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ABSTRACT

High-temperature lubrication plays a critical role in various engineering processes of hot metal
forming (e.g. hot forging, hot rolling, hot extrusion...). It has been acknowledged that high energy
efficiency, low material losses, and optimum product quality can be achieved by the application
of effective lubricants. Although sodium-containing glass melts have proven themselves as the
outstanding candidate lubricant for hot metalworking processes, they have reached their
performance limit. In addition, the concern about the corrosion of sodium toward oxide scale is
also highlighted. The current study not only puts an effort into improving the lubricity of the
existing melt lubricants but also concentrates on the formulation of the lubricant package for high-
temperature manufacturing processes. Particularly, the development of the novel multifunctional

lubricant additives from the existing solid lubricants is at the heart of the research activities.

In the very first part of the research work, the effect of different nanoparticles in the tribological
performance of the sodium borate melt at 930°C is investigated. Characterizations of wear surfaces
in terms of morphology and interfacial chemistry have also been conducted to address the
lubrication and anti-oxidation mechanisms. SiO, nanoparticles show the best improvement (by
over 50%) in anti-oxidation and lubrication performance of sodium borate outperforming other
nanoparticles and nanoplates which is due to the reaction between SiO- and sodium borate to form
sodium borosilicate. In contrast, CaCO3 nanoparticles show no improvement in anti-oxidation and
lubrication of the sodium borate melt, however, it can reduce the corrosion attack of sodium and
the boriding effect on the oxide scale. Meanwhile, Al,O3 nanoparticles show good improvement
in the anti-oxidation performance of sodium borate, however, they promote sodium corrosion on
the oxide scale and deteriorate the lubrication performance. TiO, and ZrO, nanoparticles
moderately improve the friction and wear reductions of sodium borate melt although their
contribution in anti-oxidation and inhibition of boriding effect on the oxide scale is negligible. h-
BN nanosheets and graphite nanoplates show no improvement in the anti-oxidation and lubrication

performance of sodium borate which is due to their decomposition at 930°C.

In a second part, an attempt to combine SiO, and CaCOs, as the outstanding lubricant and anti-
oxidant additives in synergy with sodium borate melt at high temperatures, is first carried out by
the utilization of Pickering emulsion templated assembly microencapsulation. Different synthesis
conditions are conducted to examine the formation of an intact CaCOs-decorated SiO, double-
shell colloidal capsule containing a water core. The intact spherical colloidal capsules with a size
distribution of 7.5 + 1.8 um are obtained at 1g CaCO3 nanoparticles in 10 ml toluene (continuous
phase),1 ml water as a dispersed phase, 50 mg/ml n-hexylamine concentration, 1 ml (0.5, 0.3, 0.2
ml) TEOS addition within 24 hrs of reaction. Morphological and structural characterizations show
the bi-layered hierarchical structure of the colloidal capsule with the densely packed CaCOs3;

nanoparticles as an outer shell (460 £ 20 nm) and an inner homogeneous SiO; shell (166 + 14 nm).

The next study in this dissertation dedicates to investigate the mechanical and thermal properties

of the CaCOs-decorated SiO, double-shell colloidal capsules which are imperative for high-

v



temperature applications. The thermal robustness of the colloidal capsule can reach over 1000°C
as examined by in-situ SEM heating. The mechanical strength of the CaCO3-decorated SiO,double
shell is superior to the single SiO; shell as demonstrated by an in-situ TEM mechanical
compression testing. The presence of a densely packed outer shell, which chemically bonds to the
inner shell, results in such enhancement as discovered by aberration-corrected STEM coupled with
EELS analysis. Intriguingly, the transformation from brittle to ductile with significant
improvement in the compressive strength and strain at failure of the colloidal capsule is observed
after annealing at 1000°C. This change is unusual and has not been observed before for the
inorganic shell materials. For the first time, direct visualization of the chemical diffusion through
the shell interface during annealing has been introduced by the application of a newly developed
multi-modal correlative in-situ TOF-SIMS heating technique. Combining with in-situ TEM
heating, the chemical diffusion in correlation with the structural transformation at the nanoscale

can be correlated that elucidates the mechanics of the double-shell at high temperatures.

The CaCOs-decorated SiO, double-shell shows excellent thermo-mechanical stability with a
tunable mechanical strength which has a huge potential in the protection of the heat-sensitive core.
In the next part of this dissertation, the double-shell is applied to encapsulate the h-BN nanosheets.
The innovative CaCOs-decorated SiO, double-shell colloidal capsule containing h-BN nanosheets
has been used as a lubricant additive in conjunction with sodium borate melt. It has been found
that the anti-oxidation of sodium borate melt improves by 93.3% while friction and wear reduce
by over 70% when this novel additive is added. Advanced characterization and analysis are
performed to address the working mechanics of this additive under the sodium borate melt in terms
of friction, wear, oxidation, and sodium corrosion at elevated temperatures. The superior anti-
oxidation mechanism with a less corrosive attack and boriding effect on the steel is due to the
presence of calcium and silica phase in the melt network that reduces the mobility and the reactivity
of sodium toward the oxide scale. Meanwhile, the formation of plate-like non-layered M-type
hexaferrite particles at the sliding interfaces in combination with the presence of h-BN nanosheets
and the grain-refinement of the sliding surfaces is responsible for the superior friction reduction
(by 71.2%) compared to sodium borate melt. The obtained results are believed to introduce the

new strategy for the formulation and customization of the high-temperature lubricant packages.
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Chapter 1

Introduction

Friction and wear are the ubiquitous phenomena that always emerge in the moving machinery
components. While friction accounts for the loss of energy input to the system, wear affects
significantly the material removal and the reliability of the working parts. Around 20% of the
world’s total energy consumption is used to only overcome the friction from the tribological
contacts, while the estimated economic losses of around 815.6 trillion US dollars annually are due
to wear failures in the US.! In particular, the manufacturing industry, which accounts for 20% of
the share of annual total energy input, often experiences significant economic losses due to
significant friction and wear evolution between the working components. For instance, excessive
yield losses of 40% of production costs are often emerged in the hot metal forming industry that
is due to the energy losses in friction, material losses in aggressive wear, and serious oxidation at
elevated temperatures? 3. Therefore, lubricants have always been required in the hot metal forming
processes to reduce excessive friction and wear that in turn extends the service life of the working

components and improves the product quality.

Researching in high-temperature lubricants for the advanced manufacturing industry has increased
exponentially since the last decade following a high demand in the strict regulations and customer
satisfaction. Recently, glass-like lubricants, comprising the derivatives of borate, silicate,
phosphate, and the mixture thereof, have been observed to perform as excellent lubricants for high-
temperature metal processing owing to their exceptional thermal stability, the ability to generate
the viscous melt at elevated temperatures, and a tunable working temperature range by
manipulating the compositions.* 5 The melts from these compounds behave as a Newtonian fluid®
that not only helps to lubricate the sliding contacts but also inhibits the growth of the oxide scale,
thus, reducing the loss of material from oxidation.” Since the use of glass-like lubricants in hot
metal forming has been well documented in the technical notes, publications, and patents,®** some
efforts have been spent to understand insight into high-temperature lubrication of such compounds
at elevated temperatures!®4, These in-depth fundamentals, including the complex interfacial
structure evolution and material transportation between the melt and oxide surfaces, contribute
extensively to the development of multifunctional lubricants for high-temperature lubrication

under extreme conditions.

Since the glass-melt lubricants have by now reached their performance limits, the addition of the
solid-lubricant (nanoparticles) to the glass melts can offer further improvements to the
performance of high-temperature lubricants'®. Advances in researching lubricant additives are not
only driven by new materials and new developments in existing materials, but also by new
approaches to combine the functional materials. In a conventional approach, solid-lubricant
additives are often physically blended and mixed into a base lubricant to achieve the optimum

friction and wear reduction for a lubricated system. However, such an approach has far-reaching
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implications in a simultaneous achievement in either cost-effectiveness or lubricity enhancement.
A key challenge in the emerging discipline of lubricant science is the uncontrolled competitive
and antagonistic effects between different functional additives within the base fluid.'® 1" Due to an
inevitable loss in effectiveness, additives are often formulated with a larger concentration than
what is needed.’® It leads to the use of several organic surfactants or dispersants (potentially
harmful to the environment) to prevent the agglomeration, and unexpected interactions at large
concentrations, while ensuring the uniform dispersion of such functional additives in the based
fluid.1® 1° Therefore, the development of integrated multifunctional additives that can provide

multiple functions to boost the performances of melt lubricant at elevated temperatures is essential.

This dissertation focuses on the development of multifunctional lubricant additives for high-
temperature lubrication of sodium-containing melt lubricants at steel/steel contacts. Since
microencapsulation has been well-recognized as the smart approach to incorporate different
materials in one body while providing the protection of sensitive additives?, this study focuses on
the utilization of microencapsulation techniques to develop newly multifunctional additives from
well-known solid lubricant additives for high-temperature lubrication. The friction and wear
behavior of the developed additives are thoroughly studied thereafter under the sodium-containing
melt lubricant selected from the group of borate, phosphate, and silicate. In addition, the anti-
oxidation capacity and the corrosion of sodium toward the oxide scale of the formulated lubricant
are among the central subjects. Apart from the experimental works in fabricating and
characterizing the novel microcapsules, another emphasis of this current work is on the interfacial
chemistry between the lubricants and oxidized steel under static and friction conditions. These
interactions predominantly determine the oxidation, corrosion, and lubrication of the applied

lubricant on hot steel surfaces at high temperatures.

This dissertation starts with investigations on potential additives to construct the microcapsule
which can synergistically boost the lubrication and anti-oxidation performance of the selected
sodium-containing melt lubricant (e.g. sodium borate) at high temperatures. The synthesis and in-
depth characterization of the customized microcapsules are conducted thereafter and the
tribological performance of the microcapsule-added sodium-containing melt lubricant is evaluated
at different temperatures, capsule/melt lubricant weight ratios, loadings, and sliding velocities. The
microcapsule is originally intended for high-temperature lubrication in hot rolling of steel, but its
relevance for a multitude of applications such as fire-retardant, heat insulation coating at high
temperatures, and superhydrophobic coating, etc. is also emphasized. Furthermore, the author
believes that this work will introduce a new effective strategy to develop and integrate
multifunctional additives from existing materials rather than researching new materials for

different engineering applications.
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Chapter 2

Literature Review

2.1.  Problems encountering at high-temperature steel/steel contacts

High-temperature steel manufacturing processes often involve different complex issues generated
from the working components including severe friction, wear, serious oxidation, and
thermomechanical failures. Such phenomena are found in most processes that require frequent
contact between the tools and the workpiece at high temperatures such as metal sheet rolling,
forging, stamping, and drawing...Apart from conventional friction and wear that cause significant
energy and material losses® 3, high temperature working conditions approaching over 1000°C,
spontaneously with mechanical deformation imposed by thermal cycles, load, and sliding velocity
can lead to a degradation of the working components. Such thermomechanical deformation leads

23, 24

to microstructural evolution??, thermal softening??, and thermal fatigue which are critical to

the tribological performance of the tools. In addition, serious oxidation at elevated temperatures,
heat conduction, and thermal diffusion play a pivotal role in the friction and wear behavior of the
contact surfaces which should be taken into account. The complexity of the raised issues in high-

temperature tribological processes is presented in Figure 2-1.
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Figure 2-1. Schematic showing the complex phenomena that occurred in high-temperature

tribological processes®.

2.2. Oxidation, friction, and wear behavior under steel/steel contacts at

elevated temperatures

One of the main problems which can be regarded as the most influential factor on the contact
surfaces at elevated temperature is oxidation. The formation of the oxide layer and near-surface
layer with a refined grain structure can cause a significant effect on the tribological performance?®
27 For instance, the oxide scale can deform plastically or fracture that will have a considerable
impact on the interaction between tool and workpiece and on the surface finish of the formed
product?®. There are many investigations on the oxidation mechanism of metal and metal alloy by
studying the morphological structures of the oxide scale. Under isothermal oxidation conditions,

the oxide scale appears and adheres strongly to the surface of the metal. The microstructure,
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thickness, and chemical compositions of this layer inherently depend on temperature, exposure
time, and reactivity of oxidizing atmosphere?®. In addition, the size and shape of a metal substrate
are also subjected to the oxidation stage. The formation of monolayer oxide thick films (>6000 A)
at the beginning could be fully explained by Wagner’s theory that metallic oxide is mainly formed
via diffusion of charged particles which is known as cations, anions, and electron®. However, his
theory is just used to explain and interpret the formation of the monolayer during the oxidation
process. In fact, the results observed from the entire oxidation tests show the presence of multi-

layer oxide on the metal surface.

Cabrera and Mott derived the formulae and theory of thin oxide film formation (<30 A) at low
temperatures in that they proposed the oxidation starts with the adsorption of gas into the metal
surface®. After the formation of the first scale layer, the growth rate of the oxide scale depends on
the ionic movement rate. The driving force for this movement is presumed from the oxygen ionic
on the surface. Kofstad mentioned that the defect structure of oxides plays a vital role in the
oxidation rate of metal® as both metallic cations and oxygen anions can diffuse through these
defects during the oxide formation. At high temperatures, the charge diffusion is mainly from the
metal to the surface as can be seen on the right side of Figure 2-2. The good contact between the
growing layer of the reaction product and the metal substrate is due to the plastic flow of the
scale®. In the next stage, the crack develops at the vicinity of the edge but will gradually spread
out of the metal surface. At this stage, the rate of transport of metal from the metal substrate to the
scale decreases due to an increase in the scale thickness. The secondary stage occurs thereafter that
the oxidation reaction proceeds in terms of diffusion of oxygen molecules toward the metallic
substrate. This process is highlighted on the left side of Figure 2-2. The secondary processes can
help to partial filling of the crack with the reaction products and restrict the complete breaking of

contact between the initial layer of the scale and the metallic substrate®.

GAS c%z 0,
............... I EXTTASE | AU
Oxide-gas (0,)"% 0,507%5,0% (0,)"< 0,505 0%
interface 2‘%' 2W
------------ T B P YR
DIFFUSION 4 ¥
OXIDE RN | %
4 DIFFUSION
Metal-oxide . iy iy I mmgenmn ¥
etal-oxide - .
Jinterface ___ Moy s Me™ Mew = g Me™
METAL Me Me
OXYGEN | METAL
DIFFUSION DIFFUSION

Figure 2-2. Elementary steps during metal oxidation®,

Compared to other metallic elements in steel, the formation of the iron oxide scale is dominant
and the scale is made up mostly from the mixture of iron oxides. The formation of iron oxides is a
result of complex events and the structural hierarchy of the scale is inherently temperature-

dependent. Under hot rolling conditions, the temperature often reaches 800-1150°C** and the oxide
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scale generally consists of an innermost layer of FeO, a middle layer of Fe304, and an outermost
layer of Fe,O3 **. Such a hierarchical layer of the oxide scale has been widely observed and
reported under hot metal working conditions, especially in hot sheet rolling36-%, Since the oxide
scale is directly exposed to the contact during the metal forming processes, e.g. hot rolling of steel
sheet, its microstructure, and mechanical properties play a significant role in the tribological
behaviors which will be discussed as following.

With loaded sliding contacts at elevated temperatures, wear and friction produce several critical
issues such as loss of materials, premature failure of components, and poor product quality. The
wear and oxidation processes behave differently with temperature. At ambient temperature, the
wear formation in the sliding process follows mainly the delamination mechanism with the
abrasive and adhesive wear occurring on the two sliding surfaces. The delamination theory which
includes crack nucleation, crack propagation, and dislocation dynamic of two substrates was
clearly discussed in the overview by Suh®. According to this theory, the wear formation is
generated mechanically instead of chemical effect. Thus, oxidation, in this case, is not as important
compared to load, surface roughness, and sliding speed. However, at high temperatures, oxidation
plays an important role in the wear development and wear rate of the sliding counterparts. It has
been acknowledged that the formation of oxide layers occurs more easily in a sliding contact due
to the significantly lower activation energy for oxidation*°. Therefore, the sliding surfaces are
subjected not only to the stresses associated with frictional and contact forces but also to the
oxidation by reaction with oxygen. Stott et al.* have revealed that oxidation under sliding
conditions can occur through surface oxidation, oxidation of the interacting asperities by friction-
induced heat, and oxidation of the wear debris at the interface. The wear debris may consist of a
mixture of oxide particles and partially oxidized metallic particles. In most cases, under the effect
of temperature, load, and sliding speed, it has been found that there is the formation of the
protective layer called “glaze layer” which is formed by the compaction and the sintering of the

retained wear debris within the wear track.

Several studies of glaze layer or compact layer formation and its effects in various kinds of metallic
alloy have been reported® 4> |t is a notable phenomenon of oxidation in the hot rolling of
metal“®. More research reveals that this layer acts as a prominent high-temperature lubricant that
helps to reduce friction and wear rate?® as can be seen in Figure 2-3. It is found that the
development of the glaze layer is associated with the generation of a compacted oxide layer and
partially oxidized alloy particles between the sliding counterparts. In the initial stage of sliding,
there is the generation of metallic wear debris particles on the surfaces due to asperity contacts
under sliding. Most of the debris is retained and they involve in the development of compact load-
bearing layers*. Under subsequent shearing, these particles undergo deformation, fragmentation,
and comminution and break down into smaller particles when they are moving randomly on the
sliding surfaces. When they reach a sufficiently small size, a fraction of these finer particles is
started to agglomerate on the wear surfaces, particularly in grooves formed in the early stages of
sliding caused by the adhesion forces between solid surfaces arising from surface energy®°. As
sliding continues, these agglomerated clusters of particles are sintered, to some extent, to form
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more solid layers. The solid layer becomes hardened and is sufficient to protect the surface from
wear damage. These are two competing processes that take place which is known as layers
breakdown, resulting in the formation of further debris particles and consolidation of the layers by
further sintering and welding of the particles. Thus, most metalworking processes operated at high
temperatures increase the oxidation of residual particle formation and promote their sintering,
resulting in the consolidation of the layer. Once the glaze is established, it reduced the wear rate.
In contrast, if the particles are not well compacted and sintered, loose particles are removed easily

from the contact area and the wear rate is significantly higher.
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Figure 2-3. Coefficient of friction and wear scar volume as a function of time during like-on-like
reciprocating sliding in the air (load-15 N; speed-8.3 Hz; amplitude-2.5 mm)*.

As mentioned by Stott et al.?8 42 4449 the formation of a glaze layer reduces wear and friction at
the temperature range of 150-800°C. The combination between the operating temperature and
frictional heating (hot-spot temperature) results in rapid transient oxidation which causes the
thermal softening effect. When the glaze layer is completely formed, the average surface
temperature remains fairly constant and the reduction in friction and wear is mainly associated
with a low shear strength of the glaze and the relatively high strength of the underlying substrate*.
Moreover, the friction and wear relate partly to an intrinsic crystallite structure of oxides, whereby
material with a cubic structure generally has higher friction than the hexagonal structure®. At
different temperatures, the composition of the glaze changes leading to the different crystalline
structures of oxides that may affect the lubricating behavior. The ionic potential of cations also
known as the ratio between the oxidation number and ionic radius controls several physics and

chemical properties of the oxides®?.

Besides, the stable maintenance of the glaze layer during sliding is also an important factor that
affects friction and wear at the steel/steel contacts®. Wang et al. have found that the increase in
load from 50 N to 200 N caused a transition of mild wear to severe wear. In this case, wear loss

starts to increase significantly and reaches a relatively high level with a simultaneous observation
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of significant plastic deformation in the oxide-substrate interface®. Especially at a particularly
high load, the glaze layer tends to break down into debris and results in a metal-metal contact
leading to an increase in wear damages. Moreover, the hardness of tribo-pair materials in the
development of scale layer plays a pivotal role>®. Comparing high-speed steel substrate and softer
high-chrome steel substrate, the severe abrasion of the pin by hard oxide and/or oxide-containing
debris has been observed in the high-speed steel/carbon steel combinations while wear-protective
layers were established during the sliding high-chrome steel/carbon steel combinations. During
sliding with a harder substrate, loose debris could not be entrapped and retained within the contact
area due to the large size of the particles and the shallow wear grooves formed on the hard high-
speed steel substrate. Meanwhile, the softer substrate can generate deeper grooves in the early
stages, which is more effective in retaining debris, leading to a development of wear-protective

glaze.

Several studies have also been conducted to investigate the effect of sliding speed on the severity
of the wear rate and on the glaze layer at high loads and high temperatures*? 47 4. 55 pauschitz et
al. have verified that speed and temperature can affect the wear rate through the formation of three
kinds of glaze layers*?. However, the transfer layer formation on the harder counterpart resulted
from the deposition of the wear material from the softer one tends to occur at ambient temperatures.
At high temperatures, the formation of the mechanically mixed layer and composite layer is
dominant. In other research, the term of mild-oxidational wear and severe-oxidation wear have
also been introduced as it depends on the sliding speed above 1 m/s and 10 m/s respectively®. The
wear rate is often lower in the severe-oxidational wear regime because this film is thicker,

continuous, and more plastic than the one in mild-oxidational wear®s.
2.3.  Lubrication of steel/steel contacts at high temperatures

Although the generated glaze layers can lubricate the counterparts at high temperatures to some
extent and reduce adhesion between surfaces, they often produce higher friction. To control the
friction and wear under steel/steel contacts at elevated temperatures, major research efforts have
been devoted to the development of specialty lubricants apart from the surface modification
approaches®. An application of lubricants between the moving contacts can result in different
lubrication regimes depending on the load, speed, temperature, and properties of the lubricant,
surface, and materials. According to the Stribeck curve (Figure 2-4)5" %8, the friction coefficient
is a function of the bearing parameter called the Hersey number (nN/P). There are three different
lubrication regimes named boundary lubrication, mixed lubrication, and hydrodynamic lubrication
as distinguished by different parts of the Stribeck curve (Figure 2-4) or by the calculation of the
film thickness-to-composite roughness ratio (A). It has been demonstrated that the hydrodynamic
lubrication regime occurs when A>3. Under a hydrodynamic regime, the load is supported by the
lubricant pressure generated by a taper flow between two surfaces under relative motion. On
contrary, the boundary lubrication regime presents when the fluid film cannot separate the
contacting surfaces resulting in a direct contact of surface asperities. The boundary lubrication

regime appears when A<l which causes high friction coefficient and wear. While high friction
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coefficient induces significant energy losses, heat-induced from high rubbing can break off or wear
down the asperities leading to simultaneous adhesive and abrasive that potentially can cause a
seizure. Finally, the mixed lubrication regime is an intermediate regime between the boundary and
hydrodynamic lubrication (1<A<3) whereby the lubricant film and contacting asperities jointly
support the applied load.

Boundary lubrication
A<1
Hydrodynamic lubrication

Mixed lubrication A>3

— 1<A<3

Friction coefficient

—— .

11 N/P(Speed*Viscosity/Load)

Figure 2-4. Schematic of a Stribeck curve where 1) is the dynamic viscosity of the lubricant, N is

the rotational speed, and P is the applied pressure®”: %8,

Although the Stribeck curve was initially developed for the study of friction characteristics of
materials in the journal bearings at room temperatures, it can be extended and have significant
applications in high-temperature lubrication. It has been demonstrated that the hot rolling
processes are often operated under the combination of lubrication regimes due to the non-
conformity of the contacting surfaces (Figure 2-5)* In the entry zone, there is often the
hydrodynamic regime caused by the thick lubricant film boiling whereas the mixed/boundary
lubrication regimes occur in the roll bite zone. Since the hot metal forming processes are often
operated at elevated temperatures (800-1200°C), the significant heat from such conditions can
cause the thermal decomposition/transition or boiling of the lubricant when they are in contact.
The thermal diffusion, adsorption, and reactions between the lubricants and the oxide surface can
be triggered thereafter that forms the tribofilm on the contacting surfaces. Unlike room or moderate
temperatures at which the tribochemical process depends strongly on the stressed-shearing effect,
the formation of tribofilm at elevated temperatures is governed by both the thermal effect and
sliding shear. Under such arduous conditions, heat and an intermixing effect from stressed-
shearing play an important role in the tribochemical reactions between the lubricants and oxide
surfaces while pressure has been shown to have negligible effect>®. The lubrication under high-

temperature conditions is a complex process that can be difficult to interpret fully.
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Figure 2-5. Schematic presenting the lubrication regimes of the hot rolling of steel processes®.
2.4.  Solid lubricants for high-temperature lubrication processes

Under high load (>1GPa), elevated temperature (1100°C), and rapid velocity (it can be up to 10
m/s) in hot metal rolling of steel®, the call for an effective lubricant, which exhibits outstanding
performance, has become an attractive research topic. Various water- and oil-based lubricants have
been widely applied to separate the rubbing members by a film of solid and/or liquid and to
produce less secondary oxide scaling by lowering temperature as a result of heat dissipation by
water or oils®™ 2, However, it is uncertain whether a uniform and stable tribofilm can be
spontaneously formed on the rubbing surfaces to help reduce friction and wear while resisting
oxidation. It is obvious that most oils and greases can rapidly decompose at temperatures well
below 1000°C to produce some volatile toxic compounds and thus are not suited for high-
temperature lubrication. An emerging approach comes from the application of the solid lubricants
(oxide, carbide, nitride, boride, graphite compounds...) and glass lubricants (Silicate, borate,
phosphate...) which demonstrate an excellent performance at high temperatures by various
mechanisms such as shearing and tribochemical reaction * ®. Moreover, environmental
friendliness is an important factor when designing a new potential lubricant for high-temperature

processes.

Solid lubricants have been used to solve some specific problems in which oil-base or grease cannot
function effectively, especially under severe operating conditions. For a specific example, it has
been used as an alternative method to replace the oil-based lubricant which is decomposed at high
temperatures or frozen at low temperatures. Thus, it comes as no surprise that solid lubricants are
the most suitable candidate for high-temperature working conditions®. With the use of solid
lubricants, friction coefficients up to 0.20 accompanied by wear are considered to be acceptable
for severe boundary lubrication. The lubricating mechanism of these solid lubricants firstly

requires good adhesion on the surfaces with low yield strength in the shear direction.
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2.4.1. Inorganic metal oxide and ceramic nanoparticles

Nanoparticles as additives in lubricants have attracted significant interest for several years due to
their excellent performance in both friction and wear reduction as well as their stability to adapt to
high temperature and pressure. Many studies have focused on the lubrication behavior and the
mechanism of solid nanoparticles in engine oil and lubricants for the machining and hot rolling®*-
57, For instance, Dai et al. show in their review that the addition of different nanoparticles to the
oil lubricant can improve the thermodynamics, minimize mechanical losses in engines, and
improve the fuel economy®’. Moreover, nanoparticles, in some cases, can react with the metal
substrates to form a tribochemical lubricating film, which can reduce the shear stress of sliding
surfaces®. On the other hand, the formation of a protective layer generated by the interaction of
solid nanoparticles and surfaces materials can reduce the direct contact between asperities, thus,
preventing wear®, It is generally accepted that spherical solid nanoparticles can also enable a
rolling effect at the interfaces leading to a decrease in abrasive wear and friction. In most cases,
the surface roughness is greater than the mean diameter of nanoparticles, and hence the
nanoparticles can be deposited on the surfaces, forming the physical tribofilm, which compensates
for the mass loss of substrates’™. This phenomenon is one of the important mechanisms of
nanoparticles in reducing friction and wear of the sliding contacts, the so-called “mending effect”.
During friction, the micro-peaks on the sliding areas come into direct contact. The nanoparticles,
with a mean diameter significantly smaller than the surface roughness, may also be squeezed into
the gap between the contacting asperities and then be compressed into the grooves on the surface.
The squeezing and compression will generate frictional heat which then leads to a localized
increase of temperatures at the point of contact. The increase of temperature largely depends on
experimental conditions, but the highest temperature can reach up to 1300 K at the contact point™.
Under such conditions, it is reasonable to expect that nanoparticles start to diffuse and assemble
onto the contact point surface. Along with the continual supply of the nanoparticle-containing
lubricant in the engine, the nanoparticles can pile up and gradually fill the grooves and scars of the
friction surface leading to the mending effect and resulting in a decrease of the friction.
Furthermore, when the hard nanoparticles are introduced at the sliding contact, the roughness of
the rubbing surfaces is reduced due to the abrasiveness of these particles, and concurrently, the
roughness of the worn surfaces was found in agreement with the size of nanoparticles™. All of
these effects of nanoparticles on the contacting surfaces are classified as four mechanisms, which
are known as a rolling effect, protective film effect, mending effect, and polishing effect as shown

in Figure 2-6.
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Figure 2-6. Possible lubrication mechanisms of nanoparticles with engine oils between the

frictional surfaces®® 74,

Several studies about the metal oxide nanoparticles were reported regarding their potential as
lubricant additives such as CuO ™, TiO, 78, ZrO, 77, SiO, 8, Al,03 7, Ce0, &, and ZnO & and their
relative composites. However, most of them are related to oil lubricant additives which are
normally applied for room to moderate temperatures. Few articles investigated the application of
these nanoparticles at elevated temperatures. Recently, these are some publications of high-
temperature water-based TiO, nano-fluid lubricant regarding hot rolling process®, It has been
demonstrated that TiO, nanoparticles can improve remarkably the load-carrying capacity, friction-
reduction, and anti-wear abilities of pure water. TiO, nanoparticles often deposit on the rubbing
surface during the friction process and improve the tribological properties of base lubricants. The
anti-wear and friction reduction can be explained by the rolling effect of TiO, nanoparticles, which

separates the direct contact between the asperities of the rubbing surfaces (Figure 2-7a).8°

Wenzhen et al. conducted the experiment of nano-TiO; additive oil-in-water lubricant for hot steel
rolling at 1050°C.%° An addition of TiO, nanoparticles at 4 wt.% can improve the adhesion of
lubricant oil-in-water to the work rolls. Moreover, friction and the rolling force in both pin on disk
test and hot rolling test are also reduced. However, the reduced friction appears only when the strip
or testing disc is oxidized at high temperatures. At high temperatures, the surface of the oxidized
disk has craters, which increases the space between ball and disk. Although the thickness of the
oil film is reduced at high temperatures, the craters can retain the nanoparticles and allow the
nanoparticles to enter the contact area, and then reduce the friction coefficient (Figure 2-7b). In
another research on the hot rolling of micro-alloyed steel, the polishing effect of TiO, nanoparticles
was observed with smooth sliding surfaces while these nanoparticles were also compacted under
sliding conditions to form a protective film that reduced friction and wear.®* The film formation
can isolate the air and hot surfaces of the rolled specimen, leading to a decrease in the oxide scale
thickness (Figure 2-7c¢). Furthermore, when the nanoparticles are small enough (30-120 nm) to
fill in the surface defects, a mending effect occurs and improves the surface finish’*. Mending

hereby is beneficial to alleviate the wear of work rolls in the subsequent hot rolling processes.
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Apart from TiO. nanoparticles, CaCOs submicron-particles have been studied as a lubricant
additive in the oil lubricant for hot rolling. Shimotomai et al.?? conducted the hot rolling of stainless
steel (SS440 and SUS444) at 900°C-1000°C with the lubricant containing CaCOs nanoparticles. It
has been found that an increase in CaCO3 nanoparticles concentration in the base lubricant results
in a significant drop (over 40%) in the rolling force (Figure 2-8a). The effect of CaCOj3 particles
size has been investigated by testing two lubricants: a semi-fluid type (ST) with a particle size of
1um and a fluid type (FT) with a particle size of 15 nm. From the obtained results, micron-scale
particles outperform nano-scale particles in terms of rolling force reduction and anti-seizure
performance (Figure 2-8a). The lubrication mechanism has been suggested as the rolling and
mending effect as demonstrated in Figure 2-8a. Recently, Bao et al.*® have investigated the effect
of SiO; nanoparticles as water-based lubricant additive to enhance the surface qualities of the hot
steel strips after rolling. In particular, the addition of less than 0.5 wt.% nanoparticles to the water
lubricant refines the size of grains on the strip surface with an increase in the amount of pearlite.
In addition, the oxide scale becomes thinner and denser with a maximum reduction of ~7 um of
the thickness when the concentration of nano-SiO; is at 0.3 wt%. The lubrication mechanism of
the nano-SiO- has been attributed to micro-rolling, polishing, and self-repairing effect during hot

rolling process (Figure 2-8b).
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Figure 2-8. (a) Rolling force reduction from the hot rolling of stainless steel lubricated by CaCOs3-
added oil lubricant and the lubrication mechanism at different sizes; (b) Mechanism of SiO,

nanoparticles in enhancing the surface qualities of the hot strip rolling. 9 %
2.4.2. Layered microparticles or nanosheets

Among nanoparticles, some materials which possess the hexagonal layered crystal structure have
become an appealed topic for friction reduction additives. Due to this specific structure, they
contribute to the anisotropic shear properties that reduce friction between contacting interfaces®.
Some of the compounds relating to this class are well-known such as MoS;, WS,, graphite,
graphite fluoride. The most recent materials, which have attracted much attention, are graphene,
graphene oxide, hexagonal boron nitride (h-BN), zirconium phosphate (a-ZrP), and quasi-layered
compounds as shown in Figure 2-9. Although graphite and MoS; have been recognized as the
conventional and predominant lubricant additives with the highest cost efficiency, they are inferior
in oxygen resistance at elevated temperatures®. Graphite, in particular, is easily oxidized above
500°C and is completely burned into CO; above 700°C.% Meanwhile, MoS; is usually oxidized
into MoOs which has inferior lubricating performance compared to its precursor.®® Due to such
detrimental factors, graphite, and MoS, have been mainly employed as lubricant additives for
medium-temperature metal forming processes such as casting, forging, cold rolling, and extrusion,

etc.97-99

Among the layered materials, hexagonal boron nitride (h-BN) is known as a synthetic material,
which possesses some interesting and unique properties at high-temperature conditions. h-BN is
considered as a “clean” lubricant which can be an alternative to “dirty” graphite or MoS> in more
general applications as a solid lubricant'®, A two-dimensional (2D) structure, which is analogous
to graphite as can be seen in Figure 2-9, comes as a promising candidate for lubricant additive

where the performance of graphite or MoS; is unacceptable. Thus, h-BN is expected to possess

13|Page



excellent mechanical strength, which is beneficial for wear reduction and lubricating performance.
As reported by Kostoglou et al.%1, the high-temperature properties of boron nitride platelets (200-
800 nm in width and 30-50 nm in thickness) were studied and the results reveal the thermal stability
of h-BN platelets up to 1000°C before it is completely oxidized by oxygen. Moreover, h-BN is
chemically stable and can act as a barrier in chemical protection similar to graphene. Due to the
exceptional thermal and chemical stabilities, h-BN could become an ideal coating material against
oxidation at high temperatures if a large area, high-quality, uniform atomic layers could be
prepared on surfaces to be protected®?, The good thermo-mechanical stability and the thermal

shock resistance have enabled h-BN ceramics to be applied in high-temperature conditions.

20 nanomaterial lubricants
Control of slip plgne to control friction

T
",
Ngemeenead

Figure 2-9. Various types of layered materials and friction reduction mechanisms. Picture courtesy

of Spear and colleagues'®.

Several investigations have been conducted to identify and clarify the unique structure of h-BN
relating to lubrication. It was believed that the lamella structure of h-BN might lead to the same
tribological mechanism of graphite and MoS; when used as a lubricant additive. Nevertheless, the
tribological performance of h-BN is slightly inferior to graphite and MoS; despite its excellent
thermal stability and cleanliness. Several publications associated with the tribological behavior of
h-BN as engine oil additives have been reported elsewhere!®: 1041 The presence of h-BN on
steel-steel and steel-iron contact leads to a decrease in wear, especially in the case of steel-steel
contacts. During sliding, the h-BN is peeled off until it becomes monolayer and forms a protective
film against friction and wear damage. Moreover, the addition of h-BN with an appropriate amount
results in reducing friction and wear at contacting interfaces by the mending effect, which reduces
the loss of mass of the substrate and prevents crack propagation during sliding. As claimed by
Chen et al.'%”, the tribological performance of h-BN in terms of reducing friction and wear is
inferior to graphite for higher concentrations. The differences in this behavior were explained by
a strong interaction between layers in h-BN, resulted from the dipole-dipole interaction (Figure
2-10) and partial ionicity in the layer lattice. However, in the case of cleanliness and environmental

friendliness, h-BN is a promising candidate for a replacement of graphite in the aluminum forming
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process, as stated by Podgornik et al.2%®

AA’

Figure 2-10. AB and AA’ interaction between layers in graphene and h-BN, respectively'®,

Up to now, research on the tribological performance and mechanism of h-BN at elevated
temperatures (800-1100°C) is still limited. Because of the high thermal stability up to 1000°C, its
lubricating properties are expected to be similar to that at room and moderate temperatures
including the interlayer sliding effect, protective tribofilm formation, filling concave effect, and
viscosity regulation (Figure 2-11). In the paper from Zishan et al.*1° they have studied the
tribological performance of SiC/h-BN composite coating at up to 800°C. The composite sample
containing h-BN as a filler shows an abrupt decrease in friction and wear, while the sample without
h-BN shows a dramatic increase in friction and wear. Characterization of the worn surfaces showed
that the tribological performances of h-BN on the one hand come from the natural structure of h-
BN, which allows cleavage of a basal plane and provides the lubricious effect. On the other hand,
some fine h-BN particles were oxidized and formed boron oxide (B20s) during the wear test at
high temperatures. This liquid not only protects the tribo-pairs but also is effective in lubricating

the worn surfaces as well as reducing further oxidation as the coating®® 1,

(a) Interlayer sliding

/ T

Contact area
Lubricant (b) Tribofilm formation
~g e e
w \
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2D nanomaterials
Substrate

B Tribofilm (d) Fluid flow regulation
Lubricant
\_—’/——\

————

Figure 2-11. Common lubrication mechanism of 2D layered nanosheets as lubricant additive in

the base lubricant!'?.
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2.4.3.  Inorganic polymer glass melt lubricants

Phosphate compounds have been used as lubricant additives for a long period in automotive
engines, hot metal forming, and manufacturing industries. It is well-known that the most important
and common phosphate additive comes from zinc dialkyl dithiophosphates (ZDDPs). According
to Barnes et al.'?, ZDDP plays an important role as antioxidant and anti-wear additives in engine
oil and other industrial lubricants. The mechanism behind its outstanding lubrication has been
investigated by Martin and Pearson using the basis of the hard and soft acids & bases principle
115, Due to the high thermal stability and excellent oxidation resistance, inorganic poly-phosphates
have been applied widely in the hot metal forming industry as glass melt lubricants. As
investigated by Kita et al.*6, an addition of phosphate increases the oxidation resistance of graphite
by almost 200°C. Meanwhile, the addition of magnesium-phosphate reduces the friction
coefficient of graphite to less than 0.05 at 500°C. Recently, alkali phosphate glasses have been
applied due to their excellent lubricating properties as well as oxidation protection'’-12!, From the
literature, alkali phosphate glasses are very stable at elevated temperatures (up to 800°C) and their
liquid melt possess high viscosity and good adhesion to the metal surface. The tribofilm formation
from the tribochemical reactions between phosphate melts and metal surfaces creates a glass layer
that can act as an oxidation protective barrier. The chemical nature hierarchical tribofilm layer of
poly-phosphate has been reported as can be seen in Figure 2-12 which reveals a polymerization
of short-chain phosphate, formed by the reaction of iron oxide and poly-phosphate that shorten the
chain length under sliding shear at high temperatures. This hierarchical structure is beneficial in
improving the mechanical properties of the tribofilm and reducing friction and wear through the
formation of a long chain-length polyphosphate sub-layer.

er chain-length polyphosphate
1 chain-length polyphosphate

xanocwszamne amorphous mixed interface

Figure 2-12. Schematic of phosphate-tribofilm induced at elevated temperature under tribological

test.120

Apart from phosphate melt, borate melt has also been considered as a possible candidate for
elevated-temperature lubricant. Due to its inertness and thermal resistance, borate base inorganic
polymer has been widely used as heat-resistant glass. The chemical reactions between borate
compounds and steel substrates induce the formation of boron-containing films which can help to

reduce friction and wear'?2. This tribofilm can support a high contact load and help to prevent
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excessive wear. Commercial sodium tetraborate with the formulation of Na,B407.10H,O and
several borate-base compounds have been applied as the additives components or lubricant base
in industry?3. Several studies have reported that the use of alkali metal borates such as sodium
tetraborate (Na>B407.10H,0) and potassium tetraborate (K;B407.10H,0) can dramatically reduce
wear and display load-carrying capability at high temperatures?* 1%, In addition, several US
patents show the excellent anti-wear properties and corrosion protection of a wide range of alkali
metal borates at extreme pressure®? 127, Boshui et al.*?* proposed that the anti-wear and friction
reduction abilities of sodium borate and potassium borate come from the tribochemical reaction of
these compounds and iron oxide. By utilizing XPS analysis, they found that there is a formation
of B,03, Fe,03, and Fe304 within the wear track. Tran et al.'® have first characterized the tribofilm
formation of sodium tetraborate at 800°C after the pin-on-dick testing. The authors found the
formation of a bi-layered structure tribofilm assembled from sodium layer and boron oxide layer
within the wear track. The diffusion layer of sodium above the scale may prohibit the movement
of the metallic ions from the substrate to the interfaces and, thus, reduce the oxidation degree.
Under friction at elevated temperatures, borate melt generates a complicated glass structure due to
the unique properties of boron elements which can exist in tetrahedral or triangle hybridization
with oxygen. During the friction process, tetrahedral hybridization can shift to triangle
hybridization which can lead to an increase in the bridging oxygen bond that forms the highly-

polymerized vitreous boron oxides at the sliding interfaces (Figure 2-13).
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Figure 2-13. Schematic of phosphate-tribofilm induced at elevated temperature under tribological
test.’®

Besides the phosphate and borate melts, the silicate melts are another potential candidate for high-
temperature lubricants due to their high thermal stability, high oxidation resistance as well as low
cost, and environmental friendliness?®. Fundamentally, the silicate glass network composes the
chain, cyclic, and larger polymeric structure of SiO4* groups that are linked to each other through
the covalent bridging oxygen atom. The addition of alkali cations at high concentration into the
network can act as the network modifier or charge balance that can depolymerize the polymeric

large chain into the shorter ones. This can be explained by the formation of non-bridging oxygen
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to neutralize the excessive charge from alkali content. Therefore, the covalent bond of Si-O-Si is
inevitably broken and the glassy network is destroyed continuously!?. The properties of alkali
silicates are dependent on the ratio of SiO2/Na2O which can be adjusted. The first application of
silicate melts in hot metal forming has been introduced in two publications from Japan!®:
although the lubrication mechanism has not been interpreted. Recently, the lubrication mechanism
of sodium metasilicate has been investigated by Wang et al.1* At 920°C, the sodium metasilicate
melt separates the direct contact of the rubbing surfaces and generates a tribofilm which consists
of a sodium-rich layer above a manganese-rich layer above the oxide scale (Figure 2-14). The
manganese-rich and sodium-rich bi-layered tribolayer acts as a barrier to oxygen penetration and
contributes to friction reduction. The amorphous sodium-rich layer is believed to contribute to the
reduction of friction since the separation of the direct asperities contact by the amorphous sodium
and sodium metasilicate layer can provide an easily shearing interface. In addition, the formation
of the amorphous sodium-rich layer indicates the high activity of the sodium at high temperatures
which can diffuse into the oxide scale area, migrating into vacant sites and filling interstitial
defects. This process inhibits the outward diffusion of metallic cations and forms a barrier to
prevent oxygen penetration, thus, reducing the oxidation degree. Meanwhile, the authors also
identified the MnFe,O4 on the top surface with the dominant crystal plane (111) being parallel to
the sliding surface, and they believe that this structure will behave like the typical layered
nanoparticles which can contribute to the improvement of the tribological behavior of the rubbing

counterparts.

Ball

Iron oxide

Bilayer layer (Friction reduction)
Melt (Anti-friction)

Amorphous Na rich layer
(anti-friction)

I Mn rich layer (anti-oxidation)

Iron oxide

Disc

Figure 2-14. Schematic of the tribofilm formation on the counterparts after sodium metasilicate

lubrication at elevated temperatures.*
2.5. Recent progress in high-temperature inorganic melt lubricants

2.5.1. Intrinsic effect of sodium oxide content on the lubrication and oxidation of melt

lubricant

(This section content have been published in Langmuir, 2020, 36, 27, 7850-7860,
https://doi.org/10.1021/acs.langmuir.0c00895)

At elevated temperatures, the formation of individual charged species (alkali cations and glass-
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forming anions) has been shown to exist within the melts'*® 13! that play an important role in the
tribofilm formation during sliding®. The contribution of sodium towards friction reduction and
oxidation prevention has been previously addressed'®2, however, a comparison between B,O; and
Na,0-2B,03 in this study has a limitation since the structure of the latter binary system is
significantly different from the structure of B,Os. The author has recently published the results on
an intrinsic effect of sodium in lubricity and anti-oxidation of the sodium silicate melt to fortify
the fundamental understanding of the lubrication mechanism of sodium-containing melt at
elevated temperatures. In particular, the friction behavior and high-temperature oxidation of the
sodium-containing silicate melts under steel/steel contacts have been investigated at different
sodium oxide contents ( Na,O : SiO, = 1:3 (sodium trisilicate); 1:2 (sodium disilicate), and 1:1

(sodium metasilicate)).

Accordingly, sodium metasilicate, which has the highest sodium concentration, demonstrates the
lowest friction coefficient of 0.14 under the steady-state regime (Figure 2-15a). The friction
coefficients tend to increase as the sodium oxide content in the silicate lubricants decreases
(Figure 2-15a). The highest friction coefficient is observed for sodium trisilicate (0.45), which is
even higher than that of the dry sliding test (0.35). In addition. sodium metasilicate also results in
the lowest disc and ball wear loss volumes (1.11 mm? and 0.015 mm? respectively) (Figure 2-15b)
compared to other lubricants. The results of lubricated sliding show a general decrease of disc and
ball wear loss with increasing concentration of sodium oxide. The inset 3D image in Figure 2-15b
reveals the tendency of surface smoothening in both disc and ball wear track as the function of the

sodium concentration in the silicate lubricants.
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Figure 2-15. a) Dynamic coefficient of friction for sliding couples in unlubricated and lubricated
(various silicate lubricants) conditions for 600 seconds at 950°C. The inset shows the average
coefficient of friction at steady state; b) Corresponding disc and ball wear loss volumes after
frictional tests using various lubricants at 950°C. The inset picture is the 2D wear depth image of

the disc and ball after the friction test.

Under isothermal oxidation testing at 950°C, sodium-trisilicate (NaO : SiO, = 1:3) and —disilicate
(Na20 : SiO2 = 1:2) delivers the excellent anti-oxidation by the fully melted coating on the steel

substrate (SEM images, Figure 2-16a-b). Although several oxide particles nucleate inside the
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trisilicate and disilicate melt (Figure 2-16a-b), the oxide layer in these cases is not fully developed.
In contrast, sodium metasilicate (Na2O : SiO, = 1:1) partially melts and it is intermingled with
nucleated oxide particles to form a rigid composite layer (~100 um) above the steel substrate
(Figure 2-16¢). SEM/EDS mapping shows the formation of coarse discrete clumps of the Mn-rich
phase, which are mainly concentrated on the surface and some within the coating. The oxidation
reactivity of silicate melts increases significantly via an increase in sodium content. Sodium
metasilicate with the highest concentration of sodium can react with Fe?* through the charge
exchange reaction (2-i). The free Na* ions resulted from (2-i) subsequently react to oxide species
(Fe203 and Mn;03), through (2-ii) and (2-iii), in the developed oxide layer. Such chemical
reactions are thermodynamically favorable!33, which causes the formation of NaFeO, and NaMnO,
in the coating. These reactions promote the formation of the individual charges from the steel base
to fulfill the requirement of the reactants and thus accelerating the oxidation process. The reaction

products from (2-i) to (2-iii) are intermingled to form the thick composite coating on the steel

substrate.
2Fe?" + 0% + Na,SiO; — Fe,SiOs + 2Na* (2-i)
2Na* + O% + Fe;03 — 2NaFeO, AGr920°c = -145 kJ/mol 134 (2-ii)
2Na* + 0% + Mn;03 — 2NaMnO; AGr920°c = -632.18 kJ/mol 13537 (2-jii)
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Figure 2-16. Cross-sectional SEM images and EDS maps of the oxide layer formed on the
lubricant-coated steel disc following isothermal oxidation at 920°C for 600 seconds: a) Sodium

trisilicate; b) Sodium disilicate; ¢) Sodium metasilicate; and d) No-lubricant.

Under the hot friction conditions, the tribofilm is developed resulting in the distinct tribological
performance for each melt lubricant (Figure 2-17). In trisilicate melt, the segregation and cluster

formation of sodium within the melt occurs due to a low sodium amount®. Thus, the trisilicate
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melt network behaves similarly to that of silica with an open network that favors the incorporation
of M?* and M?3* charged species (M = Fe and Mn). The incorporation of transition metallic ions
into the melt can cause the breakdown of the glassy matrix. This results in a significant drop in
viscosity for trisilicate. In addition, the aggregation of sodium within the melt of trisilicate hinders
the reactivity of Na* toward the oxide surface. Therefore, the trisilicate lubricant is easy to worn
out as subjected to shearing. Such a phenomenon was confirmed by the formation of only a thin

fine-grained oxide layer containing magnetite above the steel substrate (Figure 2-17a, b).

In contrast, the more uniform distribution of Na* within the glassy matrix appears at higher sodium
content (disilicate and metasilicate)**®. The homogeneous distribution of Na* within the melt
structure increases its mobility during the hot friction test. It is confirmed by the formation of a
hierarchical tribofilm layer on the contact surfaces in both cases (Figure 2-17c-f). As the hot
friction test progressed, the oxidation sequence induces an outward electron transfer®3, which
saturates the oxide wear surfaces by high electron potential. Thus, the developing attraction field
for cationic moieties (Na*) movement is established. Even though the radius of Na* (0.095 nm) is
higher than that of transition metal ions: Fe?* (0.076 nm), Fe** (0.064 nm), Mn?* (0.081 nm), and
Mn3* (0.072 nm)*4, its diffusivity in the amorphous glass is a low-energy process'*!, which is at
least two orders of magnitude higher than that of O%. Therefore, a high concentration of sodium is
developed on the oxide surface for both sodium disilicate and metasilicate. A deep reduction of
friction in the case of metasilicate compared with disilicate (Figure 2-15a) is considered due to
the presence of an amorphous sodium-rich layer (Figure 2-17e, ). This layer not only resulted in
the electrostatic repulsion between the two positively charged surfaces that reduce the friction
resistance’#? 143 put also prevent the diffusion of M?* and M** (M = Fe and Mn) from steel to the

silicate structure by reactions (2-ii) and (2-iii).
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Figure 2-17. STEM-BF image of the cross-section taken from a disc wear track after sliding under
trisilicate lubrication at 950°C. b) EDS maps of a) showing an elemental distribution; ¢) STEM-
BF image of a cross-section taken from thick tribofilm region on the disc wear scar after being
lubricated by disilicate at 950°C; d) EDS maps of (c) showing elemental distribution; e) STEM-
BF image of a cross-section of a disc wear track following sliding under metasilicate lubrication
at 950°C, and; f) EDS maps of €) showing elemental distribution in the tribofilm.

The characterization of the tribofilm on the ball for metasilicate is shown in Figure 2-18 proving
the diffusion of sodium from the melt to the oxide surfaces. There is the aggregation of sodium
signal on the top and at the bottom of the silica-like layer on the ball (Figure 2-18b). The diffusion
of sodium out of the metasilicate melt causes the polymerization of the disordered silicate network,
resulting in a silica amorphous layer between the contact surfaces (Figure 2-18a, c¢). Since
amorphous silica is a good boundary lubricant** 145 it can provide the easy shearing capability
between the contacting components and reduce significantly friction with the presence of sodium
ion'“®, The finding of the silica layer in the present study fortifies the previous study of Wang et
al.**, which did not show the presence of such layer on the ball to support the excellent friction
reduction of metasilicate. In their study, only the composite layers of Na, Fe, and Mn were found

as the topmost layer on the ball, which contains the spinel FeMn ;0.
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Figure 2-18. a) Magnified STEM-BF image of the tribofilm on the ball surface after being
lubricated by sodium metasilicate; b) EDS line profile marked in a); ¢) HR-STEM image of silica-

like layer, and; d) HR-STEM image of the reaction product layer.

It is believed that the lack of this NaFeO,-Fe.Os; composite layer results in the destabilization of
the whole tribofilm in the case of sodium disilicate, causing the large variation and increase of the
friction as well as the inhomogeneous wear surface morphology. Therefore, the Na,O : SiO; ratio
is significantly important, which determines the oxidation prevention and tribological
performances of the silicate melts. It was due to the critical role of sodium at different amounts
that governs the different tribochemical reactivity of the silicate melts toward the oxide surface.
Lowering the sodium content in the sodium silicate melt leads to the abundant volume space in the
network™’, which can favor the incorporation of the cationic ions (Fe?* and Mn?*) generated from
the steel substrate at elevated temperatures. The entrapment of such ion species hinders oxidation
progress. However, the low amount of sodium in the melt leads to the phase separation and cluster
formation of sodium that reduces significantly the mobility of such charge individuals. Although
increasing the amount of sodium can lead to oxidation promotion by reactions (2-ii) and (2-iii), it
is responsible for accelerating and enhancing the tribochemical reaction between the silicate melt
and oxide surfaces. These reactions govern the development of hierarchical tribofilm with
multifunctional effects that can reduce friction significantly, maintain the stability of friction, and

alleviate wear loss.
2.5.2. Combining sodium silicate and sodium borate melts for high-temperature lubricant

(This section content has been published in Industrial & Engineering Chemistry Research, 2020,
59, 7, 2921-2933, https://doi.org/10.1021/acs.iecr.9b05767).

Although the single sodium-containing melt lubricants have been received extensive
considerations, few studies investigate the tribological performances of their mixture thereof. It is
expected that the combination of an alkali-borate compound to an alkali-silicate can produce a

better lubricity and less wear by the formation of borosilicate melt**® with a stronger adherence on
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the sliding contacts!4°. The published results from the author are summarized below showing the
investigation on the lubrication and anti-oxidation of the sodium borosilicate lubricant produced
from the mixture between sodium borate and sodium silicate at elevated temperatures. This
information not only paves a pathway for the utilization of sodium borosilicate melt in high-
temperature lubrication but also provides a strong research background for the formulation of a

high-temperature lubricant package.

Typically, two Silicate/Borax ratios were chosen in the study (Silicate/Borate weight ratio = 9/1
(Si-B-1) and 1/1 (Si-B-2)) according to the patent by Jennings et al.**®°, Friction and wear evolution
as a function of silicate/borate weight ratio and temperature are shown in Figure 2-19. Si-B-1
(silicate/borax = 9/1) result in a rapidly established steady-state friction response at 800°C,
reducing the coefficient of friction from 0.5 (pure silicate) to approximately 0.17 (Figure 2-19a).
The wear volume in the ball (over 0.02 mm?) (Figure 2-19f) is thought to be mainly associated
with the initial running-in behavior. Compared to the steel coated by pure sodium silicate (Si), Si-
B-1 (silicate/borax = 9/1) lubrication at 800°C results in a substantial reduction in disc wear by
approximately 80% (Figure 2-19e). More sodium borate additions, Si-B-2 (silicate/borax = 1/1),
leads to excellent wear resistance, with very low wear volumes for both the disc (0.8 mm?) and the
ball (0.01 mm?®) (Figure 2-19e and Figure 2-19f) when compared to that of the pure silicate
system (6.0 and 0.03 mm?, respectively). However, a high friction value (0.5) prevails throughout
the test (Figure 2-19a) at 800°C.
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Figure 2-19 Tribological results for a) Compositional dependence of the coefficient of friction at
800°C; b) Compositional dependence of the coefficient of friction at 950°C; and c) Temperature-
dependence of the coefficient of friction for sample Si-B-1; d) Mean steady-state friction
coefficient as a function of temperature and composition; e) Disc wear loss volume and f) Ball

wear loss volume after friction testing as a function of temperature and composition.

The key influencing factor of temperature on friction and wear of Si-B-1 is shown in Figure 2-19c,
Figure 2-19e¢, and Figure 2-19f. Superior lubrication at 800°C attains other than the values from
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higher temperatures with a friction coefficient of 0.17 (Figure 2-19a), disc wear volume of 1 mm?®
(Figure 2-19¢), and ball wear volume of more than 0.02 mm3 (Figure 2-19f). Particularly, the rise
of temperature results in an increase and a high degree of instability in friction, particularly at
850°C and above (Figure 2-19c, Figure 2-19e, and Figure 2-19f). At 950°C, the addition of
sodium borate (B) to sodium metasilicate (Si) at 950°C does not improve the tribological
performance and the sliding stability deteriorates (Figure 2-19b, Figure 2-19e and Figure 2-19f).
The lubricant Si-B-1 produces a heightened steady-state friction coefficient (0.4) (Figure 2-19b)
compared with the lower temperature test (Figure 2-19a) with a modest ball wear loss of 0.04
mm?3 (Figure 2-19f). These result from undesirable abrasive/adhesive wear and plastic deformation
of the hot steel surfaces®. In marked contrast, the ball wear loss after being lubricated by Si-B-2
increases dramatically and reaches peak values of 9 and 5 mm? respectively at 950°C (Figure
2-19f). Such massive wear loss in the ball is associated with the surface hardening effect that
occurs on the steel disc due to the presence of boron®®. Consequently, it leads to the formation of
the iron boroferrite compounds in the boride layer on the steel substrate, and this process is called
boriding surface hardening®®2. As investigated by Petrova et al.*3, the iron boroferrite coating
improves the surface microhardness of the coated steel up to five times larger than the untreated

steel.
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Figure 2-20. Elemental distribution between the coated lubricants and the oxide layers after
oxidation test at 800°C and 950°C by ESD mapping: (a)-(b) B; (c)-(d) Si-B-2; (e)-(f) Si-B-1; and
(9)-(h) Si.

Static oxidation behavior of borate, silicate, and the mixture thereof on mild steel are also
considered at 800°C and 950°C. Compared to the results at 800°C, all the samples at 950°C display

more severe oxidation of steel substrate (Figure 2-20a-Figure 2-20h). Intriguingly, all samples

except for sodium silicate coating illustrate the diffusion and corrosion areas of sodium with an
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anchored microstructure between the topcoat and the steel substrate (Figure 2-20b, d, f, and h).
The formation of distinct tooth-like microstructure at 950°C for all boron-containing coatings
(Figure 2-20b, d, and f) is the strong evidence for the boriding phenomena®®4. In the previous
studies of Tran et al.?5, sodium in the borate melt has high reactivity and mobility at 800°C that
can significantly diffuse to the oxide scale even under static oxidation conditions and causes the
fluxing action of the grown scale and promote the oxidation. The diffusion of sodium results in
the polymerization of boron oxide in the borax melt network®® and this boron oxide phase
intermingles and thermodynamically reacts to iron oxide to form the iron boroferrite at 950°C*52,
Therefore, it can be concluded that the lubricants containing sodium borate will likely cause the
corrosion of the steel substrate above 900°C which is associated with the high reactivity and

mobility of sodium in the sodium borate melt.
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Figure 2-21. STEM-BF and STEM-HAADF images of the various layers produced in the disc
wear scar after sliding under Si-B-1 lubrication at 800°C: a)-c) Details of the outermost carbon
species layer and the adjacent reaction products layer; d)-f) Details of the mid-regions of the
tribolayer showing the reaction products layer at the top; the amorphous glassy layer in the center

and the iron oxide adjacent to the steel substrate at the bottom.

The lubrication mechanism of the best lubricant Si-B-1 at 800°C has been illustrated by the detailed
views of the tribofilm on the disc wear surface. The uppermost (~500 nm deep) surface layer is an
amorphous sodium carbonate layer with very low atomic number contrast (Figure 2-21a and
Figure 2-21b) according to EDS line scans (Figure 2-21c) and EELS C-K edge (Figure 2-22b)
analysis. The formation of this layer on the outer surface (Figure 2-21a) is due to the
decarburization of [C] species in steel*® and the reactions between atmospheric carbon dioxide and
sodium oxide during the cooling process. The second layer is structured by an agglomeration of
large particles which are the reaction products between the melt and oxide components (Figure

2-21b). During sliding, the mechanical intermixing by shearing action favors the corrosion
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reactions of iron oxide by the sodium-containing molten fluid. These particles then agglomerate
and compact under stressed shearing and form the composite reaction product layer. Such resulting

film is dense and protective, which is expected to suppress further scale development as it thickens.
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Figure 2-22. a) EELS B-K edge taken at the topmost layer (EELS 1); the adjacent reaction
products layer (EELS 2); the mid amorphous glassy layer (EELS 3); and the oxide adjacent to the
steel substrate (EELS 4). b) EELS C-K edge showing the distinct peaks of carbonate and
amorphous carbon taken at the topmost layer.

The third layer is amorphous glass with few micro-oxide particles dispersed inside (Figure 2-21d
and Figure 2-21e). According to EDS mapping (Figure 2-21f) and EELS analysis (Figure 2-22a),
this amorphous glassy layer is essentially the molten sodium borosilicate lubricant, which is
solidified during the cooling process after the sliding test. Under shearing conditions, the molten
fluid is expected to be compressed into the underlying region. The friction results and tribofilm
structure indicate that its presence has a significant beneficial effect in maintaining stable lubricity
(Figure 2-19a). The strong attachment of the glass layer to the oxide surface ensures reliable
tribological performance, even under applied stresses. Moreover, EELS analysis (EELS 3, Figure
2-22a) confirms the significant presence of trigonally configured boron in the glass layer which
can favor the possibility of double bond switching phenomena®#’. This bond switching is favorable
for improving the shear capability of the molten fluid during friction (Figure 2-23).
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Figure 2-23 Schematic displaying the microstructure evolution on a disc surface after friction test
under sodium borax-silicate (Si-B-1) lubricant at 800°C, with the double bond switching

phenomena of trigonal boron oxide unit in the intermediate borosilicate melt layer.
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On the ball specimens, the tribofilm comprises tightly aggregated large particles as the topmost
layer, which is identical to the mixed reaction products on a disc (Figure 2-24a). Electron
diffraction of this layer (Figure 2-24b) indicates the potential presence of Fe;SiOa4 (1 3 0)!%. The
crystallite phases of FeNaO, (0 0 2) are also observed'3*. Between the uppermost region and the
steel substrate is a second layer which is densely packed by the fine-grained oxide particles (Figure
2-24c). Electron diffraction of this region (Figure 2-24d) consisted of Fe,O3 . The topmost layer
on the ball is expected to limit the scale development while a second layer comprising ultra-fine-
grained particles (average diameter 50-100 nm) with high yield strength, excellent impact
toughness, and good fatigue strength®®® 5° can enhance the mechanical strength of the sliding

interface and improve its wear resistance®®® 10,
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Figure 2-24 a) STEM-HAADF image of the outermost mixed reaction products layer on the ball
under Si-B-1 lubrication at 800°C; b) STEM-HAADF image of the densely packed nano-
crystalline layer between the outermost layer in a) and the steel substrate; ¢c) SADP 1 captured

from the region marked in a); d) SADP 2 captured from the region marked in b).

The results in this section demonstrate very good friction and wear reductions from the
combination between sodium borate and sodium silicate melts at the silicate/borate = 9/1 weight
ratio under hot friction test at 800°C. In addition, this mixture also provides good oxidation
protection to the mild steel substrate which reduces the oxide thickness by 80% at 800°C by the
formation of sodium borosilicate. However, the sodium borosilicate melt shows a deterioration of
the lubrication and oxidation at above 850°C. It is closely related to the high mobility and reactivity

of sodium in the melt toward the oxide scale as proven previously in section 2.5.1.
2.5.3. The lubricant formulation between sodium-containing melt and nanoparticles

Since the glass-melt lubricants by themselves have by now reached their performance limits,
several attempts have been made to further reduce friction and wear by incorporating the solid
lubricant into the glass melts. Graphite/Expanded graphite has been considered the most popular

and it is still used in hot metal forming processes together with the melt lubricants.'®! The addition
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of expanded graphite in sodium metasilicate efficiently reduces the friction coefficient by ~79%
at 851°C (Figure 2-25) and their lubrication mechanism has been investigated in-depth by Wang
et al.162 At the testing temperature, expanded graphite oxidizes to form carbon dioxide (CO2) which
in turn react to sodium cations from the sodium metasilicate melt to form the sodium carbonate on
the sliding surfaces. The formation of some grass-like debris containing both amorphous carbon
and sodium carbonate nanocrystals within the wear track surface was observed and contributed to
the friction reduction since sodium carbonate completely melts at 851°C. The viscous melt of
sodium carbonate instead of sodium metasilicate is considered to be beneficial to friction reduction
and anti-wear. In addition, the ordered MnFe,O. layer with a thickness of 300 nm formed on the
disc and the NasFeO, with (200) plane formed on the ball parallel to the sliding surface can be also

the main reason for the friction reduction.
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Figure 2-25. Lubrication performance and mechanism of the mixture between sodium metasilicate

and expanded graphite.'6?

However, graphite particles can be airborne and damage the electrical systems, and they
accumulate as a black and dirty layer on the shop floor and increase the risk of slippage. Thus, its
application has been restricted due to hygiene and environmental concerns.* % In another
research, Wang et al.® blended the sodium polyphosphate with TiO, nanoparticles to formulate
the water-based lubricant for hot strip rolling. It has been observed that the aqueous lubricant
containing 2 wt.% TiOz nanoparticles and 20 wt.% sodium polyphosphate reduces the rolling force
by 10% compared to pure water lubricant. It is believed that the lubrication mechanism of the
mixture between sodium polyphosphate and TiO, nanoparticles is the combination of melt
lubrication and nanoparticle lubrication. The semi-fluidic phosphate glass can deliver an easily
shearing interface at the contact interfaces while nanoparticles can provide a protective film effect,
sliding effect, and rotating effect or a combination between them during the rolling process. It is
believed that the lubrication performance under hot rolling conditions can be further improved by

the addition of other solid lubricants which can function synergistically with TiO, nanoparticles.
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2.5.4. Research questions for high-temperature lubricants

Tthe development of a functional additive package with an achievement in both the cost-
effectiveness or lubricity efficiency has far-reaching implications, particularly in both
transportation and hot metal forming processes, which often see the uncontrolled competitive and
antagonistic effects between different solid lubricant additives within the based-fluid.! 17 Because
of the inevitable loss in effectiveness, solid lubricant additives are often formulated with a larger
concentration than what is actually needed.® It leads to the use of several organic surfactants or
supporters (potentially harmful to the environment) to minimize the agglomeration, unexpected
interactions between additives at large concentrations, and to ensure uniform dispersion of such
functional additives within the based fluid.*® ¥ To achieve the desired product with a better
lubricating behavior than pure lubricant base, the number of additives, as well as the interaction
between them, need to be calculated and considered carefully based on ASTM, API, or SAE4,
Either an excessive amount or an insufficient amount can decrease the tribological performance
due to agglomeration and precipitation of these additives. In addition, the use of these surfactants
or surface modifiers (mostly organic-based compounds) poses a risk to environment due to their
decomposition at elevated temperatures that releases harmful gases. Therefore, a new approach or
strategy should be considered to replace the traditional blending of the lubricant additives in the

base lubricant by physical mixing.
2.6.  Microencapsulation in the development of lubricant additives

Microencapsulation, which is a well-recognized technique, is commonly applied in the food and
pharmaceutical industry, comes as a promising approach for formulating the lubricant. The reasons
behind the purpose of using this technique start with the protected effect from the shell material,
which acts as a shield inhibiting the unexpected interaction of components including chemical
reaction, oxidation, or degradation when subjected to harsh environments. Moreover, by
microencapsulating chemical additives inside the shell, it is possible to control the release of
substances from the core to the outside environment by adjusting pH, temperature, or time. These
benefits have been used and applied in various industrial fields regarding the delivery of the drug,
protect oil fragrance, slow-release medicine, etc... Due to its desirable benefits,
microencapsulation has recently become an innovative trend in lubricating industrial applications.
Microencapsulation has been applied for the multi-additive system in engine lubricant to optimize
the tribological functioning of the oil. In reality, several studies were conducted and their results

show undoubted evidence to support this idea64167,
2.6.1. Triggered release of the core active ingredient from the microcapsules

According to Hsu et al.’® the following benefits of the micro and nano-capsules containing
chemical lubricant additives basically come from long-term protection of engines by a slow release
of additives over a period of time, an avoidance of the deleterious additive-additive interaction,
and a reduction in the effective dosage of additive. In addition, the presence of multi desirable

chemical additives in one package can result in a synergistic effect of each component, which can
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enhance the lubricating properties. Moreover, the capsules are available to be triggered to release
the core materials by several remedies such as chemical triggers (pH, disulfide bonds cleavage),
thermally induced release (temperature change, phase transition), magnetically initiated release,

electrical triggering, and mechanical triggering (shear)%4 16,

The chemical-induced release includes two approaches, which come from adjusting the pH of the
suspension and cleavage of the disulfide bonds by chemical reaction. These remedies have been
applied in drug delivery triggering, focusing on the interaction of the outside environment to the
capsules. The main mechanisms of releasing additives by adjusting pH come from several reasons,
which relate mostly to the nature of the shell components and the interaction between the shell
materials and the pH of surrounding environments (Figure 2-26). Table 2-1 shows a few examples
of an experiment regarding chemical trigger release, which comes from the natural and chemical

structure of polymer shell materials.
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Figure 2-26. Schematic presenting the idea behind the chemical-triggered release of the core

ingredients. 68

In addition to chemical-induced triggering, the thermal treatment which induces the release of the
additive core is also an important factor for a controlled release during a period of time. Changing
in temperature may result in the melting of a microcapsule or microsphere polymer or causing a
phase change transition, transforming a swollen, hydrated state to a shrunken, dehydrated state.
Temperature increases can also result in the purposeful disassembly of polymers. There are some
examples of phase transitions of low melting point shell materials, which create pores in the shell
wall, leading to core release. Several food additives and fragrances have been shown to release
more quickly upon shell wall melting. According to Dabbagh et al.'®®, by increasing the
temperature of core-shell nanostructures comprising of mesoporous silica core and low melting
point polyethylene glycol (PEG), the shell undergoes the phase transition from solid to liquid,
leading to a release of the additives inside. As mentioned from Esser-Kahn et al.’®, the lower
critical solution temperature of NIPAAm (derivatives of poly(N-isopropyl acrylamide) can result
in a pore formation when biphasic capsule walls are heated, leading to increased permeability.
Also, NIPAAmM microcapsules can burst from increased internal pressure upon contraction of the
capsule shell wall due to temperature increase according to Latnikova et al.1’®. In summary, the
principal mechanism of thermal-induced release, thermally induced degradation of the shell, and

diffusion of the core material through the polymeric shell can be boosted by the increased inner
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pressure. This statement was also claimed in the research of Latnikova et al.*”* which demonstrated

the thermal-triggered release of the liquid core.
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Figure 2-27. Schematic presenting the idea behind the thermal-triggered release of the core

ingredients.'%8

Another approach for the chemical additives to burst out from the microcapsule’s core comes from
the mechanical-induced release. This method is not common in pharmaceutical and food
applications, thus its mechanism is rarely mentioned and investigated. However, the recent
popularity of the microencapsulation technique in the lubrication industry leads to a quest to
provide an insight into the mechanical triggers. As the lubricant contains additive-comprising
microcapsules, in a specific case: engine oil, is subjected to slide and shear at high pressure,
loading, and high temperatures, the mechanism of rupturing microcapsules by asperities shearing
and sliding may become more important in releasing additives and reducing wear and friction.
Several studies in the past have illustrated different types of microcapsules on the surfaces. In the
thesis of Mitchell*®®, the author concluded that there are three types of microcapsules on the
surfaces including microcapsules that are rested or embedded either partially or fully on a surface.
Further details will be discussed in the following part of the lubricant-containing micro-capsules
application review, which introduces some of the published studies regarding microencapsulation

in the lubricating area.
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Table 2-1. Summarization of natural shell materials that are sensitive to pH change.

References Polymer shell material pH-induced release Mechanism
172 Polyurethanes and Polyureas containing dimethyl ketal moiety pH<S5 In these experiments, the authors used ketals, also known as
173 Polyketals and Polyacetals pH<5 acetal chemistry, as acid-degradable chemical cross-linkers. At
Amphiphilic Polymethacrylate with a lilial-derived acetal H <5 (in thi pH <5, each ketal is converted to a ketone and two alcohols
<5 (in this . . . .
1ra moiety as hydrophobic side and poly(ethylene glycol) as a P his3) providing the chemical disassembly needed for triggered
research is
hydrophilic side. release.
R R H* o
o~ohg S~ T TToH * ow
Poly(hydroxyethyl acrylate)-block-Poly(n-butyl acrylate)
175 pH < 5
(PHEA-PBA\) cross-linked by a phenolic acetal. A= --@—OH.GH,. orH
Various polyelectrolytes The mechanism of rupturing in these polymer shell materials
176 including poly- Acidic relies on charge switching inside the capsule shell walls
(acrylic acid) (PAA), poly(allylamine hydrochloride) (PAH) mediated by the addition of protons to disrupt ionic or
. Polyelectrolytes consists Poly(acrylic acid-co-styrene) and Acidi hydrogen-bonding interactions.
cidic
Benzylated Poly(ethylenimine).
Poly(styrene) microcapsules coated with a synthesized
178 el | pH=45-55 0 J( H*
polyelectrolyte ,,NHJLD — g, * >—

Tannic acid assembled with a range of neutral polymers,

poly(N-vinylpyrrolidone) (PVPON), poly(N-
178 ) ) ) pH out of range 2-10
vinylcaprolactam) (PVCL) or poly(N-isopropylacrylamide)

PNIPAM). T AN

( ) .mujl‘o . —FD - NHg * p
poly(2-vinylpyridine-b-ethylene oxide) (P2VP-PEOQ) block H

180 pH<5 Q Q

copolymer
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2.6.2. A brief review of the application of microencapsulation in tribology

In the patent by Williamson et al.'8, the application of encapsulated lubricous materials on the
surface of orthopedic cast iron is beneficial for easy handling because some approaches in the past
have disadvantages due to the tape being too sticky or too slippery (Figure 2-28). As shown, the
microcapsules were sticked onto the surface of the iron substrate by some chemical mixtures such
as nylon or rayon. The microcapsules were formed of the water-insoluble polymer known as
perylene and contain an ethoxylated surfactant, with the size ranging from 100 pum to 300 um. The
use of microencapsulation here prevents the surface from becoming too slippery to handle but,
after rupturing by shearing from the contact interfaces between the tape and the roll-particles with
light pressure the cast can be kept pliable for long enough to mold tightly to the limb. A downside
to this approach however is that the microcapsules at the surface can be easily ruptured in transit

thus making the material unusable.
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Figure 2-28. Microcapsules coated on the inner end of the tape-referenced steel.8*

In the studies investigated by Guo et al'8 18, the partially or fully embedded microcapsules show
a significant improvement in reducing friction and wear when the substrate slides over the surfaces
of testing species. While the friction coefficient of loaded microcapsules epoxy is low compared
to unloaded epoxy, the worn surfaces of loaded epoxy become smoother with less debris than the
unloaded one. The mechanism was explained by the behavior coming from the mechanical
triggered release of the lubricant inside the capsules, thus the sliding surfaces were lubricated
during the testing, as shown in Figure 2-29. Moreover, the cavity formed after the capsules were
broken by sliding and the core release, in turn, generated the void spaces which trap the debris
inside, thus lowering the wear damage. It is important to mention that the mechanisms of fully
embedded microcapsules inside the epoxy matrix are also the same as the partially embedded,
which comes from the releasing of core lubricant and debris trapping during sliding. Several
studies have been conducted based on such an idea about embedding the microcapsule in a various

epoxy matrix and the results are consistent with the mechanisms presented above!84-187,
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matrix.

On the other hand, microencapsulation has also been applied in another way, whereby
encapsulating chemical additives can enhance the lubricating properties of the oil lubricant.
Because this is a relatively new topic, there are not many published research papers and reports.
The earliest introduction of this technique in formulating lubricant additives is from the doctoral
thesis of Mitchell whereby the friction modifier was encapsulated by the poly(methyl
methacrylate) (PMMA) shell.®> The paper generated from this thesis shows a moderate effect in
reducing the friction and wear of the dodecane lubricant compared to dodecane containing a
saturated friction modifier.1®® The lubrication mechanism has been proposed by the authors as
presented in Figure 2-30. In particular, it is anticipated that the PMMA shell is first squeezed
through a contact to form the polymeric tribofilm on the wear surface. During the squeezing and
crumbling of the shell, the bursting of microcapsules occurs which can release quickly the friction
modifier to where and when it is needed within the contacting interfaces. In the next stage, a
fraction of the friction modifier is anticipated to self-assemble on the polymeric tribofilm of
PMMA through hydrogen bonding. Other friction modifier molecules may align perpendicularly
on the wear surfaces depending on the polarities of the adsorbed monolayer of friction modifiers
on the PMMA tribofilm. During sliding, the authors believe that this multi-layer of adsorbing
friction modifiers and PMMA polymeric film can protect the wear surface and reduce friction by

acting as the sacrificial layer similar to the mechanism of the friction modifiers.
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Figure 2-30. Proposed lubrication mechanism of the lubricant containing friction modifier loaded

in the PMMA microcapsules.'8

Later, the application of this technique in engine oil has been reported in the patents of Hsu et
al.164 166,167 jn which the benefits of microcapsules containing chemical additives in engine oil
come from a controlled release of the core materials to decrease the oil consumption or increase
the time intervals between oil changes. The concept of this idea is demonstrated in (Figure 2-31).
The release control of core additives, as mentioned above, relates to several localized events and
parameters. In this assembly, the change of environment (temperature, pH, mechanical shear) and
the nature of polymer shells (cross-linking agents, lower critical solution temperature compounds)
act as the main important factors for triggering the release of lubricant additives. The mechanisms
associated with chemical triggers, thermal-induced release, and mechanical triggers are important
in the automotive engine and metal forming industry. As mentioned by Hsu et al.®, the testing of
encapsulated additives depends on the intended use. For example, the released rate needs to be

taken into account if the slow-release through the porous shell is the main purpose.
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Figure 2-31. Concept of the controlled release of friction modifiers or chemical additives from the

microcapsules.¢®
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From the controlled release concept, the requirement of improving the tribological performances,
increasing the time interval before an oil change, and reducing the number of additives used for
economic reasons is crucial. Therefore, microcapsules containing lubricant additives with a slow-
release rate offer a potential solution. The release rate of the core depends on several parameters,
which can be explained and described by Fick’s Laws of diffusion’®®:

dcC _ Cin‘Cext
o A.H.D. - (2-1)

In this formula, A is the exposed surface area of the shell, H is the partition coefficient which is
dependent on the natural properties of two immiscible solvents (continuous phases and dispersed
phases). On the other hand, D is the diffusion coefficient of core additives which relates to the
temperature, viscosity of the solution, and molecular weight of core additives. In addition, the
thickness of the shell formation also affects the release rate, which is derived by d in the equation.
The difference in concentration of core materials in continuous solvent outside and dispersed
solvent inside also plays an important role in driving the movement of additives, which is also
known as the gradient concentration. As A, H, D, and d can be controlled and manipulated through
the preparation of core-shell materials and the selection of suitable solvents, the only reason which
can influence the release rate comes from the gradient concentration between inside and outside.
As the additives outside the capsules are consumed with time, the gradient concentration is either
constant or increase (in case of fast consumption), thus driving the movement of materials outside
and increase the release rate. As mentioned above, the release rate is remarkably important to
improve lubrication by this mechanism. Therefore, the method to determine this parameter is

essential to modify and control the amount of additives diffusing through the capsule walls.

In a patent by Hsu'¢4, different tests were conducted to examine the tribological performances
regarding shear stability, wear reduction, and oxidation stability of the lubricant containing
microcapsules. The results show that after 60 minutes exposed to the ring-on-liner test, only 30%
of microcapsules remained intact in the oil lubricant, indicating the significant rupture of the
microcapsules under shearing conditions. Meanwhile, the wear test of microcapsules containing
anti-wear agents dispersed in oil was evaluated by a four-ball wear tester. It was found that both
the samples show a significant reduction in wear scar comparing to pure oil. The wear test
conducted by four-ball exhibits the lower wear scar of pure oil-containing microcapsules than with
a dispersed anti-wear agent. However, in the ball-three-flats wear testing module, the results are
contradicted in which oil-containing microcapsules with different amounts show higher wear scar
than oil containing dispersed anti-wear agents. The latest study of Xu*® has also found negligible
improvements in friction and wear of the PAO4 containing PMMA microcapsules encapsulating
friction modifier compared to the oil with friction modifiers. In this study, the author only
discussed the benefit of using microcapsules with the perspective of the controlled release concept
and the protection of core materials by the shell rather than any significant improvement in friction

and wear of the counterparts.
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2.6.3. Summary of potential core and shell materials for high-temperature lubricant

formulation

The microencapsulation technique seems to be a promising method for preparing the next
generation of high-temperature lubricant additives although an original concept of
microencapsulation should be modified to be applicable under hot metal forming lubrications.
Accordingly, a major roadblock to this new application in lubricant formulation is the majority
breakage of the microcapsules (~70%) under the boundary/mixed lubrication regimes where
friction and wear are the most severe. While the shell fragments/debris often deteriorate the
function of the encapsulated additives and, in some cases, increase wear of the moving counterpart,
the crumbling of the microcapsules challenges the achievement of the control-release objective.
Since the crumbling of the microcapsules is inevitable under the boundary/mixed lubrication
regime, the control-release concept shows a limitation in ongoing research of microencapsulation
in lubricant science. Thus, an alternative, yet effective strategy for the utilization of

microencapsulation in high-temperature lubrication is required.

A new design strategy for the microencapsulation technique is, thus, required in this thesis
focusing on the synergistic interactions between the shell materials, the functional core, and the
base lubricant. It breaks away from the traditional utilization of microencapsulation. In this
strategy, the shell of the colloidal capsule should either contribute to the lubricating function or
react synergistically with the high-temperature- lubricants. The core additives will be released
when the shell is crumbled, thermally triggered, or mechanically triggered under severe conditions
during a frictional event that in turn additionally delivers a lubrication improvement to the based
fluid. In this aspect, all materials in the designed microcapsules work synergistically along with
the base lubricants to reduce friction, wear, and oxidation. From this perspective of synergy under
friction conditions, the hybrid colloidal capsule is considered to be “smart responsive”. Since all
materials are incorporated in one formula, an important aspect to note on the novelty of this
strategy is that both the shell and the core materials can be fully utilized under severe tribological
operations with much reduced material losses and wastes as they are applied where needed.

To achieve the goals of the proposed strategy, the selection of both shell and core materials plays
an important role. At elevated temperatures, such as hot metal forming (can be up to 800-1000°C),
the traditional polymeric shell will be quickly burned off. If the core is not thermally stable, both
shell and core will be decomposed and their functions lost. The decomposition of polymer shells
can also produce some harmful volatile compounds and unexpected components, which can affect
both environment and final products. Among all materials, inorganic materials should be the
potential candidates for structuring the shell and core materials. Currently, there are several studies
reported about the inorganic shell materials for encapsulating phase-change materials to be used
for energy storage in building materials and civil engineering applications. Several promising

studies with materials are summarized in Table 2-2.
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Table 2-2. Promising core-shell microcapsules with thermally stable materials for high-temperature lubricants.

References

Core

Shell

Temperature (°C)

Note

191, 192

n-octadecane, paraffin

CaCOs

The shell structure can
be stable over 650°C.

Synthesis by emulsion technique. The average size of particles

is 5 um. Tween 80 and Span 80 were used as the surfactants.

193

Polystyrene (PS)

PEOS (a precursor of silica).

The decomposition
temperature of PS

increases up to 400°C

Synthesis by emulsification method. The average size of
particles is 150 nm. No surfactant, dispersed by ultra-

sonication.

194, 195

n-Eicosane, paraffin

Silica derives (from TEOS or

sodium silicate)

Thermal stability
increase from 60°C (pure
n-Eicosane) to 270°C (50

wt/wt SiOa/n-Eicosane).

Synthesis by sol-gel method. The average size of particles is
ranging from 250 nm to 550 nm. The emulsifier used here is
triblock copolymer PEO-PPO-PEO (P123).

196

Silica (Si0y)

Zinc Borate (ZnsB4O11)

Self-assembly technique. The average size of particles is 40 nm

diameters with the thickness of the shell of 5 nm.

197

MoS;, graphite, and a
graphite fluoride

Alkali metal silicate (preferably

sodium or potassium silicate)

1000°C.

Spray drying technique. 92.2%, 58%, and 68% residual weight
in case of MoS,, graphite, and graphite fluoride encapsulated

respectively.
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198

Copper

Chromium-Nickel

The core-shell structure
can be stable from
1050°C to 1150°C.

Synthesis by electroplating. The average size of particles is
more than 2 mm. Suitable for high-temperature thermal energy
storage such as solar thermal power generation and industrial

waste heat recovery.

199

Sodium nitrate

Silica

This core-shell material
can be stable from 300-
500°C (testing
temperature)

The encapsulation techniques such as electroless and
electrochemical coatings, and coating using silicates were used
to produce the core-shell materials in thermal energy storage

systems.

200

The molten salt from
the group of sodium
nitrate, potassium
nitrate, inorganic salt,

and combination

The materials from the group of
sodium chloride, bonded metal
particles, sintered metal particles,

clay, and a mixture of clay and

Thermal stability can go
up to 300-800°C

Core-shell phase change material was produced by suspending
phase change material in an air stream and exposed to a
solution of a mixture comprising a binder and metal particles.
Upon drying, a coating of one or more layers, of the mixture is

formed around the particle of the phase change material.

metal.
thereof. Applied in the thermal energy storage system.
) ) ) ) ) ) Capsule material is synthesized by electro-plating method with
Nickel film with/without insertion . ] o )
] Thermal stability can the thickness controlled by operating time. Used for recovering
201 Copper balls of carbon or ruthenium as an

inhibition layer

reach over 927°C

high-temperature waste heat in hydrogen production by

reforming reaction.
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2.6.4. Research questions for microencapsulation in tribology

As highlighted above, microencapsulation is the traditional approach in creating the core-shell
structure materials. The core-shell materials, which are thermally stable and can be applied in high
temperatures, should come from the inorganic compounds. Such materials have recently been
utilized and investigated in the thermal energy storage industry to preserve and use the heat waste
in many industrial fields such as chemical engineering, civil engineering, and solar power plant...
Although the encapsulation is an old idea from the previous century, it can still be an innovative
method that has currently been extended and applied in many areas. The most recent encapsulation
materials in tribology come from the micro-encapsulated chemical and lubricant additives used in
improving the lubricating performance of engine 0il?%2. However, the literature only shows the
benefit of microencapsulation in the long-term storage and effective controlled dosage of the
lubricant additives by the controlled release strategy. In addition, there is no publication or
investigation of micro-encapsulation materials used in high-temperature lubricants which can be
employed in the metal forming industry including hot-rolling, hot-forging, etc where the controlled
release cannot be utilized. Furthermore, it is essential to explore and examine the new
environmentally friendly lubricants to implement and replace the traditional lubricant in the metal
manufacturing industry. Therefore, microencapsulation by an inorganic shell with thermally
lubricious compounds and easily dispersed in water can potentially offer a promising new

generation of eco-friendly lubricant for harsh operation conditions at elevated temperatures.

2.7.  Designing a strategy for novel high-temperature lubricant additives

based on microencapsulation

As mentioned above, several lubricant additives can functionalize at high temperatures including
solid nanoparticles and inorganic polymeric materials. Apart from the utilization of inorganic
polymeric solid lubricants (borates, silicates, and phosphates) as the base lubricant for high-
temperature lubrication, an application of solid nanoparticles such as 2D materials and
ceramic/ceramic oxides is another feasible choice for further friction and wear reduction while
inhibiting the oxidation and heat transfer from the hot strip to the work rolls. Therefore, solid
nanoparticles from the 2D and ceramic/ceramic oxide materials are selected for the fabrication of
the novel microcapsule. To combine these materials effectively with the possibility of more than
three materials in the microcapsule, there are several strategies?®, including: Pickering emulsion
templated assembly, layer-by-layer self-assembly, and the amphiphilicity-driven self-assembly of
polymer-brush grafted nanoparticles. Among them, the Pickering emulsion templated assembly is
considered the most facile and efficient approach?03-205,

Pickering emulsion was first proposed by Ramsden and Pickering but it was not considered for a
long period of time until further advanced development of material science. It possesses many
unique features that classical emulsions stabilized by surfactants cannot function, such as superior
stability and low toxicity due to its free surfactant. In general, Pickering emulsion focuses on the

nano- or micro-particles with a suitable three-phase contact angle (oil-water-solid). The three-
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phase contact angle () measured into the water phase of the stabilizing particles at the water-oil
interface is described mathematically by Young’s equation?® and it represents the wettability of

the stabilizing particles:

Yoo = Yow
cos= 22— (2-2)
ow
where y represents the interfacial tension between oil (0), water (w), and particle (p). This equation
(2-2) has been well established for particles with different morphologies such as cube, sphere, and

peanut2°7' 208

These micro-/nanoparticles are favorable to anchor at the water-oil interface and reduce surface
tension. Recently, several publications relating to the use of Pickering emulsions and their
fundamentals are well established and explained?®. The natural stability of Pickering emulsion
derives from the wettability of nano- or micro-particles subjected to use. As mentioned by
Chevalier et al.?%, the three phases contact angle between particles, oil, and water should be lower
or higher than 90°C to form the oil-in-water (o/w) or water-in-oil (w/0) emulsion respectively. In
particular, studies by Kaptay?!° suggested that the optimum 0 for stabilizing o/w emulsions is 70-
86° and 94-110° for stabilizing w/o emulsions. At appropriate concentration and three-phase
contact angle, the micro-/nanoparticles can lower the surface tension of water-oil interfaces and
prevent the emulsion from coalescence. The following equation (2-3) from Binks?! shows the
dependence of the energy (AE) required to remove a solid spherical particle of radius r from the
oil/water interface which is applicable to the small particles (less than 2 pum) at which the

gravitational effects may be neglected:
_ 2
AE=mr?y_ (1£ cos0) (2-3)

It has been demonstrated from this equation that the energy of adsorption of a particle at an
interface is always greater than the particle’s thermal energy, even in the case of very small solid
particles?®2, Thus, the adsorption of the solid particles attached to the oil/water interface is
irreversible which requires a large amount of energy to destabilize the emulsion systems. For this
reason, amphiphilic substances can also be used together with particles to improve the wettability
of desired particles?® 213, Because of the small number of amphiphilic substances used, which is
commonly lower than critical micelle concentration (CMC), the Pickering emulsion approach is

accepted and used widely to construct new shells.

Pickering emulsion can be utilized to form the new type of capsules which is always named
colloidosomes or colloidal capsules (Figure 2-32)?*. Colloidosomes are the capsule formed by
the accumulation of particles at the water-oil interfaces. As this aggregation can create a shell with
a porous structure, it is used in targeted delivery and control the release of a drug. Due to the high
energy of desorption of these particles from soft interfaces, colloidosomes are remarkably stable.
The combination of the sol-gel microencapsulation route with colloidosomes to form the silica

shell with anchored particles has been introduced in several studies?*>2%. In these articles, the
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authors used the combination of micro- or nano-particles and amphiphilic components to improve
the wettability of particles applied. Especially, in the case of the patent US9017706B2%7, the use
of crystallizable oil or water as core material can be an approach to entrap some chemical additives
inside during the microencapsulation process. Thus, the crystallizable oil core from liquid paraffin
may be chosen as a carrier to localize other additives. Besides, water is also good as a carrier that
can maintain the dispersion of covalently functionalized 2D materials or nanoparticles uniformly.
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amphiphilic particles
Al 5202, 9 0

C.2.i emulsification homo”
(interfacial potymars amphptive tock

seif-assembly)

C.2.0i dialysis hydrophilic’

Ry (change of solvent “n
I \
or »
% & c.2iii
| film-rehydration
o
s or
o o
/
0

VoW ..o

polymer-grafted colloxds

w/o or o/w emulsion
with colloidal particles

25 RS
particle self-assembly at
liquid-liquid interface

D.1 e °
u v
" [ PN 9
de .. Q0
template surface ’ 9 5 Qo 9
particles confined inside ° a9 °
liposome or polymersome )
or
colloit plate: amphiphilic polymers
solid or gel particle and colloids
B. Temp based i p D.N ticle-loading of lip or

polymersome membranes
Figure 2-32. Overview of the colloidal capsules and the approaches to fabricate them.%
2.8.  Summary and proposed research scopes

The current work sets to provide a new strategy for the application of microencapsulation in
customizing the novel high-temperature lubricant additives. In addition, a fundamental
understanding of the tribological behavior of the novel microcapsule under lubrication with
sodium borate melts in the hot metal forming conditions is explored in this thesis for the first time.
Sodium borate melt has been chosen as the base lubricant in this study due to its popularity in the
hot metal forming industry with excellent performance in anti-oxidation, friction reduction, and
wear resistance under high-temperature conditions, however, the boriding effect of the oxide scale
is commonly occurred at above 850°C which negatively impacts the lubricity of this melt as
demonstrated previously in section 2.5.2. Improving the lubricity, minimizing the boriding effect
of sodium borate, and corrosion attack of sodium toward the oxide scale by the novel

microcapsules would also be a worthwhile consideration in this study.

It should be noted that the requirement of most metal forming processes is to optimize the friction
not to minimize the friction. The use of a proper friction coefficient is essential in the hot metal
forming industry, especially in hot rolling of steel, to ensure the operating components work

efficiently and economically to produce high product dimensional accuracy and surface functional

43|Page



quality. Since there are many different forms of metalworking in the hot metal forming industry,
the optimal friction coefficient in hot metal forming largely depends on the characteristics of the
individual process?!8. A friction coefficient of 0.1 is often considered as a reasonable value in a
dome stretch-formed from a piece of flat steel sheet?'®, however, the friction coefficient of 0.07 is
considered as the minimum value required for a stable hot aluminum-alloy strip rolling process??.
Due to different requirements in friction for different hot metalworking processes, the candidate
attempts to propose a new strategy to design the new solid lubricant additives for hot metalworking
with the main focus on a tunable capability and wide selection of components to freely control the
friction and wear for hot metal forming lubrication. Not only friction reduction, but the new
additives are also aimed for a significant decrease in the wear losses and the oxidation degree of
the steel which are the pivotal requirements for the most high-temperature manufacturing
processes. The candidate believes that the proposed strategy is practically effective in controlling

the friction and wear to adapt to the specific requirements of different metalworking processes.

In this dissertation, the combination of the sol-gel process and Pickering emulsion to make the
novel inorganic-based microcapsule for high-temperature lubrication is proposed. Generally
speaking, this capsule comprises a shell of silica decorated with ceramic/ceramic oxide
nanoparticles (e.g. CaCQOs, ZrO,, TiO2,..) and the core of 2D nanosheets (e.g. h-BN, graphene
oxide,...) entrapped within the water core (Figure 2-33). In this formula, the hybrid shell of silica
and nanoparticles is expected to melt or break at elevated temperatures under the presence of
sodium borate melt and in turn releases other 2D additives during sliding to assemble the novel
tribofilm structure. It is expected that the formation of the sodium borosilicate will occur at the
sliding interfaces. The combination of boron oxide network and silicon dioxide network in the
borosilicate melt can render the weakness in the lubrication of sodium borate and sodium silicate
alone according to section 2.5.2. Wan et al.* also confirm that a combination of borate and silicate
networks can eliminate the drawbacks of poor adhesion and toxicity at high temperatures from

each compound separately.
Silica (SiO,) shell

Water core

Dispersed of 2D
nanosheets in water
core

Ceramic oxide
nanoparticles (e.g. ZrO,,

Figure 2-33. The schematic presenting the structure of the proposed colloidal capsule for this

research.
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To achieve a complete fundamental understanding of tribofilm structure, tribochemical reaction as
well as friction reduction, wear-resistant and oxidation inhibition under extreme pressure and
elevated temperatures in hot rolling, the following tasks listed in Figure 2-34 need to be carried
out. Each of these tasks combined with the updated fundamental understanding about the
lubrication of the melt lubricants in sections 2.5.1 and 2.5.2 is necessary not only to find an
appropriate route for microencapsulation synthesis but also to evaluate the tribofilm formation and
to perform advanced characterization to clarify tribological behavior.

Chapter 4 Chapter 5
Selecting the compositions
then synthesizing the novel

colloidal capsule comprising

three solid lubricant
additives for using with
sodium borate melts.

Investigating the effect of
different nanoparticles
and nanoplates on the

anti-oxidation and
lubrication of sodium
borate melts.

A new sitrategy for
psulation

tem |l(‘|‘il| ure
lubrication.

Investigating anti-
oxidation and lubrication
mechanism of the new
lubricant formulated
from sodium borate melt
and novel colloidal

General
characterizations:
structures,
morphologies, thermal
stability, chemical
compositions.

Chapter 5

Chapter 8

capsules,

Examining anti-
oxidation and high-
temperature lubrication
of the novel colloidal
capsules under sodium
borate melt based

lubricant.

In-situ and in-operando
characterizations:
mechanical deformation,
thermal responsiveness,
borate melt-induced
triggering.

Chapter 6

Chapter 7

Figure 2-34. Schematic presenting the flowchart of the intended works for the proposed study.
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Chapter 3

Experimental methodology and characterization techniques

This chapter describes the experimental apparatus and analytical instruments which are used
throughout the study. In this chapter, a brief overview of working principles and technical

specifications are presented.
3.1. High-temperature friction and wear experiments

High-temperature friction tests are extensively conducted on a Bruker UMT3 tribometer (Figure
3-1) which is capable of operating up to the maximum temperature of 1000°C. The tribometer has
two set-up configurations including ball-on-disc rotation and ball-on-plate reciprocation which can
both be operated at elevated temperatures. In this study, the ball-on-disc rotation is mainly used to
simulate the hot rolling working conditions??* while the ball-on-plate reciprocation is partly used
to evaluate the high-temperature lubrication of the formulated lubricants.?® A two-dimensional
DFH load cell is installed in the carriage which has a minimum force resolution of 10 mN and the
maximum normal load of 200 N. The upper linear stage can provide the accurate positioning of
the pin up to 1 um while the lower rotary spindle/reciprocating motor can operate in the range of
0.1 to 5000 rpm and 0.1 to 60 Hz respectively. In the case of the reciprocating motion, the stroke
length can be modified in the range of 0.1 to 25 mm. During hot friction tests, both normal and
lateral forces are simultaneously recorded by an integrated program (UMT) which can be used
later to obtain the friction coefficient. The hot friction tests are performed according to the designed
scripts which allow a highly precise acquisition of friction force with good repeatability. For the
high-temperature lubrication testing, the lubricant is drop-coated on the disc yielding a lubricant

concentration of 0.83 ml/cm? before the pin and the disc are engaged.
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Figure 3-1. Digital image and simplified schematic of the high-temperature tribometer UMT3.
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The maximum contact pressure is calculated according to the reduced young modulus of the oxide
scales at testing temperature (equation 3-1)?%2, The maximum contact pressure is calculated by the

Hertzian stress theory (equations 3-2 to 3-4)%%;

ET=E2 (1+n(T-25)) (3-1)

3 ,3RF

a= |07 (3-2)

1 13 13

FoE + E (3-3)
3F

maxzig (3'4)

where a is the radius of contact area; R is ball radius (mm); F is applied force (N); E1 and E; are
Young’s modulus of contact bodies (GPa); vi and v, are Poison’s ratio of contact bodies (chosen
as 0.3); ET is Young’s modulus of oxide scale at temperature T (°C); n = -4.7.10-4; and
EJ,=240 GPa. These calculations are conducted based on the mentioned equations throughout this

study to calculate maximum contact pressure unless stated otherwise.

High-temperature testing is carried out in ambient air with 20% relative humidity (recorded at
room temperature) for 10 minutes. Such enough time exposure is applied to ensure the full
development of the tribofilm and to investigate the adherence capability of the melt lubricant in
hot rolling simulation. At the end of a test, both steel counterparts are brought out of the furnace
immediately to minimize further oxidation. The friction tests are conducted in triplicate to ensure

the repeatability of the results.

Ball wear loss volumes are derived from the measurement of the wear scar diameter while the
corresponding groove volume on the wear track of the plate is measured using a ContourGT-K 3D
Optical Microscope. In the disc wear track, the wear profiles at four different positions along the
wear tracks are recorded, and then the data is exported for wear area calculation. The cross-
sectional wear area is calculated by using an integrated function in the Vision64 software to obtain
a mean wear area. The value is then multiplied by the circumference of the wear track to determine
the wear volume. In the case of the ball, the diameter of the wear scar following testing is recorded
and used for calculating the wear loss volume based on equations 3-5 and 3-6 according to ASME

standard for ball-on-disc wear testing??, where d is the wear scar diameter and r is the ball radius:

2
Ball volume loss = (%) * [%-th] (3-5)

h=r- <r2- i—z)z (3-6)
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3.2.  Analytical methodology

This section describes the application of the main advanced characterizing and analytical methods
which have been used throughout this study. Other details about the working parameters and the
specific testing methodologies, procedures, or techniques that are used for a particular purpose will

be mentioned when needed in each following chapter.
3.2.1.  Thermal analysis

In this study, a NETZSCH STA 449F5 unit operating under the nitrogen atmosphere with a flow
rate of 10 ml/min has been used to study the melting, oxidation, and recrystallization due to the
mass change and heat flow that is associated with the chemical processes.??® One standard platinum
crucible is used for the TGA measurement whereas another empty platinum crucible was used as
a reference for the DSC measurement. The temperature range is set from 30 to 1000°C at a heating
rate of 10°C/min.

3.2.2.  X-ray diffraction analysis

X-ray diffraction analysis has been performed in this study by using a GBC MMA Diffractometer
with a Cu Cu-Ka source and a step size of 0.05°. The operating voltage and current of X-ray are
constantly set at 35 kV and 28.6 mA, respectively. The XRD pattern is analyzed by HighScore
Plus and Match! with a database of Powder Diffraction Files (PDF) 4+ 2020.

3.2.3.  X-ray photoelectron spectroscopy (XPS)

XPS is well-recognized as one of the surface-sensitive quantitative spectroscopic techniques which
can provide a wealth of information about the surface chemistry of the material. In this study, XPS
has been conducted by Nexsa Surface Analysis System of ThermoFisher Scientific. The spot size
of 400 um diameter is used for the tested area and the power of the X-ray gun is about 70W by
using Al Ka (hv = 1486.6eV) radiation. A flood gun is used on the samples for charge
compensation during the analysis. For survey spectra, pass energy of 200 eV and step size of 1 eV
are used. For higher energy resolution, narrow scan spectra pass energy of 50 eV with a step size
of 0.1 eV is used. Scan times for each spectrum are about 20-30 times. Prior to XPS scanning, the
surface samples are subjected to ion-gun etching at low voltage to remove the probably adsorbed
air on the surface. All procedures are conducted in analysis ultra-high vacuum chamber which has

the pressure of 2.8x10°1° mbar.
3.2.4.  Fourier-transform infrared spectroscopy (FTIR)

Prior to the measurement, the powders are dried at 70°C overnight to remove the moisture. FT-IR
spectra were then recorded on a Perkin-Elmer Spectrum 100 apparatus in ATR mode from 4000

to 650 cm™, with a resolution of 0.5 cm?, using the KBr pellet technique.
3.2.5. Raman spectroscopy

Raman spectroscopy is the common non-destructive spectroscopic technique that is often used to
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determine the structural fingerprint by which molecules can be identified. In this study, inVia
Renishaw Raman microscope operated at a wavelength of 539 nm with a spot size of 3 um is used
to analyze the powder and bulk samples. Prior to the characterization, the spectrometer calibration
protocol is conducted based on the calibration routine proposed by Bocklitz et al.??® This method
ensures only Raman information of the sample is utilized by a chemometric model and excludes a

contribution from artifacts from small shifts in the excitation wavelength.
3.2.6. 3D interferometer

Non-contact surface topography analysis has been performed by 3D Interferometer Optical
Microscope (ContourGT-K 3D Optical Profiler from Bruker). In this study, the system has been
used to quantitatively measure the volume wear losses of the counterparts after the hot friction
test. Moreover, wear surface characteristics including surface roughness parameters are recorded

and analyzed to understand the tribological behavior of the designed lubricant.
3.2.7.  Scanning electron microscopy (SEM)

SEM is a type of electron microscope that provides a detailed image of the sample by scanning the
sample surface with the focused electron beam which is scanned in a raster scan pattern. In this
study, SEM has been performed by using high-performance JEOL JSM-6490LA which is
equipped with a 30 keV conventional tungsten filament and adjustable operating pressure. The
instrument has a maximum resolution of 3.5 nm at 30 keV which can be switched between the
secondary electron (SE) and backscattered secondary electron (BSE) detectors to suit specific
imaging purposes. Moreover, the 80x80 mm? SSD energy dispersive X-ray detector has been
installed in the instrument which allows a rapid quantitative chemical analysis with high accuracy
of the imaged samples by an integrated Aztec Oxford software suit. Field-emission SEM has also
been performed in this study by the use of FEI Helios Nanolab G3 CX to image the sample down
to nanoscale thanks to the field emission gun which produces a smaller diameter, more coherent,

and greater current density and brightness compared to the traditional filaments.
3.2.8.  Focus ion beam microscopy (FIB)

In this study, FIB is mainly used to prepare high-quality electron-transparent specimens by cross-
sectioning the bulk materials or deposition of the micro-/nano-particles for further analysis with
Transmission Electron Microscope (TEM) or in-situ TEM experiments. The FIB microscope
works on the SEM principle by using an ion beam (commonly Gallium ion) instead of an electron
beam. Since the ions have a much larger mass than electrons, they can sputter away atoms
interacting with the beam which allows the milling of the specimen when high currents are
employed. FEI Helios Nanolab G3 CX, a dual-beam FIB-SEM, has been extensively used to
conduct the FIB routine for both TEM/STEM specimen preparation and in-situ sample

preparations (Figure 3-2).
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Figure 3-2. Digital image and simplified schematic of dual-beam FIB-SEM instrument?%": 228,

3.2.9. Time-of-flight secondary ion mass spectrometry (TOF-SIMS)

High-resolution TOF-SIMS emerges as a powerful analytical methodology for imaging and
recording elements and compounds in the near-surface region of solid materials. In principle, the
surface of the sample is bombarded by a primary ion beam which sputters off material and
produces mostly neutrals species but also positive or negative charged ions (i.e. secondary ions).
These secondary ions are detected and separated by their time-of-flight in the SIMS detector,
which is linearly linked to the square root of the m/z ratio. The current recent development of TOF
detectors which can be coupled to a high-resolution Ga-FIB has shown that it is possible to capture
images and extract chemical data at 10’s of nm spatial resolution in a minimally invasive manner.
In this study, Ga-TOF-SIMS has been used not only to study the surface chemistry of the material

but also to conduct the new in-situ heating experiment.
3.2.10. (Scanning) Transmission Electron Microscope (STEM)

Transmission Electron Microscope has been a paramount technique in material research that
enables material characterization at the nanometer length scale. In this study, extensive works have
been done with the TEM analysis regarding the characterization of the structured micro-/nano-
particles and the thin tribofilm on surfaces. JEOL JEM-2011 and JEOL JEM-ARMZ200F have been
extensively utilized to study the varied ranges of material. While the JEOL JEM-2011 provides
routine TEM characterization of simple materials such as nano-/micro-particles with a capability
to obtain the high-resolution TEM images and selected area diffraction pattern (SADP), JEOL
JEM-ARMZ200F has been usually used to acquire the information at the atomic resolution with the
ability to generate simultaneously High Angle Annular Dark Field (HAADF) and Bright Field
(BF) images. Moreover, JEOL JEM-ARM200F is capable to conduct electron energy loss
spectroscopy (EELS) analysis which is a powerful technique to study bonding, electronic states,
surface plasmons, etc. down to atomic scale by measuring the energy transferred from the main
electron beam to the specimen when the beam passes through the analyzed sample®?. In JEOL
JEM-ARMZ200F, where the cold field emission gun is installed, the resolution of EELS can range
from 0.7 eV down to 9 meV with an aid of the monochromators?®. The superior performance of
JEOL JEM-ARM200F compared to JEOL JEM-2011 comes from the aberration corrector which

can correct either the probe-forming lens for STEM or the imaging-forming lens for the TEM
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mode. In conventional TEM, the resolution of the image is limited by the positive spherical
aberration introduced by round lenses, but, the aberration correctors can negate the spherical
aberration coefficient?®!. Due to such advantages, aberration-corrected STEM (AC-STEM) has
been commonly applied to study the thin tribofilm formation generated on the surfaces after hot

friction test or the interfacial bonding configuration at the nanoscale in this study.

An in-situ TEM compression experiment is conducted on a JEOL JEM-2010 TEM at 200 kV using
a PI 95 TEM Picolndenter holder. The diamond tip is modified by FIB to produce a circular flat-
punch surface of around 3 pm diameter. The load function is set as displacement control with Q-
control mode. The compression tests are performed at a constant displacement rate of 16.67 nm.s
!, and the entire process is recorded by using a digital video recorder built in the microscope. The
applied force and displacement of the punch are recorded simultaneously during the deformation
process. The rupture strength and compressive strain of the microcapsules are obtained from the

Force—Displacement curve.

For the in-situ TEM heating observation, Gatan 652 In-situ Heating Holder in JEOL JEM-
ARMZ200F) is capable to study the structural changes at the submicron-/nano-scale from the
prepared specimens ranging from the nanoparticles to the bulk foils. However, EDS
analysis/mapping cannot be done during heating by this holder due to infrared radiation blinding
the detector. It can only be done after cooling the specimen to room temperature. Due to thermal
drift, high-resolution studies are not also practical with this type of holder. Prior to the experiment,
two microcapsules, which were inter-connected by a weak van der Waals force, were manipulated
and mounted on the molybdenum M-grid. The prepared specimen is placed on the MEMS chip
that was installed in the in-situ heating holder. A heating rate is commonly set at 1°C/s and each

temperature is held for 30 s to record the picture of microstructural transformation.

PI-95 TEM Pico-Indenter Gatan 652 In-situ Heating

Figure 3-3. Digital images of the in-situ facilities used in this study.
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Chapter 4

A study on the tribological performances of nanoparticles under
sodium borate melt lubrication

*This chapter content belongs to a manuscript currently under review by the journal Tribology

International.

Recent work suggests that glass melt lubricants can significantly improve the friction reduction
and wear alleviation as well as oxidation inhibition between the sliding counterparts at elevated
temperatures, however, they have by now reached their performance limits. From the previous
studies, it has been demonstrated that sodium borate delivers desirable lubrication up to 800°C
while sodium silicate starts to perform at 920°C. Considering the potential application for high-
temperature rolling processes which are commonly operated at 900-1000°C,** sodium silicate
comes as a promising base lubricant. However, the lubrication efficiency of sodium silicate
depends strongly on the high concentration of sodium in the melt network which can cause
significant corrosion of the protective oxide scale, thus, leading to an increase in oxidation level.
To further reduce friction and wear while maintaining desirable anti-oxidation performance, it is
necessary to formulate the melt lubricants with several solid lubricant additives that are thermally

stable and can function at elevated temperatures.

Recently, several attempts have been made to incorporate solid nanoparticles into the glass melts
when formulating high-temperature lubricants.* 1 In this chapter, different solid nanoparticles,
including SiO,, TiO,, Al,O3, ZrO,, CaCOs, h-BN nanosheets, and graphite nanoplates (GrNPs),
have been studied as lubricant additives for high-temperature rolling processes at 930°C. Sodium
borate melt has been applied as the melt lubricant due to its outstanding lubrication and anti-
oxidation performances although its performance has been only reported up to 800°C from the
previous studies of Tran et al.?®? Since sodium borate has lesser corrosion attack and is more
environmentally friendly than sodium silicate and sodium phosphate,* the aim of this chapter is to
investigate the lubricity and further improve the lubrication performance and anti-oxidation of

sodium borate at higher temperatures (900-1000°C).

As suggested by previous studies of Tran et al.?®, oxide growth from stainless steel provides a
better foundation for lubricant adsorption than mild-carbon steel, thus, the sodium borate melt
shows superior lubrication performance on stainless steel than mild steel. Moreover, it is believed
that the high-oxidation degree of mild-carbon steel compared to stainless steel can interfere
significantly with the lubricant performance of the melt lubricants, thus, leading to difficulty in
interpreting and investigating the true performance and lubricity of the melt lubricants.4% 233 For
instance, a high-oxidation degree of the mild-carbon steel causes the rapid growth of oxide during
sliding which can not only result in higher surface roughness but also large-grained single-

crystalline oxides on the surfaces.” 23* These processes disturb the formation of the boundary
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tribofilm and destroy the melt network that deteriorates the performances, especially at
significantly high temperatures (900-1000°C). In addition, oxide scale grew on the mild-carbon
steel often shows weak adhesion to the steel substrate compared to the Cr-containing steel (e.g.
stainless steel), thus, delivering poor support to the melt lubricant and the resulted tribofilm. 3% 23
When formulating the melt lubricant with nanoparticles, these occurrences can result in more
complex phenomena which make it difficult to understand the true behavior of the lubricant.
Therefore, the lubrication and anti-oxidation performance of sodium borate formulated with solid
lubricant additives will be performed on stainless steel in this chapter and other following chapters

unless otherwise noticed.
4.1. Experimental details

4.1.1. Materials

Sodium tetraborate (Na;B107.10H,0) (Borax) is chosen as the base lubricant which was purchased
from Sigma-Aldrich. SiO, TiO2, Al,Os, and ZrO; nanoparticles were provided by Shanghai
Xinglu Chemical Technology for this study. Precipitated CaCO3 nanoparticles were purchased
from US Research Nanomaterials. h-BN nanosheets were provided by HWNANO (Hongwu
International Group Ltd). Graphite nanoplates were purchased from Sixth Element Materials
Technology Co. Ltd (Changzhou, China). All materials are used without further purification unless

otherwise noted.

XRD analysis of the given chemicals and nanoparticles is indicated in Figure 4-1 which shows
the representative crystallite diffraction peaks. Accordingly, Figure 4-1a shows the crystalline
diffraction peaks of sodium tetraborate decahydrate with the strong diffraction peaks at 15.55° and
31.58° which correspond to (200) and (132) planes according to the referenced XRD analysis of
JCPDS No. 75-1078. Meanwhile, the crystalline systems of ceramic oxide nanoparticles are
presented in Figure 4-1b-Figure 4-1d. In particular, Al,Os nanoparticles display the significant
presence of a-Al;O3 crystallinity with the typical reflection peaks of (012), (104), (116) at 25.5°,
35.1°, and 57.5° respectively (Figure 4-1b) according to the JCPDS No. 46-1212. Meanwhile,
TiO2 nanoparticles are composed dominantly by the anatase phase which can be identified by the
distinct emergence of the reflection planes of (101) and (200) at 25.0° and 48.0° according to
JCPDS No. 21-1272. ZrO; nanoparticles comprise the phases of t-ZrO, (JCPDS No. 70-1769) as
identified by the peaks at 30.5°, 34.5°, 50.3° and 60.1° corresponding to the (101), (110), (200)
and (211). In addition, m-ZrO; is detected within the ZrO, nanoparticles according to the
representative peaks at 28.4° and 31.6° for (111) reflection (JCPDS No. 37-1484). CaCOs3
nanoparticles show a significant presence of the calcite phases with a strong crystallinity at 29.5°
which corresponds to a reflection plane of (211) according to JCPDS No. 05-586. Different from
other ceramic oxide nanoparticles, SiO, nanoparticles are characterized by the broad hump with
an equivalent Bragg angle at 21.8° which is typical for an amorphous structure (Figure 4-1c). On
the other hand, two-dimensional (2D) nanoplates of h-BN and graphite reveal the most intense and

sharp peak at 26.8° (Figure 4-1d) which corresponds to the (002) diffraction plane of the layered
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structure according to JCPDS No. 75-2078 and JCPDS No. 85-1068.
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Figure 4-1. X-ray diffraction (XRD) analysis of the lubricant and as-received nanoparticles: (a)
sodium tetraborate; (b) ceramic crystallite oxide nanoparticles; (c) ceramic amorphous oxide

nanoparticles; and (d) layered nanoparticles.

To examine the morphology and size distribution of the as-received nanoparticles, a transmission
electron microscope (TEM) is applied to image the nanoparticles as indicated in Figure 4-2. It can
be seen that Al.Os, TiO2, and SiO; nanoparticles show the nearly spheroid morphology which
ranges between the spherical and elliptical shapes (Figure 4-2a, Figure 4-2c, and Figure 4-2d).
The size distribution of these nanoparticles is calculated by counting at least three hundred
particles for each material from the TEM images which shows the range of 20-40 nm for Al;Os,
50-100 nm for SiO, and 15-20 nm for TiO,. Meanwhile, CaCOz and ZrO; nanoparticles reveal
the cuboidal shape (Figure 4-2b and Figure 4-2e) with the size distribution ranging from 50 to
100 nm. Shown in Figure 4-2f and Figure 4-2g are the TEM images of the layered nanoparticles
(h-BN nanoflakes and graphite nanoplates) which exhibit clear lattice fringes from a wrinkled
sheet with crumpling and scrolling presence. Table 4-1 summarizes the physical characteristics of

different nanoparticles in terms of size, crystal systems, and hardness.
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Figure 4-2. TEM images of different nanoparticles used in this study: (a) Al.Os; (b) CaCOs; (c)
SiOy; (d) TiOy; (e) ZrOy; (f) h-BN nanosheets; (g) graphite nanoplates.

Table 4-1. Physical characteristics of nanoparticles.

Materials Size (nm) Morphology Crystal systems Hardness (GPa)
SiO: 100-150 Spherical Amorphous 10.00%%
TiO: 15-20 Spherical Tetragonal 3.50%7
Al03 20-40 Spherical Trigonal 26.20%%8
ZrO; 80-100 Cuboidal Monoclinic 11.77%%
CaCOs3 50-100 Cuboidal Trigonal 5.00240
h-BN ~200 Layered Hexagonal 24.6 (Theoretical)?!
graphite 200-300 Layered Hexagonal 37.4 (Theoretical)?*

4.1.2. Lubricant formulation and tribopairs preparation

The water-based lubricant is formulated by dissolving a certain amount of sodium borate into water
that forms the 0.5 wt.% salt solution. Subsequently, different nanoparticles are added and dispersed
uniformly into the salt solutions by ultrasonication for 30 mins at 40 W. The weight ratio between
nanoparticles and sodium borate is kept at 1:1. To limit the agglomeration effect, a certain amount
of non-ionic surfactant (Tween 80) has been added resulting in 0.5 wt.% concentration. The
selection of non-ionic surfactants is due to their low thermal stability which can be decomposed
into fumes at elevated temperatures and leave no traces on the sliding surfaces. In this case, any
interferences on the tribological performance of the nanoparticles can be minimized. The
formulated lubricants are named NBO for sodium borate, NBO-Al for the addition of Al,O3
nanoparticles, NBO-Ti for the addition of TiO, nanoparticles, NBO-Zr for the addition of ZrO,
nanoparticles, NBO-Si for the addition of SiO, nanoparticles, NBO-Cal for the addition of CaCO3
nanoparticles, NBO-BN for the addition of h-BN nanoplates, and NBO-Gr for the addition of
graphite nanoplates. Figure 4-3 shows the dynamic light scattering measurement of the
nanoparticle dispersions in sodium borate water-based lubricant after ultrasonication and 24h-after
ultrasonication. It can be seen that Tween 80 surfactant provides good dispersion of nanoparticles

within the water-based fluid. Dynamic light scattering (DLS) measurement indicates the good
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agreement between the measured Z-average size distribution from each nanoparticle after
ultrasonication compared to that from Table 4-1 and Figure 4-2. However, the agglomeration
takes place 24h-after ultrasonication (Figure 4-3) for all nanoparticles. Therefore, the lubricants
are immediately subjected to a hot friction test after ultrasonication to minimize the aggregation

effect that can interfere with the tribological performance.
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Figure 4-3. Z-average measurement by dynamic light scattering (DLS) showing the size
distribution of the nanoparticles within the formulated water-based lubricants after ultrasonication

and 24h-after ultrasonication.

In the case of tribotest at elevated temperatures, the stationary contact is chosen as a GCr15
chromium steel ball (6.35 mm diameter, R, = 20 nm), while stainless steel disc (30 mm diameter,
3 mm thickness, and R, = 500 nm) is selected as the moving part. The tribopairs are rinsed with
solvents to remove contaminants before conducting the friction test. The composition of the
tribopairs is displayed in Table 4-2. The formulated lubricants are then uniformly drop-coated on

the steel disc surface as indicated in the experimental methods in Chapter 3.

Table 4-2. Compositions of the steel counterparts.

Materials Composition (wt.%)

C Mn  Si P S Cr Ni Mo Fe
Steel Disc 0.02 171 05 0.03 0.02 16.2 11 2.18  rest
Steel Ball | 0.95-1.05 0.35 0.25 0.025 0.025 1.4-165 - = rest
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4.1.3. High-temperature tribological testing

The friction tests are performed in a Bruker Universal Mechanical Tester (UMT) using the rotation
module equipped in a furnace. The set temperature of the furnace for the friction test was 940°C,
resulting in the actual temperature of the disc being 930°C. This testing module has been verified

by Zhu et al. 22! as suitable to simulate the friction-wear behavior of hot metal rolling conditions.
4.2.  Results and Discussion

4.2.1. Friction and wear behavior of the nanoparticles under sodium borate melt
lubrication at elevated temperatures

Figure 4-4 shows the friction and wear performance of the formulated lubricants comprising
sodium borate and nanoparticles compared to dry and sodium borate friction tests. It can be seen
in Figure 4-4a-Figure 4-4d that the dry friction test produces the highest friction coefficient and
wear losses. An application of sodium borate (NBO) reduces significantly friction coefficient (by
~ 41%) and wear losses (by over 70%) which can be associated with the formation of the
hierarchical tribofilm on the sliding surfaces.*® Intriguingly, the addition of different nanoparticles
results in different friction outcomes. Among the applied nanoparticles, SiO, nanoparticles
improve significantly the lubrication performance of sodium borate (NBO) which reduces the
friction coefficient by two times and wear losses by ~50% (NBO-Si, Figure 4-4a-Figure 4-4d).
It can be seen in Figure 4-4a that the NBO-Si lubricant results in a gradual decrease of friction
coefficient with less fluctuation until reaching the steady-state at below 0.2. In contrast, Al,Os
nanoparticles increase the friction coefficient and wear of NBO by 46% and over 50% respectively
(Figure 4-4b-Figure 4-4d) with a dramatic variation in friction behavior (Figure 4-4a). Compared

to other nanoparticles, NBO-Al shows the worst friction performance.

In the case of other nanoparticles, the addition of TiO2 (NBO-Ti) and ZrO, (NBO-Zr) nanoparticles
substantially decreases the friction coefficient and wear of sodium borate (Figure 4-4a-Figure
4-4d). The tribological improvement of TiO, nanoparticles at elevated temperatures has been well-
recognized from the previous studies,> 8 242.243 however, the tribological enhancement from ZrO,
nanoparticles that outperforms TiO, nanoparticles has been observed in this study for the first time.
In particular, ZrO, nanoparticles decrease the friction coefficient of sodium borate by 18%
compared to 10% from TiO, nanoparticles. Moreover, the ball and disc wear losses from NBO-Zr
reduce by 50% and 23% respectively compared to NBO which are greater than TiO nanoparticles
(NBO-Ti) (Figure 4-4c-Figure 4-4d). Other nanoparticles and nanoplates including CaCO3
(NBO-Cal), h-BN (NBO-BN), and graphite (NBO-Gr) show negligible improvements in the
friction performance of sodium borate (NBO). In particular, CaCO3 nanoparticles (NBO-Cal)
show almost no changes in the friction curve and the mean friction coefficient of sodium borate
(Figure 4-4a-Figure 4-4b), but, the disc and ball wear losses, in this case, increase significantly
by 190% and 55% respectively compared to NBO which are higher than even NBO-Al.

Meanwhile, the nanoplates of h-BN and graphite cause the fluctuation in friction behavior from
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the running-in stage to the steady-state. The addition of h-BN nanoplates (NBO-BN) reduces the
friction coefficient substantially in the first 100s (Figure 4-4a), however, the friction increase
thereafter followed by significant variation after 400s of sliding. This phenomenon indicates the
deterioration of lubricity from the applied lubricant. It has been demonstrated that the
decomposition rate of h-BN nanoplates increases via a decrease in the number of the h-BN layer
at above 800°C.11% 244 At the first 100s, the h-BN nanoplates reduce friction by the interlayer
shearing effect which can exfoliate the nanosheets and reduce the number of layers. Subsequently,
the exfoliated sheets and the reduced-layer h-BN decompose into the B,Os melt at the sliding
surfaces which can interfere with the sodium borate and cause the fluctuation in friction. The
significant fluctuation after 400s of sliding from the friction test of NBO-BN resembles the friction
behavior of the B,O3 melt as observed in the previous study of Tran et al.*®? As a result, the disc
and ball wear losses are moderately higher than NBO under the same testing conditions (Figure
4-4c-Figure 4-4d).
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Figure 4-4. (a) Dynamic friction behavior of dry friction, sodium borate lubrication, and sodium

borate + nanoparticles lubrication tests; (b) Mean friction coefficient; (c) Disc wear loss volume;

and, (d) Ball wear loss volume from different friction tests.

In the case of graphite nanoplates, the NBO-Gr results in a significant variation in the running-in
stage before reaching a steady-state after 150 s. Such behavior is consistent with that observed in
the previous study of Wang et al.?*> when graphite nanoplates were added to sodium metasilicate
melt at elevated temperatures. The significant variation is due to the intense deformation and
material removal from the sliding counterparts which generates the debris particles and surface
delamination at elevated temperatures. However, the graphite nanoplates not only fail to reduce
the friction coefficient but also increase significantly the wear losses (Figure 4-4c-Figure 4-4d).

Since graphite is decomposed at elevated temperatures that leave the unstable carbon product on
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the sliding surfaces,?*® it is believed that these products act as third body abrasive particles that
cause the fluctuation in the running-in stage. Such fluctuation can result in a significant increase
in disc and ball wear losses compared to NBO (Figure 4-4c-Figure 4-4d). A significant increase
in disc and ball wear losses can be attributed to the grinding and polishing effects of these abrasive
particles which increase the contacting surface areas between the counterparts. Although the
increased real contact area may lead to an increase in friction due to an increase in the asperities
contact, it can also reduce the applied pressure. It is believed that fraction of GNPs still retains the
lamellar shape among the unstable carbon products which can prevent the direct asperity contact
between the sliding counterpart.. The reduced applied pressure and the presence of small fraction
of GNPs on the sliding surfaces can be the reason for the slight decrease in the mean friction
coefficient of NBO-Gr compared to NBO (Figure 4-4b).

4.2.2. Wear track observation after hot friction tests under Dry and NBO lubrication

To understand the friction and wear performance of the formulated lubricants, the wear surface
morphologies of the disc and ball are investigated. Shown in Figure 4-5 are the SEM images of
the disc wear morphologies after the hot friction tests of un-lubricated and NBO-lubricated
conditions. The dry friction test produces a severe wear on the disc surface with the presence of
holes, delamination, and smearing which is characteristic of the removal of materials due to
abrasive and adhesive wear (Figure 4-5a-Figure 4-5b). EDS analysis at the worn surface shows
the presence of different metallic elements (Cr, Fe, Mn, and Ni) from the steel with a significant
intensity of oxygen confirming the high oxidation rate (Figure 4-5c¢). Meanwhile, SEM images of
the worn surface after the lubrication test of NBO reveals a smoother pattern with several particles
of the recrystallized sodium borate after cooling to room temperature (Figure 4-5d-Figure 4-5e).
EDS analysis confirms a strong presence of sodium borate elements at the dark gray areas
compared to the brighter areas of the worn surfaces (Figure 4-5f). The dark gray areas have a
significant agglomeration of the sodium borate crystalline particles due to the recrystallization of
the sodium borate melt during the cooling process. In general terms, when the friction test ceased,
the sodium borate melt could flow into the sliding contacts and covered part of the sliding surfaces.
During the cooling process, the sodium borate melt recrystallized and formed the solid particles in
these areas. These crystallite particles have a lower contrast, thus appearing darker, than the

steel/oxide surfaces, thus, resulting in the different areas on the SEM images.
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Figure 4-5. Disc wear track analysis by SEM and EDS from (a)-(c) Dry friction test and (d)-(f)
NBO friction test.

For the ball-worn surface, the dry sliding resulted in a significantly large ball wear scar with the
characteristic of adhesive wear (Figure 4-6a). High magnification observation reveals the
ploughing and smearing patterns with the smooth areas representing the compacted material
transfer which are all characteristic for both abrasive and adhesive wear (Figure 4-6b). EDS
analysis at the wear surface shows the dominant presence of Fe and O which indicates the
formation of iron oxide. An application of NBO lubricant reduces the ball wear scar significantly
(Figure 4-6d), however, the smearing patterns of the abrasive wear still appear across the wear
surface (Figure 4-6e). There are some areas covered by the black particles which can be the
recrystallized sodium borate as demonstrated by EDS analysis (Figure 4-6f). It is similar to the
observation on the disc wear surface since the sodium borate melt in the liquid state could infiltrate
into the sliding interfaces when the friction test stopped and thermodynamically recrystallized

during the cooling process.
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Figure 4-6. Ball wear track analysis by SEM and EDS from (a)-(c) Dry friction test and (d)-(f)
NBO friction test.
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4.2.3. Wear track observation after hot friction tests under NBO lubrication with ceramic

oxide nanoparticles

The effect of different ceramic oxide nanoparticles on the disc wear surface morphologies of NBO
is shown in Figure 4-7. Accordingly, the disc worn surface from NBO-Cal is relatively rough and
the wear track width is broad compared to other formulated lubricants (Figure 4-7a). High
magnification reveals the two distinct patterns including the smooth pad-like areas and the densely
aggregated particle areas (Figure 4-7b). Elemental analysis by EDS at the densely aggregated
particle areas shows the sharp signals of Na and Ca compared to the pad-like areas which may
demonstrate the presence of recrystallized borate lubricant containing both Na and Ca (Figure
4-7c). It is believed that the large calcium oxide clusters exist within the melt that plays as the
third-body abrasive particles. Meanwhile, silica (SiO2) exhibits a superior performance which
results in smooth and uniform wear disc surfaces (Figure 4-7d). There are some small flake
particles on the sliding surface which could be the recrystallized lubricants during the cooling
down process (Figure 4-7e). Apart from such particles, there is no distinct abrasive or adhesive
wear on the disc wear surface lubricated by NBO-Si. EDS analysis on the wear surface reveals a
strong presence of the chemical elements from the lubricants (e.g. Na, Si, and B) on the wear
surfaces indicating the formation of the tribofilm from the synergy between the NBO melt and

SiO; nanoparticles.

On the hands, the disc wear surface after being lubricated by NBO-Al reveals the presence of many
ploughing patterns along the wear track indicating severe abrasive wear (Figure 4-7g). Besides,
high magnification observation reveals several cracks and pits which roughen the surfaces (Figure
4-7h). EDS analysis detects a slight intensity of the Al at the ploughing and grooving lines which
might come from the Al,O3z nanoparticles (Figure 4-7i). The lubrication test with NBO-Ti and
NBO-Zr, on contrary, reveals the formation of smooth wear surfaces, although the disc wear
surface appears granular (Figure 4-7j and Figure 4-7m). High magnification analysis shows the
uniform and smooth surface patterns for NBO-Ti but the NBO-Zr exhibits a simultaneous presence
of granular and flattened areas (Figure 4-7k and Figure 4-7n). From elemental analysis, the wear
surface after being lubricated by NBO-Ti shows the strong presence of Ti apart from the steel
oxide elements (e.g. Fe, Cr, Mn) (Figure 4-71). There was also a slight detection of Na on the worn
surface implying that the tribofilm between the melt, TiO, nanoparticles, and oxide is formed. In
the case of NBO-Zr, the significant intensity of Zr and Na presents at the granular areas while the
flattened areas show strong detection of elements from the stainless steel oxides (Figure 4-70). It
could mean that the tribofilm between the melt lubricant and the ZrO; nanoparticles does not form

fully.
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Figure 4-7. Disc wear track analysis by SEM and EDS from (a)-(c) NBO-Cal; (d)-(f) NBO-Si;
(9)-(i) NBO-AI; (j)-(I) NBO-Ti; and (m)-(0) NBO-Zr friction tests.

For the ball wear scar, a similar trend is observed for the formulated lubricants containing ceramic
oxide nanoparticles. For instance, the lubrication test of NBO-Cal results in the largest ball wear
scar among the ceramic oxide nanoparticles (Figure 4-8a). The wear ball surface is partially
covered by the big lumps (Figure 4-8b) which has a strong intensity signal of sodium and calcium
(Figure 4-8c). Apart from the big lumps, the remaining surfaces are relatively smooth with the
detection of sodium and iron oxide which indicates the tribochemical reactions between the sodium
borate melt and the oxide surfaces. In contrast, the ball lubricated by NBO-Si shows the smallest
wear scar diameter (Figure 4-8d) among other lubricants formulated with ceramic oxide particles.
The ball wear surfaces are homogeneous and smooth with a strong intensity signal of Na and Si

(Figure 4-8e-Figure 4-8f) similar to the disc wear surface.

For the NBO-Al, the wear morphology on the ball shows a similar pattern to the disc with the
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appearance of ploughing and smearing on the transferred material on the ball (Figure 4-8g). There
is the delamination and cracking observed from a high-magnified image (Figure 4-8h) with the
detection of high intensity of Na and Al at the ploughing areas (Figure 4-8i). Meanwhile, the ball
lubricated by NBO-Ti shows the distinct material transfer adhered around the wear scar (Figure
4-8j). Detailed analysis reveals the strong presence of Na and Ti covered the surface (Figure 4-8l).
There is also the presence of several smearing patterns with some agglomerated particles through
the sliding direction (Figure 4-8K). Intriguingly, the ball lubricated by NBO-Zr shows less material
transfer from the disc compared to NBO-Al and NBO-Ti (Figure 4-8m) and the wear surface is
more uniform compared to the disc with the presence of densely smearing streaks (Figure 4-8n).
This indicates the occurrence of mainly abrasive wear compared to the simultaneous occurrence
of abrasive and adhesive wear from NBO-Ti and NBO-AIl. The EDS analysis on the wear surface
shows the weak detection of Zr while Na and Fe were strongly observed. It is quite different from

the observed results of the corresponding disc which will be discussed in the discussion section.
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Figure 4-8. Ball wear track analysis by SEM and EDS from (a)-(c) NBO-Cal; (d)-(f) NBO-Si; (g)-
(i) NBO-AI; (j)-(I) NBO-Ti; and (m)-(0) NBO-Zr friction tests.

4.2.4. Wear track observation after hot friction tests under NBO lubrication with layered
nanoparticles

Figure 4-9 and Figure 4-10 show the wear surface analysis on the disc and ball from the hot
friction test of the lubricant formulated with h-BN nanosheets (NBO-BN) and graphite nanoplates
(NBO-Gr). Compared to ceramic oxide nanoparticles, the nanoflakes of h-BN and graphite
produces a larger disc wear width (Figure 4-9a and Figure 4-9d). While a high magnification
examination of the disc shows the scaly pattern on the smeared wear surfaces for NBO-BN (Figure
4-9b), the disc wear surface after being lubricated by NBO-Gr are granular and inhomogenous

with the presence of various pits and scars on smoothly compacted surfaces (Figure 4-9e). In the
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case of NBO-BN, EDS analysis confirms the scaly pattern has a strong signal intensity of Na and
B and less Fe than the smeared areas (Figure 4-9c). Thus, the scaly pattern may be the solidified
sodium borate melt, however, it is not similar to what is observed from other friction tests with
ceramic oxide nanoparticles. For the EDS analysis of the wear surface from NBO-Gr, a strong
intensity signal of Na is detected while the metallic elements from the oxide are weakly presented
(Figure 4-9f).
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Figure 4-9. Disc wear track analysis by SEM and EDS from (a)-(c) NBO-BN; and (d)-(f) NBO-
Gr friction tests.

For the ball wear surface, the NBO-Gr results in a larger ball wear scar than the NBO-BN, and
both the balls experience significant adhesive wear and material transfer from the disc (Figure
4-10a and Figure 4-10d). The detailed observation of the ball wear morphology from NBO-BN
shows the rough surface with the ploughing and scaly patterns with some delamination (Figure
4-10b). The ploughing and delamination indicate the occurrence of abrasive wear that roughen the
worn surface. The scaly pattern could be the solidified sodium borate melt as demonstrated in
Figure 4-9. EDS analysis in the ploughing and delamination areas shows the presence of metallic
elemental from the oxide compounds with less sodium. It can be seen that the metallic elements
are Cr, Fe, and Ni. Since the Cr and Ni contents in the GCr15 ball are relatively low, they can not
be detected in the oxide scale, thus, proving the material transfer from the disc to the ball.
Meanwhile, NBO-Gr results in a severe ball wear surface with the streak-line pattern of smearing
and ploughing (Figure 4-10e). However, EDS analysis from the ball wear surface shows a strong
presence of Na and C but no detection of metallic compounds. While the Na can come from the
lubricant residue, the high intensity of C indicates a relatively thick carbon coating that covered
the whole wear surface.
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Figure 4-10. Ball wear track analysis by SEM and EDS from (a)-(c) NBO-BN; and (d)-(f) NBO-
Gr friction tests.

4.2.5. Oxidation performance of the coated lubricants on the steel disc surfaces at 930°C

Apart from the tribological performances, the anti-oxidation performances of the formulated
lubricants under static isothermal conditions are important for high-temperature manufacturing
processes. Prior to hot rolling or hot forging of steel, the steel plate is commonly preheated at 850-
1000°C ** in the furnace which can cause serious oxidation and induce material losses through the
formation of the oxide scale. As can be seen, Figure 4-11a shows the formation of the thick (~ 65
um) oxide scale containing dominantly Fe-Cr oxides for the stainless steel after heat-treatment
processes at 930°C for an hour. The application of the sodium borate (NBO) coating significantly
reduces the oxide formation. According to the EDS analysis (Figure 4-11b), there is the Cr-rich
oxide layer beneath the NBO coating while the coating shows the moderate intensity of Fe within
the coating. Since sodium borate can react with iron oxide to form the iron boroferrite at elevated
temperatures, the incorporation of Fe within the coating can be due to such occurrences. Although
sodium borate shows good anti-oxidation at below 800°C™5, this ability deteriorates at above
850°C due to its high reactivity toward the oxide scale that causes the formation of boroferrite and
other sodium-metallic oxides?*. Therefore, it is expected that the NBO coating on the steel in this
study comprises these reaction products after being treated at 930°C. The total oxide formation is,
thus, measured from the Cr-rich oxide to the coating which is around 20 um (Figure 4-11b).
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NBO coafing with Fe

Figure 4-11. Cross-sectional analysis of the (a) non-coated steel and (b) NBO-coated steel after

isothermal oxidation at 930°C.

The addition of ceramic oxide nanoparticles to the sodium borate glass melt can change the melt
physicochemical properties which results in different anti-oxidation behavior. For instance, the
addition of CaCO3; nanoparticles to the NBO (NBO-Cal) reduces the oxide thickness to 17 um
(Figure 4-12a). From EDS analysis, the formation of the Fe-rich oxide layer above the Cr-rich
oxide layer is evident. Meanwhile, the coating above the Fe-rich oxide layer contains a significant
amount of Na and Ca. It can be seen that Ca stayed mainly at the coating/Fe-rich oxide interfaces
while Na is distributed evenly within the coating. Besides, there is less Fe signal intensity within
the coating compared to the case of NBO coating (Figure 4-12a and Figure 4-11b) which
demonstrates the beneficial effect of Ca from the CaCO3 nanoparticles to the oxidation inhibition
of Fe. For NBO-Si lubricant coating, only the formation of a Cr-rich oxide layer (~ 4 um) is found
beneath the melt layer (Figure 4-12b) which contains a slight signal of Fe. The coating, in this
case, is the melt layer containing a uniform distribution of Na and Si with negligible Fe. Among
other lubricants, NBO-Si performs the best anti-oxidation which is due to the reaction between the

sodium borate and SiO- that formed sodium borosilicate.

Meanwhile, the addition of Al,O3; nanoparticles to the sodium borate (NBO-AI) also results in the
melt layer with a uniform distribution of Al and Na (Figure 4-12c). However, the signal intensity
signal is slightly stronger near the oxide layer (~ 8 um) which has a strong signal of Fe and Cr.
There is also significant Fe coming from the floating particles within the melt layer. Compared to
the NBO, the addition of Al,O3; can substantially reduce the oxidation of the steel due to the
incorporation of Al,O3z nanoparticles into the sodium borate melt. On the other hand, there is a thin
oxide layer (~ 7 um) under the coating of NBO-Ti which has a strong signal of Cr and Fe with the
moderate presence of Ti (Figure 4-12d). In the coating, Na is uniformly distributed with no
aggregation at the oxide layer whereas the Ti signal intensity appears locally within the coating.
From the EDS analysis, TiO, nanoparticles can incorporate into the oxide layer to reduce the
oxidation degree. However, the NBO-Zr containing ZrO, nanoparticles show little improvement
in the oxidation inhibition compared to NBO with the oxide layer of ~14 pm (Figure 4-12e). From
the EDS analysis, ZrO, nanoparticles seem to incorporate within the melt layer due to the uniform
distribution of Zr with the coating. The oxide layer in this case is the Cr-rich layer beneath the

coating plus the aggregated Fe-rich particles above the Cr-rich oxide layer.
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Figure 4-12. Cross-sectional analysis of the (a) NBO-Cal-coated steel; (b) NBO-Si-coated steel;
(c) NBO-Al-coated steel; (d) NBO-Ti-coated steel; and (€) NBO-Zr-coated steel after isothermal
oxidation at 930°C.

For the layered nanoparticles, NBO-BN containing h-BN nanosheets shows the formation of the
melt above the oxide layer Figure 4-13a. The oxide layer (~ 14 um) is rich in Fe and Cr and there
is a slight presence of Fe within the melt. Compared to NBO, there is no much improvement in the
oxidation inhibition of the resulted melt. Meanwhile, the addition of graphite nanoplates to the
sodium borate (NBO-Gr) reduces the oxide scale thickness to 8 um although there is also the
incorporation of Fe within the melt (Figure 4-13b). From the EDS mapping, a slight signal of C
is also detected within the melt which may come from the randomly distributed graphite

nanoplates.

Figure 4-13. Cross-sectional analysis of the (a) NBO-BN-coated steel and (b) NBO-Gr-coated

steel after isothermal oxidation at 930°C.
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4.2.6. Proposed anti-oxidation and lubrication mechanisms of different nanoparticles

under sodium borate melt at 930°C

Oxidation of steel at elevated temperatures initially occurs via Wagner’s mechanism whereby the
metallic oxide is formed through the outward diffusion of charged particles from the steel (e.g.
Cr?*, Fe?*, Mn?*, etc.) to the steel/air interface®. The glass-melt coating can act as a protective
barrier which not only reduces the adsorption of oxygen to the steel substrate but also isolates the
oxide/metal surface from the surrounding environments. Sodium borate has previously been
demonstrated as a good melt lubricant that can deliver outstanding anti-oxidation and reduce
friction and wear up to 800°C.1% However, at higher temperatures, sodium borate gradually lost
its anti-oxidation and lubrication abilities due to its vigorous reactions toward oxide compounds.
In particular, sodium in the borate melt is particularly mobile at above 850°C which can react with
the oxide compounds or metallic cations to form the reaction products®*. From XRD analysis
(Figure 4-14, NBO), it can be seen that NaFeO, and Na,CrO4 were detected in addition to the
dominant presence of Cr,O3 and FeCr.O,4 from the oxide scale. Although NBO reduces the oxide
scale thickness by ~69% compared to the non-coated steel, the highly mobile sodium can cause
corrosion to the oxide scale as evidenced by the formation of sodium-containing reaction products.
The sodium corrosion induces the cation vacancies within the protective oxide that loosen this
layer and facilitate infiltration of the sodium to the metallic substrate'®>, When these reactions
reach equilibrium, the metallic cations from the steel combine with the glass network (e.g. B203)
to form other reaction products. The resulted reaction products from this stage can be FesBQg,
4Fe0.Fe;03.B203, and Fe3(BO3)O; (Figure 4-14, NBO) that are intermixed and combined into an
aggregated rigid layer that gradually replaces the liquid melt (Figure 4-11b). These compounds

are known as iron boroferrite which causes wear to the ball counterpart.
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Figure 4-14. XRD analysis of the phases in the non-coated steel and lubricant-coated steel after
isothermal oxidation test at 930°C.

In the case of CaCOs nanoparticles, it is believed that the calcium oxide forms at the sliding
interfaces since CaCOjs starts to decompose at 800°C?*’. The XRD analysis of NBO-Cal coating
shows a distinct detection of CaO after oxidation test at 930°C (Figure 4-14, NBO-Cal). Although
CaO can act as a network modifier in the glass network, it can not incorporate into the sodium
tetraborate melt network since the concentration of sodium (network modifier) in sodium
tetraborate melt is at the eutectic?®. Instead, the CaO phase reacts to iron oxide and chromium
oxide to form the CaCrO4 and CazFe,O3 phases along with the Fe-Cr oxides (Figure 4-14, NBO-
Cal). With CaO, there is no observation of iron boroferrite or sodium-metallic oxide formation
after the oxidation test, thus, indicating the inhibition of the boriding effect on the oxide scale.
From the SEM/EDS analysis of the NBO-Cal coating cross-section (Figure 4-12a), the oxide scale
of Fe and Cr is densely compacted while the Ca-rich layer stays above the scale. This Ca-rich layer
acts as the protective barrier that limits the infiltration of sodium borate melt to the oxide scale,
thus, reducing the reactions between the melt and oxide layer or steel. However, such a Ca-rich
aggregated layer may increase wear and friction (Figure 4-4). The SEM/EDS of the cross-section
from the disc wear track after lubrication by NBO-Cal shows the compacted oxide beneath the
loosely aggregated large Ca-rich particles. This Ca-rich layer has a strong signal of Fe with a
moderate presence of Cr and a weak intensity of sodium (Figure 4-15a). It is believed that sodium
borate cannot provide effective lubrication due to the presence of this Ca-rich layer. Although the
anti-oxidation and tribological performance are not much improved compared to NBO, CaCOs3

nanoparticles can be used to limit the boriding effect and the reactions between sodium and oxide.
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Figure 4-15. Cross-sectional analysis of the disc wear track after being lubricated by: (2) NBO-
Cal; (b) NBO-Si; (c) NBO-AIl>O3; (d) NBO-Ti; and () NBO-Zr. As marked in the images, region

(1) is the steel base; region (11) is the tribofilm, and; region (l11) is the mounting resin.

Among nanoparticles, SiO, nanoparticles perform the best lubrication and anti-oxidation as
determined by friction coefficient, wear losses, and oxide scale thickness (Figure 4-4 and Figure
4-12b). As previously reported®® 7, the lubrication mechanisms of nanoparticles include the
rolling effect, mending effect, protective film formation, and polishing effect. However, these
mechanisms are only applicable in the case that the nanoparticles do not react or are consumed by
the base lubricants. At elevated temperatures, the excellent performance of SiO, nanoparticles is
due to the dissolution reaction between amorphous SiO; particles and sodium borate melt that
results in the formation of sodium borosilicate melt. The formation of sodium borosilicate glass-
melt on the steel is shown by EDS mapping analysis (Figure 4-12b). In addition, XRD analysis
of the NBO-Si coating on steel after oxidation test reveals a prominent appearance of the broad

hump peak which is characteristic for the amorphous glass (Figure 4-14, NBO-Si). Apart from the
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broad hump peak, there is a detection of only Cr-oxide, Fe-Cr oxide, and other spinel oxides of
Cr-Ni and Cr-Mn (Figure 4-14, NBO-Si) with no detection of sodium-containing reaction
products. It can be due to the difference in the structural chemistry of the sodium borosilicate melt
compared to sodium borate. The presence of the silica phase in the borosilicate network can slow
down the ionic mobility of sodium due to an increase in the coordination number with more local
constraints around sodium molecules?*°. Eventually, the formation of iron boroferrite is restricted
and the sodium borosilicate melt acts as an efficient barrier to hinder the scale growth (Figure
4-12b). Apart from excellent anti-oxidation, the sodium borosilicate delivers outstanding friction
and wear reduction which can be related to the formation of the thin glass tribofilm on the surface
as demonstrated in Figure 4-15. During shearing, friction-induced heating can trigger the diffusion
of sodium from the borosilicate melt to the oxide scale in the tribo-pair. EDS line scanning of the
cross-section on the disc wear (Figure 4-15b) reveals an increase in the sodium intensity at the
Cr-rich oxide/glass interface and on top of the glass film. This observation indicates the outward
diffusion of sodium from the glass matrix which has been demonstrated previously?°. Due to the
diffusion of sodium, the borosilicate melt undergoes polymerization to form a densely rigid
tribofilm above the oxide scale that limits the direct contact between the two sliding pairs (Figure
4-15b). The glass tribofilm with soft and easy-shearing characteristics can lower friction and wear
(Figure 4-4)11°,

Similar to SiO, nanoparticles, Al,O3; and ZrO; nanoparticles can incorporate with sodium borate
melt to form the new melt with improved anti-oxidation performance. NBO-AI results in the
formation of the melt with uniform distribution of Al (Figure 4-12c). However, there are some
local areas at the coating/oxide interfaces with a strong intensity of Al which indicates the partial
retention of the Al,Os nanoparticles. It is believed that a fraction of Al,Os; nanoparticles are
dissolved by sodium borate melt to form the sodium aluminoborate since Al.O3 can act as a
network former?t. The incorporation of Al,O3 into the borate network increased the connectivity
of the melt network?? which reduces the oxygen diffusion to the metallic substrate. It thus
improves the anti-oxidation performance. However, the presence of Al.O; causes the
transformation of tetrahedral “IB (BO,) into trigonal BIB (BO3) as a result of a decrease of the
coordination number of O around Na atoms which leads to the separation of Na,O phase?® 254,
Meanwhile, aluminum has a higher net formal charge compared to boron which is difficult to
compensate with the remaining large and single valence Na*?!. Therefore, the sodium
aluminoborate melt can preferably receive other smaller metallic cations with high valence from
steel (e.g. Fe?*, Fe% ...) to compensate for the charge. Simultaneously, the Na,O phase can
combine with these metallic charges to form the reaction product floated within the melt (Figure
4-12c) and these particles can be NaFeO; as evidenced by the XRD analysis (Figure 4-14). Apart
from the sodium-iron oxides, there is the presence of undissolved Al,O3, Fe203, and other reaction
products. Since Al,Os has very high hardness (Table 4-1), it acts as a third-body abrasive particle
which increases friction and wear (Figure 4-4). During subsequent sliding, it is believed that the
Al,O3 particles, Fe O3 particles, and reaction products are locally compacted into the glaze above

the chromium oxide scale which roughens the wear scar and results in the ploughing features
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(Figure 4-7g-h, Figure 4-8g-h). The cross-sectional analysis of the disc wear track after being
lubricated by NBO-AI (Figure 4-15c) proves the statement that shows a strong intensity signal of

Al, Na, and Fe from the tribolayer above the Cr-rich oxide scale.

For ZrO nanoparticles, a similar occurrence is observed with the formation of the melt containing
a uniform distribution of Zr above the oxide scale (Figure 4-12¢). The oxide scale is comprised of
a Cr-rich oxide layer above the steel substrate and an aggregated layer of Fe-rich oxide particles
at the bottom of the melt. It has been demonstrated that ZrO; is dissolved by the sodium-containing
melt with the amount of dissolved ZrO, being proportional to the alkali content?®. The presence
of octahedral ®1Zr (ZrOs) species is dominant within the glass network as evidenced for silicate,
borate, and borosilicate?® 257, Similar to A, the ©1Zr preferably bonds to the BIB rather than (4B
which can cause the shift between B and FIB during dissolution. Since octahedral ©1Zr requires
a small and high valent cation to completely charge balance the 6 bridging oxygen?®, the presence
of alkali (e.g. sodium) in sodium tetraborate is not sufficient that causes the diffusion of metallic
cations (e.g. Fe?* and Fe®" ...) from the steel to the melt (Figure 4-12e). As a result, the nucleation
of Fe-rich oxide particles is observed. However, XRD analysis indicates the presence of a
dominant ZrO, phase from the coating after the oxidation test implying that only a fraction of ZrO,
is dissolved in the sodium borate melt (Figure 4-14). Apart from the ZrO, phase, several phases
of iron oxide, chromium oxide, iron-chromium oxide are also observed. Specifically, the FesBOs
phase is observed indicating the boriding effect. The boriding effect can cause the nucleation of
the iron borate/iron boroferrite from the oxide toward the melt to form the loose layer as observed
in Figure 4-12e.2° The oxide layer, in this case, is 14 pym thick which shows no significant
improvement in anti-oxidation compared to NBO. However, from the analysis, it is also believed
that the sodium cations in the sodium zircoborate are less mobile compared to sodium borate since
all the sodium may be subjected to stabilize and balance the charge of ®1Zr within the melt network.
Therefore, no sodium-metallic oxides are found by XRD analysis, thus, showing less corrosion of
sodium to the oxide scale. For the lubrication performance, NBO-Zr can substantially reduce the
friction and wear compared to NBO. The lubrication mechanism can be closely related to the
mending and rolling action of the remained nanoparticles at the sliding interfaces. The mending
effect can be recognized by a formation of the compacted tribolayer above the steel substrate
containing ZrO2 nanoparticles and oxides (Figure 4-15e). It can be seen that a strong detection of
Zr is observed within the Fe and Cr rich oxide layer. Only a little presence of sodium is detected
above the Zr-rich layer which indicates the low reactivity of sodium in the melt. Meanwhile, the
rolling action can be attributed to the presence of some areas with the aggregation of particles on
the disc wear surface (Figure 4-7n). Since ZrO; nanoparticles have the moderate hardness (Table
4-1) which is harder than oxides (6.7 GPa)?%, it can cause some smearing and micro-ploughing on

the wear surface as evidenced clearly in Figure 4-8n.

On the other hand, NBO-Ti shows a different performance compared to other oxide nanoparticles.
There is no dissolution of the TiO2 nanoparticles to the sodium borate melt (Figure 4-12d) and the
nanoparticles are clumped into the submicron-particles that were distributed locally within the
melt. From the oxidation test, the oxide scale is found only ~7 um below the coating, however,
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there is a significant presence of Fe within the coating (Figure 4-12d). Since TiO; nanoparticles
are not dissolved in the borate melt, it is believed that the oxidation process of the steel under the
NBO-Ti coating is nearly similar to NBO-coated steel. In particular, XRD analysis of the NBO-Ti
coating after oxidation at 930°C shows the presence of TiO» (anatase) and TiO. (rutile) phases with
other iron borates/iron boroferrites (e.g. FesBOs, 4Fe0.Fe;03.B,03, and Fe3(BO3)0,) (Figure
4-14). There is also the existence of iron oxide, chromium oxide, iron-chromium spinel oxide, and
sodium-iron oxide. Apart from the transformation of anatase to rutile which is common at above
600°C?9, almost all the phase formations are similar to NBO coating. However, there is an
additional presence of titanomagnetite (Fe27504Tio.25) which can come from the thin layer of Fe
and Ti above the Cr-rich oxide scale (Figure 4-12d). From the analysis, it can be concluded that
the NBO-Ti shows no improvement in anti-oxidation and sodium-corrosion inhibition compared
to NBO. However, the addition of TiO, nanoparticles can slightly improve the friction and wear
of NBO (Figure 4-4) which can be due to the rolling action and mending effect®. From the cross-
sectional analysis of the disc wear track, the formation of a thick tribolayer (1) above the steel
substrate is observed (Figure 4-15d). EDS line scanning analysis reveals the incorporation of TiO,
nanoparticles within the iron-oxide and sodium-iron oxide layer to form the top layer. However,
such top layer is not compacted and dense which can be evidenced by the detection of sodium near

the iron-chromium oxide layer above the substrate (Figure 4-15d).

For the layered nanoparticles (h-BN and graphite nanoplates), the anti-oxidation and corrosion
inhibition of NBO-BN and NBO-Gr were not much improved compared to NBO. Although the
main oxide layer thicknesses are ~14 um and ~8 um for NBO-BN and NBO-Gr respectively, there
is a significant presence of Fe within the coating. According to XRD analysis (Figure 4-14), these
coatings show the formation of iron borate/iron boroferrite phases (e.g. FesBOg, 4Fe0.Fe203.B20s3,
and Fe;(B03)0,) together with the iron oxide, chromium oxide, iron-chromium spinel oxide, and
sodium-iron oxide. Apart from the oxides which come from the natural oxidation of the steel, other
reaction products between the melt and oxides are due to the high mobility of sodium and the
boriding effect. It should be noted that there is no peak in the XRD analysis that shows the presence
of (0 0 2) plane from the h-BN and graphite crystal structures. The non-existence of this peak
implies that the h-BN and graphite are decomposed and no longer maintained their layered
structure at 930°C. It is consistent with the thermal stability of graphite nanoplates which
decompose from 800 to 900°C to produce the carbon residue?®. Meanwhile, the decrease in size
(to submicron/nanometer) of h-BN nanosheets can lead to lower thermal stability. A previous
study by Zishan et al.* has revealed that fine h-BN nanosheets can undergo oxidation to form
boron oxide when conducting tribological testing at 800°C. It is further supported by Li et al.?*
which shows the oxidation of the h-BN nanosheets starts at 800°C at which an intensity of the G
band, representing the hexagonal layer, starts to decrease. At 850°C, severe oxidation of h-BN
nanosheets to boron oxide is observed. Due to the decomposition of the nanoplates, the tribological

performance is not improved.

A summary of the lubrication and anti-oxidation as well as the possible mechanisms of each
lubricant additive at elevated temperature are shown in Table 4-3.
74|Page



Table 4-3. Summary of the lubrication and anti-oxidation performance of each lubricant and their possible mechanisms.

Lubricant Average COF Wear disc Wear ball Oxide layer Notes on oxidation !\/Iechapism of'nanoparticles
(mm?) (mm3) (pm) in lubrication improvement
No lub 0.46+0.12 1.450 + 0.340 0.273+0.070 ~65.0 - -
Showing boriding effect and
NBO 0.27 £0.01 0.365 £ 0.055 0.023 £ 0.008 ~20.0 corrosion reactions between -
Na and oxides
No boriding effect and no No improvement in friction and
corrosion reactions between wear increment due to the
Na and oxides due to the presence of Ca-rich clumps
NBO-Ca 0.280+0.01 1.062 + 0.155 0.036 + 0.002 ~17.0 . .
presence of a Ca-rich layer from the reaction products of Ca
between the oxide scale and and oxides on the sliding
the melt surfaces.
No boriding effect and no Significant improvement in
corrosion reactions between friction and wear due to the
NBO-Si 0.151 £ 0.02 0.237 £ 0.052 0.010 £ 0.002 ~4.0 Na and oxides due to the formation of sodium
formation of sodium borosilicate melt which has
borosilicate melt excellent lubricity.
No boriding effect but Significant increase in friction
showing the corrosion and wear due to the presence of
NBO-Al | 0395+006 | 0608+0050 | 0.033+0.007 ~80 reactions between Naand | - the remaining hard abrasive
oxides due to the formation of | Al,O3 nanoparticles that were
Na,O phase by the presence of sintered into large clumps at
Al>O3 phase. high temperatures.
Showing boriding effect and
corrosion reactions between Slight improvement in friction
NBO-Ti 0.243 + 0.02 0.349 + 0.074 0.020 + 0.002 ~70 Na and oxides that alter the and wear decrease moderately

melt coating since TiO, cannot
be dissolved by sodium borate
melt or cannot formed the

due to the rolling and mending
effect of nano-size.
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protective layer.

No boriding effect but
showing corrosion reactions
between Na and oxides due to

Moderate improvement in
friction and wear decrease
dramatically due to the rolling

NBO-Zr 0.220£0.02 0.279 £ 0.066 0.011+0.004 ~140 the partial dissolution of ZrO, | and mending effect of nano-size
in sodium borate that reduced as well as the polishing effect
the mobility of Na cations. from the ZrO; phase.
Significant boriding effect and Significant fluctuation in
corrosion reactions between friction and wear increase
NBO-hBN 0.286 + 0.04 0.500 + 0.087 0.024 + 0.003 ~14.0 Na and oxides due to the moderately due to
decomposition of h-BN into decomposition of h-BN into
BzO3. BzOg.
Significant boriding effect and S.lgr_uflcant fluctu.atlon n
. . friction and wear increase
corrosion reactions between dramatically due to the
NBO-GnP 0.251 +0.02 1.125+0.199 0.057 £ 0.010 ~8.0 Na and oxides due to the

decomposition of GnP into
carbon products.

decomposition of GnP into
carbon residues on the sliding
surfaces.
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4.3. Conclusions

A comprehensive study on the effect of nanoparticles and nanoplates on the high-temperature

lubrication and anti-oxidation of sodium borate has been conducted at 930°C. Under testing

conditions, the boriding effect occurred on the oxide scale under the presence of sodium borate

melt that caused undesirable lubrication and anti-oxidation. The addition of nanoparticles can

affect this process and result in different lubrication and anti-oxidation behavior. Several

concluding remarks have been listed below:

>

SiO; nanoparticles deliver the best anti-oxidation and lubrication performance among other
nanoparticles and nanoplates which is due to the dissolution reaction between SiO and sodium
borate to form sodium borosilicate at the sliding interfaces. The boriding effect and the sodium

corrosion under oxidation conditions are also inhibited.

CaCOs nanoparticles show no much improvement in anti-oxidation and lubrication of the
sodium borate melt, however, it can reduce the corrosion attack of the sodium to the oxide
scale and the boriding effect of the iron oxide by the formation of the Ca-rich layer between

the melt and the oxide.

Al;O3 nanoparticles show good anti-oxidation performance due to the formation of sodium
aluminoborate melt at high temperatures. However, the formation of this melt promotes the
separation of Na,O phase which causes the corrosion reaction to the oxides. In addition, the
undissolved Al,Os nanoparticles have a detrimental effect on the lubrication performance due

to their high hardness.

TiO2 nanoparticles can not be dissolved into the sodium borate melt, thus, the oxidation
processes of the steel under sodium borate + TiO, nanoparticles are not much different
compared to sodium borate. The formation of iron boroferrite/iron borate and the sodium
corrosion of oxides are still observed, although the lubrication performance is slightly

improved in terms of wear and friction reduction.

Fraction of ZrO, nanoparticles can be dissolved by sodium borate to form the zirconium-
containing sodium borate melt under isothermal oxidation at 930°C. The resulted melt shows
no much improvement in reducing the oxide scale thickness and the boriding effect of iron
oxide but the corrosion of sodium to the oxide is limited due to the presence of octahedral €1Zr
species within the glass network. The lubrication of sodium borate is moderately improved by

the rolling action and mending effect of the small size ZrO, nanoparticles.

The layered nanoparticles including h-BN nanosheets and graphite nanoplates show no
improvement in the anti-oxidation and lubrication performance of sodium borate which is due

to the decomposition of these materials at elevated temperatures.
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Chapter 5

Synthesis of the hybrid shell structure for the smart microcapsule
from potential additives

*Part of this chapter content has been published in Small, 2020, 16, 2001978,
https://doi.org/10.1002/smll.202001978 and another part is under review by ACS Applied Nano

Materials.

As demonstrated in the previous chapter (Chapter 4), achieving better performances in terms of
friction, wear, and oxidation for the glass melt lubricants requires the addition of solid lubricant
additives (e.g. nanoparticles) which are thermally stable to function at elevated temperatures.
Typically, the formulation of the high-temperature lubricants is often carried out within the water-
based fluid. The nanoparticles will be blended in the water-based lubricant which contains the melt
precursor by the physical mixing approaches. However, such a formulation by this approach shows
a challenge in the uncontrolled competitive and antagonistic interactions between different
functional additives in the base fluid.*s 7 These interactions often reduce the functions of the
additives while producing a large agglomeration and precipitation of the solid lubricant additives
in the water-based fluid. Therefore, an addition of several surfactants and dispersants is often
demanded, which are commonly synthetic organic compounds (potentially harmful to the
environment), to ensure the dispersion stability and prevent the agglomeration of the

nanoparticles.8 1°

To resolve such issues, combining several additives into one formula is a promising approach since
it can not only reduce the usage of surfactants or dispersants but also deliver all the functional
additives to where they are needed?®’. In this chapter, the fabrication of the thermally and
mechanically stable shell for the smart microcapsules was conducted. In particular, the chemistry
underpinning the formation of the hierarchical hybrid shell was investigated systematically.
Additionally, the responsiveness and the thermal robustness of the hybrid shell were evaluated at
elevated temperatures. Pickering emulsion-templated assembly, which is considered a simple and
efficient approach?° 2% was utilized to construct the micro-/nano-hierarchical shell with thermo-
responsive characteristics. In this configuration, the nanoparticles are externally decorated on the
shell wall. The incorporation of nanoparticles on the shell creates the densely packed layer making
up the outer shell that contributes significantly to the enhanced strength, excellent impermeability,

thermal stability, and chemical inertness of the so-called “colloidal capsule”?%% 204,

For potential applications of the microcapsule at elevated temperatures, silica (SiO2) is a promising
shell component because of its excellent thermomechanical stability and low permeability?62 263,
In addition, CaCOs3 nanoparticles, which are commonly used in conjunction with silica in high-
temperature applications?* 255, can be applied as the building blocks for the formation of the
densely packed external shell. Such a combination can bring the thermo-responsive aspect to the

designed colloidal capsule since CaCO3 commonly reacts to SiO, at high temperatures to form the
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calcium silicate compounds with interesting properties?%. Furthermore, from the previous chapters
(Chapter 4), the silica (SiO.) phase shows great improvement in friction and wear reductions and
anti-oxidation of sodium borate melt by the in-situ formation of sodium borosilicate. Meanwhile,
CaCOs nanoparticles can inhibit the boriding effect while preventing the high-temperature
reactions between sodium and oxide layer (Chapter 4). Such performance of CaCOj3nanoparticles
is expected to limit the corrosion of sodium and the formation of iron boroferrite when
incorporated with sodium borosilicate. Therefore, the combination between SiO, and CaCQOs is
expected to deliver the multifunction to sodium borate melt in terms of improving the oxidation-

inhibition, friction-reduction, and wear-alleviation at high temperatures.
5.1. Experimental details

5.1.1. Reagents

Tetraethyl orthosilicate (TEOS) (98%) (CAS [78-10-4]), anhydrous ethanol (100%) (CAS [64-17-
5]), toluene (99.8%) (CAS [108-88-3]), and hexylamine (99%) (CAS [111-26-2]) were purchased
from Sigma-Aldrich. Stearic acid-modified calcium carbonate nanoparticles (98%, 50 nm) were
supplied from US Research Nanomaterials. All reagents were used without further purification

unless otherwise noted.
5.1.2.  Colloidal capsules synthesis

The synthesis process is described in Figure 5-1. In a typical procedure, stearic acid-coated
calcium carbonate is suspended in toluene (10 ml) by ultrasonication for 10 minutes (Bandelin
Ultraschall 1955, 6.5 mm tapered-tip, 100 W output) to ensure the uniform dispersion of
nanoparticles within the continuous phase. To be able to stabilize the water-in-oil (W/O) emulsion
system, the CaCOj3 nanoparticles with the stearic acid-modified surfaces is used since the high
hydrophobicity of the as-obtained nanoparticles makes them preferable to stay at the water-oil
interfaces?®’. Typically, particles with a contact angle in the range of 15°<6<90° can stabilize (oil-
in-water) O/W emulsions, whilst particles with a contact angle in the range of 90°<6<165° can
stabilize W/O emulsions?%. In addition, stearic acid is a common and inexpensive modifier that
shows strong adsorption on the CaCOj surfaces by the formation of the chemisorbed monolayer
followed by the several physisorbed connected with the initial monolayer through a weak interface
link between the hydrocarbon chains in a tail-to-tail arrangement?®’. Subsequently, to form the
water-in-oil emulsion, a certain volume of distilled water is added to the particle dispersion in
toluene under high-shearing emulsification for 3 minutes (Ultra Turrax T-25, 22000 rpm). Next,
0.6 ml hexylamine (yielding the concentration in toluene of 50 mg/ml) is added to the emulsion
under continuous magnetic stirring as the catalytic agent to assist in the formation of the silica
shell at the water-toluene interface?S. The solution is then stirred gently at 300 rpm to facilitate
the deposition of hexylamine at the water-oil interface. After 30 minutes, TEOS is added multiple
times in dropwise fashion to the emulsion over 24 h periods, under constant stirring. Different
synthesis conditions are conducted in this study by varying the CaCO3 nanoparticle concentration
(0.25g, 0.5¢g, 1g), the water-oil-ratio (0.25/10, 0.5/10, 1/10), the total amount of TEOS addition
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(0.5ml, 1ml, 1.5ml), and the reaction duration (12 h, 24 h, 48 h). The resulting microcapsules are
washed by acetone, then ethanol, and finally distilled water, before they are isolated by

centrifugation.

Assembly modified-CaCQ,
nanoparticles as outer shell

Water Hexylamine
= _
|| Emuisification lnierfaci:l 1) TEOS addition
= — P
5 o self-assembly 2) Centrifugation
Modified-CaCO, ‘Water-in-oil 07 L
dispersed in Pickering ¥ ! 3
toluene emulsion { Water core Si0, inner

shell

Figure 5-1. The synthesis process of colloidal capsules by Pickering emulsion-templated assembly

using stearic acid-modified calcium carbonate nanoparticles.
5.1.3. Characterization methods

Light optical microscopy: Light optical microscopy was performed using Novel NMM-800/820
Universal Microscope to characterize the Pickering emulsion droplet formation. Typically, a drop
of W/O Pickering emulsion is placed on a glass slide before placing it on the specimen stage.

Transmitted light was used for droplet observation.

Thermal analysis: The laser flash method (LINSEIS LFA 1000) is used to evaluate the thermal
insulation of the colloidal capsules. Typically, the thermal diffusivity of the mild carbon steel and
capsule-coated mild carbon steel are measured in the 30-550°C temperature range under vacuum
conditions. The mild carbon steel disc used in the measurement has a diameter of 11.2 mm and a
thickness of 1.2 mm. Prior to the measurement, a certain amount of colloidal capsule is coated on
the steel disc. Figure 5-2a shows the initial thickness of the coating was 0.25 £+ 0.05 mm. Since
the thickness of the coating remains approximately the same after heating at 550°C (Figure 5-2b),
the thermal diffusivity is directly fitted by the combined model developed by Dusza et al.?®® All

measurements are repeated at least three times to confirm their reproducibility.
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Figure 5-2. Capsule coating prepared on the mild carbon steel disc for thermal diffusivity
measurement: a) Before thermal diffusivity test; and, b) After the thermal diffusivity test at 550°C.
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5.2. Results and discussion

5.2.1. Characterization of stearic acid-modified CaCOs nanoparticles

TEM-BF (Figure 5-3a) reveals the cuboidal shape with the average size of 50 £ 10 nm of the
stearic acid-modified CaCOj3 nanoparticles. High-resolution TEM is conducted to identify the
crystalline pattern of the as-received nanoparticles which shows the main presence of the (2 1 1)
plane from calcite with the d-spacing of 0.303 nm (Figure 5-3b). The identification of such phase
is in agreement with the results obtained from the X-ray diffraction (XRD) spectrum (Figure 5-3c)
which reveals the presence of several crystalline phases from the precipitated stearic acid-modified
CaCOs nanoparticles. In particular, the modified CaCO; nanoparticles show the main
characteristic planesof (110),(211),(222),(10-1),(210),(200),(220),(332),(20-1)
and (2 1 -1), corresponding to 26 value of 23.2°, 29.5°, 31.5°, 36.1°, 39.3°, 43.2°, 47.5°, 48.4°,
56.5° and 57.3° respectively. These peaks are assigned to the crystalline structure of calcite
(JCPDS No. 05-586), which is a dominant phase in the structure of CaCOs nanoparticles.
According to the chemistry analysis by Fourier-transform infrared spectroscopy (FTIR) (Figure
5-3d), the characteristic absorption band of ion carbonate (CO3%) asymmetric stretching (~1400
cm?) and the calcium stearate (COO™) (1575 cm™) are identified for the modified CaCOs
nanoparticles, which is consistent with previous studies?®” 26°, Besides, the absorption band at 885
cm can be related to the combination of the ion carbonate stretching and the vibration of the C-

C bond from the stearic acid?6”- 269,
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Figure 5-3. (a) Bright-field TEM image showing the CaCO3 nanoparticles morphology; (b) High-
resolution TEM image at high magnifications; (¢) XRD analysis; and (d) FTIR analysis of the

CaCOj3 nanoparticles.
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5.2.2. Stability and droplet size distribution of W/O Pickering emulsion at different

conditions

It has been well known that the amount of nanoparticles as stabilizing agents plays a pivotal role
in determining the mean diameter, size distributions, and stability of the Pickering emulsion2°4 208,
In this study, the size of the emulsion is adjusted by varying the amount of stearic-acid-coated
CaCOs nanoparticles. As shown in Figure 5-4a-Figure 5-4c, the obtained droplets in W/O
Pickering emulsions with varying concentrations of CaCOs nanoparticles exhibit a spherical shape
with no coalescence occurs. The mean diameter and size distribution decrease slightly in response
to the increase in the number of nanoparticles (Figure 5-4a-Figure 5-4c). In particular, the mean
diameter of emulsion droplet increases from 5.15 + 2.68 pm to 7.50 = 2.10 um when the amount
of CaCOs nanoparticles decreases from 1 g to 0.25 g. The size distribution shifts to a smaller size
when the number of nanoparticles increases from 0.25 g to 1 g (inset image in Figure 5-4a-Figure
5-4c) at a constant water-in-oil ratio of 1/10. It can be explained due to the large interfacial areas
of emulsion droplets being adsorbed by a high amount of nanoparticles. The number of particles
adsorbed at the droplet surface forms a densely packed monolayer, thus promoting the stabilization
of the emulsion?™.

Reduced Particle Concentrations

Reduced W/O Ratios

Figure 5-4. Optical observation of Pickering emulsion and droplet size distribution via the
adjustment of the synthesized conditions. Variation of nanoparticles concentration with a W/O
ratio of 1/10: (a) 1 g, (b) 0.5 g, and (c) 0.25 g CaCOs nanoparticles. Variation of W/O ratio with 1
g CaCO3z nanoparticles: (d) 0.5/10, and (e) 0.25/10. (f) Summary of mean size of Pickering
emulsion droplets via the adjustment of the amount of CaCOj3 nanoparticles and water-oil-ratio
(WI/O ratio).

Apart from the effect of nanoparticle concentration, the size distribution and mean diameter of

emulsion droplets are also influenced by the volume fraction of the dispersed phase water or
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termed as W/O ratio, as shown in Figure 5-4a, Figure 5-4d, and Figure 5-4e. It can be observed
that the size of the water droplets rises from 2.21 = 1.51 um to 5.15 + 2.68 um with an increase in
the volume fraction of the dispersed water phase from the W/O ratio of 0.25/10 to 1/10. The
obtained results are consistent with other reports for Pickering emulsion??. As previously
demonstrated, the volume fraction of the droplets is an important factor in determining the close
packing of the nanoparticles at the interfaces®’2. When the volume fraction increases to a certain
critical value with a constant nanoparticle concentration, droplets will coalesce together due to the
close-packed layer of nanoparticles being distorted?”®. The summary of the resulted W/O droplet
size distribution at different nanoparticle concentrations and W/O ratios is presented in Figure
5-4f.

5.2.3.  The chemistry underpinning the formation of CaCOs-decorated SiO2 doubled-shell

colloidal capsules

According to the mean diameter and the light optical analysis of the emulsion droplets (Figure
5-4), the coalescence does not occur and the emulsion droplets keep the original spheroid shape
even at the lowest concentration of nanoparticles (0.25 g) and the highest water-oil-ratio (1/10),
which indicates the excellent stability nature of Pickering emulsion. After the addition of n-
hexylamine and TEOS as the catalyst and shell precursor, the sol-gel reaction takes place at the
interface?'®, generating the inner SiO, shell layer. In this study, the allowed hexylamine
concentration is chosen at the optimum point (50 mg/ml) for the water-in-toluene emulsion system,

which is favorable for both catalytic effect and emulsion stability requirements®™.

The effects of nanoparticle concentrations and water-oil (w/0) ratios on the formation of the
colloidal capsule are shown in Figure 5-5a-Figure 5-5f. The TEOS is added dropwise and kept
constant at 1 ml for all synthesis conditions. As observed in Figure 5-5a, almost no capsule is
formed and only fractured components are obtained when 0.25 g CaCOj3 nanoparticles are used
(1/10 wilo ratio), despite a stable Pickering emulsion has been established (Figure 5-5c). This
behavior is probably due to the generation of ethanol as a side-product of the sol-gel reaction. The
presence of the junctions caused by the bridging effect of ethanol to the dispersed phase induces
an effective inter-aggregate attraction. This junction-induced attraction is strong enough to drive
phase separation between a dense network and a dilute micellar phase?’®, which detaches the
stabilizing nanoparticles out of the interfacial areas (Figure 5-5b). The intact spherical shape of
the colloidal capsule is observed when the amount of the nanoparticles reached 0.5 g (Figure 5-5¢)
and there is a trivial fracture in the case of 1g nanoparticles (Figure 5-5e). The concentration of
nanoparticles has a strong influence on the size distribution of the water droplets in the toluene
continuous phase (Figure 5-4a-Figure 5-4c), which is consistent with a previous study?®. A
further increase in the concentration of CaCO3 nanoparticles can lead to the formation of a three-
dimensional network of nanoparticles surrounding the droplets apart from the number of
nanoparticles attached at the water-oil interfaces?’®, thereby promoting emulsion stabilization. It
can be seen from the SEM observation in Figure 5-5d and f for the densely packed nanoparticles.

The thickness of the external shell varies from 255.4 + 20.8 to 460.2 + 40.1 nm with an increase
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of the CaCO3 nanoparticles concentration in the Pickering emulsion. Such phenomena favorably
prevent the coalescence between the emulsion droplets due to the presence of ethanol and result in
the spheroid colloidal capsule being kept intact. Meanwhile, the silica inner shell thickness shows

no change with varying the CaCO3 nanoparticles concentration.

600

170 - g)
k500
160 I -
E
= 1504 F400 £
E . 2
~ T < 2
= 140 =
= 1 1 l L300 @
- ; =
2 1304 * H
3z F200 =
7 1204 i
@ =
k100
1104
100 . r . 1]
0.25g-1/10 0.5g-1/10 1g-1/10

Figure 5-5. SEM images showing the effect of CaCOs nanoparticle concentration on the formation
of the colloidal capsules: (a)-(b) 0.25 g, (c)-(d) 0.5 g, and (e)-(f) 1 g with a constant water-in-oil
(w/o) ratio of 1/10 and TEOS addition of 1 ml; (g) Summary of the SiO, and densely external

CaCOs nanoparticles shell thickness.

The wio ratio shows an adverse influence on the colloidal capsule formation (Figure 5-6a-Figure
5-6f) with 1 g CaCOs nanoparticles. The intact spherical colloidal capsules are only obtained at
the highest w/o ratio (1/10) (Figure 5-6e) although this condition shows the highest emulsion
droplet size distribution compared with other w/o ratios (Figure 5-4a, d, and €). The w/o ratio of
0.25/10 can lead to the formation of the smaller size capsule although they are agglomerated with
the presence of the tiny nanoparticle clusters and several shell-fractures (Figure 5-6a).
Nevertheless, the formation of well-separated and larger size colloidal capsules appears in the case
of a 0.5/10 w/o ratio (Figure 5-6¢). During the shell formation, the hydrolysis of TEOS results in
the formation of silicic acid that diffused and dissolved into the water core?*®, At high water volume
fraction, the silicic acid stays mainly at the water-oil interface, due to the attraction of the base n-

hexylamine?'®. However, the decrease of water volume fraction leads to a local increase in the
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concentration of silicic acid in the reduced-size water droplet. The collision between these
molecules by Brownian movements results in the nucleation of silica agglomerates and can
potentially disturb the stability of the Pickering emulsion. The silica shell thickness of the different
w/o ratios is presented in Figure 5-6g which is measured from Figure 5-6b, d, and f. It remains
unchanged at ~140 nm which implies a negligible effect of the w/o ratio on the formation of the

silica shell.
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Figure 5-6. SEM images showing the effect of CaCO3 nanoparticle concentration on the formation
of the colloidal capsules: (a)-(b) 0.25 g, (c)-(d) 0.5 g, and (e)-(f) 1 g with a constant water-in-oil
(w/o) ratio of 1/10 and TEOS addition of 1 ml; (g) Summary of the SiO, and densely external

CaCOj3 nanoparticles shell thickness.

As shown in Figure 5-7, the concentration of TEOS plays an indispensable role in the successful
formation of the colloidal capsule. In view of the mechanical properties, the fraction of broken
capsules increases when the silica shell thickness decreases. Low TEOS amounts (0.5 ml, Figure
5-7a) results in significant fractures and only a small number of intact capsules remain. By
increasing the TEOS volume to 1 ml, it results in fewer fractures and less capsule defect (Figure
5-7c). However, excessive TEOS addition (1.5 ml) causes more fractures to the obtained capsules
(Figure 5-7e). The resulted silica shell thickness at different TEOS volumes is presented in Figure
5-7g which is measured from Figure 5-7b, d, and f. The poor particle formation at low TEOS
addition is probably due to the reduced silica shell thickness (98 + 4 nm) (Figure 5-7g), which is

vulnerable to breakage during capsule collection under stirring and centrifugation. Meanwhile, the
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highest amount of the TEOS addition (1.5 ml) leads to more fractures despite the thickest shell
formation (180 = 8 nm, Figure 5-7g) which is due to an increase in ethanol generated during the
sol-gel reaction. Since ethanol acts as a co-solvent, it preferably co-solubilizes water, partially
hydrolyzed TEOS, and non-hydrolyzed TEOS at W/O interfaces. This can cause the formation of
the silica agglomerates and non-uniform shell morphology due to an increasing amount of
solubilized water in the toluene?'®. The results indicate controllability over the shell thickness of

the colloidal capsules by changing the concentration of the TEOS.
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Figure 5-7. SEM images showing the effect of TEOS concentration on the formation of the
colloidal capsule: (a)-(b) 0.5 ml; (c)-(d) 1 ml; (e)-(f) 1.5 ml with 1 g of CaCO3 and a w/o ratio of
1/10; (g) The variation of silica shell thickness under different TEOS additions.

Shown in Figure 5-8a are the colloidal capsules obtained after 12 h of sol—gel reaction. They
appear non-rigid and not fully developed. This indicates that the water droplet is not fully
enveloped by the silica at this stage of the reaction with the shell thickness is around 105 + 6 nm
(Figure 5-8b). In contrast, the colloidal capsules, which are isolated after a longer period (24 h),
show a complete shell formation after drying (Figure 5-8c). The silica shell thickness
measurement (Figure 5-8g), calculated from Figure 5-8b, d, and f, shows a gradual increase to
140 £ 10 nm in this case (Figure 5-8g) which can be related to an increase in TEOS conversion.

However, further increase of the reaction duration to 48 h shows no change in the colloidal capsule
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formation (Figure 5-8e), and the shell thickness (145 + 8 nm) is approximately equal to the results

obtained after 24 h reaction (Figure 5-8g).
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Figure 5-8. SEM images showing the effect of the reaction duration on the formation of the
colloidal capsule: (a)-(b) 12 h; (c)-(d) 24 h; (e)-(f) 48 h with 1 g of CaCOs, 1/10 w/o ratio, and 1

ml TEQOS addition; (g) The silica shell thickness under different reaction durations.

During the shell formation, the silica shell grows from the inside (water phase) to the outside
(toluene phase)?*. As a consequence, the water has to diffuse through the growing shell to
participate in the hydrolyzed reactions of TEOS. Initially, all the reactants are in contact with each
other at the w/o interface and the hydrolysis and condensation of TEOS occur rapidly to form the
thin silica shell. Ethanol, as a side product of such reactions, promotes the diffusion of water from
the water phase through the thin silica shell to the toluene phase due to its co-solubilizing effect?”".
It thus results in the thicker silica shell formation and the complete colloidal capsule formation
over a certain period. When the silica shell reaches a certain thickness, the shell growth rate
decreases with time and stops as the time constant since the diffusion of water and ethanol to the

locus of the reaction increases significantly upon increasing shell thickness.

Based on the obtained results, the optimum condition for the intact formation and defect-free
colloidal capsules is 1 g CaCOj3 nanoparticles, 1/10 w/o ratio, a total addition of 1 ml TEOS, and

the reaction duration of 24 h. From the electron microscopy examination, a mean colloidal capsule
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diameter obtained at such optimum conditions is 7.5 + 1.8 um (Figure 5-9). This is slightly larger
than the water droplets observed in the inverse Pickering emulsion system of the synthesized
conditions (5.15 * 2.68 pm, Figure 5-4a). The slight increase of the colloidal capsule size
compared to the Pickering emulsion droplets under the same conditions can be due to the presence

of n-hexylamine.
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Figure 5-9. Size distribution of the hybrid CaCOs-SiO; colloidal capsules obtained at the optimum

synthesizing conditions.

Hexylamine can affect the wettability of stabilizing particles and in turn the stability of the
Pickering emulsion. The three-phase contact angle () of the stabilizing particles (Figure 5-10) at
the water-oil interface is described mathematically by Young’s equation®® and it represents the
wettability of the stabilizing particles:

cosf= Y—p‘;_ Tow (7-1)

ow

In equation (i), y represents the interfacial tension between oil (o), water (w), and particle (p). The
addition of hexylamine can decrease the interfacial tension between the water and toluene since it
plays a similar role as a surfactant due to its amphiphilic effect?’®>. As the interfacial tension
between water and toluene (y_ ) decreases, the cos 6 in equation (7-1) increases accordingly which
leads to an increase in the three-phase contact angle (6). It may affect negatively the Pickering
emulsion stability at an excessive concentration of n-hexylamine due to the formation of a stable
colloidal CaCOjs in toluene. In that case, the particles prefer to stay in the toluene phase rather than

at the water-oil interface, thus it is not suited to stabilize the Pickering emulsion.
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Figure 5-10. Schematic representation of the stearic acid-modified CaCOs nanoparticles at the

water-oil interface.

5.2.4. Chemistry characterization of the CaCOs-decorated SiO2 doubled-shell colloidal

capsules

The optimized synthesis conditions of Figure 2c are chosen to prepare the intact colloidal capsules
for further evaluation. Fourier-transform infrared spectroscopy (FTIR) reveals the presence of both
SiO; and stearic acid-modified CaCOjs in the colloidal capsule (Figure 5-11a). The FTIR spectrum
shows the characteristic absorption band of carbonate (CO3?") asymmetric stretching at 1400 cm
and the stearate (COO") at 1575 cm™.67:26% The presence of an absorption band at 1085 cm™ for
the Si-O bond stretching in the colloidal capsules, reveals the existence of stoichiometric silicon
dioxide.?’® X-ray diffraction (XRD) spectrum reveals the dominant of calcite phases (COD ID
1010928) in CaCOs3, while silica hollow sphere exhibits the amorphous nature (Figure 5-11b). For
the colloidal capsule, there is the dominant presence of the calcite phases, while the broad hump
of amorphous silica is quite ambiguous (Figure 5-11b). However, apart from the indications of
calcite and silica, there are three new peaks at 20 of 32.6°, 37.7° and 44.1° which may correspond
to (302), (400)and (1 4 2) reflections in the crystalline structure of dicalcium silicate Ca,SiOs
(COD ID 9011376), which suggests the formation of a new compound within the shell (Figure
5-11b).
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Figure 5-11. (a) FT-IR spectra and (b) XRD analysis of stearic acid-modified CaCOs3

nanoparticles, SiO, and as-obtained colloidal capsule.

The obtained colloidal capsules at the optimal conditions are intact with negligible fractures. The
external morphology investigation by SEM shows that these colloidal capsules are spherical with
a rough outer shell surface due to the agglomeration of numerous 50 nm nanoparticles (Figure
Figure 5-12f). TEM analysis in Figure 5-12g reveals the close-packed assembly of the dense
multilayer of nanoparticles on the inner shell with domains that display the main packing of the
cubic shape of Ao lattice to form the outer shell. It is quite different from the common packing at
the w/o interface of cuboidal nanoparticles that favors both hexagonal and cubic packing of Aiand
Ao lattice.?07 27° This is probably due to the number of nanoparticles that favor the multi-stacked
layer on the shell and make it difficult to observe the A1 lattice. The cross-sectional observation in
Figure 5-12c reveals the distinct formation of the two shell layers and the hollow spherical
structure of the hybrid colloidal capsules. It can be seen that the inner surface of the shell is quite
rough Figure 5-12c¢ which was attributed to the presence of numerous CaCOj3 nanoparticles at the
wi/o interfaces that formed the multilayer self-assembly.?®® EDS mapping analysis confirms that

the thin inner shell is silica and the densely packed external shell comprises mainly CaCQOs.
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Figure 5-12. (a) Secondary electron (SE) image of the external morphology of the colloidal
capsule; (b) TEM-BF image showing the hollow interior structure and the packing assembly of the
nanoparticles on the inner shell; (c) SE image of a sectioned colloidal capsule; and (d) EDS

mapping analysis of the elemental distribution within the hybrid shell structure.

To investigate the chemistry between the compounds within the hybrid colloidal capsules, XPS is
utilized to identify the bonding configurations. Prior to the XPS analysis, the capsule powder is
ground into fine grains to ensure there are a fraction of shell fragments with their cross-section
aligned perpendicular to the beam analysis. From the deconvolution of Si 2p, Ca 2p, and C 1s
(Figure 5-13), there are no new peaks or the shifting of the deconvoluted peaks which indicates
that there may be no chemical reactions occurred, and the CaCO3 nanoparticles are physically
adsorbed or attached to the SiO; inner shell. Further analysis of the O 1s spectra is conducted to
examine the bonding formation since the O 1s from the XPS analysis often possess a wealth of
information on the bonding formation between the compounds. The deconvolution of O 1s in
Figure 5-13 suggests the dominant presence of the peak at 531-532 eV, which is due to the Si-O-
Si bond.?! Another peak at 531.9 eV | relates to the CO3*, COO" and the water from moisture
(Figure 5-13).%82 28 However, there is a slight emergence of the peak at 530 eV after the
deconvolution of the O 1s spectrum (Figure 5-13). This peak corresponds to the Ca-O-Si bonding
configuraion?“ which suggests the chemical bonding formation between CaCO3 nanoparticles and
SiO; shell.
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Figure 5-13. XPS survey spectrum of SiO,, CaCO3 nanoparticles, and the hybrid CaCOs-SiO;
colloidal capsules; (d) XPS detail analysis and the deconvolution of these spectra of Si 2p, C 1s,
Ca 2p, and O 1s from the hybrid colloidal capsule.

5.2.5. Thermal analysis of the hybrid CaCOs-decorated SiO2 doubled-shell colloidal
capsules at elevated temperatures

Thermogravimetric Analysis (TGA) and Derivative Thermogravimetry (DTG) analysis of the
capsule are performed under nitrogen atmosphere and the results are shown in Figure 5-14a-
Figure 5-14b as a function of temperature. There is a gradual decrease of the mass in the
temperature range of 100-500°C in the TGA curve (Figure 5-14a). It corresponds to the first two
peaks in the derivative thermogravimetry (TDG) at 209°C and 400-480°C (Figure 5-14b). The
first peak at 209°C in DTG may be due to the complete water evaporation from the core of the
capsules, while the second peak at 400-480°C indicates the decomposition of the stearic acid at the
outer shell. Differential Scanning Calorimetry (DSC) curve (Figure 5-14c) confirms the stearic
acid degradation by the presence of an exothermic hump at 405°C.2% The significant mass changes
are observed from 500°C and 750°C (TGA in Figure 3a). As stated by Gabal et al.?, pure calcite
(CaCO0:s) starts to decompose at 750°C. However, DTG confirms the two significant mass losses
at 566°C and 710°C (Figure 3a). These peaks can probably be due to the decarbonization from
CaCOs nanoparticles although they appeared at much lower temperatures than that of pure calcite

decompositions.

From the previous literature, the appearance of the SiO, phase accelerates the process of CaCO3
decomposition at a lower temperature due to the spacing effect?®” from SiO,. Significantly, the
presence of SiO; in the decomposition process of CaCOj3 can cause the formation of silicate phases

even at temperatures below 1000°C2%, Therefore, the first significant decomposition peak at 566°C
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(Figure 5-14b) is due to the reaction between CaCO3; and SiO,, while another sharp and distinct
peak at 710°C (Figure 5-14b) is related to the decomposition of an excess of CaCO3 nanoparticles.
These reactions occur as suggested by the continuous decrease of the heat flow in DSC until
reaching a dip at 720°C (Figure 5-14c)?%. Following these occurrences, the fusion between the
remaining CaO phase (from the decomposition of excessive CaCOs at 710°C) and the remaining
SiO; phase is also suggested by causing the sharp increase in heat flow which indicates the

emergence of exothermic reactions from 750°C to 900°C (Figure 5-14c).%%

a) 100 om——— b) 0
= 200°C  400°C
£ 1500
90 E 11
< | = 5l
b 80 E” 2 610°C
.%’J ;
704 34
= .
=
B CaCo, =
60 X L 4
B Collvidal Capsule = B CaCoO,
B Collvidal Capsule $23°(C
50 T T T T T T T T -5 T T T T T T T T
100 200 300 400 500 600 700 $00 900 1000 100 200 300 400 500 600 700 800 900 1000
Temperature ("C) Temperature ("C)
) | d)
| 025 @
= ] § ;
-0 a ..
En = e ®
< T,
E -1+ : 0.20 Before Test ",
= '®.
g 2 z B .
~ & ] ‘8.,
: = ]
£ ] £ 0151, - -
= =] L ——
5 4 3 n I S
E 610°C £ (L9 (125 B .!.
50 CaCO, 720°C E& B Capsule-coated Mild Stecel
B Colloidal Capsule =l H Mild Steel T
Py e 0.05 4+ e After Test
100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600
o
Temperature ("C) Temperature ("C)

Figure 5-14. (a) Thermogravimetric Analysis (TGA) of the colloidal capsule, CaCOs3
nanoparticles, and SiO; (b) Derivative Thermogravimetry (DTG) of the colloidal capsule and
CaCOs3 nanoparticles; (c) Differential Scanning Calorimetry (DSC) of the colloidal capsule and
CaCOs; nanoparticles; and (d) Thermal diffusivity measurement of the mild carbon steel and

capsule-coated mild carbon steel.

The formation of several types of calcium silicate can be referred to the equations (5-i), (5-ii), (5-
iii), and (5-iv)?®. Since the decomposition of CaCOs is a highly endothermic reaction, the overall
formation process of calcium silicate compounds from CaCOs and SiO, remains endothermic
(Figure 5-14c, 550-750°C)?%, Another distinct peak of the decomposition in DTG at 710°C
(Figure 5-14b) with the associated endothermic peak at 728°C in DSC (Figure 5-14c) is related
to the decarbonization of the excessive CaCO3; nanoparticles that adhere to the outer shell. The
exothermic peak at 973°C suggests the complete fusion between the formed CaO and the SiO;

shell to form calcium silicate compounds?®°.

CaCO; — Ca0 +CO;  (5-i)
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Ca0 + Si0; — > CaSi0s  (5-ii)
- to - ana
2Ca0 + Si0; — CazSi0s  (5-iii)

3Ca0 + Si0; —— CasSi0s  (5-iv)

To evaluate the insulation effect of the colloidal capsule, thermal diffusivity is measured (Figure
5-14d). From room temperature to 100°C, the thermal diffusivity of capsule-coated mild steel
decreased sharply (0.15-0.1 cm?/s) and is significantly lower than that of mild steel (0.26-0.24
cm?/s) (Figure 5-14d). It can be due to the evaporation of the water core at these temperatures that
results in the hollow interior structure with a significant decrease in thermal conductivity. When
the temperature increases, the thermal diffusivity of mild steel declines dramatically which is
consistent with other reports.?®® Meanwhile, the capsule-coated mild steel shows the opposite trend
of a steady increase but the diffusivity is still significantly lower than the mild steel between 350
and 550°C (Figure 5-14d). Therefore, the colloidal capsules with hollow interior structures after

water evaporation are expected to have an insulative effect.
5.3.  Conclusions

A robust means of synthesizing the hybrid CaCOs-decorated SiO; doubled-shell colloidal capsules
is proposed via Pickering emulsion-templated assembly followed by interfacial sol-gel
microencapsulation process. The aim of this chapter focuses on optimizing the synthesis conditions
and investigating the formation mechanism of the hybrid colloidal capsules. Moreover,
comprehensive characterizations have been conducted to elucidate the chemistry underpinning the
formation processes and to evaluate the thermal robustness of the hybrid microcapsules. Several

concluding remarks are pointed out as follow:

> The concentration of CaCOs nanoparticles, water to oil (w/o) ratio, TEOS addition, and the
reaction duration play a pivotal role in the successful formation of CaCOs-hybridized SiO-

doubled-shell colloidal capsules.
> The concentration of CaCO; and the w/o ratio contribute significantly to the emulsion stability.

> The formation of the mechanically strong doubled-shell, which prevents the colloidal capsules

from premature rupture, depends mainly on the TEOS addition and the reaction duration.

» The presence of the dicalcium silicate (Ca,SiOs) phase within the as-prepared microcapsule
indicates the chemical reactions between CaCO3 nanoparticles and SiO» during the sol-gel
processes. The underlying mechanism of this phase formation and its role will be elucidated in

the next chapter.
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Chapter 6

Thermo-mechanical properties of the hybrid shell structure
elucidated by novel in-situ analytical techniques

*Part of this chapter content has been published in Small, 2020, 16, 2001978,
https://doi.org/10.1002/smll.202001978, and another part published in The Journal of Physical
Chemistry C, 2021 125 (31), 17462-17473, https://doi.org/10.1021/acs.jpcc.1c04680.

The focus of this chapter aims to explore the mechanical and thermo-mechanical behavior of the
well-defined hybrid CaCOs-decorated SiO, doubled-shell colloidal capsules obtained from
Chapter 5.

Firstly, the mechanical properties of the individual hybrid CaCOs-decorated SiO; doubled-shell
colloidal capsules will be characterized in comparison with SiO; single-shell hollow sphere to
evaluate the effect of incorporating nanoparticles on the SiO; shell. In addition, the underlying
mechanism by which nanoparticles modify the inner shell properties will be explored through a
nanoparticles/shell interfacial analysis at the nanoscale. Despite a large number of study reports
on the contribution of nanoparticles to the improved mechanical properties of the colloidal
capsule,?°3 204 the intrinsic interfacial structure between the modified nanoparticle building blocks
and the inner shell has not been investigated in detail. No previous study provides a deep insight
into the bonding formation between the nanoparticles and the inner shell surface to understand
how nanoparticles modify the shell properties during the shell forming process. This information
is significantly important to understand the binding nature of the densely packed nanoparticles
onto the inner shell, which determines the distinct mechanical properties of the whole colloidal

capsule.

To achieve the first goal of studying the intrinsic effect of nanoparticles on the mechanical
properties of the developed colloidal capsule, in-situ mechanical compression on Transmission
Electron Microscope (TEM) and Aberration-Corrected Scanning Transmission Microscope (AC-
STEM) has been combined. In-situ transmission electron microscope (TEM) mechanical
compression has been well-recognized as a high spatial resolution method to determine the
mechanical deformation of the single micro-/nano-particle. Such a technique allows direct internal
observation of the deformation of the sub-micrometer thin shells with quantitative recordings of
nano/micro-mechanical properties®®!. Meanwhile, Aberration Corrected Scanning Transmission
Microscopy (AC-STEM) is a powerful technique for studying the interfacial chemistry between
different phases in the hierarchical nano-/micro-structure with atomic resolution®?. The
combination between these techniques has not been conducted before in studying the hybrid multi-

shell microcapsule systems and it will be implemented in this chapter for the first time.

Secondly, the thermo-mechanical properties of the individual hybrid CaCOs-decorated SiO;
doubled-shell colloidal capsules will also be investigated after annealed the colloidal capsule at

different temperatures. In particular, how the hybrid CaCOs-SiO, doubled-shell adjusts its
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mechanical properties at different temperatures will be elucidated. Moreover, the underlying
mechanism by which the hybrid microcapsule modifies their mechanical properties and their

morphologies via temperature will be demonstrated simultaneously.

It is hypothesized that the migration of the elements between the shell interfaces may result in the
formation of new compounds and the structural transformation that can modify significantly the
shell properties at high temperatures.292 Tracking such elemental movement at a small length scale
(micro-/nano-metre) is significantly important since it enlightens the fundamentals behind the
high-temperature reactions and structural transformations in the hybrid multi-shell microcapsules.
This information can advance the fabrication of unusual nanoscale systems and novel

hybrid/composite solid-state materials for harsh heating conditions.2%% 2%4

Therefore, to achieve the second goal, the author has initially developed a new multi-modal
correlative microscopy that combines focused ion beam and scanning electron microscopy (FIB-
SEM), time-of-flight-secondary ion mass spectrometry (TOF-SIMS), and microelectromechanical
systems (MEMS)-based microheater to directly visualize real-time the solid-state chemical
reactions at submicron-length scale. To the best of our knowledge, such a multi-modal correlative
system has not been reported and utilized before. The main purposes of utilizing TOF-SIMS are
due to their inherent working mechanism that avoids the interference of infrared radiation at
elevated temperatures.?®>2°" Besides, the interaction volume, and the plural scattering effect issues
that affect traditional EDS and energy-filtered electron loss analysis at high voltages in SEM/TEM

are also avoided.2%: 299

Specifically, the thermo-mechanical properties of the individual hybrid colloidal capsule after
annealed at different temperatures will be firstly evaluated by in-situ TEM mechanical
compression. Subsequently, the underlying mechanism of the changes in the mechanical behavior
after annealed at different temperatures will be unraveled by utilizing the proposed methodology.
Other in-situ analytical techniques will also be applied to validate the efficiency and reliability of
the proposed technique to visualize in-operando the solid-state chemical reactions at elevated

temperatures.
6.1. Experimental details

6.1.1. Reagents

Cetyl trimethyl ammonium bromide (CTAB) (100%) (CAS [57-09-0]), octadecane (99 + %) (CAS
[593-45-3]) and ammonia solution (25 wt.%) (CAS [1336-21-6]) were obtained from Chem-

Supply. All reagents were used without further purification unless otherwise noted.
6.1.2.  Preparation of SiOz hollow sphere as a reference

Silica hollow spheres are prepared according to the method developed by Liang et al*® and used
as the reference material. In a typical procedure, 3ml of TEOS + 3 ml of octadecane are placed in

a 100 ml beaker under gentle stirring. Subsequently, CTAB (0.123 g), deionized water (25 ml),
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and anhydrous ethanol (17.7 ml) are added to the beaker in turn. The mixture is then stirred at 700
rpm for 30 minutes before it is homogenized (Ultra Turrax T-25 at a rate of 11000 rpm) for 3
minutes at room temperature. After emulsification, 0.52 ml of aqueous ammonia is added to initiate
the interfacial hydrolysis and poly-condensation reaction of TEOS. The mixture is then stirred at
300 rpm for over 24 h. Finally, the resulting silica hollow sphere is washed with acetone followed
by ethanol. It is then isolated by centrifugation, followed by calcination in air at 600°C for 6 hours

to remove volatile and oxidizable residues.
6.1.3.  Preparation of annealed CaCOs-decorated SiO2 hybrid colloidal capsules

The well-defined and intact colloidal capsules are prepared following the approach in Chapter 5 at
the optimum condition of 1 g CaCOj3 nanoparticles, water/oil ratio of 1:10, the n-hexylamine
concentration of 50 mg/ml, total TEOS volume of 1 ml, and the reaction duration of 24 h. After
washing and drying, the as-prepared colloidal capsules are annealed at different temperatures
including 555°C, 650°C, 720°C, 900°C, and 1000°C for an hour. The annealed capsules are

collected and prepared by FIB for in-situ TEM mechanical compression experiments.
6.1.4. Characterizations

N2 adsorption/desorption experiment: The isotherm, specific surface area, average pore size width,
and average pore volume of the annealed microcapsules are characterized by the N3
adsorption/desorption experiment at temperature 77K using Autosorb (Quantachrome
Instruments). While the specific surface area of the annealed microcapsules is determined by
Brunauer—-Emmett-Teller (BET) equation, the pore properties were obtained by Barrett—Joyner—
Halenda (BJH) method. The measurements are performed on the annealed microcapsules after

degassing the samples in a vacuum at 150°C for 4h.

Structural transformation via temperature: The in-situ heating experiment is performed inside the
SEM chamber (FEI Helios G3 CX) to visualize the structural transformation of the colloidal
capsule in real-time. A single capsule is picked and placed on the microelectromechanical system
(MEMS) chip and the in-situ heating is conducted between 500-1000°C with a heating rate of
5°C/s.

6.1.5. In-situ TEM mechanical compression testing

The setup conditions for in-situ TEM mechanical compression are described in Chapter 3. Prior to
the in-situ experiment, the individual capsule is mounted on a copper grid that has been ion milled
to produce a flat surface. The calibration by air indentation is performed prior to each test to
eliminate the possible errors from the former tests. The compression test is repeated four times
with the approximate size of the particles. According to Yang et al.®* and Sun et al.>®2, the
normalized shell strength, omax, and the compressive strain, &, can be calculated from the load-

displacement curves following the equation (6-1) and (6-2):

Pmax Pmax
Omax = 2 5.2 N (6'1)
niBy -3y Py
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&= o (6-2)

where Pmax represents the peak load and Do, Dj, t, and hy are the outer diameter, inner diameter,

shell thickness, and compressive displacement, respectively.
6.1.6.  In-situ heating TOF-SIMS experiment

Prior to conduct the in-operando heating experiment, the cross-sectional specimen from the single
colloidal capsule is prepared. Typically, the obtained colloidal capsules are deposited on the silicon
wafer and a single capsule is manipulated in the dual-beam FIB-SEM chamber (FEI Helios
NanoLab G3 CX) (Figure 6-1). After lifting and hanging in space, the microcapsule, mounted on
the tungsten tip, is cross-sectioned into the ring under the voltage of 30 keV and the beam current
of 80 pA to limit the material pre-deposition between the two shells. Subsequently, the tungsten
tip is rotated 180° to align the ring parallel to the MEMS-heating chip surface. The ring is then
gently deposited on the chip surface and fixed by platinum welding at the sides. TOF-SIMS post-
analysis of the prepared ring is conducted at the voltage of 16 keV and the beam current of 50 pA
with the horizontal field width (HFW) of 7.5 um.

FIB

A 4

Tungsten tip

180° tip rotation
Cross-sectioning

3 and deposition
Colloidal capsule Cross-sectional shell

i
MEMS chip

Figure 6-1. Cross-sectional specimen preparation in dual FIB-SEM before the in-situ heating TOF-

SIMS experiment.

The in-situ heating TOF-SIMS experiments are subsequently conducted in the dual-beam FIB-
SEM vacuum chamber (FEI Helios NanoLab G3 CX) with the aid of a Thermo Scientific™
pHeater holder. The small MEMS-based chip, as a heater, is installed in the holder before the
experiment which can rapidly heat a sample at a rate of 0.01 to 104°C/sec with temperature settling
to within 1°C. In this study, the chip is heated to 200°C directly before the in-situ heating
experiment coupled with TOF-SIMS analysis. The dynamic heating is conducted from 200 to
1000°C with a heating rate of 1°C/sec. During the heating period, the TOF-SIMS is performed
dynamically under 16 keV voltage and 50 pA current with horizontal field width (HFW) of 7.5
pm that results in the acquisition time for each frame of 9 sec and a flight time was 10 ps. Such
low acquisition time compared with other reported in-situ heating mapping techniques®®® %4 allows
better real-time recording of elemental diffusion. An initial group delay before detection is set to
1500 ns to eliminate ringing artifacts unique to this detector which prevents detection of species
below 5 m/z. The ion optics are optimized for sensitivity which produces the mass resolution for

calcium (Ca) of ~888 in imaging mode which is more than sufficient to achieve isotope mass
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separation. However, an effective dosage from the analysis is impossible to determine due to the
continuous illumination of the Ga ion source and the short pulse duration of the acquisition leading
to a significant disparity in the acquired dosage window and the true illumination dosage. The in-
situ heating TOF-SIMS experiment is immediately stopped when the temperature reached 1000°C.
The results are exported by the TofSimsExplorer software from TOFwerk and they are further

processed by Fiji-ImageJ to produce a video of the elemental movement via temperature.
6.1.7.  In-situ heating XRD experiment

The temperature-induced crystallographic phase changes are investigated using a PANalytical
Empyrean (Malvern Panalytical) X-ray Diffraction (XRD) Goniometer equipped with an Anton
Paar HTK16N heating stage, including a Pt heating strip with a thickness of 0.5 mm. The Pt strip
height alignment is performed while observing an alignment tunnel in the direct X-ray beam. After
alignment, a thin layer of a well-ground sample is placed into the middle of the Pt strip, wetted
with few drops of ethanol for better adhesion and creation of a flat surface profile, and then left to
dry. The measurements are performed in a standard Bragg-Brentanno reflection geometry using
Cu Ka radiation (1 = 1.5406 A) and operating conditions of an accelerating voltage of 45 kV and
a current of 40 mA. All scans are performed in a 260 angle range of 20° to 80°and a speed of 6°/min
in a vacuum. The heating rate during temperature ramps was set to 25°/min. To ensure uniform
temperature distribution in the samples, the measurement program was set to wait for 60 sec at

each target temperature prior to exposing a sample to the XRD beam.
6.1.8. In-situ heating TEM observation

The thermal-induced doubled-shell transformation at elevated temperatures was initially observed
by conducting the heating experiment in the TEM chamber (Gatan 652 In-situ Heating Holder in
JEOL JEM-ARMZ200F). The setup conditions for an in-situ heating experiment in TEM are based

on the description in Chapter 3.
6.2.  Results and Discussion

6.2.1. Formation of CaCOs-decorated SiO:2 colloidal capsules and SiO2 hollow sphere

A sol-gel method combined with a typical cetyl trimethyl ammonium bromide (CTAB) surfactant
is used to prepare the silica hollow spheres as the reference material for the in-situ TEM
experiment. The influence of various synthesis conditions on the formation of silica hollow spheres
has been investigated extensively3%>-307 and will not be discussed here. To reduce the porosity in
the silica shell, the final product is annealed at 600°C. The annealing process not only removes the
core material (octadecane) but also improves the mechanical strength of the silica shell due to a
sintering effect.®® The mean sphere size of the silica hollow sphere is 3.5 + 0.7 pm (inset picture
in Figure 6-2a). After calcination, the spheres have smooth exteriors (Figure 6-2c) and are hollow
in structure (Figure 6-2d). A cross-section examination of the calcined silica hollow sphere shows
the interior surfaces to be much rougher than the exterior with a shell thickness of 310 £ 70 nm

(Figure 6-2¢). The obtained colloidal capsules at the optimal conditions are intact with negligible
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fractures (Figure 6-2b). They are spherical with a rough outer shell surface due to the
agglomeration of many 50 nm nanoparticles (Figure 6-2f). As demonstrated in Chapter 5, the
obtained colloidal capsules have a mean particle diameter of 7.5 + 1.8 um. The total thickness of
the doubled-shell from the colloidal capsule is 460 £ 20 nm, which comprises the silica inner shell
thickness of 166 = 14 nm (Figure 6-2h).

16614 nm

\A/ '. 440+£20 nm

Figure 6-2. (a) SEM images of silica hollow spheres. Inset is the particle size distribution (mean
diameter = 3.5 + 0.7 um); (b) SEM images of the colloidal capsule. Inset is the particle size
distribution (mean diameter = 6.3 + 1.8 um); (c) SEM images showing smooth shell surface of
silica hollow sphere; (d) TEM image showing the hollow structure and shell wall; (¢) SEM image
of a fractured sphere showing rough internal surface from silica hollow sphere; (f) SEM image
showing a rough colloidal capsule surface; (g) TEM image showing the hollow structure, shell

thickness and particle assembly in the shell; and (h) SEM image of a sectioned colloidal capsule.

It is well known that the use of a soft-templating method for the preparation of a silica-based
hollow sphere is considered a simple and efficient approach. Water-in-oil (w/o) and oil-in-water
(o/w) are the most common emulsion systems that have been used for the fabrication of silica
hollow spheres with a wide range of diameters. In both systems, conventional synthetic emulsifiers
are often utilized to stabilize the emulsion systems. In a water-in-oil emulsion, the
hydrolysis/condensation rate of silane precursors can be adjusted by the pH value of the aqueous
dispersed phase and the viscosity of the external oil phase.>®® Meanwhile, in an oil-in-water
emulsion system, the size and shell thickness of the silica hollow sphere can be tuned via ethanol-
to-water ratio and surfactant concentration apart from the pH of the aqueous phase and the amount
of the silane precursor in the oil phase.®!° Comparing to the w/o emulsion system, the synthesis of
silica hollow sphere by o/w emulsion shows better performance as it produces a better scaffold to
support the silica shell due to the relative stability of oil droplets.3** The silica hollow sphere
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obtained from the w/o emulsion shows a severe agglomeration and particle fusion is a complex
issue that often occurs.®” Considering such problems, it is decided to select the o/w approach to
fabricate a silica hollow sphere and control the shell thickness and the size based on the previous

references.

6.2.2.  Mechanical evaluation of the CaCOs-decorated SiO: colloidal capsule compared to

SiOz hollow sphere

To examine the mechanical behaviors of the doubled-shell colloidal capsule compared to the
singled-shell silica hollow sphere, in-situ TEM mechanical compression is utilized. The individual
microcapsule is picked and manipulated in a dual FIB-SEM chamber (Figure 6-3a). Four
individual capsules are mounted on the ion-milled copper holder for each type of tested particle

before the in-situ TEM compression (Figure 6-3b-Figure 6-3c).

10 pm

Figure 6-3. FE-SEM images and the mechanical properties of the prepared silica hollow sphere
and the colloidal capsule picked for in-situ TEM compression. (a) FE-SEM image of the silica

hollow sphere; (b) FE-SEM images of the colloidal capsule.

The representative load-displacement curve of a typical silica hollow sphere (Do = 3.4 pm, t = 360
nm) is shown in Figure 6-4a. In addition, a representative load-displacement curve from the
colloidal capsule (Do = 3.3 um, t = 448 nm) is displayed in Figure 6-4b. The results shown in
Figure 6-4a-Figure 6-4b can be considered representative of the batch for each investigated
material. They are either true for certain particles, or statistically significant averages for the
investigated particles. The tested individuals respond similarly to external forces with the load
increases linearly with displacement until the peak value when the particles are fractured.
However, there is a significant difference in the compressive behavior of the silica hollow sphere,
the non-heat treated and heat treated colloidal capsule, which is related mainly to the structural

characteristics of the shell.

The silica hollow sphere experiences an elastic deformation during a displacement of 150 nm

(Stage 1) followed by an elastic-plastic deformation (Stage 1*) in the next 220 nm (Figure 6-4a).
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The rupture of the silica hollow sphere is determined when a crack on the shell appeared at the
peak load of 550 uN (Figure 6-4a), but the whole particle does not collapse completely. Coupled
with the load-displacement curve and TEM images, the compressive behavior indicates a partial

ductility of the silica hollow sphere.3!2 313

In contrast, the doubled-shell of non-heat treated colloidal capsule deforms elastically in the first
280 nm (Stage 1), before it experiences an elastic-plastic deformation (Stage 1*) of 180 nm (Figure
6-4b). The longer elastic deformation of the colloidal capsule indicates higher stiffness and
brittleness behaviors compared with the silica hollow sphere.3'® Surprisingly, the colloidal capsule
demonstrated a complete breakage of the shell structure at the peak load of 675 uN rather than the
appearance of the crack (Figure 6-4b). Compared to silica amorphous particles, the calcite particle
is stiffer and more brittle (Figure 6-4c). It has been demonstrated that under high stresses,
amorphous silica with a glassy structure can deform plastically and results in a ductile behavior
that mediates the rotation and migration of atomic clusters.3* Therefore, the brittle and high
stiffness of CaCOs3 nanoparticles packed as the outer shell (calcite, Figure 6-4c) could be the main
reason that affects the shell properties of the whole colloidal capsule, which is different from the
single hollow silica sphere.
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Figure 6-4. Representative load-displacement curves of: (a) a single silica hollow sphere; (b) non-
heat treated colloidal capsule; (c) different crystalline polymorphs of calcium carbonate® and
silica amorphous®® particles. The inset pictures are the TEM image showing the dynamic change

of the tested particle during the compression. The scale bar is 1 pm.

The calculated normalized strength (omax) and compressive strain (&) for the tested individuals are
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shown in Figure 6-5a-Figure 6-5f, which shows the distribution of the rupture properties for silica
hollow sphere and the colloidal capsule. Four particles for each material are subjected to
mechanical compression, and the results show a variation in the normalized strength and the
compressive strain for a narrow range, 3-4 um, of the particle’s diameter (Figure 6-5a-Figure
6-5d). Since it is difficult to collect the particles with the exact size and geometry for each tested
material, the averages of normalized strength and compressive strain for silica hollow sphere and
the colloidal capsule are displayed in Figure 6-5e-Figure 6-5f. These results are representative of

the particles with a diameter in the range of 3-4 um and are necessarily tentative.
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tested particle’s diameter (3-4 um) of: (a)-(b) the doubled-shell colloidal capsule; (c)-(d) silica
hollow sphere. Distribution of the normalized strength (e) and compressive strain (f) of the
doubled-shell colloidal capsule and silica hollow sphere. The averages of the rupture properties
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As can be seen, the statistical significant averages of the normalized strength and compressive
strain from the annealed silica hollow sphere are 161.32 + 19.33 MPa and 0.10 + 0.04 respectively
(Figure 6-5e). Meanwhile, the colloidal capsule in this study shows the strength of 172.09 + 36.56
MPa and the compressive strain is in the range of & = 0.13 £ 0.06 (Figure 6-5f). It is originally
predicted that the mechanical strength of the obtained colloidal capsule (Do = 3.3 pm, tiotal = 448

nm with tsioz = 170 nm) should be weaker than that of the annealed silica hollow sphere at the
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same diameter (Do = 3.4 um, t = 360 nm) due to the much thinner internal silica shell. In the case
of simply physical absorption, the CaCOj3 nanoparticles will not act as a building block and modify
the nature of the SiO; shell. However, the shell strength of the silica hollow sphere (161.32 +19.33
MPa) is slightly lower than the obtained colloidal capsule (172.09 + 36.56 MPa) (Figure 6-5e-
Figure 6-5f), and their compressive behaviors are significantly different. These observations
demonstrate the distinct mechanical modification of the SiO; shell by the CaCO3 nanoparticles.
The chemical interaction between them may modify the physicochemical nature of the silica inner

shell, and it will be discussed in the next section.
6.2.3. Intrinsic effect of CaCOzs nanoparticles in the mechanical behavior of the SiO:2 shell

To gain an insight into the effect of CaCO3 nanoparticles on the SiO; shell, the interfacial structure
between these materials is examined by using Scanning Transmission Electron Microscope
(STEM). A non-annealed single colloidal capsule is sectioned by ion milling using Focus-ion-

beam (FIB) milling (Figure 6-6), and the thin ring specimen is then examined by STEM.

Figure 6-6. Preparation of the thin ring from the picked colloidal capsule for STEM observation.

High-Angle Annular Dark-Field (HAADF) imaging in Figure 5a shows the wall of the sectioned
ring. The carbonate phase with a high mean atomic number appears brighter than the silica in this
imaging mode (Figure 6-7a). STEM-Electron Dispersive X-ray Spectroscopy (EDX) mapping
(Figure 6-7b, Si K) reveals a dense internal silica shell and a thin skin of silica coating embedded
with carbonate nanoparticles in the external shell. It is believed that this skin plays an important
role in connecting all the nanoparticles and results in an enhanced aggregation on the outer shell.
In addition, many of the carbonate nanoparticles are embedded in the silica shell which may
support the bonding between the external and the internal shells (Figure 6-7a). Selected Area
Electron Diffraction Patterns (SADPs) are obtained from the silica inner layer and the
nanoparticles to verify the formation of the dicalcium silicate phase from Figure 5-11b. However,
the spacings due to dicalcium silicate are not detected. It can be seen from Figure 6-7c-Figure
6-7d that only the presence of single-crystalline from calcite in the nanoparticles and the diffused
ring of the amorphous structure from the silica shell are observed. XRD suggests that some

compound formation has occurred in the shell (Figure 5-11b), and the mechanical behavior
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(Figure 6-4a-Figure 6-4b) proves that such interactions modify the shell properties.

To find the underlying mechanism, the interfacial structure between the silica layer and the CaCO3
nanoparticles (marked in Figure 6-7a) is examined by Aberration Corrected-STEM (AC-STEM).
AC-STEM Bright Field (BF) image at the boundary area (Figure 6-7¢) shows an indistinct
boundary between the amorphous and crystalline phases. A diffraction contrast in Figure 6-7e
illustrates the presence of different fringes at the interface compared to that at the crystalline
particles. Apart from the presence of CaCOs (1 1 0) d-spacing = 0.37 nm in the crystalline regions,
there is a small existence of Ca;SiOs (4 0 0) d-spacing = 0.23 nm adjacent to the boundary areas.
The corresponding HAADF image (Figure 6-7f) reveals the existence of a low atomic layer (~ 1

nm), which is identified as a stearic acid layer at the boundary regions.

Electron Energy Loss Spectroscopy (EELS) line scanning is subsequently conducted, as marked
in Figure 6-7f, to inspect the elemental distribution and bonding formation across the three
different phases. The EELS spectrum in Figure 6-7¢ is extracted from different areas including:
CaCOs; nanoparticles (3), interfacial area (2), and SiO2 shell (1). CaCO3 nanoparticles (3) present
the distinct peaks of C-K, Ca-L, and O-K edges from calcite®'” (Figure 6-7g), with no distinct
peak shifting for the new phase formation. In addition, the EELS spectrum in silica shell (1) shows
no existence of calcium and carbon elements (C-K and Ca-L edges, Figure 6-7g), and the distinct
peaks from silica®® (Si-L and O-K edges, Figure 6-7g) suggests no new phase formed in this layer.
However, it is interesting to note that there is a presence of a small calcium element at the interface
(Figure 6-7g, Ca-L edge of (2)), and an increase of carbon signal to produce a broad hump edge
of amorphous carbon has been detected at this region (Figure 6-7g, C-K edge of (2)). The existence
of calcium in this organic layer confirms the formation of calcium stearate, which has been
demonstrated by FTIR (Figure 5-11a). However, a lack of the functional groups of C-O and C=0
from calcium stearate in the EELS C-K edge (Figure 6-7g) can be due to the large hydrocarbon
backbone of stearic acid molecules. There is only one carbon in the chain of eighteen that
represents the carboxylate group in the molecular structure. Thus, the carbon signal only shows
the strong signal of an amorphous structure, which represents the domination of seventeen
hydrocarbon backbones. Apart from the existence of calcium at the interface (2), the Si-L edge at
this area also reveals the presence of an additional peak at 102 eV comparing to the SiO; shell (1)
(Si-L edge, Figure 6-7g). This peak represents the formation of [0=Si0,]>Ca?*, which suggests
the formation of the chemical bonding at the interfacial areas®®, and this is consistent with the
XPS results (Figure 5-13).
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Figure 6-7 (a) STEM-HAADF image of the thinned ring; (b) EDS mapping images of elemental
distribution; (c) SADP of the nanoparticles; (d) SADP of the silica shell; (e) the inner shell BF
imaging of the interfacial structure at very high magnification marked in (a); (f) Corresponding
HAADF imaging of the interfacial structure from (e); (g) EELS analysis of Si-L, C-K, Ca-L, and

O-K edges from the silica inner shell to the nanoparticles marked in (f).

Based on the obtained results, the formation of such dicalcium silicate phase and the chemical
bonding at the interfacial areas can be due to the chemical reaction between the reactive calcium
stearate (COOCa™) in the stearic acid layer and the silicic acid (Si(OH)4) hydrolyzed from TEOS.
The chemical bonding between the embedded carbonate nanoparticles and the silica shell at the
interfacial areas proves that these nanoparticles are firmly anchored to the inner shell. Such
interfacial structure not only binds the SiO, amorphous shell and CaCO3 nanoparticles together
but also secures the aggregation of a vast number of nanoparticles to form the outer shell.
Consequently, it results in distinct compressive behavior and the enhanced strength of the colloidal
capsule compared to the silica hollow sphere. In addition, this interfacial structure can also explain
the significant mass loss of the colloidal capsule at 566°C (DTG in Error! Reference source not
found.b), being significantly lower than that of pure calcite (CaCQOs3) (750°C).2% The presence of
a thin silica layer enveloping CaCOs; nanoparticles on the outer shell and the chemical bonding
formation between these two phases can accelerate the process of CaCO3z decomposition by the

formation of silicate phases even at a temperature below 1000°C.287. 288

6.2.4. Mechanical evaluation of the CaCOzs-decorated SiO: colloidal capsule with different

diameters

For comparison, the compression experiment is performed with different sizes of the colloidal
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capsules to investigate the effect of size on the mechanical responses. Figure 6-8a shows the
representative load-displacement curve of the 7.5 um colloidal capsule under the same testing
conditions as the smaller ones (3.3 um) in Figure 6-4b. For the tested individual, it can be seen
that the load rises linearly with displacement until a peak value at which point the particles
ruptured. Under compression of the capsule with a 7.5 pm diameter (Figure 6-8a), the densely
packed external shell experiences a small elastic deformation of 300 nm (Stage I’) before the whole
doubled-shell elastically deforms in the next 600 nm (Stage I). A short elastic-plastic deformation
of 200 nm (Stage I*) occurred, and a peak load of 475 pN is reached before the rupture of the
capsules (Figure 6-8a). The inset TEM images in Figure 6-8a show the characteristic appearance
of a brittle fracture in the inner shell. Similar to 3.3 pm colloidal capsule (Figure 6-4b), the 7.5
um particle shows a brittle response during the mechanical compression (Figure 6-8a). However,
the shape of the load-displacement curve in the case of a 7.5 um tested colloidal capsule indicates
a lower stiffness for the larger capsule compared with the smaller one (Figure 6-4b and Figure
6-8a).

Quantitative changes in mechanical properties related to the size of microcapsules are shown in
Figure 6-8b. which depicts the calculated compressive strength and strain of the colloidal capsules
with different diameters. According to Figure 6-8b the compressive strength rises sharply from
88.8 £ 7.9 t0 260.4 £ 14.4 MPa when the capsule’s diameter reduced from 5.5 to 2.2 um, but the
compressive strain decreased dramatically from 0.16 + 0.04 down to 0.09 + 0.03. It is worth noting
that the compressive strain remains similar for all the tested capsules with a size above 5.5 pm,
despite a slight increase of normalized strength when the particle size is reduced from 10.2 ym to
5.5 um. This size effect on the strength of microcapsules is similar to that described in the literature
reported previously.320-322
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Figure 6-8. (a) Load-displacement curve of the mechanical compression of the representative 7.5
um individual colloidal capsule; (b) Normalized strength and compressive strain of the colloidal

capsule via diameter.

Such differences in the mechanical behavior between the large and small colloidal capsules can be
explained by observing the structure and the mechanical deformation of the thin rings prepared

from the colloidal capsules with different sizes (Figure 6-9). Two colloidal capsules with different
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diameters (~7 um and ~3 um) are picked and mounted on the copper grid before being cross-
sectioned into the thin specimens by a Ga ion beam. To preserve the characteristics of the doubled-
shell, the thinning process is conducted at a low voltage of 16 keV and a current of 80 pA to avoid
the deposition of the materials from the two shells to each other. As can be seen, the observation
of two shells is distinct in the case of the larger ring (Figure 6-9a), while the smaller ring shows
an ambiguous boundary between the external and internal shells (Figure 6-9b). In addition, the
external shell of the small capsule is denser and appears more rigid than the large capsule (Figure
6-9a-Figure 6-9b). During the mechanical compression, the small ring exhibits the direct
deformation of the doubled-shell in Stage 1 (Figure 6-9b), whereas the large ring reveals the small
displacement of the external shell (Stage 1, Figure 6-9a). The large ring appears ductile and
flexible in the second stage and the presence of a breakage in the inner shell is observed in Stage
3, Figure 6-9a). In contrast, the small ring reveals high rigidity and non-flexible performance
during the deformation in Stage 2 (Figure 6-9b). The presence of tearing is observed before the
total breakage of the whole ring (Figure 6-9b). Comparing the results, it can be seen that the
double-shell from the small capsule behaves as a single composite shell rather than the separated
hybrid-shell from the large capsule (Figure 6-9c¢). It can be the underlying reason for the changes

in the shell strength and strain of the colloidal capsules with different diameters.

Breaking

Large Capsule
Shell

Silica
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Figure 6-9 Mechanical deformations of the thin-rings prepared from the large (a) and small (b)
colloidal capsules; (c) Schematic representing the possible mechanisms of different mechanical

behavior from the large and small colloidal capsules.
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6.2.5. Mechanical evaluation of the CaCOs-decorated SiO: colloidal capsule after

annealed at elevated temperatures

The thermal robustness of the obtained colloidal capsules has been demonstrated by in-situ SEM
heating observation. At elevated temperatures, the colloidal capsule changes its morphology
significantly and probably shrinks into a smaller sphere (Figure 6-10). According to Figure 6-10,
the colloidal capsules exhibit superior thermal stability up to 1000°C with no distinct damages.
The external shell of the colloidal capsules transforms from a granular feature to a rambutan-like
structure when the temperature is increased from room temperature to 1000°C (Figure 6-10). From
500-700°C, the colloidal capsules start to shrink from 5.75 um to 5.25 um. The surface morphology
of the colloidal capsules changes with the appearance of the pliable spines. The formation of the
pliable spines can be due to the sintering and agglomeration of the resulted CaO phase from the
decomposition of CaCOs3 nanoparticles in the external shell. These spines become larger and the
distinct shrinkage of the whole colloidal capsule structure is observed at 900°C that produced 4.5
um rambutan-like colloidal capsule at 1000°C. Since the nanoparticles at the outer shell are
anchored on the silica shell > the shrinkage of the colloidal capsule system can be explained by
the classical thermodynamics proposed by Bogdan et al. for immobilized nanoparticles that are
evenly distributed on the shell.®?* During an increase of temperature, the internal forces, led by a
significant diffusion of the CaO phase to the SiO, shell, results in a shrinkage of the colloidal
capsule to ensure a minimum energy configuration. It thus results in a smaller microcapsule.
Moreover, this behavior may be closely associated with the liquid sintering effect at significantly

high temperatures that plays an important role in the reduction of the shell thickness and the

shrinkage of the capsules.3%®

900°C

Figure 6-10 In-situ observation of the capsule’s shell morphology transformation at elevated

temperatures.

Apart from the changes in morphology and diameter, a significant change of the mechanical
properties is observed for the colloidal capsule after annealed at elevated temperatures which are
significantly different from the reported results of the silica hollow sphere. Zhang et al.3% did the
AFM mechanical testing in the non-annealed and annealed silica hollow sphere and they show an
increase in the compressive strength and stiffness for the annealed silica hollow sphere, albeit with
a significant decrease in the ductility. In the present study, according to the TEM observation, the
distinct switch from highly stiff and brittle (non-annealed microcapsule) (Figure 6-4b) to lowly

stiff and ductile characteristics (1000°C-annealed microcapsule) (Figure 6-11a) is evident. The
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sample annealed at 1000°C experiences two stages of elastic deformation as shown in the load-
displacement curve (Figure 6-11b). The first one can be related to artifacts caused by the take-up
of slack, and alignment or seating of the specimen, while the latter, with the pop-in occurrence, is
attributed to the elastic deformation of the total capsule shell structure before the plastic
deformation ensues (Figure 6-11b). The pop-in phenomenon at the second stage of elastic
deformation can probably be due to the sudden breakage of the small pliable spines on the shell
after annealed at 1000°C. The normalized compressive strength (emax) and strain (gr) can be
calculated based on the obtained load-displacement curve and the microcapsule geometry
(diameter (Dparicie)) and total shell thickness (t)) of the investigated colloidal capsules.®?®
According to Figure 6-11c, a slight drop from 201.5 + 45.7 to 154.1 + 11.6 MPa in the compressive
strength is observed from non-annealed to 720°C annealed-microcapsules, while the compressive
strain of these tested particles is similar. The compressive strength starts to increase significantly
at 900°C, and it reaches a maximum of 278.9 + 48.3 MPa for the particles annealed at 1000°C
(Figure 6-11c) despite the thinner single-shell (210 £ 20 nm) formed at 1000°C (Figure 6-11a)
compared with a thicker doubled-shell (440 £ 20 nm) of the non-annealed microcapsule (Figure
6-2h). In addition, the compressive strain of the 1000°C-annealed colloidal capsule is

approximately doubled compared to the non-annealed one (Figure 6-11c).

1000°C-annealed

| T ————

500 1000°C-annealed 350 C) 05

D, ,=2.5um £ 300 o
L y b, . ® . 04

partic = AN .

4004 , _ = = \\ i
- t=225nm < 10 ”’In,'s.h, < % 2> E
Z Gmax = 295.4 MPa ) I ‘g ] g
2 3004 M0 £ 200 ¥ Lo3 #
= £=0.22 2 I & I @
-] Z Y — ¢ — =
S 200 Pop-in 3 150 9 2
- 200 P ™ g —r / 0.2 ;
= 100 I =
100 Artifact Analysis E ol 01§

area z

0.0

0 200 400 600 800 1000 1200 25°C 555°C  650°C 720°C 900°C 1000°C

Displacement (nm)
Figure 6-11 (a) Dynamic observation of the in-situ TEM mechanical compression of 1000°C-
annealed hybrid microcapsules; (b) Corresponding load-displacement curve of the 1000°C-
annealed colloidal microcapsule; and (c) Changes in compressive strength and strain of the

colloidal microcapsules after heat treatment at different temperatures.

The presented normalized compressive strength and strain at each annealing temperature are
statistically significant averages from four tests for a narrow distribution of the capsule’s diameter
(2.8-4.0 um). Figure 6-12 shows the distribution of the normalized compressive strength and strain
from the in-situ compression of a single colloidal capsule. The average values (red dot with error

bar), which are used to reveal the trend in Figure 6-11c. The results in Figure 6-11c are statistical
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averages for four tested individuals in Figure 6-12a and Figure 6-12b. As it is impossible to
collect the tested particles which have the same size, geometry, and morphology, the results can
be considered representative of the batch which are significant averages for tested individuals after
annealing at different temperatures. Thus, although these results are necessarily tentative, they can
reveal a clear trend in the microcapsule mechanics via temperature. Such information has not been
reported in the previous study and is significantly important when combined with other in-situ
results that not only unveil the behavior of the materials at elevated temperatures but also open an

opportunity to in-operando manipulate their properties via temperature.
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Figure 6-12. Statistical distribution of the normalized compressive strength (a) and compressive
strain (b) of the individual colloidal capsules after annealed at different temperatures. The red dot

with the error bar is the average from at least three in-situ compression tests of each individual.

6.2.6. Chemistry underpinning the significant changes in the morphologies and

mechanical properties of the annealed-colloidal capsule

At elevated temperatures, it is hypothesized that high-temperature solid-state reactions occur in
the hybrid doubled-shell colloidal capsule that results in significant modifications to the material
properties.®?> 326 |n particular, the chemical transport between two shells may determine these
changes which often include complex chemical processes such as: high-temperature diffusion,
temperature-induced stresses, thermal-induced elastic/plastic deformations, and phase-
transformation.?®? Although the TGA/DTG/DSC characterizations have proven the occurrences of
the high-temperature solid-state reactions in the colloidal capsule system (Error! Reference
source not found.), the lack of spatial information in terms of chemical diffusion and phase
formation at different temperatures limits the understanding of the true nature that governed such
changes in hybrid colloidal capsule properties. In this section, the combination between TOF-
SIMS imaging and MEMS-based microheater has been introduced to track the chemical diffusion

in our developed CaCO3-SiO- hybrid microcapsule during heating.

Figure 6-13a shows the preparation of the ring sample on the MEMS-based microheater by the
approach in Figure 6-1 before the heating experiments. According to the TOF-SIMS mapping
analysis, 2Si* and “°Ca?* are dominantly detected from the ring sample. While 28Si* mainly comes

from the inner shell structure, the “°Ca?* is mostly generated from the external densely-packed
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nanoparticles shell (Figure 6-13a). In this study, the Ga-FIB has been used along with TOF-SIMS
detectors to capture images and extract chemical data of the analyzed sample during heating. While
these systems are capable of obtaining high spatial resolution data, they compromise both mass
resolution and sensitivity by pulsing the acquisition rather than the source. Hence, although
collection efficiency is somewhat reduced, however, within the context of this experiment, both
sensitivity and mass resolution is more than sufficient to resolve the features of interest. Figure
6-13b reveals the good mass separation in the positive ion spectra (m/z 0-60) with a distinct
detection of several positive ions from the ring sample that are related to the bombardment of the

SiO, and CaCOj3 phases by the primary ions.3?" 328
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Figure 6-13 (a) SEM image of the sample on the heating chip and high-resolution TOF-SIMS
elemental mapping of 2Si* and 4°Ca?* from the ring sample; (b) TOF-SIMS positive ion spectra

(m/z 0-60) of the cross-sectioned ring sample.

The experimental setting conditions of an in-situ heating TOF-SIMS analysis are presented in
Figure 6-14a. The experiment is operated from 200 to 1000°C with a heating rate of 1°C/sec.
During heating, the high-resolution TOF-SIMS is conducted on the ring sample with the Ga*
primary ion source at an angle of 52°. A low-energy electron flood gun is activated to avoid the
charging effect. Typically, 16 keV voltage and 50 pA current with a horizontal field width (HFW)
of 7.5 um are applied in imaging mode which resulted in the acquisition time for each frame of 9s
and a flight time of 10 us. Such low acquisition time compared to other reported in-situ heating
mapping techniques®3 3% allows a better real-time recording of elemental diffusion. The ion optics
are optimized for sensitivity which produced the mass resolution for calcium (Ca) of ~888 in
imaging mode. However, an effective dosage from the analysis is impossible to determine due to
the continuous illumination of the Ga ion source and the short pulse duration of the acquisition

leading to a significant disparity in the acquired dosage window and the true illumination dosage.
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Figure 6-14b shows the intensity variation thermogram of the 2Si* and 4°Ca?* ions from the in-
situ TOF-SIMS analysis as a function of temperature. The obtained results are stable even at
elevated temperatures (~1000°C) despite the significant infrared radiation (Figure A-1). While the
intensity signal of 28Si* increases gradually from 800 to 1000°C, there is a sharp rise of “°Ca?* in
the same temperature range. This behavior can be related to the high mobility of the Ca?* at high
temperatures compared to the Si* which allows a higher potential to be ionized by Ga* primary

beam.32°

Figure 6-14c-Figure 6-14g shows the distribution of “°Ca?* (green color) and 28Si* (red color) via
temperature in the ring sample. During an increase in temperature, “°Ca®* becomes mobile and the
movement of such ion between the shell layers is recorded. Meanwhile, 28Si* is considerably stable
and stays mainly at the internal shell layer. The diffusion of Ca?* to the amorphous silica glass is
thermodynamically favorable at high temperatures which is due to the significant mobility and
high affinity of Ca?* ion3* compared to the highly polymerized SiO; glass network. Therefore, it
is reasonable to observe the diffusion of “°Ca?* to the SiO; shell with no migration of 28Si* during
the in-situ TOF-SIMS analysis (Figure 6-14c-Figure 6-14g). Upon heating at 200°C, there is no
movement of “°Ca?* and %Si* in both shell layers (Figure 6-14c). However, the diffusion of 4°Ca?*
to %8Si*-containing layer (SiO, shell) starts to occur at 555°C that turns the fraction of the red layer
into yellow (Figure 6-14d). It can be seen that the majority of °Ca?* proximity to external/internal
shell interfaces diffuse to the SiO layer from 555 to 720°C (Figure 6-14d-Figure 6-14€). Above
720°C, the remaining “°Ca?* from the external shell (far away from the external shell/internal shell
interfaces) begin to diffuse to the SiO; layer (Figure 6-14e-Figure 6-14f). This migration of °Ca?*
is completed at 1000°C (Figure 6-14g) that indicates the entire dissolution of the external shell to
the inner shell. Despite the thermal drifting that occurs during the visualization of the elemental
movement (Figure 6-14c-Figure 6-14g), a coupling between TOF-SIMS analysis and MEMS-
based heating has demonstrated a significant potential for real-time tracking the micro-/nano-scale

high-temperature elemental migration with high spatial resolution.

It is well-known that SIMS is appropriate when studying the phenomenon that occurs extremely
close to the surface. In this study, the phenomenon is surface-mediated, but the surface is steeply
inclined (ostensibly orthogonal) to the incoming ion beam, therefore, the arising concern is
whether the examples presented here are representative of what occurs in the bulk. To check the
reliability of the results, the interpretation of the data as being equivalent to a cross-section through
the reaction layer has therefore been validated by an EDS post-mortem examination of the cross-
sectioned thin rings used in in-situ TEM heating after cooled down to room temperature (Figure
A-3, Appendix A). The direct observation of the chemical diffusion in Figure 6-14c-Figure 6-14g
has proven the occurrence of the solid-state reactions between the shells in the hybrid doubled-
shell microcapsules during heating apart from TGA/DTG/DSC. To validate the spatial observation
in in-situ heating TOF-SIMS while obtaining an insight into the compound formation as a
consequence of such chemical diffusion, additional in-situ XRD heating is also performed under

vacuum conditions as shown in Figure A-2 (Appendix A).
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Figure 6-14 (a) Schematic showing the conditions for the TOF-SIMS analysis at elevated
temperatures; (b) Intensity variation thermogram of %Si* and “°Ca?" ions as a function of
temperature. Elemental mapping of 26Si*, 4%Ca?*, and the merging of these two ions corresponds

to different temperatures, including: (c) 200°C; (d) 555°C; (e) 720°C; (f) 900°C; and (g) 1000°C.

From the TGA/DTG, DSC, in-situ TOF-SIMS, and in-situ XRD heating results (Figure 5-14,
Figure 6-14 and Figure A-2b), it is hypothesized that a drop in the strength of the hybrid
microcapsules from 555 to 720°C (Figure 6-11c) can be due to the reactions between CaCOj3

nanoparticles (proximity to the external shell/internal shell interfaces) and SiO; inner shell. These

114|Page



processes generate CO, that diffuses outward from the external shell/ internal shell interfaces to
the surrounding environment. This process in turn induces the formation of not only the pliable
spines on the capsule’s surfaces but also the significant porosity in the external shell. Thus, the
porosity can eventually weaken the mechanical strength of the doubled-shell*® and results in a

decrease in the compressive strength (Figure 6-11c).

An in-situ TEM heating experiment is conducted on the two interconnected rings (Figure 6-15a-
Figure 6-15f) to validate our hypothesis by visualizing the structural changes at a nano/sub-micron
scale during the heating of the hybrid shell. The red square marked area in Figure 6-15a-Figure
6-15f indicates the examining area of the interconnected external shells. High-resolution bright-
field images at 555-720°C (Figure 6-15b2-Figure 6-15d2) indicate the brighter diffraction
contrast at the external shell (red arrow marked) of the two cross-sectioned shell specimens
compared with the image obtained at room temperature (Figure 6-15a2). This occurrence indicates
the lateral thickness of the specimen decreases with temperature due to an increase in porosity that
reduces the traveling pathway of the electron through the specimens.3¥! The external shell area
changes from dense packing to sparse agglomeration of the nanoparticles during the temperature
increase (Figure 6-15a2-Figure 6-15d2). Although the liquid sintering effect of SiO, phase at
above 600°C may occur that fills the voids, wet, and connect the CaCOs3 nanoparticles leading to
a reduction of pores within the shells®®?, it is believed that the solid-state reactions between the
CaCOs nanoparticles and SiO, are dominant at 555-720°C. Such vigorous reactions induce the
dissolution of CaCOs nanoparticles in the SiO, matrix and generate significant CO, which
increases the porosity of the shell structure. The TEM results are also supported by the N
adsorption and desorption experiment which shows an increase in the total BET surface area and
average pore diameter of the capsule powders after annealed at different temperatures (Figure A-4
and Table A-1, Appendix A).

As the temperature progressed to 900°C-1000°C, the shrinkage appeared at the external shell area
that reduces the gap between the two cross-sectioned specimens (Figure 6-15e2). It could probably
include both the liquid sintering effect 332 333 and the complete dissolution of the CaO phase to the
SiO; phase. At 900-1000°C, CaCOs nanoparticles on the external shell are all decomposed leaving
the presence of only CaO phase on the capsule surface (Figure A-2b). At this temperature range,
the dissolution of CaO phase into the SiO, phase takes place simultaneously with the liquid
sintering effect of SiO; phase. It is believed that the dissolution of CaO phase into SiO, phase at
this temperature range decreases the connectivity of the SiO, matrix since CaO phase can act as a
glass network modifier3®. A decrease in connectivity, in turn, reduces the softening point and
transitioning point of the glass network thus favors the liquid sintering effect of SiO, phase. The
occurrence of liquid sintering can fill the pores and merge the two ring specimens as evidenced by
the merging between the cross-sectioned specimens at 1000°C (Figure 6-15f2). The interfacial
area between two specimens at 1000°C appears ambiguous and darker in the bright-field image
compared to that at 720°C (Figure 6-15d2) and 900°C (Figure 6-15e2). This phenomenon at
1000°C indicates the sintering of the shell that significantly reduces the porosity which is in
agreement with the BET surface area and average pore diameter results (Figure A-4 and Table
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A-1, Appendix A).

Figure 6-15. The structural transformation of the doubled-shell at different temperatures
conducted by in-situ TEM heating observation, including: (al-a2) room temperature; (b1-b2)
555°C; (c1-c2) 650°C; (d1-d2) 720°C; (el-e2) 900°C; and (f1-f2) 1000°C.

Combining the results from in-situ XRD heating, in-situ TOF-SIMS, and in-situ TEM heating
(Figure A-2, Figure 6-14, and Figure 6-15), a drop in the strength of the hybrid colloidal capsules
from 555 to 720°C (Figure 6-11c) is due to the solid-state reaction between CaCOj3 nanoparticles
(proximity to the external shell/internal shell interfaces) and SiO, inner shell (Figure 6-14d-
Figure 6-14e). As evidenced by TGA/DTG/DSC, this reaction generates significant carbon
dioxide gas (CO.) and induces partial incorporation of calcium into the silica phase at the external
shell/internal shell interfaces. During this solid-state reaction, the generated CO- gases diffuse
outward from the external shell/internal shell interfaces to the surrounding environment. This
process in turn induces the formation of not only the sparsely connected pliable spines on the
capsule’s surfaces but also the significant porosity in the external shell (Figure 6-15¢c2-Figure
6-15e2). In the original hybrid CaCOs-decorated SiO, doubled-shell structure, with the increasing
compressive strain, the discretely packed nanoparticles can form the cluster effect at the external
shell, which causes an energy dissipation by the inter-particle contacts®®® thus improving
compressive resistance to the whole microcapsule structure®?. However, the changes from the
densely packed nanoparticles to the sparsely connected pliable spines diminish such effects and
reduce compressive resistance. In addition, the presence of submicron-/nano-pores formed in the
doubled-shell structure (evidenced by the shape of the N, adsorption-desorption curve in Error!
Reference source not found., Appendix A) plays as the defect and reduces the integrity of the
structured shell*®. Therefore, an increase in porosity and the disappearance of the densely packed
nanoparticles shell in this temperature range can eventually weaken the mechanical strength of the
doubled-shell and results in a decrease in the compressive strength (Figure 6-11c) which is

consistent with the mechanical behavior of the ceramic refractory materials33®,

Meanwhile, the strain at failure remains nearly constant for the tested colloidal capsules at this
temperature range compared to the non-annealed microcapsule. According to Shan et al.>¥’, the
strain at failure of the hierarchically structured hollow sphere is related to the deformation behavior
of the homogenous and continuous phases, thus, the characteristics of the silica inner shell

determine the strain at failure of the hybrid microcapsule in the presented study. From the in-situ
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TEM heating observation (Figure 6-15b-Figure 6-15¢), there are negligible changes in the
structure of the silica inner shell and it is amorphous from 555 to 720°C (Figure 6-15c-Figure
6-15e). Although TOF-SIMS analysis (Figure 6-14d-Figure 6-14e) evidences the incorporation
of 4°Ca?* into the silica inner shell at this temperature range, in-situ XRD heating shows negligible
phase formations and crystallization (Figure A-2). It has been demonstrated that the fracture
failure, toughness, and brittleness of the amorphous glasses correspond to the concentration of the
network modifier®®® while their strain at failure depends on the strain rate and the structural
characteristic of materials®°. Since the inner shell remains amorphous from 555 to 720°C and the
in-situ compression testing is all conducted in the same procedure, it is reasonable to obtain the

constant strain at failure of the hybrid shell in this annealing temperature range.

On the other hand, a sudden increase in strength and strain of the colloidal capsule after annealed
at 900°C and 1000°C (Figure 6-11c) can be attributed to both the sintering effect (Figure 6-15b2-
Figure 6-15g2), the complete migration of calcium (Figure 6-14f-Figure 6-14g), and the
recrystallization of amorphous calcium silicate in the inner shell (Figure A-2, Appendix A). While
the sintering effect reduces dramatically the porosity within the shell structure and reduces the
shell thickness, the formation of the tricalcium silicate crystallite phase within the amorphous shell
is responsible for increased strength and strain. The significant incorporation of calcium in the
silica shell network at 1000°C (Figure 6-14g) can reduce rigidity 3° and improve fracture strength
341 py the formation of the calcium silicate shell. Meanwhile, the excellent ductility with a distinct
plastic deformation of the 1000°C-annealed colloidal capsule can be associated with the presence
of crystalline tricalcium silicate dispersed phases within the amorphous silicate shell matrix. Under
mechanical compression of amorphous materials, local deformation under a high shear stress of
static compression often creates adiabatic heating when the fracture propagates along the fracture
plane®?2, Such adiabatic heating creates the viscous flow within the amorphous network during
compression before a complete fracture which determines the ductility of the material®*®. The
dispersed crystalline tricalcium silicate phases within the amorphous silicate shell matrix can act
as a resistance to shear deformation and enhance the degree of local adiabatic heating, thus, leading
to a more significant viscous flow of the silica amorphous shell 342 34 Therefore, an excellent
ductility with superior fracture strength is achieved in the CaCOs-decorated SiO, doubled-shell

colloidal capsule after being annealed at 1000°C.

6.2.7. Mechanical properties of the developed CaCOs-SiO2 hybrid doubled-shell
compared to other state-of-the-art shells

The normalized strength from our tested particles is significantly higher than those in reported
literature (Figure 6-16) which include: traditional polyurethane (PU)3*, Ni-P (composite of nickel
and phosphorus) metallic shell®®?, SiO,-PU composite shell®*, and poly urea-formaldehyde
(PUF)**" microcapsules. By comparison, the shell strength of 1000°C heat-treated colloidal
capsules from our study is two times higher than the up-to-date metallic shell and is more than 15
times higher than the traditional polymeric and polymeric-ceramic composite shells of all

published results. This mechanical enhancement can be partially attributed to the different
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chemical compositions of the shell materials used to produce the colloidal capsules when
compared to the ones in the literature. Besides, the small diameter of the tested individual particles
(Do = ~3 um) compared to previous literature reports (Do > 100 um) can be another reason for
such mechanical improvement. It has been reported that the mechanical properties are enhanced
when the geometry of the particles decreases,®?%-322 whereby the smaller is the capsule diameter,
the higher the mechanical strength. The low porosity and the composite crystalline-amorphous
microstructure of the calcium silicate shell could also be the reason for such a higher strength. For
the compressive strain, the traditional polymeric (PUF) and polymeric-ceramic (SiO.-PU) shells
show the highest performances which are common for polymeric materials. The compressive strain
of our heat-treated colloidal capsule is comparable to that of metallic shell and is double that of
PU shell.
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Figure 6-16. Normalized strength and compressive strain of silica hollow sphere, non-heat treated,

and heat-treated colloidal capsule, compared with other reported capsule systems.
6.3.  Conclusions

In this chapter, the thermomechanical properties of the designed hybrid doubled-shell CaCQOs3-SiO;
colloidal capsule have been investigated comprehensively. In particular, we have initially utilized
several in-situ analytical techniques to investigate the mechanical properties of our developed
colloidal capsule and the underlying mechanism by which its mechanical properties behave
differently compared to the single silica shell hollow sphere. The effect of annealing temperature
in modifying the mechanical behavior of the hybrid doubled-shell has also been elucidated by the
newly developed technique and validated by other complementary analytical in-situ techniques.

Several concluding remarks are pointed out as follow:

» The nanoparticles (CaCQOs) modify considerably the mechanical nature of the silica shell from

semi-ductility to brittleness.
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AC-STEM has firstly been applied to reveal the intrinsic effect of nanoparticles that is due to
the formation of the dispersed phase of dicalcium silicate adjacent to the interfacial areas

between the shells, and the chemical bonding at the nanoparticles/silica shell interfaces.

The significant changes in the shell strength and strain at different sizes of the colloidal

capsules are closely related to the differences in the shell microstructures.

The designed colloidal capsule can self-adjust its mechanical properties via temperature. In
particular, after annealed at above 900°C, the colloidal capsule retains an intact spherical shape

with a significant improvement in ductility and mechanical strength.

Such superior characteristics can be utilized in designing the desirable smart thermo-responsive
colloidal capsule for a wide range of high-temperature applications such as thermal energy

storage, fire-resistant, and thermal-insulation.348 34°

The chemistry underpinning the changes in the mechanical properties of the colloidal capsule
at different annealing temperatures has been unveiled by the newly developed multimodal
correlative microscopy combining TOF-SIMS analysis and MEMS-based microheater in the
FIB-SEM chamber.

The results obtained by the in-situ TOF-SIMS heating analysis showed a strong correlation to

those obtained from other complementary analytical techniques.

Since this is the first study, to the best of our knowledge, on utilizing such a highly efficient
technique, it is anticipated that several research directions now exist and also that the potential
applications are not limited to the study of hybrid microcapsule mechanics at high

temperatures.

119|Page



Chapter 7

Lubrication and anti-oxidation of colloidal capsule encapsulating
h-BN nanosheets under sodium borate melt at elevated
temperatures

* This chapter content has been published in ACS Applied Materials & Interfaces 2021, 13, 6,
7714-7724, https://doi.org/10.1021/acsami.0c20759

Herein, the author envisages a new strategy for the application of microencapsulation technology
in lubricant science. In particular, a compact hybrid colloidal capsule has been tailored that draws
a series of “best in category” materials together into a single, monolithically integrated, micro-
/nano-hierarchical structure with strong prospects for high-temperature lubrication. The designed
hybrid colloidal capsules will be applied directly as a multifunctional additive added to a base
lubricant to enhance the system efficiency with minimal harmful emissions and environmental
impact. To develop such a capable capsule, the shell of the colloidal capsule should either
contribute to the lubricating function or react synergistically with the base lubricant. From this
perspective, we choose the designed hybrid doubled-shell CaCO3-SiO, from the previous chapters

(Chapter 5 and Chapter 6) as the shell materials for the hybrid colloidal capsule.

The hybrid doubled-shell CaCOs3-SiO; colloidal capsule has been developed and characterized
systematically in the previous chapters (Chapter 5 and Chapter 6). Interestingly, the hybrid shell
shows excellent thermomechanical robustness with thermo-responsive characteristics at elevated
temperatures. It is hypothesized that the designed hybrid shell will provide excellent protection to
the encapsulated materials at high temperatures by the formation of the dense calcium silicate shell
with superior strength. While the high strength of the resulted calcium silicate shell prevents the
premature breakage that causes the unwanted release of the core ingredients, the dense shell
network inhibits the diffusion of oxidizing components (e.g. 