM POWDER ( AL-3.8Cu-0.75Si-1.0Mg )

AMPALLOY AMB 2712
CHEMICAL ANALYSIS:
Al = BALANCE
Cu  =3.6-4%
Si = 06-09%

Mg = 0.8-1.2%

LUBRICATED PROPERTIES SINTERED PROPERTIES
1.5% Acrawax (2.65 g/cc sintered density)
NO HEAT TREAT HEAT TREATED
Briquetting  Green Green
Pressure  Density Strength Temp. Hardness] Temp. Hardness
T.S. @/&c P.S.| F R/H F R/H
6 2.4 400 1075 96

8 2.53 675 1100 97 1100 111
12 2.55 700 1150 96 1150 107
14 2.6 775 1175 78 1175 N/A

The graphical illustrations of MECHANICAL PROPERTIES DATA show the results obtained
from laboratory tests of sintered compacts. The test specimens used were Metal Powder Industries
Federation (M.P.LF) Standard Transverse bars and Tensile bars.

Test bars were sintered on graphite for 30 minutes at the temperature shown, in pure nitrogen
atmosphere having a dew point of minus 40F. Heat treated bars were additionally heated for 30 minutes
at 950 F, quenched in cold water and aged for 20 hours at 350 F.



AMPALLOY AMB 2712 - SINTERED PROPERTIES
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All graphical presentations of data represent average of data produced at a green density of 2.55g/cc. Sintering temperatures

are shown on each graph.




AMPALLOY AMB 2712 - HEAT TREATED PROPERTIES
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All graphical presentations of data represent average of data produced at 10, 20, and 30TSI compacting pressures.
Sintering temperatures are shown on each graph.




/\ AMPAL, INC.

P.O. Box 2270 Telephone: (908) 782-5454
Flemington, New Jersey 08822 Fax: (908) 782-3489
AMPALLOY AMB 2905

CERAMIC REINFORCED ALUMINUM POWDER ( AL-2.98Cu-0.26Si-1.2Mg-0.6Sn )

METALLIC COMPONENTS (wt. %) :

Al = BALANCE
Cu =28-32
Si  =015-035
Mg =10-14
Sn = 0.45-0.75

NON METALLIC COMPONENTS (vol. %) :
Ceramic = 5%

LUBRICATED PROPERTIES SINTERED PROPERTIES
1.5% Lubricant (Sintering temperature 1150F)
NO HEAT TREAT
Briquetting  Green Green Briquetting Sintered Rockwell
Pressure  Density  Strength Pressure Density  Hardness
T.S.I glce P.S.I T.S. glcc B Scale
15 2.61 1400 15 2.73 42
20 2.66 1500 20 273 42
25 267 1530 25 2.73 37
80 0
g
z 75 X o5
g 70 = -1
: :
= Z 15
® 2
) 2
£ 55 5 /
-3 s 25
[
50 .3
BRIQUETTING PRESSURE TSl BRIQUETTING PRESSURE TSI

The graphical illustrations of MECHANICAL PROPERTIES DATA show the results obtained from laboratory tests of sintered
compacts. The test specimens used were Metal Powder Industries Federation (M.P.LF) Standard Transverse bars. Test bars were
sintered on graphite for 45 minutes at 1150F, in pure nitrogen atmosphere having a dew point of minus -40F.
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AMPAL, INC.

408 US Highway 202

Flemington, New Jersey 08822

Telephone:
Fax:

(908) 782-5454
(908) 782-3489

ALUMINUM POWDER ( AL-0.25Cu-0.8Si-1.0Mg )

AMPALLOY AMB 6711
CHEMICAL ANALYSIS:
Al = BALANCE
Cu = 0.15-035%
Si = 0.65-09%
Mg = 0.8-12%

LUBRICATED PROPERTIES SINTERED PROPERTIES
1.5% Acrawax (2.62 g/cc sintered density)
NO HEAT TREAT HEAT TREATED
Briquetting  Green Green
Pressure  Density Strength Temp. Hardness] Temp. Hardness
T.S.1 g/cc P.S.| F R/H F R/H
6 2.3 400 1125 62
8 2.45 650 1100 76 1100 98
11 2.47 700 1150 78 1150 103
14 2.53 800 1175 80 1175 N/A

The graphical illustrations of MECHANICAL PROPERTIES DATA show the results obtained
from laboratory tests of sintered compacts. The test specimens used were Metal Powder Industries Federation
(M.P.LF) Standard Transverse bars and Tensile bars.

Test bars were sintered on graphite for 30 minutes at the temperature shown, in pure nitrogen
atmosphere having a dew point of minus 40F. Heat treated bars were additionally heated for 30 minutes at
950 F, quenched in cold water and aged for 20 hours at 350 F.



AMPALLOY AMB 6711 - SINTERED PROPERTIES
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All graphical presentations of data represent average of data produced at a green density of 2.50g/cc. Sintered temperatures

are shown on each graph.




AMPALLOY AMB 6711 - HEAT TREATED PROPERTIES

All graphical presentations of data represent average data produced at 10,20, and 30 TSI compacting
pressures. Sintering temperatures are shown on each graph.
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SOUTHERN CLAY PRODUCTS /A SUBSIDIARY OF ROCKWOOD SPECIALTIES, INC.

PRODUCT BULLETIN/Nanofil®

RSCKWOOD

ADDITIVES

Southern Clay Products, Inc.
1212 Church Street
Gonzales, TX 78629

Phone: 800-324-2891

Fax: 830-672-1903
www.scprod.com

Nanofil® 116

Description:
Nanofil 116 is a natural montmorillonite.

Designed Used:
Nanofil 116 is an additive for plastics and rubber to improve various physical properties,
such as reinforcement, CLTE, synergistic flame retardant and barrier.

Typical Properties:

Product Form: Powder
Color: Off White
Bulk Density: 3409/l
Median Particle Size: 12um
Loss on Ignition: 8%
Moisture Content: 11%
Modifier Content: none
Interlayer Spacing: 1.25nm
Modifier: none

Cation Exchange Capacity: 116meq/100g clay

For additional information or technical assistance contact Southern Clay Products, Inc.
toll free at 800-324-2891.

Disclaimer of Warranty: The information presented herein is believed to be accurate but is not to be taken as a warranty, guarantee, or
representation for which we assume legal responsibility. This information does not grant permission, license, or any rights or
recommendations to practice any form of proprietary intellectual property without obtaining the appropriate license or grant from the
property owner. The information is offered solely for your consideration, investigation and verification, but you must determine the
suitability of the product for your specific application. The purchaser assumes all risk of use of handling the material, including but not
limited to transferring the material within purchaser's facilities, using the material in applications specified by the purchaser and
handling any product which includes the material, whether or not in accordance with any statements made herein.



SOUTHERN CLAY PRODUCTS /A SUBSIDIARY OF ROCKWOOD SPECIALTIES, INC.

PRODUCT BULLETIN/Cloisite®

R:CKWOOD

ADDITIVES

Southern Clay Products, Inc.
1212 Church Street
Gonzales, TX 78629

Phone: 800-324-2891
Fax: 830-672-1903
www.scprod.com

Cloisite® Ca' 'DEV
Typical Physical Properties Bulletin

Description:
Cloisite® Ca**DEV is a natural montmorillonite.

Designed Used:
Cloisite® Ca""DEV is an additive for plastics to improve various plastic physical
properties, such as reinforcement, HDT, CLTE and batrrier.

Typical Properties:

Organic - 0 % Weight
Treatment/Properties: | Modifier MOd'f'er. .A) Loss on
Concentration | Moisture .
1) Ignition
Cloisite® Ca""DEV None None <9% 7%
Typical Dry Particle Sizes: (microns, by volume)
10% less than: 50% less than: 90% less than:
2um 10pum 25um
Color: Off White
Density:
Loose Bulk, Ibs/ft® Packed Bulk, Ibs/ft® Density, g/cc

24.65 39.02 2.8




RCKWOOD

@ SOUTHERN CLAY PRODUCTS, INC. / PRODUCT BULLETIN ADDITIVES

X Ray Results: dgo; = 11.7A

For additional information or technical assistance contact Southern Clay Products, Inc.
toll free at 800-324-2891.

Disclaimer of Warranty: The information presented herein is believed to be accurate but is not to be taken as a warranty, guarantee, or
representation for which we assume legal responsibility. This information does not grant permission, license, or any rights or
recommendations to practice any form of proprietary intellectual property without obtaining the appropriate license or grant from the
property owner. The information is offered solely for your consideration, investigation and verification, but you must determine the
suitability of the product for your specific application. The purchaser assumes all risk of use of handling the material, including but not
limited to transferring the material within purchaser's facilities, using the material in applications specified by the purchaser and
handling any product which includes the material, whether or not in accordance with any statements made herein.
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