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Abstract

The increased attention received by polymer nanocomposites in recent years, has
opened the way to research on nanostructured glass polymer hybrids for coating
applications. Using polyamide 11 and adding fillers (in this case glass) at the
nanometre length scale can lead to innovative modifications to the polymer matrix,
giving rise to new structures and properties. This could develop new materials with
enhanced properties and may enlarge the coating market to other application areas.
Some of the main obstacles to overcome are the control of glass particle size to obtain
suitable dispersions on the nanoscale with interaction between components. Nanoscale
structures require the development of optimal hybrid precursors. Finding a way to
develop the hybrids using melt compounding methods like extrusion, particle size
processes and coating techniques have been investigated in this research. The
nanostructured hybrids are made using macroscopic fillers, which avoids problems

with current regulations on ultra-fine particles.

Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy indicate the
glass structure during synthesis of tin fluoride phosphate glass was pyrophosphate,
mainly built up from phosphate tetrahedral units with one bridging oxygens present
within a particular phosphate tetrahedron Q! end groups with a low concentration of
phosphate tetrahedral units with two bridging oxygens Q? polymeric chains. However,
sub-optimal melting produced significantly higher concentrations of phosphate
tetrahedral units with no bridging oxygens present within a particular phosphate
tetrahedron Q° orthophosphate structural units. The variations in NH and P — OH
vibrations in the spectra revealed that a critical time and temperature of melting were
necessary for the conversion of NH,H,PO, to produce sufficient P,O5 for glass
forming. During melting, P,O5 and SnF, formed a low-temperature melt, which
facilitated melting of the SnO and promoted the formation of a more stable glass
structure. The fluorine breaks the P — O — P bonds and induces depolymerisation. The
density of the glass reached a maximum at 450 °C for 25 min driven by the need for
conversion of NH,H,PO, to P,Os and miscibility of SnO in the melt. Inadequate

melting times and temperatures gave low glass transition temperature (Tg) values
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because of weak F — Sn and F — P linkages. Glass stability improved with melting
due to increased P,05 and SnO miscibility enabling stronger Sn — O — P linkages.
The results show that melting conditions during synthesis strongly influence critical
glass properties and also provide an understanding of optimum processing necessary

for future industrial scale-up.

Novel hybrids of tin fluoride phosphate (TFP) glass (composition of 50% SnF, +
20% SnO + 30% P,05) were synthesized with polyamide 11 and their morphology
and mechanical properties investigated. Hybridization was achieved by melt blending
up to 25 vol% of glass using different compounding conditions (temperature, screw
speed and residence time). Scanning electron microscopy (SEM) showed that the
morphology was greatly influenced by the extrusion processing temperature and the
glass content. Transmission electron microscopy (TEM) studies revealed
nanoparticles of 40 nm in size and suggested good compatibility. In order to determine
the existence of miscibility between hybrid components, measurement of the loss
tangent using a Dynamic Mechanical Analysis (DMA), was carried out. The presence
of two transition peaks in the hybrid containing 34 vol% tin fluoride phosphate glass
implied an immiscible system showing heterogeneously distributed regions of very
different molecular mobilities. Contrary to the plasticizer effect reported in the
literature for some polyamide 6 - TFP glass hybrids, the measurements of mechanical
properties by DMA showed a reinforcement effect of glass in the polymer. This was
reflected by the increase of storage modulus (E’) at low and high temperatures in
hybrids containing 13, 18 and 25 vol% tin fluoride phosphate glasses, achieving the
highest modulus at 25 vol%. Tensile testing revealed a pronounced reduction in

ductility for high glass contents.

Finally, the first TFP- PA11 hybrid coating was developed with enhanced fire
resistance and adhesion to the metal. Hardness and abrasion tests using different glass

Tgs showed an influence of the glass Tg on the final coating application.
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Chapter 1 Introduction
1.1 Research background and objectives

It is anticipated that nanotechnology and nanostructured materials will be one of the
most promising areas of technological development in the twenty-first century, with
the potential to deliver substantial economic and social benefits. Due to their
interesting thermal, mechanical and optical properties, different forms of organic-
inorganic hybrids [1] are currently being studied to develop these materials. Possible
applications include sensors, electrical and optical devices, drug delivery systems,

catalysts, and protective coatings [2].

Polymer hybrids have the potential of being nanostructured materials with high-
performance properties that could provide important industrial components. However,
further research is needed to investigate the synthesis, processing, composition, and
performance of these materials [3]. The objective of this project is to develop a new
family of nanostructured materials based on glass-polymer composites with the

potential to enhance coating properties.

In recent years, the increased attention given to polymer nanocomposites has indicated
that research on nanostructured glass-polymer hybrids for coatings may prove to be a
fruitful area of investigation. The appropriate choice of inorganic and polymeric
precursors has been shown to produce unique chemical, mechanical and thermal
hybrid properties which combine high compounding flexibility and easy processability
[4]. There is a synergism in hybrid materials such that their properties are more than
just a simple contribution of its constituents. This synergism between hybrid
precursors depends on the chemical nature and the extent of the organic-inorganic

interface, as well as the morphology of the material.

Using polymer matrices like thermoplastics and adding fillers such as glass at the
nanometre length scale may enable interesting structural modifications to occur. This
has the potential of forming novel structures and properties within new areas of
application in the coating market. One of the main challenges for the research is in

obtaining a uniform nanostructure of the glass second phase. Challenges within this



area will be addressed by controlling the interaction between components and by

identifying the precursors and their optimal proportions.

Organic-inorganic hybrid nanocomposites can be prepared by using different chemical
and physical routes such as the sol-gel process or the melt compounding process.
Using these methods may result in the production of materials that interact by weak
intermolecular forces or by the establishment of covalent bonds to give dense cross-
linked networks. Determining a procedure to compound the hybrid using melt
methods, like extrusion, will help in obtaining powders for further hybrid coating
development. Further research is required to control the particle size distribution and

properties of the glass-polymer system.

In this project, phosphate glass is selected as the second phase due to its low glass
transition temperature (Tg) and its recently improved chemical durability and water
resistance. In particular, its low glass transition temperature may make this material
fluid at polymer processing temperatures. This will enable compounding by
conventional processing techniques such as extrusion but only once the influence of
processing parameters (T, screw speed and residence time) has been understood. This
fluid state of the glass may reduce the viscosity of the glass-polymer composite during
extrusion and thereby enable higher filler loadings and improved properties of the
extrudate. It will also offer the possibility of controlling the morphology of the glass
second phase and enable much greater interaction between the filler and matrix leading

to enhanced properties.

The degree of dispersion of the filler throughout the matrix will depend on a number
of factors including the viscosity and temperature of the material as well as the shear
speed and residence time during processing. These parameters will be under
investigation and control during extrusion compounding. The research of this thesis
will focus on an analysis of several factors that influence particle size, morphology,
and dispersion of the fillers in the matrix. The interaction will be analysed to identify

the compatibilization of the polymer blends and any synergetic effects.

The project will aim to identify a suitable compositional range of the polymer-glass
hybrid and the resulting properties. After the material has been ground into a powder,
trials will be carried out using the fluidized-bed technique to deposit coatings on the

steel substrate. The research will aim to determine the properties of the coatings and
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relate them to the processing and compositional parameters as well as understanding

their links with the nanostructure of the materials [5].

Previous work in the field has been aimed at developing glass-polymer hybrids
containing phosphate glasses and polyamides 6 and 12. Interaction between these
components has been reported, suggesting interesting properties for coating
application [6]. The research in the literature has concentrated on the bulk materials,
whereas the current research concerns coatings. The extrusion processing technique
gives the opportunity to load the hybrid to 60 vol% of phosphate glass content by

preventing the intractable processing problems inherent in classical composites [7].

There are three main surface protection systems: powder coatings, wet paints and
chemical treatment (electromechanical), where polymer materials such as PU, epoxy,
PVF and PA are widely used. A list of abbreviations is given immediately before the
Introduction Section. Polyamide 11 (PA 11) was selected as the matrix in the current
research due to its suitable properties, including functional and decorative
characteristics of the coating, weatherability, corrosion, chemical resistance, heat,
abrasion, impact resistance, smoothness and colour. Most of the functional
characteristics will be tested on coatings produced by the fluidized bed technique using

PA11 with optimum deposition parameters.

The aim of the project is to develop a new family of materials based on tin fluoride

phosphate glass-polyamide 11 hybrids. The objectives of the research are to:

1. understand the relationships between structure, properties and processing of tin
fluoride phosphate glasses and determine the optimum processing conditions.

2. characterize the glasses and the hybrids to identify the optimum hybrid precursors
for coatings.

3. develop nanostructured hybrids from macroscopic glass fillers in a polyamide
matrix.

4. investigate the synthesis of phosphate glass-polyamide hybrids by melt compounding
using extrusion.

5. evaluate the properties of phosphate glass-polyamide hybrids and characterize
the structure of hybrids in the bulk form.

6. evaluate the properties of phosphate glass-polyamide hybrid powders and

coatings and characterize their structure in the coating form.
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7. understand the formation processes and their optimization of the bulk, powder and

coatings of hybrids.
1.2 Thesis structure

The content of this thesis is divided into 9 chapters as shown in Figure 1.1.

Chapter 1: Introduction

Chapter 2: Literature review

Chapter 3: Experimental details

Chapter 4:
Influence of melting conditions on the structure and properties of Tin Fluoride phosphate

glass

Chapter 5:
Effect of the processing conditions on TFP glass — PA11 hybrids

Chapter 6:
Morphology development of TFP glass- PA11 hybrids

Chapter 7:
Deposition process and properties of TFP glass-PA11 hybrid coatings on stainless steel by
Sfluidized bed dipping

Chapter 8:

Contribution to original knowledge

Chapter 9:

Conclusions

Chapter 10:
Further works

Figure 1. 1: Schematic presentation of the thesis structure.



Chapters 1-3 describe the rationale and objectives of the research, its background, the
salient and critical work undertaken in the published literature. The influence of
melting conditions on the structure of tin fluoride phosphate glass is investigated and
reported in Chapter 4. FTIR and Raman spectroscopy showed that the structure of the
glass changes depending on the melting condition of the glass. Glass samples
synthesized at different melting conditions were investigated with the aim of providing
new data on the sensitivity of properties to the processing parameters and improving
the understanding of phosphate glass behaviour. The determination of the optimum
melting conditions is important for upscaling of the glass synthesis to develop possible

future industrial applications, in this case glass-polymer hybrid coatings.

Chapters 5 and 6 focus on the effect of the processing conditions and morphology
development of tin fluoride phosphate glass-polyamide 11 hybrids, respectively. In
Chapter 5, the influence of the hybrid processing parameters on the morphology was
studied and the most influential ones were identified. Characterisation of the new
material using DMA, rheology, static and dynamic mechanical properties, TGA and
fire resistance was also presented in this unit. Chapter 6 consists in explaining the

mechanism of the morphology development.

Chapter 7 focuses on characterizing functional properties of hybrid coatings to confirm
hybrid coating feasibility for the application. Hybrid coatings with different
compositions and using different Tg’s were performed by dipping in the fluidized bed
and adhesion, wear performance, hardness, impact resistance and water absorption

were tested.



Chapter 2: Literature review

2.1. General overview of Powder Coatings

Powder coating is a finishing process in which dry, free-flowing, thermoplastic or
thermoset powder material is applied to a surface, melted, and hardened into a coating.
This finishing process is suitable for various materials, including metals, plastics,
glass, and medium density fibreboard. Coatings can provide both functional and
decorative surfaces in a wide range of colours, finishes, and textures that are not readily

achievable by conventional liquid coating methods.

There are two main methods of powder coating: electrostatic spray deposition and
fluidized bed application. After that, the powder is heated to melt and cure. Finally, a
smooth bright permanent film on substrates is formed to achieve the purpose of
decoration and functional surfaces. The process flow preparation of powder coatings

is separated into dry process production and wet process production.

The preparation stage of the powder coating has several steps. Before the application
of any powder coating material, the surface of the substrate must be cleaned and treated
to ensure that the part is free of dust, dirt, and debris. If a surface is not sufficiently
prepared, any remaining residues and deposits could affect the adhesion of the powder

and the quality of the final finish.

The powder coating process use two main types of coating materials, thermosets, and
thermoplastics. Each type can be similarly applied, but has different curing stage, as

well as distinct physical and mechanical characteristics [8].

Thermosets are capable of withstanding high temperatures and cannot be remelted,
reformed, or recycled. Thermosets have higher scratch and mar resistance. Scratch and
mar refer to damage from impact, rubbing or abrasion that produces visible
scratches or marring and hence damages the coating. Mar is described as a physical
damage that usually occurs within a few micrometres of the surface of the topcoats;
these damages are usually the cause of the changes in appearance observed on the paint

coatings [9]. Thermosets are susceptible to brittleness due to over-hardening. They



require a cure cycle to harden and undergo an irreversible chemical reaction.

Thermosets are generally applied only via the electrostatic spray deposition method.

Thermoplastics can soften/melt at high temperatures and be remelted, reformed, or
recycled. Thermoplastics have high impact resistance and are more flexible in coating
thickness. They do not require a cure cycle to harden and do not change chemically.
Thermoplastics are applied via electrostatic spray deposition and the fluidized bed

method.

Thermoset powder coating material has short polymer molecules in the initial contact
on the substrate. However, during the curing process, the powder undergoes an
irreversible chemical cross-linking reaction, which bonds together long chains of
polymer molecules. This reaction changes the physical properties and chemistry of the

material and allows it to harden into a thin and hard finish [10].

Thermoplastic powder coatings do not require a cure cycle. Instead, the thermoplastic
material only requires the time and temperature necessary to melt, flow out, and create
the film-like coating. Unlike with thermoset material, which undergoes a chemical
reaction during the curing stage, thermoplastic materials do not change their physical
or chemical properties when heat is applied. Therefore, they can be remelted,

reformed, and recycled for future coating applications.

Some considerations to keep in mind when choosing between thermoset and
thermoplastic coating material are the application method and the intended application
for the coating. Generally, thermoset powders are only applied via electrostatic spray
deposition method. This limitation exists because dipping preheated parts into
thermoset powder can cause any excess powder to cross-link due to built-up and
residual heat within the fluid bed. As the cross-linking reaction causes permanent
changes to the powder material, such occurrences would lead to excessive coating

material waste.

The curing process enables thermosets to attain harder coatings than thermoplastics,
thus allowing them to withstand higher temperatures and demonstrate greater scratch

and mar resistance. However, the harder finish can also limit the impact resistance of
thermoset coatings, and over-hardening can cause the coating to become brittle,

particularly in thicker coatings. Thermoplastic powder can be applied via both the ESD



and the fluidized bed coating method, and generally can produce thicker, more flexible
and impact resistant coatings than thermoset powder. While the ability to be remelted
offers some advantage regarding material costs, it also makes thermoplastic powder
coatings less suitable for high and intense heat applications as the coating material may

soften or melt off [10].

The traditional polymers cannot meet all the industry needs that the coating market is
requesting over the past few decades. The required performance could be achieved,
following the global market towards the modification of the traditional polymers, by
adding functional groups, pigments, or fillers on the matrix. The development of new
composite and nanocomposite materials for coating application is leading this market
to competitiveness. This evolution in materials must be followed by technological
advances in the methodology, procedure, and application of the coatings. Part of the

research progress made in powder coating industry is overviewed briefly.
2.1.1 Use of functional groups

The incorporation of functional groups to the polymeric matrix is common and
requires an extended method to improve powder coating properties. The glass
transition temperature of polymers containing carboxyl end groups can be increased
by increasing the molecular weight and without sacrificing the reactive group
concentration [11]. This approach could be used to design new carboxyl functional
base polyesters. Pilch-Pitera [12] has synthesized blocked polyisocyanate cross
linkers for polyurethane powder coatings to have higher wetting angle, roughness
values and abrasion resistance. These crosslinkers decreased the surface free energy

value of polyurethanes.

Vasil’ev et al. [13] have synthesized a series of new epoxy oligomers with per-
fluorinated fragments to improve hydrophobic properties, liquid carboxyl-terminated
poly (butadiene-co-acrylonitrile) (CTBN)-epoxy resin (EP) pre-polymers were
prepared with different contents of CTBN. This utilises the ability of CTBN-EP pre-
polymers to dramatically enhance the flexibility and impact resistance of FBE coatings
without compromising other key properties such as corrosion protection as was

reported by Jia et al. [14].



2.1.2 Use of pigments

Pigments play an important role in powder coatings. The most important properties of
a pigment are homogeneous dispersion and thermal stability. Pigments can be organic
or inorganic and the most commonly used in powder coating is titanium dioxide.
Titanium dioxide is widely used because it efficiently scatters visible light, thereby

imparting whiteness, brightness, and opacity when incorporated into a coating.

Shi et al. [15] found that by adding 2 mass % of nano- TiO, into polyester powder
coatings, the pigment played a prompting role in the curing system. A delay of the
melting point, and the starting and peak temperatures of curing reaction of the nano-
TiO, modified system were decreased by more than 5 °C. Hadavand et al. [16] studied

powder coating nano-ZnO to improve antibacterial properties.

The results showed that modified nano- ZnO has provided to the polymeric matrix
improved thermal stability, compatible blending process and homogeneous dispersion.
The antibacterial experiments confirmed better efficiency for modified coatings.
Trottier et al. [17] applied zinc oxide and silica as pigments into the epoxy polyester

resin system to increase the ohmic conductivity of the resin system.

Powder coating formulation with different contents of ZMP were applied over
galvanized steel. The anticorrosive properties were studied by electrochemical
methods [18]. At 10 % or 15 % ZMP, the anticorrosive properties were enhanced due
to the barrier properties improvement and the inhibitive action of the pigment. It was
found in the salt fog spray test that anticorrosive properties did not vary in samples
between 10% ZMP and 15 % ZMP. In some coating applications, phosphate pigments

are considered highly effective against corrosion attack.

Powder coating composites based on anticorrosive hybrids of epoxy/polyester and
polyester with phosphate pigments were formulated by El-Ghaffar et al. [19]. Physico-
mechanical properties and corrosion protection properties via a salt spray chamber for
1000 h were investigated on a cold rolled steel panel. Keeping the same physico-
mechanical properties, high performance anti-corrosive hybrid coatings for steel

protection were reported in the research results.



2.1.3 Use of fillers

Fillers can provide different properties to the powder coating film. Fillers are currently
used to increase the thickness of the film, but they also influence other properties.

Fillers can improve durability, hardness, and mechanical properties.

The tribological properties of PA-6 and PA-6 with surface layers gradient-filled with
tin, lead, and bismuth nano-films in a concentration of up to 1.2 wt% were studied by
Grigoriev et al. [20]. The research work proved the dependency of the hardness of the
friction surface of the composites on the susceptibility of the filler metals to strain

hardening and explained the different values obtained on their wear.

Vihi-Nissi [21] has investigated the porosity and average pore size of different ratios/
contents of polymer CaCO5; powder by conventional paper coatings. The objective was
to reach a decrease in energy consumption during the curing process and increase
noticeably the adhesion and the hardness. Kalaee et al. investigated the effect of stearic
acid coated CaCO5 nanoparticles on the morphology, cure behaviour, adhesion and
hardness properties of the polyester/epoxy blend [22]. Two thermosetting powder
coatings with different weight fractions of filler were produced to evaluate the scratch
and wear performance [23]. The epoxy composite coatings have a better scratch

resistance response than polyester composite.

Piazza et al. [24] has investigated the properties of epoxy/MMT particle
nanocomposites with intercalated structures and with epoxy/barium sulphate micro-
composites. The result is coatings of epoxy/MMT particles presented better
anticorrosion and physical properties. The homogeneous dispersion and interaction
with the epoxy matrix of MMT produces organic coatings with higher thermal
stability, higher adhesion, and improved barrier and thermal properties. The properties

of the coating are influenced by the type and volume fraction of the filler.

Mirabedini et al. [25] studied novel filler for coatings. Novel HDK fumed silica
nanoparticles increased the tensile strength, elastic modulus, hardness, energy to break
and adhesion strength of the coating due to better dispersion and chemical interactions
of nanoparticles with the polymeric matrix. Multi-functional fillers must be developed
to produce high quality coatings to meet the performance requirements. Puig et al. [26]

studied an organo-modified silica particle with silanes (OSP) as adhesion promoter in
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polyester powder coating, obtaining an improvement of adhesion and corrosion

properties.
2.2 Polymer — glass hybrid powder coating

Coatings with specific functionalities are of increasing importance in areas such as the
display industry in which simple polymer coatings are moving into the composite and
nanocomposite fields pushed by specialized demands for improved coating properties.
The synergetic effect of these composites can be used to develop improved coatings
to specific functionalities, like adding metallic carbon nanotubes in conductive
coatings. These relatively new nanoparticle materials offer numerous opportunities for
new coatings in industry. The nanoparticles provide coatings with enhanced optical,
electrical and mechanical properties that are not attainable with organic material. The
organic polymer material will provide easy processability during the synthesis of the

hybrid by melt mixing technique due to its viscosity.

Several investigations are published showing highly improved properties of the
composite coating compared to those of the single component. For example, an
investigation on corrosion control techniques found that silanes can protect metal
against corrosion but single silanes by themselves do not provide any significant
corrosion protection [27,28]. In addition, organic-inorganic hybrid materials formed
by hydrolysis and condensation of alkoxide precursors by sol-gel methods do provide
protection [29,30]. It was found that they could provide improved corrosion resistance
for metal substrates, because they combined the mechanical and chemical
characteristics of the comprising organic and inorganic networks, producing effective
coatings that were durable, scratch resistant and adherent to metal substrates. It is also
reported that sol—gel-derived silica hybrid coatings could provide enhanced protection
or passivation for the substrate surface particularly in high abrasion and corrosion

environments [31-34].

Additionally, the incorporation of organic groups made it possible to increase ductility
and thickness and to reduce the micro-cracks, thus enhancing the electrolytic anti-

corrosion performance [35-36].

Organic-inorganic hybrids represent a new class of materials that could result in a

nanocomposite with enhanced properties combining processability and versatility [1].
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Their interesting mechanical, thermal and optical properties attract a wide range of
potential applications such as drug delivery systems, electrical and optical devices,
sensors, catalysts, and protective coatings. It is reported that hybrid coatings might be
promising candidates for surface protection thanks to before mentioned particular
properties and also because of their inert and nontoxic nature [4,37]. Nanostructured
materials could also be part of the next generation of desalination systems and
influence anti-bacterial efficacy [2,38]. Nanocomposites can show improved barrier

properties due to more tortuous paths for the penetrant molecules [39].

The hybrid materials are composed of nanostructured organic polymer/ inorganic glass
materials that could exhibit easy processability, superior mechanical performance,
improved thermal stability, better corrosion resistance and excellent gas barrier
properties. This makes hybrids promising candidates to achieve the goals of this
research, namely, developing a new family of materials for coatings that improve
mechanical, chemical, thermal properties and are adherent to the metal substrates.

These properties are expected in the initial material before powdering.

The properties of composite materials are determined by the structure of the
components: the shape of the filler phase, the morphology of the system, and the nature
of the interface between the phases [40-42]. Thus, a great variety of properties can be
obtained with composites just by alteration of one of these items (e.g. the
morphological or interface properties). An important property of the interface that can
greatly affect mechanical behaviour is the strength of the adhesive bond between the
phases. There are many reasons for using composite materials rather than the simpler
homogeneous polymers, including: increased stiffness, strength, and dimensional
stability, increased toughness or impact strength, increased heat distortion
temperature, increased mechanical damping, reduced permeability to gases and

liquids, modified electrical properties, reduced cost [40].

In the past decades, the coating industry has suffered significant changes due to
regulatory constraint such as REACH (Registration, Evaluation, Authorization and
Restriction of Chemicals) which aim to eliminate hazardous products and limit volatile
organic compounds (VOC) [43]. Some examples of VOCs are hydrocarbons (hexane,
toluene, xylene), ketones (acetone, MEK, MIBK), alcohols (methanol, ethanol,

cyclohexanol), and esters (ethyl acetate, butyl acetate, isobutyl acetate). The
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application of coatings has been affected by this regulatory constrains as a wide range
of conventional organic coatings use these substances [44]. As a result, powder
coatings are enjoying high growth and great demand of research work to meet the
challenge. The coating formulators are centred on the development of technologies
that meet the dual requirements of environmental compliance and excellent
performance [43-45]. This research is also affected by regulation as will be explained

later on.

The objective of this research is to develop an improved polyamide 11 (PA11) with
enhanced chemical, thermal, and mechanical properties for metal coating application.
This project was aimed at developing new primeless coatings using polyamide 11 for
the fluid transport market. Phosphate glasses could be a great adhesion promoter due
to their compatibility with PA and metal surfaces. Phosphate coatings have a great

metal protecting performance.

2.2.1 Polymer powder coating

Organic coatings are a complex mixture of polymers, fluid carriers, pigments,
corrosion inhibitors, and additives and represent the oldest and most widely used

method for delaying the onset of corrosion.

Organic coatings are comprised of paints, varnishes (paints without pigmentation) and
high-performance coatings and are seldom used in isolation. They are typically used
in a coating system that may consist of the following combination of layers: (i) a
conversion coating (this layer is typically inorganic) and the associated preliminary
degreasing and de-oxidation procedures, (ii) a primer coat, (iii) an intermediate coat,
and (iv) a top coat. Each coating layer serves a particular function, giving rise to a total

system performance that exceeds the sum of the individual coating performances.

The stand-alone performance of the individual coating layers does not necessarily
represent the coating performance within the system. Broadly speaking, the corrosion
protection of a metal substrate by an organic coating system is an interactive function
of the environment, the organic coating system, the substrate, the physico-chemical
nature of the coating substrate interface (e.g. adhesion) and the interfacial chemistry

that evolves adjacent to the substrate in service. A slight change in any aspect of this
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assembly of variables can alter the corrosion protection properties provided by the

coating system.

The topic of organic coatings spans a broad range of technical and scientific fields,
from the art of coating formulation to polymer science, rheology, colour science,

surface science, mechanics, and corrosion science, among other fields [46].

The thermosetting organic powder coatings are epoxy, polyester and acrylic resin with
their correspondent curing agent, pigment, filler, and additives. Epoxy resin powder
coatings have excellent corrosion resistance, hardness, flexibility, and impact strength.
Polyester powder coatings exhibit good flow properties, wear resistance, and overbake
stability. Super-durable polyester formulations retain colour and gloss in harsh exterior
applications. Polyester resin can be formulated in a wide variety of powder coatings
with high-gloss, satin, metallic and sand finishes. Polyester powder coatings are
especially useful in architectural, container, shopping cart, lawn and garden,
agricultural and construction equipment applications. Acrylic resin powder coating is
well known for its excellent weathering resistance which can provide coatings resistant
to over 10 years of exposure. Acrylic powder is perfect for high performance of
exterior weather-ability, durability, and abrasion resistance. Acrylic powder coating
has strong metal adhesion, high quality film appearance and it is suitable for decorative

coatings.

The typical organic thermoplastic coatings are polyethylene, polyamide, polyvinyl
chloride, and polyvinylidene fluoride and their formula is composed of pigment, filler,
plasticizer, and stabilizer. The polyethylene powder coating has excellent corrosion
resistance, electrical insulation, and ultraviolet radiation resistance. Polyamide powder
coating has high mechanical strength, impact resistance and hardness. Polyvinyl
chloride powder coating has excellent solvent and corrosion resistance, impact
resistance and salt spray resistance. PVC coating can prevent food pollution and poly
(trifluoro vinyl chloride) powder coating acts as a protective barrier against chemicals

[47][11].

In Figure 2.1 polymer powder coatings are classified according to their performance

and sales volume.
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Figure 2. 1: Market powder coating.

Important Factors in coating selection are:

(@]

The selection of coatings depends upon factors including their intrinsic properties, the

Mission/operational needs

Exterior weathering

Water, fuel, solvent, or chemical resistance
Abrasion, heat, or mildew resistance
Appearance

Drying time

Ease of application and maintenance

environment, and the application method of deposition.

2.2.1.1 Polyamide 11 coatings (Rilsan® fine powder)

The research and development of this project was carried out in the fine powder
department at Arkema Chemistry Company in France. Rilsan® Fine powder is an
Arkema engineering polymer for coatings. Rilsan® is a renewable thermoplastic PA11

powder that combines strong physical properties with chemical durability. Appendix

A and B shows information taken from Arkema’s technical brochure.

This research is only developed by Rilsan® and the principle of film deposition onto

the substrate is called Rilsanisation® [48].
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Before coating the part with Rilsan®, it is necessary to prepare the metal surface of the
substrate which will influence (condition) the adhesion characteristics and
effectiveness of the coating. This preparation has three stages before applying the

polymeric coating (Figure 2.2).

(1) Degreasing
It eliminates most grease on the surface of the support, coming from cutting oils or
storage greases avoiding oxidation. It is carried out in a tank saturated with

trichlorethylene vapor. The plates are then wiped and stored in an oven at 50 ° C.

(ii))  Pre-treatment
Promotes a mechanical adherence of the coating. The pre-treatment is carried out in a

rotary grit blasting machine with abrasive particle projection.

(ii1)  Application of an undercoat adhesion primer

A primer, usually based on phenolic epoxy, is sprayed in a thin layer on the surface of
the metal and then dried. Compatible with the coating and metal, it promotes chemical
bonding to Rilsan® and protects the metal against corrosion in the event of deep
damages on the coating. A primer ensures the adhesion between the polyamide and the

metal surface.

Finally, Rilsan® coating with 100 um to several mm thickness is achieved by a coating

method. The thickness depends on the coating method.

Coating

Primer

Figure 2. 2: Rilsanisation process.

Over the years, several coating methods have been developed. In the 1930s, flame

spraying had opened the prelude of powder coatings which ensured polyethylene
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polymer (undissolved in solvent) and successful metal coating. In 1952, Gemmer
Company invented the fluidized bed coating technology. The first generation of pure
epoxy powder coating was born in the end of the 1950s in the United States. Then in
1961 with the melt extrusion machine and electrostatic spraying technology coating
processes, groups of powder coatings started appearing. There are different processes
to apply powders for coating. The most used one is the fluidized bed process. Here, a
hot metal test piece is dipped into fluidized powder. The second most used process is

applying powder by electrostatic processes [47].

) Fluidized bed
The fluidized bed process involves bringing and maintaining the workpiece at a
specified temperature for a given period depending on its shape and mass. This
uniform temperature exceeds the melting point of several organic powders, including

the Rilsan® powder. The oven temperatures can vary between 250 °C and 450 °C.

The workpiece is then removed from the oven and soaked in a powder bath. The bath
is suspended or fluidized by a small stream of air diffused through a porous membrane
at the bottom of the bath. The powder behaves in the same way in suspension as in a
fluid so that the particles of powder are distributed perfectly on the surface of the
pieces, including in the least accessible corners. In contact with the hot surface, they
melt to form a uniform layer with a coating thickness between 250 and 500 microns.
The soaking time usually ranges from two to four seconds and can be extended if it is

necessary to obtain a thicker coating.

The factor with the greatest influence on the heat transfer, apart from the fluidization
velocity, is the particle size. Particle size influences the change of the relative
contribution of various mechanisms in the overall heat transfer. In the fluidized bed
with small (< 0.1 mm) particles, convection by particles accounts for 90% of the
overall heat transfer, while in the beds of large particles (> 1 mm) only 20% of the heat
transfer is done by particle convection. Particle heat capacity is also important for heat

transferred by particle convection.
2.2.2 Inorganic coatings

Surface conversion, anodizing, enamelling, and metallic coatings are part of the

inorganic coating category. All of them provide barrier protection and the metallic
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coatings are the ones that stand out, playing a more active role. With a less noble metal
(e.g. zinc on steel), even corrosion due to surface damage in the coating can be
prevented. With a more noble coating (e.g. nickel on steel) there is risk of accelerated

corrosion in pores and damaged areas of the surface.

There are various methods for applying metal coatings: hot-dip galvanizing, thermal
spraying, electroplating and chemical and vacuum coating. The choice of the metal for
coating and method are determined based on base metal, size and shape, application

area, cost, and requirements for physical properties.

The objective of this research is to develop a new nanohybrid material with enhanced
properties for metal coating application. So, the hybrid precursors selection was
limited to organic - inorganic coating materials. The PA 11 powder coating was
selected as organic material and phosphate glass was identified as promising inorganic

material to achieve the goal.

2.2.2.1 Phosphate coatings

Phosphate coatings are the most often used steel surface treatment due to their notable
adhesion, high corrosion resistance, improved abrasive resistance of the structure, and
acceptable costs of manufacturing [49-51]. Corrosion protection for steel could be
achieved by the application of modified phosphate [50-51], zinc phosphate [52-63],
iron phosphate [64-66], as well as manganese phosphate coatings [67-75]. It was found
that, of the above-mentioned phosphate coatings, the manganese phosphate coatings
have the highest hardness in addition to their remarkable corrosion and wear resistance

[75].

The application of phosphate coatings makes use of phosphoric acid and takes
advantage of the low solubility of phosphates in medium or high pH solutions. Iron,

zinc, or manganese phosphate salts are dissolved in a solution of phosphoric acid [76].

When steel or iron parts are placed in the phosphoric acid, a classic acid and metal
reaction takes place which locally depletes the hydronium (H30%) ions, raising the
pH, and causing the dissolved salt to fall out of solution and be precipitated on the
surface. The acid and metal reaction also create iron phosphate locally which may also

be deposited. In the case of depositing zinc phosphate or manganese phosphate the
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additional iron phosphate is frequently an undesirable addition to the coating.
Phosphate conversion coatings can also be used on aluminium, zinc, cadmium, silver,

and tin [77].

The process of phosphating aluminium and steel parts is typically listed as a
conversion coating because the process involves metal removal as part of the reaction.
However, it is not like anodizing or black oxide in that the phosphate coating is a
precipitation reaction. The final surface is a layer of very fine phosphate crystals

adhering to the surface of the metal.

For paint and powder coatings, a phosphate coating might accomplish two main
functions. First, the organic layer is stabilized by the oxide resulting in lubrication and
surface damage prevention [78]. The metal oxide film is reported to act as an anchor
or primer for the organic coating to the glass surface container [79]. There are two
possible explanations to organic layer stabilization. The anchoring function of the
primer would originate from its ability to increase the bond strength of organic
coatings to the glass. This assumption is based on an overview by Smay [78-79], the
coating provides improved paint and powder coating adhesion since the phosphate
crystals act as organic coating anchoring sites. Second, the phosphate layer acts as a
corrosion barrier should the organic coating get scratched. In rust creep testing, the
rust creep is reduced when phosphate is present under the paint layer or powder coat

layer compared to no conversion layer under the organic coating.

Phosphate surface treatments are used to enhance paint adhesion and aid in corrosion
protection, primarily on steel. Strong adhesion results from formation of P —0 — C
primary bonds at the polymer coating/phosphate interface and P — O/Fe complexes at
phosphate/steel interfaces [80]. Corrosion protection is provided by the
nonconductive, kinetic barrier provided by the phosphate layer (as well as the strong
bonding with the protective paint coating) [80]. Zinc phosphate coatings are widely
used on steel, zinc, aluminium, and sometimes cadmium, tin, and magnesium surfaces.
Based on the design need, phosphate treatments can provide corrosion protection in

combination with bonding enhancement or even electrical insulation [81].

Mostly, phosphate coatings are conversion coatings, requiring reaction of the bare
metal surface in a solution containing soluble primary metal phosphates, phosphoric

acid, and various accelerators [82]. In the conversion mechanism, activated metal
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dissolution from the surface consumes protons from the conversion complex, resulting

in an insoluble product that is deposited on the substrate surface.

The main components of a phosphating solution are phosphoric acid (H;P0,), ions
(cations) of divalent metals (Zn?*,Fe?* Mn?") accelerator — an oxidizing reagent

(nitrate, nitrite, peroxide) to increase the coating process rate.
2.2.3 Phosphate glass

Glass is a transparent solid and can be among the most ancient materials in human
history. Despite of being known such a long time, the research of its structure is
paradoxically far from being complete. In the last 5 decades the science of glass has
made exciting progress. Glass is no longer solely a material of primary technological
value; glass is playing an important role in modern markets (optics — lasers-energy

conversion) thanks to the research and development of new types of glasses.

Phosphate glass exhibits attractive properties such as low glass transition, high thermal
expansion coefficients, biocompatibility, and high refractive indices. These
specifications are suitable for many applications in photonics, fast ion conductors [83-
86], glass-to-metal seals [87—89], low-temperature enamels [89], NH; gas adsorption
[90], and biomedical engineering [91].

Phosphate glasses are composed by cross-linked and chain-like polymer structures,
they are very similar to a network of polymer chains [6]. Phosphate glasses are
generally considered as polymers in nature [6-7]. However, phosphate chains are much
shorter than those of organic polymers and often an alkali metal cation aids are needed

in the network formation.

2.2.3.1 Principle of glass

Glass is usually a material which is produced by cooling a liquid so quickly in order
to avoid presence of crystallization [92]. The use of rapid cooling of the material
implies a fairly rapid temperature drop on the liquid with a continuous increase in
viscosity. The continuous increase in viscosity results in a progressive freezing of the
liquid to its final solidification [93]. In Figure 2.3 the variation of the specific volume

against temperature is plotted to show the two possible cases that can happen.
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The principle of glass formation is illustrated in Figure 2.3 [94]. This picture represents
a heated melt of fixed volume cooled to room temperature at a controlled rate. The
path A-B-C corresponds to the cooling trajectory slightly below the melting point Tm.
Point A represents a sufficiently high temperature for the material to be in liquid state.
Point B represents the point where the liquid and solid forms have equal free
enthalpies. As the temperature drops below Tm, the crystalline state is at the
equilibrium state (trajectory B-D) and the thermodynamic system tends to reach its
lowest enthalpy (trajectory D-E). Typically, the crystalline state displays long range

periodic atomic arrangement.

The formation of glassy materials depends on achieving cooling rates high enough for
kinetic factors to dominate the thermodynamic system and prevent crystallisation: if
the crystallization rate and nucleation rate are slower than the cooling rates, the
crystallization can be inhibited and the enthalpy of the system deviates from the

equilibrium state.

The path B-C-F [94] represents the metastable state of a super-cooled liquid. This

trajectory has a gradual slope defined as the range of glass transition.

Enthalpy ——»

Tslow Trast Tm
Temperature ————=

Figure 2. 3: Enthalpy-temperature diagram showing formation of crystalline and glassy materials; the

effect of cooling rate on glass formation is elucidated [94].

At the glass transition zone, the increasing viscosity of the liquid associated with the
progressive cooling process leads to a structure becoming fixed without any atomic

rearrangement. The so-called frozen liquid can now be considered as a glassy material.
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Additionally, since deviation from the equilibrium state is dictated by the cooling rate,
this kinetic factor controls the temperature at which the sample enters the glass
transition region. For example, if a material is cooled at a reduced rate, the B-D-E

trajectory is observed.

2.2.3.2 Phosphate glasses and their implications

Inorganic glasses are attractive materials to study from a fundamental point of view as
they pose challenging and yet unsolved problems in the field of condensed matter

physics [95].

In the last decade, our understanding of the static atomic structure of inorganic glasses
has advanced substantially due primarily to huge improvements in experimental
methods like Nuclear Magnetic Resonance (NMR), Extended X-ray Absorption Fine
Structure (EXAFS) spectroscopies, elastic and inelastic neutron and X-ray scattering,
Small-Angle and Wide-Angle X-ray Scattering (SAXS/WAXS) and to major
developments in the techniques of in situ experimentation with solids and liquids at
high temperatures and pressures. At the same time computer simulation methods have

enabled direct visualization of structure and dynamics in the glassy and liquid states.

Phosphate glasses have a long history with wider application and broadly studied
structural properties. Phosphate melts have comparatively low glass transition
temperatures of 327 — 427 °C making them easily processable and, with high thermal
expansion coefficients well-matched to those of metals, phosphate glasses are
commonly used for hermetic seals. Phosphate melts have high solubility factors for
heavy cations and anions. Initial development of phosphate glasses was hampered by
their poor chemical durability but eventually solved by the inclusion of intermediates
like Zn and Fe which has led to the development of phosphate glasses as potential
hosts for nuclear waste [96]. In recent years, the biocompatible phosphate glasses have
gained a particular interest thanks to their ability to react with water and emulate the
function of hydroxyapatite, the mineral of bones and teeth. Indeed, the low processing
temperature of phosphate glasses are enabling low-density foam matrices to be

fabricated as possible candidates for bone prosthesis [97].

The structural physics of phosphate glasses is equally fascinating. Like silicate glasses,

the phosphate glasses are constructed from corner-sharing tetrahedra, with the
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important difference that these are three-fold rather than four-fold coordinated. The

basic building block of phosphate glasses is the PO, tetrahedron where each has a short

apical P'/40 double bond and three longer P — O bonds. The latter three oxygens can
be shared by other PO, tetrahedra to form corner-shared P — O — P linkages.
Accordingly, the PO, tetrahedra can be designated as Q" units where n varies between
0 and 3 and corresponds to the number of BOg (bridging oxygens). Q* PO, species are
not found — not even in the glass-former P,05, so phosphate glasses remain three-fold

coordinated [98].

2.2.3.3 P20s glasses and bridging mechanisms

A fundamental work by Zachariasen (1932) introduced the theory of phosphate glass
structure [99]. This study describes the phosphate glasses as composed of a three-
dimensional structural network produced by reaction of glass forming phosphorus
pentoxide (P,05) compounds. Further influential studies by Hiagg and Van Wazer
questioned the Zachaniasen theory, demonstrating that even a large one-dimensional
molecular group alone could constitute the phosphate glass structure [100]. Following
these researches, different glass structure models were developed and represented in
terms of the short-range bonds and long-range length scales throughout the material’s

overall structure [98, 99].

The orthophosphate P-tetrahedron (PO3™) is the basic structural unit (Figure 2.4) of
phosphate glasses. The electronic configuration of phosphorus is 3s?, 3p3 with five
valence electrons. In oxide systems, the favoured coordination is tetrahedral, which
can be considered as sp® hybridization of the phosphorous valence shell atomic
orbitals, with the third p electron promoted to an empty 3d orbital, where a strong
bonding molecular orbital is formed with 2p orbitals on the oxygen atoms [98]. In the
absence of cations, the molecule’s three oxygen atoms are free, and the tetrahedral
phosphate anion can form covalent bonds via these bridging oxygens (BOg) with any
surrounding P-tetrahedrons (P — O — P bonds) (Figure 2.5). Thus, the combination
of orthophosphates allows the formation of various polyphosphate anions which may

be branched or linear or a combination of the two.
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Figure 2. 5: Polymerisation of the phosphate anion gives rise to various polyphosphate anions linked

via oxygen bridges which may be linear or branched (a), or a combination of the two (b) [98].

The corresponding structure of a phosphate glass network is typically classified under
the Q' terminology where i represents the number of bridging oxygens BOg per
tetrahedron (Figure 2.6). This terminology was originally devised for silica glasses but

has been applied to phosphates [98].
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Figure 2. 6: Schematic representation of phosphate tetrahedral units: the four types of Qi represent the
species found in phosphate glasses, where i is the number of bridging oxygens present within a

particular phosphate tetrahedron [98].

The structure of the simplest phosphate glass P,0s has been studied relatively recently
by neutron and X-ray diffraction, Raman scattering and 31P NMR spectroscopic
techniques. These studies indicate that the glass structure is indeed made up of three-

dimensionally corner-linked units.

Three corners are linked via BOg with the remaining oxygens in NBO (non-bridging
oxygen) or terminal configurations, i.e. phosphorus polyhedra are Q3 in P,Os glass.
From spallation neutron and high-energy X-ray scattering experiments, the geometry
of'the Q species is now well determined, with P — O distances for BOg and NBOgbeing
1.60 and 1.49 A (angstrom) respectively. However, the relationship between
intermediate-range order and the topology of the network is still not well understood.
So far, all spectroscopic results point towards a topology comprising a mixture of
molecules and chains that has aspects in common to both the hexagonal and

orthorhombic crystalline polymorphs of P,0s.

2.2.3.4 Low Tg phosphate glasses

Considerable research has already been carried out on phosphate glasses, as a result of
their interesting properties such as ultra-low glass transition temperature. The use of
phosphate glasses as fillers has many advantages over the more traditional inorganic
materials. Phosphate glass is considered polymeric in nature, because of its similar
chain network-cross-linked structures. The chains are much shorter than organic

polymer chains and are composed of phosphate anion tetrahedra, Figure 2.4.

Its Tg is lower than the more traditional inorganic fillers, which makes it attractive for
academic and industrial use. However, there are limitations for many applications due

to the poor chemical durability of phosphate glasses [99].
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In terms of hybrid compounding for coatings, it is essential to select a glass with
acceptable chemical durability. There is a study [101] related to the development of
chemically durable phosphate glasses that have low glass transition temperatures. This
study is aimed at obtaining mouldable glass-polymer composites with special
characteristics such as stiffness, strength, and dimensional stability at high
temperatures for the benefit of high-end engineering uses. The molar composition of
the glass in this study is 50% SnF, + 20% SnO + 30% P,05 and designated tin
fluoride phosphate (TFP) glass. Thus, this type of glass was selected for the current
research because of its low melting temperature, improved water resistance and
chemical durability. The TFP glass was discovered in 1982 and patented by Tick [102-
103].

Incorporating tin oxide into the structure of the phosphate glasses is expected to
improve the chemical durability and water resistance of the glass. The expected role
of SnO in this system is to act as network former in a tetrahedral coordination and bond
with the phosphorous via oxygen forming Sn — O — Pstronger linkages. Replacing
weak bonds as F —P —F,Sn — P —F or also P — O — P by Sn — O — P strong bonds
the connectivity of the network will be increased and as a result, water resistance and
chemical durability improved. On the other hand, adding a fluorine atom into the glass
structure will break the polymer chain with the formation of a PO3F terminal group.
When oxygen is replaced by a fluorine atom, the intermolecular interactions increase
due to the decrease of the average length of the chain and so the packing density of the
structure increases. As a result, a lower vitrification temperature should be achieved

[100].

The expected glass transition temperature is approximately 125 °C and the density is

approximately 3.75 gcm™3

shown below [100]:

. The repeating unit of phosphate glass (Equation 1) is

Sn0,F — PO5F (1)

The glass behaves as a Newtonian-fluid at several frequencies and temperature ranges.
Its viscosity is strongly dependant on temperature. This glass is ideal for use as a filler

in a polymer matrix because of its rheological behaviour combined with a low glass
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transition temperature. The structure of the glass depends on the P,05 content and PO,

interconnections.

The structure of phosphate glasses can be studied using various techniques such as the
infrared and Raman spectroscopy, nuclear magnetic resonance, and X-Ray
photoelectron spectroscopy. From the results published so far [104], it follows that in
ultra-phosphate glasses (where [P,05] > 50 mol. %) the metal oxides of SnO, PbO and
ZnO enter the network mainly as modifiers. The further lowering of P,05 content
forms metaphosphates ([P,05] = 50 mol. %) and then polyphosphates with [P,05]<
50 mol. %. This is associated with the formation of covalent P — O — x (where x is Sn,
Pb, Zn etc) linkages, which give rise to an increase of connectivity and cross-linking
of the network. Hence, Tg increases and the stability of the glass to water corrosion
[105]. In polyphosphate glasses, where [P,05] =40 mol. %, however, MO has the role
of network changers while the atoms can act as network former and network modifier.
At P,05 = 50 mol % metaphosphate glasses are obtained with mainly Q? tetrahedra
and few chains ends Q! (PO3).

2.2.3.5 Effect of adding F in P20s glass structure

The addition of F to the glass structure results in network depolymerisation and it
breaks the P — O — P bond to form fluorophosphate (PO3F) Q! units or difluoro-
phosphate (PO,F,) Q° units [92]. A proportional decrease of the average length of the
phosphate chains, increasing the fluorine species into the phosphates is observed and

a successive conversion leads to pyrophosphate dimers [106]. The process can be
detected by a Raman peak at 1020 cm ' attributed to the v stretching vibration
POZ%~ of the Q! [107]. The addition of SnF, provides an electron to form another
chemical species in a redox chemical reaction. Since the reducing agents is losing

electrons, it must be oxidized (Sn?*F ™).

2.2.3.6 Effect of adding Sn in P2Os glass structure

The addition of SnO to SnF, — P,05 glasses should decrease the volatility of the melt
and increase the chemical durability of the glass [106]. Divalent tin plays the role of a
network former in a tetrahedral coordination and bonds with phosphorus via oxygen

Sn — O — P. Here Sn?* acts as a network former to produce cations.
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P — 0 — P and Sn — O — P bridges increase the linkage of the glass network, while
F — Sn — F bridges are of lesser importance. F — Sn — F and P — O — P bonds are
easily attacked by water and provide weak points in the network. Since P — O — P
bridges are incorporated in the basic structural unit, it follows that durability would be
inversely proportional to the number of P — O — P bridges. The increase in chemical
durability through the increase of SnO content takes place because the weaker linkages
of F—Sn—F, Sn—P—F and F — P — F are gradually replaced by stronger Sn —
O—Sn, Sn—0—Pand P— O — P linkages. The replacement of P — O — P bonds
by Sn — O — P — O bonds increases the connectivity of the network and decreases its

susceptibility to attack by water [ 93,106-107].

2.2.3.7 Characterization of phosphate glass structure

Phosphate glasses have been developed over recent years with much lower glass
transition temperatures (Tg) than those of conventional silicate glasses [108-109].
Specifically, phosphate glasses can have Tg values as low as 100 °C as compared with
50 °C for typical silicate-based glasses. These unique thermal properties offer major
potential in engineering applications including sealing [110], nuclear waste storage
[97] and biomedical implants [105]. A further possible application is in polymer

composites.

Phosphate glasses have the glass transition temperatures in a broadly similar range to
the melting temperature of organic polymers and so co-processing by extrusion in
which both components are fluid is a possibility. A molten rather than a solid (as it is
the case in conventional polymer processing) glass phase should in principle allow
much higher glass loadings and enhanced properties. One part of this research is
directed at developing an understanding of the mechanisms of melting and defining
the processing conditions of phosphate glasses for co-extrusion with polymers with

the ultimate aim of producing high-performance glass-polymer hybrids.

The structure of vitreous phosphates is based on a molecular tetrahedral building block
[98,102]. Phosphorus is a pentavalent ion and so the formation of a phosphorus-oxygen
tetrahedron with four bridging oxygens would result in an impracticable unit with a
net positive charge of +1. Nevertheless, a charge-neutral tetrahedron can be formed if

one of the oxygens forms a double bond with the pentavalent phosphorus ion (P — 0),
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while the other three oxygens form bridging oxygens P — O — P with adjacent

tetrahedra.

In practice, the tetrahedra link up, using the covalent bridging oxygens, to form various
phosphate anions. The tetrahedra may be classified using the Q' terminology [111-
112], where i represents the number of bridging oxygens per tetrahedron. Phosphate
glasses can be made with a range of structures, from a cross-linked network of Q3
tetrahedra as in vitreous P, 05, to polymer-like metaphosphate chains of Q? tetrahedra,
to glasses based on small pyrophosphate Qland orthophosphate Q%anions, depending

on the oxygen-to-phosphorus ratio as set by the glass composition.

Low-temperature glasses tend to show inferior chemical durability in humid
environments and these hygroscopic characteristic limits their practical application.
However, glasses have now been developed with much higher stability, particularly
tin phosphate oxyfluorides [111-112]. The addition of SnO to binary stannous
fluorophosphates glass resulted in a decrease in the volatility of the melt and dramatic
improvements in the chemical durability of the glass [111-112]. The substitution of
SnO for SnF, drastically reduced dissolution to rates comparable to soda-lime silica
glass [111,112]. The increase in chemical durability is attributed to the weaker linkages
of Sn — F — Sn, Sn — F — P and P — F — P being replaced by the stronger Sn — O —
Sn, Sn — O — P and P — O — P linkages. The composition of the glass will have a
direct bearing on its blending with polymers as well as influencing the properties of

the resulting composite [113].

A tin fluoride phosphate glass with a molar composition of 50 mol% tin fluoride
(SnF;), 20 mol% tin oxide (Sn0O) and 30 mol% phosphorus pentoxide (P,05) was
selected for investigation due to its unique combination of low Tg, rheological
properties, water resistance and chemical durability. The low Tg has the possibility of
making the phosphate glass fluid during polymer processing. In addition, the glass has
been reported to have an affinity with some polymers, which may provide possibilities

for hybridization [113-114].

For a fixed glass composition, however, the processing conditions are also expected to

influence the formation of its final structure and the properties. No systematic
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investigations were found in the literature on the quantitative effect of melting

conditions on the final properties of tin fluoride phosphate glass.

This research will characterize the effect of melting on glass structure [115] and
properties [116] by techniques including FTIR, Raman, DSC, TGA and density and
complex viscosity in comparison with related systems in the literature. The research
will have value in understanding the sensitivity of glass performance to melting
conditions and relevance for upscaling of the glass synthesis in the development of

possible future industrial applications.

2.3 Phosphate glass- polyamide 11 hybrid powder preparation for

industrial application

The composition and properties of the coating material are vital not just for the mass-
based coating efficient but also for the quality of the final coating. The optimisation of
the coating is more a fundamental chemical rather than a process challenge. More than
one attempt is always needed before finding the correct coating composition that meets
all the requirements demanded by the final target of the research. A selection of
additives such as surfactants, plasticisers, texturisers, emulsifiers, anti- adherent
agents, and stabilisers can indeed improve the coating properties and avoid unwanted
agglomeration. Such additions, however, often cause other problems like decreased

adhesion on the particles and/or reduced mechanical or leaching properties.

2.3.1 Design of the formula

In industrial scale, it is often difficult to add new compounds. Compromises must be
found between the composition of the coating, solution, economics, process conditions
and legislation. Hence, there are often a limited number of new additives, which in

practise may be chosen from.

The final approach of this research project was to develop a new family of
nanostructured organic-inorganic hybrid coatings for industrialization in the fluid
market. A common polymer coating used for this market is Rilsan fine powder PA11.
Thus, Rilsan was selected as the first organic component of the hybrid to develop this

new nanohybrid coating.
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Prior to opening the workflow of the activities to attain the exciting and ambitious

objectives of the research, it is important to define two things first:

1) Finished product expectations in term of surface protection for the fluid
market
2) The environmental conditions that the nanohybrid coating will experience

throughout its working life in this market.

The surface protection requirements for the fluid market are summarized in Table 2.1.

Table 2. 1: Coating characterization requirements for fluid market.

Characterization Test Required PA11 Hybrid
method condition result results expectation

Hot water immersion 14 days at 50 °C ~ Adhesion test Yes
>or=1

Water absorption 100 days at 23 °C <4% 1,5 1.2

Impact resistance ASTM G14 2] 2,1 2.8

Abrasion resistance CS17 <40 mg 12 12

Thermal stability 28 days Adhesion test Yes
>or=1

Chemical resistance Salt hydrocarbons Yes

Effect on water quality Potable water Agre.AS/NZS - -

It is mentioned along the research that in the last years due to health, safety, and
environmental regulations, an urgent need to reduce the use of volatile organic
compounds (VOCs) in the coating market is prioritizing. To have adhesion of Rilsan®
on metal, it is necessary to apply a primer. This primer layer is an epoxy resin where
solvents and bisphenol A are present. Thus, another alternative to replace the primer
has been demanded. The over cost engendered by primer application compared to
competing products such as epoxy or polyolefin coatings (Plascoat company products)

applied directly to the metal, makes Rilsan coating not competitive for the market.

Therefore, this research is focused on designing coating powders to develop a
functional polymer-glass hybrid coating, to fulfil the fluid market requirements,
respect the European regulations and show competitiveness by self-priming in the

market. The focus is on the inorganic phase of the hybrid.
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The main points to work on are:

e The enhancement of mechanical and thermal properties together with
chemical resistance in the powder (via nanoparticles).
e The development of a primeless coating (via a metal- glass- polymer

hybrid which could react with the matrix and substrate).

Phosphate glasses and PA11 were selected as components in order to take advantage
of their high coating performance and their compatibility which was expected to
achieve a nanosized hybrid coating. The thermal stability and decomposition

temperature can be improved with nanoparticles due to two facts:

1. The superior thermal stability of the nanofillers, which promotes the stability
of polymer matrix via the formation of protecting layers or chars during
decomposition. In nanocomposites of MWNTs throughout PA11, the thermal
stability was improved by about 20 °C when the nanotube concentration is 1

wt% [117].

2. The excellent thermal conductivity of the nanoparticles. It was reported [117]
that the enhanced thermal conductivity of a composite (PA11/conventional
flame retardants additives) can facilitate heat transport and increase its thermal
stability through the incorporation of high thermal conducting nanofillers like

carbon nanofillers.

A synergism between conventional flame-retardant additives (phosphorus chemicals
like polyphosphoric acid, phosphorus pentoxide and specialty organophosphorus
compounds) and two types of nanoparticles (carbon nanofillers (CNF) and

montmorillonite (MMT) nanoclays PA11 matrix) is reported [117].

The incorporation of MMT nanoclays or CNF nanoparticles into the PA11 has been
shown to be an effective method for developing Fire Resistance (FR) thermoplastic
polymers by twin-screw extrusion (a melt blending process). It has been demonstrated
that small amounts of those nanoparticles (<7%) are required to make nanocomposites
to exhibit similar enhanced flame-retardant properties when compared with the FR
thermoplastic generated by conventional methods [118-125]. However, unlike the
conventional FR thermoplastics, the resulting nanocomposites exhibit enhanced

mechanical properties such as improved strength/modulus, moisture resistance and
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higher heat deflection temperature. Therefore, nanotechnology can be used to develop

novel FR thermoplastic structural components with high performance characteristics.

There are several applications where high pressures and temperatures dictate the use
of fire-resistant material to mitigate the potential for dangerous and expensive fires.

Flame retardants are chemical additives used in thermoplastics, thermoset, textiles, and
coatings. The fire resistance of the material is its ability to withstand fire, retain
structural integrity and prevent fire spread to an adjoining area for a period of time.
They limit the spread of fire by containing it within designated spaces or zones and
preventing structural collapse. It is reported that common phosphate plasticisers impart
some flame resistance to polymers. Preliminary evidence of flame resistance

improvement is reported for P/Glass PA6 hybrids [5].

On the other hand, phosphate is used as a flame retardant in polyamides. For example,
different polyamides, especially glass fibre reinforced grades, can be effectively flame
retarded with halogen-free products based on the phosphonates. The required dosage
for a UL 94 V-0 performance (see Experimental Details Section) is lower than for
other flame-retardant formulations apart from red phosphorus. The flame-retardant
effect is achieved in the solid state leading to enhanced char formation which is typical

of phosphorus-based flame retardants [126].

Considering the preliminary reported improvement of flame resistance, and the
importance of this property for coatings, the UL 94 test was carried out in this study
into the new nanostructured polymer-glass hybrid. Fire resistance will be evaluated for

the first time in this material.

UL 94 is the Standard for Safety of Flammability of Plastic Materials for Parts in
Devices and Appliances testing. It is a plastics flammability standard released by
Underwriters Laboratories of the United States [127]. The standard determines the
material’s tendency to either extinguish or spread the flame once the specimen has

been ignited.

Certain polymeric material coatings like PA11 have poor adhesion to metal surfaces,
while inorganic coatings may lead to thickness limitations, porosity, micro cracks, and
high internal stress. Research has therefore intensified in recent years on inorganic-

organic hybrid materials deposited by diverse coating techniques. The excellent
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anticorrosion performance of these materials has opened up interesting possibilities.

The enhancement of anticorrosion is partly due to the improvement of adhesion.

The low T; is expected to make the phosphate glass fluid during polymer processing
and its reported affinity may improve the possibilities for hybridization [128-130]. It
is reported that good affinity and miscibility between phosphate and PA 6 takes place
due to results obtained by the author [5], which may encourage the formation of

nanoparticles using PA11 and TFP glass.

One way to improve the barrier properties and consequently chemical resistance is by
creating a maze or “tortuous path” by nanoparticles that retards the progress of the
water molecules through the matrix and improves the adherence to the metal surface

by the affinity of the metal-glass; the glass being fluid during the coating application.

Figure 2. 7: The tortuous path of polymer/layered silicate nanocomposite.

A high aspect ratio of nanofillers in nanocomposites can reduce the gas permeability.
The dependence on factors such as the relative orientation and dispersion is still not
well understood. The gas will pass through the film of the nanocomposites by a
tortuous path as illustrated schematically in Figure 2.7. Besides the particle length, the
concentration, state of aggregation and the relative orientation of the particles in the
matrix are also important parameters for barrier properties. The enhanced barrier
characteristics, which benefit from the hindered diffusion pathways through the
nanocomposites, will lead to improvement of flame retardant and chemical resistance

through reducing solvent uptake.

Water absorption and vapor permeability tests are useful techniques for evaluating
chemical resistance. In general, composites can be designed within defined limits by

tailoring their properties depending on the selection of components.
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The most important testing to evaluate the adhesion are hot water immersion and
impact resistance. Both, together with additional testing such us hardness and abrasion,
were carried out to evaluate mechanical properties. Polymeric gas barriers which have
improved resistance to oxygen and/or water vapor transmission as a result of the
inclusion of nanoparticles, which create a tortuous path through the polymeric

material, were contemplated too.

2.3.2 Characterization of surface energies

Given that the action of tin fluoride phosphate (TFP) glass-PA11 hybrid takes place
essentially at the level of metal / polymer or polymer / glass interfaces, it is essential
to properly characterize the surface energies of the different precursors as well as the

interfacial energies at the temperature of the extrusion process.

2.3.2.1 Surface energy and surface tension

The surface has a molecular or atomic organization different from that of the volume
of the material, due to a different number of neighbours, which makes it less
thermodynamically stable and more reactive. The surface energy vy is defined from a
thermodynamic point of view as the work necessary to create a unit of interface area
(in mJm™?) at constant temperature, volume, and chemical potentials. Surface tension
is defined mechanically as the force per unit of length required to keep the surface in

balance (in Nm™1).

In the case of liquids, v is independent of the surface deformations and the surface is
isotropic, the surface energies and surface tensions are equal. Thus, in the literature
[131], the two terms are often confused. However, in the case of solids, the quantities
of the two terms are distinct, and it is often the surface tension which is characterized
experimentally. In the case of viscoelastic polymers in the solid state, where the
surface is isotropic, the variation of the surface energy compared to the elastic
deformations of the surface is often negligible if the surface has no surface roughness,

therefore very smooth.
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2.3.2.2 Interfacial tension

The interfacial energy (or interfacial tension) yag is the asymmetry of the forces of
attraction of the molecules between two immiscible condensed phases. The Gibbs
equation in thermodynamics (Equation 2) expresses the variation of surface and

interfacial energies as a function of temperature and chemical potentials [132]:
(dyap ordy) = —sdT —c;dyy (2)

where s is the surface entropy per unit area, ¢; and ; respectively the concentration

and the chemical potential of constituent i.

Equation 2 shows that surface energy and interfacial energy decrease with temperature
due to the increase in the mobility of molecules. This relationship is notably verified
in the case of polymers with a variation of —0.05 mJm~2 by increase of + 1 °C against

—0.01 mJjm™~2 for polymer interfaces [132].

2.3.2.2.1 Work adhesion
The adhesion work W, (Equation 3), which is the reduction of Gibbs free energy per
unit area, can be defined from the interfacial and surface energies, according to the

equation of Dupré [132]:

Wa = Ya +YB — YaB 3)
where y, and yg are the surface energies of phases A and B.

Consequently, the higher the interfacial energy y,g the lower the adhesion work,
which is a favourable situation for the establishment of an interface. However, poor
adhesion work also results in an interface that is not very stable because it is weakly
maintained by adhesion. The difference in phase polarity is the first factor affecting
the amplitude of the interfacial energy. Thus, Girifalco and Good [133] introduce the
interaction parameter ¢ (Equation 4) to account for the similarity of the interactions

of the two phases:
YaB = Ya + YB — 2@VYAYB “4)

The interaction parameter ¢ varies from 0 to 1, with ¢ tending to 1 when the two

phases have close polarity.
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2.3.2.2.2 Interdiffusion area

Two condensed phases A and B in contact have an interface in which the two
components suffer interdiffusion. In the case of polymers, it is possible to go back to
the thickness of the interdiffusion zone L; of the two phases A and B, via the Flory-
Huggins parameter and from the interfacial tension. According to the mean field
theory, the interdiffusion zone L; is inversely proportional to the interfacial tension
Yag- Wu [132] establishes the empirical relation y,g = 102L;* with L; in angstrom.

The interface for immiscible polymers is generally on the order of 1 to 10 nm.

2.3.2.2.3 Case of a solid / liquid interface

The deposit of a drop of liquid on a solid substrate can generate several situations with
contact angle 8, between the tangent to the drop and the surface, being different
according to the interfacial tension role (Figure 2.8):

(a) total wetting: the liquid spreads completely on the solid surface (8 = 0")

(b) partial wetting: the liquid is a drop in the shape of a spherical cap with a contact
angle 8 with the surface (0 < 6 < 180°)

(c) zero wetting: the liquid forms a spherical drop on the surface (8 = 180")

liquide 8=0

fa) |.
YLv

TsL 9 Tsv

(b) I (c)

Figure 2. 8: Different wettings: a) total wetting; b) partial wetting; c) zero wetting.

The spreading coefficient Apg of A over B defined by Equation 5 makes possible to
predict the different wetting situations: if A,g = 0, there is total wetting and if Apg <

0, there is partial wetting.

AAB = YB — YA — YaB (5)

In the case of partial wetting and zero wetting, the Young's equation, Equation 6 [135]

links the different interfacial tensions between the three phases involved:
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Ysv = YsL + YLvcos(6) (6)

Where ysy, Vs and yry are, respectively, the solid-vapor, solid-liquid and liquid-

vapor interfacial tensions.

The spread pressure at equilibrium 1, (Equation 7) is related to the surface tension of

the solid y to vy by:

Te = VYs — VYsv (7)

According to Wu [135], this pressure is negligible for polymers if the contact angle is

large (typically greater than 10 ©).
2.3.2.2.4 Measurement methods

The surface energy measurement methods used in the case of molten polymers can be
classified into two categories:

e cxperimental methods, which are based on the equilibrium of known forces,
such as sessile drop, hanging drop or rotating drop. However, many
experimental difficulties result from the high Newtonian viscosity of the
polymers, implying a long duration of experiment and therefore risks of
degradation.

e semi-empirical methods, which are based on theoretical considerations. The
methods are those of the homologous liquid, the molten polymer, the equation

of state and the harmonic mean [135].

The different methods used for the characterization of the surface energies of the

polymers are presented below.

a) Pendant drop method
The principle of pendant drop method is to determine the surface energy of the liquid
v (Equation 8) forming a hanging drop, at equilibrium between the forces of gravity

and capillarity:

y = (ApgD*)/H (8)
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where Ap is the density difference between the gas phase and the liquid phase, g the
acceleration of gravity, D the maximum diameter of the drop and H a correction factor

depending on the shape of the drop [135].

b) Method of the equation of state
The equation of state method proposed by Wu [135] makes possible to deduce the
surface energy of a polymer solid surface from a whole spectrum of drops of liquids

of different polarities and surface energies.

¢) Harmonic mean method
The equation of the harmonic mean (Equation 9) is quite often used in the literature to
calculate surface or interfacial energies [133]. It is based on the theory of fractional
polarities which postulates that the surface energy can be decomposed into a polar

component Yy, and a dispersion component y:

Y=Yp+Yd )

The polar and dispersion components consider the ability of the material to induce
respectively:

e Short-range Lewis acid-base interactions, for example if the material can be
electron donor (base) or acceptor (acid). They include dipole forces, induction
forces or hydrogen bridge interactions.

e Long-range Lifshitz-van der Waals interactions. They include the dispersion

forces of Keesom, Debye and London.

Similarly, the adhesion work can be broken down into dispersion and polar part by a

harmonic mean, in the case of low energy materials, such as polymers.

2.3.3 Industrial preparation of powder coatings

In Figure 2.9, the manufacturing process of powder coatings is explained. The first
step is to design the formula and weigh the raw materials. The second one is the

melting and extruding as explained below.
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Figure 2. 9: Powder coating preparation process.

2.3.3.1 Melting and extruding

Initial laboratory research is necessary to start the industrialization process. This
research provides guidance data for the high scaling step. The morphology of the
hybrid was developed in the laboratory step.

The literature research [135] of the action of polymers in the flow shows that the
understanding of these phenomena passes through polymer mixtures. It is the
properties of the constituents and the physical parameters of the process that will
control the dispersion of the minority phase. The literature [136] relating to the

development of structures under thermomechanical action is very extensive.

The first theoretical and experimental studies on the deformation of simple shear
mixtures were carried out on Newtonian fluids by Taylor [135]. He observed a
spherical drop in a shear flow. The spherical particle is deformed into an ellipsoid,
whose geometric characteristics depend on two dimensionless numbers: the ratio of
the viscosities, p , with ng and n,respectively, the viscosities of the drop and the

matrix (Equation 10).

p=""n, (10)
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The capillary number, Ca, which represents the ratio of the viscous stress to the stress
due to the interfacial tension is given in Equation 11. The viscous forces tend to deform

the inclusion, while the interfacial tension tends to oppose the deformation.

Ca = NmY/(YaB/Ro) (11)

Where vy is the shear rate, R is the initial radius of the drop, yp the interfacial tension
between the drop and the matrix. Taylor predicts a Ca.,j; failure criterion that can be

represented in a diagram as a function of the ratio of viscosities p (Figure 2.10).
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Figure 2. 10: Critical capillary number versus viscosity ratio (p) in the case of simple shear and

Newtonian flow elongation [135].

Depending on the value of the capillary number, different mechanisms take place in
the deformation of the inclusion (Figure 2.11). If Ca << Cagt, the drop does not
deform. On the other hand, if 0.1 Ca.; < Ca < Cagpt, the particle is deforms in an
ellipsoid but without breaking. If Ca > Ca,jt, the drop will deform and break.

°0/

Figure 2. 11: Mechanism of rupture by Rayleigh instabilities [135].
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The polymer mixtures obey complex phenomena controlling the dispersion and the
granulometry of the constituents of the mixture. The mechanisms of coalescence and
deformation / rupture of the minority phase involve the operating conditions of the
processes used but also the intrinsic properties of the materials. It is, therefore,
interesting to determine these conditions in order to see that such phenomena exist in

the flows of PA and TFP glass.

The research was focused on characterizing the chemistry, rheology, and surface
physico-chemistry of the polymers of the study, which will then allow to compare the

performances of the hybrids according to their intrinsic properties.

2.3.3.2 Polyamide 11- TFP glass hybrid compounding

The processing of TFP glass-polymer hybrid using conventional methods like
extrusion is feasible because of the low glass transition temperature (125 °C) of the
glass [6]. Both the polymer and the glass are fluid during the processing of the hybrid.
This facilitates the control of the morphology by tailoring the molecular interactions

and avoiding intractable processing problems.

As a result, the synthesis of glass-polymer hybrids is carried out by aiming to enhance
the interactions between phosphate glasses and highly interacting resins, as with
polyamide. The key advantage of the TFP glass is its Tg, which is low enough to allow
melt processing with engineering thermoplastics to produce composite hybrid systems.
The interaction between polyamides and phosphate glasses is widely documented [6],
where it is shown that there are exceptional physicomechanical interactions between
the components. The absorption of ammonia to the phosphate glass surface is one such
classical interaction of these hybrid components. The hybrid components undergo a
high degree interaction, which contributes towards their miscibility in the melt and the
polymer-glass adhesion in the solid state. This could possibly result in the dissolution
of particles to achieving nanometric-scale morphologies. This offers the possibility of
materials with compatibility and interesting melt behaviour. The structure of the hybrid

(Equation 12) may facilitate the interaction between two structures:

—[HN — (CH;)10 — CO], — SnO,F — PO, (12)
Polyamide 11 Tin fluoride phosphate glass
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The measurement of rheological properties will be important in controlling the coating
formation in the deposition process. Other possible options to improve interactions and
miscibility include changing the matrix, using additives such as coupling agents and

manipulating the molecular weight distribution.

2.3.4 Powder Characterization

In this research, the fluidized bed dipping powder coating technique was chosen as
coating process. The principle of a fluid bed is to maintain particles in suspension in a
close area by blowing air through the particle bed. The state of the bed depends thereby
on the air velocity and on the particle properties. A fluidised bed behaves like a boiling
liquid [137].

2.3.4.1 Mean particle size and density

The most important parameters regarding the air velocities of fluidized bed dipping
coating process are fluidisation properties. The importance of particle size and density
on fluidisation properties is recognized. Thus, for any particle of known mean particle
size and density , the Geldart chart (Appendix C) indicates the type of fluidisation to
be expected [138].

Geldart [137-138] has found four overall fluidisation modes (C, A, B and D) and
determined a general particle classification chart. The particles suited for coating often
come from group A as the particles have the aeration properties required for coating
purposes. Group A particles have small mean particle size and/or density less than 1.4
g/cm?. Commercial PA 11 Rilsan® fine powder has 100 um of mean particle size and

1.02 g/cm? of density.

The achievement of Group A classification for this novel hybrid was expected to reach
by TFP glass — PA hybrid reported interaction [6]. Homogeneous dispersion and

nanosized particles morphology were identified as key point.
2.3.4.2 Viscosity characterisation

The rheological properties of coatings (that is, their ability to flow) are of prime
importance in their preparation, storage, and application. Coatings key factor in

rheology is the viscosity of the fluid [139]. In some cases, the viscous properties of the
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combination of the polymer, pigments, and solvent is sufficient to provide the correct
viscosity for the coating. In other cases, however, specialty additives must be
employed to achieve precise control of viscosity. These materials are often known
as thickeners, and, as their name suggests, they are used to increase the viscosity of, or

thicken, a coating when added in small amounts.

The most important rheological parameters [139], with respect to the application
process are the measurement of:

(1) the change of viscosity during the drying period.

(i1) the viscosity of the coating, ready for application, in the shear range from below 1
s~! to more than 10000 s .

(iii) the thixotropic recovery of viscosity at a shear rate below 1 s~ ! following shearing
at a shear rate or the increase of viscosity over the time.

(iv) the stress relaxation from a low shear rate where relaxation times are largest or
from a realistically high shear rate.

(v) the change in the composition of the material during drying in terms of evaporation.

This characterization is found to be closely related to many of the different flow
problems occurring in the application process. Rotational viscometers, normally used
in coatings laboratories, are the most advanced instruments required for the
characterization. This characterization, furthermore, is consistent with theoretical
approaches to rheology, thereby giving access to an extension of the validity of the
measurements on theoretical grounds and to use of extensive knowledge of how well-
defined materials behave and interact in the design of coatings with a certain flow. The
framework of the characterization is found to be crucial in relating application process

and rheology, whereas the specific measurements can be made in various ways.

The progress of the reaction is monitored by an inherent viscosity measurement of the
powder. Inherent viscosity provides information about the molecular weight of the
polymer which has direct influence on the applicability of the powder. To be marketed,
the powder must have an inherent viscosity within a specific range. Too low viscosity
of the powder gives a very brittle coating and reduces its mechanical properties. On
the other hand, a powder with too high viscosity is inapplicable because the powder

grains no longer coalesce to form a film. To monitor the progress of the reaction in
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relation of hybrid molecular weight. The specific range to avoid coating applicability

problem for PA11is 1.0 -1.1.
2.4 Coating characterisation

Coatings are applied to a variety of surfaces for aesthetic and/or functional purposes.
In general, coatings are used for corrosion resistance, adhesion properties and wear
resistance. Coatings are generally applied and then undergo a curing or solidification
process. Understanding the capabilities of the coating properties enables engineers to

develop performance-enhancing coatings as well as optimize processing techniques.

A broad set of coating characterization techniques are available in the market:
o Salt Spray
e Humidity Testing
e Chipping Resistance
o Hot Water Resistance
o Accelerated Weathering
e Acid Resistance
e Gasoline Resistance
o Alkali Resistance
e Oil Resistance
o Bending Resistance
o Impact Resistance
e Pencil Hardness
o Coating Thickness
o Coating Weight
e Adhesion
e SEM Analysis

Some techniques from this set were selected to characterize the novel TFP glass —

PA11 hybrid coatings:

o Hardness
o Resistance to immersion in hot water
o Adhesion

o Roughness
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o Hardness (Shore D)

o Abrasion (Taber)

o Impact resistance The ASTM Gl14, Standard Test Method for Impact
Resistance of Pipeline Coatings (Falling Weight Test), impact test materializes

the resistance to a falling object on the coating.

2.4.1 Coating aspect

To obtain a proper performance of the film it must be free of defects. The coating must
have total recovery of edges and no orange peel appearance. There are other defects
that it is necessary to avoid. They are listed below:
e Poor adhesion can appear due to too little or too much primer, wrong
preheating temperature and/or time and degassing of the part.
e Bubbles are present when the primer coating is too thick and air inclusion
appears due to an excessively long dipping time.
e Clusters result from poor fluidization of the powder, insufficient or inadequate
motion during dipping and contaminated powder.
e Black spots are due to the presence of impurities around the tank, pollution in
the post-fusion oven and too high a preheating temperature.
e Yellowing can appear when preheating time is too long, dipping time too short

and insufficient shaking during dipping.

2.4.2 Influencing parameters on the coating properties

Polymer toughness is a measure of the ability of a material to withstand the application
of a sudden load without "failure". Impact resistance is therefore a complex function
of several factors like geometry, mode of loading, load application rate, environment
(thermal and chemical), and material properties (chain length, packing, tacticity,
alignment and bonding forces). The measured impact strength of a polymer must be
the result of the sum of the contributions of all processes that dissipate any of the
energy of the impact blow. Impact behaviour can be improved by optimizing
crystalline morphology, incorporating a discrete rubbery phase (via blending or
copolymerization) or adding a reinforcement to the polymer matrix [140]. In this

research, the third option was chosen.
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There is currently no theory to predict the impact resistance of a charged polymer
according to the characteristics and the amount of charges introduced. Experience in
the field of polyamides and, more particularly in that of polyamide 11 coatings, is
limited. In addition, the bibliographic references about the impact resistance mainly
concern impact tests on massive parts such as Charpy shock. However, in the case of

thermoplastics, the impact resistance follows some general rules.

The influence of the load on the coating will depend on the shape of the particles, their
dispersion, and their cohesion with the polymer matrix. Depending on the behaviour
of the particles into the matrix, reinforcement or strengthening mechanism can occur

and two types of composites can be distinguished [140].

a) Dispersion-strengthened composites

Stretching is applied to prevent dislocation motions and propagation. The mechanism
is like that of a precipitation hardening in metals. It occurs at the atomic/molecular
level and involves interactions between the particles and dislocations within the

matrix. Particles are smaller, 0.01-0.1um in size.

For the material that has been strengthened by some processing method, the amount
of the force required to start irreversible plastic deformation is greater than the original

material.

Load interactions
e The matrix bears the major portion of an applied load while dispersoids
hinder/impede the motion of dislocations.
e Plastic deformation is restricted, and yield, tensile strengths, and hardness are

improved.

b) Particulate-reinforced or large particle composites
The term “large” is used to indicate that particle—matrix interactions cannot be treated

on the atomic or molecular level.

Load interaction.
e These reinforcing particles tend to restrain movement of the matrix phase in the
vicinity of each particle. The matrix transfers some of the applied stress to the

particles, which bear a fraction of the load.
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o The degree of reinforcement or improvement of mechanical behaviours depends

on strong bonding at the matrix—particle interface.

The way in which contact, and interface phenomena occur leads to changes in the
behaviour of the material. Wettability depends on the specific surface and the chemical
composition of the surface of the load. It is necessary to have a good wettability of the
charges to have a good dispersion. The effectiveness of reinforcement essentially
depends on the adhesion between matrix and fibre, so this is a key factor in determining
the final properties of the composite material, particularly its mechanical properties.
To have good impact properties, the surface energy of the filler and that of the polymer
matrix must be comparable. However, the adhesion between the polymer and the filler
must not be too strong to allow the interface detachment that is necessary for the

dissipation of the impact energy [141].

Many blends are two-phase, and their morphology depends on the type of molecular
interaction and the resultant interface, the rheology of the components, and the
processing history. As the interfacial energy between the phase’s decreases, particle
size will generally decrease and the extent to which the dispersed phase droplets

deform under stress increases[142].

The impact resistance decreases with increasing crystallinity and especially the size of
spherulites. The fillers can initiate heterogeneous crystallization and change the
thermal characteristics of the material. Nucleation modifies the crystalline structure of
PA 11 by increasing the size of the lamellae inside the spherulites, which puts the

coating at a disadvantage.

The thickness, bond strength, and porosity of a coating directly affect its protective
properties for a metal which is directly related to adhesion [143]. Powder Coating's
adhesion depends upon wetting, viscosity, fillers, material flow and molecular weight.
Modifying resin characteristics to improve flow by reducing polymer melt viscosity is
one way to improve wetting thus improving mechanical bonding. This is a balancing
act to achieve lower viscosity while not sacrificing other properties is important.
Residual carboxyl functionality can help improve polar - polar bond attractions. This
functionality could also contribute to moisture sensitivity, conflicting properties again.
Research to find a means to induce chemical bonds between the polymer and substrate

is a hard challenge. Good adhesion requires that the coating material be brought into
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intimate contact with the surface itself or a firmly bonded chemical pre-treatment layer

[144].

For coatings with different functions, including novel intelligent coatings, a reliable
evaluation of adhesion is one of the key factors that affect the strategies for its

improvement and the coating’s overall performance [145].
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Chapter 3 Experimental details

3.1 Materials

The chemical components to synthesize the glass were supplied by Sigma Aldrich

Company. The products’ identifiers are summarized in Table 3.1:

Table 3. 1: Raw materials for glass composition.

Chemical Product
Product name CAS-N°
formula number
Tin (IT) oxide SnO 244643 21651-19-4
Tin (IT) fluoride SnF, 334626 7783-47-3
Ammonium phosphate monobasic NH4H>PO4 216003 7722-76-1

Properties of these reagents are summarized in Table 3.2:

Table 3. 2: Raw material properties.

Properties NH4H,PO4 SnO SnF,
Molar mass / gmol! 115.03 134.71 156.69
Density / gcm™ 1.8 6.45 4.57
Melting point / ° C 190 1080 255

The polymer selected was polyamide 11 BMNO grade. It was supplied by ARKEMA
as a trade name of Rilsan®. BMNO is a commercial grade in pellets. For a better mixing
with glass, BMNO pellets were ground using Micropull 20H hammer mill cryogenic
grinding with a grill of 0.2 pum. The mean diameter of particles is approximately 0.1
um and inherent viscosity in solution (concentration in mass) is 0.97-1.16. Inherent
viscosity (Minp) 1S the ratio of the natural logarithm of the relative viscosity (Inn,¢) to
the mass concentration of the polymer following the ASTM D1243 /D2857 /D4603

methods . Inherent viscosity (Equation 13) is defined as:

Ninh = lm1rel/C (13)

where c is the mass concentration of the polymer and 1, is the relative viscosity

(Equation 14), which is defined as:
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Nrel = n/ns (14)

where 1 is the viscosity of the solution and 7 is the viscosity of the solvent.
3.2. Preparation of the glass

Tin fluoride phosphate glass, having a molar composition of 50%SnF, + 20%Sn0 +
30%P,05, was selected and prepared using similar procedure to that reported in the
literature [102-103]. The glasses were prepared by manually mixing tin fluoride, tin
oxide, and ammonium phosphates in porcelain crucibles at room temperature. The
ingredients were melted at temperatures between 350 °C and 550 °C - from 15 to 45
minutes in an electrically heated furnace. The glass was then poured onto a stainless-

steel mould and left cooling to room temperature.

Considering the following Equation 15, approximately 30 g batches were synthesized
following the calculation shown in Table 3.3. 30 g has been shown in both the literature

[6] and the author’s experimentation to be optimal.
2NH4H,PO, 2 P,05 + 2NH; + 3H,0 (15)

Table 3. 3: Composition of experimental materials.

Properties NH4H>PO4 P»0s SnO SnF»
Mol /% 30 20 50
Content in g 15 9.23 5.79 16.92

Different glasses were synthesised to check the effect of the melting conditions of the
glass on its properties using different melting conditions. The melting temperature
range was from 350 to 550 °C and the melting time from 15 to 45 minutes. The

reference glass was melted at 450 °C for 25 minutes.

Research on glass melting conditions provides substantial understanding regarding the
structure-properties relationship of the glass and the information required to design an
appropriate scaling-up of the glass. The scaling-up of the tin fluoride phosphate glass
for coating development was achieved with the help of GTS Ltd as the company had

the expertise and necessary equipment. A series of glass batches using various glass

melting conditions were synthetized for further experimental work.
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3.3 Preparation of the hybrids

3.3.1 Laboratory scale hybrids

Prior to compounding, the glass was ground using a mortar and sieved at 400 um. TFP
glass- polyamide 11 hybrids were extruded using a DSM research 15 c¢cm® micro
compounder equipped with a DSM research laboratory injection moulding machine
(Figure 3.3). Additional information is in Appendix D. The extrusion compounding

conditions of the hybrids were selected within the following ranges:

e (Glass content: 0-60 wt%
e Screw speed: 50-200 rpm
e Residence time: 2-10 minutes

e Processing temperature: 200-300 °C

The extrusion cycle can be monitored in a chart of force (N) versus time (Figure 3.1).
Most of the melt-mixed hybrid materials were collected in extruded form (extruded
strands). Furthermore, some characterization tests require dumb-bell injected samples

processed according to ISO 527 BAL.

6000 -
5000 A
4000 ~
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2000 ~

1000 -
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0 50 100 150 200 250 300 350 400 450 500

Time/ s

Figure 3. 1: Typical force versus time graph recorded during the mixing process for TFP glass/

Polyamide 11 hybrids.

The micro-injection processing parameters were mould temperature 40 °C, injection

temperature 250 °C and maximum pressure 16 bars.
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Figure 3.2 represent the different steps of an injection cycle. In this test, cooling times

were variable from one sample to another and the values used for each step were:

Pressure/ bar Time / min
Step 1 - filling 4 1
| Step 2 (packaging) | 6 | 5 |
| Step 3 (holding) || 6 | 3 |

Pressure/ bar

Time/ min

Figure 3. 2: Graphic of different steps related to pressure in an injection cycle.

Figure 3. 3: DSM Research micro-equipment: a) twin screw extruder; b) injection machine.

The composition and compounding conditions for each research are summarized at the
beginning of the chapters. The glass content is determined in wt% and vol% and ranges
from 10 to 60 wt% were used. Different processing temperatures (from 200 to 300 °C)
were used for the experimental work. The residence is the average time that a material
stays in a vessel or stage during a continuous process. Residence times from 2 to 10

minutes were tested.
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3.3.2 Hybrids for coating application

The dipping in fluidized bed coating technique requires the development of material
in powder shape for its application. The procedure followed to develop glass-polymer

hybrid powders generally is shown in Figure 3.4.

st nd
1™ Step 2% Step
EXTRUSION ~
POLYMER R RCLIvE HYERID PEELETS |::> BOWDER |::> POWDER
+ ED COMPOUNDIND PELLETS CRINDING SIEVING DREYING
GLASS S (RETSCH)

Figure 3. 4: Hybrid powder preparation procedure.

The powder preparation procedure was divided into two steps:

A) From hybrid precursors to hybrids pellets

The knowledge acquired developing the research about the influence of the melting
conditions on the glass properties was used to synthesize the scaling-up batches of 500
g for coating application. The melting conditions of the glass are described in Table

3.4:

Table 3. 4: Melting conditions of the glass scaling-up batches for coating.

L Melting
Glass batch Melting time temperature
/s JoC
13BR030-034 20 450
14RI16 25 450
14RI137 35 450
14RI35-36 45 450

The compounding of tin fluoride phosphate glass to PA 11 was done in a twin-screw
extruder Thermo Haake PTW-16 using the profile described in Figure 3.5. The profile
is composed of different types of elements. They are selected depending on function
and its relationship to the appropriate zone. D is the diameter of the profile. The feeding
zone of the profile is composed of 2D length type elements, which are typical elements
for transporting material, in this case from the hopper to the fusion zone. The shear is
higher when the angle of the screw is greater. Thus, the fusion zone of the profile starts
with a KB30-5 element, which has an angle of 30°, 5 elements and the length (L)
1.25D, then KEO elements with an angle of 60° and the length of 0.25D, finishing with
KB 90-5, 5 elements with an angle of 90°and the length of 1.25D. The mixing zone is

composed of 1D length elements for material transportation and 5 KB 0 elements to
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obtain 60° for optimal shear. At each end of the mixing zone, inversion is established

by the positioning of the elements to trap material under shear within the mixing zone

to maximize mixing potential. The final zone is the material transport zone, which

pushes out the well mixed material from the extruder.

The precursors were weighed at specified content in a PE (polyethylene) sac and mixed

manually. The hybrid was obtained in the strand shape, which was cooled in the water

bath at 10 °C. Subsequently, the material filament was introduced in the pelletizer

Scheer SGS 50-E to obtain hybrid pellets.

mversed step
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Figure 3. 5: Haake profile and its screw elements.

ID ID & 1D 1DAID 1D 1D 1D 1D

=

Two types of research were proposed to understand the influence of the glass content

and the glass Tg in the hybrid and their direct effect in the application.
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B) From hybrid pellets to hybrids powder

The hybrid pellets of each composition were ground in a ZM200 RETSCH laboratory
high speed rotor mill grinder in the presence of liquid nitrogen to cool the polyamide
below its glass transition temperature. Two runs were carried out. The first passage
was done using a grill of 2 mm and at 6000 rpm of speed and the second one with a
grill of 0.75 mm and at 14000 rpm. The powders were then sieved using a RETSCH
AS 200 siever with a mesh of 355 um. Hybrid powders were characterized using a
Malvern Multisizer T laser diffraction (focal length 300 mm) granulometer measuring
the particle size distribution. The last stage consisted in drying the powder for 10 hours

at 80 °C. Coatings were then obtained by dipping in the fluid bed.

3.3.3 Preparation of hybrid coatings by Fluidized Bed Dipping

The procedure described in Figure 3.6 was used to obtain coatings of the new hybrid
material. A reference PA11 matrix coating was routinely used as a comparative

element. More information about this coating technique is in Appendix E.

1* Step 27 gtep 3™ Step 4™ step
Pre-treatment of Pre-heating of Dipping in Cooling
the metal plate the metal plate powder

Metal plate —g

in water / in air

Expecting coating thickness: 300 to 500 microns

Figure 3. 6: Dipping in fluidized bed process.

The performance and durability of any coating are significantly affected by the surface
preparation carried out. This is even more important in the case of steel structures,
where the selection of the method of surface preparation is crucial in any corrosion

treatment.

Different types of surface preparation can be selected depending upon the condition of
the substrate, the coating system selected, the exposure and required durability of the
coating, economic and environmental considerations. Some of the most common
methods used are blast cleaning, hand and power tool cleaning, water jetting and

degreasing.
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The practical performance of the coatings is significantly affected by the condition of
the surface prior to coating. The main relevant factors are presence of rust and mill

scale, presence of contaminants (salts, dust, oil, and grease) and surface profile.

15 Step: surface preparation

Therefore, the first step in the dipping in fluidized bed process is to apply a pre-
treatment to the metallic substrate. The metallic plates for coating evaluation were

degreased and grit blasted with angular G17 cast iron hematite grit.

According to ISO 8501-1 each preparation grade is designated by the appropriate
letters to indicate the type of cleaning method used and different numbers are attached
to define the degree of cleanliness. Blast-cleaning is named as Sa and the degree of
cleanliness used for surface treatment was defined as Sa 2 1/2. Sa 2 1/2 means very

thorough blast-cleaning.

Measurements of surface roughness are expressed in terms of Ra, Rz or Rt, where Ra
is the arithmetic mean deviation of the roughness profile. Rz is the maximum height
of the roughness profile and Rt is total height of the roughness profile. These values
include peak-to-valley profile measurement in combination with an assessment of the

frequency of peaks within the sample area. The unit of surface roughness terms is pm.

2" Step: preheating of the metal plate

The fluidized bath process involves bringing and maintain the workpiece at a specified
temperature for a given period depending on its shape and mass, this uniform
temperature exceeding the melting point of the Rilsan® powder. The oven
temperatures can vary between 250 °C and 450 °C. In this research, the processing
parameters for PA11 Rilsan were selected (10 min pre-heating time and 300 °C of

temperature).

3" Step: dipping in powder

The heated workpiece is then removed from the oven and soaked in a powder bath.
The power bath is suspended or fluidized by a weak airflow diffused through a porous
membrane at the bottom of the bath. The behaviour of the powder in suspension is
identical to that of a fluid, so that the particles of powder are distributed perfectly on

the surface of the parts, in the difficult to access corners too. In contact with the hot
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surface, the particles melt to form a uniform layer with a coating thickness between

250 and 500 microns.

The dipping time usually ranges from two to four seconds and can be extended if it is
necessary to obtain a thicker coating. A dipping time of 6 seconds was defined for this

coating application.

4" Step: cooling

There are two type of cooling methods: in water and in air. Fast cooling in water was
used to avoid the craters present in air cooling. The lack of anticrater additives in the

hybrid formula can entail cratering on the coating if the cooling is too slow.

3.4 Characterization of the material

3.4.1 Density

The density of the glass melted at different melting conditions was measured, in order
to check structural changes and establish glass stability. In the case of the hybrid, the
influence of the glass content on the density was studied. The density of the samples
was measured using a balance, SARTORIUS TAC 210P, according to the standards
ISO 1183-1:2004 and ASTM D792:2008. So, the buoyancy method to determine the

density of solids and liquids according to Archimedes’ principle was used.

Archimedes’ principle states that a body immersed partially or fully in fluid
experiences a buoyant force acting upwards on it. The magnitude of this force is
equivalent to the weight of fluid displaced by the body. The density measurement
workflow is shown in Figure 3.7. The sample is weighed in air and then again in the
auxiliary liquid with a known density. The auxiliary liquid was water. The density (p)

was calculated automatically from Equation 16:

p = wa(pa—pw)/(ws — 0w) (16)
Where:
pa = sample density in air
pw= sample density in water
w,= sample mass (g) in air

wy= sample mass (g) in water
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Figure 3. 7: The density measurement workflow using the vertical buoyancy method for solids and

liquids according to Archimedes’ principle.

3.4.2 Thermal properties
3.4.2.1 Differential Scanning calorimetry (DSC)

The thermal properties of PA11, TFP glass and hybrids composed by these two
precursors were determined by differential scanning calorimetry (Netzsch F1ASC),
according to the standards ISO 11357 and ASTM E 928-08. The tests were run from
20 °C to 300 °C at a heating rate of 2 °C/min twice to remove the effect of thermal

history.

Differential scanning calorimetry measures the heat flow variations between the
capsule that contains the sample for analysing and the empty capsule used as a
reference. The DSC detects the heat variation in capacity of the material, at varying
points of transition. By using this technique, it is possible to observe fusion and
crystallization events as well as glass transition temperatures (Tg). The PA11 DSC

curve is shown in Figure 3.8.
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Figure 3. 8: Features of DSC PA 11 curve according to ISO 11357 :2-3.

One of the features that it is described in Figure 3.8 is the glass transition. The glass
transition is a parameter to characterize a property of a polymeric material. The glass
transition is the temperature where the polymer goes from a hard, glass like state to a

rubber like state.

DSC defines the glass transition as a change in the heat capacity as the material goes
from the glass state to the rubber state. This is a second order endothermic transition
(requires heat to go through the transition) so in the DSC the transition appears as a

step transition and not a peak such as might be seen with a melting transition.

DSC utilizes a heat flow technique and compares the amount of heat supplied to the
test sample and a similarly heated “reference” to determine transition points. Tg is
calculated by using a half-height technique in the transition region according to ISO
11357-2. The Tg was determined from the point of intersection of the tangents below

and above the slope change, as shown in Figure 3.8.

The exothermic process shown by a peak may indicate a crystallization transition. The
crystallization temperature (Tc) was calculated taking the maximum of the peak. The
endothermic process indicates a melting transition and the melting temperature (Tm)

was also obtained by the maximum of the peak. The degree of crystallinity, the
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enthalpy of fusion, and enthalpy of crystallization of PA11 and different glass loading
hybrids were also measured by DSC. The enthalpy of fusion (AHy) was determined by
integrating the areas under the heating peaks and AH{ is the heat of fusion of 100%
crystalline PA11 (which is tabulated as 189.05 J/g). The degree of crystallinity

(Equation 17) was then determined using the following equation:
X. = AH¢/ AH} (17)

In this research, the DSC was used for different approaches:

1. To measure the value of the Tg of the glass depending on the melting
conditions and scaling up batches to verify their quality.

2. To detect Tg changes under thermal treatment effect at compounding
conditions (5 minutes - 250 °C) and over time.

3. To measure thermal properties and crystallinity percentage of the reference
and different hybrid compositions (miscibility).

4. To measure powder thermal properties for use in coating applications

(adjust the process parameters).

3.4.2.2 Thermogravimetric analysis (TGA)

TGA measures the amount of change in the mass of a sample as a function of
temperature or time in a controlled atmosphere. The measurements are used primarily
to determine the thermal and/or oxidative stabilities of materials as well as their
compositional properties according to ISO 11358: 1997. The technique can analyse
materials that exhibit either mass loss or gain due to decomposition, oxidation, or loss
of volatiles (such as moisture) (Figure 3.9). TGA was used to characterise both the
hybrids and precursors. The test was performed from 25 °C to 550 °C at a heating rate
of 10 °C/min by using TG209 F1 Netzsch under nitrogen and air atmosphere
depending on the material. The test identifies the degradation temperature, thermal
stability, and moisture content. The thermograms of glass samples at different melting
conditions ( melting temperature from 350 °C to 550 °C at 25 minutes of melting time
and melting time from 15 to 45 minutes at 450 °C of melting temperature) and hybrids
with 20 wt% and 40 wt% of glass, including PA11 processed at 250 °C, were collected
and analysed. The results show the influence of the glass melting conditions on the

glass properties and the effect of glass in the hybrids.
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Figure 3. 9: Thermogravimetric analysis illustration according to ISO 11358.
3.4.2.3 Dynamic mechanical analysis (DMA)

To study the dynamic mechanical properties of PA11 and hybrids, a 242 Netzsch
dynamic mechanical analyser was used to measure the storage modulus, loss modulus
and the dissipation factor according to ISO 6721-1:2019. The test was conducted at a
frequency of 1 Hz and 10-15 pm of amplitude. A ramp temperature of 2 °C/min was
used and a range from -50 °C to 200 °C was examined. The laboratory scale sample
test was carried out on dumb-bell samples (ISO 527 1BA), where the samples were
dried at 80 °C for 24 hours in a vacuum oven. In the case of the hybrid powder for
coating application, the DMA analysis was performed on dried powder samples
pressed at 200 °C for 1 minute and 30 minutes. The storage modulus (E") measures the
stored energy, representing the elastic portion, and the loss modulus (E’") measures the

energy dissipated as heat, representing the viscous portion. The tan delta is the

dissipation factor.

Special attention was put on the analysis of the glass transition temperature of the
materials, which were taken as the maximum in the dissipation factor versus
temperature and on the storage modulus (Figure 3.10). The position, height and shape

of the tan delta peak provides information about the amorphous content of the material
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[1]. The goal was to evaluate the effect of using different contents of glass and different

Tg glasses at the same composition on the hybrid.
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Figure 3. 10: A plot of the thermogram obtained from DMA test.

3.4.3 Melt Rheology study

3.4.3.1 Rotational rheometer

The rheological properties of the precursors alone and hybrids with different glass
content were measured by a rotational rheometer (PHYSICA MCR 301) at
temperatures of 230, 250 and 270 °C, respectively [146]. The testing was run using a
parallel plate geometry and 1 Hz of frequency. Due to the high Tg of glass sample 6,
the test was carried out at temperatures of 250, 270 and 290 °C.

Time dependant complex viscosity was plotted to evaluate the feasibility of TFP glass
PA11 hybrid for powder coating application. The increase of viscosity during the
coating application is key points to reach an industrial interest with good quality

coating.

The relationship between rheology and flow activation energy was studied using
Arrhenius equation. Viscosity is a measure of material’s resistance to flow and
deformation. The concept of the flow activation energy of materials describes the

minimum energy barrier which material molecules must overcome for flow to occur
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[147]. It can be used to differentiate and to characterize the thermal susceptibility of
the materials [148]. The temperature dependence of the viscosity of material can be

described by an Arrhenius equation (Equation 18).
n = Aexp (“F/RD (18)

where A is a pre-exponential parameter, R is the universal gas constant (8.314
J/(molK)), Ea is the activation energy (kJ/mol), T temperature in degrees K, and 1
is the complex viscosity at zero or low shear rate (Pas). The activation energy can be
calculated based on known paired data of temperature and zero-shear or low-shear
viscosity [149]. The low shear viscosity at 0.0135 rad/s and high shear viscosity were

used to calculate the activation energy and identify the trend at different shear rates.

3.4.4 Molecular weight measurement

Gel permeation chromatography (GPC) [150] was performed to detect any changes in
the molecular weight of the PA11 that might suggest degradation due to glass. Glass
content was also estimated from weight measurements after dissolution. The hybrid
sample was dissolved in hexafluoro isopropanol (HFIP) +0,05 M potassium
trifluoroacetate (KTFA) solvents over 24 hours at room temperature. A concentration
of 1 g/L of dissolution was used for the testing. The filtration was carried out with

ACRODISC PTFE filter with diameter of 25 mm and porosity of 0,2 pm.

3.4.5 Structure study

The structural analysis of the glass and hybrid was carried out using two different

spectroscopic techniques.

3.4.5.1 Fourier transform infrared spectroscopy (FTIR)

A VERTEX 70 Fourier transform infrared (FTIR) spectrometer was used to analyse
the chemical structure of the hybrid and its components in the spectral range of 4000-
400 cm™' wavenumber, in absorbance mode [151]. The samples in powder were
deposited on the support. The infrared light penetrates the surface by 3 um in order to
provide readings. The inorganic material vibration is located at the low frequency

vibration area.
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3.4.5.2 Raman spectroscopy

A Raman Bruckner Spectrometer was used to observe vibrational, rotational, and other
low frequency modes in the hybrid material system [151]. Initial structures and
degradation over time were measured. The wavenumber range of 4000 - 0 cm™ was
checked for polyamide 11, tin fluoride phosphate glass and hybrids of both

components.
3.4.6 Morphology analysis

3.4.6.1 Scanning electron microscopy (SEM)

All the hybrid morphological evaluations were observed using scanning electron
microscopy (SEM [152]) XL30 FEI. The samples were prepared by submersion in
liquid nitrogen for 30 minutes and subjected to cryogenic fracture. The principal
detector reveals the topography of the sample and the back scattered electron (BSE)
detector is sensitive to the atomic weight of the elements. The colour range is white to
black for heavy to light elements. The size of the particles was calculated by analysing

the SEM images from an image of dark particles from a clear matrix.

3.4.6.2 Transmission electron microscopy (TEM)

The detection of nanoparticles in the hybrid was analysed by transmission electron
microscopy (TEM [153]) JOEL JEM 1230. The TEM analysis samples were prepared
by cutting samples of approximately 40 nm thickness using an ultracryomicrotome

LEICA EM FC6 at — 100 °C.

3.4.7 Mechanical properties

(a) Tensile Strength test

To assess the effects of TFP glass filler on static mechanical properties, tensile testing
was performed on hybrids with different glass contents using as standard the neat
polyamide 11 according to ASTM D638-14. The mechanical properties were
measured in samples prepared using a DSM research 15 cm3 micro compounder
equipped with a DSM research laboratory injection moulding machine according to

ISO 527-1BA. The test was carried out in a Zwick Material Testing Machine 721455
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machine with a cell of 10 kN and 25 mm/min of speed, at room temperature and 50%

of humidity.

The elastic modulus of each hybrid (E;) was calculated from the slope of the linear
part of the stress-strain curve. The tensile strengths were extrapolated and calculated

from the maximum of the curve and according to Equation 19:
o; = F/bd (19)

where oj is the tensile strengths of hybrid; b is the width of the rectangular cross
section of the hybrid sample; d is the depth of the rectangular cross section of the

hybrid sample.
3.4.8 Fire resistance

There are several applications where high pressures and temperatures dictate the use
of fire-resistant material to mitigate the potential for dangerous and expensive fires.
Fire retardants are chemical additives used in thermoplastics, thermoset, textiles, and
coatings that inhibit or resist the spread of fire. They can be divided into these classes:
Minerals (aluminium hydroxide (ATH) and magnesium hydroxide (MDM)),
organohalogen compounds (organochlorines and chlorinated paraffin) and

organophosphorus compounds (organophosphates, phosphonates and phosphinates).

It is worth studying the influence of phosphate on the fire-resistant property of
polymeric materials. UL 94 [127] (Underwriters Laboratories test standard) is one of
the most widely used flammability tests for determining relative flammability for
plastic materials. It measures the ability of plastic part to extinguish the flame after
ignition and its dripping behaviour in response to a small open flame or radiant heat

source.

The tests results are intended to serve as a preliminary indication of the material’s
suitability with respect to flammability for a particular application, such as plastic
materials used for parts in electronic devices and appliances. The flammability is

influenced by several factors:

e Ease of ignition — how rapidly a material ignites

e Flame spread — how rapidly fire spreads across a polymer surface
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e Fire endurance — how rapidly fire penetrates a wall or barrier

e Rate of heat release — how much heat is released and how quickly

e Ease of extinction — how rapidly the flame chemistry leads to extinction
e Smoke evolution

e Toxic gas generation

Hence, the study of how plastics burn has been, and continue to be, a major area of
research to examine:

e The nature of the burning phenomenon in plastics

e Various methods to reduce plastics flammability, and

e Methods to test flammability

As these hybrids are composed of tin fluoride phosphate glass, it is interesting to carry
out fire resistant tests according to a similar procedure to UL 94, the Standard for
Safety of Flammability of Plastic Materials for Parts in Devices and Appliances testing
[127], on hybrid samples containing 10, 20, 30, 40, 50, and 60 wt%. Note that it is a
similar procedure to UL 94 due to the limited material quantity available to carry out
a suitable testing. The test was done on micro DSM samples moulded according to

ISO 527 BA. The processing parameters were:

For extrusion compounding: 100 rpm of screw speed, 3-5 minutes of residence time
and 250 °C of processing temperature

For injection moulding: 250 °C barrel temperature and 40 °C of mould temperature

The test was performed according to the international standard EIC 60695-11 10:
1999, Fire Hazard testing and especially the test method B that consists of the vertical

burning test. Figure 3.11 shows the test machine:
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Figure 3. 11: Vertical burning test apparatus- method B according to EIC 60695-11.

Following the standard, for each set of five test specimens, the total after flame time

for the set t¢, in seconds, is calculated according to Equation 20:

te = 215=1(t1,i + tz,i) (20)

Where, tfis the total after-flame time, in seconds ; ty; is the first after-flame, in

seconds, of the i™" test; t,i: 1s the second after-flame, in seconds, of the ith test.

In this case, the test was adapted to one sample for each glass content. The bar
specimen described by the standard is shown in Figure 3.12 and compared with our

sample in Figure 3.13 to show the differences in dimension.
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Figure 3. 12: Bar specimen according to standard.

Figure 3. 13: Hybrid sample dimension.

The material shall be classified either V-0, V-1 or V-2 (V= vertical burning), in

accordance with the criteria indicated in Table 3.5.

Table 3. 5: Vertical burning categories according to EIC 60695-11.

o Category (see note)
Criteria

V-0 VA1 V-2
Individual test specimen afterflame time {t; and t;) <10 s =30 s <30 s
Total set afterflame time t; for any conditioning =50s <250 s =250s
Individual test specimen afterflame plus afterglow time =30 s <60 s <60 s
after the second application (t; + ;)
Did the afterflame and/or afterglow progress up to the No No Mo
holding clamp ?
Was the cotton indicater pad ignited by flaming particles No No Yes
or drops?
NOTE If the test results are not in accordance with the specified criteria, the material cannot be categorized
by this test method. Use the horizontal burning test method described in clause B to categorize the burning
behaviour of the material.

3.5 Characterisation of the coatings

3.5.1. Adhesion

The metallic plates (100 mm x 100 mm x 3 mm) were degreased and grit blasted.
Roughness after grit blasting is in accordance with Arkema recommendations (40 pm
<Rz<80 pum). Dipping using the fluidized bed coating technique was used to perform
coatings at the following processing conditions: the pre-heating time and temperature

of 10 min at 300 °C; the dipping time of 6 seconds and fast cooling in water.
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The coating thickness was measured on each coated plate at different locations before
testing and average thickness in um calculated. The measurements were taken by an
Elcometer 456 giving a thickness of 350-450 pum. Initial and after water immersion
adhesion measurements were carried out according to the Arkema method. The
Arkema method consists of controlling adhesion by detachment. It is inspired by the
standard norm NFT 58-112 for adhesion measurement. The test is described in
Appendix F. This norm was cancelled in November 2011 and no substitute standard
was published. The influence on the adhesion of the glass into PA11 was also
evaluated by the Arkema method. The coated plates were immersed in a bath of water
at 80 +2°C during 24h and 48h. Afterwards, they were removed from the bath and
tested.

Figure 3. 14: Adhesion test by Arkema methods.

The objective of the test is to evaluate the adhesion of coatings applied onto a metallic
surface. The test consists in detaching a sectioned band of the coating from the subtract
(Figure 3.14). The coating is cut with a knife following two parallel lines separated by
10 mm along at least 30 mm to form a strip. A chisel knife (10 mm wide) or a penknife
with a thin blade is inserted under one extremity of the strip that is pulled out. A grade

from 0 to 4 is given:

0: no adhesion, the coating is detached from the substrate as soon as the knife
is inserted
1: the coating is easily detached from the substrate with a low resistance to

pulling out
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2: similar to 1 but some strong anchor points exist

3: the detachment of the coating from the substrate is irregular; there is a strong
adhesion on about 50% of the surface

4: high adhesion, no detachment of the coating; either the knife enables the
detachment of the strip, but the strip breaks as soon as it is pulled out or the

knife can just detach and cut some fragments of the coatings

3.5.2 Wear performance

Wear performance was assessed using a TABER 5130 abrasion machine with CS 17
wheel (ASTM D4060-90). CS17 wheel is a 1 kg mass abrasive roller applied for coarse
abrasion. The measurement of reference and various hybrid composition (0-40 wt%)
coatings were carried out according to ASTM D4060-90 (Standard Test Method for
Abrasion Resistance of Organic Coatings by the Taber Abraser) in order to check the
influence of the glass. This test method covers the determination of the resistance of
organic coatings to abrasion produced by the Taber Abraser on coatings applied to a
plane, rigid surface, such as a metal panel. The cylindrical steel plates (Figure 3.15)
with specific dimension of 50 mm of diameter and 6 mm of thickness, were coated by
dipping in fluidized bed with 10 minutes of pre-heating time and 300 °C of

temperature, dipped for 6 seconds and cooled in water to avoid the presence of craters.

Figure 3. 15: Cylindrical steel plate for abrasion testing.

The loss of mass percentage was calculated from Equation 21:

Loss of mass % = (Am/m;)100 = ((m, — m;)/m;)100 21)
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where Am is mass variation, m4 is the initial mass of the coated steel plate and m, is

the final mass after 1000 cycles.

3.5.3 Hardness

The effect of the glass and ageing influence on coatings was checked measuring the
Shore D Hardness (measure of the resistance of a material to penetration of a spring-
loaded needle-like indenter [154]) with a HILDEBRAND 05-2 machine (Figure 3.16)
according to ISO 868-2003. The required thickness of 4 mm was obtained piling up
films of 0.5 mm. The samples were conditioned for 15 days at 23 °C and 50% HR
before testing. Each sample was measured 5 times maintaining 6 mm of distance

between each measurement. The penetration time was 15 s.

Figure 3. 16: Shore D HILDEBRAND 05-2.

The measured Shore D hardness on coatings was determined by the penetration depth
of the indenter under the load. The indenter shapes are shown in Figure 3.17. Shore
hardness values vary in the range from 0 to 100. Maximum penetration value is 2.5-
2.54 mm, equivalent to minimum Shore D hardness equal to 0. Maximum hardness

value 100 corresponds to zero penetration.
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Figure 3. 17: Indenter shape and maximum penetration [ISO 868-2003].

3.5.4 Water absorption test

The influence of the glass in the water absorption process in PA11 films was
investigated. The metallic substrates (dimension: (1000) x (100) x (3) mm?) covered
with silicon were dipped for 3 s at 300 °C. Silicon metallic substrates were used to
facilitate the removing of the film from the metal. The reference and hybrid films
containing 20, 30, 40 TFP glass by weight and using different glass transition
temperature (Tg: 104, 125, 150 °C) were made for testing.

The water resistance test was carried out according to ISO 62. Before weighting the
films to calculate the initial mass (m;), they were dried for 24 hours at 50 °C in an
oven and left cooling at room temperature into a desiccator. The film was then placed
in a distilled water recipient at 23 °C. The films were immersed in water for 24 hours
and dried with filter paper for measuring the final mass (m;). The final mass was
measured within a minute after which the film was taken out of the water. The water

absorption percentage was calculated from the following Equation 22:
Absorption % = (Am/m;)100 = ((m, — m;)/m;)100 (22)

where Am is a mass variation (final mass - initial mass), m; is the initial mass of the

film and the m, is the final mass after immersion in water.
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3.5.5 Tensiometer

To determine the surface energy, the contact angle method was used. This test consists
in delicately depositing drops of liquid on a surface. The selected liquids were water,
ethylene glycol and diiodomethane, water being the most polar and diiodomethane the
most non-polar. Once these drops are set and after a waiting time defined by a standard
(depending on the rate of spreading and the evaporation of the solvent) the angle
formed by the drop is measured (Figure 3.18). All measurements are made at room
temperature. To perform this test, the DGD fast / 60 contact angle meter GBX was

used and the Owens-Wendt model for energy calculations was applied [130].

S|

Figure 3. 18: Diagram of the contact angle (0) between a drop of solvent and a substrate.
3.5.6 Impact test

The impact resistance of different glass content hybrids and reference were measured
according to ASTM G14-04. The impact column is shown in Figure 3.19; the impact
sphere diameter was 15.9 mm and it has 1 kg in mass. The (50mmx200mmx6mm)
dimension metallic plates were dipped in fluidising bed powder to obtain a suitable
coating for impact resistance measurement. The dipping parameters were defined as
13 second of dipping and 300 °C of preheating temperature. The samples were
conditioned at 23 °C for 24 hours in 50% of humidity. The objective of the test is to
evaluate the influence of the glass checking the resistance of the coating to cracking
or delamination under the effect of mass impact under defined conditions. The
minimum drop height was determined depending on the porosity or non-porous results
shown by the coating after dropping the mass. Twenty mass droppings were carried
out for each coating. The porosity is controlled using a Fischer poroscope H2D. Neat

polyamide 11 and different hybrid composition coatings were tested.

74



Scaling rule
Tube

\"‘_ﬂ_‘ﬁ
b ]
.

Mass

Support i HTE%? :

Figure 3. 19: Impact column according to ASTM G14-04.

The amount of energy required to cause the coating porosity is calculated by the
average energy of impact. The results were expressed using the following Equation

23:
E; = (hg + d(A/N £ 0.5))F (23)

Where E; is average energy of impact / Joules (Nm)
h, : minimum height to cause porosity (m)
d : increment in m
A : the sum of each non-porous height / m
N : the sum of each porous height / m

F : force due to gravity = mag / N

m: mass / kg
ag : acceleration of gravity 9.8 ms 2

+ 0.5; +0.5 when it is non-porous,

-0.5 when it is porous
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Chapter 4 Influence of melting conditions on the structure

and properties of tin fluoride phosphate glass

The hybridization of glass with PA 11 requires a sufficiently low glass transition
temperature and softening point to allow the glass to be fluid in the same range of
temperatures of the matrix, without significantly compromising the mechanical and

chemical properties of the hybrids.
4.1 Melting conditions of the glass

The 50% SnF, + 20% SnO + 30% P,05 base composition was used as described in
the design of experimentation. This glass is known to have a Tg of approximately 125

3, and an excellent water resistance [6]. The influence of

°C, a density of 3.75 gcm™
the melting conditions on the glass properties was investigated in this chapter. In Table

4.1, the glass melting conditions are shown.

Table 4. 1: Glass melting conditions.

Sample Temperature / °C Time / min
1 450 15
2 450 20
3 450 25
4 450 30
5 450 35
6 450 40
7 450 45
8 350 25
9 400 25
10 500 25
11 550 25

4.2 Structural investigation of the glass— FTIR and Raman

The structure of glasses was studied using FTIR and Raman spectroscopy. The
structural study began with the analysis of the chemical reagents used in the synthesis
of the tin fluoride phosphate glasses and identification of their vibrational groups.
These vibrational groups and data in the literature help in the interpretation of the glass

vibrational group peaks. The melting conditions of the reference glass (melted at 450
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°C for 25 minutes) having a molar composition of 50% SnF, + 20% SnO +
30% P,05 were found in the literature [102-103]. This glass was selected due to its
well-known affinity with polyamides [97]. Once the reference glass structure was
identified, the study continued by analysing the effect of the glass melting conditions
on the glass structure. Powder samples were observed in the region of 4000-400 cm!
by FTIR and in the region of 4000-0 cm™' by Raman spectroscopy using the absorbance

mode.

Phosphate is based on corner-sharing PO, tetrahedral units. The tetrahedral units are
classified according to their connectivity Q", where n (n=1,2,3,4) is the number of
bridging oxygens per tetrahedron. Therefore, three spectral regions that are related to
the activity can be roughly defined for the response of the phosphate network by
Raman and FTIR spectrometry:

Deformation mode frequency~ 500 cm’!
Bridging oxygen modes frequency region ~ 700-900 cm™!
Non-bridging oxygen modes frequency region ~ 940-1380 cm™!

To identify the structure of tin fluoride phosphate glass, the current understanding on
the structure of phosphate glasses will be recapitulated. The content of P,05 and the
PO, tetrahedral connectivity will determine the structure of the phosphate glasses. In
ultraphosphate glasses [P,O5] (>50 mol%), the structure is composed of Q3 (three
bridging oxygens (BO) and one non-bridging oxygen (NBO) bonded to the
phosphorous atom by a double bond [104] and Q2 (two BOs and two NBOs)
tetrahedra. The Q3 units form three-dimensional networks, while Q? units assist the
chain formation. With P,0¢ content up to [P,05]=50 mol%, the structure of phosphate
can be defined as metaphosphates, and the network is based mainly on Q? units and a
few Q! end groups. Polyphosphate glasses are obtained with P,Os contents of <50
mol%; in fact, polyphosphates are formed from the depolymerisation of the
metaphosphate network resulting in shorter chains of Q? with end groups of Q! units.
When P,05 content is approximately 33 mol%, a pyrophosphate network is formed
mainly by dimers of Q! units, and for [P,05]<33 mol%, an orthophosphate is formed
of mainly isolated Q° units. Figure 4.1 shows the different types of PO, tetrahedral

connectivity related to the content of P,0s.
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Figure 4. 1: Different types of - PO, tetrahedral connectivity.

4.2.1 Chemical reagents of tin fluoride phosphate glass

Three chemical reagents: NH,H,PO,, SnO and SnF, were analysed using FTIR and
Raman spectroscopy. The FTIR and Raman spectra of these chemical reagents are

presented consecutively in Figure 4.2 and Figure 4.3. The characteristic peaks of these

components are indexed in Table 4.1 and 4.2.
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Figure 4. 2: FTIR spectra of glass chemical reagents: a) ammonium phosphate monobasic and

reference glass; b) tin oxide and tin fluoride components.
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Figure 4. 3: Raman spectra of chemical reagents: a) ammonium phosphate monobasic; b) tin oxide;

¢) tin fluoride.
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Table 4. 2: FTIR Characteristic absorption frequencies of various functional groups.

No Bond assignments Wavenumber / cm’!
1 OH Stretching 3249
2 NH Stretching 2874
3 (P=0) 1240
4 | Bond vibration of water 1642
5 Bond vibration of NH, 1441-1408
6 POH vibration 990
7 PO, vibration 545-439
8 SnF 540

Table 4. 3: Raman Characteristic absorption frequencies of various functional groups.

No Bond assignments Wav/irrlnu_rlnber
1 OH Stretching 3144
2 NH Stretching 3050-2874
3 | Bond vibration of water 1661
4 | Bond vibration of NH» 1 440
5 P-O-H Vib(r;tion (POy) 1100-906
6.7 Ben((iif’n§4\;ilg§tion 545- 439
8 398
9 340
10 187
11 SnO 208
12 SnO 125
13 SnO 106
14 Sn F 580
15 SnF 375

The group frequency region was detected between 4000 and 1300 cm !, while the
fingerprint region was detected between 1300-0 cm *!. FTIR detects mainly ammonium
phosphate monobasic vibrations (Figure 4.2a and Table 4.2). The vibration of the
remaining two inorganic components (SnO and SnF,) are located below 400 cm'
(Figure 4.2b and Table 4.2). Raman characterization of the components shows better

the spectrometric vibrations of all components.
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In FTIR, the broad band in the higher energy region is related to O — H stretching
vibration of the phosphate linked to OH and to the water [155]. The presence of water
is supported by the peak at around 1660 cm™! |, which is the bending vibration of the
OH groups of water. The presence of NH, in the amonioum phosphate monobasic is
also corroborated. The band around 2855 cm™ can be atributed to NH stretching
vibration and at around 1420 to a bond vibration of NH, ( number 2 and 4 in Figure
4.2a). The strong absorption observed in the range of 1300-600 cm™, is due to the
phosphate molecule. The peak at 1245 cm™! (number 5 in Figure 4.2a) is the stretching
vibration of the P=0O funtional group [104]. The vibration occurring between 1100-
906 cm™ (number 6 in Figure 4.2a) is the vibration of the P — OH group [155]. The
peak at 510 cm™ (number 7 in Figure 4.2a) is attributed to PO, vibration. Regarding
the Raman spectrum (Figure 4.3) and the assignments (Table 4.3) of ammonium
phosphate monobasic the same bond vibrations were detected. There are three
additional small peaks on Raman spectrum at low wavenumber that cannot be

identified at this stage.

The vibrations found in NH,H,PO, spectra are in concordance with its structure. The

structure of the amonium phosphate monobasic is shown in Figure 4.4.

Figure 4. 4: The structure of the ammonium phosphate monobasic [155].

Regarding peak 8 for SnF, of the FTIR (Figure 4.2b), the kind of vibration is not
known, as is also the case for peak numbers 14 and 15 of the Raman spectra in Figure
4.3c. The relevant point is that these peaks are related to NH,H,PO,, SnO and SnF,
reagents of TFP glass and hence could be useful for the identification of the glass

structure.

The FTIR pattern of tin oxide generally shows the presence of stretching vibration
bands at 663 and 565 cm’'. In the FTIR spectrum of SnO (Figure 4.2b), there is
evidence of vibrations at these wave numbers but their presence is slight and so they

are not included in Table 4.2. On the other hand, well defined peaks for SnO are shown
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in the Raman spectrum of Figure 4.3b. The strong peak is likely to be related to the

stretching vibrational mode, but no confirmatory evidence was found in the literature.

4.2.2 Tin Fluoride Phosphate glass

The structure of the tin fluoride phosphate reference glass (melted at 450 °C, 25
minutes) was identified by FTIR and Raman spectrscopy. Figure 4.5a shows the FTIR
absorbance spectrum of the tin fluoride phosphate reference glass with the molar

composition of 50%SnF, + 20%Sn0 + 30%P,0; for frequencies between 3500 and

400 cm!. Table 4.4 summarizes the features and assigments.

3~._| 8 PEERE |
|
4—_ ‘?'I | Al
T | #
y 3 |""I + | .
[ ) I lr
T | |
3 I |
ot .| lf ]
| : -
“g \ I Il |I
] a | i | |_.
- | |
-, 2 [ ||
'\"' } l“‘l Il
% 1
\ 4| |
“ I| IJI \/
P Ill“']I Ii ! J
-——%_ i I\ | g
L
T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber / cm

(a)

83



Absorbance
-

/ T
m FooWidied o a
MLH'WHJM*W"MHJR: L-'\.:I \J I'-JI U Wi
1 | I | I I =

34400 3000 2600 2200 1300 1400 1000 600 200

Wavemumber / cm

(b)
Figure 4. 5: Spectroscopy of the reference glass (25 min at 450 °C): (a) FTIR spectrum; (b) Raman

spectrum.

Table 4. 4: The FTIR features observed in tin fluoride phosphate glass and their assignments.

Vibration mode | Bond Assignments Wavenumber/ cm’!

1 Vs (P=0) | Q% superposed by yasy (PO2) 1240

2 Yasy (PO2) Q 1240

3 Ys (PO2) Q? 1150

4 Stretching (PO) Q!, end groups 1100

5 Vibration (SnOP) , SnPOF glasses <1100
6 Stretching | (POs%) Q! 1040

7 Ys (PO4™) Q° 985-990
8 Ys (POP) Q? 910-925
9 Yasy (POP) Q? 740
10| Deformation | (PO") , and SnF 510-520
11 Vibration PF 845-850
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Table 4. 5: The Raman features observed in tin fluoride phosphate glass and their assignments.

n° Vibration Bond Assignments Wavenumber /cm’!
mode
1 " (P=0) Q 1250-1390
2| Yy (PO) Q? 1240-1278
3 Y. (PO) Q 1130-1220
4] vy (PO3) Q! 1055-1074
5 Ys (PO%) Q! 1020-1050
6 Y. (PO, ™) Q 950-960
Q2 -Q' dominated; low
7 | Stretching | (POP) b, O:i?g};;";()ﬂ 740
phosphate chains
Q'-Q? dominated; relatively
8 | Stretching | (POP) large content 693
anions of P,Os5 >30%
9 650-550
10 SnF vibration 395 (450-375)
11 SnO SnO vibration 242 (300-100)

Regarding the FTIR spectrum (Figure 4.5a), the asymmetric vibration of PO, groups
are located near 1240 cm™! and the symmetric vibration near 1150 cm™. The frequency
equivalent to Q? sites is characteristic of PO, groups in the phosphate chain. The
absorption band at 1070 cm, corresponding to the P — O~ strechting mode
(equivalent to Q! sites) is observed in the spectrum and it is suggest that the Sn — O —
P band vibration is located at 1100 cm™.. The absorption band associated with the PO
end groups that is equivalent to Q? sites is observed around 1000 cm™'. The peak at 907
cm’! is attributed to the asymetric stretching mode of the P — O — P linkanges, while
the band at 736 cm™! is assigned to the symetric stretching of P — O — P groups. The
peak at 830 cm™ is attributed to a stretching mode of P — F bonds. This peak provides
evidence that the P — F bond exists in the glass structure. The peak at 506 cm™ is

assigned to the deformation mode of PO~ groups.

Figure. 4.5 b and Table 4.5 show spectrometry results obtained for the reference glass
by Raman spectroscopy in the region between 4000 and 0 cm™'. These results were
used to corroborate and complete the structural study of the glass. Due to the
asymmetric shape of the strongest peak, it defined the vibration of PO, equivalent to
Q2 in the range between 1200 and 1100 cm™ and the asymmetric vibration of POj
equivalent to Q! at around 1090 cm™'. The strong peak with an asymmetry in one side
is PO5 symmetric stretching vibration of Q'and it is located at 1020 cm™'. The presence

of stretching vibration of P — O — P linkages at 740 cm™! and not at 693 cm™ confirms
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that the structure is dominated by Q! sites more than Q? sites. The peak at 395 cm™ is
attributed to SnF bonds corroborating its attribution by the peak of SnF vibration at
375 cm’!, present in the SnF, chemical reagent spectrum. The peak at 242 cm™ is

attributed to SnO bonds.

Both FTIR and Raman spectroscopy results identify the reference glass structure as
pyrophosphate, mainly built by dimers (Q'end groups) with low presence of Q2
polymeric chains. The high content of fluoride in the composition favour the network
depolymerisation: F breaks the P— 0 —P bonds to form monofluorophosphate
(PO3F) Q! units. A high presence of fluorine species into the phosphate decreases the
average length of phosphates chains and successive conversion leads to pyrophosphate
dimers. The process can be detected by a Raman peak at 1020 cm™ which is attributed
to the symmetric stretching vibration of (PO37) equivalent to Q. This peak is clearly

present in the Raman spectra of reference glass.

The pyrophosphate structure with high ratio of dimers is not the expected structure.
The P,05 content of this tin fluoride phosphate glass is 30 % mol, and according to the
literature, the structure should be a polyphosphate glass (polymeric phosphate glass)
with dominant Q? sites and some Q! end groups. The pyrophosphate structure is

generally obtained for lower P,0O5 contents.

A possible explanation for the existence of the pyrophosphate rather than the
polyphosphate may lie in the interpretation of the spectra, particularly FTIR, in which
some vibrations have not been identified. One is a band in the range of 3400-2700
attributed to the stretching vibration of NH and the other one is a peak at 1430 cm
equivalent to the bending vibration of NH. These vibrations are not new as they were
already observed in the ammonium phosphate monobasic reagent spectrum (Figure
4.2a). As mentioned before, these vibrations are typical in molecules containing NH,.
During the processing of the phosphate glass (composition 50%SnF, + 20%Sn0 +
30%P,05), NH,H,PO, was used to form P,05; molecules. Equation 24 shows the

equilibrium reaction.
2NH4H,PO, & P,05 + 2NH; + 3H,0 (24)

Theoretically, if the reaction goes 100 % to completion, all the NH,H,PO, will be

completely converted. However, in this case, the spectrometry results show that this
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might not be the case. The presence of NH, in the final glass structure suggests that
there could be some unreacted NH,H,PO, at the reference melting conditions (25
minutes at 450 °C). The unreacted NH,H,PO, can be detected by a FTIR peak at 990
cm’! or by a Raman peak at 950 cm™!, which is attributed to the symmetric stretching
vibration of PO}~ equivalent to Q°. The FTIR peak at almost 1000 cm™' suggests a
transition from Q° to Q! where both are still present. The low intensity Raman peak at
950 cm’! means that the transition is dominated by Q. NH, and Q° identification in
the spectra confirm the presence of unreacted NH,H,PO, in the final glass structure.
This means that the extent of the chemical reaction is not 100 % and the final glass has
fewer P,0z molecules than expected (30 % mol). The equilibrium of the chemical

reaction is not stable.

The stability of the precursors is essential for the development of a nanostructured
polymer-glass hybrid. Thus, it is important to research how to synthesize stable tin
fluoride phosphate glass. The fact that there are still some unreacted reagents in the
glass may be possibly due to insufficient melting time or temperature. Therefore, a
systematic investigation on glass melting conditions and its effect on the structure and

properties of the glasses was carried out to improve the stability of the glass.

4.3 Influence of melting conditions on the structure of the tin fluoride

phosphate glass — FTIR and Raman

The evolution of the glass structure depending on the melting conditions of the glass
was studied. Seven samples were first synthesised at a fixed 450 °C using different
melting times from 15 to 45 minutes and then 5 samples were synthesized at a fixed
time of 25 minutes varying melting temperatures from 350 to 550 °C to identify the

optimal melting conditions.

4.3.1 Influence of the melting time

The influence of the melting conditions on the structural changes of the glass was first
investigated by varying the melting time from 15 to 45 minutes at a fixed melting
temperature of 450 °C. The structure variation of the glasses produced under these

conditions was analysed using FTIR and Raman spectroscopy (Figure 4.6).
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FTIR spectra have been divided in two regions according to wavenumbers: functional
group zone 4000-1300 cm™! (Figure 4.6a) and fingerprint zone 1300-400 cm™ (Figure
4.6b). The presence of NH, was detected in the functional group zone of the glass
(Figure 4.6a). The steady reduction of NH, with the increase of the melting time is
observed. The presence of NH, and the stretching vibration of PO3~ equivalent to Q°
will determine the suitable melting time, and it is noted that no NH, and no Q° were
detected from 40 minutes melting at 450 °C glass samples. Figure 4.6 (a2) shows
infrared absorption spectra of TFP glass at different melting times in the fingerprint
zone. A peak observed around 950 cm™!, which correspond to POH bond vibration, is
only present for the 15 minutes melting glass. In Raman spectra (Figure 4.6b), the
same POH vibration was observed as a peak at 924 cm™ for 15 minutes melting and
one more at around 970 cm! that is characteristic of PO3~ symmetric stretching
vibration equivalent to the Q° unit. These peaks were present in ammonium phosphate
monobasic spectrum. The spectrum suggests that the chemical reagents are closer to
the initial state (not reacted) than to develop into a stable glass structure. This means
that the melting time of 15 minutes is insufficient for a complete conversion of
NH,H,PO, into P,Os. The fact that NH,H,PO, is present in the final glass means the
glass is unstable with less content of P,Og in its composition. The variation in the
composition can have a high impact in the structure and properties. The calculation of
the content of NH,H, PO, necessary to obtain 30 % mol P, 05 during the synthesis was
carried out using Equation 24, assuming chemical reaction reactivity 100 %.
Phosphate glasses with less than 30 % mol of P,05 are considered orthophosphate

mainly isolated Q° units. Spectrometry results confirm the considerations.

The nature of the phosphate anion that constitutes the glass structure changes with the
melting conditions of the glass. The fingerprint zone of the glasses shows different
vibrational patterns and suggests an evolution of the structure depending on the
melting conditions. The evolution of the structure is detected by identifying the PO,
tetrahedral connectivity (Q™) vibration peaks in the spectra. FTIR and Raman spectra
(Figure 4.6) indicate that phosphate tetrahedral units undergo a transition from Q° to
Q? sites as melting time increase. The structural changes or evolution of the structure

take place at shorter melting times.
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Although the glass composition is formulated to achieve polyphosphate networks,
spectrometry shows that for the glass melted for 15 minutes at fixed 450 °C its network
is orthophosphate. Increasing the melting time to 20 minutes, the FTIR spectrum of
the glass shows a vibrational peak between the vibration of Q% (970 cm™) and the
vibration of Q! (1040 cm™'), suggesting the transition from Q° to Q! had taken place.
In this case, Raman spectroscopy provides higher resolution for vibrational
identification. The low absorbance of the peak at 970 cm™ attributed to Q° reveals
lower content of Q° sites than that in glass melting time of 15 minutes. The peak at
1020 cm! is attributed to pyrophosphate (Q* units) with three NBO. The band between
1240-1160 cm™! that makes the peak at 1020 cm™ asymmetric indicates the presence

of PO, symmetric stretching vibration equivalent to Q2.

It is noted that once the melting time reached the reference (25 minutes) the vibrations
within fingerprint zone are almost equal for all melting times (Figure 4.6 a). But the
transition from Q° to Q? is finished in the 40 minutes sample with no NH,, no Q°, and
complete conversion of NH,H,PO, into P,O5. This structure was identified in the
reference glass structure identification section. A small difference exists in FTIR
spectra related to the peak intensity at 1100 cm™. The intensity of the peak/band
determines the magnitude of the presence of this vibrational group in the structure of
the material; strong peak intensity, higher content of the vibrational group in the
structure and shows the evolution of the structure. The FTIR peak at 1100 cm’!, as
mentioned before, is attributed to POSn bonds equivalent to Q? and shows the

transition from Q! into Q? of the glass structure depending the melting conditions.
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Figure 4. 6: Spectroscopy of the glass samples from 1 to 7 (melting time from 15 to 45 minutes at
fixed 450 °C): (a) FTIR spectra: (al) zone 3400- 1400 cm!, (a2) zone 1400-400 cm™'; (b) Raman

spectra.

4.3.2 Influence of the melting temperature

The influence of the melting temperature on the structure of the glass was investigated
by varying the melting temperature from 350 to 550 °C at a fixed melting time of 25
minutes. The glasses produced under these conditions were analysed using FTIR and

Raman spectroscopy (Figure 4.7).

Infrared absorption spectra of functional group zone 4000-1300 cm™' of TFP glass at
different melting temperature are shown in Figure 4.7 (al). The NH vibration between
3400-2800 cm™ suggests unreacted NH,H,PO, in the glass structure for melting
temperatures of 350 °C and 400 °C. This is corroborated in Figure 4.7 (a2) by the peak
at 970 cm™!, equivalent to Q° in the case of glass melted at 350 °C for 25 minutes and

by the peak at 1000 cm™!, transition from Q° into Q' , in the case of glass melted at
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400 °C. Glasses melted at 350 °C and 400 °C, are unstable glasses for the same reason
of low melting time glasses, the degree of reactivity of phosphate molecule forming

reaction, Equation 24. Both these temperatures are insufficient to complete conversion

from NH,H,PO, into P,0s.

-1
3400 - 2700 em 1430 em

N-H stretching N-H bending vibration

vibration
350 2C

V]
7]
g
£
o e R L s WY S T 450 °C
=
<

e VR DTy P R 500 °C

e e S I | | 550 °C
3400 3000 2600 2200 1800 1400
Wavenumber/ cm
(al)

92



1)
(Qv) A
(Q* :
| |
I I
| =
a2 Il 'r LY o
= : :
= I
) | I 450 °C
| .
I
II I
I I
: | 500 °C
| |
| l s30°C
| I
i :
l :
| Ao
’ :
: 1
!
1200 1000 200 i ain
Wavemmnber / cm
(a2)
350°C |
w e b = Lisissent ™ i 1) , |I
400 °C |
PO SRR TN / i
[:¥]
2
2 450°C /
is Dt T e —— L/\\ﬁ
B —
<
BN -’_“-/\«J‘x
1—_// Wl v s )
|
550 °C P, i K
P T i e I/-‘\'L / \ulr W
3400 3000 2600 2200 1800 1400 1000 600 200
Wavenumber / cm ™
(b)

Figure 4. 7: Spectroscopy of the glass samples melted for 25 minutes from 350 to 550 °C: (a) FTIR
spectra: (al) zone 3000-1400 cm, (a2) zone 1400-400 cm™'; (b) Raman spectra.
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The glass sample melted at 500 °C for a fixed 25 minutes shows interesting
spectrometry results. The FTIR spectrum of this sample (Figure 4.7 (al) and (a2))
shows that 100% reactivity is achieved because there is no presence of NH, and Q°
sites. The decrease of the peak at 1040 cm™ (stretching of PO3~ equivalent to Q') and
the pronounced and slide shift of the peak at 1100 cm™! (stretching of POSn equivalent
to Q%) to 1150 cm™ suggest the polyphosphate structure where Q2 sites are
predominant. The Raman spectrum (Figure 4.7b) shows the PO, vibration with a peak
at 1270 cm™! equivalent to Q% and PO3~ vibration with a peak at 1020 cm™ equivalent
to Q! that corroborate the polyphosphate connectivity of the glass. The vibrations

higher than 1400 cm™! were due to fluorescence effects.

The evolution of the structure was converted in reversion at 550 °C. The spectrum of
sample melted at 550 °C (Figure 4.7b) is similar to the spectrum of sample melted at

400 °C.

4.4 Effect of melting conditions on the density of tin fluoride

phosphate glass

The density of the glasses produced at 450 °C for seven different melting times, from
15 minutes to 45 minutes, was measured and the results are given in Figure 4.8 a. It
shows that the density of the ternary stannous fluorophosphates glasses increases with
increased melting time. The increment slows down and reaches to an almost constant
value at 25 minutes, suggesting a stable structure. The effect of melting temperature
(at a fixed time of 25 minutes) on the density values are shown in Figure 4.8 b. The
density of the glasses from 350 °C to 550 °C (at a fixed time of 25 minutes), including
the reference (25 minutes and 450 °C), give the highest density value at 450 °C and a
value close to this for the sample at 500 °C. At 550 °C, the density reduces
significantly. The results confirm that the density of the material is dependent on the

melting conditions.
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Figure 4. 8: Measured densities of TFP glass melted at: a) 450 °C for different times; b) different

temperatures for 25 minutes.

4.5 Glass transition temperature

The effect of melting time on the glass transition temperature (Tg) of the glasses (at a
fixed temperature of 450 °C) is shown in Figure 4.9 (a) and the effect of temperature
of melting (at a fixed time of 25 minutes) on the Tg values in Figure 4.9 (b). Different
melting conditions have resulted in a large variation of the Tg values of the glasses.
The increase of the melting time and the temperature results in a higher Tg value. For
example, as the melting time is increased from 15 to 45 minutes for an identical
melting temperature (450 °C), the glass transition temperature increases from 95 to
161 °C. The increase in Tg values was also observed with increased melting
temperature up to 500 °C using the same melting time of 25 minutes. However, the

glass produced at 550 °C (sample 11) gives a Tg value of around 100 °C. This glass
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also loses its transparency. The results suggest a different glass structure may be
formed at this temperature. The changes of the Tg value of the glass could be explained
as a possible change in the glass composition/structure caused by different melting

conditions and discussed by the structural characterization of the glass in Section 4.3.
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Figure 4. 9: The effect of melting conditions on the Tg of TFP glass melted at: a) 450 °C for different

melting times; b) different melting temperatures for 25 minutes.

Values of density and glass transition temperature at each melting condition are
summarized in Table 4.6. An increase of more than 30 °C of the glass transition
temperature was detected between 20 and 25 minutes and 400 and 450 °C. The fact
that density and the Tg at low melting conditions are reduced is related to the degree

of reactivity of the phosphate molecule forming reaction (Equation 24).

In the section on the structural characterization of the glass, low melting conditions
glasses were determined to be unstable due to the presence of unreacted NH,H,PO,
in the synthetized glass structure. The presence of unreacted NH,H,PO, affects the
reactivity degree of the phosphate molecule forming reaction and the reactivity degree

is influenced by the composition of the glass and its structure.
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The NH,H,PO, content is calculated by Equation 24 to obtain 30% mol of P,0g
assuming 100% chemical reaction reactivity. However, the presence of unreacted
NH,H,PO, in the synthetized glass means that low melting conditions are insufficient
for a complete conversion of NH,H,PO, into P,Os. As a consequence, theP,05
content is less than 30% mol and the phosphate structure is formed with predominant

weak linkages suchas F —Sn—F,Sn—P—F,F—P —F.

The reference sample will be the limit for both melting conditions, relating to the major
increase of Tg and the density to strong linkages predominant in the phosphate
structure. The structure characterization of different melting conditions by FTIR
showed a peak at 1100 cm™' that appears for the first time at the reference melting
conditions (where Tg showed a high increase) and increases its intensity at higher
melting conditions, like the Tg of the glass. The peak at 1100 cm™! is attributed to Sn —

O — P linkages.

At reference glass melting conditions, the divalent tin (Sn 2*) acts as a network former,
in tetrahedral coordination, bonding with phosphorus via oxygen. The replacement of
P — 0 — P bonds by Sn — O — P bonds increases the connectivity of the network
together with the Tg and decreases glass susceptibility to attack by water. The intensity
showed by the peak at 1020 cm™ (P — O — P bond) and the peak at 1100 cm™ (Sn —
O — P) gave information about the evolution of the replacement and which one is

predominant in each condition.

Table 4. 6: Density and glass transition temperature of the glasses.

Samples Temperature /°C Eﬁf ]/)zzrsritz /];%:
1 450 15 2.96+0.04 102+6
2 450 20 3.3140.02 93+4
3 450 25 3.71£0.05 132+1
4 450 30 3.69+0.04 137+1
5 450 35 3.73£0.02 143+1
6 450 40 3.76+0.02 15343
7 450 45 3.77£0.02 161£0.5
8 350 25 3.08+0.08 95+7
9 400 25 3.34+0.01 91+1.5
10 500 25 3.64+0.02 154+1
11 550 25 3.47+0.04 105+1
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4.6 Thermal stability

The thermal stability, the degradation temperature, and volatiles of tin fluoride
phosphate glass at different melting conditions have been investigated by
thermogravimetric analysis (TGA). Figure 4.10(a) and 4.10(b) show, respectively, the
influence of the melting time and temperature on the thermal stability of the glass.
The mass changes during heating are described in Table 4.7. The onset of
decomposition (significant weight loss with decomposition temperature) gradually
increases with increasing both the melting time and temperature, except for the sample
melted at 550 °C. By increasing the melting time from 15 to 45 minutes, the onset
temperature increases from 206 °C to 364 °C and increasing the melting temperature
(350 to 500 °C) from 241 to 359 °C. The value obtained for sample 12 melted at 550
°C was 311 °C. The optimum thermal properties and decomposition temperature of
365 °C was obtained for the glass processed at 450 °C for 45 minutes. This suggests a
stronger phosphate structure than those under other melting conditions. The higher
content of volatiles (Table 4.7) and loss of weight suggest unstable glass. The increase
of onset temperature at high melting conditions is due to the replacement of P — O —
P bonds by Sn — O — P bonds that increases the connectivity of the network and

improves the thermal stability of the glass.
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Figure 4. 10: The effect of melting conditions on the thermal stability of tin fluoride phosphate glass

melted at: a) 450 °C for different melting time; b) different melting temperature for 25 minutes.

Table 4. 7: Mass changes versus temperature to define the glass degradation onset in tin fluoride

phosphate glasses melted at different melting conditions.

Mass change Mass change
25 to 300°C 300 to 550°C
Maisture [ volatiles Glass degradation
Step Step Onset
(%) (%) (°C)
15 min 6,53 7.42 206
20 min 0,77 7,33 220
256 min 0.02 3.45 323
30 min 0,08 243 332
35 min 0.01 1.78 344
40 min 0,03 1.3 387
45 min 0,03 1.15 364
400°C 0,32 T.11 273
500°C 0.02 131 359
550°C 0,14 5,04 an

4.7 Thermal treatment

In order to show the effect of the thermal conditions on different glass melting

conditions, low melting conditions glass samples (20 minutes and 450 °C) and high
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melting conditions glass (35 minutes and 450 °C) were re-heated at 250 °C for 10

minutes and their Tg measured by DSC.

The low melting conditions samples (20 minutes and 450 °C) had an initial Tg value
of approximately 90-100 °C which was substantially affected by the thermal treatment.

The Tg value decreases below 75 °C suggesting decomposition and structural changes.

The high melting conditions sample processed at 450 °C for 35 minutes suffered no
changes and maintained its structure after re-heating. This means that these thermal
conditions affected only the unstable tin fluoride phosphate glasses, which had been

synthesized at low melting conditions.

4.8 Chemical durability

It was observed that the glasses processed at low temperature (lower than 450 °C) and
for a shorter time (less than 25 minutes) were attacked by atmospheric moisture
indicating a lack of chemical durability. White spots on the low melting glass surfaces
were detected within seven days - this reaction did not appear in the glasses with higher
melting conditions. Thus, the structural change of the glass over time was determined

by Raman spectroscopy.
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Figure 4. 11: Raman spectra at initial state and over time: a) Sample 2 (20 minutes 450 °C); b) Sample

5 (40 minutes 450 °C).

Structural changes of the glass were detected for low melting conditions glasses over
time. In Figure 4.11 (a), the spectra of sample 2 (20 minutes and 450 °C) shows

decomposition and degradation with large structural changes over time.

The presence of unreacted NH,H, PO, in low melting conditions glasses implies that
the low melting conditions are insufficient for a complete conversion of NH,H,PO,
into P,05. As a consequence, P,0O5 content is less than 30% mol and the phosphate
structure is formed with predominant weak linkages such as F —Sn — F, Sn — P — F,
F — P — F. These types of bonds are easily attacked by water and provide weak points

in the network, degrading it easily over time.

The low absorbance of the peak at 970 cm! reveals QU sites. The peak at 1020 cm™! is
attributed to pyrophosphate (Q! units) with three NBO. The band between 1240-1160
cm’! that makes the peak at 1020 cm™ asymmetric indicates the presence of PO, the

symmetric stretching vibration equivalent to Q2.
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Sample 5 (35 minutes and 450 °C) suffers no structural changes but absorbs water
(typical behaviour of glasses) and needs to be dried before mixing with hydroscopic

materials.

In order to explore possible new applications for the glass-polymer system that related
to water contact, a water resistance test was carried out by immersing samples in
ionised water for 48 hours at 80 °C using a laboratory test tube. Table 4.8 shows the
results obtained for the glass samples. The variation of the volume (Av) for 3 samples

per each melting condition was calculated using the following Equation 25:
Av = ((v) —vo/v,)(100) (25)

Where v is the initial volume of the glass and v is the volume of the glass after

immersion in ionised water for 48 hours at 80 °C.

Table 4. 8: Glass after immersion in ionised water for 48 hours at 80 °C.

Av variation of

Samples ?g:r:t}; the volume
/%

1 2.9 -
2 33 -
3 3.7 -3.742.3
4 3.6 -1.2+0.3
5 3.7 0.4+0.2
6 3.7 -0.02 £0.6
7 3.7 0.39 +0.1
8 3.0 -
9 33 -
10 3.6 0.18+0.9
11 34 -23£7.6

The test revealed no resistance to water for low melting time and temperature, such as
samples 1 2, 8 and 9. Due to their short melting time, the chemicals in these sample
did not have time to form a glass network. The water attack occurred before
corroborated observation of the samples at room temperature. Samples 1, 2, 8 and 9
initially suffered moisture attack as shown by clear white areas on the glass surface.
Further immersion in water resulted in more decomposition as shown by white, chalk-

like small debris particles floating on the water.

Increasing the melting time of the glass from 20 to 25 minutes, the water resistance of

the glass was improved, losing only 4% of glass volume at 25 minutes. Raising the
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melting time to 30 minutes resulted in a further improvement of water resistance as
indicated by a 1.2% glass volume variation. In the case of the melting temperature, the
improvement is evident at 500 °C obtaining a value of 0.18% of volume variation. At
550 °C, the loss of volume is high compared with the others, 23%, and it suggests a

change of structure.

These results are directly related to the presence of ammonium in the glasses as
detected by FTIR. The results show that to obtain sufficient P,O5 from NH,H,PO,,
the glass needs to be melted for at least 35 minutes at 450 °C or 500 °C for 25 minutes
to reach the complete reaction and conversion to P,Os. The presence of NH, in the

glass results in a reduced water resistance of the glass.
4.9 Rheological properties

The rheological properties have been investigated by the rotational rheometer for glass
processed at 450 °C for 25 minutes. The tests were carried out at three different
temperatures: 230 °C, 250 °C and 270 °C, respectively. These three temperatures were
selected to simulate the glass behaviour by extrusion processing that would be applied
for hybridization with PA11. The three temperature are recommended extrusion
process temperatures for PA11. Figure 4.12 shows the measured time independent of
complex viscosity at three temperatures, which reveals a linear viscoelastic behaviour
indicating that the glass behaves as a Newtonian fluid at these temperatures. To
evaluate the impact of TFP glass on the time dependant nature of PA11, the majority

of the viscosity graphics were plotted versus time.

This is because one of the important goals of this research is to develop new materials
for coating applications for which the variation of viscosity with time is important. For
coating applications, it is desirable that the material flows sufficiently to enable it to
run into the contours of the neighbouring surfaces in order to minimize voids and then
quickly regain a high viscosity towards the end of deposition. Figure 4.13 shows the

effect of temperature of the glass fluid on the viscosity.
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Figure 4. 12: Measured complex viscosity of tin fluoride phosphate glass at different temperatures

against time.
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Figure 4. 13: The effect of temperature on the complex viscosity of tin fluoride phosphate glass.

The major decrease of n*(complex viscosity) against temperature (Figure 4.13) is an
important factor for hybrid morphology development under thermal and shearing

conditions representative of compounding.

Using the complex viscosity data, the activation energy of flow can be determined for

the glass using an Arrhenius equation (Equation 18).
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In this equation, 1 is the steady shear viscosity at a given shear rate, A is a
preexponential constant, Ea is the activation energy for viscous flow, R is the universal
gas constant, and T is the absolute temperature. Ea can be calculated from the slope of
a plot of the logn versus 1/T. This equation strictly requires a steady shear viscosity,
but it is possible to use the complex viscosity if it is assumed that the Cox—Merz rule
applies to these materials. The Ea was calculated at low frequency, 0.1 rads™!, and the

results of the slope is shown in Figure 4.14 [156-157].
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Figure 4. 14: Ln of the complex viscosity as a function of (1/T) in kelvin with the slope equation to

calculated activation energy of TFP glass.

The activation energy (Ea) of TFP glass was calculated from the slope of the plot at
two different frequencies, low 0.135 rads™! and high 135 rads™'. At low frequencies,
the value is 166 KJ/mol and 169 KJ/mol at high frequencies. In both cases, similar
values were obtained. Urman et al. studied [111] the activation energy of the pure
components (TFP glass; PA12) and hybrids with different glass content. In this study
the activation energy was calculated at two different frequencies, 0.5 and 50 rads™,
and the results showed a value around 160 KJ/mol of P glass. In both studies, similar

activation energy (Ea) results of the glasses were found at both frequencies.
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As phosphate glasses are considered as polymers, the increase in Tg can be related to
the glass molecular weight. The polymers are formed with molecules that reach
different polymerization degrees and, therefore, different molecular weights. The same
principle applies to phosphate glasses. In the case of synthetic polymers from chain
polymerization, the length of the chain will be determined by the time that the chain is
growing. So, it is suggested that the glass is increasing its chain size by adding
repeating units over time. Longer melting time shows higher molecular weight and as
consequence, higher Tg values. This is confirmed by the increase in viscosity obtained

for the glass sample with Tg 150 °C (Figure 4.15).
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Figure 4. 15: The effect of the Tg on the complex viscosity against time of tin fluoride phosphate glass

at 250 °C of processing temperature.

Hence, the Tg variation of the glass at different melting conditions is related to the
molecular weight and influences the other glass properties. As in polymers, the
molecular weight is important because it determines many physical properties, for
example mechanical properties such as stiffness, strength, viscoelasticity, toughness,
and viscosity. A lower molecular weight results in lower Tg values and inferior

mechanical properties.

4.10 Final remarks

This research reveals the important role of melting conditions on the structure and

properties of the glass. The study demonstrates an eminent evolution of the glass
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structure according to melting time and temperature and shows how these structural
changes affect the properties of the glass. Structural identification is achieved by Q"
units. The transitions of Q" units depend on the chemical composition of the glass and
the P,Os content Another influencing parameter is the behaviour of oxides; they are
either a network former or modifier. The divalent tin started to act as network former
at reference melting conditions (25 minutes 450 °C) replacing P-O-P by P-O-Sn bonds
and elaborated a stronger network. Even the reference glass is not stable due to
incomplete conversion from NHsH>PO4 to P>Os, the reference glass shows a large
improvement relative to lower melting conditions. The presence of NH4 was found in
the final glass structure, which confirms the presence of some unreacted NH4H>PO4 at
the reference melting conditions (25 minutes at 450°C). The measured properties were
much better than those at lower melting conditions, which is consistent with the
achievement of a strong glass network at the reference conditions. Control of melting
conditions enabled the glass to replace weak linkages with strong ones and the
replacement continues with increasing melting conditions (longer melting time and
higher temperature). The reactivity degree of the glass forming chemical reaction is

the cause of the property variability and is directly related to the melting conditions.

With increasing melting conditions, the spectra show a systematic structural evolution
from orthophosphate to pyrophosphate in the case of melting time and orthophosphate-
pyrophosphate-polyphosphate-pyrophosphate in the case of melting temperature. The
structural evolution (transition changes) stopped at certain melting conditions. Melting
time structural evolution stopped when NH4 and Q° sites disappear delimitating the
suitable melting time to synthesize glass with a stable structure at 40 minutes and then
maintain it constant. Melting temperature structural evolution did not stop, it was a
succession of Q" sites achieving a polyphosphate at 500 °C with optimal properties.
At higher temperature (550 °C), the structure suffers a reversion giving structural

properties similar to the sample melted at 400 °C.

Possible solutions to the NH4H2PO4 to P>Os conversion, and the resulting structural
instability of the glass, would be using a pure P>Os or using two step synthesis for

reagents like ammonium phosphate glass.
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Summary of results.

1. Evidence of a P-F bond is found in the glass structure.

2. The reference glass was identified as pyrophosphate mainly built up from dimers
(Q! end groups) with a smaller presence of Q? polymeric chains.

3. The high fluoride content of the reference glass induces network depolymerisation
in which the F breaks the P-O-P bonds to form monofluorophosphate POsF Q'units.
This reduces the average length of the phosphate chains and leads to pyrophosphate
dimers.

4. A pyrophosphate glass was formed from the reference glass (50 % SnF2+ 20 % SnO
+ 30 % P20s) rather than polyphosphate as expected from the literature. The
polyphosphate is generally formed at lower P,Os contents.

5. The formation of the pyrophosphate is attributed to the incomplete conversion of
the precursor NH4H2PO4 during melting, which produces a reduced amount of P>Os
for subsequent glass formation.

6. Optimum times and temperatures during the melting process were found to be
necessary to ensure the complete conversion of NH4H2PO4 to P20Os.

7. Results on properties (like density, Tg, decomposition temperature, chemical
durability and rheological) provided in this chapter showed the same trend across the
different melting conditions. The higher the melting temperature and time, the better
are the properties. In the case of melting temperature, the glass research allowed to set
up the recommendation not to exceed a temperature of 550 °C. At this temperature,

the glass structure suffered a regression with worse properties.
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Chapter 5 Effect of the processing conditions on TFP glass
— PA11 hybrids

A key factor for the improvement of the coating and its overall performance is
adhesion. Adhesion is influenced by the morphology, thermal and rheological
behaviour of hybrid precursors. The protective performance of the hybrid powder
coatings depends on two types of adhesion. One is the adhesion between the surface
of the metal substrate and the deposited hybrid material while the other is the
interaction between the inorganic and organic phases of the hybrid. This chapter is
addressed at the analysis of the important parameters of the hybrid such us processing
history, rheological and thermal behavior, chemical composition and mechanical
properties performance. These parameters also influence the second type of adhesion

(glass — polymer adhesion).

The aim of this chapter is to investigate laboratory-scale processing of materials in
order to understand the evolution of hybrid coatings and their properties. The
correlation between the hybrid compositions and their properties will provide valuable
information on their possible application. As a result, novel hybrids of tin fluoride
phosphate (TFP) glass (composition of 50% SnF, + 20% SnO + 30% P,05
were synthesized with polyamide 11 and their morphology, thermal, rheological

properties as well as mechanical properties investigated.

Hybridization was achieved by melt blending up to 60 wt% of glass using different
compounding conditions (temperature, screw speed and residence time) at a laboratory
scale. Scanning electron microscopy showed that the two-phase morphology was
greatly influenced by the extrusion temperature profile and the glass content. In
addition, transmission electron microscopy was undertaken, and the studies revealed

nanoparticles of 40nm.

In order to determine the existence of miscibility between the hybrid
components, measurement of the loss tangent, was carried out. The presence of two
transition peaks of the loss tangent using Dynamic Mechanical Analysis (DMA) in the
hybrid containing high wt% tin fluoride phosphate glass implied an immiscible system

showing heterogeneously distributed regions of very different molecular
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motilities. The measurements of mechanical properties by DMA showed a
reinforcement effect of the glass in the polymer as was reflected by the increase of
storage modulus (E’) at low and high temperatures in hybrids containing 40, 50 and
60 wt% tin fluoride phosphate glasses. This enabled the achievement of the highest
value at 50 wt%. These tensile test studies revealed important results in terms of a

mechanical transition from ductile to brittle behaviour at high glass contents.
5.1 Processing conditions of the hybrid

Powdered glass samples sieved at 100 pm and the PA11 polymer were used to produce
a series of hybrids with different glass and different processing conditions to verify the
effect of glass content and processing parameters on the hybridization. The hybrid

compositions and processing conditions are listed in Table 5.1.

Table 5. 1: Testing samples composition and compounding conditions.

Condition Glass/ wt% Glass/ vol% T/ C° Screw Speed / rpm  Residence Time / s
1 20 8 200 50 5
2 20 8 200 100 5
3 20 8 200 200 5
4 20 8 220 100 5
5 20 8 240 100 5
6 20 8 260 100 5
7 20 8 300 100 5
8 20 8 250 100 2
9 20 8 250 100 5
10 20 8 250 100 7
11 20 8 250 100 10
12 10 4 200 100 5
13 10 4 250 100 5
14 20 8 200 100 5
15 20 8 250 100 5
16 30 13 200 100 5
17 30 13 250 100 5
18 40 18 200 100 5
19 40 18 250 100 5

20 50 25 200 100 5
21 50 25 250 100 5
22 60 34 200 100 5
23 60 34 250 100 5
24 0 0 250 100 5
25 10 4 250 100 5
26 20 8 250 100 5
27 30 13 250 100 5
28 40 18 250 100 5
29 50 25 250 100 5
30 60 34 250 100 5

An important issue with regards to the manufacturing of phosphate glass/polyamide
hybrids is the processability of the hybrids during the blending process. The

processability of a polymer blend is defined as the ease at which the blend components
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can be hot-melt-extruded to deliver a high quality extrudate, free of contamination or
defects such as bubbles or unmelted polymer and with high smoothness. The nature of
the blend phases played a huge role in determining the processability and the quality
of the final extrudate as changes in the processing conditions (screw speed,
temperature and residence time) and content of the glass could affect the morphology

of the hybrid. Morphology variation can result in change of properties.

Scanning electron microscopy was used to observe the morphology obtained through
different processing conditions and glass content in order to choose the optimal

composition and processing parameters for the scaling-up of the hybrid.

Due to the low quantity of glass available, different glass batches were used for the
morphology experimental work. Morphology of the glass observed by SEM in Chapter
4 is key to understand the development of the morphology.

5.2 Glass-polymer morphology

5.2.1 Influence of melting procedure of glass

Scanning electron microscopy was used to observe the morphology obtained through
different manufacturing processes of glass. Three different manufacturing processes

were defined. The detailed description of each process is given below:

1% Process
It is a two-step process, first P2Os plus SnO is synthesized at high temperature and then
the temperature decreased to add SnF».

e NH4H>PO4+SnO at 900 °C for 30 min
e Add SnF> at 300 °C, maintain for 30 minutes
e Cool down to room temperature

2" Process
It is the same process as the first one, except that in this case SnF; is incorporated like
an additive to tin phosphate glass.

e NH4H2PO4+SnO at 900 °C for 30 min

e Cool down to 700 °C and stir wasted material
e (rind the glass manually

e Ground glass+SnF> at 500 °C for 30 min

e (ool down to room temperature
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3" Process
It is one step process with all chemicals synthesized together at low temperature.
e NH4H2PO4 + SnO + SnF; at 450 °C for 25 min

e (ool down to room temperature

2° Process

3° Process 1 °Process

Figure 5. 1: Visual aspect of the glass.

The visual aspect of the glass in each process is shown in Figure 5.1. The white colour
of the glass from 1% process is due to SnF> chemicals that remains on the glass surface.
The temperature designed for the second step (300 °C) is not enough to mix tin

phosphate glass with SnF». The first process glass was discarded for further studies.

The images (Figure 5.2) revealed different surface aspect and morphology of the glass
depending on the melting procedure. The 3™ process glass presented in Figure 5.2d,
5.2e and 5.2f at different magnification (d x800; e x3200; f x12800) showed higher
homogeneous dispersion with angular faces. The 2" process glass presented in Figure
5.2a, 5.2b and 5.2c¢ at different magnification (a x800; b x3200; ¢ x12800) revealed
round and porous morphology. This shows evidence of the influence of glass
processing conditions on the glass morphology. The round and porous morphology

could be the consequence of a premature moisture attack.

Therefore, the 3™ process was selected to carry out the research. It has a simple one
step and low temperature manufacturing process that is important from an industrial
aspect. The appearance of the glass was satisfactory but, in some cases, small back
impurities were detected inside the glass. It is possible these were due to the low

quality of the crucibles.

The particle size of the selected 3™ process glass was only measured after it was sieved
at 100 um. The values were between 1 um and 190 um. The maximal particle size was

bigger than the mesh size due to its rectangular shape. If a rectangle shaped glass
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particle has one side smaller than 100 um and the other one bigger than 100 pm, it can

pass through the 100 um mesh during the sieving.

Figure 5. 2: SEM surface aspect micrographs of TFP glass manufactured with different processes.
The 2" process glass morphology at different magnifications: a) x800; b) x3200; ¢) x12800. The 3™
process glass morphology at different magnifications: d) x800; e) x3200; f) x12800.

A SEM equipped with a microanalysis X detector was used to detect the composition
of some black spots present in the glass batches (Figure 5.3). Carbon, oxygen, and
fluorine elements were present at a higher rate in the black spots than in the
surrounding glass matrix. The presence of C in the black spots suggested residual

carbon burned off during the melting in the air.
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Figure 5. 3: Composition analysis of 3™ process glass by EDX analyser.

5.2.2 Influence of extrusion processing parameters on the

morphology of hybrid

During the mixing of the blends by the extrusion process, different effects could take
place, such as chemical reaction, break-up of the droplets, coalescence and dispersion
of the filler that could be homogeneous or heterogeneous. The influential parameters

of the extrusion process are analysed below.

A) Screw Speed- shear rate

The screw speed is the rotation of the screw measured by rpm (revolution per minute).
This parameter is related to the shear rate, which has great influence on the
development of the blend morphology. Figure 5.4 shows SEM images for the 20 wt%
glass hybrids extruded at 250 °C, 5 minutes of residence time and 50, 100 and 200 rpm

of screw speed.
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Figure 5. 4: Influence of the screw speed on the hybrid morphology: a) 50 rpm; b) 100 rpm; ¢) 200 rpm.

Comparative observations of the three trials (Figure 5.4) indicated that at higher screw
speed the dispersion is improved, however coarse particles remain in the sample. At a
speed of 50 rpm, the presence of a few coarse particles was noted, the largest one
measures 90 um. These coarse particles became less but larger at higher screw speed.

At a speed of 200 rpm, particle size reached to about 160 um.

The initial shape of the glass before compounding is sharp and rectangular and it is
shown in Figure 5.2 (e). It is mentioned in section 5.2.1 that the particle size of the
glass before compounding is between 1-190um. At all three screw speed conditions,

coarse particles get broken as their size is smaller after compounding.

The coarse particles are due to the heterogeneous dispersion of the filler in the matrix.
Micrographs with complete area of the hybrid extrude were added in Figure 5.5 to

show the heterogeneity of all samples.

Figure 5. 5: Micrographs of complete surface area of the hybrid at different screw speed: a) 50
rpm; b) 100 rpm; ¢) 200 rpm.
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The Tg of the glass samples used to compound hybrids at different screw speed were
measured by DSC. The results showed a Tg of the glass around 145 °C. Therefore, the
presence of no broken coarse particles in the hybrids can be explained by an increase
of the glass viscosity. The effect of the glass Tg on the complex viscosity of TFP glass
was represented in Figure 4.15. The viscosity results were obtained for TFP glass
samples with Tg of 104 °C, 125 °C and 150 °C. The coarse particles were related to
glass sample viscosity rather than to the screw speed. 100 rpm was chosen as the screw
speed for the trials. The screw speed is associated with the shear stress applied and
residence time of the composite melt during compounding in extruder. The increase of

screw speed causes two different effects:

(1) produces higher shear stress on the melt and thus promotes better distribution
of the filler within the polymer matrix resulting in improved mechanical
properties.

(2) reduces the residence time of the melt in the extruder causing incomplete melt

compounding.

B) Temperature

The extrusion processing temperature refers to the temperature of the extruder barrel.
Thus, the influence of the temperature on the morphology of hybrids was investigated
for hybrids containing 20 wt% glass, extruded at 100 rpm speed, 5 minutes of residence
time and varying processing temperatures of 220, 240, 260 and 300 °C, respectively.

Figure 5.6 shows SEM micrographs of each condition.

Comparative observations of the four trials indicated that the lower the temperature,
the more undesirable and heterogeneous the dispersion becomes. The particle size
distribution in the matrix of the hybrid was measured by analysing SEM images from
dark particles in the clear matrix. Before calculating the size, the image is thresholded

and binarized.

At the extrusion processing temperature of 300 °C, it is observed that a very fine glass
dispersion with a particle size ranging from about 0. 17 um to over 1 um was achieved.
At 260 °C, the dispersion remains relatively fine and particles reach approximately
from 0.17 to 4.4 um in size. The particle size range measured at 240 °C and 220 °C
reaches approximately from 0.17 to 30 um and 0.17 to 60 um, respectively.
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Figure 5. 6: The influence of extrusion processing temperature on the hybrid morphology analysed by
SEM micrographs: a) 220 °C; b) 240 °C; ¢) 260 °C; d) 300 °C.

Large particle size ranges were present in the micrographs of the hybrids for almost
all testing conditions, so it was not easy to work with them. In order to interpret and
understand the mechanism behind the development of the particle size, the presence
of two populations of particles in the hybrids was considered. The micrographs show
a bimodal distribution for all hybrids, each hybrid has a very fine particle distribution
together with a very coarse one. For easier interpretation, a range for each distribution
was quoted. Particle size between 0-900 nm was considered as fine particle distribution

and all sizes above 900 nm, coarse particle distribution.

The particle size distribution of different processing temperatures was plotted in Figure
5.7 to identify the trend of the morphology mechanism. One temperature per graphic

was presented.
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Figure 5. 7: Number frequency histograms showing bimodal particle size distribution of TFP glass-
PAT11 hybrids processed at different processing temperatures: a) 220 °C; b) 240 °C; ¢) 260 °C; d) 300

°C. The particle size data is based on the image analysis of more than 500 particles.

Transmission electron microscopy (TEM) was carried out to observe the size of the
glass particles in the matrix at a smaller scale and to study the nanoscale structure of
the hybrid. The sample used for TEM was extruded at 300 °C processing temperature
and its structure is shown in Figure 5.8. Figure 5.9 shows a TEM micrograph for
polyamide 6-TFP glass reported in the literature [6]. Both hybrids show a two-phase
microstructure morphology, where glass is distributed in droplets. The smallest
observed particle in PA 11 matrix was 40 nm and 70 nm in PA6 matrix. The smaller
nanoparticles in the PA11 matrix are attributed to their higher processing temperature.
The spherulitic structure was observed in the matrices of both PA 11 and PA6. The
difference between the two materials is due to the higher degree of crystallinity and

glass content of PA 6.
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Figure 5. 8: TEM micrograph of dispersed glass particles in polyamide 11 hybrid indicating the
presence of sub-100 nm particles of 20% (6 vol%) TFP glass- polyamide 11 hybrids.

Figure 5. 9: TEM micrograph of 10 vol% P glass- Polyamide 6 hybrid [6].

C) Residence time

The residence time is the average length of time during which the material is under
compounding. The influence of the residence time on the morphology of the hybrids
was investigated for 20 wt% glass hybrids. The samples were extruded at 100 rpm,
and 250 °C of processing temperature using 2\5\7 and 10 minutes of residence time.
Figure 5.10 shows the micrographs and Table 5.2 shows the particle size measured for
each condition. How the particle size was determined is explained in Chapter 3

(Section 3.4.6.1).
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Figure 5. 10: The influence of residence time on the morphology of the hybrid analysed by SEM

micrographs: a) 2 minutes; b) 5 minutes; ¢) 7 minutes; d) 10 minutes.

The comparative observations of tests at different residence time showed similar
dispersion. Slightly finer and more homogeneous dispersion was obtained for shorter
residence times (2 and 5 minutes), but no specific trend was found. Whatever the
residence time was, coarse particles were present in the hybrids. The presence of
coarse particles can be explained by the heterogeneous dispersion of the filler. The
powder was sieved with 100 pm mesh. The coarse particles were smaller than the mesh
size. The size of the glass particles is between 1 um and 190 um and they have a sharp
and rectangle shape. They have not been broken down, rather than they have grown.
They have softened because they now have a round shape. A value of 5 minutes
residence time was fixed for the following testing after no specific trend was found.
According to these results the residence time does not have any influence on the

morphology development of the hybrid.

120



Table 5. 2: Glass particle size of different residence time hybrids measured by SEM image analysis.

Residence time Particle size
/min / pm
2 0.4-13
5 0.4-44
7 0.7- 16
10 0.6- 30

The research of the effect of extrusion processing parameters on the morphology
showed that the processing temperature was the most influential parameter. The great
influence of the temperature on the morphology will have a high impact on the final
properties of the material. It is known too that the filler content is a key parameter for
the final properties of the new material and the processing conditions of the mixture.
Thus, it is necessary to investigate more in depth, firstly the effect of the temperature
and glass content on the morphology of the hybrids and then to evaluate material
properties such as Tg, mechanical properties, thermal properties, fire resistance and
rheological properties to analyse the processability of the material. These properties
are important for further understanding of the hybrid behaviour in the coating

application.
5.2.3 Influence of the processing temperature and glass content

The influence of the glass content at two different temperatures on the morphology of
the hybrids was investigated for hybrid compositions containing 10/ 20/ 30/40/ 50 and
60 wt% glass. All compositions were extruded at a screw speed of 100 rpm and a
residence time of 5 minutes. The micrographs for each condition are shown in Figure

5.11.

Initially, the processing temperature was set as 200 °C (all the micrographs placed on
the left-hand side of Figure 5.11) Comparative tests at different contents of glass
showed heterogeneous dispersions for low contents at 10 and 20 wt% TFP glass
(Figure 5.11a and 5.11b on the left-hand side). For 30 and 40 wt% P glass content
(Figure 5.11c and 5.11d on the left-hand side) the dispersion was refined even if it still
remained heterogeneous. The dispersion at 50 wt% P glass (Figure 5.11e placed on the
left-hand side) became very fine with a few large particles. Thus, it was suggested that
at 50 wt% P glass, the fine and homogeneous morphology was attributed to processing

parameters variability, such as higher processing temperature during compounding. In
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contrast for 60 wt% P glass (Figure 5.11f placed on the left-hand side) the dispersion
was very rough. The micrographs of SEM at 200 °C of processing parameters revealed
optimum dispersion at 50 wt% glass. But the morphology becomes finer after 30 wt
% P glass. It was observed that holes were present at low and high content of glass.
This phenomenon was no longer observed at a content of 50%. This could include

interaction between components at 50 wt % P glass.

A higher temperature of 250 °C was then selected for processing the hybrid, 250 °C is
the usual processing temperature for PA 11. The comparative observations at different
content of glass using a processing temperature of 250 °C (all the micrographs placed
on the right-hand side of Figure 5.11) showed relatively coarse dispersions for low
glass content, (10 and 20 wt %, Figure 5.11a and 5.11b on the right-hand side), which
were then refined from 30 and 40 wt% (Figure 5.11c and 5.11d on the right-hand side).
The finest morphology was observed at 50 wt% (Figure 5.11e placed on the right-hand
side) as well as 60 wt% (Figure 5.10f placed on the right-hand side). These dispersions
are significantly finer than those observed previously at a processing temperature of
200 °C. For contents from 10% to 40% (Figure 5.11a, 5.11b 5.11c and 5.11d), it was
noticed that particle sizes > 1 pm were of irregular shape while those < 1pm were
perfectly spherical. However, due to the excessive different sizes, image analysis does
not provide an accurate measurement for small particles. The average values of
bimodal particle size distribution are shown in Table 5.4, where lower size particles
are obtained at 250 °C for all compositions as it was shown in micrographs. To
interpret better the influence of the processing temperature and glass content on the

morphology, Figure 5. 12 was plotted.
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Processing T°: 200 °C Processing T°: 250 °C

a)

b)

d)

e)

Figure 5. 11: The influence of the processing parameters and glass content on the morphology of the
hybrid processed at 100 rpm and 2-5 minutes loading up to 60 wt% TFP glass at 200 °C and 250 °C,
a) 10wt%; b) 20wt%; c) 30wt%; d) 40wt%; e) S50wt%; f) 60wt%.
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Figure 5. 12: Particle size distribution graphics at different processing temperatures and glass content.

The adherence between glass particles and polyamide matrix was investigated for the
hybrid filled with 0-60 wt% glass extruded at 250 °C to find evidence of interaction.
Polymer-glass adherence at almost all contents of P glass with fracture of the glass
particles was noted (Figure 5.13). Some glass particles suffered fracture, whilst other

particles were pulled-off from matrix.




Figure 5. 13: Evaluation of TFP glass particles adherence to PA11 matrix by SEM in hybrids processed
at 250 °C of processing temperature, 100 rpm of screw speed and 5 minutes of residence time with

different glass content: a) 10 wt%; b) 20 wt%; c) 30 wt%; d) 40 wt%; e) 50 wt%; f) 60 wt %.

Considering processing temperatures of 200 °C and 250° C, better dispersion at higher
temperature was obtained, achieving the best in both cases at 50% of glass in weight.

The glass morphology changes from original angular particles to smaller and rounded
particles in the polymer matrix, which is governed by the viscosity ratio of glass to
polymer. The microstructural changes result from the break-up of the particles under
the influence of thermal and shearing compounding conditions. The viscosity, the
shear rate and interfacial tension have a great influence on the morphology. The
underlying mechanism which influences glass content is currently unclear. However,
by increasing processing temperature from 200 °C to 250 °C, the viscosity of the glass
melt is expected to reduce significantly. The viscosity of the glass at 200 °C was not
measured, but the effect of the temperature on the rheological properties of TFP glass
was already studied in Chapter 4, section 4.9. In figure 4.13, a major decrease of
complex viscosity against the temperature was described as an important factor for
hybrid morphology development under thermal and shearing conditions. This favour

the breakdown of the droplets and improves the homogeneity of glass dispersion.
5.3 Glass transition temperature of the hybrid

Dynamic mechanical analysis (DMA) measures the cyclic response of a material as a
function of the temperature. Figure 5.14 shows a graph of the loss modulus of different
glass content hybrids and its individual components against temperature. The curves
of loss modulus give information about the Tg of material (Section 3.4.2.3). The Tg

results of tested materials were summarized in Table 5.3. It is evident in these curves
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that as TFP glass is added to the polyamide 11, the Tg of the polyamide 11 suffers a
decrease. It appears that the glass is acting as a plasticizer. The Tg of PA11 in hybrids
decreases, by a maximum of 10 °C, for low glass content (< 40 wt%) or remained
almost unchanged as in the case of the hybrids containing high glass content, 50-60
wt% P glass. Additionally, the glass transition peak is observed for the pure glass
component in the hybrid for high glass content, > 30 wt% glass, which appears
between 140 °C and 155 °C. The chain mobility becomes more pronounced by

increasing weight % P glass.

There are some types of phosphates like phosphate esters that are used as plasticizers
for several polymers [93]. Phosphates are usually small molecules. Although the
initially TFP glass was considered as a polymer, the study carried out about glass

melting conditions shows that TFP glass has a structure composed of almost dimers.
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Figure 5. 14: Loss Modulus versus temperature from dynamic mechanical analysis for different glass

content hybrids.
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Table 5. 3: Glass transition temperature of the hybrid materials resulting from DMA.

Glass Glass PA1l Tg TFP glass Tg
/ wt% / vol% /°C /°C

0 0 58 -

10 4 53 -

20 8 48 -

30 13 51 -

40 18 51 152

50 25 56 153

60 34 56 142

The appearance of two transitions is the result of the heterogeneously distributed
region of very different molecular mobility. As the two peaks could be associated with
the two hybrid components, the DMA results showed an immiscible hybrid system at
high TFP glass filler loading of more than 40 wt%. A partially miscible hybrid system
for all other P glass ratio was conjectured. The literature shows some evidence of the
failure of general polymer blend miscibility rules- such as Fox and Gordon Taylor
equations for hybrid materials [6]. These equations predict a glass transition
temperature value that is between the glass transition temperatures of the individual
components. Urman and Otaigbe demonstrated, by studying P glass/ polyamide 6
hybrids, evidence of miscibility between hybrid components, showing that, even the
Tg of polyamide 6 decreases in DMA results, Figure 5.15 [6]. Although the blend
system does not follow the general polymer prediction, systems at loadings < 20 wt%
show an approximately linear decrease in Tg. Thus, they might follow the common
relation for polymer-plasticizer blends [6]. The second Tg is not in the literature
because the highest glass loading is less than 13 vol% (30 wt%) and the second Tg
appeared after 30-40 wt% glass. Figure 5.14 shows the same behaviour as described
in the literature (Figure 5.15) up to 13 vol% (30 wt%) glass content. The first Tg
assigned to PA 11 decreased from 58 to 48 °C with a loading of 20 wt% of TFP glass.
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Figure 5. 15: Torsional DMA results of loss modulus versus temperature for the P glass- PA6 hybrid

materials with indicated P glass content [93].

Since it was impossible to produce glass samples for DMA, the first conjectures were
done comparing DMA to DSC results, a partially miscible system for < 30 wt% P
glass and immiscible system for > 30 wt% P glass showing two Tg-s. A missing
interpretation of the system for > 30 wt% P glass was found as the shift of the Tg of
the individual components could not be determined accurately. The shift of the glass
Tg at lower or higher temperatures could suggest interaction between components and
a partially miscible system. The Tg of the hybrid measured by DMA has higher value
than those measured by DSC (PA 11 Tg 48 °C and glass Tg 125 °C). There is a
frequency effect which puts the mechanical (ca. 1 Hz) Tg about 17°C higher than that
for a DSC measurement (ca. 0.0001 Hz) and assumed activation energy of 400 kJ/mole

(typical for polymer Tg).
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5.4 Mechanical properties

5.4.1 Dynamic mechanical properties

The dynamic storage modulus E’ was calculated to measure the change in stiffness of
the samples as reported in Section 3.4.2.3. The samples were tested at a temperature

range of -50 to 200 °C and at a frequency rate of 1 Hz.
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Figure 5. 16: E' (Storage modulus) results of TFP glass- PA11 hybrids with different glass weight

percent.

The dynamic mechanical analysis was carried out on dumbbell samples (ISO 527
ABA) containing different amounts of glass (Table 5.1, condition 24 to 30). The
storage modulus data (E’) of the hybrids is plotted in Figure 5.16. The substantial peak
at around 140-150 °C seen in Figure 5.14 does not present itself in Figure 5.16 because
different things are plotted in these graphics. In Figure 5.14, the loss modulus is plotted
that is related to the chain movement giving information about the Tg of the material.
In case of Figure 5.16, the storage modulus is plotted that is related to the elastic
modulus of the material. The storage modulus, either E’ or G’, is the measure of the
sample’s elastic behaviour. In general, the incorporation of rigid filler particles to the

neat polymer matrix should result in a reinforcement effect. An increase of storage
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modulus (E’) in a wide range of test temperatures describes the existence of a

reinforcement effect in the composite.

The pure polyamide 11 and 10, 20, 30 wt% TFP glass hybrids have essentially the
same or very similar storage modulus values. An increase of E’ at several temperatures
after 40 wt% P glass can be distinguished recording the maximum value at 50 wt% P
glass. Figure 5.17 summarizes the storage modulus (E’) data of the hybrids collected

at 23 °C and 150 °C. The standard deviation of measured values was £0.9.
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Figure 5. 17: Storage modulus versus different TFP glass content hybrid materials at two

temperatures, 23 °C and 150 °C, from DMA.

Results at both temperatures, low and high, show the same evolution of E’ values
against the glass content. The phenomena responsible for the increase of E’ of the
hybrid could be chemical or physical. The chemical interaction may result in bonding
by chemical reaction of the hybrid components obtaining a new structure and,
therefore, new properties in the material. The physical interaction is related to particle
ordering in the polymer matrix called agglomeration or percolation. The glass forms a
network in the matrix increasing stiffness of the material. It is common that high filler
loading composites processed by melt mixing method, using conventional processing

techniques, suffer a particle agglomeration or percolation effect.
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5.4.2 Static mechanical properties

The stress strain values of the hybrids are shown in Table 5.4 and the typical Stress-

Strain curve of hybrids in Figure 5.18. Three samples of each condition were tested.

Table 5. 4: Stress and strain values of hybrids.

Glass Glass Elastic Tensile Deformation
content content Modulus Stress at break
/ wt% / vol% / MPa / MPa /%
0 0 1007 £ 37 34+ 1 319 +£31
20 8 1056 £21 34.8+£0.1 290+41
50 34 1086 + 208 36.9+0.8 53428
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Figure 5. 18: Stress/ Strain curves of TFP glass - polyamide 11 hybrids.

The stress strain curve shows that the glass influences the mechanical properties of the
hybrid. At 50 wt% glass content the hybrid changes its behaviour suffering a
pronounced decrease of material ductility. Moreover, with the 20 wt% of glass hybrid
the change is slight; this is similar to the pure polymer. The curve of pure polyamide
11 is consistent with the behaviour of a pseudo ductile material showing clear evidence

of yield stress, followed by a slight monotonic increase in stress with increasing strain
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as the material approaches failure. The elastic modulus is similar in the three cases.
TFP glass does not appear to influence the elastic modulus or the stiffness of the

material.

In contrast to results shown in the literature, the research reveals a different effect of
the glass in the polymer matrix. Further, a slight reinforcement effect of glass was
found in the polyamide 11. In the case of the polyamide 6 a plasticiser effect was
described. Figure 5.19 shows the typical stress strain curves of TFP glass and

polyamide 6 hybrids [6].
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Figure 5. 19: The typical Stress/Strain curves of P glass- PA 6 hybrids [6].

The pure polyamide 6 and the hybrid with less than 2% in volume of glass ¢ 10 wt%)
present a typical curve of viscoelastic materials, being concave to the strain axis and
showing no clear evidence of yield stress. The curve shows typical plasticized polymer
behaviour after 2% in volume of glass. The hybrids behave as pseudo ductile materials
with clear evidence of yield stress. There are two main points that can explain the

difference between the current research results and those from the literature:

1. The increase of the viscosity over time of PA 11 (influence of the catalysis).

2. Different values of viscosity for the same glass (Figure 5.20- 5.21). In the literature,
the complex viscosity is between 10'-10% and in this study between 102-10°. As shown
in Chapter 4, this suggests that these glasses have different structures and so the final

products could have substantially different properties.
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Figure 5. 20: Frequency dependence of the complex viscosity of PA11 hybrids at 250 °C.
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Figure 5. 21: Frequency dependence of the complex viscosity of polyamide 12 hybrids at 250 °C [3].

5.5 Thermal properties

The thermal stability of neat polyamide 11 and tin fluoride phosphate glass hybrids
has been investigated by TGA under nitrogen using the heating rate of 10°C/min as
shown in Figure 5.22. The onset is gradually improved with the concentration of TFP
glass. The best thermal properties and decomposition temperature were obtained for
the hybrid containing 40 wt%, Figure 5.23. Different content of TFP glass was detected

before (wt%) and after (volatiles % + degradation step % + residue %) extrusion
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processing. The residue% is representative of inorganic material and after extrusion

process, the test showed less glass than before processing.
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Figure 5. 22: Thermogravimetric analysis of PA11, TFP glass and 20, 40 wt% glass hybrids in

nitrogen flow at 10 °C /min heating rate.
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Figure 5. 23: Thermal stability characterized by decomposition temperature as a function of TFP glass

concentration.

The thermal properties of the glass are greatly influencing the final properties of the

hybrid. The improvement of thermal stability of PA11 by incorporating TFP glass is
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probably due to the superior thermal stability of glass particles, which promotes the
stability of the polymer matrix via the formation of protecting layers or chars during
decomposition process [93]. But it could be also due to the interaction between

components.
5.6 Fire resistance

The fire resistance test according to UL 94 was performed on PA11 and hybrids filled
0-60 wt% glass. The test results shall be classified either V-0, V-1 or V-2 (V= vertical
burning), in accordance with the criteria indicated in Chapter 3 - Table 3.5. Note that
it is a similar procedure to UL 94 due to the limited material quantity available. The
test was carried out on five dumb-bell samples according to ISO 527 BA. It is known
that some phosphate glasses have excellent flame resistance as was mentioned in the
literature review. Some phosphate glasses behave as fire retardants. Thus, they can be
use in thermoplastics, thermosets, textiles, and coatings to inhibit or resist the spread
of fire. The improvement of fire resistance could be advantageously exploited in
coating applications. There are several applications where high pressures and
temperatures dictate the use of fire-resistant material to mitigate the potential for

dangerous and expensive fires.

Interesting behaviour was noticed during the tests. The hybrid samples did not ignite.
It was also observed that the product (TFP glass hybrid) flowed rapidly with many
drops. Cotton placed at the bottom of the test burned for hybrids filled with 10 and 20
wt% glass. In the case of 30, 40, 50 and 60 wt% glass hybrids, there were drops but
there was no combustion of the cotton. The vertical burning test classification results

are shown in Table 5.5.

Table 5. 5: The vertical burning test classification results of PA11 and hybrids filled 0-60 wt% glass.

Hybrid glass/ wt% Vertical burning test classification
0 V2
10 V2
20 V2-V1
30 Vo
40 Vo
50 Vo
60 Vo
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Results showed that the glass loadings of 10 and 20 wt% were insufficient to achieve
a VO rating for these hybrids. However, glass loadings of 30, 40, 50 and 60 wt% did
achieve the UL94 V0 rating. In conclusion, a major improvement in fire resistance was
found in hybrids with 30-60 wt% glass. This has substantial potential for industrial

applications.
5.7 Rheological properties

The rheological properties of a polymer blend play an important role in determining
its final morphology. This morphology along with some other parameters, would
determine the final properties of the product, classifying the product suitable or not for
the selected application, in this case powder coating. Rheology is also important in

determining the processability of both polymer blends and composites [158].

The rheology of blends reveals useful information regarding the changes in fluidity,
morphology, viscoelasticity, molecular orientation, thermal and melt stability.
Through an understanding of these concepts and how the properties of the blends are
affected by particular thermal, temporal, and shear conditions, one can manufacture

materials with desired properties suitable for industrial applications [159, 160].

The rheological experiments of the hybrids were also restricted to 230, 250 and 270
°C as in rheological experiments of the glass in chapter 4- section 4.9. Typical melt
processing temperatures of PA 11 were selected to develop an understanding of hybrid

processing technology.

The observations showed that PA11 was thermally unstable under test conditions,
while glass is stable. The pure TFP glass behaves like a Newtonian fluid, whilst PA11
behaves as a non-Newtonian material, increasing its viscosity over time and in both
cases having the same behaviour over the whole range of tested temperature (Figure
5.24 and Figure 5.25). The fact that the viscosity of the PA11 increases is due to the
catalysis, and the viscosity of the glass decreases over the temperature might result in
an interesting morphology. For coating application is desirable that the material flows

sufficiently fast to form a uniform layer and quickly regain high viscosity.

137



10000 1

_. 270 °C
Lol 230 °C

2 e
A& 1000 4
2
Z
]
2
=
5 100 -
(o8
g
o}
O

10 1

1 T T T T T T 1

000 100 200 300 400 500 600 700

Time /s

Figure 5. 24: Time dependence of the complex viscosity of PA11 at 230, 250 and 270 °C.
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Figure 5. 25: Time dependence of the complex viscosity of TFP glass at 230, 250 and 270 °C.

Time dependence of the complex viscosity of 20 and 40 wt% glass - PA11 hybrids at
230, 250, 270 °C are shown in Figure 5.26 and 5.27. The curves show an increase of
the viscosity along time depending on the glass content. It seems that the Newtonian
behaviour of the glass is more dominant than the pseudoplastic one at 230 °C, giving
a stable viscosity along time. At temperatures of 250 and 270 °C the non-Newtonian

behaviour is predominant.
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Figure 5. 27: Time dependence of the complex viscosity of 40 wt% TFP glass-PA11 hybrid at 230,

250 and 270 °C.

It was noticed that a large decrease of viscosity took place by the addition of glass.

The decrease of viscosity might display desirable interactions that are beneficial in a

number of applications as reported in the first rheological study of TFP glass/polymer

hybrid as performed on PA12/ P glass [6]. The large decrease of viscosity is expected

to benefit good processability and enable higher glass contents to be incorporated in

the hybrids.
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5.8 Final remarks

(a) Overview

The research carried out in this chapter provides substantial information defining the
most influential processing parameters. The morphology of the hybrid was observed
under extrusion processing parameters, such as screw speed (shear rate), temperature,
residence time and glass content. The characterization to determine the optimal
extrusion processing parameters of the hybrid at laboratory-scale was done by
microscopy. Morphologies using different glass contents and processing parameters
were compared and properties such as Tg (by DMA), rheological, mechanical (DMA
and Tensile test), thermal (TGA) and fire resistance measured. The major effect was
shown by two parameters (temperature and glass content) on the development of the

hybrid morphology.

The optimum processing temperature for the development of P glass/polyamide 11
hybrid is calculated in Chapter 6 using the rheological properties of the individual
components of the hybrid measured here, from a Newtonian — non-Newtonian
(increase of viscosity over time) system. However, the characterization results show
that > 30 wt% P glass content is necessary to obtain an improvement in the properties

over PA11 matrix.

(b) Summary of Chapter 5

1. Tin fluoride phosphate glass with the molar composition of 50% SnF>+ 20 % SnO
+ 30 P,0Os was synthesized with polyamide 11 by melt blending up to 60 wt% of glass
by changing the glass content and compounding conditions. Widely different
morphologies were produced because of the possible interaction among the
components.

2. SEM analysis of the hybrids revealed a major influence of extrusion processing
temperature and glass content on the morphology. Evidence of compatibility and
adherence between the hybrid components was found resulting from the reduction of
the phase dispersed due to possible interaction.

3. Better homogeneity and dispersion of particles in the hybrids were detected at high
temperatures and high glass loadings. The optimum conditions will be identified in the

next chapter.
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4. The glass transition temperature characterization by DMA showed an immiscible
hybrid system in the hybrid loaded with 60 wt% tin fluoride phosphate glass. The
appearance of two transition peaks is the result of heterogeneously distributed regions
of very different molecular mobilities. A clear phase separation of the hybrid
components was found at this glass content.

5. An increase in the storage modulus (E’) measured by DMA at low and high
temperatures was found at hybrid loadings of 40, 50 and 60 wt% tin fluoride phosphate
glass and revealed a reinforcement effect related to physical or chemical interactions
between the hybrid components.

6. Tensile testing showed that the elongation at break was reduced as the glass content
increased, something that is generally observed in glass-reinforced polymers. The
reinforcement effect found in the DMA testing was not evident in the tensile test results

due the variation of elastic modulus in the samples.
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Chapter 6 Morphology development of TFP glass- PA11
hybrids

6.1 Morphology considerations

The morphology is the study of form and structure of materials. In the specific case of
polymer morphology, it could be defined as the study of order within macromolecular

solids.

There are several ways to produce nanostructured material, some of them are sol-gel,
coupling agents and reactive compounding. During this study, a new way to produce
nanostructured material composed of phosphate glasses and polymers was studied.
The objective was to mix glass macroscopic fillers into polymeric matrix by the melt
mixing technique and obtain well-dispersed particles. Thermal-shearing conditions of
the extrusion compounding and reported affinity between TFP glass and PA11 were
key considerations in this objective. The viscosity and interfacial tension of hybrid
components are expected to be influential parameters in explaining the mechanism of

nanoparticle formation and determining the optimal conditions.

Some theoretical approaches have been carried out to identify the morphology
development mechanism for TFP glass/ PA11 hybrid. Firstly, the two steps of the
mechanism were observed by scanning electron microscopy. The first step is the
obtaining of microparticles from the macroscopic ones and the second one is from
microparticles to nanoparticles. The interfacial tension was then calculated to define
Ca (Capillary number) and, together with viscosity ratio, used to examine the type of
droplets breakup mode during extrusion. The glass Tg and the processing temperature
of the hybrid are two parameters that can be controlled in the system. These two
parameters have a great influence on the viscosity, which is one of the key parameters
for morphology development. Finally, a diagram was developed, to define the optimal
processing temperature for obtaining a nanostructured morphology between P glasses
and polymers. SEM images of the morphology of the hybrid have been shown in
Chapter 5.
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The morphology with nanosized particles was observed. As phosphate glass is
considered polymeric in nature, this was expected to aid making an immiscible
polymer blend. The morphology development of immiscible polymer blends during
processing is well documented, especially in the case of dilute blends with Newtonian
components and subjected to shear flow. In Chapter 5, rheological results show a non-
Newtonian behaviour for PA11 matrix and Newtonian behaviour for glass. Newtonian
droplets in a viscoelastic matrix has been studied since the pioneering studies of
Flumerfelt. It is reported [135] that the critical capillary number and the break-up time
increased with increasing elasticity of the matrix fluid. The challenge is to demonstrate
that due to the peculiar characteristics of phosphate glass- polyamide 11 hybrids, it is
possible to predict the morphology of the hybrid using the deformation and break-up
of single Newtonian droplets in a Newtonian medium as tackled theoretically and

experimentally by Taylor and Grace [135].

This type of blend represents an out of equilibrium situation and its morphology
depends strongly on particular processing conditions. Therefore, a new method to
predict the morphology of nanostructured material composed of phosphate glasses and
polymers is developed. Thermal-shearing conditions of the extrusion compounding,
different (low-high) Mw components and reported affinity between TFP glass and
PA11 are key points in the process.

6.2 Homogeneity of the dispersion of the glass in melt mixing

A requirement in material development is to predict how additives affect the
performance of the material and it is of crucial importance the way these additives are
distributed inside the material. In formulating the polymer blend (nanocomposites) the
challenge is to control the blend morphology. This section is focused on developing a

method to predict P glass- polymer system morphology.

Homogeneity of the dispersion of the glass during processing is governed by the
viscosity ratio, that is the ratio between the dispersed phase viscosity and matrix
viscosity. The viscosity of each component at different temperature has already been

analysed in chapter 5.

The morphology of this kind of system is highly dependent on the processing

conditions and the properties of both components. The homogeneity of the dispersion

143



of the glass is highly dependent on the viscosity of the components. If the processing
conditions and the properties that influence viscosity can be identified, it might be

possible to build up a diagram that will allow the prediction of morphology.

The effect of the processing conditions on the properties of tin fluoride phosphate
glass-PA11 hybrids was studied in Chapter 5. The results reveal that the viscosity of
the components is highly influenced by processing temperature. Rheological
measurements were undertaken at 210, 230, 250, 270 and 290 °C to check behavioural
changes in the viscosity. These changes have impact on the morphology as will be

shown later by SEM micrographs at different processing temperature.

The effect of the properties of hybrid precursors on the viscosity has been studied.
Two main properties were identified, the Tg of the glass and polyamide 11 grade.
Chapter 4 shows how the Tg of the glass varies considerably depending on the melting
conditions of the glass and the changes in the Tg of the glass affect values of viscosity.
The viscosity against the temperature of three glasses with different Tg (Glass 1: Tg
104 °C, Glass 2: Tg 124 °C, Glass 3: Tg 150 °C) and three different polyamide 11
grades (LMNO Grade 1: PA 11 without catalysis, BMNO grade 2: PA11 with catalysis
and T Nat B grade 3: PA 11 for coating application) are selected to evaluate the
influence of the components viscosity in the hybrid morphology evolution. The only
difference between these grades is the catalysis of the PA11. Higher viscosities are
shown by glasses with higher Tg. The difference on the viscosity of polyamide 11
grades is due to the use of a catalyser for synthetizing the polymer. It is fundamental
to understand the mechanism of the morphology development under the parameters
that have effect on the viscosity to choose a suitable processing temperature and
appropriate properties of the components in each case. Figure 6.1 gives a diagram that
provides the key to achieve homogeneous and fine morphologies. This can include
nanosized particle formation and could help later to interpret material characterization

results.
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Figure 6. 1: Viscosity versus processing temperature of hybrid individual components. Morphological

behaviour diagram.

For example, a polymer with complex viscosity of 50 Pas, liquid at 250 °C, will be an
effective choice for TFP glass with Tg 104 °C. The hybrid system would be likely to
provide a nanostructured hybrid material under suitable processing conditions. The
glass with Tg 124 °C will leave the vitreous-fluid state approximately at processing
temperature of 290 °C and the glass with Tg 150 °C at temperatures higher than 300 °C.

These two are a good combination to obtain homogeneous morphology.

BMNO grade 3 polyamide 11 and TFP glass with Tg 124 °C were selected to check
the veracity of the method by observing the hybrid morphology by SEM at different
conditions. This type of unstable system greatly depends on the morphology of the
dispersed phase, which is controlled by the viscosity ratio during processing. Three
possible conditions for viscosity ratio with their respective processing temperature can

be described from Figure 6.1.
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The first condition was defined as 1 (ng/Mm) > 1, and can give a heterogeneous
dispersion with large particles at hybrid processing temperature < 245 °C. The second
conditionis1 = nNg =N, = 1. At this condition, a homogenous and fine dispersion
can be achieved, and nanoparticles could appear. The hybrid processing temperature
is between 245 °C- 255 °C, the crossing point of both components. The third one is
N Ma/Mm) < 1, where coalescence can be reached at hybrid processing temperature

>255 °C.

One temperature for each condition that has viscosity data of the matrix and the
dispersed phase was then chosen. Viscosity ratio(ng/Mm) at these temperatures was

calculated and is shown in Table 6.1.

Table 6. 1: Viscosity ratio of TFP glass-PA11 hybrids at different temperatures.

Viscosity /Pas
Temperature Glass Tg 124 °C PA11 BMNO Ratio
230 5545 1020 5.44
250 1600 1600 1.00
270 300 2780 0.11

Finally, the morphology of the hybrid BMNO PA11 grade 2 - TFP glass (Tg 124 °C)
at these three conditions was evaluated by SEM (Figure 6.2). PA11 filled 30 wt% TFP
glass hybrid samples were extruded by 150 rpm screw speed and 5 minutes of

residence time at temperatures of 230 °C, 250 °C and 270 °C.

Figure 6. 2: SEM micrographs of hybrid extruded by 150 rpm of screw speed, 5 minutes of residence
time and at different processing temperature: a) 230 °C; b) 250 °C; ¢) 270 °C.

The feasibility of the diagram to predict the morphology of polymer- low Tg phosphate
glass hybrid system was checked by SEM micrographs in Figure 6.2. When the
viscosity ratio is higher 1 (Ng/Mm) > 1, or lower 1 (Ng/Mm) < 1, then one

heterogeneous dispersion was obtained and will affect the final hybrid product. In
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blends, often a close viscosity between the dispersed phase and matrix is researched to
achieve homogeneous dispersion, like in this case, where the best dispersion is
obtained whenn = ng =1, = 1 (Figure 6.2 b). The dispersed phase is fragmented
in small spherical droplets, with regular form and homogenous dispersion. At this
point, there is a possibility of forming nanoparticles in the polymer matrix, as both
materials are fluid. However, this is not enough, because materials with viscosity
higher than 50 Pas are in vitreous state. This means that for developing nanoparticles
in the polymeric matrix, it is necessary to choose hybrid precursors with reported
affinity between them. The diagram in Figure 6.1 increases the possibility of
nanoparticle formation by describing the optimal processing conditions for each
polymer glass combinations. For example, the optimal processing conditions for glass
with Tg 124 °C (melted at 450 °C for 25 minutes) and BMNO grade PA11 were found
to be approximately 250+5 °C of processing temperature. For BMNO- glass with Tg
150 °C at 25745 °C and for BMNO- glass with Tg 100 © C at 225+£5 °C. Other possible
combinations for n = ng = N, = 1 (Figure 6.1) are:
e LMNO Grade 1: PA 11 without catalysis - Glass 1: Tg 104 °C using
processing T 235 £5°C
e LMNO Grade 1: PA 11 without catalysis - Glass 2: Tg 124 °C using processing
T 26545 °C
e T Nat B Grade 3: PA 11 for coating application - Glass 1: Tg 104 °C using
processing T 2175 °C
e T Nat B Grade 3: PA 11 for coating application - Glass 2: Tg 124 °C using
processing T 24015 °C
e T Nat B Grade 3: PA 11 for coating application - Glass 3: Tg 150 °C using
processing T 25015 °C

6.3 Interactions in polymer — low Tg phosphate glass blends

The viscosity of the components, as explained in the above section, is a fundamental
parameter on the polymeric blends’ morphology development at thermal and shearing
conditions, where macro to micro size particles are formed. But the localization of the
nanoparticles in the matrix is linked to the balance of interactions between components.
Interactions occur when the components are compatible, or they have affinity.

Choosing precursors with low interfacial tension will promote the interactions. The
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first conclusive evidence of intimate mixing of the TFP glass-polyamide 6 (PAO6)
hybrid components by melt blending had been characterized by 1H-31P solid-state
nuclear magnetic resonance (NMR) [136]. Thus, synthesizing a glass-polymer hybrid
with phosphate glasses and highly interacting commodity resins, as a polyamide, is
aimed at improving an interaction between both [5]. The Tg of phosphate glasses are
the one key advantage, which is low enough to allow melt processing with engineering
thermoplastics to afford composite hybrid systems. The interaction between
polyamides and phosphate glasses is well documented in the literature. There is
mentioned an exceptional physicomechanical interaction between the components.
The absorption of ammonia to the phosphate glass surface is one suggested classical
interaction of these hybrid components [6]. The hybrid components have a high degree
of interaction, which contributes towards the miscibility in the melt and polymer-glass
adhesion in the solid state [5] and could result in dissolution of particles achieving
nanometric scale morphology. As a result, TFP glass- polyamide 11 components

should provide interesting melt properties and a compatible hybrid material.
6.3.1 Theoretical interfacial tension of the hybrid

The surface energy is an essential parameter to consider in blend development. The
diminution of the surface energy needs the use of an interfacial agent that has good
affinity with both components. The interfacial agents are placed between the two
components and decrease the surface energy. In general, this surfactant molecule is a
block copolymer formed in-situ by coupling or grafting. The objective of this research
is to create the interface agent between TFP glass and PA11 during the processing
without any external additives. The key points to achieve the interphase agent between

tin fluoride phosphate glass and polyamide 11 are explained below.

In principle, the interfacial tension of polymer/filler should be sufficient to anticipate
the morphology. It is almost impossible to find experimental data for the polymer/filler
interphase. Usually, theoretical models like Owens-Wendt, Girifalco-Good or Wu
equations [131,132,133, 134] are applied to calculate it (Equations 26, 27, 28, 29):

Y=y +2- [2 4yh) + [ (P ()P (26)

yi2 =71 +y2- 2V (14y%) - 2 V(yPiyP) (27)
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Yi2 =71 +12-2 N (y172) (28)

Y12 = y1 ty2—(4yiv2)/ (y1 +y2) (29)

where y9 is the dispersion component in mN/m, yP the polar component in mN/m and

vy interfacial tension in mN/m.

In this study, the interfacial tension of each component was then calculated
experimentally using the contact angle method by measuring the contact angle ©
(Figure 6.3) between the solid (glass and polymer) and the liquid (the pendant drop).
Drops of solvent were gently deposited on the surface: water, ethylene glycol and
diiodomethane were used, the water being the most polar and the diiodomethane the
most apolar. Once these drops are laid and after a waiting time defined by a standard
(depending on the rate of spreading and the evaporation of the solvent) the angle
formed by the drop is measured. All measurements were performed at room
temperature. ¥ solid-air (Equation 30) is representative of cohesive/interaction forces in

the material and is expressed by Young’s equation [161-162].

0s 0 (30)

= +
solid-air ysolid—liquid yliquid—air

Figure 6. 3: Contact angle method.

The Owens & Wendt equation was selected to calculate the surface energy because it
is typically applicable to surfaces with moderate polarity such as polyamides,
polyvinyl chloride, polyurethanes, polyesters, polyacrylates, and polycarbonates. The
Owens-Wendt concept considers that both dispersion and hydrogen bonding forces
may operate. The surface energy (y) is divided into two components (Equation 31):

y-v¢ +P (31

solid-air solid-air
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The dispersion component (y9) denotes London dispersion forces, a type of force
acting between atoms and molecules. London dispersion forces operate between all
materials (in polar and apolar materials). They are part of the van der Waals forces.
London forces are exhibited by apolar molecules as correlated movements of the
electrons in interacting molecules. The polar component (y?) denotes the component
of surface tension due to both hydrogen bonding and dipole-dipole interactions

(Debye- Keeson Van der Waals forces).

The contact angle of each solid (polyamide 11 and TFP glass) was measured using
three measuring liquids with known surface energy, polar, dispersion and a midway
one. The dispersive and polar components of the hybrid and glass were then calculated.
The theoretical interfacial tension of the hybrid was obtained from extended equations.

The results are summarized in Table 6.2.

Table 6. 2: The interfacial tension of the components and hybrid.

v4 yP v/ mN/m
Glass 26.4 21.7 48.1
PAI1l 339 10.4 443
Owens-Wendt 2.54
Girifalco-Good 0.08
Wu 0.16

It is important to point out that these theoretical interfacial tension values were
calculated at room temperature and that the melt surface tension of components can be
different from the solid one. The interfacial tension will be much lower during
processing. Thus, the low value of solid surface tension at room temperature suggests

great affinity between components during processing.
6.3.2 Thermal characterization of the hybrid

The compatibility and phase behaviour of polymer blends can be studied by many
techniques. Calorimetric approaches have been largely applied and Differential
Scanning Calorimetry is often used for the task. In this section, DSC was selected to
evaluate the thermal properties of the hybrids, such as Tg, enthalpy of crystallization
and fusion, temperatures of crystallization and melting. The changes in these

properties of the hybrids can reveal information on phase behaviour, which can help
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determining the type of phase separation [163]. The glass, PA11 and different glass
content (0-60 wt%) hybrids were extruded at 250 °C, 150 rpm of screw speed and 5

minutes of residence time.

Figure 6.4 shows a DSC thermogram of the TFP glass melted at 450 °C for 20 minutes,
where the glass transition of the glass was obtained at 101 °C in the second heating.
No presence of other transitions define the glass as an amorphous material, which has
no organization in the solid state. The transparency that glass has, among other
properties, is due to this random organisation. Figure 6.5 presents DSC thermograms
of polyamide 11 and hybrids with different glass content, where the thermal properties
such as the glass transition, entalpy of fusion and the melting temperature were
calculated. The thermal properties of TFP glass- polyamide 11 hybrids are summarized
in Table 6.3.
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Figure 6. 4: DSC thermogram of tin fluoride phosphate glass.
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Figure 6. 5: Melting temperature of polyamide 11 and different glass content (0-90 wt%) hybrids by
DSC.

The crystallinity percentage of the materials was estimated by Equation 32, where w
is the weight percentage of PA11, the only crystallisable component of the hybrid.
AHy is the heat of fusion measured by DSC and AHY the standard heat of fusion of
100% crystalline PA11, its value being 230 J/g.

X. = WAH¢/AH? (32)

Table 6. 3: Thermal properties of TFP glass- PA11 hybrids.

Glass content Crystallinity Tc Tg Tm
wt% ! % /°C /°C /°C
PA11 30 164 - 189
10% Glass hybrid 26 164 - 187
20% Glass hybrid 20 163 - 187
30% Glass hybrid 15 163 - 186
40% Glass hybrid 13 162 - 186
50% Glass hybrid 10 161 - 185
60% Glass hybrid 8 159 - 184
70% Glass hybrid 5 159 - 183
80% Glass hybrid 3 157 - 182
90% Glass hybrid 1 158 - 180
Glass 104
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It was noted that a decrease of the melting temperature and crystallization temperature,
and a consistent decrease of the percent crystallinity with addition of TFP glass to the
system, took place. Substantial diminution on the melting peaks with increasing glass
content are visible in Figure 6.5. The loss of half crystallinity already at 30 wt% glass
content indicates that TFP glass hinders the crystallization of polyamide 11 in the
blends. This is a typical characteristic of amorphous-semi-crystalline miscible polymer
blends where the glass transition temperature of the semi-crystalline polymer is lower
than that of amorphous component (Tg PA1l 48 °C, Tg TFP glass 101 °C).
Crystallization difficulties may suggest that glass (solvent plasticizer) dissolves the

polymer. However, more work is needed for substantiation.

When setting design and processing parameters for specific polymers, it is important
to know the temperature where segmental molecular motion begins. The DMA loss
modulus, E”, is very useful in this respect because it is a measure of the viscous nature
of polymeric materials. The peak maximum of E” corresponds to the beginning of
significant segmental motion of the polymer chains. Thus, the mechanical energy input
is dispersed as heat by the internal friction caused by chain motion, which characterizes
the phenomenon called damping. Loss modulus (E”) is a sensitive indicator of

molecular differences.
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Figure 6. 6: Loss modulus versus temperature of PA11 and different glass content (0-20-40 wt%)
hybrids.
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The Tg of polyamide 11 and hybrids with 20-40 wt% glass was measured by DMA
(Figure 6.6) instead of using DSC. It is observed in Figure 6.6 that the Tg peak of the
hybrids became broader and heightened and decreased in temperature with increasing
the glass content. The relative homogeneity or miscibility of the system can be
reflected by the width and height of the glass transition peak. A broader and higher Tg
peak implies less dense structure with more free volume. It showed less resistance to
motion at the onset of Tg, which strongly suggested a “looser” internal structure and/or
the presence of plasticizers that led to larger rotational freedom. DMA results suggest

that glass is acting as plasticizer.

The material transition measurements define glass behaviour as an external primary
plasticizer, which enters both the crystalline and the amorphous regions. As external
primary solvent plasticiser, the glass will have the potential to dissolve polyamide and

create an intermediate phase that might have properties of both extreme cases.

When the polymer is heated the movements of the main chain sets in, becoming
maximum at Tg, at which losses occur corresponding to a-relaxation. This relaxation
corresponding to Tg, may also be understood by free volume theory [135], in which
the molecular mobility (and consequently the relaxation time) near Tg depends mainly
on free volume. The free volume theory was not calculated in this research, but

interesting further work can be done around this subject.

6.3.3 Molecular weight

Polymers consist of repeat units (monomers) chemically bonded into long chains.
Understanding the physical properties of a polymer (such as mechanical strength,
solubility, and brittleness) requires knowledge of the length of the polymer chains.
Chain length is often expressed in terms of the molecular weight of the polymer chain,
related to the relative molecular mass of the monomers and the number of monomers
connected in the chain. However, all synthetic polymers are polydisperse in that they
contain polymer chains of unequal length, and so the molecular weight is not a single
value - the polymer exists as a distribution of chain lengths and molecular weights.
The molecular weight of a polymer must therefore be described as some average
molecular weight calculated from the molecular weights of all the chains in the sample.

The molecular weight averages can be determined by gel permeation chromatography
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(GPC) [164] and size exclusion chromatography (SEC) [164]. The number average
molecular weight is the statistical average molecular weight of all the polymer chains

in the sample, and is defined by Equation 33:
Mn = XNiM; / N; (33)

where M; is the molecular weight of a chain and N;j is the number of chains of that
molecular weight. Mn can be predicted by polymerization mechanisms and is
measured by methods that determine the number of molecules in a sample of a given
weight; for example, colligative methods such as end-group assay [165]. If Mn is
quoted for a molecular weight distribution, there are equal numbers of molecules on
either side of Mn in the distribution. The weight average molecular weight is defined

by Equation 34:
Mw = ZNiM;? / NiM; (34)

Compared to Mn, Mw considers the molecular weight of a chain in determining
contributions to the molecular weight average. The more massive the chain, the more
the chain contributes to Mw. Mw is determined by methods that are sensitive to the
molecular size rather than just their number, such as light scattering techniques [165].
If Mw is quoted for a molecular weight distribution, there is an equal weight of

molecules on either side of Mw in the distribution.

The polydispersity index (Equation 35) is used as a measure of the broadness of a

molecular weight distribution of a polymer, and is defined by:
Polydispersity index = Mw / Mn (35)

The larger the polydispersity index, the broader the molecular weight. A monodisperse
polymer where all the chain lengths are equal (such as a protein) has an Mw/Mn = 1.
The best controlled synthetic polymers (narrow polymers used for calibrations) have
Mw/Mn of 1.02 to 1.10. Step polymerization reactions typically yield values of
Mw/Mn of around 2.0, whereas chain reactions yield Mw/Mn values between 1.5 and

20.

The molecular weight measurements and rheological experiments were restricted to

PA 11 - Glass (Tg: 104 °C) to explain more in detail the role of the glass in the hybrid
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system. The large decrease of viscosity by adding glass has been previously reported

in Chapter 5.

Gel permeation chromatography (GPC) was carried out for samples filled with (0-60)
wt% glass to calculate the final glass content in the hybrid after compounding and the
effect of the glass in the molecular weight. The hybrid samples (extruded at 250 °C,
150 rpm and for 5 minutes) were dissolved in hexafluoroisopropanol (HFIP) +0,05 M
potassium triofluoroacetate (KTFA) solvents during 24 hours at room temperature. A
concentration of 1 g/L of dissolution was used for the testing. The filtration was carried
out using an ACRODISC PTFE filter with diameter of 25 mm and porosity of 0.2 um.
The results from the gel permeation chromatography (GPC) are summarized in Table

6.4:

Table 6. 4: GPC measurements of TFP glass-PA11 hybrids mixed at 250 °C of extrusion processing

temperature.
Polydispersity
Samples Mn Mw Insoluble (%)
Mw/Mn
PA11 100% 27800 53900 1.9 -
PA11 + 10%Glass 21900 44600 2.0 3.8% +/- 0.2%
PA11 + 20%Glass 22400 42000 1.9 12.4% +/- 0.6%
PA11 + 30%Glass 20500 39700 1.9 17.8% +/- 0.9%
PA11 + 40%Glass 19500 37200 1.9 27.1% +/- 1.4%
PA11 + 50%Glass 20000 37200 1.9 35.9% +/- 1.8%
PA11 + 60%Glass 18100 33300 1.8 41.9% +/-2.1%

The decrease of the Mw for increasing TFP glass content could have two explanations:
1) thermo-hydro degradation (hydrolysis) due to the TPF glass
2) Dissolution of the PA11

Due to the plasticizer behaviour detected on the DMA analysis shown in section 6.3.2
for TFP glass with Tg around 125°C, and the diminution of TFP glass content after
compounding, it is suggested that interaction occurs because glass dissolves PA11.

The polydispersity of about 2.0 for all hybrid blends suggests that the chain-transfer
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reactions take place at the same rate as ring-opening reactions, and thermodynamic
equilibrium is achieved. The polymerization is thermoneutral. To understand the great
decrease of viscosity, rheological experiments of PA11/ glass (Tg 104 °C) hybrid filled
at 0-50 wt.% glass were carried out. The samples were processed at 250 °C, 150 rpm
and 5 minutes using a DSM research 15 ¢cm® micro compounder equipped with an
injection moulding machine. The rheological test was carried out at 250 °C. The results

are shown in Figure 6.7.
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Figure 6. 7: Complex viscosity versus time of PA11 and different glass content (0 to 50 wt%) hybrids
processed at 250 °C of processing temperature,150 rpm of screw speed and 5 minutes of residence

time.

The decrease of the viscosity of the hybrid is due, firstly, to the loss of molecular
weight due to plasticizer interaction during processing. GPC results show a loss of 17-
31% of PA11 Mw for the hybrid with 10-50 wt% glass (Table 6.5). Secondly, melt
rheology results of hybrid blends filled at 10, 30, 50 wt% glass corroborated that glass
is a molecular liquid (viscosity lower than 50 Pas) that is composed of molecules that
do not form a covalent network but interact only through weak van der Waals forces
or through transient hydrogen bonds. Many molecular liquids can be super-cooled into

glass.
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Table 6. 5: GPC measurements of TFP glass- PA11 hybrids.

Glass content Loss of PA11 Mw
1% 1%
10 17
20 22
30 26
40 31
50 31

FTIR results (Figure 6.8) for hybrids processed with different glass Tg (104 °C and
125 °C) suggested the absence of chemical reactions (covalent bonds), as no new peaks
were detected. However, well-defined, and intense phosphate peak around 1000 cm!
obtained for the hybrid with 104 °C Tg glass revealed a higher interaction-plasticiser
effect.

PAll
PA 11 + 50wt%o TFP glass ( glass Tg 104°C)

PA 11 + 50wt%0 TFP glass ( glass Tg 125°C)

Absorbance

4000 3500 3000 2500 2000 1500 1000 500

Wavermmber / em

Figure 6. 8: FTIR spectra of PA11 and different Tg glass hybrids.

6.4 Morphology development mechanism

The hybrid components and the processing conditions have a primordial role in the
nanoparticle’s formation mechanism. SEM analysis, where the influence of glass

content and temperature on the hybrid morphology was described in Chapter 5,
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showed that particles > 1um, microstructure physical-mechanical process ( droplet
break-up in a shear flow), have irregular shape, while those < 1 pm, submicron-
nanostructure-physicochemical process (interactions between components), were
perfectly spherical. The hypothetical mechanism for morphology development of
PAT11/TFP glass hybrid is based on two steps as described below.

6.4.1 From macro to microstructural changes

It was considered that the initial macroscopic glass filler first suffers microstructural
changes during the process. The microstructural changes are defined as droplet break-
up in a shear flow (Figure 6.9). The droplets break up occurs under favourable
conditions converting the dispersed phase particles to smaller size, for example, like
in this case from macroscopic glass particles to microscopic ones. The viscosity, the
shear rate and interfacial tension have great influence on the microstructural changes
mechanism. Thus, the morphology generation from first angular glass particles to
smaller and a round dispersed phase in the blend is governed, firstly, by the viscosity
ratio, the viscosity of the droplet phase (14) divided by the viscosity of the matrix phase
(m). During flow, the inclusions of a liquid/liquid dispersion are deformed and
oriented by hydrodynamic forces, but it can also lead to droplet break-up. The latter
occurs at a critical value of capillary number. Thus, the second parameter influencing
the morphology is capillary number (Ca, Equation 36) that can characterize where
droplet break-up takes place (Figure 6.9-6.10) and coalescence (Figure 6.11) [135].
Both parameters are adimensional for simple blends with viscoelastic components in

simple shear and extensional flows.

Ca= (NmYR)/0 (36)

Where 1, is the viscosity of the matrix; y is the shear rate; R is the droplet radius and

o the interfacial tension.
Droplet Break up:

Q & OOO??

O

Figure 6. 9: Droplet break-up in a shear flow [135].
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Figure 6. 10: Different modes of particle break up in extensional flow and morphology generation
[135]: a) Simple breakup by waist-thinning occurs when Ca > Ca ; b) Asymmetric breakup by waist-
thinning, probably requires a minimum of surfactant; ¢) Tip streaming, requires a minimum of

surfactant; d) Capillary breakup occurs when Ca > > Ca,,.

o0&

Figure 6. 11: Droplet coalescence on the morphology generation [135]. R is the droplet radius; R. is

the contact radius; d. is the matrix film thickness.

Systematic data of critical capillarity number (Cac) as a function of viscosity ratio in
simple shear and extensional flow provided by Grace [135] will give simply the chance
to determine the modes of particle break-up of the hybrid under the influence of
processing conditions. Capillary number for this specific case is calculated following
Equation 36. From different options, a value of matrix viscosity was defined at
viscosity ratio equal 1 (1600 Pas). The shear rate in the DSM twin-screw extruder
(Taylor-Couette geometry) is estimated by maximum shear rate at clearance, Equation
37 [166]:
. zD;N
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where D> is the barrel diameter, D; the screw diameter and N is rpm. For a 15cc barrel,

the shear rate is :

y=157N

Hybrid compounding was done at 150 rpm, so the shear rate is 2355 s™!. The droplet
radius of 1.04 pm and the interfacial tension of 2.5 mN/m were calculated before. So,

Capillary number is 1.5072 and viscosity ratio is 1 at optimal temperature of 247 °C,

Figure 6.12.
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Figure 6. 12: Representation of the different deformation and break-up in a biphasic liquid/liquid

polymeric blend in shear flow [135].

Microstructural changes from macroscopic glass filler to micron particles in the matrix

are shown in Figure 6.13.

) e

Figure 6. 13: TFP glass hybrid morphology development: a) TFP glass morphology; b) Droplet break-
up of PA 11- TFP glass hybrid in shear flow.
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The dispersed phase is fragmented in small spherical droplets, with regular form,
where the droplet radius is written by the ratio between hydrodynamic stresses (ny)
where 1 =14 =1, = 1 and y shearrate) and the interfacial stresses (y,5/R) where
Yag 1s the interfacial tension). It can be used to calculate the droplets radius from
Equation 38. The equation indicates that it is necessary to increase the shear rate and
decrease surface energy for obtaining a homogeneous and fine dispersion. The surface
energy is a key point for morphology development of the blends.

YaB
R~ (38)

Using Equation 4, it was possible to calculate the droplets radius for the PA 11- P glass
hybrid. Interfacial tension was taken from Table 6.2 using Owens-Wendt equation
(condition n=nd¢ =1m). The shear rate of the extruder at 150 rpm is equal to 1500 s

So, droplet radius achieved under shear and thermal compounding conditions:
R=1.04 um at processing temperature of 247 °C

Figure 6.14 presents the submicron particles or nanoparticles obtained in the
morphology. These micrographs corroborate the hypothetical thinking. This is the

second step of the morphology development mechanism.

—ym—

HYBRID 40/60 13BR030-034

Figure 6. 14: 40 wt% glass hybrid morphology to show the presence of nanoparticles and dispersion.
The hybrid was synthetized using PA11 BMNO and glass with 124°C Tg. The processing conditions

were: 250 °C of processing temperature, 150 rpm and 5 minutes of residence time.

6.4.2 From micron to Nano particles

To obtain submicron particles-nanoparticles, a chemical reaction or interaction

between components should take place. Figure 6.15 shows the explanatory scheme

162



where an interlayer composed of two components is developed. There are two
mechanisms to form the interlayer that can lead the glass from micro particles to
submicron ones. One is when the polymer preferentially interacts with the filler. The
polymer nucleates onto filler particles. This nucleation modifies the local composition
and thus modifies the phase separation creating an interlayer between the two
components. The second option is the dissolution of the filler in the polymeric matrix
that leads to in an interlayer too. In both cases, the interlayer consists of a phase whose
composition and structure depend on the respective interactions of both the polymer

and the filler [167].

Interlayer with different
composition from the
two components

Polymer

&

adsorbed or glass is
dissobved

Figure 6. 15: Scheme of a filled partially miscible blend in which the interlayer composed of both

components might be due to polymer nucleating or glass dissolution [168].

Regarding the adhesion between of TFP glass and PA11, it is well known that this is
a complex system but there is still a need to develop an appreciation of the underlying
mechanisms. Models of adhesion have been studied over many years including
mechanical interlocking, physico-chemical anchoring, hydrogen and van der Waals
bonding. Scanning and transmission electron microscopy of polyamide 11 and TFP
glass interfaces provided good evidence of strong adhesion particularly in the 20 and
50 wt% glass hybrids processed at 250°C, 150 rpm and 5 minutes of residence time.
The microscopy revealed the absence of voids at the interfaces and well-coated glass
particles (Figure 6.14, 6.16 and 6.17). There is also some evidence of glass particle
dissolution at the particle boundaries. A glass plasticiser effect has also been reported
in the literature [5,6] with different polymer matrices. The interaction between glass

and PA 6 and PA 12 is well documented.
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Figure 6. 16: 50 wt% glass hybrids processed at 250°C, 150 rpm and 5 minutes of residence time

micrograph.

: S0

Figure 6. 17: 20 wt% glass hybrids processed at 250°C, 150 rpm and 5 minutes of residence time

micrograph.

In addition to the work in the literature on the plasticiser effect, the dissolution of the
glass into the PA1l matrix was also suggested by this research on hybrid
characterization. This work is reported below.

e The improvement of material flow adding glass by reducing polymer melt
viscosity is presented in section 6.3.3, in Figure 6.7. The wetting effect
improves mechanical bonding

e A broader and higher Tg peak at lower T° in Figure 6.6 - DMA results- implies
less dense structure with more free volume. It showed less resistance to motion
at the onset of Tg, which strongly suggested the presence of plasticizers that
led to larger rotational freedom.

e The decrease of the molecular weight and the loss of a % of glass in GPC

results follows the behaviour of the other two tests.
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6.5 Final remarks

(a) Overview

This research is the result of studies conducted in Chapters 4 and 5. It shows strong
influence of the properties of the precursors on the morphology. Glass at different
melting conditions ( Glass 1: Tg 104 °C; Glass 2: 124 °C; Glass 3: Tg 150 °C) and
different PA11 degrees and three different polyamide 11 grades (LMNO Grade 1: PA
11 without catalysis, BMNO grade 2: PA11 with catalysis and T Nat B grade 3: PA
11 for coating application) were observed under different processing T°( 230 °C, 250
°C, 270 °C). To determine the optimal processing temperature at each case, a diagram
of complex viscosity against temperature was plotted. Only one condition (glass 2: 124
°C + BMNO grade 2) was observed by SEM. The micrographs corroborated the
diagram at least under this condition. The diagram enables customizing homogeneous

and submicron hybridization with respect to thermal and shearing conditions.

The nanostructures are linked to the balance of interactions between components. The
evidence of nanoparticles in TFP glass- PA11 hybrids is shown in Chapter 5 (section
5.2.2-Figure 5.6). Thus, in this study, the interfacial tension, thermal properties, and
the molecular weight were characterized in order to find evidence of possible
interaction and be able to explain the evolution of the hybrid morphology. A
plasticiser effect was found and supported by work in the literature [5,6]. Moreover,
the effect was also supported by research in this experimental study on rheological and
DMA behaviour. In addition, the decrease of glass content in GPC measurements

suggest a dissolution of the glass.
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Chapter 7 Deposition process and properties of TFP glass
— PA11 hybrid coatings on stainless steel by fluidized bed

dipping

P glass based organic—inorganic hybrid coatings have been developed for achieving
primeless PA11 coatings on stainless steel by fluidized bed dipping coating technique.
Hybridization of the powder coating was achieved by melt blending up to 40 wt% of
glass using different melting conditions of the tin fluoride phosphate glass. Such
prepared hybrid coatings were found to be relatively dense, uniform, and macro defect
free at same processing conditions as PA11 powder. A micro-meso-nanostructured

hybrids morphology with interesting properties have been achieved.

However, the morphology responsible for these interesting properties also can cause
difficulties in the deposition of coatings by fluidized bed dipping. This research studies
the industrial applicability of these novel type of hybrid morphologies for the powder
coating market and the influence of the addition of TFP glass on the structure and
properties of fluidized bed dipping coatings. The industrial feasibility of the hybrid
powder coating was characterized by rheological properties, density, inherent
viscosity, particle size distribution and morphology. The performance of the resulting
coatings was evaluated by thickness, corrosion resistance- barrier properties- adhesion,

mechanical properties, and morphology of the hybrid coatings.

The morphological behaviour diagram shown in Chapter 6- section 6.2- Figure 6.1 was
developed to predict the most suitable processing temperature to achieve
homogeneous and nanostructured morphology. The diagram was applied to hybrid
composed by different grade of polyamide 11 and glass synthetized at different melting
conditions. The diagram helps to interpret better the hybrid coating characterization
results and overcome the difficulties during the first attempt to the scaling-up caused
by the variability on the glass properties at large batches. The effect of melting
conditions during synthesis on the structure and properties of TFP glass are well
documented in Chapter 4. No academic work has been reported for these hybrids for
powder coating applications to date. This represents a gap in academic knowledge as

well as many potential industrial applications.
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7.1 Processing conditions of the coating

Six different hybrid powders were prepared to evaluate coating properties. To
compound these blends different melting condition glasses were used to check the
influence. The precursors were blended in an industrial twin screw extruder and
pelletized using the composition and extrusion conditions shown in Table 7.1. These
pellets were ground into powder and sieved to obtain suitable particle size distribution
for fluidized bed dipping powder coating application. This powder was then applied
onto the metal surface by fluidized bed dipping.

Table 7. 1: Composition and extrusion conditions of hybrid preparation.

Composition  PAll TFP Tg Screw Temperature
/ wt % glass glass speed /°C
Iwt % /°C /rpm

1 100 0 150 250
2 80 20 96 150 250
3 60 40 96 150 250
4 70 30 104 150 250
5 70 30 124 150 250
6 70 30 150 150 200

7.2 Powder characterization

As it was mentioned in the literature, section 2.3.4, the fluidisation properties have
great importance in fluidized bed dipping coating process. The main parameters related
to the fluidification properties are the mean particle size, density, and viscosity. Thus,
these three parameters have been evaluated to determine the applicability of novel
hybrid powder. The morphology of the hybrid powder was observed by SEM. The
dispersion and the size of the glass particles in the powder particles were evaluated to

compare and analyse after with the hybrid coating morphology.

7.2.1 Mean particle size and density

The mean particle size (Dv50) and the density have been used to predict the
fluidisation type by Geralt chart [137,138]. Hybrid powders were characterized using
a Malvern Multisizer T laser diffraction (focal 300 mm) granulometer [169]. The mean

particle size value (Dv50) of compositions from Table 7.1 are summarized in Table
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7.2. The standard deviation (SD) was calculated according to n (number of tested

samples) equal to 6.

Table 7. 2: Mean particle size values of PA11 and hybrid powders.

Dv 50
Composition SD
/um
1 -PAIll 206 3
2- 20wt% hybrid 264 6
3- 40 wt% hybrid 302 5
4-30 wt% hybrid 290 3
5- 30 wt% hybrid 293 3
6- 30 wt% hybrid 293 2
Rilsan powder 100 2

The mean particle size (Dv50) of the hybrid powder with 40 wt% glass is 3 times

bigger than the Rilsan® powder in the case of 40 wt% glass and almost 3 times in the

case of 30 wt% glass.

Densities of TFP glass — PA11 hybrids were measured by Archimedes method and the

results are shown in Figure 7.1.

4,00
3,50
3,00
2,50
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1,50
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0,50
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Density / g.cm™

3,66
1,51
Lor L6 L2127 133
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/PALL Glass content / wt% / TEP
Glass

Figure 7. 1: Density of different glass content hybrid.
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Figure 7. 2: Geldart chart of fluidisation modes, Groups C, A, B and D [137].

Table 7. 3: Geldart classification model for PA11 and hybrids with 20,30,40 wt% glass.

Composition Density Mean particle Group
/ gem™ size classification
/ pm
PA 11 1.07 207 A
20 wt% glass hybrids 1.26 264 A
40 wt% glass hybrids 1.33 302 A
30 wt% glass hybrids 1.27 297 A

169

particles used in fluidised beds are Group A powders.

Classification of materials according to their fluidization behavior are represented in
Figure 7.2 by Geldart chart. Geldart provides convenient criteria for predicting the
fluidization behavior based on the mean particle size and particle density. Geldart
defined four types of materials which differ by the cohesion forces between particles
[170]. Based on these parameters, particles are classified into four groups: C, A, B,

and D (note that Figure 7.2 applies only at ambient temperature and pressures).

Group A particles are easy to fluidize. The dense phase of these materials expands
stably before bubbling commences. These materials have a small mean particle size

range from 30 pum to 125 pum and/or density less than 1,400 kgm?. Indeed, most



Geldart Group B particles have a particle size range of 150 um to 1,000 um and
densities 1,400 and 4000 kgm™. Group B particles tend not to undergo a smooth
fluidization, and bubbles form at the onset of fluidization. Thus, the minimum
fluidization velocity and the minimum bubbling velocity are similar. Group B powders
fluidize easily and are used in a wide range of fluidized unit operations with few

difficulties. Typical example of Group B material is sand.

Geldart Group C powders are typically less than 30 um and are the most difficult to
fluidize. These particles are considered cohesive and almost always experience
significant issues during fluidization. In fact, particles this small tend to behave more
as particular clusters than single, independent particles [171]. Nano particles fall into
this classification. To limit this effect, Group C powders are usually fluidized with the
aid of baffles, microjets, pulsing, and/or mechanical vibration. But they are difficult
and often impossible to fluidize because of large surface (cohesive) forces holding

particles together. Flour is an example of these type of materials.

The largest particles fall into the Geldart Group D classification. The gas requirements
for fluidizing Group D powder are large. During fluidization of Group D powders, the
bubbles formed are enormous and slugging can be observed even in large fluidized

bed [172].

Geldart group classification assigned to PA11 and 20, 30, 40 wt% TFP glass hybrids
were summarized in Table 7.3. Group A fluidization modes was predicted based on

the mean particle size and particle density results, present also in Table 7.3.

The PAI11 processed for industrialization trials is rougher than commercial one but
still is grouped into Group A (small mean particle size and/or density less than 1.4
g/cm® are ideal for coating purpose). The Group B particles have mean particle
diameters roughly between 40 microns and 500 microns and density between 1.4 and
4 g/cm®. The fluidization mode of this type of particles is highly affected by the
formation of gas bubbles in the bed but particles often fluidize well. According Geldart
materials with viscosity less than 1.4 g/cm® can consider into group A. Thus, all the
compositions are suitable for coating application. However, due to a variable and
rough particle size ranging from a few pm to about 600 pm of the hybrid powder and

the density value close to the maximum limit, hybrid powders can be considered as
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Group B materials. Group B powders tend to allow to the formation of large bubbles

(on the order of meters in tall bed), so slugging can occur in even some large units.

Slugging occurs when the walls of the fluidized bed stabilize the bubble such that the
bubble push the solid upward in the unit. Bubble size larger than two-thirds the
diameter of the bed can cause slugging. Particle size range of the hybrid powder was

measured by SEM.

7.2.2 Viscosity characterisation

The ability of the coating to flow is important in their preparation, storage, and
application. Thus, rheological properties were analysed for the sixth different
compositions. One of the important rheological parameters is the viscosity of the
coating and its thixotropic recovery. The complex viscosity against time plot can be

used to evaluated them.

The key parameter in rheological properties, viscosity, of the hybrids at three different
processing temperature and different glass wt% were analysed in Chapter 5 (section

5.7) to interpret their rheological behavior.

The rheological behaviour of the material is highly considered for understanding the
morphology development of hybrid materials in Chapter 6 (section 6.3.3) and
determining the feasibility of one new material for powder coating application. One
way to improve wetting improving mechanical bonding is to improve material flow by
reducing polymer melt viscosity. The balancing act to achieve lower viscosity while
not sacrificing other properties is another requirement that the novel hybrid system has

to overcome.

However, for coating application feasibility, it is desirable to decrease the viscosity
but at the same time to have an increase of the viscosity during the application is
important too. In the literature [5,6], it was reported the reducing polymer melt
viscosity evidence between TFP glass and PA, but no system has been evidenced that
meets the two requirements to date. So, a time dependant viscosity matrix, already
functional for coating applications as PA11was selected to achieve the 3 requirements

together (decrease viscosity, increase viscosity and improve properties).
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Figure 5.24, 5.25, 5.26 and 5.27 in Chapter 5 have confirmed the increase of viscosity
effect over the time in the hybrids sought for the coating process application. Figure
6.7 showed reducing polymer melt viscosity represented by the complex viscosity
versus time of PA11 and different glass content (0 to 50 wt%) hybrids processed at
250 °C of processing temperature,150 rpm of screw speed and 5 minutes residence
time. Finally, the improvement evidence of thermal and mechanical properties in
Chapter 5, such as in Figure 5. 17, the increase of the Storage Modulus versus different
TFP glass content hybrid materials at two temperatures, 23 °C and 150 °C, from DMA
and in Figure 5.23, increase of the thermal stability characterized by decomposition
temperature as a function of TFP glass concentration by TGA, might suggest the
improvement of some mechanical properties of the hybrid coating such as hardness,

abrasion, impact, etc.

The inherent viscosity of the hybrid powders with variable glass content wt% was
measured to monitor the progress of the reaction in relation of hybrid molecular weight
(Table 7.4). The specific range to avoid coating applicability problem, low or high
viscosity issues, for PA11 is 1.0 -1.1. The results are in concordance with PA11, so no

applicability issues were expected regarding the viscosity.

Table 7. 4: Inherent viscosity of TPF glass PA11 hybrid using different glass content wt%.

Glass content Inherent viscosity of the hybrid
! wt% / adimensional
0 1.08
10 1.04
30 1.03
50 1.12

7.2.3 Morphology of the hybrid powder

Powder morphology of the hybrid with 30 wt% of glass is shown in Figure 7.3. Rough
dispersion with particle size between 0.4 and 20 um together with fine dispersion with
particles size smaller than 0.5 um was observed. A variable and rough particle sizes

ranging from a few um to about 600 um of the hybrid powder were measured by SEM
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Figure 7. 3: Powder morphology of the hybrid with 30 wt% glass (composition 3) at different
magnification. Scale bar: a) 500 pm; b) 100 pm; ¢) 20 pm.

7.3 Coating characterization

There are plenty of coating characterization techniques in the market. Some of them
are listed in section 2.4. The properties of the coating to characterise depend on the
final application of the coating. The most common areas to test for basic powder
coating functionality are film thickness, uniformity/proper curing, adhesion, and
appearance. The thickness, bond strength, and porosity of a coating directly affect its

protective properties for a metal.

In this research, film thickness, adhesion, barrier properties, mechanical properties and
morphology of the coating were evaluated to characterize the novel TFP glass - PA11

hybrid coating.

7.3.1 Thickness of the coating

A film thickness test determines the thickness of the powder on the part once it has
been applied. The coating thickness was measured on each coated plate at different
locations before testing and average thickness in um calculated. The measurements
were taken by an Elcometer 456 giving a thickness between 350-450 um. Figure 7.4
shows the thickness value of Rilsan® fine powder in pm for different powder coating
techniques mastered by Arkema coating division and available in the market. Fluidized
bed dipping technique was selected to perform the first feasibility trials of the novel
hybrid powder coatings. The thicker and broader thickness range of dipping

application made possible to perform coating characterization testing.
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Figure 7. 4: Coating thickness regarding the powder coating applications technique[173].

The typical film thickness of Rilsan® fine powder applied by fluidized bed dipping is
350 um, powder particle size distribution is between 0-250 um and powder mean

particle size is 100 um.

The mean particle size for 20, 30, 40 wt% glass hybrids is presented in Table 7.2 and
it is around 300 pm. The approximative value for powder particles size distribution
observed by SEM, as commented in section 7.2.3, is 0-600 um. These values suggest
a high thickness variability onto coated plates for characterization testing. Some of the
hybrid coating properties might be affected, for example, the impact resistance. The
average impact energy increases rapidly with the thickness of the coating. It is
therefore essential to have similar thicknesses between the coated plates tested to

ensure good reproducibility.

Other issues can appear if the film thickness is either too low/ thin or too high/ thick.
The low film thickness issues are substrate show through, grainy flow finish, orange
peel, uneven film thickness and poor hiding. The high film thickness issues are uneven

surface, orange peel, wavy flow appearance, pinholes, and back ionization.

7.3.2 Adhesion

The bond strength between the coating and the metal matrix is directly related to the
roughness and the chemical energy of the metal surface and the adhesion of the

coating. The improvement and the performance of the coating depend on the adhesion.
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Coated samples with thickness between 360-460 um were tested according to the
method based on the norm NF EN10310. This method is explained in Appendix F.
The objective is to check the influence of phosphate glass in the PA11 matrix on
adhesion. Initial and aged (80+2 °C, 24 hours immersed in water) coated plates of
PA11 and hybrids with 20, 30 and 40 wt% glass were examined. Complementary
testing such as glass water resistance, roughness and SEM was carried out in order to

help interpret and discuss the results.
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Figure 7. 5: Effect of glass content on the adhesion of TFP glass-polyamide 11 coatings at room

temperature.

The adhesion values plotted in Figure 7.5 were measured cutting the coating with a
knife following two parallel lines separated by 10 mm along at least 30 mm to form a
strip. A chisel knife (10 mm wide) or a penknife with a thin blade is inserted under one
extremity of the strip that is pulled out. The results are evaluated by a grade from 0 to
4. Each grade is a description of the coating state. Non- integer values can be used to

describe the coating state between two grades.

Figure 7.5 showed an improvement of the adhesion by adding TFP glass to PA11
matrix. The results of 20 wt% glass hybrid show large standard deviation, so the
interpretation was done accordingly. The variability on the results at 20 wt% glass, did

not allow to determine the trend of the hybrid adhesion at low loadings. In the other
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hand, a substantial increase in metal coating adhesion at high glass loadings was
present in Figure 7.5. There is an optimum value in adhesion which is more than three
times higher comparing with PA11 matrix at a glass content of approximately 30 wt%.
Adhesion of 40 wt% glass hybrids were also largely better than the matrix.
Nevertheless, it was lower than 30 wt% glass hybrids. The increase of adhesion at
room temperature suggests a reinforcement effect of the glass and the fact that lower
glass content hybrid has better adhesion can suggest an interaction at this glass content.
According to these first results at room temperature, an improvement of adhesion can

appear after passing the requirements of the water immersion test.

Unfortunately, the results of water immersion test did not meet expectations. The
results were not plotted due to the lack of material for further testing. Few plates were
tested, and the results of the test was quotation or grade 0. According to these tested
samples, the hybrid had loosened adherence after being immersed 24h in water at

80 °C.

Figure 7.6 and 7.7 are illustrative pictures of adhesion tested metal coating plates. They
showed the adhesion test cutting method and the appearance of the metal coating after
the test. Figure 7.6 shows PA 11 and 40 wt% glass hybrid metal coating plates after
Arkema method adhesion test at room temperature. Three cuts, one V cut and two
detachment, were made in order to measure the adhesion of PA11 and hybrids.
Although, the results have to be determined after doing the test, the adhesion
improvement is appreciable in the pictures. Figure 7.6 a) showed a grade 1 value for
PA11 - the coating separates easily but with little resistance to tearing force; while the
hybrid picture in Figure 7.6 b), can be defined as Grade 3 - the coating separates

irregularly: there is a perfect connection on about 50% of the surface.

Figure 7. 6: Adhesion test at room temperature; cutting method and the appearance of metal

coating: a) PA11; b) 40 wt% glass hybrid coating.
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Figure 7. 7: Adhesion test - immersed in water test (24h 80 °C); cutting method and appearance of

the metal coating: a) PA11; b) 40 wt% glass hybrid coating.

For samples pictured in Figure 7.7, three detachments cuts were made to evaluate the
coating adhesion after immersion test in water. The aspect of both coatings, PA11 and
40 wt% glass hybrids, revealed grade 0 value - no adhesion, the separation of the
coating is done as soon as the tool passes. These unexpected results can be attributed

to diverse causes and make difficult the interpretation of the material results.

The hygroscopic character of the glass can be one of the causes of the poor results of
the adhesion in water. The glass shows hygroscopic behavior at room temperature for
low temperature and short melting time melting conditions. In Chapter 4, in the glass
research about glass melting conditions, it was observed that low melting conditions
glasses were attacked by atmospheric moisture indicating a lack of chemical durability

(section 4.8). A structural change of these glasses over the time was also identified.

The hybridization of PA 11 and TFP glass to process hybrid coating powder materials
were done by low melting conditions glass batches, their Tg was 104 °C measured by DSC.
So, the glass batches used for developing the tested hybrid coatings, were immersed 24h
in water at 80°C, and water contact impact on the glass was evaluated visually. High and
low melting conditions glass pieces with similar mass were immersed in water using
laboratory testing tubes. The tubes were placed at 80 °C in an oven for 24 h. Pictures in
Figure 7.8 were the results of the test. Picture 7.8 a) were glasses synthetized at high
melting conditions and 7.8 b) at low melting conditions. The opacity of the water in the
tube in the case of low melting conditions glasses, means that glass was dissolved in the

water, decomposition of the glass took place during the test.
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Figure 7. 8: TFP glass after 24 h immersed in water at 80 °C: a) high melting conditions glasses;
b) low melting conditions glasses -These glass batches were selected to hybridize with PA11 and

produce hybrid powder for coating samples to use in adhesion testing.

The presence of higher metal oxidation was detected in aged hybrid coated plates
rather than in aged PA11 coated plates. To discard evidence of any chemical reaction
between hybrids and metal that can damage the substrate surface, a roughness test was
carried out on steel plates. The standard deviation (SD) was calculated according to n

(number of tested samples) equal to 5.

Table 7. 5 : Roughness results of initial steel plate, PA11 and hybrids coated steel plate.

Rmax RZ Ra Rt
SD SD SD SD
/um /um /um /um
Initial Steel plate 75 14 58 7 8 0.67| 81 13
after 24h 80°C PA11 73 3 57 | 2 8 0,5 75 5
immersed in 10 V%% hybrid
water 3 63 6 50 1 7 0,6 67 5
coating

The roughness results are shown in Table 7.5 where R, is the arithmetic mean deviation
of the roughness profile in pm. R; is the maximum height of the roughness profile in
um. Rmax 1s the maximum peak-to-valley height of a base length of the roughness

profile in pm and R; is total height of the roughness profile in um.

The changes are not enough to indicate any chemical abrasion on the metal surface.
They can be related to more prolonged metal water contact. This suggests a higher
permeability to the water of hybrid coatings compared to PA11 coatings. To test this
hypothesis, which is not in accordance with the theoretical hypotheses made at first
(tortuous path - lower permeability of hybrid due to glass nodes in the matrix), two

different water resistance tests were carried out.

178



7.3.3 Barrier properties

To corroborate the faster contact of the water with the surface of the substrate in the
case of hybrid coatings, water vapour barrier properties were first evaluated for PA11
and 20, 40 wt% glass hybrid coatings. The results are shown in Table 7.6. The barrier
properties were expressed in gmm /m?24h, that means a quantity of mass (g) that has
diffused for a time (24 h) through a membrane of surface S (m?) and thickness e (mm).
The results show that the test value increased after adding the glass, obtaining lower
barrier properties for any glass content hybrids. The standard deviation (SD) was

calculated according to n (number of tested samples) equal to 5.

Table 7. 6: Water vapour barrier properties of PA11 and TFP glass-PA11 coatings.

Thickness

of coating/ pm SD  gmm/m?.24h SD

PA1l 386 59 1 0,04

20 wt% TFP glass- PA11 hybrid 364 20 1,2 0,12
40 wt% TFP glass- PA11 hybrid 364 6,5 1,3 0,12

These results are consistent with those suggested by the roughness measurements, but
the coatings were checked by SEM (Figure 7.9) in order to interpret and understand

the results better.

Figure 7. 9: Scanning electron micrographs of glass dispersion on TFP glass-PA11 coatings with glass

content of 40 wt% processed at 250 °C, 150 rpm and 5 minutes.

Even if the lower barrier properties could be related to the hydroscopic behaviour of
the glass, they might also be related to a heterogeneous dispersion or poor
particle/matrix adhesion. Thus, a second water resistance test, the water absorption test,

was carried out according to ISO 62. Figure 7.10 shows the water absorption data for
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the pure polyamide 11 and 20, 30,40 wt% glass-filled polyamide deposits. The PA11
coating exhibits a high-water permeability due to its affinity with the water. The
presence of the glass reduces the amount of water absorption by almost a half and
shows a minimum in the absorption percentage at a glass content of approximately 30
wt%. This is the same content, at which the hybrid exhibits the maximum adhesion as

shown in Figure 7.5.
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Figure 7. 10: Effect of the glass content on the water absorption of TFP glass-polyamide 11 coatings.

7.3.4 Mechanical properties of the coating

7.3.4.1 Hardness

The mechanical property hardness is the ability of the material to resist indentation,
scratching, abrasion, cutting, and penetration. This property may be important for
structural materials that require a high resistance to indentation or abrasion. The
hardness of a polymer reflects such other qualities as resilience, durability, uniformity,

strength, and abrasion resistance [174].

The hardness of the coatings was measured by the Shore D method. Figure 7.11 shows
the influence of the glass content on the hardness for PA11 and glass-filled PA11.

Increasing the glass content resulted in an increase in the hardness of the composite,
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which indicated that a reinforcement effect was taking place. There is not an optimum

value as the theoretical modulus of the glass is higher than the polymer.
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Figure 7. 11: Effect of glass content on the hardness of TFP glass-polyamide 11 coatings.
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Figure 7. 12: Effect of glass Tg on the hardness of 30 wt% TFP glass-polyamide 11 coatings.

Figure 7.12 shows the influence of the glass Tg on the hardness of the coating. A lower
value for the glass with Tg 104 °C was expected as its modulus is also lower. Obtaining
such as high hardness value suggests an interaction between filler and matrix as noted

before in the DMA results. However, this interaction is not visible in abrasion

resistance.
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7.3.4.2 Abrasion resistance

The abrasion resistance according to ASTM D4060 was measured for PA11 and 20,
30, 40 wt% hybrid deposits. Figure 7.13 shows abrasion data depending on the glass
content for the pure polyamide and different compositions of TFP glass-PA11 hybrid
coatings. The graphic shows a tendency for an increase of loss of mass percentage with
increasing glass content. The increase of loss of mass percentage is proportional to the
abrasion resistance decrease. Adding glass is giving worse abrasion resistance of the
material, except in the case of 30 wt% glass content. As noted in the laboratory scale
research, the 30 wt% glass-PA11 hybrid is not following the trend of the other glass
contents, even not in coatings. There were improvements of properties at 30 wt% glass
content at laboratory scale and in the application. This suggests something different
might be happening at 30 wt% glass content and this is a contributor to the
establishment of an optimum glass content. Subsequently, it was interesting to analyse
some coating properties such as abrasion, hardness and impact resistance using 30 wt%
glass and different Tg glass batches. This will reinforce the research on glass melting

conditions justifying the influence of glass melting conditions on the final application.
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Figure 7. 13: Effect of glass content on the abrasion resistance of TFP glass-PA11 coatings.

Figure 7.14 shows the mass loss obtained in the abrasion resistance test for 30 wt%
glass-filled polyamide deposits using three types of glasses. The peculiarity of these
glasses is that they have different Tg values of 104 °C, 124 °C and 150 °C, all of them
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measured by DSC. The slight decrease of mass loss percentage suggests a better

abrasion resistance at higher glass Tg value.
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Figure 7. 14: Effect of glass Tg on the abrasion resistance of 30 wt% TFP glass-PA11 coatings.

7.3.4.3 Impact resistance

The results obtained during an ASTM G14 test is influenced by various external
factors which are difficult to control:

1 The thickness of the coating: The average impact energy increases rapidly
with the thickness of the coating. It is therefore essential to have similar thicknesses
between the plates tested to ensure good reproducibility.

] The viscosity: The viscosity of the powder also has an important influence

on the coating behavior. Too low a viscosity results in the film shattering on impact.

Impact resistance of PA11 and hybrids filled with 20,30,40 wt.% glass were measured
according to ASTM G14-04. The results plotted in Figure 7.15 show no influence of

the glass in the hybrid for impact resistance.
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Figure 7. 15: Effect of glass content on the impact resistance of TFP glass-PA11 coatings.

7.3.5 Morphology of the hybrid coating

The morphology of the hybrid coating was checked by SEM (Figure 7.16 and 7.17).
The presence of pinholes with deepness that can reach to 40 um were observed on the
coating surface. A pinhole is a pore-like penetration that is present in paints and
coatings due to the entrapment of moisture, air, solvents, or other fluids. The presence
of pinholes increases the corrosion rate experienced on a surface due to the moisture
pockets that cause crevice corrosion, pitting and increased redox reactions. In fluidized
bed dipping, the pinholes results from insufficient shaking during immersion, too low
preheating temperature or too short dipping time. For further work in this subject, it is
noted the need to improve shaking and use higher preheating temperature and longer
dipping time to avoid pinholes. A research study about the influence of dipping
processing parameters on the hybrid coating could be interesting. The hybrid coatings

were applied at 300 °C of preheating time and 6 s of dipping time.
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Figure 7. 16: Presence of pinholes on the hybrid coating surface.

The pinhole defect is a key factor to interpret coating characterization results. Thus,
the objective is to identify the origin of these pinholes on the hybrid coating. For this,

experiments were carried out jointly by microscopy and infrared spectrometry.

To attain the identification of the pinholes origin microscopic observations were
focused on the coating surface. Two different areas were selected for analysis of the

surface morphology and the composition.

Image électronique 1

Figure 7. 17: Micrograph of hybrid coating surface area definition for the morphological and
compositional analysis to determine the origin of the pinholes. Spectra 1- pinhole deep surface and

Spectra 2 — defect free surface.

The surface observation at the bottom of the pinhole shows an area of different
morphology from the surrounding matrix, it seems that there are less glass particles
here (Figure 7.17). This is confirmed in Figure 7.18 by comparative X-ray
microanalysis between the two surface areas. A weaker signal from phosphorus and

tin was detected in the spectra 1 and suggest less presence of glass particles.
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Spectra 1: pinhole deep surface

L o ik i o A e N R T e R R R R IR R R L

Spectra 2: defect free surface

Figure 7. 18: The compositional results of the surface area of spectra 1 (pinhole deep surface) and

spectra 2 (defect free surface) by comparative X-ray microanalysis.

The pinhole surface area as well as the surrounding matrix surface area were then
analysed by infrared spectrometry (Figure 7.19). Both pinhole and matrix spectra show
the characteristic bands of a polyamide (N- H stretching vibration band at 3300 cm™,
amide I, C=0 stretching vibration at 1650 cm™ and amide II, C-N stretching at 1560
cm™). In addition, a band at 1740 cm™ is observed on both, corresponding to the
presence of C = O function, which was not clearly attributed till now. The presence of
the broad band around 1020 cm!, with higher or lower absorbance depending on the
spectrum sample, is attributed to the tetrahedral phosphate anion vibrations. So, the
variation in absorbance of phosphate peak can be related to the quantity of the glass
particles present in the surface area. Both SEM and FTIR tests reach to the same
conclusion: pinhole defects result in less glass particle surfaces area onto the coating

surface.
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Figure 7. 19: Hybrid coating structural differences between Spectra 1 (pinhole defect surface area)
and Spectra 2 (defect free surface area).

The thickness of this hybrid coating was observed by SEM after the cryogenic fracture
to evaluate the morphology. Hybrid powder (Figure 7.20) and hybrid coating (Figure
7.21) morphology was compared to evaluate the influence of the dipping technique
onto the TFP glass- PA 11 hybrid.

Pl s Mok »
Hybrid before coating = = = ¥,
Figure 7. 20: 30 wt% glass hybrid powder morphology.
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TREMPAGE

Figure 7. 21: 30 wt% glass hybrid coating morphology.

A major influence of the coating application in the hybrid morphology was observed.
In the hybrid coating morphology, the glass particles were dispersed in a fine and
homogeneous manner throughout the coating thickness. No problems of aggregation
of the glass particles were observed. On the other hand, hybrid powder morphology
presents a heterogeneous dispersion and rough particle size range as almost throughout

all the morphological results in the thesis.

It was an interesting challenge to work on reaching a state in which both reactants and
products are present in concentrations which have no or very little further tendency to
change with time, so that there is no observable change in the properties of the system
[175], considering the hygroscopic character of both precursors (sensible to
hydrolysis), the unstable composition of glass melts related to glass melting conditions
and catalysed PA11 matrix where fluid takes a finite time to attain equilibrium

viscosity. The catalyst is for coating application.

The equilibrium state results when the forward reaction proceeds at the same rate as
the reverse reaction. The reaction rates of the forward and backward reactions are
generally not zero, but equal. Thus, there are no net changes in the concentrations of
the reactants and products. This state is known as dynamic equilibrium. Tin fluoride

phosphate glass — PA11 hybrid system has hydrolysis reversible reactions, weak bonds
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as hydrocarbons that can initiate the chain reaction by the rupture of a free radical
bond, highly reactive radicals PO and HO'. So, there are many possible routes to reach

the equilibrium state [175].

Without incorporating any additional additives (no antioxidants and no coupling
agents) TFP glass — Polyamide 11 hybrid was challenged to identify the mechanism to

attain a similar stable state that was close to the dynamic equilibrium.

Finally, the stabilization of TFP glass into the PA 11 matrix was achieved with the
fluidised bed dipping coating. This stable state of the hybrid coating morphology is
due to an interaction between PA 11 and TFP glass. The achievement of this type of
morphology is a substantial advance towards the main goal of the thesis and

nanostructured polymer- glass hybrid coatings in general.

The identification of the new peak detected during the analysis of pinhole defects in
the hybrid coating FTIR spectrum can provide new insights into the understanding of
the interaction between hybrid precursors. The spectra of hybrid precursors were first
shown in Figure 7.22 (PA 11) and 7.23 (TFP) glass. Vibrational bonds and their
assigments were summarized in Table 7.7 (PA11) and in Table 7.8 (TFP glass).
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Figure 7. 22: FTIR spectrum of PA 11.

Table 7. 7: The FTIR features observed in PA 11.

Wavenumber Assignment
Pealk /cm’! / Bonds
1 3300 hydrogen-bonded and N—H stretching vibration
2 3050 C=C Cyclic alkene
3 2018 Asymmetric stretching of CH»
4 2848 Symmetric stretching of CH,
6 1634 amide I, C=O0 stretching vibration
7 1541 amide II, C—N stretching
8 1466 CO-N-H bending vibration
Interaction between (3)NH and (v)O=C-N
9 1161 .
stretching
10 937 amide IV, (§)CONH stretching vibration
11 721 CH2 wagging (rocking)
12 688 amide V, N-H out-of-plane bending vibration
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Figure 7. 23: Infrared spectrum of TGP glass scaled- up by GTS glass company.

NH4H>PO4 was used to form P>Os molecules. Equation 24 shows the equilibrium
reaction. The glass was melted using lower parameters than optimal melting condition,
furthermore, unreacted NH4H>PO4 was present in the spectra. The water detected in

the glass can activated the hydrolysis reaction during the melt mixing of the hybrid in
any hydrolysable functional group.
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Table 7. 8: The FTIR features observed in PA 11.

Wavenumber Assigments
Peak 4 .
/ cm / Bonds
1 3249-2874 Stretching vibration OH- NH
1 1642 Bond vibration of water
3 1441- 1408 Bond vibration of NH;
3to4 1240 (P=0), Q?, superposed by yasy (PO2)
Vibration, (SnOP),
3to4 <11
0 00 SnPOF glasses
3to4 1100 (PO’) Q', end groups
4 1040 Stretching (PO5>), Q!
990 POH vibration
985-990 (PO4*), Q°
5 910-925 (POP), Q?
6 845-850 PF
7 740 Stretching (POP), Q2 -Q' dominated; low content of
P>05 <30%; Short phosphate chains
8 545- 439 Deformation PO4 and vibration SnF vibration

Spectra superposition of PA 11, hybrid powder and hybrid coating were represented
to detect any new peaks, changes of intensity of the peaks, location shift or shape of
the peak variability Figure 7.24. Vibrational phenomena associated to provide new
structural approach of the Tin fluoride phosphate glass — Polyamide 11 is summarized

in Table 7.9.

192



_ | Hybrid
coating

(*y Intermolecular
bonded -OH
bonds diminution
evidence

Absorbance

Wavenumber / cm -1

Figure 7. 24: FTIR spectrum of superposed PA11, hybrid powder and hybrid coating.

There is evidence of changes happening during the fluidized bed dipping process as
the hybrid coating spectrum shows new phenomena compared with the hybrid powder
results. The powder spectrum is the usual result obtained for these materials. The new

phenomena are summarized in Table 7.9.

Table 7. 9: The FTIR features observed in TFP glass- PA 11 hybrid coating.

Peak Wavenumber Assigments
/em -1 Bonds

*) 3550-3200 Diminution of intermolecular bonded — OH

| 3300 Amine I, N—H stretching vibration peak upshift
2 3050 Diminution of C- C double bonds ( cyclic alkene)
3 2918 Increase stretching of CH» ( alkyl)

4 2440 -2350 P-H, impurities

5 1750 New peak of C=0 ester ( aliphatic)

6 1020 New peaks P — O — C and ester C-O

Phosphate Stretching (PO5*), Q!
7 910 (POP), Q?
8 650 New peak of P- C (aliphatic)
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A common example of ammonolysis is the reaction of a primary amine or secondary
amine with a carboxylic acid or with a carboxylic acid derivative to form an amide. In
some cases, high temperatures (>200 °C) can overcome salt formation by driving off
water, without the need for "activation" of the carboxyl group. The downside to this

simple reaction is that the compounds may decompose at these elevated temperatures.

The carboxylic acid derivatives can be esters, anhydrides, acid halides or any other
activated species. Depolymerization of the polyamide by hydrolysis (carboxylic acid
+ amine) give the opportunity to new linkages. The diminution of bonded -OH and
shape change, and upshifted secondary amine peak suggest that they are part of the
new bonding. A carboxylic acid reacts with the alcohol and is derived in the ester

which provides the possibility of forming where after its acyl phosphate [176-177].

A phosphodiester bond occurs when exactly two of the hydroxyl groups in phosphoric
acid react with hydroxyl groups on other molecules to form two ester bonds [176].
When a single phosphate or two phosphates known as pyrophosphates break away and
catalyse the reaction, the phosphodiester bond can be formed. The decrease of the C=C
bonds at 3050 cm™! can be considered as a change of cyclic polymer to linear chains.
The cyclic chain opening can be the key for forming small molecule of phosphate ester

that link the polyamide 11 with TFP glass [176-177].
7.4 Final remarks

Summary of Chapter 7:

(1) Phosphate glass based organic—inorganic hybrid coatings were successfully
prepared by reactive extrusion and fluidized bed dipping. The coatings were
uniform, macro defect-free and dense.

(2) The results demonstrated that the hybrid coatings were promising surface
treatment systems and provided improved adhesion. The increase in adhesion
was associated with a reinforcement effect of the glass. The improved adhesion
could be attributed to the formation of chemical bonding at the interface.

(3) Hardness tests demonstrated enhanced mechanical properties compared with
PA 11 coatings. The hardness and the associated reinforcement were found to

increase with glass content.
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(4) There were improvements in properties at 30 wt% glass content at the
laboratory scale and in the application compared with the PA11 coating. The
results indicated that there was an optimum in mechanical properties at 30 wt%
glass content.

(5) The analysis of coating properties such as hardness and abrasion, using 30 wt%
glass and different Tg glass batches reinforced the research on glass melting
conditions and confirmed their influence on practical applications. The results
on hardness and DMA suggest there is a significant interaction between the

glass phase and the matrix.
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Chapter 8 Contribution to Original Knowledge
8.1 Major contribution

This work comprises different findings that contribute original knowledge to the field

of developing TFP glass/ PA polymer hybrid coatings.

8.1.1 Effects of glass melting process on the structure and

properties

The design of phosphate glass/PA hybrids with different glass content for coating
application has not been previously attempted. The successful achievement of this
project has enabled the establishment of the effect of processing parameters and glass
content on properties of hybrids as well as the interactions between the glass and

polyamide.

Thirteen low Tg TFP glasses were developed by slightly changing the melting
conditions from reference glass (composition: 30P205-50SnF>-20SnO and melting
conditions: temperature 450°C and 25 minutes). The reference glass was identified as
having pyrophosphate Q' end groups with a smaller presence of Q? polymeric chains.
A pyrophosphate glass was formed from the reference glass rather than polyphosphate
as expected from the literature. The reason for these results was the high fluoride
content. This induced network depolymerisation in which the F breaks the P-O-P
chains and leads to pyrophosphate dimers. Evidence of P-F bonds was found also in

the glass structure.

In addition to the above results, it was also found that the formation of the
pyrophosphate was attributed to the incomplete conversion of the precursor
NH4H>PO4 during melting, which produces unreacted P>Os for subsequent glass
formation. This research established the optimum times and temperatures during the
melting process to ensure the complete conversion of NH4H2PO4 reagent powder to

P20s glass structure.
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8.1.2 Laboratory-scale and scaling-up methodology for
synthesizing phosphate glass/polyamide 11 hybrids for scaling up

and manufacturing coatings

Polyamide PA 11 — TFP glass hybrids were prepared for the first time in coating
deposition. An important contribution was the finding that the process parameters
played an important role on the definition of the morphology of TFP glass/PA 11
hybrids.

The morphology of the hybrid was observed under extrusion processing parameters.
SEM micrographs were used to identify the two most influential processing parameters
for morphology development: temperature and glass content. Better homogeneity and

dispersion of the particles were detected at high glass loadings.

By increasing processing temperature and glass content in the hybrids, the viscosity of
the hybrids decreased, which made it possible to improve the processability during
extrusion and to manufacture high quality extrudates with enhanced thermo-
mechanical properties. The hybrids obtained with higher amount of glass and higher
temperature had better properties, in terms of microstructure, fire resistance, thermal,

mechanical, and chemical properties.

8.1.3 Precursors compatibility approach diagram (Complex

viscosity vs Temperature)

One of the major contributions of this thesis was determining the theoretical processing
temperature necessary to reach miscibility in the synthesis of glass polymer
morphologies (Chapter 6). A plot of complex viscosity against temperature of the
precursors can be used to define a suitable processing temperature to produce a

homogeneous dispersion and improved properties.

8.1.4 First TFP glass/ PA11 hybrid coating produced by dipping in
fluid bed

In this research project a method to successfully manufacture phosphate

glass/polyamide 11 hybrid coatings by dipping in a fluidized bed was developed. In
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the traditional phosphate glass/polyamide hybrids, the base composition 30P20s-
50SnF2-20SnO was always kept constant. In the research by Urman et al. [6],
interacting TFP glass/polyamide hybrids were developed. However, no study is
available in the literature on the influence of glass melting conditions, glass content
and hybridization processing conditions on the hybrid coatings and the hybrid coating

properties.

This project successfully developed TFP glass/PA11 hybrids. These materials showed

improved fire resistance and adhesion properties over conventional PA11 coatings.
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Chapter 9 Conclusions
9.1 Glass

1. Low melting point tin fluoride phosphate glasses have been prepared with glass
transition temperature Tg between 97-160 °C. The effect of glass melting
conditions on the properties and structure of tin fluoride phosphate glass has

been studied.

2. FTIR and RAMAN spectra show different phosphate environments depending
on the melting conditions, pyrophosphate species (dimers) being predominant

in all of them.

3. The FTIR and Raman spectra peaks of reference glass (melted at 450 °C for 25
minutes) show the presence of P-F and Q!, Q? phosphate sites confirming the
proposed structure. A high content of Q! sites (corroborated by the peak at
1020 cm™ in Raman spectra) suggest a short chain with mainly POsF end
groups. The almost disappearance of NH4 confirms the achievement of glass

stability at reference glass melting conditions.

4. Divalent tin (Sn*) plays the role of a network former, in tetrahedral
coordination, bonding with phosphorus via oxygen (Sn-0-P). A FTIR peak at
1100 cm™ reveals that Sn enters the glass network under reference glass
melting conditions, resulting in the formation Sn-O-P linkages. The
replacement of P-O-P bonds by Sn-O-P bonds increases the connectivity of the
network and decreases it susceptibility to attack by water. Hence an improved
chemical durability and thermal stability, as well as an increase in Tg and glass

density, was achieved.

5. The glass melted at 550 °C exhibited a decrease in quality comparable with
those glasses synthesized at low melting conditions. In both cases, a similar

structure of the glass was obtained.

6. The melt rheology of a low Tg tin fluoride phosphate glass was studied and
used to guide the selection of optimum processing temperatures with

thermoplastic polymers. The influence of the complex viscosity against
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temperature was studied. A large decrease of glass viscosity was detected when
increasing the temperature making the glass fluid for several polymer
processing temperatures. A Newtonian behaviour of the glass was identified at

different temperatures.

The optimum melting conditions of the glass were identified for developing a

nanostructured phosphate glass- polyamide 11 hybrids.

Low melting condition and high melting condition tin fluoride phosphate
glasses were reheated at hybrid processing conditions in order to study their
influence on the structure and properties. It was found that at low melting
conditions, the heating atmosphere influenced the structure and showed
evidence of structural changes. The structural changes were identified by
spectrometry as phosphate sites changed from Q! to Q°. The structural changes
were corroborated by measuring Tg of the glass. A substantial decrease of the
Tg was observed in the reheated glass. The structure determines the properties
of the final glass, so a decrease of properties was expected. This will have direct
negative consequences in hybrid compounding, greatly influencing the final

properties of the hybrid.

9.2 Hybrids

1.

Glass with a molar composition of 50% SnF, + 20% SnO + 30% P,05
was melt-blended with polyamide 11 under different conditions and the
hybrids containing up to 60 wt% of glass were obtained. Scanning electron
microscopy (SEM) showed affinity and adherence between the glass and the
polyamide 11.

SEM analysis revealed a major influence of extrusion processing temperature
and glass content on the morphology of hybrids. Better homogeneity and
dispersion of glass particles in the hybrid were detected at higher process
temperatures and higher glass content. The optimum conditions were
identified to be 250 °C and higher content than 30 wt% glass.

Transmission electron microscopy (TEM) studies revealed nanoparticles of 40
nm in size were formed in the samples processed at a higher temperature of

250 °C. This implies a potential to produce nanostructured hybrids from
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macroscopic glass fillers. A diagram of complex viscosity versus processing
temperature was developed in order to explain the hybrid morphology

formation

4. Dynamic mechanical analysis (DMA) showed two transition peaks in the
hybrid loaded with 40 wt% TFP glass, suggesting that it forms a partially
miscible system with clear phase separation. The existence of two phases in

the hybrids was corroborated by FTIR spectra superposition.

5. An increase in the storage modulus (E’) at 23 °C and 150 °C was found for the
samples with glass content of 30 wt% with the glass Tg of 103 °C and 160 °C,
respectively. This is most likely attributed to an interaction using glass with Tg
103 °C for developing the hybrid and to the higher stiffness of the glass phase
in the case of using glass that has a Tg of 160 °C. The storage moduli (E’) of
the samples with lower glass content are almost the same as that of pure
polyamide 11. Tensile testing showed a pronounced reduction in ductility for

a high glass content (50 wt%).

6. The fire resistance test reveals a great improvement of fire resistance at high

glass loading, after 30 wt % TFP glass.
9.3 Coatings

1. It was found that TFP glass-PA11 hybrid with different compositions (0-40
wt% TFP glass) are a suitable material to develop coatings by dipping in a
fluidized bed. Coating morphology shows homogenous dispersion, good

matrix/particle adhesion and particles between 70-950 nm.

2. An improved surface quality was obtained because the glass contributes to
decreasing the viscosity of the hybrid. GPC and mass spectrometry link the
decrease of the viscosity to a depolymerisation of the PA11 chain. A substantial
decrease of Mw (GPC) was detected for increasing glass content in the hybrid.
The sensitivity of PA11 and phosphate glasses to water, or the instability of the
glass (reactive end groups), might be the cause of the depolymerisation of the

PA11 chain.
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3. Hybrid coatings with glass content 30 wt% show better thermal stability. An
improved thermal and fire resistance may be useful in a coating application

where higher temperature is required.

4. The addition of TFP glass to the PA11 matrix improved greatly the adherence
to metal substrates. The origin of the improvement is related to the well-known
affinity of the phosphate glasses to the metal. The improvement disappeared
when the coating was immersed in heated water. The high sensitivity of P-O
bonds to the water might be the cause. Adding conventional compositional

modifiers to the initial glass composition may overcome this problem.

5. A reinforcement effect was found in hybrid coatings measured by SHORE D
Hardness. Higher values of hardness were obtained with increasing glass

content. Collateral effects were the decrease of impact and abrasion resistance.
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Chapter 10 Future works
The following work is proposed for future study.

Background. Mixing immiscible polymers in the liquid state may result in various
phase morphologies, which can influence adhesion. These morphologies depend on
the nature and the relative amounts of the polymers used and on the flow history of the
sample. Immiscible polymers behave as different materials at different flow fields. The
phase morphology is an important factor in the rheology of immiscible polymer
blends. Most binary polymer blends are immiscible. To a large extent, the
characteristics of these immiscible polymer blends are determined by the state of the
interface between the components. The interaction of two melts at the interface is
primarily represented by a quantity k, denoted the interfacial tension, which is the
excess free energy caused by the existence of an interface across two dissimilar phases.
In more detail, as described below, future work could involve the processing

conditions, composition and additives, including compatibilizers.

Proposed work on mixing sequences involving compatibilized PLA/PA11 blends.
Two different mixing approaches should be studied. The first approach considers one
step blending, in which all components are mixed in the extruder simultaneously. The
second approach consists of modifying PLA by premixing it with Joncryl in the
extruder until an equilibrium state is reached and then adding PA11 by mixing for 3
minutes. Increasing melt strength and elasticity of PLA are expected to influence the
compatibilization properties. As a result, blends obtained with the second route are

designated “modified PLA/PA11 blends”.

For the PLA/PA1l/Joncryl blends obtained with one-step mixing, the SEM
micrographs presented in Figure 5 illustrate (i) a notable reduction of the average size
of dispersed particles due to a lower interfacial tension; (ii) a significant narrowing of
the size distribution of the dispersed phase; (iii) a remarkable decrease of voids at the
interface and of empty cavities corresponding to extracted particles; (iv) a better
dispersion and more spherical particles of the minor phase; and (v) the disappearance
of the co-continuous structure for the 40/60 PLA/PA11 blend. The above structural

characteristics and interactions between phases suggest that these factors significantly
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affect the adhesion of the material systems and should be included as areas of future

study.

Work to understand the coating systems, adhesion, and properties. Future work
should include an investigation of the compounding process to control the dispersion

and interaction of the multiphase materials.

The structure and interfaces of the materials should be investigated by scanning
electron microscopy. The software analyses the data in order to carry out a comparative
study between different processing conditions and materials. The measurements and
the study should be first focused on calculating the particle size mean values. These
values are the mean diameter in number (Dn), the mean diameter in volume (Dv) and,

therefore, an approximate polydispersity index (Ip).

The work should be aimed at understanding how the processing parameters affect the
structure, adhesion, and performance of the material coatings. One such performance
parameter is impact resistance and the study should be aimed at providing an improved
understanding of this parameter. There is currently no theory to predict the impact
resistance of a charged polymer according to the characteristics and the amount of
charges introduced. The proposed future work should be aimed at characterizing how
the compounding conditions relate to the structure and interfaces, as well as
developing an improved understanding of impact performance of this class of

materials.

The results demonstrated that the hybrid coatings are promising surface treatment
systems, which have the ability to substantially improve the coating adhesion. This
enhancement of adhesion appears to be associated with glass reinforcement. Further

work is proposed to confirm and understand the mechanisms involved.
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Appendix A: Polyamide

The information that is in Appendix A is taken from Arkema database [178].
Polyamides represent one of the most commonly synthetic polymers family used
throughout the world. These materials are linear polymer and thus members of the so-

called engineering thermoplastics.

Polyamides, developed by Wallace Carothers at the Dupont chemical company in the
1930s, have the common feature that the amide (—(CONH-) linkage in their backbone

(see Figure A.1)
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Figure A .1: Amide group of polyamides.

Polyamides are identified by a numerical suffix that specifies the numbers of carbon
atoms in the monomer chains. Amino acid polymers are designed by a single number,
as Polyamide 6 (see Table A.1). Polyamides from diamines and dibasic acids are
designed by two number, the first representing the carbon atoms in the diamine, the
second representing the carbon atoms in the acid. An example is polyamide 66 (see

Table A.1).

The polar amine groups lead to the very regular and symmetrical polyamide backbone,
characterized by a high degree of crystallinity. As a matter of fact, the polar amide
groups, spaced out at regular intervals, lead to a high intermolecular attraction among
the polyamide chains. These groups are responsible for the high resistance to swelling
and dissolution in hydrocarbons, high stiffness and heat deformation resistance,
increasing in water absorption, reducing electrical insulation resistance, particularly at

high frequencies.

The hydrogen bonding between chains improves the inter-chain interaction, greatly
influences the overall crystallinity. Crystallinity can also be controlled by processing

condition. Slow cooling will lead to greater crystallinity, around 50-60%, versus 10%
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crystallinity after rapid cooling. Cooling speed also affects the size of crystallites,

which will be larger for slowly cooled polyamides.

Additionally, the polymer chains have aliphatic segments, which confer flexibility to
the amorphous region, giving polyamides low melt viscosity for easy processing. The
combination of high inter-chain attraction in the crystalline zone and flexibility in the
amorphous zone, leads to polyamides polymers, which are tough above their apparent
glass transition temperatures. Thus, an important variable that affects polyamides
properties is the concentration of the amide groups (CONH-) in the polymer chain. As
a rule, the higher the concentration of the amide groups (lower the CH2/CONH ratio),
the higher intermolecular attraction, the shorter the distance the amide groups, the

higher the:

e Density

e Forced required to mechanically separate the polymer molecules and hence the
higher.

e Tensile strength

e Rigidity

e Hardness

e Resistance to creep

e Melting Temperature

e Heat deflection Temperature

e Water absorption

The ratio between the CH> and CONH groups, which controls the amount of
crystallinity, has a large effect on most properties of polyamides and is the most
important differentiator between polyamide polymers. Polyamides like polyamide 66,
which are made of diamines and dibasic acids, tend to crystallize more thanks to their
lower CH2/CONH ratio (higher CONH groups concentration). On the other hand,
polyamide 11, polyamide 12 and other polyamides prepared of aminoacids or lactams
tend to have lower crystallization (higher CH2/CONH ratio). The CH>/CONH ratios

of the considered polyamides are summarized in the following table:
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Table A .1 CH,/CONH ratios of polyamides.

Polyamide Formula CH»/CONH Ratio
66 — € — (CHzli— C— NH{CHg)s — NH L 5
(o] H|
6 | | s
11 -—En—{cuzl,_c—-{.’i_,,-—— 10
12 — [i—cty), —<3l ,— 11
- i -

Polyamides have a good combination of the following properties over a relative wide
temperature and humidity range: good tensile strength, good flexible properties, light
weight, toughness, wear and abrasion resistance, low coefficient of friction, high
chemical resistance (to oils, greases, aliphatic and aromatic hydrocarbons), good

electrical insulation properties.

Polyamides are very sensitive to heat and should be washed and dried on cool settings.

Polyamide can also be hung dry.

Rilsan PA 11 is a reference in the world of performance polyamides. Continuously
developed by Arkema for more than fifty years, this polymer is produced from a
renewable source (castor oil), and is used in a large number of applications thanks to
its outstanding properties: excellent resistance to chemicals (particularly hydro-
carbons), ease of processing, a wide range of working temperatures (-40 °C/+130 °C),
high dimensional stability and low density to name a few. Rilsan PA 11 is easy to
process, using most processing technologies (extrusion, extrusion-blow moulding,
injection moulding and roto-moulding). For this reason, many industries around the
world (automotive, transport, textile, oil and gas, wire & cables, electronics) have used

Rilsan PA 11 for decades.
A.1 Physical properties

Compared to other high-performance polymers, the Rilsan family and more
specifically Rilsan PA 11 offers very low density some 3 to 6 times lighter than metal
(see Figure A.2). This is a significant economic advantage when studying the cost

versus performance aspect of using Rilsan PA 11.
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Among all performance polyamides, the Rilsan family and more specifically Rilsan
PA 11 has very low moisture pick-up. Other polyamides feature a more hydrophilic
behaviour resulting from the polarity of the amide functions (Figure A.3). Thanks to
its low concentration of amide groups, Rilsan PA 11 can be used in a wide range of
humidity environments. This low moisture pick-up results in outstanding dimensional
stability of final parts made out of Rilsan PA 11. The absorption characteristics of
Rilsan PA 11 are similar when it is exposed to other polar liquids such as alcohols,

acids and esters.

A low concentration of methylene (CHz) groups lead does shorter distance between
CONH groups causing an increase of the overall density. Thus PA 11, together with
PA 12, has the lowest specific gravity.
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Figure A .2 : Comparative density of Rilsan® PA 11 and PA 12 vs various engineering polymers and

aluminium, per ISO 1183 standard.
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Figure A .3 : Water absorption based on relative moisture rate of Rilsan® PA 11 and PA 12 vs various

polyamides (ISO 62 standard).

A.2 Thermo-mechanical properties

Rilsan PA 11 is a semi-crystalline thermoplastic polymer featuring 2 phase transitions:

e Melting range between 180 °C and 189 °C (depending on the grade), which

corresponds to fusion of the crystalline phase (see for comparison with other
polyamides).

e A glass transition temperature (Tg) of around 45° C (measured via DSC),

corresponding to transition of the amorphous phase.

Rilsan PA 11 offers good thermal stability and can be used continuously at 125 °C
under certain conditions. Additionally, it can withstand intermittent peaks of up to 150
°C. It can also withstand cold temperatures, and maintains its impact resistance at -40
°C. For extreme climatic conditions, a special grade is available which can withstand
temperatures down to 60 °C. Rilsan PA 11 is the only polyamide in the world capable

of performing in such harsh environments.

The melting point of polyamide influences properties such as heat distortion
temperature and softening point. The lower the melting point, the lower is the
deflection temperature. A low melting point favours the processing conditions because
the resulting melt is less sensitive to oxidation and degradation. Above the melting
point, the melt viscosity is low because of increasing of atomic oscillation at such high

temperatures, which are usually more than 200 °C above the Tg.
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The glass transition temperature of aliphatic polyamides is of secondary importance to
melting point. Dried polyamides have Tg values around 50 °C; when moisture has
been absorbed Tg can go as low as 0 °C. Tg can have an effect on the crystallization
of polyamides; for example, polyamide 66 at room temperature may be above its Tg;

as crystallization will occur slowly it may lead to post mould shrinkage. This is less

significant for polyamide 6.

The effect of relative humidity on dimensional thermal stability is shown in Figure

A.4. The dimensional change is low in PA 11, like in and PA 12, and increase in PA 6
and PA 66.
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Figure A .4 : Dimensional stability versus relative humidity at 20 °C.

A.3 Mechanical properties

Rilsan PA 11 exhibits excellent mechanical properties over a wide temperature range.
It has high elongation at break and high tensile strength at break and at yield. It is one
of the toughest high-performance polymers and is therefore used extensively in
engineering applications. At ambient temperature, the tensile strength of rigid
(unmodified) Rilsan PA 12 leads to noticeable necking at around 20% elongation. In
the same conditions, rigid Rilsan PA 11 first produces diffuse necking, up to 40%
elongation, beyond which necking occurs (see Figure A.5). Thus, Rilsan PA 11

provides a significant safety factor in mechanical stress over PA 12.
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Figure A .5 : Comparative tensile strength curves for Rilsan® PA 11 and PA 12 at 23 °C (ISO 527
standard).

This very different performance can be attributed to the greater strength of the Rilsan
PA 11 crystallites (triclinic/hexagonal) compared to the Rilsan PA 12 crystallites
(monoclinic).This better stability of Rilsan PA 11 compared to Rilsan PA 12, observed
above with rigid grades also applies to plasticised grades across the entire temperature
range from 23 °C to the melting point. The difference increases with temperature. A
very significant consequence of this difference in behaviour in actual use is that, at
equivalent modulus, a Rilsan PA 11 plasticised tube exhibits a higher burst pressure

than its Rilsan PA 12 counterpart.

Rilsan PA 11 is available in a wide range of flexibility. The modulus varies from 1200
MPa for non-plasticised grades to around 150 MPa for plasticised grades. Adding
specific fillers (glass fibre, carbon fibre, etc.) enable an increase in modulus up to 8000
MPa. In dry conditions, PA 6 and PA 66 have significantly higher rigidity than Rilsan
PA 11. After moisture pick-up however, the flexural properties of Rilsan PA 11 remain
relatively stable (see Figure A.6).

Dry (at 23°C)
50% H.R. (at 23°C)

g
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Figure A .6 : Effect of ambient conditions on the flexural modulus of Rilsan ® PA 11 and PA 12 vs
PA 6 and PA 6.6. Tests conducted per ISO 178 standard.
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Rilsan PA 11 demonstrates very good impact resistance at room temperature as well
as at very low temperatures. It offers a significantly higher safety factor than Rilsan
PA 12. In Charpy notched impact test at -30 °C, Rilsan PA 11 is twice as resilient as
Rilsan PA 12. Its fragile/ductile transition is around 35 °C versus around 50 °C for
Rilsan PA 12. This benefit of Rilsan PA 11 is equally seen in plasticised products.
Glass transition temperatures are similar for Rilsan PA 11 and PA 12 (a slight
advantage of some 5 °C for Rilsan PA 11) and do not explain differences in
performance between the products. This is due to the finer crystalline grid and
spherulitic structure in Rilsan PA 11. Its impact resistance is also influenced by
molecular weight and polydispersity. The impact resistance of Rilsan PA 11 at low

temperature is twice that of Rilsan PA 12 (Figure A.7).

by - 30°C (KJ/m?)

Notched Cha
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Figure A .7: Comparative impact resistance of Charpy notched plasticised Rilsan® PA 11 and PA 12
(-30°C), per ISO 179/1eA standard.

Compared to other engineering polymers, Rilsan PA 11 features good abrasion
resistance and crack propagation resistance. This is largely due to its perfectly smooth
surface finish, which induces an extremely low friction coefficient. Rilsan PA 11

features greater abrasion resistance than Rilsan PA 12.
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A.4 Long-term performance

The notion of a material’s lifetime is an important factor when designing components
requiring long-term performance in specific operating conditions. As a rule, Rilsan PA
11 features viscoelastic behaviour at ambient temperature. However, under permanent
stress, above a certain limit, Rilsan PA 11 undergoes plastic deformation. Parts made
from Rilsan PA 11 perform very well in a wide variety of climates around the world.
Rilsan PA 11 is particularly resistant to degradation from the combined effect of the
sun's rays and rainwater (see Figure A.8). The use of stabiliser packages also helps to

further increase the weathering resistance of natural and coloured grades.
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Figure A .8 : Weathering of Rilsan ® PA 11 based on exposure site.

A.5 Chemical resistance

Rilsan PA 11 offers an ideal balance between the resistance of polyamides to grease
and hydrocarbons and the resistance to acids, bases and salts of polyolefins. The
excellent chemical resistance of Rilsan PA 11 is reflected both in high dimensional
stability under harsh conditions and in the non-degradation of the polymer matrix.
Additionally, Rilsan PA 11 features greater resistance to hydrocarbons than Rilsan PA
12, making it the ideal material for highly demanding applications in the oil and gas

industry, such as offshore flowlines.

Rilsan PA 11 features outstanding resistance to oils, hydraulic fluids, and fuels. As a
general rule, Rilsan PA 11 offers better barrier properties to gases and liquids than
other flexible thermoplastics or rubbers. In particular, it is twice as impermeable to
fuels and hydrocarbons versus PA 12. Because of the high cohesive energy density

and their crystalline state, the polymers are soluble only in few liquids of similar high
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solubility parameter at which are capable of specific interaction with the polymers.
Polyamides are only weakly affected by non-polar solvents. However, because of the
presence of the polar groups, Polyamides are sensitive to polar solvents, particularly
water. Polyamides have very high resistance to aliphatic and aromatic solvents, engine
fuels, lubricants, animal and vegetable oils, and aqueous solutions of many inorganic
chemicals. Polyamides are not very resistance to acids, phenols, certain oxidizing

agents, and chlorinated hydrocarbon (see Figure A.9).

G = Good CHEMICAL AGENT CONCENTRATION PERFORMANCE
(100%) 20°C | 40°C | 60°C | 90°C
L = Limited (swelling of Rilsan® PA11l — Minarel suids.
5‘"[31)_“'@ depends on specific use and Hydrochloric acid 1% G L P P
duration) 10% G L P P
Sulphuric acid 1% G < L P
P =Poor 10% I I Pl P
* slight browning; ** swelling action mzipahggc Aok 56?136 E ;L; E E
concentration
Chromic acid 10% P P P P
Sulphur dioxide L P P P
Mineral salts
Calcium arsenate concentrated G G G
or boiled
solutions
Soda carbonate b G G L B
Baryum chloride G G G G
Potassium nitrate G* L* P P
Di-ammonium phosphate G G L
Trisodic phosphate G G G G
Alumina sulphate G G G G
Ammonium sulphate G G L
Copper sulphate G G G G
Potassium sulphate G G G G
Sodium sulphide G L L
Calcium chloride e G G G G
Magnesium chloride 50 % G G G G
Sodium chloride satured G G G G
Zinc chloride satured G G L P

Figure A .9: Chemical resistance of Rilsan ® polyamide 11.

Processing of Rilsan ® polyamide 11

With a relatively low melting temperature, good melt fluidity and a high speed of
recrystallization, Rilsan PA 11 is well-suited to a wide range of processing
technologies: extrusion, extrusion-blow moulding, injection moulding, injection-blow

moulding and rotomoulding.

Rilsan PA 11 grades are supplied in the form of granules in moisture proof sealed bags
or octavins. Rilsan PA 11 granules do not require pre-drying before use. However, if
the packaging has been left open and exposed to air for more than two hours, the

product will need to be re-dried under specific conditions.

Due to its chemical structure, Rilsan PA 11 has lower moisture pick-up than other
polyamides (PA 6, PA 66, etc.). This low water absorption provides excellent
dimensional stability and causes only minimum variations in its mechanical and

electrical properties. Rilsan PA 11 is produced by the poly-condensation of amino acid.
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As aresult, it undergoes an equilibrium reaction with water as shown by the following

simplified formula:

(hydrolysis)
(PA 11)min + H:0 = 2 (PA 11)m + (PA 11)
(polycondensaton)
2

Figure A .10: Rilsan PA 11 produced by the poly-condensation of amino acid.

The presence of excess water promotes hydrolysis by reducing the length of the
molecular chains. This change will result in a significant drop in mechanical properties
but may not always be evident in the form of surface blemishes such as frosting or
bubbles. Since excess moisture can pose problems during the processing of Rilsan
PA11, it is always important for the granules to be kept dry. Necessary precautions

should be taken to prevent any moisture pick-up during processing.

To prevent moisture pick-up, Rilsan PAI11 should first be brought up to the
temperature of the plant to prevent any condensation of the ambient moisture as the
bags are opened. Additionally, it is essential for the product to be processed within two
hours of opening the bag. If either of these conditions is not fulfilled, Rilsan PA 11
granules should be vacuum dried for at least 4 hours at a temperature between 80 °C
and 90 °C. The migration speed of the moisture to the surface of the granules
determines drying time. Raising the temperature does not significantly reduce drying

time and presents a risk of oxidation.
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Appendix B: Rilsan PA11 for coatings

The information below is taken from Arkema company brochures [179].

Rilsan® polyamide resin is produced from castor oil obtained from the widely
cultivated Ricinus communis. Castor oil is 100% vegetable, biodegradable, natural,
non-toxic and renewable. Rilsan® Fine Powder is thus a thermoplastic not directly
impacted by variations in crude oil prices. Moreover, Rilsan® Fine Powder is
environmentally sound. Rilsan® Fine Powder is the right product for customers in
search of eco-design. Rilsan® polyamide resins require less non-renewable energy than
most performance polymers and offer a responsible choice for the environmentally

awarc.

Main benefits of Rilsan® fine powders include:
e OQOutstanding flexibility.
e Excellent impact resistance.
e Resistance to a wide variety of chemicals.
e Wide service temperature range.
e Low density.
e Low moisture picks up (high dimensional stability).
e Unrivalled wear resistance.
e Proprietary micronisation process producing a wide diversity of particle size

distribution and formulations.

Rilsan® Fine Powders are constantly evolving and developing to meet your needs. Our
proprietary micronisation process can produce a wide range of uniform particle sizes,

offering a powder matched to your processing and performance requirements.

Metal coating

There is a Rilsan® Fine Powder for every standard powder coating method in use
today. A variety of colours is available, produced by either the dry blend or the mass
coloration process. The mass colour process provides a uniform finish colour and
superior UV stability. Whatever the coating method used, careful surface preparation

and proper primer application are necessary to achieve optimum performance.
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T and FB grades have an average particle size around 100 microns. They are designed
for the fluidized bed dip coating process. A desirable coating thickness between 250

and 500pum can be achieved.

These polyamide powders have an average particle size around 30 microns and are
designed for the electrostatic spraying process. A desirable coating thickness between

80 and 150 um can be achieved.

Successful results in a wide variety of applications.

Combining beauty and function, Rilsan® coatings offer a solution for the most
demanding applications. The Rilsan® brand has become the reference for industries

around the world looking for the ultimate solution in metal protection.

a) Automotive and transportation: spline shafts, sliding door and seat rails, springs,
brackets, clips and safety belt fasteners

e Exceptional abrasion resistance.

e Noise and vibration dampening.

e Stone chipping resistance at low temperatures.

b) Fluid transfer: pipes and fittings, valves, flanges, couplings, flow meters, injection
and production tubing
e Anti-corrosion properties.
e Compliance with the most demanding specifications for drinking water
contact.

¢ High resistance to hydrocarbons and water treatment chemical.

¢) Building and electrical: outdoor furniture, lamp posts, electrical cabinets and clips,
bolts and screws, etc.

e Long term resistance to extreme maritime environments.

e Excellent outdoor ageing properties.

e Qraffiti resistance and fire resistance.

e FElectrical insulation.

d) Textile / printing / food / healthcare: undergarment wires and adjustors, printing and
textile rollers, pharmaceutical and food processing equipment, hospital beds,

wheelchairs, and ambulance stretchers, etc.
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e Unique warm-to-the-touch, smooth surface finish with low friction.
e Easy to clean, high resistance to chemicals, inks, detergents and heat.
e Suitable for dyeing.

e Machinable.

e Limits bacterial growth.

e) Wire articles: dishwasher baskets, shopping carts, shelving, various cleaning
trolleys

e Very easy processing.

e Excellent resistance to alkaline and chlorinated hot water.

e Bendable.

e Combines the best of thermoplastic impact resistance and thermoset hardness.

Specific properties of Rilsan® Coating

Hardness measured with a Persoz pendulum at 20°C IS0 1522 200-280
Surface hardness at 20°C, 10s under load DIN 53-456 BONmm?
Scratch resistance 150 1518 5aN
Clemen apparatus; load necessary to induce a saratch
which reaches the underlying metal for a coating
of 0.4 mm thickness
Pencil hardness ECCA TS Note: B
Shear strength ASTM D 732 I5-42Nimm’
Impact resistance ASTM G14 >2)
Dip coating powder (thickness 350 um) 150 3678 >251
ES powders {thickness 100 jim) 150 6272 >19)
Abrasion resistance 150 9352 15mg
Taber abrasimeter (wheel type C5 17, load 1 kg)
Loss of welght after 1,000 cycles
Coefficient of friction NFT 54-112 (8)
Black powders Static K 0.1503
Dynamic K 0.0502
Flexibility 1S 6860 > 35%
Conlcal mandrel folding
Specific heat 2.09kIkg.K
Thermal conductivity 0.29 WimK between 50° and 170°C
Latent heat of fusion 83.7klkg
Inflammability ASTM D 635 self-extinguishing
measured at a thickness greater than 3 mm
to eliminate the influence of the substrate
Resistance to boiling water 50 1521 Excellent adhesion
after 2,000 hours, neither bubbing nor modification
Resistance to outdoor exposure ASTM D 1235 3 yoars Florida exposure: Excellent adhesion
Resistance to salt water No corrosion after 10 years exposure
Salt spray resistance 150 9227on scribed < Imm corroslon after 2000 hours

primed plates
{testing according
to WIS 4-52-01)
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Chemical resistance

e Rilsan® coating resistance as a function of temperature
In general, Rilsan® coatings have good resistance to inorganic salts, alkalis, most
solvents, and organic acids. Greater caution must be observed in applications involving
inorganic acids, phenols and certain chlorinated solvents. In such cases, it is advisable
to consult the Arkema’s Technical Service Department, specifying the practical
problem involved: e.g nature of metal to be protected and the temperature and chemical

composition of the liquid.

RESISTANCE (“C) 20 40 80 90 RESISTANCE (“C) 20 40 B0 B0
Inorganic bases Other inorganic products
ammonium hydroxide (concentrated) G| 6|6 |6 agricultural sprays G |G
ammania (liquid or gas) G| G bleach solution L |+ [P P
lime-wash G| G| 6 bromine / chiorine / fluorine P |P |P |P
potassium hydroxide (50%) G| L|P|P hydrogen G |G |6 |6
sodium hydroxide {5%) G| G| L hydrogen peraxide (20 volumes) G |k
sodium hydroxide (10%) G| L |:E mercury G |G |6 |6
sodium hydroxide (50%) a|L|P|P onygen 6 |G |[L (P
ozone L |P |P |P

Inarganic acids potasium permanganate (5%) PP
chromic acld (10%) P P[P |P sea water G |G |G
hydrochloric ackd (1%) G| 1 PP sota water G |6 |G |G
hydrachloric ackd (10%) G| L|P|P sulphur 6 |G
nitric acld (all concentrations) PP PP
phosphoric acid (50%) G| L PR Hydrocarbons
suiphuric acid (1%} G| L|L|P acetylene G |G |6 |G
sulphuric acid (10%) G| L|P|P aicanes (methane, propane,
sulphurle trioxide L P P p butane, haxane) G 6 |G

| benzene 6 |@ |L
Inorganic salts cyciohexane G G |L
alum G| 6|6 decalinG 6 |G |L
aluminium suplhate G| G|6 |G HFA G
ammonium nitrate G| G|G naphthalene 6 |G |6 |L
ammaonium sulphate G| G| L styrene [ toluene / xyleng G |&@ |[L (L
chlorides
{barlum/ calclum Saturated sodiurm) G| G|6G |6 Varfous products
calclum arsenate G| G| 6 beer, cider, frult julces, milk, mustard,
caldum sulphate G| G| L vinegar, wine G
copper suiphate G| G|6G |G crudie petroleumn, high-octane petrol,
diammanium phosphate G| G L kerosene (paraffin), normal petrol,
magnesium chioride (50%) G| G|6G |G solvent naphta, town g 6 |G |&@
potassium ferrocyanide G| 6 |G greases G |G |G |6
potassium nitrate G (G|(P|P olls G |6 |G |G
potassium sulphate G| G |6 |6 solutions or emulsions DD.T.orlindane | G | G
sodium carbonate G| |G| L |P hydroxy-quionoline (agricultural sprays) | G
sodium sllicate G| G| G soap solution G
sodium sulphide G| L |.L stearin G |G |G
trisodium phosphate G| G|6G |G turpentine G |G |&

Condition after 18 menths contact:
G Good - L: Limited - P: Poor
1: Shight yallowing - 2 Yellowing - 3 Swalling action
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s 9 = 0 o0 =

Oryanic acids and anhydrides Salts, esters, ethers
acetic add L|P|®|P acetate esters (amyl, butyl, methyl) G| 6|6 |L
acetic anhydride L|P|[P|P phosphate esters (dioctyl, tributyi,
citric acid G|G|L|P tricesyl) G| G |6 |L
formic acid Pl P| PP diethyl ether G
lactic acid G| G|6|L dioctyliphtalate G| G| &6 |L
aleic / stearic acid G| G|G|L fatty acid esters G| G |6 |6
axalic add G| G|L|P methyl sulfate G| L
picric acid L|P| P |P
tartaric acid (saturated solution) G| G|6|L Alcohols
uric acid G|G|G |1l benzyl akcohol L| P |P|P
| butanol G| L|P|P
Varfous organic compounds ethanol (pure) G| 6| L i
anethole G glycerin (pure) G|G|L| P
carbon disulphide G glycol G| G|G P
diacetone alcohol G| & | L methanol (pure) @  L|P
dimethyl formamide G| G| L |
ethylene chlorhydrin PP Chiorinated solvents
ethylene oxide G|G|[L|P carbon tetrachloride P| P
furfural G|&|L|P methyl bromide G| P i
glucose G| G| G |G methyl chioride G| P
tetraethyl lead G G| G| L
tetrahydrofurane G| G| L trichloroethane Ll P
phenols PP PP trichioroethylene G| L )
bases Adehydes and ketones g
anlline (pure) L|P|P|P aldehydes (ac I
diethanolamine (20%) G| & |&@|L benzaldehyde / formaldehyde) G| L|P
pyridine (pure) LI P|P|P acetone (pure) G| G|L|P
urea G|G|L|L G| L|P
methylethylketone (MEK)
methylisobutylketone (MIBK) G| GILIP

Condition after 18 months contact:
G: Good - L: Limited - P: Poor
1: Slight yollowing - 2 Yallowing - 3. Swalling action
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Appendix C: The Geldart classification of the particles

chart of fluidisation modes
Py Po (kg/m?)
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Figure C. 1 : The Geldart classification of particles chart. Four types of Geldart powders being A, B,
Cand D [137].

From the smallest to the largest particles, the four groups in Figure C.1 are: C, A, B,
and D. The group C particles are cohesive or very fine powders, which are often very
difficult to fluidise. Starch and flour are e.g. group C particles. Materials having a
small mean particle size and/or density less than 1.4 g/cm® are grouped into group A.
Particles from this group fluidise well and as group A particles have the aeration
properties required for coating purposes, particles suited for coating often come from
this group. The group B particles are sand like particles with mean particle diameters
roughly between 40 microns and 500 microns and density between 1.4 g/cm® and 4
g/em®. The fluidisation mode of this type of particles is highly affected by the
formation of gas bubbles in the bed and group B particles often fluidise well. As the
air flow rate required to fluidise group D particles in necessarily high, group D

particles are not normally processes in conventional fluid beds [137,138].
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Appendix D: Twin Screw 15 ecm3 Xplore ® Micro- DSM

D.1 Technical specifications

Abrasion resistant barrel (hardness 60 HRc), coating hardness 2000 Vickers.
Barrel and screws chemically resistant between pH 0 — 14.

Batch volume: 15 ml (Vari-BatchTM: 3, 7 and 15 ml).

Vertical barrel, fluid-tight - Heated by 8 thermo cartridges and controlled by 7
thermo couples (temperature gradient possible).

Temperature control: in the melt and 2x3 barrel heating zones.

Detachable conical screws, fully intermeshing (hardness 54 HRc), coating
hardness 1000 Vickers.

Maximum operating temperature 400 °C (optionally 450 °C).

Easy to clean with dedicated cleaning cycle.

Heating time (from 80 to 240 °C) in less than 10 min.

Cooling time (from 240 to 80 °C) with cooling water in less than 10 min, with
air in less than 35 min.

Maximum vertical force: 8 kN (optionally 9 kN).

Screw speed: continuously variable 1 - 250 RPM.

Hopper volume : 15 ml;

Supply voltage: 208 - 240 V AC, others on request.

Main drive: DC controlled, 900 Watt.

Computer control via : USB port;

Maximum torque: 10 Nm per screw.

Overall dimensions (h x b x d): 103 x 73 x 42 cm3 - Weight 150 kg.
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Figure D. 1: Overall dimensions of the twin screw 15 cm3 Xplore ® Micro-DSM compounder [166].

D.2 Screw design

The two screws are specially designed according the Taylor Couette geometry to
simulate the dynamic of the melt inside the industrial scale extruder and to generate

reproducible and stable data.

Figure D. 2 : Screws of the MC 15 Xplore Micro DSM compounder designed according the Taylor-
Couette geometry.

According to the Tailor-Couette geometry [166]:
Db —Ds=0.Imm

where Db is the diameter of the barrel; Ds is the diameter of the screw.
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Appendix E: Fluidized bed dipping process [180]
E.1 Principle of the process

Fluidized bed dip-coating consists of immersing a heating part into powder suspended
by rising air flow. As soon as the Rilsan® powder comes into contact with the preheated
article, it melts and forms a film on the surface of the component. This process
produces a consistent thickness, even on parts with complex profiles (internal and
external coatings in one operation). The dip-coating process is efficient (100%
transfer) and straightforward. All Rilsan® T/FB grades have been developed
specifically for this technology along with a tailored primer range (For more

information, please refer to the leaflet on Surface pre-treatments and primers).
E.2 Criteria for choosing this process

Dip-coating application simplifies the coating process by combining excellent
productivity with outstanding thickness reproducibility. It can be easily automated and
is generally selected depending on the following criteria:

a. Thickness of the part: The process is particularly suitable for parts with
a metal thickness of at least 3 mm. For small diameter wire articles, a
post fusion operation may be required following the dip-coating
operation.

b. Thickness of coating: The process allows the application of Rilsan®
coatings with a thickness from 250 to 500 um. For very massive parts,
it is possible to apply thicker coatings by increasing dipping time, or by
successive dipping operations.

c. Size of the part: The dimension of the part determines the size of the
tank. Very heavy or very long components (tubes) can be coated by this
method but will require specific handling equipment.

d. Nature of the substrate: Any type of material that can withstand the

necessary oven preheat temperatures.
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E.3 Equipment for dip coating

Fluidizing Tank

The fluidizing tank should consist of 2 stainless steel sections separated by a porous
tile. The air used for fluidization should be at ambient temperature, clean and dry. In
the case of large tanks, air from a blower can be used. The temperature of the Rilsan®
powder during fluidization should not exceed 60°C. Special fluid beds can be made

with jacketed walls that circulate water to cool the powder.

Air Exhaust
An air exhaust should be installed near the top of the tank to capture dust particles that

could contaminate the immediate environment.

Preheating Oven

Forced air circulation oven is recommended (air flow: minimum 6 m/s). Capability of
the oven will depend on the coated parts: it should be designed to permit a maximum
temperature of 330°C for massive parts and 420°C for thin parts or wire articles. Not
all ovens have the same behaviour and different results can be obtained from one oven

to another.

Operating Conditions

When handling Rilsan® Fine Powders, users are advised to refer to the product’s safety

datasheet and current regulations on the use of powder coatings.

Surface Treatment — Primer

A surface preparation is necessary, requiring cleaning, surface treatment and primer
application. For further information, please refer to the leaflet Surface pre-treatments

and primers.

Preheating Conditions

For any given part there is a minimum temperature below which it is not possible to
obtain a coating with a smooth surface. There is also a maximum temperature above
which coating and/or primer degradation may occur. Because parts usually have
varying thicknesses, it is essential to adjust the pre-heating time as well as the

temperature. The preheating temperature and time are determined respectively by the
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minimum and maximum thickness of the part to be coated. It should always allow
suitable curing conditions for the primer. Please refer to Surface pre-treatments and
Primers. Large variation in metal thicknesses may render the part difficult to coat by
dipping method. This should be taken into consideration when designing the part. To
obtain a high quality Rilsan® coating over the entire surface, the temperature of the
part should be as even as possible, around 280 °C -300 °C at the time of dipping for

massive parts.

Masking

It is possible to locally mask areas that do not require coating by using caps, tapes,

pastes or mineral fibres.

Handling and Touch-Up Of The Parts

The jig or hanger should be fastened to the part to allow good movements (shaking)
of the part. Where possible, it is preferable to attach the hanger to an area of the part
that does not require coating. Hanger marks can be touched up with a suitable epoxy

or polyester resin.
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Appendix F: Arkema method adhesion test

Operations required to perform the test to measure the adhesion of a substrate coating

is explained below. The method is for thermoplastic and thermosetting coatings.

The principle of this test is to evaluate the strength of a coating applied to metal support
by adhesion measurement. The tests consist of peeling a sectioned strip from the

coating and evaluating the tear resistance. It is a destructive test.

To perform the test the necessary equipment is metal plates/ cold rolled

steel/aluminium, tubes, cutting tool with a cutting width of 10 mm, a ruler and a cutter.

Adherence assessment is performed according to:

- Adhesion control by detachment ARKEMA method
- According to WIS 4-52-01 specifications (V-cut)

- Standard EN 10310: 2003 (cross).

Description of the different approaches:

1) Adhesion control by detachment ARKEMA method. Method inspired by NFT 58-112 which

was cancelled in November 2011. No replacement standard.

- Using a cutter apply 2 parallel notches spaced 10 mm on a length, sufficient to delimit

a strip of at least 30 mm of length (Figure F.1).

Figure F. 1: Strip delimitation onto the coated plate for adhesion test.

- Make a third notch perpendicular to the two parallels. Insert the tool into the latter
(Figure F.2), grasp the raised end, and try to take it off, pulling regularly from the metal
support (Figure F.3).
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Figure F. 2: Position of the testing tool.

Figure F. 3: grasped raised end due to constant pulling force.

2) According to WIS 4-52-01 specifications (V-CUT)

- Using the cutting tool, make two incisions of 20 mm through the film to the surface
of the metal, forming a "V" with an angle between 30 and 35 °.

- Detachment is evaluated from the tip of the "V".

- The cutter must be inserted horizontally under the coating from the tip of the "V", so
that the tip of the blade is in contact with the metal surface. Make a lever action
upwards, in a single vertical movement to peel off the coating.

- The adhesion loss of the coating in mm is measured between the tip of the “V”” and

the nearest point where the coating still adheres to the steel.
3) EN 10310: 2003 (on the cross)

- Using the cutting tool, straight incisions of 60 mm long must be done in the coating
to the surface of the metal to form an X with an approximately an angle of 30 ° at the
point of intersection.

- The tip of the cutting tool must be inserted horizontally under the coating at the point
of intersection of the X incisions at 30 °, so that the tip of the blade is in contact with
the surface of the metal. Lever action against the steel rod to move the plate away from
the blade, from the metal surface, upwards, in a single vertical movement have to be

applied to rip off the coating.
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- The adhesion loss of the coating in mm is measured between the point of intersection

of the X-incisions and the nearest point where the coating still adheres to the steel.

For the determination of peel adhesion by detachment using ARKEMA method, the

result is expressed by a score from 0 to 4.

Grade 0: No adhesion. The separation of the coating is done as soon as the tool passes.

Figure F. 4 shows the results onto the coated plate.

Figure F. 4: Score 0 results sample.

Grade 1: The coating separates easily, but with little resistance to tearing force, Figure

F.5.

Figure F. 5: Score 1 results sample.

Grade 2: As score 1, but there are a few evenly distributed strong hooking points,

Figure F.6.

Figure F. 6: Score 2 results sample.

Grade 3: The coating separates irregularly: there is a perfect connection on about 50%

of the surface, Figure F.7.
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Figure F. 7: Score 3 results sample.

Grade 4: Good grip; no detachment, Figure F.8.

Figure F. 8: Score 4 results sample.

4) WIS 4-52-01 specifications

The result of adhesion by detachment is expressed in millimetres ignoring the first

millimetre.
5) Standard NF EN 10310

The result of adhesion by detachment is expressed by a quotation.

-Quotation 1: No lifting of the coating, only that caused by the insertion of the tool
blade at the intersection point (nominally less than 1mm).

-Quotation 2: No more than 2mm of adhesion breakage between the coating and the
steel substrate.

-Quotation 3: No more than 3mm of adhesion breakage between the coating and the
steel substrate.

-Quotation 4: No more than 4mm of adhesion breakage between the coating and the
steel substrate.

-Quotation 5: No more than Smm of adhesion breakage between the coating and the

steel substrate.
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