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Chapter 1

Introduction

Coatings are materials that are applied as a thin continuous layer on a surface [1].
In this thesis the final cured layer is designated as coating, while the material that
is to be applied is referred to as coating system. There are inorganic and organic
coatings. Inorganic coatings, like ceramic coatings and enamels, are mainly applied for
protective purposes, while organic coatings have both functional (such as protection)
and decorative functions. The organic coatings are generally divided into two main
categories: architectural and industrial coatings [2,3]. The architectural coatings
are used to decorate and protect parts of buildings. The main requirements are fast
drying, good adhesion to old coatings and good appearance. For exterior purposes also
outdoor durability is important. Industrial coatings are applied in factories and can be
subdivided into several groups, depending on their end use: automotive, appliance,
aircraft, building, paper, can and coil coatings. They all have their own specific
requirements.

The coating systems studied in this thesis are meant for coil coating applications.
In the coil coating process, which is schematically shown in Figure 1.1, large rolls
of steel or aluminum are coated by roller coating application. The process involves
metal cleaning (1), metal treatment with chromate or phosphate for a thin layer
against corrosion and for good adhesion (2), application of a primer (3), curing of
the primer (4), immediately afterwards application of a topcoat (5) and curing of the
topcoat (6). Finally the coated metal sheet is rolled up again. While the primer is a
purely functional layer (corrosion protection and good adherence), the topcoat should
be decorative beside having good mechanical properties and, in many cases, good
outdoor durability. The speed of the metal sheets through the coil coating equipment
can be up to 60 m/min. The curing steps must therefore be finished within about 30
seconds. The oven temperatures are above 350 °C| while the peak metal temperature,
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Figure 1.1: Schematic overview of a coil coating equipment.

the highest temperature the metal reaches in the oven, 1s around 250 °C. The coated
metal sheets are transported to customers, who will apply them to produce objects,
such as garage doors, refrigerators and caravans. Most important requirements for the
coatings are high flexibility and excellent exterior durability. Flexibility is necessary
because the coated metal must be shaped in various forms, depending on the product.
Durability can only be obtained if the coatings are hard and scratch resistant, this
way avoiding damage during transport, manufacturing and use.

The composition of an organic coating system consists of a binder, a volatile compo-
nent, pigments and additives. The binder is the component that forms the continuous
film and adheres to the substrate. For coil coating purposes the binder must be suffi-
ciently flexible and is therefore often based on polyester resin. The volatile component
is the solvent in the coating system, which is used to adjust the viscosity for good
application and which evaporates during curing. The volatile organic compounds
(VOCQ) are the largest concern in the coating industries at the moment, because leg-
islation dictates a reduction for environmental and health reasons. In the coil coating
process, though, which is a closed process [4] these VOC’s are consumed as fuel for
the heating of the curing ovens. Pigments are insoluble solids that are dispersed in
the continuous phase (the binder and solvent). They are added to provide the color
of the coating, but they also have an influence on other properties. Additives (for
example catalysts, stabilizers, flow modifiers) are materials that are included in small
quantities to modify application and coating properties.

In this thesis the focus is on the binder system of the coatings and therefore only
the binder and the solvent (the continuous phase), without pigments and additives
(except the catalyst), has been considered. The use of new organic-inorganic hy-
brid binder systems has been investigated to combine the properties of organic and
inorganic compounds in one new material. Organic-inorganic hybrid materials are
defined as materials in which organic and inorganic compounds have intermolecular
interactions, such that the properties of both compounds are reflected. Another fea-
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ture of hybrid materials is that the compounds have chemical interaction with each
other. Hybrid materials are discussed in detail in Section 1.2 and 1.3. To be able
to prepare hybrid materials, inorganic compounds must be formed at a temperature
that organic compounds can withstand. Traditionally ceramic materials are processed
at high temperatures [5]. Glass for example is processed by melting sand mixtures
at temperatures above 1000 °C. The development of the so-called sol-gel process [6]
enables one to synthesize ceramic materials even at room temperature. The sol-gel
process 1s described in Section 1.1. Using the sol-gel process in combination with
formulating organic coatings, organic-inorganic coatings were prepared and charac-
terized, as described in Section 1.4.

1.1 Sol-gel process

The sol-gel process is a method to synthesize ceramic materials by preparation of a
sol, gelation of the sol and removal of the solvent [6,7]. The sol, a colloidal suspension
of solid materials in a liquid, is prepared from precursors. These precursors are
metals or metalloids surrounded by various organic ligands. In this study the metal
alkoxide tetraethoxysilane (TEQOS) is transformed into silica by the sol-gel process.
The molecular structure is shown in Figure 1.2. TEOS is the most thoroughly studied
precursor in the sol-gel process: its low reactivity towards hydrolysis makes it possible
to follow and control the reactions. Unlike silicates other metal alkoxides (such as
titanium alkoxides and zirconium alkoxides) have a higher reactivity due to the lower
electronegativity and the ability to exhibit several coordination states of the metal
atoms [8]. The size of the ligands influences the reactivity as well. The larger the
alkoxide group, the more steric hindrance and the slower the reactions.

(‘)CHZCHP,
CHyCH,0— S‘i*OCHZCH3

OCH,CHs
Figure 1.2: The molecular structure of TEOS.

In general it 1s recognized that the polymerization of silicon alkoxides towards silica
proceeds in three stages [6,9]: the polymerization of the monomer (the precursor) to
form small particles (the sol), the growth of particles and the linking of particles into
chains, forming a network (gel). The polymerization of the monomers is described by
two processes: the hydrolysis (Figure 1.3) and the condensation (Figure 1.4) reaction.
Both reactions are equilibria. They are influenced by the pH of the system [7]. Under
acidic conditions (pH < 2.5) hydrolysis takes place by the attack of an hydronium
ion (H307) on the oxygen of one of the alkoxy groups (Figure 1.5). The condensa-
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tion, under acidic conditions, proceeds in two steps. First the silanol is protonated,
increasing the electrophilic character of the silicon atom, then this protonated silanol
combines to another silanol group, liberating H30T, as shown in Figure 1.6. Under
basic conditions hydrolysis proceeds by an attack of an OH™ anion forming a silanol
group (Figure 1.7). During condensation, under basic conditions, the silanol groups
are deprotonated. These deprotonated silanol groups attack on other silicon contain-
ing molecules, as shown in Figure 1.8. The above mentioned reaction mechanisms,
which are general recognized [7], finally leads to the formation of silica. The rate of
hydrolysis and condensation depends upon the pH of the system. Under acidic condi-
tions the hydrolysis is faster than the condensation, while under basic conditions the
condensation is faster than the hydrolysis. By applying a two-step process [10] the
hydrolysis and condensation reactions have been studied separately [11-13]. In the
first step acidic conditions were applied, resulting in mainly hydrolysis. In the second
step a base catalyst was added, initiating the condensation. Applying this two-step
method the influence of various parameters (concentration, choice of catalyst and
solvent temperature) on the sol-gel reactions have been determined.

The formed sol particles are the nuclei for the particle growth. Growth proceeds via
the Ostwald ripening mechanism [9]: the smallest particles are more soluble than
the larger ones and therefore the smallest particles dissolve and precipitate on the
larger ones. Since the solubility depends on the size of the particles this effect finally
results in uniformly sized particles. At high pH the solubility of the small particles is
higher than at low pH, resulting in larger particles (5-10 nm) under basic conditions
than under acidic conditions (2-4 nm). Under basic conditions the particles are neg-
atively charged and repel each other. Therefore they do not collide and are stable as
such. Under acidic conditions the charge repulsion is reduced and aggregation occurs,
resulting in a branched network.

The sol-gel process is, compared to the traditional methods, a well controllable pro-
cess in which very pure materials can be synthesized, by using purified precursors.
Furthermore, ceramic materials can be synthesized even at room temperature. This
provides the opportunity to synthesize silica in the presence of organic compounds,
which makes 1t possible to develop organic-inorganic hybrid materials.

1.2 Hybrid materials

Historically, the development of the sol-gel process initiated the incorporation of or-
ganic compounds in inorganic. The first step was the use of complex organic ligands
in the sol-gel process that were no longer removed after gelation [14, 15]. Then one
or two alkoxide groups of the silanes were replaced by nonhydrolyzable organic lig-
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. > N\
— SITOCHCHs + H0 —Si——OH + CHyCH;OH

Figure 1.3: Hydrolysis reaction of TEOS.

N / AN e
—Si—OH + RO—Si— —Si—O0—Si— + ROH
s AN

/

Figure 1.4: Condensation reaction of TEOS. R is a H or alkyl.

RO . A RO_OR RO_
RO—Si—OR + H-O > RO Si— OH <~ RO-Si—OH + ROH + H"
RO H Ho bs H RO

Figure 1.5: Hydrolysis mechanism of TEQOS under acidic conditions.

RO H OR OR  OR
RO;Si—o\f + HO—Si—OR % RO-8i—0—Si—OR + HsO'
RO OR OR  OR

Figure 1.6: Condensation mechanism of TEOS under acidic conditions.

RO_ RO OR RO_
RO—Si—OR + OH _ > RO-—-8i-—-OH > RO_Si—OH + OR
RO OR RO

Figure 1.7: Hydrolysis mechanism of TEQOS under basic conditions.

RO\ RO\ Ro\ RO /OR RO\ /OR

N~ SN e . ) e . iAol -
RO—Si—0 + RO—Si OR RO-Si—0--= &“n OR RO-Si—-O—SI—OR + OR
RO RO RO OR RO OR

Figure 1.8: Condensation mechanism of TEOS under basic conditions.
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ands (R') forming R/, Si(OR)4—, [16]. Such organically modified silane molecules,
are called silane coupling agents [17,18]. By applying these molecules in the sol-gel
process organic groups were covalently bonded to the inorganic material. When the
organic group (R') is nonfunctional (for example a methyl group) it acts as a network
modifier, while a functional organic group (for example a methacryl-propyl or amino-
propyl group) can act as a network former [19], or it can form a link with other organic
compounds. The group of Schmidt [14,16,19-23] combined metal alkoxides, network
modifiers and network formers to make flexible and functional glassy materials. De-
pendent on the chemical composition they called their hybrid materials ‘ormosils’
and ‘ormocers’; organically modified silanes and ceramics, respectively. Another ap-
proach to make hybrid materials based on the sol-gel precursors was by substituting
the alkyl group of the alkoxy ligands of the metal alkoxides (R) in polymerizable
organic monomer (for example a derivative of 2-hydroxyethylacrylate). When these
precursors are sol-gel processed the polymerizable monomers are released (as ROH
in Figure 1.4, forming for example 2-hydroxyethylacrylate). These monomers do not
evaporate as alcohol, but can be polymerized simultaneously or afterwards, forming
an organic network within the via sol-gel formed glass [24-27].

The first hybrids reported in literature based on organic polymer chemistry were
synthesized by polydimethylsiloxane (PDMS) with TEOS as silica precursor, in which
in situ formed silica acts as reinforcement of the elastomer PDMS [28-32]. PDMS,
with its siloxane backbone, shows a good compatibility with TEOS. The following step
in the formation of hybrid materials was to apply the same strategy to polymers with
a carbon backbone [33,34]. Wilkes and co-workers worked in this area [34-36], they
called their hybrid materials ‘ceramers’, which stands for a composition of ceramics
and polymers. They applied a number of oligomers and polymers in combination with
various metal alkoxides in the sol-gel process. Hereto, the polymers were modified
with silane coupling agents. In this way, a covalent interaction between the organic
and inorganic phase was ensured. Also an number of other groups applied this route
of making hybrid materials [37-42]. Other hybrid materials gain the interactions
between the organic and inorganic phase via hydrogen bonding [43-45] or via the
reaction of hydroxyl groups of organic compounds with the alkoxy groups of the sol-
gel precursors [46—49]. The interactions between the organic and inorganic phase are
discussed in detail in Chapter 4.

The references mentioned in this chapter are meant as examples, to give an overview of
developments in this area. Various review papers [36,50-54] and proceedings [55-58]
on hybrid materials have been published. Most reviewers classify the hybrid materials
based on the type of interactions between the organic and inorganic phase. The two
classes defined by Sanchez [50] are often used: class I for weak or no interaction, class
IT for covalent interaction. Further subdividing appears arbitrarily and depends on
the focus of the writer. We chose to classify the hybrids in the first place based on
their continuous phase, showing the hybrid to be more organic based, inorganic based



1.2 Hybrid materials

(a) Inorganic matrix with organic
clusters

(c) Interpenetrating network

‘E"'q""-ﬂ-"'a.'-‘ll .q::-v‘-"‘-':-'
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(b) Organic matrix with inorganic
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-l W l;;

(d) True hybrid

Figure 1.9: Schematic representation of the four major hybrid classes. The boxes rep-

resent the inorganic compound, while the line structures represent the organic com-

pounds. Reproduced by permission of The Royal Society of Chemistry.-[Journal of Materials

Chemistry, 1996, 511-525, Fig. 2, 3, 5 and 10]

or in between. In this way four major classes, which are schematically represented in

Figure 1.9, are considered:

e The inorganic matrix with organic clusters (Figure 1.9(a)).

e The organic matrix with inorganic clusters (Figure 1.9(b)).

e The interpenetrating network: when both the organic and the inorganic phase

form a network (Figure 1.9(c)).

e The true hybrid: when the organic and inorganic phase together from the net-

work (Figure 1.9(d)).

Within these four classes various interactions between the organic and inorganic phase

are possible; such as mentioned above. By applying this classification the above men-
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tioned ‘ormocers’ are typical examples of an inorganic matrix with organic clusters.
The so-called ‘ceramers’ have an organic matrix, in which the inorganic phase is
formed in clusters, or as a continuous network. Most hybrid materials in literature
are formed under acidic conditions, resulting in the formation of interpenetrating
networks. They are further discussed in Chapter 5, while the organic matrix with
inorganic clusters is discussed in Chapter 6.

1.3 Hybrid coatings

The range of hybrid materials is enormous and so is the field of potential applications.
Here we focus on the possibilities of using hybrid materials for coating purposes.
Inorganic coatings are known for their high resistance towards heat and damage, but
they are very brittle. Organic coatings, on the other hand, are flexible, adhere good to
substrates and can easily be modified or functionalized but do not have a high damage
or heat resistance. Hybrid coatings with an inorganic matrix, originating from metal
alkoxides and silane coupling agents, have been studied for adhesion purposes on glass
[69,60] and metal [61,62] substrates. They have been applied in optical applications
for the incorporation of organic dyes [63—66] and to obtain special material properties
[67,68]. They were also used to provide special properties, such as anti-soiling and
anti-fogging by modifying the surface polarity [69,70]. Also hybrid coatings based on
an organic matrix combined with silane coupling agents have been used to improve
adhesion to glass [71,72], metal [73,74] and polymer [75] substrates. Silanes have also
been incorporated in organic coatings to generate new crosslink mechanisms [76,77]
and to obtain improved coatings properties. Acrylic polymers, for example, have
been modified with silanes by incorporation of methacryloxypropyl trimethoxysilane
for improved weather resistance [78] and improved scratch resistance [79,80]. Alkyd
coatings were combined with titanium and zirconium alkoxides to prepare hybrid
organic-inorganic coatings for corrosion resistance [81,82] and to study the effect on
the overall coatings properties [83,84]. The alkoxides acted as dryers, increasing the
crosslinking, but they also form an inorganic network. Overall, the coatings properties
were found to be dependent on the type and amount of sol-gel precursors.

Organic-inorganic hybrid coatings have been extensively studied for improvement of
the scratch resistance of polymeric surfaces, both based on inorganic [85-91] and or-
ganic [79, 80, 92-97] matrices. In the inorganic based systems the improved scratch
resistance is attributed to the hard inorganic backbone [85-87], while the incorpo-
ration of organic molecules improves the adhesion with the polymeric substrate and
increases the layer thickness. The improved scratch resistance is also obtained from
nanoparticles [90,91] surrounded by silane coupling agents as matrix and stabilizer.
Also in the organic based systems both the inorganic backbone [92,93] and the in-
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corporation of nanoparticles [80] are held responsible for improved scratch resistance,
while again the organic compound provides the adhesion and flexibility [94].

1.4 Scope of this thesis

The aim of this study 1s to improve the hardness and scratch resistance of organic
based hybrid coatings on steel and aluminum substrates, while the flexibility is main-
tained. The basis of the organic component is the polyester resin, because of its high
flexibility. The inorganic compound is TEOS, as sol-gel precursor for the formation
of silica in situ in the organic coating system, because the sol-gel reaction of TEOS
is well controllable.

In Chapter 2: ‘Materials and Methods of Preparation’, the choices for both compounds
are further explained. The polyester synthesis is described and the inclusion of TEOS
in the coatings is studied. Furthermore, a general method of the coating preparation,
application and curing is described.

In Chapter 3: ‘Characterization of Hybrid Coatings’, the methods applied for the
characterization of the hybrid coatings are discussed. The choices for the used tech-
niques depend largely on the possibilities to characterize materials containing both
organic and inorganic characteristics. With respect to coatings the characterization
results in extra limitations for several techniques. Furthermore, several parameters of
the characterization methods are studied.

Various chemical compositions based on the polyester resin and TEOS have been
applied for the preparation of hybrid coatings. A schematic overview is given in
Figure 1.10. Depending on the chemical composition various morphologies in the
final coatings have been obtained. The influence of the morphology on the properties
is studied and discussed in the following chapters.

In Chapter 4: ‘Polyester-TEQS Interactions’, polyester resin is combined with TEOS
(Figure 1.10: central box) to study the interactions between the compounds. The
formed hybrid coatings are true hybrids.

In Chapter 5: ‘Interpenetrating Networks’, polyester resin is crosslinked with hex-
akis(methoxymethyl)melamine (HMMM) and combined with TEOS under acidic con-
ditions (Figure 1.10: central box 4 organic crosslinkers), By the formation of both an
organic polyester-HMMM network and an silica network interpenetrating networks
are formed. Also the influence of the addition of silane coupling agents was studied
(Figure 1.10: + organically modified silane).
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]Organically modified silan\e
+ X~~~ Si(OCHCHz)3

v

TEOS Si(OCH,CH,), catalyst
} Transparent
+ (Solvend) ho0ec 10 min,  C0AING
polyester HO : OH
OH
+
,,,,,,, HOOC COOH
]Organic crosslinkér COOH

Figure 1.10: Schematic overview of various systems used in this thesis.

In Chapter 6: ‘Nano-structured Coatings’, the crosslinking of polyester resin with
epoxide in combination with TEOS under basic conditions is described. For the com-
patibility silane coupling agents were necessary (Figure 1.10: central box + organic
crosslinkers + silane coupling agents). Due to the basic conditions, organic matrices
with silica nanoparticles are formed.

In Chapter 7: ‘Conclusions and Recommendations’, the final conclusions and recom-
mendations are summarized. In each chapter abbreviations are defined when they
first appear. A table of frequently used abbreviations is provided at the beginning of
the thesis. The references are numbered throughout the thesis and are given at the

end of Chapter 7.



Chapter 2

Materials and Methods of

Preparation

2.1 Introduction

The materials and general methods applied in the research on organic-inorganic hybrid
coatings are described in this chapter. The choice of materials largely depended upon
the potential application purpose of the hybrid coatings: the coil coating application.
Most important features hereby were the high curing temperature and the necessity
of flexibility, since the pre-coated metal sheets must be shaped afterwards. Polyester
resins were chosen as organic basis, because of their ability to be highly flexible. They
are often used in coil coating applications because of this property [3,98]. Furthermore
polyester properties can be tuned and molecular weight and functionality can be
changed by the choice of the monomer composition [2]. The polyester resins were
synthesized and characterized, as described in Section 2.2, to have well-defined model
compounds as organic basis. For the formation of hybrid coatings the polyesters
were combined with the inorganic compounds (as described in Chapter 4), but the
polyesters were also crosslinked with organic crosslinkers to be able to form an organic
network. For this crosslinking two systems were used. One system consisted of the
acid catalyzed crosslinking reactions of hexakis(methoxymethyl)melamine (HMMM)
as crosslinker with the hydroxyl-terminated polyesters (described in Chapter 5), and
the other system consisted of the base catalyzed crosslinking reaction of epoxides as
crosslinker with acid-terminated polyesters (described in Chapter 6). In this way the
influence of the pH of the hybrid systems on the morphology and properties of the
hybrid coatings could be studied.
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As the hardness of the organic-inorganic hybrid coatings has to be obtained from the
inorganic phase, tetraethoxysilane (TEOS) was chosen as precursor. TEOS is often
used as precursor for the formation of silica by the sol-gel reaction in the synthesis of
hybrid materials. Silicon alkoxides have a low reactivity towards hydrolysis compared
to other metal alkoxides, because silicon is less electropositive. This makes silicon
comparatively less susceptible to nucleophilic attack [6]. Because of its low reactivity,
it is possible to control the reactions by temperature and catalyst and adjust them
to the rates of the organic crosslinking reactions. It was found that under the curing
temperatures used in this research (200 °C), TEOS could evaporate from the coatings.
In order to prevent evaporation the use of prehydrolyzation of TEOS was studied, as
described in Section 2.3.

Beside the organic resin and the inorganic compound, the coating systems contained a
solvent and a catalyst. In the synthesis of hybrid materials often ethanol and tetrahy-
drofuran were used as the solvent [46,99,100]. But when high curing temperatures are
applied, as in this research, these solvents are not suitable, because of their low boiling
temperatures and high evaporation rates. In industrial coating applications often a
blend of solvents is used to achieve an appropriate balance on fast evaporation and
good film formation [3]. In this research a single solvent was chosen to limit the com-
plexity of the model systems. Beside a high boiling temperature to prevent a too fast
evaporation during curing other demands for the solvent were compatibility with both
the organic and inorganic compounds and the ability of the solvent to contain water,
since water is necessary for the sol-gel reaction. MPA (1-methoxy-2-propylacetate)
did fulfill these demands and was used in general.

By analog with the use of HCI as catalyst in the sol-gel process [10,11], HCI is often
used in the synthesis of hybrid materials. But at the high curing temperatures as
used in this research, HCI can evaporate. Furthermore HCI has undesirable corrosive
properties. Since para-toluenesulfonic acid (pTSA) is generally used in the polyester-
HMMM reaction [98], it was chosen as acidic catalyst. For the base catalyzed reactions
of acid-terminated polyester with epoxides, in general amines are used as catalyst [2].
Since triethylamine was found to evaporate easily at the curing temperatures used
in this research, 1,4-diazobicyclo[2.2.2]octane (DABCO) was applied instead. Both
pTSA and DABCO are solid compounds, which were dissolved in MPA before they
were applied in the coating systems. With the above mentioned basic compounds
coatings were prepared as generally described in Section 2.4.
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2.2 Polyester synthesis

Polyesters with a high flexibility were chosen as organic compound in the hybrid
systems. They were synthesized with a low glass transition temperature (Tg) by
the choice of monomer composition. The molecular structures of the monomer com-
pounds applied, are shown in Figure 2.1. The polyesters synthesized were hydroxyl-
terminated. The first series of polyesters (PE1-PE6), which only varied in molecular
weight and functionality, consisted of the diacids isophthalic acid and adipic acid
and the diol neopentylglycol (PE1-PE3). For the synthesis of trifunctional polyesters
trimethylolpropane was included (PE4-PE6). In the second series (PE9-PE10) an
esterdiol and 1,4-cyclohexanedimethanol were also included in order to improve the
compatibility with the inorganic phase. The increased number of diols reduced also
crystallization. For characterization purposes, the Tg of the polyesters of the second
series was increased by increasing the ratio isophthalic acid:adipic acid from 1:1 to
3:1. The polyesters were synthesized bifunctional (PE9) and trifunctional (PE10).
The monomer composition of the various polyesters is summarized in Table 2.1. The
hydroxyl-terminated polyesters were synthesized according to conventional methods,
as described in Section 2.5. They were characterized by endgroup titration, GPC,
'H NMR, '3C NMR and DSC. Their characteristics are summarized in Table 2.2.
The NMR data are summarized in Section 2.5. Acid-terminated polyesters (PE6a,
PE9(1)a, PE10a) were synthesized from the hydroxyl-terminated polyesters by reac-
tion of stoichiometric amounts of succinic anhydride at 150 °C until the calculated
acid and hydroxyl value were obtained. Their characteristics are also summarized in

Table 2.2.

Table 2.1: Molar monomer composition of the hydroxyl-terminated polyester resins.

Compounds IPA AdA NPG ED CHDM TMP
PE1 2%  22%  57%

PE2 23%  23%  54%

PE3 24% 24%  53%

PE4 2%  22%  44% 11%
PE5 23%  23%  46% 8%

PE6 24%  24%  47% 6%

PE9 3% 12%  39% 12% 2%

PE10 35% 12%  33% 12% 2% 6%
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Table 2.2: The characteristics of the polyester resins.

Polyester  fn° AV OHV Mn* Mnf Df  Tgt
[mg KOH/g] [mg KOH/g] [g/mole] [g/mole] [°C]

Hydroxyl-terminated polyesters

PE1 2 0.2 107.3 1044 1695 1.6

PE2 2 0.2 74.0 1504 2156 1.8

PE3 2 0.1 55.1 2032 2875 20 -8

PE4 3 0.2 121.1 1387 2390 3.0

PE5 3 0.6 101.1 1655 2413 28 -10

PE6(1) 3 0.3 79.7 2105 2879 3.0

PE6 3 0.0 79.6 2114

PEI(1) 2 0.1 54.7 2047 2258 20 13

PE9 2 0.3 46.6 2392 13

PE10 3 0.2 83.8 2004 2282 3.2 13

Acid-terminated polyesters

PE6a 3 85.3 0 1973
PE9(1)a 2 48.0 0.3 2323
PE10a 3 745 18.4 1700

° Calculated from composition. * Calculated by endgroup titration.

T Determined by GPC, based on polystyrene standards. ! Determined by DSC.
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Figure 2.1: Molecular structures of the monomers used for polyester synthesis.

2.3 Prehydrolysis of TEOS

TEOS was used as precursor for the inorganic phase. Via the sol-gel process under
the influence of water and catalyst, silica will be formed, as described in Section
1.1. The most straightforward way of applying TEOS in hybrid coating systems is to
add 1t directly to the coating mixture. This was successfully done in the polyester-
TEOS system (Chapter 4). By putting water in a beaker in the curing oven a moist
atmosphere was created, which was found to be sufficient for the hydrolysis of TEOS,
since most of the TEOS put in the polyester-TEOS coatings was found back as silica
by thermal gravimetric analysis (TGA). The TGA results of a series of PE9(1)-TEOS
hybrid coatings applied with 60 and 120 pm, are shown in Table 2.3. The losses for
thinner coatings (applied with 60 pm) are higher (15-35%) than for thicker (applied
with 120 gm) coatings (5-10%). TEOS has a boiling point of 168 °C and therefore
unreacted TEOS may evaporate in an oven of 200 °C. Since the rate of evaporation
depends upon the ratio of surface/volume the evaporation from a thinner film will be
faster than from a thicker film, resulting in a higher loss for the thinner films [3].

In the organically crosslinked hybrid systems of polyester-HMMM (Chapter 5) and
polyester-epoxide (Chapter 6) with TEOS a more severe loss of silica was observed.
In Table 2.4 the silica contents of PE3-HMMM and PE9(1)a-epoxide hybrid coatings
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Table 2.3: Silica content of PE9(1)-TEOS hybrids coatings with various amounts of
TEOS, applied at 60 and 120 pm, cured 200 ° C for 30 min, determined by TGA.

Calculated wt.% SiO+ 29 5.8 105 19.0
Measured wt.% SiOs, 60 pm applied 1.9 49 9.0 153
Measured wt.% SiOs, 120 pm applied 26 53 95 173

Table 2.4: Silica content of PE3-HMMM (curing at 140° C for I hour) and PE9(1)a-
epozide (curing at 200° C for 10 min) hybrids coatings with various amounts of TEOS,
determined by TGA and St elemental analysis.

PE3-HMMM PE9(1)a-epoxide

Calculated wt.% SiO+ 6.8 10.9 1.9 7.3
Measured wt.% SiOs by TGA 0 2.2 0 0
Measured wt.% SiOy by Si elemental analysis 0.75 1.4

with various amounts of TEOS are given. As can been seen from this table, almost no
silica was kept in these coatings after curing. It is assumed that for both systems no
complete hydrolysis and condensation could occur in the short time that the organic
crosslinking took place. Therefore unreacted TEOS could evaporate during curing. In
contrast with the polyester-TEOS system there is also less possibility for reaction of
TEOS with the organic phase, due to the competitive organic crosslinking reactions.

To prevent evaporation of TEOS during curing two methods of prehydrolyzation
were studied. This study was done on the polyester-HMMM system (Chapter 5). In
method 1 TEOS was allowed to hydrolyze in the presence of polyester, HMMM and
pTSA for at least 15 minutes before curing, by addition of one mole distilled water
per mole TEOS and continuous stirring. Under these conditions TEOS can form
oligomers with hydroxyl groups that can react with the organic part forming Si-O-C
bonds and with itself forming Si-O-Si bonds so that evaporation during curing can
be prevented. In method 2 TEOS was prehydrolyzed ex situ overnight in ethanol (25
wt.%) with two equivalents of distilled water, at a pH of 2 (pTSA). At this low pH
only hydrolysis and hardly any condensation takes place [6]. When the prehydrolyzed
TEOS is added to the coating mixture it can react with the organic part and itself
directly, in this way evaporation is avoided.

PE5-HMMM hybrid coatings with various amounts of TEOS were prepared using both
methods. Also the density of the organic network was varied, by applying a molar ratio
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Table 2.5: Silica content of PE5-HMMM hybrids coatings with various amounts of
prehydrolyzed TEOS, determined by the burn-out method.

calculated wt.% SiO- 3.1 6.7 11.0
Molar ratio PE5:-HMMM 1:0.75 measured wt.% SiO»
method 1 0.4 20 5.3*
method 2 3.3 7.2 11.5
Molar ratio PE5S:-HMMM 1:1.5 measured wt.% SiO»
method 1 1.6 5.7 5.5
method 2 35 75 11.0

* Hazy coatings

PE5:HMMM of 1:1.5 and 1:0.75. The silica content in the coatings was measured by
the so-called burn-out method (described in Section 2.5). The results are summarized
in Table 2.5. Using method 1 a markedly smaller amount of silica was built in than
with method 2. The difference between the two methods was more pronounced at low
HMMM contents. The coatings made at a polyesterr HMMM molar ratio of 1:0.75 and
addition of 30 wt.% TEOS (calculated 11.0 wt.% SiO3) using method 1 were hazy,
indicating severe phase separation, but were transparent using method 2, although
more silica was present in the latter coatings. The final morphology of the coatings
was studied by scanning electron microscopy (SEM). Coatings prepared by method
1 showed clustered particles of very different size, as can be seen in Figure 2.2(a).
The largest particles could cause diffraction of light and therefore haziness of the
coatings. The coatings prepared by method 2 also showed particle formation, but
their appearance is much more uniform an better distributed through the film, as
can be seen in Figure 2.2(b). The same effect, only less pronounced was seen for the
polyester:HMMM molar ratio 1:1.5, as shown in Figure 2.3. Adding the same amount
of TEOS to the composition as for the less dense crosslinked system, no particles
could be detected when method 2 was used, but clustered particles were observed
when method 1 was used. Probably, due to the increased crosslink density of the
organic phase the mobility in the system for the inorganic phase was reduced. This
could cause the suppression of inorganic particle formation.

The only advantage of method 1 in the polyester-HMMM system was the observed
increase in viscosity, which took place during the prehydrolyzation time, resulting in
the possibility to apply thicker coatings. To determine which compound caused the
increase in viscosity the relative viscosity in time of a formulation of PE5, HMMM and
30 wt.% TEOS with acid added was measured and compared with that of formulations
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(a) Applied by method 1 resulting in 5.3 (b) Applied by method 2 resulting in 11.5
wt.% SiOs. wt. % SiO,.

Figure 2.2: SEM photographs of crosscuts of hybrid coatings of PES, HMMM (molar
ratio 1:0.75) and 30 % TEOS.

(a) Applied by method 1 resulting in 5.5 (b) Applied by method 2 resulting in 11.0
wt.% SiOs. wt. % SiO,.

Figure 2.3: SEM photographs of crosscuts of hybrid coatings of PES, HMMM (molar
ratio 1:1.5) and 30 % TEOS.
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Figure 2.4: Relative viscosity at room temperature, versus time of miztures of PES,
HMMM (molar ratio 1:0.75) and 30 wt.% TEOS in MPA. pTSA(1 wt.%) was added
at t=0.

in the absence of TEOS and in the absence of an organic crosslinker. As can be derived
from Figure 2.4, the increase in viscosity was caused by the organic crosslinking
reaction and not by the prehydrolyzation reaction. Therefore, the increasing viscosity
effect can also be achieved, if desirable, when method 2 is used by pre-reacting the
polyester and HMMM before addition of the prehydrolyzed TEOS. Method 2 is a
better controlled method of prehydrolyzation of TEOS than method 1 and 1t can be
used to prevent evaporation of TEOS during curing completely. Since the hydrolysis
of TEOS takes place before application, also in the base catalyzed polyester-epoxide
system silica can be formed, by fast condensation of prehydrolyzed TEOS. Method 2
was used in the organically crosslinked systems (Chapter 5 and 6) and will be referred
to as pT2: prehydrolyzed TEOS with 2 mole water per mole TEOS.

2.4 General coating preparation

In general, the coatings were prepared by dissolving the organic and inorganic com-
pounds in MPA to obtain a transparent viscous solution. The catalyst was added to
the solution. The coating mixtures were applied on glass, chromated aluminum and
chromated steel substrates. On acetone cleaned glass plates wet layer thicknesses of
30, 60, 90 or 120 um were applied with a doctor blade. On aluminum and steel, which
were cleaned and heated at 200 °C for at least 15 minutes, to activate the chromate
layer, coatings were applied with a wire bar with various pitches. After a flash off time
of 5 minutes at room temperature the coatings were cured in an oven. The curing
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temperature and time have been varied. Generally used curing conditions were 140 °C
for 1 hour (baking conditions) and 200 °C for 10 min. The choice for the curing con-
ditions was based on the goal to have fully cured coatings and reproducible conditions
at high temperatures. This was checked by the MEK (methyl-ethyl-ketone) resistance
test. The coatings should resist 200 MEK rubs without damage to be qualified well
cured. First experiments were performed in a drying oven, while in later experiments
an air-circulation oven was used. No difference in the final cure was noticed.

2.5 Experimental details

2.5.1 Materials

The monomers and catalyst for the polyester synthesis were supplied by DSM Resins.
The melamine resin hexakis(methoxymethyl)melamine (HMMM) was supplied by
Cyanamid (Cymel 303) and Monsanto (Resimene 745). The trifunctional epoxide
crosslinker, based on novolac phenolic resin glycidyl ether, was supplied by Shell
(Epikote 155. EMM = 182 g/mole, number of epoxy groups per molecule is about
3.6 [98]). Tetraethoxysilane 98% (TEOS, Acros), 1-methoxy-2-propyl acetate (MPA,
Merck), ethanol 99.8% (Biosolve), ethyl acetate 99.8% (Biosolve), 2-butanone 99 %
(MEK, Aldrich), xylene (Lamers & Pleuger), potassium hydroxide volumetric stan-
dards 0.5N and 0.1N in ethanol (KOH, Aldrich), and 1,4-diazabicyclo[2.2.2]octane
98% (DABCO, Merck) were used as received. p-Toluenesulfonic acid monohydrate
99% (pTSA, Acros) was recrystallized from ethyl acetate and dried before use.

2.5.2 Polyester synthesis

Polyesters were synthesized according to conventional methods [2]. Under a nitrogen
flow the diacids were melted in a flask of 4 L.. The diols and triol were added, together
with 1 wt.% n-butylchloro-tin(IV)dihydroxide (Fascat4101). The temperature in the
flask was raised and kept at a maximum of 235 °C. To remove the water formed by
the reaction a distillation set-up was used. The final amount of water was removed
by refluxing with xylene, using a Dean-Stark set-up. The acid value of the polyester
reaction product was followed in time and the reaction was stopped at an acid value
below 1 mg KOH/g. The remaining xylene and low molecular weight compounds
were removed at reduced pressure. The acid-terminated polyesters were synthesized
from the hydroxyl-terminated polyester by melting the hydroxyl-terminated polyester
together with a stoichiometric amount of succinic anhydride at 150 °C, until the
calculated acid number was reached.
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2.5.3 Characterization techniques

The acid value, the number of acid groups in the polyester in mg KOH/g, was de-
termined by titration with standardized 0.1 M KOH in ethanol, according to DSM
Resins test method TM-2401 (based on ISO 3682).

The hydroxyl value, the number of hydroxyl groups in the polyester in mg KOH/g,
was determined by back titration with standardized 0.5 M KOH in ethanol, according
to DSM Resins test method TM-2432 (based on C-V 17a, Hiils AG [101]).

NMR, spectra were recorded on a Varian Gemini 300, using CDCls as solvent with
tetramethylsilane as internal standard.

Gel permeation chromatography (GPC) was carried out using a Waters Model 510
pump and a Model 486 UV detector (at 254 nm). The columns used were a PLgel
guard-B 10 gzm 50*7.5 mm precolumn, followed by 3 PLgel columns in series of 1000 A
(10 gm), 500 A (5 pm) and 100 A (5 um). tetrahydrofuran (Biosolve stabilized with
BHT) was used as eluent at a flow rate of 1.0 ml/min.

The glass transition temperature (Tg) was determined by differential scanning calori-
metry (DSC, Perkin Elmer DSCT), with a heating rate of 20 °C/min from -40 to
80 °C.

The silica content was determined by thermal gravimetric analysis (TGA, Perkin
Elmer TGA7), with a heating rate of 20 or 40 °C/min from 50 to 800 °C. For samples
that expanded too much in the small sample holder of the TGA, a so-called gravimet-
rical ’burn-out’ method was developed, in which the organic fraction of the coating is
burned out in a ceramic oven. Samples were heated at 200 °C for one hour, then the
temperature was set to 400 °C also for one hour, followed by heating up to 1000 °C.
Then the oven was switched off, the samples were taken out at a temperature of 500
°C and further cooled down under vacuum, to prevent water condensation on the
samples. These ash rests were assumed to be pure silica and weighed. With this
method good agreement was found compared to TGA.

With scanning electron microscopy (SEM, Cambridge, Stereoscan 200) cross-sections
of the coatings were studied. The samples were etched for 30 minutes with an oxygen
plasma (Nanotech Plasmaprep 100) and then sputtered with Pd/Au for 3 minutes
(BioRad SEM Coating System).

The viscosity was measured in time using a viscometer (Brookfield Model DV-II,
spindle nr. 31).
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The MEK resistance of coatings was determined according to ASTM D 4752. When
a coating resists 200 MEK rubs it was qualified MEK resistant.

2.5.4 NMR assignments

The assignments of the 'H and 3C NMR spectra of the hydroxyl terminated poly-
esters (PE1-PE10) are summarized in Table 2.6. The assignments were made by
comparing them with polyester assignments in literature [102-105].

Table 2.6: Assignments of 'H and 3C NMR signals of PE1-PE10.

ppm molecular unit PE1,PE2,PE3 PE4,PE5,PE6 PE9 PE10

'H NMR

8.67 IPA ring v v v v

8.22 IPA ring v v v v

7.56 IPA ring v v Vv Vv

4.5-3.8 CHa NPG NPG, TMP NPG, ED, NPG, TMP. ED
CHDM CHDM

3.3-3.5 CH,OH NPG NPG, TMP NPG, ED, NPG, TMP, ED
CHDM

2.35 AdA CHs v v v Vv

1.65 AdA CHs v v v v

1.5-0.8 CH; NPG NPG, TMP NPG, ED NPG, TMP, ED

12C NMR

174 AdA C=0 v v Vv Vv

173 AdA C=0 v v v Vv

166 IPA C=0 v v Vv v

165 IPA C=0 v v v v

134-129  IPA ring v v v v

72 CHa TMP TMP

70-68 CHa NPG NPG NPG, ED NPG, ED

43-40 Cquart TMP TMP

36-34.5  Cguart NPG NPG NPG, ED NPG, ED

34 AdA CHs v v Vv v

27 CHa CHDM CHDM

24 AdA CHs v v v v

22-21.5 CHj NPG NPG NPG, ED NPG, ED

8-7 CH3 TMP TMP




Chapter 3

Characterization of Hybrid
Coatings

3.1 Introduction

In the characterization of hybrid materials the challenge is to find techniques that can
be applied on both organic and inorganic materials. Techniques applied on inorganic
materials can often not be used in the same way on organic materials and vice versa,
due to differences in properties of the organic and inorganic compounds. In hybrid
materials though the properties of both compounds have to be considered simulta-
neously. Also the characterization of coatings, a thin layer on a thick substrate, can
cause difficulties. The influence of the interface and the substrate should always be
considered in relation with the properties of the coatings. In this chapter an account
is given of the choices and assumptions made for the characterization of the hybrid
organic-inorganic coatings. In the characterization of the morphology (Section 3.2)
the sample preparation is the most important issue. For the characterization of the
mechanical properties (Section 3.3) the interpretation of the results of various tech-
niques is considered to be significant. The conclusions are summarized in Section
3.4. The applied equipment and the experimental details are described in Section 3.5.
The preparation of several coating systems used in this chapter are described in the
Chapters 4, 5 and 6, as is referred to in the text.
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3.2 Morphology

The morphology of hybrid materials is determined by the way the organic and in-
organic compounds are mixed. Since this mixing is on a micrometer scale, this can
best be studied by scanning electron microscopy (SEM) or transmission electron mi-
croscopy (TEM). In general SEM shows features in the micrometer range where TEM
visualized a nanometer range, but the sizes of structures visible with both methods
depend also on the contrast in the samples. In SEM both surfaces and cross-sections
of coatings can be studied. In general, though, the surface of the coating is not
representative for the coating as a whole and therefore the study of cross-sections
is preferred. Also with TEM cross-sections of the coatings were studied. Important
for the preparation of samples for both techniques is not to damage the object to be
studied: a thin coating layer supported by a thick substrate, during preparation.

3.2.1 SEM

With SEM a topographical plot of a surface is made. To create representative surfaces
of cross-sections of the coatings, the materials must be broken in a brittle way. For
coatings applied on metal this cannot be done, since the metal will not fracture but
deform plastically. Coatings applied on glass can be used, because when the relatively
large glass part i1s broken, the coating will also break as part of the sample. It is also
possible to cool the sample, before breaking, below the glass transition temperature
(Tg) of the coating, using liquid nitrogen. During this procedure it may occur that
water condenses on the cold sample and penetrates in the coating or at the interface,
possibly affecting the microstructure. Both methods were applied and compared on
PEI0-HMMM (hexakis(methoxymethyl)melamine) hybrid coatings with 11.4 wt.%
silica (Chapter 5, Section 5.2). The results are shown in Figure 3.1(a) and 3.1(b).
The surface of the sample that was broken after cooling had a rougher surface than
the surface of the sample broken without cooling. Since SEM is a topographical
method, it is preferable to have a smooth surface in which only the morphological
structures cause the height differences. Preferably, the sample is smoothened first and
than the morphological structure is revealed by creating contrast between the two
phases, for example by etching (as discussed below). Smoothening of the surface of
inorganic samples is regularly achieved by polishing. The samples are then embedded
in a polymeric matrix, sometimes using high pressure and/or heating. The so-formed
embedded samples are polished over several grades of sandpaper and a smooth surface
is obtained. The produced pressure and heat, though, can deform the organic matrix,
and possible silica particles in the microstructure can be polished away, changing the
microstructure. For smoothening surfaces of polymeric materials regularly thin layers
of material are cut away with a glass knife. But for the hybrid materials with silica
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in the coating this cannot be done, since the silica can be scratched away with the
glass knife leaving a damaged surface. Therefore, the rough broken surface is studied
as 1t was and the samples were broken without further cooling.

To obtain the topographical contrast of the morphology of the organic-inorganic sam-
ples they are etched. With this technique the ‘weakest’ compound is removed, while
the ‘strongest’ compound remains at the surface, thus creating a topographical differ-
ence. Since organic compounds are more reactive towards oxidation as compared to
silica, they can be etched away with an oxygen plasma rather easily. Thus, to obtain
contrast between the organic and inorganic phase an oxygen plasma was used to etch
the surface of the samples for 30 minutes. Comparing Figure 3.1(b) and 3.1(c) the
difference between etching an not etching of broken samples can be seen. The organic
phase is etched away, without affecting inorganic particles present in the coating. The
inorganic phase is much better visible when etching is used.

(c) Normal broken, etched for 30

min.

Figure 3.1: Sample preparation: SEM photographs of PE10-HMMM-11.4 wt. % Si0-
hybrid coatings: brittle fracture and etching.
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To study the samples under SEM, charging by the electron beam must be prevented
by making the samples conductive. Therefore a thin layer, of only a few nanometers
thick, of Pd/Au was sputtered on the surface and the sides of the glass samples were
treated with colloidal carbon. The electron beam can also damage the sample, because
of the large amount of energy that i1s produced. Low voltage will help to prevent this
effect, but will also result in loss of resolution.

3.2.2 TEM

With TEM samples are studied in transmission and therefore very thin samples
(100 nm) are necessary. To study cross-sections of the coatings on a substrate, layers
are cut with a diamond knife. Therefore, it is important that the supported sub-
strate is soft. Plastic substrates are preferable, but these cannot withstand the high
curing temperatures used in the coil coating applications. Aluminum as a relatively
soft metal can also be cut with a diamond knife. Therefore, the coatings applied on
aluminum were used for the TEM studies. The thin layers were floated on a dimethyl
sulfoxide/water mixture to be able to pick them up and to put them on TEM grids.
The contrast in TEM is obtained from differences in electron densities. Since silicon
has a high and carbon a low electron density no further treatment was necessary. One
should bear in mind that beside the electron density also the thickness of the sample
influences the amount of transmission through the film.

3.3 Mechanical properties

In the research on hybrid organic-inorganic materials for hard and flexible coatings
focus was on the increase of the hardness of coatings by the inorganic part. In the
practice of coil coating applications the hardness is measured by the pencil hardness
test (ASTM D3363). This test only gives practical information relative to known
systems. Besides the dependency on adhesion, also the performer and even the brand
of pencils used appears to be important [106]. There are several other hardness tests
available, which can give more reliable information. Hardness itself is a not well-
defined characteristic. [106-109]. Fink-Jensen [107] defined hardness of a substance as
‘its ability to resist the temporary or permanent creation of a surface wholly or partly
within its original boundaries, when the surface is locally subjected to compressive
stresses that vary strongly along the boundary surface’. This is a complex statement
to say that hardness is a measure of the resistance to permanent deformation or
damage [108]. Even with this definition care should be taken, since the top of a
coating is quite often harder than the bulk of the coating. Smoothness of the coating
influences the measurements and also the type of substrate, adhesion to the substrate
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and heterogeneity within the coating can influence the hardness measurements. For
the determination of hardness every coatings branch has developed its own tests,
based on its practical applications. These tests can be divided in three general classes:
indentation (e.g. Knoop, Buchholtz, Fisherscope), scratch (Pencil, Taber abraser) and
pendulum (Persoz, Konig, Sward) hardness. For details of various methods is referred
to the ASTM norms and literature [108-112]. The various classes determine hardness
under various conditions, resulting sometimes in different conclusions, depending upon
the method used.

The various hardness tests on organic coatings have been compared in literature.
The pendulum hardness is described as being comparable with micro-indentation
[108,113]. Especially at very low and very high hardnesses the indentation method
differentiates better. The pendulum hardness test has also been compared with the
scratch resistance test [114]. Tt was found that for highly crosslinked coating systems,
the scratch or mar (small surface scratches) resistance is determined by the flexibility
of the coating. More elastic coatings are better scratch resistant but have a lower
Ko6nig hardness. The same conclusions were made by the group of Jones [115], who
compared micro-indentation with micro-scratching. Also Courter [116] found a better
mar resistance for systems with a lower indentation hardness and modulus. General
relations cannot be made easily. The time scale, which is a very important variable
for visco-elastic materials, of for example indentation measurements (minutes) and
Koénig hardness measurements (1/50 seconds) is already largely different [108]. Tt
would be better to determine independent materials characteristics like the yield
strength and elastic modulus, but the problem herein is that for tensile testing or
dynamic mechanical analysis free films of well-defined and uniform thickness and
shapes are necessary [110] and these could not be obtained for the systems studied in
this research. Instead, various hardness tests (pendulum, indentation and scratching)
have been used and studied critically, as described in the following sections.

The flexibility in the hybrid coatings was obtained from the polyester resin. By chang-
ing the molecular composition the flexibility can be adapted. It appeared difficult to
determine the flexibility quantitatively. In the practice of coil coating applications
flexibility is measured by bending the coating and substrate in a T-bend test (ASTM
D4145) or Mandrel bend test (ASTM D522), but these methods only give qualitative
information and they depend on a number of factors, such as the layer thickness, sub-
strate thickness and adhesion. Other techniques have been investigated to determine
flexibility. The bending test is a method applied on inorganic coatings in which the
angle of pure bending and the displacement are monitored as function of the applied
force until fracturing of the coating occurs [117]. In this way the flexibility is deter-
mined in terms of strain at fracture. Unfortunately, this method could not be applied
on the flexible hybrid coatings since the strain at fracture was too high to obtain
cracking of the film within the limits of the bending of the equipment. It was also not
possible to apply tensile testing, a method that measures strain at break directly [110],
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since it was not possible to make free films with uniform thickness and shape. No
satisfying way was found to determine the flexibility quantitatively. The focus of this
research is on the influence of the inorganic component, in situ formed silica in hybrid
polyester based coatings, on the hardness. It is expected that the flexibility can be
adapted, when necessary, by changing the composition of the polyester.

3.3.1 Pendulum hardness: Konig hardness

The Konig hardness measuring device comprises ‘two steel balls resting on the hori-
zontal sample surface; connecting bars form the upper side of a vertical frame which
encircles the sample. As the centre of gravity of the frame is below the balls the set-up
is a pendulum, which, when swinging, gives the balls a reciprocating rolling movement
on the coating’ [108]. The balls roll over the coating surface with a constant load. The
material in front of the balls is compressed and released immediately after passage
of the balls. The time necessary for the pendulum amplitude to decrease a defined
amount 1s measured as Konig hardness. The reciprocal value of this time is a measure
of the energy transferred in the material that the balls pass in one second. In fact,
friction and deformation are both influencing the time of swinging of the pendel and
thus the Konig hardness. Since both deformation characteristics and friction behav-
ior determine the value of the Konig hardness, materials with different visco-elastic
behavior should not be compared [106]. Furthermore, the Konig hardness is known
to be dependent on the layer thickness. The relation of Konig hardness versus layer
thickness is generally described by a power law function [107]. Such functions can be
used to compare results of measured Konig hardnesses at various layer thicknesses,
as explained below.

Experimental results

For various coating systems (preparations are described in Chapter 4, 5 and 6, re-
spectively) the Konig hardness was measured as function of the final layer thickness
of the coating and power law relations of the Konig hardness versus coating layer
thickness were fitted through the results. In Figure 3.2 the results of these measure-
ments on a typical PE9(1)-TEOS (tetraethoxysilane) based system (9 wt.% SiOs),
two days after application and later in time, are shown. The decrease of the Konig
hardness in time is caused by degradation of the network, as will be discussed in
Chapter 4. In Figure 3.3 the power law relations of a large number of coatings based
on PE6, HMMM and various amounts of pT2 (prehydrolyzed TEOS, see Section 2.3)
are plotted. The relations obtained are all very similar. The averaged function for
all these measurements is plotted in the figure. For the polyester-epoxide system the
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Figure 3.2: Futted power law relations of the Konig hardness as function of the coating
thickness for hybrid coatings (containing 9 wt.% Si0s) based on PE9(1} and TEOS,
cured at 140 ° C for 30 minutes (Chapter 4 ), measured after 2 and 84 days.

power law relations have been determined for silane-modified polyester based system,
of which the silane-modification was performed by two different methods: the excess
and the stoichiometric method (see Chapter 6). In Figure 3.4 the relations of various
systems are shown. When all curves in the Figures 3.2, 3.3 and 3.4 are compared
it 1s clear that the dependency on the layer thickness is small around 20 pm, the
usual application thickness of the coatings. Furthermore, the shapes of the various
curves are alike, indicating that the coatings show similar visco-elastic behavior and
therefore the Konig hardnesses of the systems can be compared. These power law
relations were used in Chapter 4 and 6 to calculated the Konig hardness for a range
of coatings at a certain film thickness knowing the real thickness of the coatings.

3.3.2 Micro-indentation

In indentation tests well-defined geometries of indenters are forced perpendicularly
into the coating surface and the area deformed is measured. Indentation measure-
ments are based on the principle that hardness is defined as the ratio of an applied
force and the vertical projection of the deformed area [118]. Indentation tests on or-
ganic coatings are mainly based on macroscopic deformations [106,109,112,119,120].
This means that the load of the indenter is high (Newton range) and therefore the
indentation is deep. In general it is assumed that when the indentation exceeds 10 %
of the film thickness the influence of the substrate starts to count [108]. Furthermore,
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Figure 3.3: Futted power law relations of the Konig hardness as function of the coating
thickness for hybrid coatings based PE6, HMMM and various amounts of pT2, cured
at 200 ° C for 10 minutes (Chapter 5). The given equation is the average function of
all measurements, represented by the thick line.
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Figure 3.4: Fitted power law relation of the Konig hardness as function of the coating
thickness for hybrid coatings based on Si-PEGa-epoxide and various amounts of pT2,
cured at 200 °C for 10 minutes. Si-PE6a synthesized by the excess method (open
markers and dotted line) and by the stoichiometric method (closed markers and solid
lines) (Chapter 6). The weight percentages in the plot are the determined amounts of
silica in the coatings.
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the visco-elastic behavior of the coatings complicates the interpretation of the results,
since the area (A) changes in time [106,121]. More fundamental research on (micro)-
indentation measurements has been done on metals and ceramic materials, which
behave elastic-plastic and for which visco-elastic behavior is less significant than it is
for organic materials. In the research on hybrid coatings as described in this thesis
the micro-indentation method was used, where relatively low forces are applied (mN
range). The influence of the visco-elastic behavior is accounted for as described below.

The basics

In a micro-indentation experiment a well-defined indenter is forced perpendicular
into a coating surface while the force is measured as function of the displacement,
during loading (increasing force) and unloading (decreasing force). The force (F) and
displacement (h) are measured. This results in a curve as schematically plotted in
Figure 3.5. The loading curve is conveniently described by a power law relation [122]:

F=ah™ (3.1)

where « and m are constants. The value of m depends on the geometry of the
indenter. Although often the unloading curve is assumed to be linear, this curve can
also be described by a power law function [122]. More often, for calculation purposes,
the unloading curve is described by a polynomial function [123].

From these curves the hardness and elastic modulus can be calculated. The hardness
(H) can be determined as [122]:

Fmax
H=—— 2
. (32)

where P4 18 the maximum force applied and A is the projected area of indentation.
The reduced elastic modulus (E,) can be determined from the stiffness of the material

(S) [121,122,124]:
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Figure 3.5: Schematic plot of a force-displacement curve as measured by micro-
indentation. Fiqp 18 the marimum applied force, henq 15 the final displacement, h. is

the contact displacement and hp,qe 18 the mazimum displacement.

E, is a function of the elastic moduli of the material (Z) and the indenter (E;) and
their Poisson ratios (v and v;) [121,122,124]:

1 1-v?  (1-vd
B T + I3 (3.4)

These formulations have been developed for materials behaving purely elastic-plastic.
For visco-elastic materials time dependency should be taken into account.

Determination of A, H and F

For the calculation of both the hardness and elastic modulus the determination of
the area (A) is highly significant, as follows from the equations (3.2) and (3.3). The
area (A) of an indentation is not unambiguous. Since the coatings show visco-elastic
behavior there is a change of size in time. For the hardness the plastic deformation
must be determined and this is best described by the final area, which can be deter-
mined by microscopy, after indentation. When the determination took place after a
longer period of time than the retardation time this should give valid values. When
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the area is too small to find the indentation back on the sample another way must be
applied. Using knowledge of the geometry of the indenter, the indentation area can
also be calculated. For an ideal Berkovich pyramid (the form of the indenter that has
been used in the measurements) the area function can be described as [122,124]:

A(h) = 24.5R% (3.5)

For the area calculation as used in the determination of the hardness some assumptions
must be made. The indentation depth includes both plastic and elastic displacement
and hardness is defined as the resistance to plastic deformation. Therefore the elastic
part of the indentation must be subtracted from the total indentation [124]. This
can be done by assuming that the so-called plastic depth or contact depth (h.) is the
depth of the indenter in contact with the sample under load [122,124]. This depth can
be determined by fitting a straight line to the initial unloading data and extrapolating
this line on the depth axis (schematically shown in Figure 3.5). Hereby it is assumed
that during initial unloading the area in contact with the indenter remains constant.
To calculate the area (A) h = h. must be applied in equation (3.5). The area for the
elastic moduli calculations is the area of elastic contact [122] and is also calculated
via the contact displacement (h.) [122,124]. The calculations are based on methods
derived for inorganic materials and there is not accounted for non-ideal tip shapes,
elastic-plastic contact of the tip, machine compliances and time dependency [125].

An influence of the substrate on the values of the hardness and elastic modulus is
expected. The hardness of aluminum is in the range of 1 GPa (determined average:
0.94 GPa), while the organic coatings show an hardness of around 0.3 GPa. This
means that at deeper indentation depths some effect is expected. For the elastic
modulus the influence is expected to be more severe since the elastic modulus of
aluminum is around 70 GPa (determined average: 70 GPa), while the elastic modulus
of polymeric materials 1s around 3 GPa. Thus, the difference in elastic modulus is
much larger than the difference in hardness and the increase with increasing depth
will also be larger. The elastic modulus is thus best determined by extrapolating the
calculated value as function of the indentation depth to h = 0. But since the top
layer of the coating may behave differently from the rest of the coating, care should
be taken in extrapolating. The overall statement is that when less than 10% of the
film thickness is indented the hardness will not be influenced by the substrate [108].
In this thesis the calculated data for both the hardness and elastic modulus is plotted
in the figures and the average values, summarized in the tables, are calculated using
the data points below 10 % of indentation.
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Experimental results

Before hardness and elastic moduli of various hybrid coatings were calculated and
compared, several parameters were studied. An extensive study on the influence of
the visco-elastic behavior on the indentation method was not performed, but it was
tried to get an indication of the effects. The determination of the area (comparing
measured and calculated values), the influence of repetition of the loading-unloading
cycles and the influence of the indentation rate were studied on various systems as
summarized in Table 3.1. The systems containing HMMM are described in Chapter
5 and the systems containing epoxide are described in Chapter 6. The results of the
measurements are described below.

Table 3.1: The use of various coatings systems (described in Chapter 5 and 6) to study
various parameters for the indentation measurements summarized.

Area determination: PE10-HMMM
PE10-HMMM-11.4 wt.% SiO»

Repetition cycles: PE10-HMMM
PE10-HMMM-11.4 wt.% SiO»

Rate of indentation 0.4 nm/s & 10 nm/s: PE10-HMMM

Rate of indentation 5 nm/s & 10 nm/s: PE6-HMMM

Si-PE6a-epoxide (1.8 wt.% SiOa)
Si-PE6a-epoxide-25.1 wt.% Si0,

Area determination

The areas of the indentations were determined by SEM and compared to the calculated
values. An example of an indentation studied by SEM is shown in Figure 3.6. The
area was determined by connecting the three top points assuming the indentation to
be a perfect triangle. The area calculation was done by applying h. in equation (3.5).
In Figure 3.7 the results are compared and the agreement for both the organic and
hybrid systems is satisfying. Consequently, for coatings in which the SEM area could
not be determined the relation of equation (3.5), using h = h., was applied.

Repetition cycles

To be sure that the unloading curve was mostly elastic the loading-unloading cycle
was repeated five times [122]. The unloading was performed to 10 % of the maximum
indentation force before increasing the force for the next cycle. An example of such
a repeated measurement is shown in Figure 3.8. When the behavior is purely elastic
the shape of the unloading curve after repetition should not change anymore. To
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Figure 3.6: SEM photograph of an indentation of a Berkovich pyramid i a PE10-
HMMM coating with a force of 9 mN, repeated 5 times.
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Figure 3.7: Area determination of the indentations, comparing SEM results with dis-
placement calculations, for an organic (0 wt.% SiOs) and a hybrid (11.4 wt.% Si03)
coating based on PE10 and HMMM.
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Figure 3.8: Micro-indentation: force-displacement curve of a PE10-HMMM coating
with a mazimum force of 9 mN, in which the loading-unloading cycle is repeated five
times.

study the shape of the curve the slope of the various repeat steps of both the organic
and the hybrid coatings were determined and the results are plotted in Figure 3.9.
The slopes were determined by fitting a polynomial of the second degree through the
measuring points and determining the derivative at the maximum force. For the last
curves higher polynomial functions were applied, to be able to fit also the last part
of the curve. The slope after five indentations differed not much, only the first cycle
appears to be slightly smaller. It is concluded from these results that after a repetition
of five cycles the unloading curve shows elastic behavior and the elastic modulus can
be determined. The last curve was used for the determination of the slopes that were
applied for the calculation of FE,.

Although the shape of the curves after repetition did not alter much, the indentation
depth after each repetition increased, caused by creep. Creep 1s the displacement in
time at constant force, and could unfortunately not be measured with the current
set-up. It 1s assumed that all coatings show a similar visco-elastic behavior, which
was also suggested by the comparable power-law relations of the Konig hardness as
function of the layer thickness. This means that results can be compared but that no
absolute values can be obtained.
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Figure 3.9: Influence of the number of repeats of the loading-unloading cycles on the
slope of the unloading curves for various applied maximum forces. Left: the organic
PE10-HMMM coating, right: the hybrid PE10-HMMM coating with 11.4 wt. % Si05.

Rate of indentation

The influence of the rate of indentation was studied on several coatings, as summarized
in Table 3.1. The standard rate of 10 nm/s was compared with slower rates by
comparing the calculated area (using h.) and the initial slope, since these two para-
meters were used for the calculation of the hardness and the elastic modulus. In
Figure 3.10 the influence of the rate on the organic PE10-HMMM coating is plotted.
No large influence is noticed, even at the very low rate of 0.4 nm/s. But when the
organic PE6-HMMM coatings were studied (Figure 3.11), already at 5 nm/s both the
area and slope were influenced. The effect of the indentation rates on the slope and
area of silane-modified PE6a-epoxide coatings without extra pT2 (1.8 wt.% SiOs in
Figure 3.12) is also a large, but this effect disappeared when extra pT2 was added
(25.1 wt.% SiO2 in Figure 3.12). The results described here only give an indication
of the influence of visco-elastic behavior on the coatings. When the change of rate
influences the properties this means that the retardation times are longer than the
measuring time. This makes comparing various results more difficult. The limited
influence of the rate of indentation on the PE10-HMMM series and the hybrid silane-
modified PE6a-epoxy system shows that these coatings have a less time dependent
behavior than the systems which show an effect of the rate of indentation on slope
and area determination.
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Figure 3.10: The influence of the rate of indentation on the slope (left) and area
(right) as function of the marimum applied force for organic PE10-HMMM coatings.
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Figure 3.11: The influence of the rate of indentation on the slope (left) and area
(right) as function of the maximum applied force for organic PE6-HMMM coatings.
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Figure 3.12: The influence of the rate of indentation on the slope (left) and area
(right) as function of the maximum applied force for silane-modified PE6a-epoxide
coatings without (1.8 wt.% SiO2) and with pT2 (25.1 wt. % SiO3) added. Remark that
for the area of the hybrid coatings the scale is 10 times smaller than for the organic
coatings.

3.3.3 Micro-scratching

The scratch resistance of a coating is also a measure of hardness;, since it is the
resistance of deformation, applied by a forced scratch. The terms scratch resistance,
wear resistance and mar resistance are all used for this form of deformation. Mars
are surface defects that are large enough to degrade the appearance of a polymer
surface, but are small with respect to the coating thickness [126,127], while in wear
removal of materials takes place [128]. Scratch resistance is a more general term for
both. Studying well-defined single scratches can give better understanding in the
mechanism of wearing and marring [116, 126,127,129, 130].

An important feature of scratch resistance is the friction. ‘Friction is the tangential
resistance to motion which is experienced when one body moves relative to another’
[128]. The coefficient of friction, y, is the frictional force (Fyy;.) divided by the normal
force (Fy,) on contact:

Ffric
B = F, (3.6)
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The mechanism of friction 1s complex because it includes adhesion, roughness of the
surface (asperity interaction) and plastic deformation. There are several models to
describe the mechanism of friction. The most simple model is the adhesion theory, in
which it is assumed that the surface consists of asperities, the interface is made up of
asperity contacts and the frictional force is given by [131]:

Ffric = Ar ) (37)

in which A, is the real area of contact and s is the interfacial shear strength. The real
contact area is related to the hardness (H) of the material, based on the assumption
that the real area must be large enough to support the given load (F,;) [131]:

F,
Ar=F (3.8)

This model forms the basis of many other models [128,131-133]. In an attempt to
formulate a general friction equation the separate effects of asperity, debris, ploughing
and adhesion were considered [131,133]. In practical use such equations are simpli-
fied by assumptions for the specific situation. For the determination of friction on
polymeric materials, for example, the adhesion and ploughing terms are considered to
be the most important [134]. The adhesion causes a force necessary to shear during
sliding while ploughing (the displacement of materials), is necessary due to interpen-
etration of asperities [135]. Tt has also been described in terms of crazes (ploughing)

and shear yielding (adhesion) [136, 137].

For the study of scratch resistance on coatings low forces are necessary, to prevent
scratching through the total coating into the substrate, since then adhesion to the sub-
strate is measured as well. Various groups have developed equipment for applying low
forces. One way followed was to decrease the forces normally used for friction experi-
ments to mN scale [116,129,138]. Another way is to adapt an atomic force microscope
(AFM) with a harder tip and a cantilever with increased stiffness, increasing the forces
applied normally in AFM up to pN [115,127,139,140]. Courter and coworkers [116]
compared various methods, both micro-scratchers and micro-indenters, on automo-
tive clear coats. Marring or damaging the surface coating was defined as permanent
plastic deformation that could be plastic flow or fracture. They concluded that when
fracture is the cause of marring, this can be studied best with the micro-scratcher,
while when the dominant failure i1s plastic deformation the indentation test will give
more information. In their study the fracturing appeared to be the most important
deformation for marring. This was noticed visually by SEM, but also by increased
fluctuation of displacement of the scratcher with increasing force on the scratcher.
The same feature for marring, increased fluctuation displacement, was given by Gre-
gorovich and co-workers [129]. Also Jones and coworkers [115, 127,139, 140] studied
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mar resistance using a single stylus scratcher. They quantified the elastic deforma-
tion, plastic deformation and fracture by correlating them to cross-sectional areas
of the deformed regions after scratching. These cross-sections of the scratches were
imaged by AFM. The size of the cross-sectional area of the indenter, the scratch and
also the pile-up at the shoulders of the scratch were determined, assuming them to
be perfect triangles [139]. The recovery of plastic deformation, visco-elastic creep,
was quantified by studying the cross-sections of the scratches in time. The reduction
of the total volume of the shoulders (cross-section area - length of the scratch) was
described as a function of time [140]:

Viot (t) = V06kt + Vplastic (39)

in which the first term describes the volume reduction in time, with V4 as the initial
volume of the recoverable part and £ 1s the visco-elastic creep rate. The second term
is the permanent plastic deformation. By fitting this relation on the measuring data
points Vo, k and Va5t Were determined.

They also defined the practical quantity: the ‘micro mar resistance’ as the normal
force divided by the cross-sectional area that was between the shoulders and the
scratch. This self-defined quantity is very similar to the hardness of the material as
described in equation (3.2) and (3.8), which is the hardness of the film at the applied
force. The more general applied term is scratch hardness [130,137]. Assuming a round
tip the vertical projected area can be described by mr? for pure vertical indentation
and by 772 /2 for pure horizontal sliding [137]. Since the vertical speed is many times
smaller than the horizontal speed, purely horizontal slide can be assumed and A, =
7r?/2. Briscoe and coworkers [130] ennobled this assumption by a correction factor
distinguishing between rigid plastic and visco-elastic plastic materials. They also
divided the most common deformation regimes into five categories: elastic hysteresis,
ironing, ploughing, regular crack formation and machining. In the first category the
energy dissipation arises from elastic hysteresis loss, without a sign of deformation,
since the scratch fully recovers. In all other categories deformation is noticed and is
getting more severe from ironing to machining. These categories were used to make
scratch maps for polymers, showing that, depending on scratch hardness, scratch
speed, shape of the indenter and temperature, the deformation mechanism alters.

The scratch tester used in this research was designed to bridge the gap between atomic
scale and macroscopic tribology by applying a single well-defined asperity (tip) in
contact with a surface. The forces used were low (mN), so that no influence of the
substrate was expected. The aim of the experiments was to study the well-defined
scratches as a measure of the scratch resistance. For this purpose one scratch speed
(10 pm/s) was chosen and various forces were applied. The scratches were studied
with AFM afterwards.
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3.4 Conclusions

By selecting techniques used on organic and inorganic materials, we succeeded in
finding useful characterization techniques for hybrid coatings.

For the morphology of the hybrid coatings both SEM and TEM are used. With
SEM etched crosscuts of brittle broken coatings on glass substrates can be studied to
reveal the silica structure in the coating in the micrometer range. With TEM coatings
applied on aluminum substrates can be studied in the nanometer range.

For the flexibility no quantitative methods were found, but from several hardness de-
termination tests information about the mechanical behavior of the hybrid coatings
can be obtained. With Konig hardness quickly an indication of the hardness can be
obtained, without too much influence of the layer thickness for coatings of around
20 pm. With micro-indentation measurements hardness can be determined more pre-
cisely (in GPa) and also an indicative value of the elastic modulus can be calculated.
Furthermore, micro-scratching can give information about the friction behavior of the
top of the coatings. With this set of techniques the hybrid coatings are characterized
in the following chapters.

3.5 Experimental details

Layer thicknesses of the coatings on glass substrates were determined by a micro-
meter (Coatchecker VC-2, Evano Instruments). On aluminum substrates they were
measured with the eddy current principle (Twincheck, List Magnetik).

Scanning electron microscopy (SEM, Cambridge, Stereoscan 200) was performed on
cross-sections of coatings on glass substrates. In case of etching, this was done for
30 minutes with an oxygen plasma (Nanotech Plasmaprep 100). The samples were
sputtered with Pd/Au for 3 minutes (BioRad SEM Coating System). For the images
of the micro-indentations 1 minute sputtering was applied.

Transmission electron microscopy (TEM, Jeol 2000 FX) was performed on samples
with a thickness of 100 nm. The samples were microtomed (Reichert Ultracut E/FC-
4D) at -50 °C and subsequently floated on a dimethyl sulfoxide/water mixture.

Koénig hardness was measured with a Konig pendulum apparatus (Pendelhartepriifer
Model 299/300, Erichsen), according to ASTM D4366, on coatings on glass substrates.
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Micro-indentation was performed on a homebuilt nano-indenter, with a Berkovich

diamond pyramid indenter.

Micro-scratching was performed on a homebuilt micro-scratcher, using a diamond
tip, with a radius of 8 um. A normal force, perpendicular to the coating surface was
applied and scratches were made with a speed of 10 um/s.
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Chapter 4

Polyester-TEOS Interactions

4.1 Introduction

An important feature of hybrid materials is the interaction between the organic and
inorganic phase. The final properties of hybrids do not depend only on the proper-
ties of the individual organic and inorganic components, but also on their interfacial
properties, which are related to the morphology of the hybrid materials [53, 141].
Therefore, hybrid materials are often divided in two classes based on these interac-
tions [50,54,142]. Class I materials are physical hybrids that correspond to materials
in which the organic and inorganic components exchange weak bonds through van
der Waals, hydrogen or ionic interactions. Class Il materials are chemical hybrids
that correspond to hybrid systems in which the organic and inorganic components
are covalently.

The chemical nature of the interactions in hybrid materials has been studied by
Landry and co-workers [100] on model systems based on in situ polymerized tetra-
ethoxysilane (TEOS) in various polymers. The polymerization of TEOS results in
the formation of Si-OH groups and Si-O-S1 bonds, as explained in Section 1.1. They
concluded that polymers that have no functionality capable of forming covalent bonds
with the polymerizing TEOS can form class I hybrids with hydrogen bonding, but
only under acidic conditions and when hydrogen bond acceptors are present on the
polymer chains. Under these conditions silica chains are highly hydrated and can
thus interact with the hydrogen bond acceptors (Figure 4.1: hydrogen bonding). Sae-
gusa [45,143] determined with FTIR and *C NMR that class I hybrids were formed
by hydrogen-bond interaction between the silanol groups of a silica gel, formed by



46 Polyester-TEOS Interactions

hydrogen bonding covalent bonding covalent bonding
through Si-O-C through Si-C
—o
0 si—OH ( o ( o0 f
o L0=C —0—si—0-¢ —o0-—si—¢
e /O /O >

Figure 4.1: Possibilities of bonding mechanisms between inorganic, silozane based
materials and organic based polymers. The left side of each picture is the inorganic
part, while the right side is the polymeric part.

the sol-gel reaction of TEOS, and the carbonyl groups of various carbonyl-containing
polymers. Also Tian and coworkers [144] determined hydrogen bonding with FTIR
by a shift of the carbonyl group of poly(e-caprolactone) when in reaction with poly-
merizing TEOS.

To study the differences between class I and class II hybrid materials Landry and co-
workers [145] compared nonfunctional polyacrylates with silane-functionalized poly-
acrylates, both in combination with polymerizing TEOS. For the silane-modification
methacryloxypropyl trimethoxysilane was incorporated in the acrylate backbone. Co-
valent interactions between the inorganic and organic components are thus formed
(Figure 4.1: covalent bonding through Si-C). The morphology and mechanical prop-
erties of these class I and class II hybrids were studied. The influence of the silane-
functionalization on the morphology was small, compared to the effect of interactions
between polymerized TEOS and the organic backbone. Furthermore, for both types
of hybrids the same mechanical properties were obtained.

Beside silane-functionalization of organic compounds, class Il hybrids can also be
achieved via hydroxyl-containing organic compounds. The hydroxyl groups of the
organic component can react with silicon alkoxides; thus forming a covalent bond
between the organic and inorganic compounds (Figure 4.1: covalent bonding through
Si-O-C) This type of bonding is also covalent, but since Si-O-C bonds are sensitive
towards hydrolysis, the bonding is less stable than the Si-C bonding. An early exam-
ple of synthesized hybrid materials was based on hydroxyl-terminated polydimethyl-
siloxane and TEOS [99, 146]. The reaction between the organic and inorganic phase
is based on the formation of Si-O-Si bonds, which is as permanent as an Si-C bond-
ing. When hydroxyl-functional polymers with a carbon backbone reacted with TEOS,
Si-O-C bonds can be formed. It appeared difficult to prove the formation of an 51-O-C
bonding. It cannot be detected by 2°Si NMR as the Si-O-CHj signal of the interaction
cannot be distinguished from the S1-O-CHs of unhydrolyzed alkoxy groups of TEOS
that also will be present in the hybrid system, because the differences in the chemical
environment are too small. Alternatively, '3*C NMR can be applied for detecting the
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Si-O-CH» bonding. However, few examples have been presented in literature. Novak
and co-workers [26] reported on a shift from 59 ppm to 63 ppm in CP-MAS 13C
NMR, of the resonance of the methylene carbon adjacent to the hydroxyl group of
poly(2-hydroxyethyl methacrylate) in reaction with TEOS, thus proving Si-O-CH,
bonding. The assignment of Si-O-CH, at 63 ppm was confirmed by others [147] in
a reaction of polymethylhydrosiloxanes with hexanol. The use of FTIR and Raman
spectroscopy shows the same difficulties as NMR: the large similarity of Si-O-C bonds
in the hybrid and in TEOS. Besides, another difficulty in proving the formation of the
covalent bonding is the small amount of Si-O-C bonds present in the hybrid systems
compared to the total number of bonds, causing overlap of signals. To be able to see
the small Si-O-C signals in the spectra of hybrid systems, spectra of the individual
compounds should be subtracted. With FTIR this has been done for example by Xue
and co-workers [148] in their study on the interaction between model polyesters and
~-glycidoxypropyltrimethoxysilane. The difficulty is to find a characteristic signal of
the individual compounds to be able to subtract properly.

Proving or disproving reaction between hydroxyl groups of organic compounds and
silicon alkoxides has been reported in literature mainly by determining gel contents
of the hybrid materials by extraction with organic solvents [33,43,149,150]. When
after extraction high amounts of insoluble materials (the gel content) were obtained,
S1-O-C bonds between the organic and inorganic compounds were presumed to have
been formed. Other ways to prove the formation of Si-O-C bonds reported were by
detecting ethanol or methanol by FTIR [48] or GC [49]. These alcohol were claimed
to be formed by reaction of TEOS or tetramethoxysilane with hydroxyl groups of the
organic compound. However, these alcohols could also have been formed by reaction
of the alkoxide groups with any water present in the system. Therefore, this method
cannot be used for a full prove of the reaction of an organic hydroxyl group with
polymerizing TEOS, unless the system is completely water free.

The hybrid coatings studied and reported in this thesis were all based on a combi-
nation of polyester resins and TEOS. The polyesters contain carbonyl groups in the
backbone that can form hydrogen-bonds (Figure 4.1: left) with TEOS that has reacted
through sol-gel reactions to hydroxyl group containing species (Section 1.1). Further-
more, the polyesters containing hydroxyl endgroups can form Si-O-C bond (Figure
4.1: middle) with TEOS based compounds. By applying silane coupling agents Si-C
bonds can be introduced (Figure 4.1: right). In this chapter the interactions between
polyesters and TEOS have been studied by combining pure polyester and TEOS under
various conditions, using various characterization techniques (Section 4.2). Further-
more, coatings have been prepared and their morphology and properties have been
studied, as described in Section 4.3. The stability of the coatings is discussed in
Section 4.4 and final conclusions are made in Section 4.5.
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4.2 Interactions

To determine which conditions are required to obtain this interaction, various param-
eters have been varied. Both acid-terminated and hydroxyl-terminated polyesters,
both bi- and trifunctional polyesters have applied (PE1-PE9, PE6a) in combination
with TEOS. Both acid (para-toluenesulfonic acid (pTSA)) and base (triethylamine,
1,4-diazobicyclo[2.2.2]octane) catalysts have been applied. Also the necessity of the
presence of water was studied by applying a moist atmosphere in the curing oven
(see Section 2.4) or adding none. By these experiments the conditions to obtain hy-
brid coatings, and thus interactions, based on only polyester resin and TEOS were
determined.

Transparent hybrid coatings of polyester and TEOS were only obtained from hydroxyl-
terminated polyesters and TEOS, when the reaction was catalyzed by an acid, in the
presence of water. No coatings were obtained from acid-terminated polyesters and
TEOS. Neither were coatings formed with a base catalyst. The presence of wa-
ter appeared to be necessary for the formation of the hybrid coatings. Since the
hydroxyl-terminated polyester and TEOS can form a crosslinked coating, there must
be an interaction between the two compounds. The necessity of the presence of water
indicated that TEOS must be hydrolyzed (see Section 1.1) before interaction with
the polyester can take place. This means that the interaction between the inorganic
compound and the hydroxyl-terminated polyester proceeds via silanol groups. Under
acidic conditions, necessary for this crosslinking, the hydrolysis of TEOS and thus the
formation of silanol groups is fast and the condensation, towards Si1-O-Si bonds, is
slow (see Section 1.1). The interaction of hydrolyzed TEOS with hydroxyl-terminated
polyester is possible via hydrogen bridging with the carbonyl groups of the polyester
and via reaction of the silanol groups with the hydroxyl endgroups of the polyester.
Both types of interactions have been studied.

4.2.1 Hydrogen bonding

The occurrence of H-bridging of silanol groups with carbonyl groups can be detected
by a shift of the carbonyl group to lower field in FTIR spectra [45,100, 144]. When
FTIR spectra of hybrid coatings of polyester and TEOS (hydrolyzed by water during
curing) were compared with the spectrum of pure polyester no shift of the carbonyl
frequency was detected. This could be caused by the fact that the amount of silanol
groups in the system was too small compared to the large number of carbonyl groups
in the polyester backbone. Therefore, a polyester(PE9(1))-TEOS system with a molar
ratio carbonyl: TEOS of 1:1 was studied. This way the possible interaction could take
place with all carbonyl groups present. The mixture was applied on KBr and cured in
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Figure 4.2: The FTIR spectra of PE9(1)(polyester) and of the PE9(1)-TEOS mizture
with a molar ratio carbonyl: TEOS of 1:1 (hybrid), cured in a moist atmosphere at
200 ° C for 30 minutes.

an oven with a moist atmosphere at 200 °C for 30 minutes. No shift of the carbonyl
signal, thus no hydrogen bond interaction, was observed as shown in Figure 4.2. The
rest of the hybrid spectrum is discussed below in Section 4.2.2.

4.2.2 Covalent bonding through Si-O-C

In order to find evidence for the presence or absence of Si-O-C bondings, CP-MAS
13C NMR has been performed on both the hybrid coating (PE5-TEOS) and the pure
polyester (PE5), but all signals in the spectra were too broad to observe the small shift
expected from a change of methylene carbon adjacent to the hydroxyl group (C-OH)
to the formation of C-O-Si (from 59 to 63 ppm according to literature [26]) The broad
overall signals are caused by the fact that the polyester is a random polymer with
a large number of slightly different carbon signals and by the low mobility of the
molecules in solid state NMR.

Also FTIR and Raman spectroscopy were performed, but both techniques suffered
from the strong signals of the polyester that overruled the small signals of possible
Si-O-C bands. Figure 4.2 shows an example of the FTIR spectra of pure polyester
and a hybrid system with 31 wt.% SiOs. The assignments of sol-gel compounds are
well documented in literature [148,151-153]. At 460 cm~! the Si-O-Si bonds can
be identified, as a result of condensation of hydrolyzed TEOS to a kind of silica
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Figure 4.3: The difference spectrum of the FTIR spectra of the polyester (PE9(1))
and the hybrid (PE9(1)-TEOS mizture), as shown in Figure 4.2, based on the signal
at 729 em™1.

I corresponds

network. The increased amount of hydroxyl groups around 3400 cm~
to the presence of silanol species. The Si-O-C bonds, expected around 960 cm™! and
1125 cm ™!, could not be proven due to the overlap with polyester signals. In this
region of CH and C-C signals (1500 - 1000 cm™1) several extra bands are monitored.
These are attributed to the solvent of the coating system: 1-methoxy-2-propylacetate
(MPA) and possible residual alkoxide groups of TEOS signals, which are still present
in the hybrid system. To get rid of the overlapping signals it was tried to subtract the
polyester spectrum from the hybrid spectrum. For subtracting spectra a characteristic
polyester peak was needed. A characteristic polyester signal is the aromatic band

around 729 cm~!.

The polyester spectrum in Figure 4.2 was subtracted from the
hybrid spectrum, after normalizing on the peak at 729 cm™!. The result is plotted
in Figure 4.3. As can be seen no extra information is obtained. With spectroscopic

techniques direct evidence for the formation of Si-O-C bonding could not be obtained.

Since i1t was not possible to prove the Si-O-C bonding directly, extraction experiments
have been performed to get prove indirectly. A series of coatings made of PE9(1) and
various amounts of TEOS, cured in a moist atmosphere at 200 °C for 30 minutes,
was extracted by refluxing in tetrahydrofuran (THF) overnight. The polyester is well
soluble in THF, thus if no network is formed it will dissolve and will be removed
from the sample. The amount of residual content after extraction is called the gel
content and is a measure of the network formation. The results are plotted in Table
4.1. The gel contents after extraction were larger than the amount of silica present
in the coatings, as determined by thermal gravimetric analysis (TGA). This indicates
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Table 4.1: The results of Sozhlet extraction with THF of PE9(1)-TEOS coatings, with
various amounts of silica. The extraction was performed nine months after prepara-
tion, unless stated differently.

wt.% SiOs in the coating 26 53 95 173 105"
wt.% residue after extraction 2.8 10.1 196 284 38

* Extraction of the sample after 2 days.

that the polyester has indeed reacted with TEOS, since more than only silica was left
as residue. The extraction of the series of the hybrid coatings containing 2.6 to 17.3
wt.% SiOs was performed nine months after the coating synthesis, while the sample
with 10.5 wt.% Si0, was extracted two days after synthesis. The fresh coating sample
with 10.5 wt.% Si05 showed a much higher gel content than the old sample with 9.5
wt.% Si05, although the compositions of the two systems were highly comparable.
This result can be explained by the effect of degradation of the Si-O-C bonding in
time as described in Section 4.4.

4.2.3 Conclusions

No hydrogen bonding was observed and from the extraction experiments it was proven,
indirectly, that there is a reaction between the two phases. It can be concluded that
interaction between the hydroxyl-terminated polyester and TEOS can only proceed
via the hydroxyl endgroups of the polyester and the silanol groups of hydrolyzed
TEOS. This is also in agreement with the fact that with acid-terminated polyesters
no coatings could be obtained, since the acid-terminated polyesters had the same
carbonyl containing backbone as the hydroxyl-terminated polyesters, but different
endgroups. It is assumed that the reaction takes place via condensation forming
Si-O-C bonds, as presented in Figure 4.4.

o—

N P 7z /O/
T —SimO0— —» S~ _"~ "> .
CH,—OH + HO S|\OO CH;y—O0—sSiz0— + H,0
Polyester ~ O

Figure 4.4: Crosslinking reaction of hydrozyl-terminated polyester with hydrolyzed
TEQOS. R stands for H, ethyl or Si0-.
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4.3 Hybrid polyester-TEOS coatings

Hybrid coatings based on bifunctional hydroxyl-terminated PE9 or PE9(1) and TEOS
under acidic conditions (1 wt.% pTSA) in the presence of water (moist atmosphere)
have been prepared as generally described in Section 2.4. The morphology and proper-
ties of these coatings have been studied as described below. From the results, together
with the information about the interactions between the phases a morphological model
is constructed.

4.3.1 Morphology

The morphology of the hybrid polyester-TEOS coatings was studied by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). No mi-
crostructures could be observed by both methods. In Figure 4.5(a) and Figure 4.5(b)
examples are shown of a SEM and a TEM photograph, respectively. With elemental

LY
oy

-
-

analysis it was proven that Si was present in the samples.

I pm

(a) SEM photograph of a PE9-TEOS hy- (b) TEM photograph of PE9-TEOS hy-
brid coating with 16.9 wt.% silica. brid coating with 8.9 wt.% silica.

Figure 4.5: SEM and TEM photographs PE9-TEQS hybrid coatings.

4.3.2 Properties

To study the influence of the amount of silica on the properties of the coatings the
Koénig hardness and the glass transition temperature (Tg) were determined as function
of the silica content. The latter was determined by TGA. The results are plotted in
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Figure 4.6: Kénig hardness at a layer thickness of 20 pm (o) and Tg (O) as function
of the silica content (determined by TGA) of the PE9(1)-TEOS coatings. They drawn
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Figure 4.6. There is a clear increase in Konig hardness and Tg with increasing silica
content observed, which seems to reach a maximum around 10-12 wt.% silica.

4.3.3 Conclusions

As discussed above interactions between polyester and TEOS take place via reac-
tion of the hydroxyl endgroups of the polyesters and the silanol groups of the inor-
ganic components, which are formed by hydrolysis of TEOS in the presence of water.
Furthermore condensation of the latter takes place, thus forming a silica network
structure. In this way hydrolyzed and condensed TEOS forms the crosslinker of the
polyester, thus forming a true hybrid network.

In the coatings no microstructure could be detected. An increased hardness and
Tg with increasing silica content were observed. The scale of the microstructure is
supposed to be too small to be determined. Also in a purely organic crosslinked
system no microstructure was retrieved, as shown for example in Chapter 5 (Figure
5.6(a) and 5.7(a)). The increased hardness and Tg with increasing silica content can
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Figure 4.7: Schematic representation of the model proposed for the polyester-TEQOS
system.

be explained by an increased crosslink density. When all polyester endgroups are
crosslinked no further increase in Konig hardness and Tg is expected. This maximum
is reached when the molar ratio polyester:TEOS is about four (10 wt.% SiOa,), for
the bifunctional polyester PE9(1). Therefore it could be concluded that around each
endgroup of the polyester on average two TEOS molecules must be clustered to have
a complete network formed. The proposed morphological model is schematically
pictured in Figure 4.7.

4.4 Degradation

In time degradation of the coatings was observed. This degradation was monitored
in time with differential scanning calorimetry (DSC) and Konig hardness measure-
ments. DSC results of hybrid PE9(1)-TEOS coatings measured after one month were
compared with measurements two years later. The results are summarized in Table
4.2. Besides a Tg also a melting peak (Tm) was detected (at around 80 °C), the
same Tm was also measured in pure PE9(1), crystallized in MPA. These melting
peaks measured in the coating samples show that the polyester crystallizes within
the coating, in time. This can only occur when the polyester can move freely in the
coating, which means that the network structure is lost. Furthermore, while the rel-
atively fresh coatings showed an increase in Tg with increasing silica content, the old
coatings all showed a Tg dropped down to around 13 °C, which is the Tg of PE9(1).
This 1s also a strong indication that the network is lost. The silica content in the
freshly made coatings and the old ones were similar, so there was no loss of one of
the components in time. Also the extraction experiments, as described in Section
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Table 4.2: DSC results of PE9(1) and coatings made of PE9(1) and various amounts
of TEOS, in time. Both the step in Tq and the size of the melting peak, with as
mazimum Tm (erystallization temperature) were in the range of 10 °C.

wt.% SiOs 0 1.9 49 9.0 153
Tg [°C] after one month 13 18 16 21 22
Tm [°C] after one month

Tg [°C] after two years 13 13 14
Tm [°C] after two years 76 78 8 80

4.2, showed degradation of the network, as the residue contents of the fresh and old
sample with a silica content of around 10 wt.% SiOs were compared. By measuring
the Konig hardness as function of the silica content in time, degradation was followed.
The results are shown in Figure 4.8. The drop of Konig hardness in time was seen as
a direct result of degradation of the network. When the same type of coatings were
kept under dry conditions in an desiccator the decrease in time is strongly reduced,
as shown in Figure 4.9.

It is assumed that degradation of the network is caused by hydrolysis of the Si-O-C
bond, but since it was not possible to prove the Si-O-C bond directly, it is also
impossible to prove the loss of this bond directly. The effect of a dry atmosphere on
the coatings, as determined by the Konig hardness measurements in time, strongly
suggests that Si-O-C bonds are broken due to presence of water in the atmosphere.
The influence of water on Si-O-C bonds is well known [9]. The so-called hydrolysis is
used in the sol-gel process to form SiO4 [6].

4.5 Conclusions

The interaction between polyester and TEOS is based on covalent Si-O-C bonds. Hy-
droxyl endgroups of polyester react with silanol groups of hydrolyzed and condensed
TEOS. In this way 1t is possible to form true hybrid networks in which the morphol-
ogy 1s under a nanometer scale, thus invisible with electron microscopy. The hardness
and Tg increase with increasing silica content, due to an increasing crosslink density.
The bonds, though, are not stable. Under influence of water the S1-O-C bonds hy-
drolysis again and the bondings are broken, resulting in degradation of the coating.
The true hybrids, formed via Si-O-C bondings from hydroxyl-terminated polyester
and hydrolyzed TEOS, do not have possibilities as either a coating system or a model
system, since the behavior of the system in time depends on the relative humidity.
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Figure 4.8: Konig hardness as function of the silica content, in time of PE9-TEOS

coatings with various amounts of silica, prepared in 2-butoryethanol.
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Figure 4.9: Konwg hardness as function of the silica content, in time of PE9-TEOS
coatings with various amounts of silica, prepared in 2-butoxyethanol. The coatings
were stored in an desiccator.
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4.6 Experimental details

Fourier transform infrared spectroscopy (FTIR, Matson Polaris) was performed by
applying thin films, diluted with THF, on KBr tablets.

NMR, spectra were recorded on a Varian Gemini 300, using CDCls as solvent with
tetramethylsilane as internal standard.

Silica contents were measured by thermal gravimetric analysis (TGA, Perkin Elmer

TGAT). The heating rate was 20 °C/min from 30 to 800 °C.

A profilometer (TENCOR-P10 Surface Profiler) was used to measure the thickness of
coatings on glass substrates, in the middle of the coated panel. The scan length was
10 mm, the scan speed was 1 mm/s and the stylus force was 5.0 mg.

Scanning electron microscopy (SEM, Cambridge, Stereoscan 200) was performed on
cross-sections of coatings on glass substrates. The samples were sputtered with Pd/Au
for 3 minutes (BioRad SEM Coating System).

Transmission electron microscopy (TEM, Jeol 2000 FX) with elemental analysis (No-
ran Instruments Series IT) was performed on coatings applied by a wirebar on poly-
carbonate, which was pretreated with 3-aminopropyltrimethoxysilane, necessary to
obtain adhesion between the substrate and the coating.

The glass transition temperature (Tg) and melting temperature (Tm) were deter-
mined by differential scanning calorimetry (DSC, Perkin Elmer DSCT), with a heating
rate of 20 °C/min.

Koénig hardness was measured with a Konig pendulum apparatus (Pendelhartepriifer
Model 299/300, Erichsen), according to ASTM D4366, on coatings on glass substrates.
The differences in layer thickness of the various coatings were corrected by applying
a powerlaw relation on the Konig hardness versus layer thickness as determined on a
coating series of PE9(1) and 9 wt.% silica applied with various layer thicknesses (see
also Section 3.3.1).
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Chapter 5

Interpenetrating Networks

5.1 Introduction

The term interpenetrating network is mainly used in the context of polymers. Ac-
cording to the polymer technology dictionary [154] IPN or interpenetrating polymer
network refers to ‘a blend or alloy, formed between two crosslinked polymers’. When
only one of the two polymers is crosslinked it is called a semi-IPN [155,156]. IPNs are
generally classified in two classes: sequential and simultaneous IPNs. In the sequen-
tial IPNs the networks are synthesized after each other, whereas in the simultaneous
IPNs they are formed at the same time. In IPNs phase separation occurs, but to
a lesser extend than when the polymers are mechanically blended. The degree of
phase separation is controlled by the chemical compatibility, the interfacial tension,
the crosslinking density and the kinetics of the polymerizations. The compatibility
can be enhanced when the polymers are interlocked in a three dimensional structure
during polymerization, before phase separation can occur.

The concept of IPNs can be extended towards organic-inorganic hybrid materials, in
which the sol-gel reaction is an inorganic polymerization. Sequential hybrid IPNs can
be formed by the synthesis of an porous inorganic sol-gel matrix, which 1s impregnated
by polymerizable monomers. In the second step the monomer can be polymerized,
thus forming an organic network within the inorganic network. An example of such a
sequential IPN is the polymerization of methyl methacrylate in a silica gel [157]. Since
the polymeric phase is not crosslinked, actually a semi-IPN is formed. The resulting
properties were found to be intermediate between the properties of the single compo-
nents. Alternatively, the polymethylmethacrylate phase can be formed first and be
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Figure 5.1: The structural formula of HMMM.

dissolved in a solution containing inorganic sol-gel precursors afterwards. Then the
sol-gel reactions can take place, forming an inorganic network [158]. This method is
applied in literature with a number of other polymers, such as for example polyviny-
lacetates [44,43], polyorganophosphazenes [150] and polyethylene oxides [142,159],
but since no organic network is formed these hybrids are semi-IPNs as well. By
using an organic membrane as a template for acid catalyzed sol-gel reactions, true
sequential hybrid TPNs have been formed [160,161]. In this way various function-
alities can be built into the membranes, resulting in new application areas. Novak
and co-workers created simultaneous hybrid interpenetrating networks by performing
sol-gel reactions with tetraalkoxysilanes containing polymerizable alkoxy groups in
polymerizable co-solvents. In this way shrinkage, that normally occurs during drying
of sol-gel reaction products could be prevented [24,25]. Simultaneous IPNs can also
be formed when crosslinkable organic compounds are mixed with sol-gel precursors.
Examples for this type of hybrids are tetraethoxysilane (TEOS) combined with acrylic
acid, methyl methacrylate and the crosslinker ethylene glycol dimethacrylate [162],
TEOS combined with phenolic resins, which crosslinks by condensation of hydroxyl
groups [163], TEOS combined with polyamic acid, which crosslinks by condensation
forming a polyimide-silica IPN [38,164] and TEOS combined with epoxides which
are crosslinked with amines [165, 166]. Soucek and coworkers [81-84] reported on the
synthesis of hybrid coatings based on alkyds and titanium or zirconium alkoxides.
They suggested the formation of an inorganic network within the alkyd network, thus
forming a simultaneous IPN. Furthermore, they suggested reaction between the metal
hydroxyl species and the hydroxyl or carbonyl groups in the alkyd, but none of these
suggestions were supported by evidence. Moreover, they observed influence on vari-
ous general coating properties, but these could also be caused by acceleration of the
oxidative organic crosslinking by the metal alkoxides.

The polyester-HMMM (hexakismethoxymethylmelamine)-TEOS hybrid system stud-
ied in this research is also expected to consist of an organic-inorganic hybrid network.
Since the organic crosslinking reaction (polyester-HMMM) is acid catalyzed, the in-
organic sol-gel reactions is expected to form an inorganic network [6,9], as explained
in Section 1.1. The polyester in reaction with HMMM, which structural formula is
displayed in Figure 5.1, will also form a network. The crosslinking reaction between
polyester and HMMM is displayed in Figure 5.2.
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Figure 5.2: Crosslinking reaction of hydrozyl-terminated polyester with HMMM.

The crosslinker used in this study is an HMMM resin, which means that the major
compound in the resin is monomeric fully methoxylated melamine (HMMM), but also
compounds with not fully methoxylated groups are present. This is caused by the
two-step synthesis procedure of HMMM [2,167]. The synthesis reactions are pictured
in Figure 5.3. In the first step: methylolation, melamine is reacted with formaldehyde
under basic conditions. The second step: etherification, involves the acid catalyzed
reaction of methylolmelamine with methanol. Already in the first step a statistical
mixture is obtained, containing both unformylated NH groups and over formylated
NCH;OCH>OH groups. Also the second step will not go to completion. In addi-
tion, bridging can occur via the reactive hydroxyl groups. Finally, a HMMM resin is
obtained which contains beside pure HMMM also dimers and trimers, and other end-
groups than CH,OCHs. The various functional groups [3,168] influence the reaction
mechanism and rate. Furthermore, during the crosslinking reaction selfcondensation
of HMMM can occur, between the various functional groups. The aim of the research
was not to study the reaction mechanism of polyester with HMMM resins, but to
obtain a fully cured organic network with polyester under acidic conditions. It was
chosen to use a fully methoxylated melamine resin, assuming an overall function-
ality of 3. Due to the various reactive groups and the steric hindrance an overall
functionality of 3 is generally accepted for this type of HMMM.

The curing reaction (Figure 5.2) is catalyzed by a strong acid, like para-toluenesulfonic
acid. The catalyzing mechanism, proposed by Blank [168], is described in Figure 5.4.
Besides protonation of the methylated methoxy group, also protonation of already
formed crosslinks can occur, followed by reactions with the alcohol just formed. In this
way crosslinks will be broken again. By the evaporation of the alcohol the equilibrium
is shifted to the right and the final crosslinks are made. In the hybrid systems studied,
besides polyester and HMMM also water, ethanol and TEOS are present. These
compounds can react in a similar way as the alcohol (R;OH in Figure 5.4), influencing
the crosslinking reactions. When TEOS or hydrolyzed TEOS reacts in this way
S1-O-C bondings between the organic and inorganic compounds can occur. Another
possible reaction is the reaction of hydrolyzed TEOS with the hydroxyl groups of the
polyester, as studied and described in Chapter 4, also resulting in the formation of
Si-O-C bonds. Si-O-C bonds are known to be sensitive to hydrolysis. Hydrolytically
stable connections between the organic and inorganic compounds can be made by
applying a silane coupling agent, as a linkage between the organic polyester-HMMM
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network and the inorganic silica matrix. By reaction of the hydroxyl endgroups of
the polyester with isocyanatopropyltriethoxysilane (NCO-silane) a covalent Si-C bond
between the organic and inorganic components can be formed. This reaction is shown
in Figure 5.5. Strictly speaking, when such linkage is made between the organic and
inorganic phase, the term interpenetrating network is no longer valid [155,156]. Tt
1s better to speak of an interlinked polymer-silica network, since there is a polymer
network and a silica network which are linked to each other via the coupling agent.

Polyester, HMMM and prehydrolyzed TEOS (pT2, see Section 2.3) were combined
under acidic conditions and the morphology and properties have been studied, as
described in Section 5.2. In Section 5.3 hybrid coatings based on polyester function-
alized with NCO-silane, HMMM and pT2 are described. The final conclusions are
drawn in Section 5.4.

5.2 Polyester-HMMM network with in situ formed
silica

The influence of the chemical composition on the morphology and mechanical prop-
erties of the interpenetrating polyester-HMMM-TEOS systems was studied. For
this purpose hydroxyl-terminated polyester and HMMM were combined with pre-
hydrolyzed TEOS (pT2). Starting point, as basis for the parameter variation, was
the PE10-HMMM system with a molar ratio HMMM:PE10 of 1.5 (23 wt.% HMMM
and 77 wt.% PE10) with various amounts of pT2 as silica source. The influence of the
crosslink density of the organic network was studied, as function of the silica content,
by applying a HMMM:PE10 molar ratio of 0.75. Also the influence of the type of
polyester was investigated by applying PE6 instead of PE10. The influence of the
extent of prehydrolyzation was studied by applying pT1 and pT0.5 (prehydrolyzed
TEOS with 1 and 0.5 mole water respectively).

When pT2 was used the silica content in the final coatings was in good agreement with
the calculated amount, but when pT1 or pT0.5 were used less silica was retrieved. The
amounts of silica, determined by thermal gravimetric analysis (TGA), in the various
coatings are summarized in Table 5.1. Thorough hydrolysis (pT2) is necessary to
prevent evaporation of unreacted TEOS, as described in Section 2.3.
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Table 5.1: The calculated silica content of polyester-HMMM hybrid coatings with var-
tous amounts of prehydrolyzed TEQS, cured for 10 minutes at 200 ° C, compared to
the amount determined by TGA.

calc. wt.% SiO» 3 4 5 6 8 10 11 12 14

HMMM:PE10 silica source measured wt.% SiO2

1.5 pT2 4.2 6.1 7.5 11.4 15.4
0.75 pT2 2.9 5.5 10.5 12.4  14.6
1.5 pT1 74

1.5 pT0.5 3.9

calc. wt.% SiO» 2 5 7 9 12 15 16 21

HMMM:PE6 silica source measured wt.% SiO2

1.5 pT2 1.9 40 58 88 114 146 164 21.0

5.2.1 Morphology

Scanning electron microscopy (SEM) was used to investigate the morphology of the
hybrid coatings. The results are described first and discussed afterwards. In Figure
5.6 photographs of the cross-sections of the coatings with a HMMM:PE10 molar ratio
of 1.5 and various amounts of silica are shown. The SEM photograph of the pure
organic coating (Figure 5.6(a)) shows small pits on the surface, due to the 30 minutes
of oxygen etching (Section 3.2). In coatings with an increasing amount of silica up to
6 wt.% (Figure 5.6(c)) silica cannot be distinguished from the organic matrix. At a
silica content of 7.5 wt.% (Figure 5.6(d)) silica particles begin to appear. In a trans-
parent coating containing 11.4 wt.% silica (Figure 5.6(e)) smooth spherical particles
with a diameter of around 300 nm are clearly present. A coating with 15.4 wt.% silica
(Figure 5.6(f)) shows a large number of spherical silica particles, diameter of around
500 nm, in the organic matrix, causing scattering of light, resulting in the observed
haziness. Overall, the particle size increases with increasing silica content, ultimately
leading to hazy coatings. The small cracks, which are visible in all SEM photographs,
are caused by the oxygen etching. This was determined by comparison with unetched
samples, where the cracks were absent. The trend of increasing silica particle for-
mation with increasing silica content is characteristic for the polyester-HMMM-silica
hybrid system. The same effect was seen, even more pronounced, when a less dense
organic network was formed by applying a HMMM:PE10 molar ratio of 0.75. The
SEM photographs of the coatings with various amounts of silica are shown in Figure
5.7. Also in the systems with PE6 some particle formation was seen, although only
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at very high silica contents. A SEM photograph of a PE6-HMMM coating with 21.0
wt.% Si05 is shown in Figure 5.8(a) together with a transmission electron microscopy
(TEM) photograph, which shows the particles more clearly (Figure 5.8(b)). The par-
ticles in the SEM photograph of PE6 based hybrid coatings appears smaller than for
the P10 based coatings (notice the difference in magnification), but from the TEM
photograph it is clear that the particle size is of a similar size (few 100 nm). In all
cases studied silica particles are formed, only the amount of silica that can be put
in before haziness occurs, differs under the various conditions. Haziness occurs when
the size of the silica particles becomes larger, causing scattering of light. In a denser
network more silica could be built in than in a less dense network. More silica could
be built in when PE6 was used instead of PE10. When TEOS was prehydrolyzed
with 1 or 0.5 molar water also less silica could be built in before haziness occurred,
than when pT2 was used.

To study the morphology in more detail a hybrid coating with 6.1 wt.% silica and a
HMMM:PE10 molar ratio of 1.5, which did not reveal the presence of silica particles
in SEM (Figure 5.6(d)), was also examined in TEM. The results are shown in Figure
5.9. There are two remarkable features. Firstly, in the bulk of the coating few smooth
round particles with a size of around 100 nm was observed, showing that already at
lower silica content particles have been formed. Secondly, it was clearly shown that
on the surface of the coating small silica particles (around 30 nm) were present at
substantially higher concentrations than in the bulk of the coating. Also in hybrid
coatings with higher silica contents an increase of silica concentration was noticed at
the surface of the coating but single particles could not be distinguished. An example
of the substrate, bulk and surface side of a hybrid coating with 11.4 wt.% SiOs is
shown in Figure 5.10. The dark band on the surface side is identified as silica. But
also the small dark line at the substrate side was identified as silica. There was even Si
present on the aluminum substrate where this part of the coating had been, indicating
strong interaction of the silicon compounds with the substrate.

Discussion on the morphology

From the chemical composition of the hybrid polyester-HMMM-TEQOS systems it
was expected that both the organic and inorganic phase would form a network, the
organic phase by crosslinking of polyester and HMMM and the inorganic phase by
polymerization of the silanol groups, forming a silica network. In combination an
interpenetrating network was expected. The morphology obtained, though, showed
the formation of particles increasing in size and number with increasing silica content.
It is concluded that an increased phase separation with increasing silica content is
caused by a low compatibility and consequently a lack of interaction between the
organic and inorganic phase, resulting in smooth round silica particles. Interaction
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(e) 11.4 wt.% SiO, (f) 15.4 wt.% SiO,*

Figure 5.6: SEM photographs of crosscuts of PE10-HMMM hybrid coatings with a
molar ratio HMMM:PE10 of 1.5 and various amounts of pT2. *hazy coatings.
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(a) 0 wt.% S104 (b) 2.9 wt.% SiO2

(e) 12.4 wt.% SiO* (f) 14.6 wt.% SiO,*

Figure 5.7: SEM photographs of crosscuts of PE10-HMMM hybrid coatings with a
molar ratio HMMM:PE10 of 0.75 and various amounts of pT2. *hazy coatings.
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(a) SEM photograph (b) TEM photograph

Figure 5.8: photographs of a PE6-HMMM hybrid coating with 21.0 wt. % silica.

1Mk

(a) substrate (b) bulk (c) surface

Figure 5.9: TEM pictures of a hybrid PE10-HMMM coating with 6.1 wt.% SiO-.
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(a) substrate (b) bulk (c) surface

Figure 5.10: TEM pictures of a hybrid PE10-HMMM coating with 11.4 wt. % S105.

between the organic and inorganic phase in this system can occur through Si-O-C
bond formation of silanols with polyester or HMMM, but apparently this reaction
cannot compete with the organic and Si-O-Si crosslinking reactions. The lack of
interaction can also be the cause that small silica particles are preferentially present
at the surface. Possibly differences in surface tension between the organic compounds
and the siloxane compounds drive the siloxane compounds to the surface, where they
can form small silica particles. It is also possible that silica particles are formed first
and are driven to the surface. At higher concentrations of silica, particles could not
be distinguished in the top layer, but the dark band at the surface side indicates an
increased silica concentration.

With elemental analysis in SEM no discrete Si parts could be distinguished from the
matrix: everywhere in the coating Si was measured. With elemental analysis in TEM
the silica clusters could be identified as S105. Furthermore, Si was detected through
the whole coating. These results prove that beside the silica particles an Si-O network
is formed through the whole coating so that everywhere in the coating Si is present.
This was confirmed by the observation that etching of the hybrid coating containing
more silica (PE6: 21.0 wt.%) was less effective than for coatings containing less silica
(PE10: 11.4 wt.%). Namely, in the first case the silica particles appeared smaller
in SEM, while with TEM it was demonstrated that the size of the particles were of
similar. Also in Figure 5.6 the effect of increasing silica content showed a decreasing
damaging effect of the oxygen plasma on the matrix. Furthermore, the lines shown
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in the TEM photograph of the sample with 21.0 wt.% SiO»(Figure 5.8(b)), known as
cutting lines from the diamond knife for the sample preparation, indicate a more rigid
sample than the sample with 11.4 wt.% SiO4(Figure 5.10(b)), in which no cutting lines
were observed. It is therefore highly probable that besides particle formation a silica
network on the PE6 based system is formed.

Particle formation was less pronounced for the hybrid coatings with a denser organic
network, comparing a HMMM:PE10 ratio of 1.5 (Figure 5.6) and 0.75 (Figure 5.7).
Particle formation, as a result of phase separation, apparently stopped at an earlier
stage in the denser crosslinked system because of a higher decrease of mobility within
the system, compared to the less dense crosslinked system. Besides, the crosslink
density also the type of polyester has influence on the amount of silica that can be
built in. When PE6 instead of PE10 was used more silica could be added. This
was unexpected since PE10 was synthesized with a more polar structure to improve
compatibility. The changes in polarity in the polyesters appeared to have minor
effects on the final compatibility. With almost the same OH value and the same
functionality, the only differences in the polyester beside the polarity were the Tg
and the number of carbonyl groups per molecule polyester (15 carbonyl groups per
PE10 molecule and 18 carbonyl groups per PE6 molecule). The prehydrolyzed TEOS,
ethanol and water may have interaction with the carbonyl groups on the backbone of
the polyester. Fact is that the compatibility of PE6 with pT2 was better than that
of PE10. More silica could be built in and less particles were formed. It was also
unexpected that less silica could be added when partly prehydrolyzed TEOS (pT1 or
pT0.5) was used as silica source, instead of pT2. Namely, ethanol, water and TEOS
are all badly compatible with polyester and for the same amount of silica in the final
coating less TEOS, ethanol and water had to be added when TEOS was prehydrolyzed
only partly (pT1 and pT0,5). The number of hydroxyl groups in pT2 is larger than
in pT1 that is larger than in pT0.5. These hydroxyl groups appeared important for
the compatibility. The more hydroxyl groups present the better the interaction or
reaction with the polyester and HMMM is possible during mixing, the more silica can

be added.

5.2.2 Properties

Ko6nig hardness and pencil hardness

The Konig hardness and pencil hardness (the methods are described in Chapter 3) of
PE10-HMMM and PE6-HMMM hybrid coatings with various amounts of silica were
determined on coatings with a dry layer thickness of 21 4+ 4 um applied on glass
substrates. The results of the Konig hardness are plotted in Figure 5.11. The Konig
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hardness of the PE10-HMMM coatings was close to 250 seconds, which is the value
of the reference glass. According to ASTM standards a layer thickness of at least
25 pmis required to minimize the influence of the substrate, nevertheless it 1s known
from former measurements on these type of coatings (see Section 3.3.1) that also with
a layer thickness of 21 pum the substrate effect is not dominating. A gradual decrease
in hardness of ultimately less than 3% was found with increasing silica contents up to
11.4 wt.%. Also in the PE6G-HMMM system no large influence of the silica content on
the Konig hardness was observed. The Konig hardness of the coatings based on PE6
is lower than that of the coatings based on PE10. This is caused by the lower Tg of
PEG6, resulting in a more flexible network. From these results it can be concluded that
the Konig hardness test only reflects the strength of the organic network. Also the
pencil hardness of these coatings was not markedly influenced by the silica content.
The pencil hardness appeared more dependent on time than on the silica content.
Directly after scratching the scratches were seen at very low pencil hardnesses (5B-B
for PE10 based systems, B-F for PE6 based systems), but in time these scratches
recovered resulting in higher pencil hardnesses (HB for PE10 based coatings, 3H for
the PE10 based coating with 11.4 wt.% SiO and 3H for the PE6 based system) These
results qualitatively tell more about the recover behavior of the coatings than about
the hardness. The higher pencil hardness of PE6 based systems, compared to PE10
based systems is subscribed to the higher flexibility of the organic network. Because
of the higher flexibility of the organic network the scratches recover better and as a
consequence a higher pencil hardness was observed.

250
O o o © o
PE10

200
0
e]
5 =]
8 150 -3 5 ° s 7 pes
2 g o
» m ]
8 0
c €L
S
£ 100 [
o
c
:0
X

50

O | | | |

0 5 10 15 20 25

silica content (wt%)

Figure 5.11: Kénig hardness as function of the silica content of PE10-HMMM (o)
and PE6-HMMM (O) hybrid coatings, HMMM:polyester molar ratio of 1.5.
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Table 5.2: Micro-indentation: Coating thickness of polyester-HMMM hybrid coatings
on aluminum substrates, average calculated values of the indentation hardness and
reduced elastic modulus and forces of the measurements applied for the calculations.

Coating sample Thickness  Used forces Hardness  Elastic
for calc. Modulus
] mN]  [GPa]  [GPa)
PE10-HMMM, 0 wt.% SiO» 22 2-20 0.27 4.9
PE10-HMMM, 11.4 wt.% SiO» 19 5-13 0.23 5.5
PE6-HMMM, 0 wt.% SiO» 26 2-3 0.02 1.1
PE6-HMMM, 21.0 wt.% SiO» 16 2-7 0.15 3.8

Micro-indentation

Micro-indentation measurements have been performed on coatings based on PE10 and
PE6 with a molar ratio HMMM:polyester of 1.5 applied on aluminum. Pure organic
polyester-HMMM coatings were compared with hybrid polyester-HMMM coatings
containing the maximum amount of silica and still being transparent. For the PE10-
HMMM system that coating contained 11.4 wt.% silica. In the PE6-HMMM system
the hybrid coating contained 21.0 wt.% silica. The layer thicknesses of the coatings
are summarized in Table 5.2. Forces from 2 to 20 mN have been applied and force-
displacement curves have been determined (see Section 3.3.2). From these curves the
maximum indentation depth at the maximum applied forces were determined and
the results are plotted in Figure 5.12. This plot shows a large difference between the
organic and hybrid coating based on PE6 and almost no difference between the organic
and hybrid coatings based on PE10. The maximum indentation should not exceed ten
percent of the film thickness, to rule out the substrate influence [108]. For the organic
PE6-HMMM coating, with a layer thickness of 26 pm, this means indentation should
not be deeper than 2.6 pm. In Table 5.2 the range of applied forces that resulted in
an indentation below 10% of the film thickness are summarized.

For the calculations of the indentation hardness the final indented area must be de-
termined, which was done by calculation of the contact depth (see Section 3.3.2). For
various applied forces the indentation hardness and the reduced elastic modulus were
calculated (further explained in Section 3.3.2) and the results are plotted in Figure
5.13 and 5.14. In Table 5.2 the average values, calculated over the measurements
in which the indentation does not exceed 10 % of the layer thickness, are summa-
rized. The calculated hardness and elastic modulus show the same trend as already
seen from the indentation depths (Figure 5.12). Namely, in the PE6 based system an
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Figure 5.12: Mazimum wndentation depth versus the applied forces for PE10-HMMM
(o) and PE6-HMMM (O) organic (open marker) and hybrid (filled marker) coatings.

increased hardness and elastic modulus is clearly observed for the hybrid system com-
pared to the organic system, while for the PE10 based system the effects are minor.
Furthermore 1t can be concluded that the influence of the substrate on the hardness
calculations is not large, since no increased values are noticed with increasing applied
forces. It is remarkable that the influence on indentation depth 1s also that small on
the organic PE6-HMMM system, which showed the largest indentation depths (up
to 6 pm). Instead of an increase with increasing indentation depths (higher forces)
an small increase in hardness is noticed at lower forces. This increased hardness is
more pronounced for the hybrid coatings than for the organic coatings, suggesting
that the silica at the surface causes this increased surface hardness. The effect of the
substrate on the elastic modulus is more severe. This is expected since the differences
between the value of the elastic moduli of the aluminum and organic coating are much
larger than the differences in hardness (see Section 3.3.2). The effect of the silica in
the coatings is larger for the PE6-based coatings than for the PE10-based coatings.
Also the influence of the substrate is larger on the PE6-based coatings. Both results
can directly be related to the larger indentation depths of coatings based on PE6
compared to coatings based on PE10.



74 Interpenetrating Networks

0.5
04
— PE10
& 03[ ° o0 o
<) © o o
@ o ®e o° o °
8 . o o0 ©
S ° ®e0 . o
5 o2r ¢ *® %,
T " =
n
] l.ll. ..l.ll...l
01
PE6
OoppoooooO0opdOoo 0og
00 L L L
0 5 10 15 20

applied force [mN]

Figure 5.13: Indentation hardness versus the applied forces for PE10-HMMM (o) and
PE6-HMMM (O ) organic (open marker) and hybrid (filled marker) coatings.
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Figure 5.14: Reduced elastic modulus versus the applied forces for PE10-HMMM (o)
and PE6-HMMM (O} organic (open marker) and hybrid (filled marker) coatings.
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Micro-scratching

Micro-scratching tests have been performed on PE10-HMMM coatings applied on alu-
minum. Organic coatings without silica and hybrid coatings with 6.1. 7.5 and 11.4
wt.% silica were compared. Several scratches have been made with normal forces in-
creasing from 0.23 to 7.35 mN. The frictional force as function of the applied normal
force 1s plotted in Figure 5.15. The scratch hardness is calculated applying equation
(3.8), of Section 3.3.3, assuming pure horizontal sliding. The averaged values deter-
mined for the various scratches on the various coatings are shown in Table 5.3. The
atomic force microscopy (AFM) images of a series scratches applied on an organic
(PE10-HMMM) and on a hybrid (PE10-HMMM with 11.4 wt.% SiO3) coating are
shown in Figure 5.16, together with their average height profile perpendicular to the
scratch direction. There is a remarkable difference in behavior between the organic
and the hybrid coatings. The frictional force measured on the hybrid coatings is less
than for the organic coating. Also the AFM images clearly show that the scratches
made with the same force are deeper in the organic coating than in the hybrid coat-
ings. The calculated scratch hardnesses are higher than the hardness measured by
indentation (compare Table 5.2 and 5.3), showing that the surface is indeed harder
than the rest of the coating. The results demonstrate an improved scratch resistance
of the hybrid coatings compared to the organic coatings. It is remarkable that the
influence of the amount of silica is not noticeable: whenever silica is in the coating,
the micro-scratch resistance is improved to the same extent.

Discussion on the properties

The influence of silica on the properties of polyester-HMMM-TEOS hybrid coatings
could not be retrieved from the hardness measurements on a macroscopic scale (Konig
hardness and pencil hardness). The properties studied on a microscopic scale did show
influence of silica. The micro-indentation hardness in the flexible PE6 based system
was increased by addition of silica, while on the PE10 based system no increase was
noticed, but even a small decrease. The same trend was found for the elastic modulus.
These results suggest that the rigidity of the PE10 based system could not further
be increased by an inorganic compound, while in the more flexible PE6 based system
the flexibility was reduced by the inorganic phase. This effect was not seen in the
Konig hardness measurements. It should be noticed that the comparison between
the micro-indentation and Konig hardness cannot be made directly, as explained in
Section 3.3. In this case the time scale of the measurement may have played a role.
The measurement of the rolling ball of the Konig is in terms of seconds. The coating
does not have time for relaxation before another swing is made. In the indentation
measurements five indentations are made after each other, to rule out the relaxation
effect and the final cycle is used in calculations. It was demonstrated in Section 3.3,
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Figure 5.15: The frictional force as a function of the normal force for the PE10-
HMMM coating with 0, 6.1, 7.5 and 11.4 wt.% silica. The drawn lines are only a
guide for the eye.

Table 5.3: Micro-scratching: the scratch hardness of polyester-HMMM hybrid coatings
on aluminum, averaged values over the various scratches.

Coating sample Scratch hardness [GPa]
PE10-HMMM, 0 wt.% SiO» 0.35
PE10-HMMM, 6.1 wt.% SiO- 0.44
PE10-HMMM, 7.5 wt.% SiO- 0.42

PE10-HMMM, 11.4 wt.% SiO» 0.42
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Figure 5.16: Micro-scratching: AFM wmages of scratches and average height profile.
Left: Organic PE10-HMMM coating without silica, Right: Hybrid PE10-HMMDM coat-
ing with 11.4 wt. % silica, The scratches from left to right were made with 1, 1.7, 2.2,
3.8 and 4.7 mN normal force.

by applying different indentation rates, that the PE6 based coatings show more time
dependent behavior than PE10 based systems. Also the pencil hardness results shows
that relaxation of the coating occurs after days. This may explain why the observed
effects in the micro-indentation measurements are not reflected in the Konig hardness
measurements.

In terms of micro-scratch resistance the influence of silica i1s noticed as well. The
hybrid coating shows a better scratch resistance than the organic coating, because
of an increased hardness of the surface. The amount of silica added, though, does
not influence the results. Already at low silica contents in the hybrid coatings a thin
layer of silica at the surface was noticed. This thin layer is held responsible for the
increased scratch resistance.
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5.2.3 Conclusions

Although an interpenetrating network was expected to be formed in the polyester-
HMMM hybrid system, examination of the morphology of the coatings showed with
increasing silica content an increase of silica particles in size and number in the organic
matrix. It could not be proven, but it is highly probable that beside these silica
particles also an Si-O- network throughout the film is formed. The formation of silica
particles was more pronounced in hybrid coatings with a less dense network and in
coatings based on PE10 instead of PE6. Furthermore it was shown that small silica
particles were preferentially present at the surface. Both effects may be ascribed to the
lack of interaction between the organic and inorganic phase, causing phase separation
and movement of siloxane compounds or silica particles. The influence of the silica on
the properties of the coatings is not large. On a macroscopic scale (Koénig hardness
and pencil hardness) no influence was seen at all. On measurements on microscopic
scale only the flexible PE6 based system showed increased hardness when silica was
added. The organic network rigidity was of larger importance for the final properties.
Furthermore an improved micro-scratch resistance of the hybrid coatings compared
to the organic coating was observed. The amount of silica seemed to have no large
influence. The silica domains observed preferentially at the surface of the coating are
held responsible for this improved hardness at the surface, which was also observed
from the indentation measurements.

5.3 Silane-modified polyester-HMMM network with
silica

To improve the interaction between the organic and inorganic compounds a silane
coupling agent was used. The trifunctional hydroxyl-terminated polyester (PE6) was
modified with NCO-silane in such a way that in average one of the three hydroxyl
endgroups had reacted with the silane. In this way the polyester could still form a
organic network in combination with HMMM. The synthesis of the silane-functional
polyester is described in Section 5.3.1. The reaction is described in Section 5.1, Figure

5.5.

The modified polyester was combined with HMMM and with various amounts of
pT2. The ratio HMMM:polyester was chosen in such a way that the OCH3:OH ratio
was 1.5 (15 wt.% HMMM and 85 wt.% Si-PE6) as it was in the unmodified system,
assuming the effective functionality of HMMM to be 3. The final silica content in
the coating was determined by TGA. Because silane is present in the polyester, the
calculations for the expected silica content needed more assumptions, resulting in
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Table 5.4: The silica content of silane-modified polyester-HMMM hybrids coatings
with various amounts of pT2, cured for 10 minutes at 200 ° C, determined by TGA.

calc. wt.% SiO» 2 4 5 7 9 13 18 24
measured wt.% SiOs (batch 1) 3.3 6.7 94 129 176
measured wt.% SiOs (batch 2) 22 39 6.6 195 24.9

less accurate numbers, but overall the amount of silica was in good agreement with
these calculations. The results are summarized in Table 5.4. The amount of silica
was in good agreement with the calculated values. Using silane-modified polyester
more silica could be added in the system than in the unmodified system, before phase
separation occurred. The limitation of the amount of silica that could be added was
not based on phase separation of the coating mixture, as it was in the unmodified
system, but on the possibility of applying a layer of more than 10 pm, since pT2
diluted the system and thus lowered the viscosity too much, when added in large
quantities. In this system it would be possible to apply the pre-reaction method, as
suggested in Chapter 2, allowing an increase of viscosity by pre-reaction of polyester
and HMMM before curing.

5.3.1 Synthesis

One mole of NCO-silane was added to one mole PE6, so that on average one hy-
droxyl group per polyester molecule could react with the isocyanate function. The
reaction was performed in I-methoxy-2-propylacetate (MPA) at 60 °C. As a catalyst
0.5 wt.% dibutyltin dilaurate was used. After one hour the reaction was stopped
and the hydroxyl value (OHV) of the reaction product was determined. The reaction
product was further characterized by 'H and '*C NMR. The characteristics of the
modified polyester are summarized in Table 5.5. The OHV was in agreement with the
calculated value, indicating that reaction had taken place. Because of the overruling
signals of polyester and MPA no prove for the reaction could be deduced from the
NMR data.

5.3.2 Morphology

The morphology of the hybrid coatings based on silane-modified PE6, HMMM and
various amounts of silica was studied by SEM and TEM. Even up to the highest
amounts of silica no morphological structure could be determined. Both a SEM and
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Table 5.5: The characteristics of silane-modified PEG.

Si-PE6 fn® OHV [mg KOH/g] Conversion' Mn~
before reaction  after reaction ~ OH groups [g/mole]

batch 1 3 79.7 50.7 36% 2383

batch 2 3 79.7 50.8 36% 2383

° Calculated from composition. T Based on the total number of hydroxyl groups present

* Calculated by endgroup titration.

a TEM photograph of a silane-modified PE6 based hybrid coating with 32.4 wt.%
Si05 are shown in Figure 5.17. This indicates that by applying a silane coupling
agent the interaction between the organic and inorganic phase is thus improved that
no phase separation occurs during curing. Both the organic and inorganic phase form
a network that is connected to such an extent that phase separation is prevented.
An interlinked polymer-silica network with covalent bonding between the organic and
inorganic network seems to be obtained. A schematic plot of the proposed structure
is pictured in Figure 5.18.

(a) SEM photograph (b) TEM photograph

Figure 5.17: SEM and TEM photograph of a silane-modified polyester-HMMM hybrid
coating with 32.8 wt. % silica.
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Figure 5.18: Schematic representation of the model proposed for the silane-modified
polyester-HMMM-p T2 system.

5.3.3 Properties

The influence of the amount of silica on the silane-modified hybrid coatings was
studied by Konig hardness and micro-indentation. In Figure 5.19 the results of the
Konig hardness as function of the silica content of the hybrid coatings based on silane-
modified PE6 are compared with the hybrid coatings based on unmodified PE6, both
measured on coatings of 21 + 4 pum applied on glass substrates. There is not much
difference noticeable.

In the micro-indentation measurements the results of the silane-modified coatings
without extra prehydrolyzed TEOS (total silica content of 2.2 wt.%) are compared
with coatings with extra prehydrolyzed TEOS added (24.9 wt.% SiOs2), in relation
with the system based on unmodified polyester (already discussed in Section 5.2). The
results are summarized in the Figure 5.20,5.21 and 5.22. The thickness of the coatings,
the range of applied forces used for the calculations and the calculated average values
are summarized in Table 5.6. The influence of silica on the coatings based on silane-
modified polyesters were similar to the results obtained with the coatings based on
the unmodified polyesters. Since the addition of the silane functional group caused
an increase in molecular weight of the polyester the flexibility of the chain increased
slightly, resulting in a deeper indentation in the coating without extra silica under
various applied forces, compared to the unmodified coatings (Figure 5.20). Without
extra prehydrolyzed TEOS added (the open markers) there is not much difference in
the final hardness and reduced modulus, for the modified and unmodified polyester
based coatings. But when extra silica is added and the modified and unmodified
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Figure 5.19: Konig hardness as function of the silica content of silane-modified PEG-
HMMM (o) and PE6-HMMM (O} hybrid coatings, OCHs:OH molar ratio of 1.5.

based coatings are compared, the indentation hardness is slightly increased further
for the silane-modified based system, while the elastic modulus remains at the same
level.

Silica in the form of a network does apparently not contribute to an improved Konig
hardness. Addition of pT2 though, increases the indentation hardness, in the same
way as was seen by the addition of extra pT2 in the unmodified polyester system. The
increased hardness is expected to be caused by the silica network that is formed in the
coating. The fact that no difference is noticed between the silane-modified (interlinked
network) and the unmodified system (particles) is an extra indication that also in the
unmodified system a silica network is present. The slightly improved hardness of the
silane-modified system, compared to the unmodified system can be explained by the
better distribution of the silica network in the silane-modified system. This results in
a better distribution of the impact of the forces applied, resulting in a better resistance
to indentation.
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Figure 5.20: Mazimum indentation depth versus the applied forces for Si-PE6-HMMM
(o) and PE6-HMMM (O) organic (open marker) and hybrid (filled marker) coatings.
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Figure 5.21: Indentation hardness versus the applied forces for Si-PE6-HMMM (o)
and PE6-HMMM (O) organic (open marker) and hybrid (filled marker) coatings.
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Figure 5.22: Reduced elastic modulus versus the applied forces for Si-PE6-HMMM (o)
and PE6-HMMM (O} organic (open marker) and hybrid (filled marker) coatings.

Table 5.6: Micro-indentation: Coating thickness of silane modified PE6-HMMM hy-
brid coatings on aluminum substrates, average calculated values of the indentation
hardness and reduced elastic modulus and forces of the measurements applied for the
calculations.

Coating sample Thickness Used forces Hardness Elastic Modulus
[pm] for calc. [GPa] [GPa]
2.2 wt.% Si04 28 2-3 mN 0.02 0.8

24.9 wt.% Si05 17 2-7 mN 0.22 4.3
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5.4 Conclusions

Although an interpenetrating polymer-silica network was expected when polyester was
crosslinked with HMMM in the presence of sol-gel silane precursors (prehydrolyzed
TEOS) under acidic conditions, a morphology of silica particles in an organic matrix
was obtained. Severe phase separation occurred due to the lack of interaction between
the organic and inorganic phase. When the polyester was modified with a silane
coupling agent as expected the interaction between the organic and inorganic phase
was improved and an interlinked polymer-silica network was obtained. There are
strong indications that also in the unmodified polyester-HMMM system and Si-O
network is present. Firstly, this was seen in the effect of etching on the surface,
for SEM preparation (Section 5.2.1). With a high silica content less contrast was
obtained than with lower silica contents. Furthermore, the fact that the indentation
hardnesses do not differ much, comparing silane-modified polyester based system with
unmodified polyester based system (Section 5.3.3) is an indication of silica network
formation. Finally, it was demonstrated in TEM that Si was present throughout the
whole coating.

The silica particle formation in the unmodified system can be influenced by the organic
crosslink density and the type of polyester. A denser organic network or a polyester
with better compatibility can increase the amount of silica that can be incorporated
in the coating before haziness occurs, but particle formation cannot be prevented this
way. Furthermore, due to the lack of interaction small silica particles are preferentially
present at the surface. The influence of silica on the hardness of the coatings is not
large. The micro-indentation hardness is not influenced by the addition of silica in the
PE10 based system, in which large silica particles were found to be present, but there
is an increased hardness measured in the PE6 based systems in which the particle
formation is less. A further increase of hardness is obtained when silane-modified
PE6 is used, in which no particles are formed. The silica particles present in the
coatings have a negative influence on the micro-indentation hardness. It is assumed
that the silica particles are part of an inorganic network. In this way they are less
effective in overcoming stress than when the silica is more uniformly distributed. The
more uniform the structure, the better the overall stress relaxation, the better the
indentation can be absorbed. It appears thus that for a high indentation hardness
an uniform inorganic network is preferable. For improved scratch resistance it is
preferable that silica is present at the surface of the coating. Furthermore it is observed
that the flexibility of the organic network has a large influence on the final properties.
When a flexible polyester is chosen in combination with an inorganic network that
causes improved microscopic rigidity, the macroscopic flexibility can be kept while on
the microscopic scale properties are improved. This can be interesting for improved
mar resistance in coatings (see Chapter 3), since those damages are on the microscopic

scale [116].
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5.5 Experimental details

Silica contents were measured by thermal gravimetric analysis (TGA, Perkin Elmer

TGAT). The heating rate was 20 °C/min from 50 to 800 °C.

NMR, spectra were recorded on a Varian Gemini 300, using CDCls as solvent with
tetramethylsilane as internal standard.

Layer thicknesses of the coatings on glass substrates were determined by a micro-
meter (Coatchecker VC-2, Evano Instruments). On aluminum substrates they were
measured with the eddy current principle (Twincheck, List Magnetik).

Scanning electron microscopy (SEM, Cambridge, Stereoscan 200) was performed on
cross-sections of coatings on glass substrates. The samples were etched for 30 minutes
with an oxygen plasma (Nanotech Plasmaprep 100) and sputtered with Pd/Au for 3
minutes (BioRad SEM Coating System).

Transmission electron microscopy (TEM, Philips CM200 TEM) and (Jeol 2000 FX)
with elemental analysis (Noran Instruments Series IT) was performed on samples with
a thickness of 100 nm were studied. The samples were microtomed (Reichert Ultracut
E/FC-4D) at -50 °C and subsequently floated on a dimethyl sulfoxide/water mixture.

Koénig hardness was measured with a Konig pendulum apparatus (Pendelhartepriifer
Model 299/300, Erichsen), according to ASTM D4366, on coatings on glass substrates.
Pencil hardness measurements were performed with a pencil hardness tester (Ritz-
héartepriifer nach Wolff-Wilborn Model 291, Erichsen), according to ASTM D3363.
The noted hardness is the highest pencil hardness that did not show damage after
scratching.

Micro-indentation was performed on a homebuilt nano-indenter, with a Berkovich
pyramid indenter. The used indentation speed was 10 nm/s.

Micro-scratching was performed on a homebuilt micro-scratcher, using a diamond
tip, with a radius of 8 um. A normal force, perpendicular to the coating surface was
applied and scratches were made with a speed of 10 um/s. The scratches were studied
afterwards with AFM (Nanoscope 3100, Digital Instruments).



Chapter 6

Nano-structured Coatings

6.1 Introduction

A material in which two or more materials are combined in such a way that they
cannot be distinguished as individual materials is called hybrid material. In such
a material compounds have intermolecular interactions so that the final material is
one material, a so-called nanocomposite. On the other hand, ‘a composite material
is a combination of two or more materials each of which retains its identity in the
finished component’ [154]. The term composite material [169-171] is mostly used for
binder materials that are reinforced with fibers or particles of which the latter two are
called reinforcements. While the reinforcements enhance the strength and stiffness,
the matrix transfers the load to the reinforcements and distributes the stress among
them. By choosing the right compounds and concentrations the composites can be
tailored to given requirements.

The synthesis of both composites and nanocomposites is aiming at improved prop-
erties by combining different materials together. It appears though that mixing on
a molecular scale results in a further improvement of the properties. An example is
provided by a composite of phenolic resin with glass fibers compared with a hybrid
material consisting of phenolic resin and silica, in situ formed from tetramethoxysi-
lane [163]. The morphology of the hybrid material shows a more homogeneous dis-
tribution of the silica through the organic matrix, which improves the mechanical
properties to a further extent than in the composite. The fracture strain, as well as
the strength and modulus are improved in the hybrid material, while it 1s normally
observed in corresponding conventional composites that the modulus and strength in-
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crease but the fracture strain decreases. Another example is provided by an epoxide
rubber, conventionally vulcanized and filled with silica (composite) compared with a
vulcanized rubber in which silica is formed in situ by the sol-gel process and crosslinks
are made with y-aminopropyltriethoxysilane (hybrid) [172]. The sol-gel vulcanizates
were more rigid and stronger than the typical sulfur-cured vulcanizates with com-
parable amounts of silica, probably due to a better distribution of the silica in the
matrix. It is known that in coatings inorganic pigments also can improve strength
and stiffness, although this is not the aim of their application [1,3]. Tt is expected
that such mechanical properties can further be improved by decreasing the size of the
inorganic compound, thus creating hybrid materials. Due to the small sizes of such
inorganic compounds, they do not scatter light and can be applied also in transparent
coating systems.

In literature various studies on the incorporation of nanoparticles are reported to im-
prove the scratch resistance of coatings. Beside fumed silica (200-300 nm) [80] and
boehmite particles (y-Al;O3, < 50 nm) [69,90] pre-synthesized TiO2 nanoparticles
(4 nm), synthesized from tetraisopropyltitanate, and SiOs nanoparticles (10 nm), syn-
thesized from tetraethoxysilane (TEOS), have been applied [91]. Silica nanoparticles
can also be synthesized in situ using a base catalyzed sol-gel procedure [6,173]. An
example is the in situ synthesis of silica particles from tetramethoxysilane with diethy-
lamine as base catalyst in polybenzoxazoles and polybenzobisthiazoles [39,51,174].
It was found that a covalent bonding of the organic and inorganic compounds via a
silane coupling agent is required to improve the compatibility. With scanning electron
microscopy (SEM) it was shown that silica domains of less than 1 ym were uniformly
distributed in the organic matrix.

In the research presented in this chapter polyester-epoxide-TEQOS hybrid system have
been studied, aiming at the in situ formation of nanosized particles within the or-
ganic polyester-epoxide matrix, by basic conditions. To improve the compatibility
of the components of this system, the acid-terminated polyester has been silane-
functionalized with vy-glycidoxypropyltrimethoxysilane (glymo) as described in Sec-
tion 6.2. The reaction aimed for is the ring opening addition reaction of the epoxide
group of glymo with the carboxylic group of the polyester, as described in Figure
6.1. Possible side reactions between acid-terminated polyester and the epoxy groups
are discussed below. Hydrolysis of the methoxy groups and reaction of the oxirane
ring with the silanol groups may also take place [148,175-177]. In literature the
relative rates of the reactions of glymo with a mixture of n-butyric acid and water
under basic conditions have been studied [175]. Tt was found that both hydrolysis of
the Si-O-CHj functions (formation of silanol groups) and ring opening of the epoxy
function takes place simultaneously and independently. No reaction of epoxy with
silanol was mentioned. The rate of epoxy ring opening was reported to be slower
than the hydrolysis reaction. When no catalyst was added reaction of silanol groups
with the oxirane rings was noticed [148,176,177]. Therefore, it is expected that as
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Figure 6.1: Silane-modification of acid-terminated polyester with glymo.

long as no water is involved during synthesis and basic conditions are applied mainly
the reaction described in Figure 6.1 will take place.

The silane-modified polyester is crosslinked with an expoy resin for the formation
of an organic network The epoxide resin used (Epikote 155, Shell) is based on no-
volac phenolic resins. By reaction of novolac phenol resin and epichlorohydrin phenol
novolac glycidyl ether is obtained (Figure 6.2). The epoxy resin has an epoxy mo-
lar mass (EMM) of 182 g/mole, which means that in 182 grams of resin one mole
of epoxy functions is present. The number of epoxy groups per molecule is about
3.6 [98], therefore the epoxy resin can form an organic network with a bifunctional
polyester. The occurring reactions have been described in literature [178]. The main
crosslinking reaction is the base catalyzed reaction of the carboxylic acid with the
epoxide group (Figure 6.3, which is the same ring opening reaction as between glymo
and the acid-terminated polyester (Figure 6.1)). The formed secondary alcohol can
also react with both epoxy (etherification, Figure 6.4) and carboxylic acid (esteri-
fication, Figure 6.5). By the esterification reaction water is formed that also can
react with the epoxide (hydrolysis, Figure 6.6). Furthermore, transesterification can
occur by reaction of two hydroxyesters (Figure 6.7). From a study with epoxy and
polyester model compounds [179], it was concluded that in a base catalyzed system
the reaction between polyester and epoxy (Figure 6.3) proceeds in the initial stage.
The other reactions occur only after the acid or epoxide has been consumed, and then
etherification occurs fastest. In the hybrid systems studied also water, ethanol and
silanol groups (hydrolyzed TEQOS) are present. It should be considered that these
compounds can also react with the acid and epoxy groups, thereby influencing the
crosslink reactions.

In this chapter the synthesis of silane-modified acid terminated polyester is described
in Section 6.2. These polyesters are combined with epoxides and prehydrolyzed TEOS
under basic conditions. It is expected that an organic network will be formed together
with in situ formation of small silica particles, due to the sol-gel reactions in the
presence of an base catalyst. This should result in the formation of an organic matrix
with a uniform distribution of very small silica particles. The morphology (Section
6.3) and properties (Section 6.4) of the coatings were studied. The final conclusions
are summarized in Section 6.5.
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Figure 6.2: Forming of epoxide resin from epichlorohydrin and novolac phenolic resin.
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6.2 Synthesis

Since the compatibility of both the acid-terminated polyester and the epoxide with
TEOS is low, it was not possible to prepare transparent hybrid coatings based on
acid-terminated polyester, epoxide crosslinker and TEOS with sufficient thickness and
silica content. To improve the compatibility the acid-terminated polyester has been
modified with the silane coupling agent, glymo, to form a silane-modified polyester.
Hereto, the trifunctional acid-terminated polyester was reacted with glymo to such
an extent that on average one third of the acid endgroups were linked to the epoxy
groups of glymo. In this way the polyester can still form an organic network when
the remaining acid groups are crosslinked with a trifunctional epoxide. Two methods
have been applied to synthesize this silane-modified polyester: the so-called excess
method (Section 6.2.1) and the stoichiometric method (Section 6.2.2). In the excess
method an excess of glymo is added and the reaction is short, to prevent gelation.
The excess of glymo is removed by precipitation. In the stoichiometric method one
mole of glymo is added per one mole polyester and the reaction time is longer, since
all glymo must react with the acid groups. The possibility of gelation is larger with
the stoichiometric method, due to the longer reaction time. The disadvantage of
the excess method, with a short reaction time, is that the excess must be removed,
increasing the number of synthetic steps and the possibility to introduce water in the
system, which can also lead to gelation.

6.2.1 Excess method

An excess of glymo (five times the necessary amount) was added to the acid-ter-
minated trifunctional polyester (PE6a) in 1-methoxy-2-propylacetate (MPA). To the
mixture 1 wt.% 1,4-diazobicyclo[2.2.2]octane (DABCO) was added as catalyst. The
reaction was performed under nitrogen in a flask contained in an oil bath at 90 °C for
45 minutes. The product was precipitated in heptane to remove the excess of glymo
still present and dried in vacuo. The acid value (AV) of the reaction product was
determined and the molecular weight was calculated. The characteristics of the ob-
tained polymers are summarized in Table 6.1. The product was further characterized
by FTIR, 'H and '3C NMR. The complete NMR assignments can be found in Section
6.6. In this section some relevant details are discussed.

In Figure 6.8 the infrared spectra of glymo, PE6a and the silane-modified polyester
(Si-PE6a) are shown. The epoxy signal is assigned at 910 cm~! [180]. Although there
is some overlap with the polyester signals and possibly formed silanol (assigned at
915 cm™1! [177]), it appears that there is epoxy left in the silane-modified polyester.
Also in the 'H NMR spectrum (Figure 6.9) the residual epoxy groups are visible at
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Table 6.1: The characteristics of silane-modified PE6a.

Si-PE6a  fn° AV [mg KOH/¢g] Conversion' Mn~
by before reaction  after reaction acid groups® [g/mole]
method

excess 3 85.3 44.1 48% 2313
stoich. 3 85.3 49.8 42% 2268

° Calculated from composition. T Based on the total number of acid groups present.

* Calculated by endgroup titration.

3.00 (C) and 2.63 ppm (A). In literature [180] silanol groups have also been assigned
in the same region. It appears from Figure 6.9 that there is no extra signal in that
region, meaning that no silanol groups are present in the silane-modified polyester.
According to literature [181], after ring opening all protons of the oxirane shift to
around 3.4 ppm. Also in this region there is overlap with other signals and therefore
the reacted epoxy groups could not be demonstrated. In the '>C NMR spectrum
of silane-modified polyester (Figure 6.10) also the residual epoxy groups are visible
at 50.4 and 43.7 ppm. After reaction of the epoxy group with the acid groups of
the polyester a shift of the carbons of the former oxirane ring to lower field was
expected [69,181], but not observed. The hydrolysis and possible further reaction of
the methoxy groups was noticed (Figure 6.10), since the methoxy signal (50.0 ppm)
was relatively decreased. The signal at 49.8 ppm is assigned to methanol (MeOH) that
was formed during hydrolysis of the methoxy groups. But it might also be the signal
of methylated endgroup of the polyester by reaction with methanol or a methoxy
group of glymo. From the carbonyl signals in the 13C NMR (Figure 6.11) it could be
retrieved that the acid groups had reacted. The signal at 176 ppm of the succinic acid
endgroup (SA) had disappeared. The other carbonyl group of SA at 171 ppm and the
CH;, signals of SA at 28.7 and 28.5 ppm (Figure 6.12) were shifted and broadened.

From these analyses it has become clear that part of the acid endgroups of the
polyester had reacted but the reaction of the epoxy groups could not be proven,
due to the large amount of unreacted glymo that was still present and the overlap-
ping signals. It also appears that part of the glymo is hydrolyzed, since there was
a decrease in the methoxy signal noticed in '*C NMR, but no silanol was found in
the 'H NMR spectrum. The silanol groups can react with each other forming Si-O-Si
bonds. Another possibility is the reaction with the carboxylic acid end groups of the
polyester.
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Figure 6.8: The FTIR spectra of glymo, PE6a and Si-PE6a, synthesized by the excess
method.
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Figure 6.9: The 'H NMR spectra of glymo and Si-PE6a, synthesized by the excess
method.
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Figure 6.10: The epoxy and methoxy group region of “>C NMR spectra of glymo and
Si-PE6a, synthesized by the excess method.
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Figure 6.11: The carbonyl region of *3C NMR spectra of PE6a and Si-PE6a, synthe-
sized by the excess method.
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Figure 6.12: The CH, region of **C NMR spectra of PE6a and Si-PEGa, synthesized
by the excess method.

6.2.2 Stoichiometric method

Glymo was added to acid-terminated trifunctional polyester (PE6a), in a 1:1 molar
ratio, so that on average one acid group per polyester molecule could react with glymo.
(Although strictly taken this is not stoichiometric this term was used to facilitate the
comparison with the excess method.) To the mixture 1 wt.% DABCO was added
as catalyst. The reaction was performed under nitrogen in a flask contained in an
oil bath at 90 °C for 6 hours. The reaction was followed by titration of the acid
groups and epoxide groups in the system. The conversion of the acid and epoxy
groups are plotted in Figure 6.13. The starting and final acid value and calculated
molecular weight are summarized in Table 6.1. While the acid groups reached over the
calculated 30% conversion not all epoxy groups had reacted to completion. This means
that beside the epoxide-acid reaction also other reactions occur. During the synthesis
also etherification, esterification and transesterification, as explained in Section 6.1,
can occur. Furthermore, water originating from the esterification reactions or present
in the polyester or solvent, could cause hydrolysis of the methoxy groups and the
methanol thus formed can react with the acid endgroups. In the reaction product,
though, there are enough acid groups left, as determined by titration, for the organic
crosslinking reaction with the trifunctional epoxide.
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Figure 6.13: The conversion of acid (o) and epoxy (o) groups in reaction of PE6a
with glymo, using the stoichiometric method.

6.2.3 Comparison of the synthetic methods

The excess method and the stoichiometric method both show drawbacks. In the excess
method the excess of glymo must be removed, resulting in various synthetic steps that
can introduce water in the system, resulting in gelation. Furthermore, it is difficult to
control the reaction and to prove the occurrence of the reaction, because of unreacted
glymo still present in the reaction mixture. In the stoichiometric method the long
reaction time is the cause of gelation, due to a number of possible side reactions. It
was found that the epoxy had only partly reacted with the acid groups, while the
acid groups had reacted also with other functions. The silanization could not be
proven. An other synthetic procedure should be developed for a better controlled
reaction. Possibilities are addition of glymo dropwise, using other reaction conditions
and working completely water free. Anyhow, even if unreacted glymo is present in the
polyester it 1s not expected to have a negative influence on the system, since glymo
enhances the compatibility and the silica content in the system.



6.2 Synthesis 97

6.2.4 Hybrid coatings

By combining the silane-modified polyesters, synthesized as described above, with
a trifunctional epoxy resin (Epikote 155, Shell) with an acid:epoxy molar ratio of
1:1, an organic network is formed. Various amounts of prehydrolyzed TEOS (pT2,
described in Section 2.3) were added to study the effect of the silica content on the
morphology (Section 6.3) and the properties (Section 6.4) of the coatings. In Table 6.2
the silica content in the coatings, determined by thermal gravimetric analysis (TGA),
is compared with the calculated amount. The final amount of silica in the coatings
using the silane-modified polyester synthesized with the excess method is higher than
the calculated amount, due to the excess of glymo present in the resin (see Section
6.2.1). Taking this into account the experimentally determined amount of silica is in
good agreement with the calculated amounts.

Table 6.2: The silica content of Si-PE6a-Epikote hybrid coatings with various amounts
of pT2, cured for 10 minutes at 200 ° C, determined by TGA. Si-PE6a synthesized by
the excess and the stoichiometric method.

calc. wt.% Si0, 2 3 5 6 8 9 13 18 24 32

Si-PE6a measured wt.% Si
Excess method 3.7 7.3 9.2 15.6 21.8 34.8
Stoich. method 1.8 4.2 5.2 88 13.1 154 251 33.0

9.2 19.7
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6.3 Morphology

The morphology of the hybrid coatings was studied with SEM. No silica structure
could be retrieved, as shown in Figure 6.14 for three coatings with various amounts
of silica. The structures visible in the photographs were caused by oxygen etching.
The effect of the oxygen plasma is reduced with increasing silica content, showing
increased homogeneity and improved resistance to the oxygen plasma. These coatings
were further studied by transmission electron microscopy (TEM). The photographs
are pictured in Figure 6.15. With increasing silica content an increase in structure is
seen. This shows that the observed structure is not caused by the resolution of the
TEM, but by the increased amount of silica particles, which are smaller than 10 nm.
Another remarkable feature was seen at the borders of the samples. In Figure 6.16
both edges of the coating with 21.8 wt.% SiO4 are shown. There is clearly an increased
silica content near the surface. This effect was also seen for other concentrations.
The morphological structure of these hybrid coatings can be described as an organic
matrix with inorganic nanosized particles. A schematic plot of the proposed structure
is pictured in Figure 6.17.

(a) 3.7 wt.% S10, (b) 9.2 wt.% SiO2 (c) 21.8 wt.% SiO2

Figure 6.14: SEM pictures of hybrid Si-PE6a-Epikote coatings with various amounts
of silica. Si-PE6a was synthesized by the excess method.
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(a) 3.7 wt.% S10, (b) 9.2 wt.% SiO2 (c) 21.8 wt.% SiO2

Figure 6.15: TEM pictures of hybrid Si-PE6a-Epikote coatings with various amounts
of silica. Si-PE6a was synthesized by the excess method.

(a) Substrate side (b) Surface side

Figure 6.16: TEM pictures of the borders of the hybrid Si-PE6a-Epikote coating with
21.8 wt. % Si0y. Si-PE6a was synthesized by the excess method.
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Figure 6.17: Schematic representation of the model proposed for the silane-modified
polyester-epoxide-p T2 system.

6.4 Properties

6.4.1 Konig hardness and pencil hardness

The Konig hardness and pencil hardness of hybrid coatings based on silane-modified
acid-terminated polyester and Epikote were determined as a function of the silica
content on the coatings applied on glass substrates. The Konig hardness as function of
the silica content is shown in Figure 6.18, comparing coatings based on silane-modified
polyester synthesized by the two synthetic methods. Because the film thickness varied
from 5 to 22 um, as indicated in Table 6.3, power law relations were used to determine
the calculated Konig hardness at a layer thickness of 15 pm. The power law relation
describes the Konig hardness as function of the layer thickness. This is explained
in further detail in Section 3.3.1. The used equations are shown in Figure 6.19.
The pencil hardnesses of the coatings directly after scratching and 6 days later are
summarized in Table 6.3. There is a recovery of the scratches noticed, resulting in
a set of apparently increased pencil hardness data after 6 days. Both the Konig
hardness and pencil hardness (directly after scratching) show an increase in hardness
with increasing silica content. The coatings based on the silane-modified polyesters
synthesized by the excess method shows a slightly lower Konig hardness, probably
due to the weakening effect of unreacted glymo. The trend in pencil hardness is for
all coatings synthesized the same, independent of the used synthetic method for the
silane-modified polyester.
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Figure 6.18: Konig hardness as function of the silica content of coatings based on
Si-PE6a-Epikote and pT2, for the polyester synthesized with the excess method (O)
and with the stoichiometric methods (o), caleulated at a layer thickness of 15 pum,
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Figure 6.19: The power law relations of the Konig hardness as function of the layer
thickness for hybrid coatings based on Si-PE6a-Epikote and pT2, for the polyester

synthesized with the excess method (O) and with the stoichiometric method (o).
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Table 6.3: The film thickness and pencil hardness of coatings based on Si-PE6a-
Epikote and pT2. Si-PE6a synthesized by the excess and stoichiometric method.

The excess method

wt.% SiOs 3.0 73 92 156 21.8 32.8
Film thickness [pm] 10 14 12 12 8 5
Pencil hardness
direct F F B 2H 4H 4H
after 6 days 3H H F 2H 4H 4H

The stoichiometric method

wt.% SiOs 1.8 42 52 88 9.2 131 154 197 251 33.0

Film thickness [pm] 17 22 21 17 16 15 11 10 10 10

Pencil hardness

direct F F F F F F 4H 2H 2H 2H
after 6 TH F bHH 2H F F 4H 2H 2H 4H
days

6.4.2 Micro-indentation

Micro-indentation measurements have been performed on coatings based on silane-
modified PE6a, synthesized with the stoichiometric method without (1.8 wt.% SiO2)
and with (25.1 wt.% SiO5) pT2 added, on aluminum substrates. The layer thicknesses
of the coatings are summarized in Table 6.4. Forces from 2 to 20 mN have been
applied and the force-displacement curves have been determined (see also Section
3.3.2). From these curves the maximum indentation depth at the maximum applied
forces were determined and the results are plotted in Figure 6.20. The difference
in indentation depths between the coating without and with pT2 is enormous. An
indentation depth of at the most 10 % of the total film thickness is allowed to rule out
the substrate effect [108]. For the hybrid coatings with pT2 this is valid for a range
of applied forces, but for the system without pT2 added none of the measurements
meet this demand. The measurements with the maximum indentation below this
10 % of the total film thickness were used for the calculation of the average hardness
and reduced elastic modulus, as summarized in Table 6.4, but this could not be done
for the system without pT2 added. In that case the calculations at the lowest force
(2 mN) are summarized. The influence of the substrate on the measurements on
the system without pT2 added, is seen in Figure 6.21 as an increased hardness at
higher maximum applied forces. For the elastic modulus (Figure 6.22) in both cases
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Table 6.4: Micro-indentation: coating thickness of Si-PE6a-Epikote coatings on alu-
minum, applied forces, which were used in calculations and the average calculated
values of the indentation hardness and reduced elastic modulus.

Coating sample Thickness  Used forces Hardness  Elastic
for calc. Modulus
] mN]  [GPa]  [GPa)
1.8 wt.% SiO» 27 2 0.003 0.2
25.1 wt.% SiO- 17 2-9 0.17 4.1

an increased value is seen with increasing normal force. This effect was also seen in
the other systems studied (Chapter 5) and is caused by the large difference between
the modulus of aluminum and the coating (see also Section 3.3.2). From the results of
the micro-indentation measurements on the silane-modified polyester-Epikote system
it can be concluded, qualitatively, that pT2 increases both the indentation hardness
and the elastic modulus.

o 1.8 wt.% silica ©

10 " o 251 wt%siica

o [e)
o

8 I 00 ©

[e]

max depth [um]
(@]

applied force [mN]

Figure 6.20: Mazimum indentation depth versus applied forces for Si-PE6a-Epikote
coatings, without (o) and with (o) pT2 added.
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Figure 6.21: Indentation hardness versus applied forces for Si-PE6Ga-FEpikote coatings,
without (o) and with () pT2 added. Note that the scale of the right axis is hundred
times smaller than the scale of the left axis.

6.4.3 Micro-scratching

Micro-scratching tests have been performed on coatings based on silane-modified
PEG6a, synthesized with the stoichiometric method without (1.8 wt.% SiO2) and with
(25.1 wt.% SiO2) pT2 added, on aluminum substrates. Several scratches have been
made with normal forces increasing from 2.6 to 10.2 mN. The frictional force as
function of the applied normal force is plotted in Figure 6.23. The coatings with pT2
showed a very high frictional force already at low applied normal forces. Higher forces
could not be applied because at that stage other effects started to play a role, so that
no pure frictional force could be determined anymore. It is remarkable that, although
the frictional forces on the coatings were much higher than on the coatings based on
polyester, HMMM and pT2 (Chapter 5), none of the scratches in both systems could
be retrieved with AFM. This shows that the coating is fully recovered and no damage
remains. The only conclusion that could be drawn form these experiments was that
the frictional force increased with the increase in silica content in these coatings.
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Figure 6.22: Reduced elastic modulus versus applied forces for Si-PEGa-Epikote coat-
ings, without (o) and with (e) pT2 added.
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Figure 6.23: The frictional force as a function of the normal force for Si-PE6a-Epikote
coatings, without (o) and with (e) pT2. The drawn lines are only a guide for the eye.
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6.5 Conclusions

Partly silane-modified polyesters were synthesized by reacting acid-terminated poly-
ester with y-glycidoxypropyltrimethoxysilane, although 1t was not possible to prove
the reaction due to overlapping signals and the occurrence of side reactions such as
etherification, esterification and partly hydrolysis of the methoxy groups. Both by
using an excess or an ‘stoichiometric’ amount of glymo these side reactions occurred.
The silane-modified polyester is therefore susceptible to gelation and must be used
in the coating preparation immediately after synthesis. With the silane-modified
polyester, trifunctional epoxide and additional pT2 transparent hybrid coatings can
be formed.

The morphology of the hybrid coatings consists of very small (less than 10 nm) silica
particles within an organic matrix. There is an excess of silica at the surface of the
coatings. These so-called nano-structured coatings show an increased Konig hardness
with increasing silica content. Also the micro-indentation hardness is largely increased
and the reduced elastic modulusis increased as well. These effects are attributed to the
small silica particles in the flexible organic matrix. The organic matrix distributes the
load uniformly over the nanosized hard silica particles and the stress can be released
through the matrix.

Also the pencil hardness showed an increase with increasing silica content. But in
time the pencil hardness changed to higher values, because of the recovery behavior
of the coatings. The scratches noticed direct after applying the pencil scratch re-
covered in time. Not all coatings showed the same recovery behavior. The coatings
containing few silica recovered more than coatings containing more silica. The recov-
ery behavior was also noticed with the micro-scratch test. The scratches itself could
not be retrieved, because of the time dependent recovery behavior. Furthermore, an
increased frictional force was measured with a higher silica content, compared to a
lower silica content. An improved scratch resistance was expected, since very fine
silica particles were found at the top of the surface, but increased scratch resistance
was only measured by the pencil hardness and not confirmed by the micro-scratch
test. The increased frictional force at higher silica content is not understood. It ap-
pears that the scale of the deformation has influence on the behavior of the coatings.
Maybe the size of the silica at the surface disturbs the gliding of a small tip on the
surface, resulting in a larger friction. Also the complex visco-elastic behavior of the
nanocomposites, which is not studied here, will play a role. Anyhow, no quantitative
information could be retrieved from the experiments done so far.

It remains valid that with increasing silica content not the size but the number of very
small silica particles increases, resulting in a behavior similar to that in conventional
composites. The effects in the hybrid coatings have not been compared to composites,
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like pigmented or filled coatings. Hybrid materials, though, can give transparent
systems, whereas conventional composites can only be transparent when the refractive
indices are comparable. Although only an indication is given, by the results of Chapter
5, 1t 18 expected that the increased silica content at the surface of the coatings improves
the scratch resistance of the coatings.

6.6 Experimental details

Fourier transform infrared spectroscopy (FTIR, Matson Polaris) was performed by
applying thin films, diluted with THF, on KBr tablets.

NMR, spectra were recorded on a Bruker AM400, using CDCl3 as solvent with tetra-
methylsilane as internal standard.

The acid value, the number of acid groups in the polyester in mg KOH/g, was de-
termined by titration with standardized 0.1 M KOH in ethanol, according to DSM
Resins test method TM-2401 (based on ISO 3682).

The epoxy groups were titrated with in situ formed HBr by applying standardized
0.1 N perchloric acid in glacial acetic acid in the presence of tetrabutylammonium

bromide [182].

Silica contents were measured by thermal gravimetric analysis (TGA, Perkin Elmer

TGAT). The heating rate was 20 or 40 °C/min from 50 to 800 °C.

Layer thicknesses of the coatings on glass substrates were determined by a micro-
meter (Coatchecker VC-2, Evano Instruments). On aluminum substrates they were
measured with the eddy current principle (Twincheck, List Magnetik).

Scanning electron microscopy (SEM, Cambridge, Stereoscan 200) was performed on
cross-sections of coatings on glass substrates. The samples were etched for 30 minutes
with an oxygen plasma (Nanotech Plasmaprep 100) and sputtered with Pd/Au for 3
minutes (BioRad SEM Coating System).

Transmission electron microscopy (TEM, Jeol 2000 FX) with elemental analysis (No-
ran Instruments Series IT) was performed on samples with a thickness of 100 nm. The
samples were microtomed (Reichert Ultracut E/FC-4D) at -50 °C and subsequently
floated on a dimethyl sulfoxide/water mixture.

Koénig hardness was measured with a Konig pendulum apparatus (Pendelhartepriifer
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Model 299/300, Erichsen), according to ASTM D4366, on coatings on glass substrates.

Pencil hardness measurements were performed with a pencil hardness tester (Ritz-
héartepriifer nach Wolff-Wilborn Model 291, Erichsen), according to ASTM D3363.
The noted hardness is the highest pencil hardness that did not show damage after
scratching.

Micro-indentation was performed on a homebuilt nano-indenter, with a Berkovich
pyramid indenter. The used indentation speed was 10 nm/s.

Micro-scratching was performed on a homebuilt micro-scratcher, using a diamond
tip, with a radius of 8 um. A normal force, perpendicular to the coating surface was
applied and scratches were made with a speed of 10 um/s.

6.6.1 NMR assignments

The assignments of the 1H and 13C NMR spectra of the Si-PE6a(1), synthesized by
the excess method, are summarized in Table 6.5 and 6.6, respectively. The polyester
assignments are made by comparing them with assignments from literature [102-
105]. The other assignments were compared with the spectra of the internet database
‘SDBS’ from the National Institute of Materials and Chemical Research, which can
be found on www.aist.go.jp/RIODB/ SDBS/menu-e.html. The molar ratio Si-PE6a
: glymo : MPA : heptane was found to be 2.4 : 1 : 0.4 : 0.2. The numbering of the
assignments of glymo can be found in Figure 6.9 for the hydrogens and in Figure 6.10
for the carbons.
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Table 6.5: Assignments of 'H NMR signals of Si-PE6a, synthesized by the excess
method.

ppm Polyester glymo MPA heptane
8.52 IPA ring

8.07 IPA ring

7.40 IPA ring

4.91 HC=

4.43-3.74 CHz of NPG, TMP

3.58 -CH.H,-0- (E)

3.42 -OCHs

3.34-3.22 -CHqHp-0-CHz-epoxy (E), (D) -O-CHa-

3.21 CH3-0O-

3.00 -CH(O)C (C)

2.63 -C(O)CH.H; (A)

2.49-2.44 CHj of SA -C(0)CHHy (B)

2.20 CHs of AdA

1.90 CH3;C=0

1.51 CHs of AdA -CHs- (F)

1.06-0.70 CHj of NPG, TMP CHj3-C= CHy, CH3

0.53 -CH,-Si= (G)
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Table 6.6: Assignments of '3C NMR signals of Si-PE6a, synthezed by the excess

method.

ppm

Polyester glymo

MPA heptane, MeOH

173

171

170

164
133-128
75

73

70

69.5-
68.6

68.8
64.5
59
50.4
50.0
49.8
43.7
41
35
33
31
28.6
28.4
24
22
21.4
20.8
16
14

4.8

C=0 of AdA
C=0 of SA

C=0 of IPA
IPA ring

-CH3-0- (c)

-O-CHa- (d)
CH, of NPG

CHjy of TMP

_CH(O)C (e)
~OCH;

-CH(O)CH;, (f)

Cquart of TMP
Cquart of NPG
CH, of AdA

CHj of SA
CHjy of AdA

-CHa- (b)
CHs of NPG

CHs of TMP
-CH,-Si= (a)

-O-CHs-

HC=

CH3-0O-

CH3 0O of MeOH

CHs of heptane

CHs of heptane

CHs of heptane

CH3-C=0

CH;3-C=
CHs of heptane




Chapter 7

Conclusions and
Recommendations

In this thesis organic-inorganic hybrid coatings based on polyester resins and tetra-
ethoxysilane (TEOS) have been investigated. The aim was to control both hardness
and flexibility in this new type of coatings. The studied hybrid coatings exhibited var-
ious morphologies, namely the so-called ‘true hybrids’, interpenetrating networks and
organic matrices with inorganic nanosized particles. The ‘true hybrid’ morphology
consisted of polyester resin crosslinked with hydrolyzed and condensed TEOS clus-
ters. The interpenetrating network consisted of an organic polyester-hexakis(methoxy-
methyl)melamine network together with a silica network formed by the acid catalyzed
sol-gel reaction of TEOS. The organic matriz with nanosized particles consisted of a
polyester-epoxide network in which silica nanoparticles are formed by the base cat-
alyzed sol-gel reaction of TEOS. Additionally, silane coupling agents were added for
improved compatibility. The influences of the morphology and the amount of silica
on various properties were investigated.

The best combination of hardness and flexibility in the hybrid coatings is achieved
when an organic matriz with inorganic nanoparticles is formed. It is expected that
the organic matrix provides the flexibility, while the inorganic nanoparticles cause
an increased hardness by distributing applied stresses throughout the film. It was
found that the hardness can be adjusted by the amount of silica in the coating. By
studying the effect of the polyester backbone on the flexibility the insight in these
systems will be further extended. The flexibility should be studied quantitatively
by, for example, tensile testing or dynamic mechanical analysis on free films or on
coatings on substrates.
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Hybrid coatings with the morphology of interpenetrating networks show little influ-
ence of the amount of silica on the indentation hardness of the coatings. On the
other hand, the scratch and mar resistance of these coatings improves when silica is
incorporated. In this case, the amount of silica has is not determining. Silica was
found to be preferentially present at the surface of the coating, forming a hard and
scratch resistant top layer. By optimizing and controlling this phase separation pro-
cess further it will, therefore, possible to form self-stratifying coatings with a scratch
resistant silica top layer and a bulk that adhere well to the substrate.

“True hybrid’ systems have been used to investigate the type of interactions between
the organic and inorganic phase. The interaction between the polyester resin and
TEOS mainly takes place by reaction of the hydroxyl endgroups of the polyester
and the hydroxyl groups of hydrolyzed TEOS. In this way Si-O-C bonds are formed.
The formation of hydrogen bond interaction between silanol and carbonyl groups
of the polyester was not observed. The ‘“true hybrid’ coatings, only formed with
hydroxyl-terminated polyesters under acidic conditions in the presence of water, show
an increase in hardness and glass transition temperature with increasing silica content,
due to the increase in crosslink density. The Si-O-C bonds, though, are sensitive to
water. In time degradation of the coatings occurs by hydrolysis of these bonds.

In the organic crosslinked hybrid systems it appeared necessary to prehydrolyse TEOS
to prevent evaporation during curing. By prehydrolysis silica clusters with hydroxyl
groups are formed, resulting in a better interaction with the organic components. By
applying prehydrolysis before the addition to the coating systems a better homogene-
ity in the systems is obtained than in the case when hydrolysis takes place in the
coating system.

The characterization of the morphology of the hybrid coatings has successfully been
done by scanning and transmission electron microscopy. Further characterization
with small angle X-ray scattering (SAXS) is recommended. Especially in the low
nanometer range SAXS can give additional information about the morphology of the
hybrid coatings. Also following the structure growth in the coatings in time, which

can be done with SAXS, will be useful.

In this thesis it has been shown that micro-indentation and micro-scratching are meth-
ods that can be applied to organic coatings to obtain quantitative information about
hardnesses, elastic moduli and friction coefficients. The use of these techniques for
organic coatings 1s relatively new. The visco-elastic behavior of polymeric materials
results in a more complex interpretation than for inorganic materials, for which these
methods were designed in the first place. Furthermore, the use of small forces gives
the possibility to do measurements on substrate supported coatings with only limited
and measurable influence of the substrate. Further investigations in this field will give
a impetus to a more quantitative characterization of organic coatings.
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Summary

The new field of organic-inorganic hybrid materials has been largely expanding over
the past fifteen years. The possibility of combining organic and inorganic material
properties originates from another relatively new field: the sol-gel science. In the sol-
gel process inorganic materials are formed at temperatures which organic compounds
can withstand, in contrast to the conventional methods of inorganic material synthesis.
The aim of the synthesis of most hybrid materials is to combine specific organic and
inorganic material properties in one material. Our aim is to improve the hardness
and scratch resistance of organic based coatings, while at the same time maintaining
the flexibility.

In this thesis the possibilities of organic-inorganic hybrid solvent-based coatings as
hard, scratch resistant and still flexible coatings on steel and aluminum are described.
The organic component is a flexible polyester resin crosslinked with organic crosslink-
ers, thus forming an organic coating network. The polyester resins synthesized con-
tained a hydroxyl functionality. By addition of succinic anhydride acid-terminated
polyesters were formed. In this way only the end function was changed, while hardly
changing the composition and structure of the polyesters. The inorganic part is
meant to provide hardness and scratch resistance of the hybrid coatings and consists
of tetraethoxysilane (TEOS) that forms silica under acidic or basic conditions via
hydrolysis and condensation in the presence of water: the so-called sol-gel process.
It was found that at the curing temperatures of the organic crosslinking, the silicon
compounds evaporated from the coatings. Therefore, the precursor was prehydrolyzed
with water under acidic conditions, prior to application in the coating systems. In
this way silica clusters with hydroxyl groups were pre-formed, preventing evaporation
and improving the interaction with the organic compounds.

For a systematic study on the influence of the morphology of hybrid coatings on
the hardness and flexibility several hybrid coatings have been prepared. One acid
catalyzed system and one base catalyzed organic crosslinking system were chosen. It
is known that the pH of the reaction mixture influences the morphology of the in situ
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formed inorganic silica. By applying both and acid and base catalyzed system two
different microstructures of compositional comparable hybrid coatings were obtained.
Under acidic conditions interpenetrating organic and inorganic networks are formed,
while under basic conditions silica nanoparticles are embedded in the organic matriz.
A third morphological structure type was obtained by the reaction of polyester resin
and TEOS, without the presence of an organic crosslinker. In this way the silicon
compound forms the crosslinks of the polyester resin, thus forming a so-called ‘true

hybrid’.

The morphology has been studied with scanning and transmission electron microsco-
py. The study on properties was focused on the effect of the amount of silica on the
hardness and scratch resistance. This was studied by techniques commonly used in
the coatings industry (Konig hardness, pencil hardness), but also with better defined
methods like the micro-indentation and micro-scratching method.

Polyester resin crosslinked with hydrolyzed and partially condensed TEOS only results
in the formation of ‘true hybrids’ when hydroxyl-terminated polyesters are used, under
acidic conditions in the presence of water. It is shown that reaction between the
organic and inorganic phase takes place via the hydroxyl endgroups of the polyester
and the silanol groups of the inorganic component. An increase in Konig hardness and
glass transition temperature with increasing TEOS content is determined, showing
the increase in crosslink density. It was determined that the formed Si-O-C crosslinks,
though, are easily hydrolyzed leading to degradation of the coatings.

When hydroxyl-terminated polyesters are crosslinked with hexakis(methoxymethyl)-
melamine in combination with prehydrolyzed TEOS under acidic conditions phase
separation occurs within the organic-silica interpenetrating network. Phase separa-
tion in the coatings results in the formation of silica particles, which increase in size
and number with increasing silica content, finally resulting in hazy coatings. Further-
more, it was found that the silicon compounds migrate to the surface of the coating.
The silica on the surface increases the scratch resistance of the coatings. When the
polyester was modified with silane coupling agents the compatibility between the or-
ganic and inorganic phase improves largely. No phase separation is observed and an
interlinked interpenetrating organic-inorganic hybrid networks is formed. The effect
of the amount of silica in the coating on the indentation hardness is small.

For coatings of acid-terminated polyester with epoxides and prehydrolyzed TEOS
under basic conditions also silane coupling agents are necessary to be able to form an
organic matriz with nanosized inorganic particles (less than 10 nm). The hardness
(Konig, pencil and micro-indentation) increases with increasing silica content. The
scratch tests (pencil and micro-scratchers) show strong recovery of the scratches in
time and can therefore not give much information on the influence of the silica on the
scratch resistance.
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In conclusion, from the three morphologies studied the organic matriz with nanopar-
ticles formed by the basic catalyzed process shows the best results in combining and
controlling hardness and flexibility. Furthermore, it was shown that migration of sil-
ica to the surface, which was seen in both organic crosslinked systems, successfully
improves the scratch and mar resistance of the coatings.
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Samenvatting

Het gebied van de organische-anorganische hybride materialen is pas vijftien jaar jong.
Het combineren van anorganische en organische componenten tot één materiaal komt
voort uit een andere recente ontwikkeling: het sol-gel proces. Via het sol-gel proces
kunnen, in tegenstelling tot conventionele methoden, anorganische materialen worden
gemaakt bij lage temperaturen, zodat de synthese te combineren is met organische
materialen. Het doel van hybride materialen is om de eigenschappen van zowel or-
ganische als anorganische componenten te combineren. Ons doel is om de hardheid
en krasvastheid van organische coatings te verhogen met behoud van de flexibiliteit
door middel van hybride materialen.

In dit proefschrift wordt de toepassing van organische-anorganische hybride mate-
rialen als coatings op staal en aluminium met dit doel bestudeerd. De organische
component is een flexibele polyester hars, die door reactie met organische crosslinkers
vernet tot een organisch netwerk. De polyesters zijn gesynthetiseerd met hydroxyl
eindgroepen. Door deze te laten reageren met barnsteenzuur worden carbonzuur
eindgroepen verkregen. Op deze manier verandert de functionaliteit van de polyester,
terwijl de samenstelling en structuur van de polyester vrijwel gelijk blijft. De anor-
ganische component wordt gevormd door reactie van tetraethoxysilaan (TEOS) tot
silica onder zure of basische condities in aanwezigheid van water: het sol-gel proces.
Er is geconstateerd dat TEOS uit de coatings verdampte tijdens het uitharden in de
oven. Daarom wordt TEOS gehydrolyseerd onder zure condities voordat het wordt
toegevoegd aan het coatingmengsel. Op deze manier worden silica clusters met hy-
droxyl groepen gevormd, wat verdamping voorkomt en de interactie met de polyester
verbetert.

De invloed van de morfologie op de eigenschappen van de hybride coatings is syste-
matisch bestudeerd aan diverse hybride coatings. Er is gekozen voor een zuur en een
basisch gekatalyseerd organisch vernettend systeem, omdat de pH de morfologie van
het in situ gevormde silica beinvloedt. Door het gebruik van zowel zure als basisch ka-
talyse, in verder vergelijkbare systemen, worden verschillende microstructuren verkre-
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gen. Onder zure condities wordt een interpenetrerend organisch-anorganisch netwerk
gevormd, terwijl onder basische omstandigheden de morfologie bestaat uit silica nano-
deeltjes in een organische matriz. Een derde morfologie werd verkregen door reactie
van polyester met TEOS zonder aanwezigheid van een organische crosslinker. Op
deze manier werd een zogenaamde ‘ware hybride’ gevormd, waarin de anorganische
component de crosslinker 1s voor de polyester.

De morfologie van de systemen is bestudeerd met elektronenmicroscopie. De studie
naar de eigenschappen was vooral gericht op de invloed van de hoeveelheid silica op
de hardheid en krasvastheid. Dit werd bestudeerd met technieken uit de coatings-
industrie (Konig hardheid en potlood hardheid) maar ook met beter gedefinieerde
methoden zoals de micro-indentatie en micro-krasser.

Polyester harsen gecombineerd met gehydrolyseerd en gecondenseerd TEOS resulteert
alleen in een ‘ware hybride’ als gebruikt gemaakt wordt van polyester met hydroxyl
eindgroepen, onder zure condities en in aanwezigheid van water. Het is aangetoond
dat de reactie tussen de polyester en TEOS plaatsvindt via the hydroxyl groepen van
beide componenten. De toename in Konig hardheid en glasovergangstemperatuur
met toenemende hoeveelheid TEOS toont de toename in vernettingsdichtheid. Het is
ook aangetoond dat de gevormde Si-O-C bindingen eenvoudig worden verbroken door
hydrolyse, wat degradatie van de coating veroorzaakt.

Wanneer polyester met hydroxyl eindgroepen en hexakis(methoxymethyl)melamine
worden gecombineerd met geprehydrolyseerd TEOS onder zure condities treedt fa-
sescheiding op. Dit resulteert in een morfologie van silica deeltjes in een organisch-
silica interpenetrerend netwerk. De grootte en het aantal deeltjes nemen toe met
toenemende hoeveelheid TEOS, uiteindelijk leidend tot wazige coatings. Daarnaast
migreert silica naar het oppervlak van de coatings. Dit resulteert in verhoogde
krasvastheid. Wanneer de polyester gemodificeerd wordt met silaankoppelingsmid-
delen verbetert de compatibiliteit tussen de organische en anorganische componenten
aanzienlijk. Er treedt geen fasescheiding meer op en een interpenetrerend netwerk
met onderlinge verbindingen wordt gevormd. De invloed van de hoeveelheid silica op
de indentatie hardheid is klein.

Voor coatings van polyester met zure eindgroepen vernet met epoxides in combinatie
met geprehydrolyseerd TEOS onder basische condities zijn silaankoppelingsmiddelen
noodzakelijk voor het verkrijgen van een organische matriz met silica nanodeeltjes
(kleiner dan 10 nm). De hardheid (Konig, potlood en indentatie) neemt toe met
toenemende hoeveelheid silica. De krastesten (potlood en micro-krasser) kenmerken
zich door groot herstel van de krassen in de tijd. Daarom is het niet mogelijk de
invloed van het silica op de krasvastheid te bepalen.
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Van de drie bestudeerde morfologieen levert de organische matriz met silica nano-
deeltjes de beste resultaten wat betreft de combinatie van hardheid en flexibiliteit.
Daarnaast is aangetoond dat de migraties van silica preferent naar het oppervlak,
wat voorkomt in beide systemen met organische crosslinkers,; de krasvastheid van de
coatings aanzienlijk verbetert.
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