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This doctaral dissertation summarizes the research activity carried out
during my Ph.D. studies in Science and Materials Engineering, at the

University of Trento.

The thesis was structured into two sections.The first part of the

investigation was performed in colhboration with industrial partners.

In particular, the research activity focused on polyester powder
coatings for architectural applications was developed in collaboration
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activity about the clearcoats for automotive applications was
performed in collaboration with PPG Industries, Research Center
(Allison Park, PA, U.S.).

The second part of the research activity was developed at the Coatings
Research Institute, Eastern Michigan UniversityYpsilanti, MI, U.S.)
under the supervision of Prof. Jamil Baghdachi, and then completed at

the University of Trento.
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It is probably needless to mention that organic coatings are of
paramount importance nowadays. Although the huge number of
applications and their wide spread can suggest that organic coatings
have now reached a level of maturity, they are still mysterious from a
certain point of view [1]. The behaviow of these systems is not
completely understood yet, especially as regarding the relationships
between the chemical formulation and the manufacturing/applications
technologies on one side, and the final properties on the other side. In
this scenario, durablity is regarded the most crucial point and finding
satisfying design solutions is not straightforward.

Durability involves many factors simultaneously, concerning material
properties, application, service environment and manufacturing (Fig.
1.1). It shauld be pointed out that durability must be intended in the
most general meaning. Organic coatings must always ensure a mix of
properties which are mainly related to the decorative and protective
ambits [2, 3]. Accordingly, durability must be referred both to the
aesthetic and protective properties. The decorative function relates to
the appearance of the coatingalyer itself. It covers many features such

as specular gloss and diffuse reflection, colour and texture, and more in
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general all the aspects regarding the human perception. On the other
hand, the protective function is in close interplay with the substratethe

barrier properties of the coating, and the interactions

coating/substrate.

Coating performance/durability root cause profile ‘
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Figure 1.1Main factors affecting the durability of organic coatings.

The substrate has to be sealed off from the environmental stresses such
as light, humidity, chemicas$, mechanical abrasion and the like. It should
be noted that the aesthetic durability and protection one may gain
different importance levels. Therefore, depending on the final

application, the durability optimization have to be properly carried out.
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Automotive and architecture are perhaps two of the most challenging
areas where the durability is claimed at overcoming hurdles and
satisfying increasing expectations. New strategies for facing the
durability open issues are required. It should be remember thathe

development of novel strategies has to take into account also new
driving factors, such as market demands, cost effectiveness, and

environment concerning issues.

Damage level

Load or Time

Figure 1.2Damage prevention concept (adapted frofd]). The curve for the reference
material (A) represents the damage behaviour for the material exposed to
continuously increasindoad or as a function of time for a constant load. At a certa
load or time the first damage occurs but it does not lead to catastrophic failure. Bey:
this point, the damage increases continuously, until the catastrophic failure occ
(damage level = 1 The damage curve for the improved material (B) shows both

improvement in the point of onset of damage as well as in the rate of damage formati

Traditional damage preventionconcept still remains a very useful and

effective design strategy and wilplay a crucial role in the development
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of new materials in the future[4]. However, it may be not sfiicient in
those cases where durability open issues are particularly severe.
Damage preventionconcept, in fact, aims at delaying the loss of
functional properties and extending the service life (Fig. 1.2). In any
case, the formation of damage during seree conditions can never be
excluded and periodic inspection to monitor the damage development
into the coating is needed, thus calling for actions and costs, sooner or
later.

The above mentioned limit may be overcome by adopting a new design
strategy where damage is not perceived as problematic if it is
counteracted by subsequent selfepairing processes. This approach
also known asdamage managemenf4] aims at extending the life time
by introducing self-healing capabilities in the organic coating (Fig. 1.3).
From this point of view, if the organic coating is properly developed,
even infinite lifetime can be ideally gained. Nowadays, the efforts are
mainly spent in the determination of those formulations providing the
best selfrepairing capabilities. By contrast, the relationships between
the formulation characteristics and durability in this new class ©
organic coatings are not completely assessed yethe knowledge of
these relationships is of paramount importance, especially as regards to
the corrosion protection issues, being these ones usually related to the

structures safety ambit.
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Figure 1.3 Damage management concepd]. In the material represented in curve (a)
single healing action akes place repairing the damage almost completely. The matel
shown in (b) is capable of showing multiple healing effects for some healing cycles.
material represented in (c) shows an ideal sélaling behaviar: the damage is
removed many times ando damage accumulation to the failure threshold occurs.
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The present dissertation is aimed at contributing for filling the above
mentioned gaps. The thesis is consequently structured into two parts.
The wide spread and the importance of organic coatings iarchitecture
and automotive industry addressed the first part of this research
mainly onto these two fields. In these frameworks, novel strategies for
attaining high performance organic coatings are explored. In order to
validate the proposed strategiesthe research has been carried out in
collaboration with industrial partners operating in these areas, thus
making it possible to produce and test real organic coatings. The second
part of the investigation was specifically devoted to study the behaviour
of self-repairing organic coatings from the corrosion protection point of
view.

Organic coatings durability used in architectural applications is faced in
the first part (Ch. 2). In this field, degradation phenomena concern both
the aesthetic properties am corrosion protection in metallic structures,
and are mainly related to the weathering stresses. Nowadays, whereas
the aesthetic properties durability is ensured by a proper chemical
formulation of the coating, the corrosion protection of the substrate is
obtained by performing suitable surface pretreatments. Paint
manufacturers usually optimize their painting products considering the
most effective substrate conditions, whereas those who focus the
attention on corrosion protection do not always considerthe aesthetic
durability as important for organic coatings and point out the

development of proper surface pretreatments. In any case high
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performance/durability of both the properties is never assured, except
in the case of recourse to no environmentallyriendly and expensive
pre-treatments. It is apparent that this gap should be bridged in order
to achieve enhanced performances of the overall systems. The
investigation, carried out in collaboration with Akzo Nobel Coatings,
concerned polyester powder catings with different pigments applied
onto pre-treated and untreated aluminium substrates. A proper
experimental campaign was carried out for investigating the decrease
of aesthetic attributes during artificial weathering tests, and the
reduction in the protective properties, via electrochemical techniques
and standard corrosion tests.

The issues inherent the organic coatings durability in automotive
industry is handled in the third chapter of this thesis. Multilayer coating
systems are typically used teensure the protection from corrosion and
the outer layer, the clearcoat, is claimed at providing the aesthetic
appearance to the final coating. Glossy surface aspect and lelegm
aesthetic attributes are especially requested to cleatoats. In this
scenaio, the mar resistance of this layer plays a crucial role. Nowadays,
the mar resistance is commonly improved by having recourse to
organic-inorganic clear-coats. Although the novel hybrid cleaicoats
have led to very good results in terms of durability,tiis believed that
further enhancement may be attained if a proper combination of cross
linked binder-inorganic fillers is selected. Chapter three is devoted to

give a contribution in this direction. Mar damage process is firstly
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analysed, and the driving factors of the damage phenomena are
distinguished. The mar behaviour of a Zomponent polyurethane
coating and a nanesilica filled polyurethane coating was then
investigated by performing a proper experimental campaign, in
collaboration with PPG Industries. Singleprobe scratching test and field
simulation testing were used for determining the relationships between
the plastic capabilities and fracture properties of the coating and its
formulation parameters. Based on the results obtained from the state of
the art analysis and the experimental campaign, an enhanced cress
linking level consistent with embedded nanesilica particles showing
excellent mar resistance was developed.

The second part of this dissertation (Ch. 4) is finally aimed at exploring
the corrosion protection capabilities of selfrepairing organic coatings.
The attention is specifically focused onto the preemptive healing
polyurethane coatings and their barrier properties. This choice was
dictated by the fact that this coatings class mayrpvide longer service
life with respect to those based on micreencapsulation approach[5]
and by the poor knowledge othe role of hydrogen bonding in the water
absorption characteristics, namely in the coating barrier properties.
Based on the findings obtaied by Sijbesma et al.[6], a new
polyurethane binder in which covalent bonds are partially replaced by
hydrogen bonds was firstly synthesized. The dependence of the barrier

properties on the hydrogen bonding was subsequently assessed via
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Electrochemical Impedance Spectroscopy for different ratios of

covalent/hydrogen bonds ratio.

1.1

[1]
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Organic coatings are now widely used in architectural applications.
They are able to satisfy the increasing demand of aesthetic appearance,
and simultaneously protect the infrastructures against environmental
stresses. Degradation phenomena still represent one of the most
important issues affecting the aesthetic properties and corrosion
protection in metallic structures. In this direction, the preset chapter

is aimed at inferring the above mentioned damage processes by
analysing the aesthetic and protective durability of one of the most
popular organic coatings classes in architectural applications.

In general, the performances of a painted metadistructure depend on
the characteristics of the coating, the properties of the metallic
substrate, and the interaction between the coating and the substrate.
The durability of the aesthetic appearance is mainly related to the
weathering resistance of theconstituents of the coating, whereas the
protective behaviour is linked both to the paint properties and metal

surface. Nowadays, the use of a surface pneatment before the
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application of organic coatings is of paramount importance for ensuring
good corosion protection. It is worthy to notice that very often paint
manufacturer industry optimizes a painting product by considering the
most effective surface pretreatment (chromate conversion), and, on
the other hand, those who focus the attention on corsion protection
do not always consider the aesthetic durability as important for organic
coatings. The gap between these two approaches should be bridged. It
should be remembered that chromate conversion is now prohibited and
the alternative pre-treatments are still not so effective [1, 2]. It is
therefore apparent that improving the coating performances is
fundamental for obtaining the same higHevel durability of the
chromate conversion treated systems. The experimental research
described inthe present chapter aims at giving a contribution in this
direction. The investigation concerned polyester powder coatings
applied on aluminium substrate. An analysis of the aesthetic and
protective durability of different pigmented coatings is reported. he
substrate was pretreated with chromate conversion treatment to
analyse the best situation from the protective point of view. Afterwards,
untreated aluminium was considered, thus deriving interesting results
about the relationship between the aestheticproperties and the
protective behaviour of the samples. The combined analysis has
allowed to draw interesting conclusions about the durability issues of

the overall system and the feasible strategies for further improvements.

11



Chapter2

2.1 Introduction

Nowadays, aluminium alloys are largely used in architectural field and
their corrosion resistance is often significantly increased by painting
[3]. In particular, powder coatings are widely employed, thus resulting
in an overall painted system with goodveathering resistance and green
credentials. As a matter of fact, this system combines the recyclability of
aluminium with the environmentally friendly technology of powder
coating [4]. Moreover, this kind of coatings provides designeran
almost unlimited range of colours and textures due to the increasingly
improvements of the powders[3, 4]. Powder coated aluminium alloys
find therefore several applications in building industry and
construction, such as doors, frames, wall and ceiling panels, windows,
louvers, street and garden furniture, satellite dishes and many others,
with increasing perspectives for the future.

The advantages of using powder technology is summarized in the

answer given by Bocchi5] to the question: why powder?The popular

0&1 00 %806qd WATITT CcUh %@AAI 1T AT AA T £ EEIE

technology represents o of the strategies, together with higksolids
coatings and waterborne coatings, adopted to face the environmental
issue of VOC (Volatile Organic Compounds). Solvents used in paints and
varnishes are the source of this kind of compounds which, emitted
directly into the atmosphere, cause the formation of ozonfgg]. For this
OAAOGTI T h OAOOOEAOEOA 001 AO EAOGA AAAI
Gothenburg Protocol in 1999 7]).

12
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In Table 2.1 some considerations about powder coatings World Market
economics in comparison with other coatings systems are summarized.
As clearly shown, this technology displays economic advantages, also
considering the recent developments in application equipment (i.e.
easier and faster change of colour, more reactive powders with lower
curing temperatures), thus allowing higher line speeds with consequent

energy saving[8].

Table 2.1 Ontline cost comparison of four different coating systefi@}

Costs Powder High- Water Conventional
Solids borne
Capital [$] 165,000 | 204,000 240,000 550,000
Annual material [$] A| 125,206 | 133,595 187,032 192,376
Labor, clearup+main.[$] B| 88,131 176,410 176,410 176,410
Energy [$] C| 16,068 13,851 14,434 22,434
Total annual oper. [$] D| 229,405 | 323,856 377,876 391,220
Rework + reject [$] E| 4,588 25,908 30,230 31,298
Total annual [$] F| 233,993 | 349,764 408,106 422,518
Applied cods/ft 2 [$] 0.09 0.14 0.16 0.17
Applied costs/m2 [$] 0.97 1.51 1.72 1.83
Explanation: D=A+B+C
F=D+E

As regarding outdoor applications the exterior durability is one of the
fundamental requirements of the coatings. From Tabl@.2 it can be
observed the excellent properties, from this point of view, of the
polyesters, in particular the TGIC (triglycidyl isocyanurate)/polyester

system.
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Table 2.2 Comparison of outdoor resistant powder coatingg)

Property Acrylic Polyurethane Polyester
Weathering resistance + + ++
Mechanical properties - + ++
Corrosion resistance 72 + +
Storage stability 73 ++ ++
Decomposition products + - ++
Levelling ++ ++ + 1) ++
Edge covering 7 73 ++
Resistance to overcuring 5 72 e

++: Very good +: Good gyverage -: Bad.() high gloss? semigloss or matt

In Europe polyester powder coating have been largely used in building
industry; in 2005 17% of the market was devoted to architectural
applications. In American and Asian countries they have been less
employed because this system showed some limits in particularly
aggressive environments,such as tropical climates[9, 10]. Severe
conditions as high ultraviolet irradiation, hot temperatures, and high
humidity levels have evidenced a not sufficient weathering resistance.
Recent efforts have led to the development afuper durablepolyesters
with improved performances [11]. The innovation is basd on the
replacement of terephthalic acid (TPA) by isophthalic acid (IPA) in the
polyester backbone (Fig. 2.1).

14
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HO
HO OH
OH

(a) (b)

Figure 2.1Lewis representation ofa) terephthalic acid (TPA), and (b) isophthalic acid
(IPA).

The optimization of the pairt for weathering resistance is investigated
AU APDPI UET ¢ OEA AT AOEIC 11T A OPAOAEAAODS
improving the performances of the polymeric film, the best possible
situation as regarding the metallic substrate is usually considered.
Conversely, for enhancing the corrosion behaviour of the painted
system, the attention is mainly focused on the barrier properties of the
coating and the behaviour of the substrate (i.e. surface pteeatments
to increase corrosion resistance). A combined analis could lead to
interesting results correlating the aesthetic durability with the
corrosion protection [12].

The present chapter is aimed at exploring the existexe of a bridge
between these two points of view. The analysis is carried out by
studying the properties of standard and super durable polyester
systems containing different pigments applied to two distinct
substrates.The decrease in aesthetic attributesneasured as gloss loss
and colour change, are firstly studied, and the decrease in protective

properties, measured by electrochemical techniques and standard

15
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accelerated laboratory corrosion tests are subsequently investigated. As
regarding the choice of he substrates, chromate conversion treated
aluminium, which has outstanding corrosion resistance, and
subsequently untreated aluminium, where the durability properties are
apparently less effective, are considered. It is worthy to highlight the
fact that the recourse to chromate conversion prdreating is now
prohibited by environmental restrictions and the alternatives do not
still provide the same effectiveness in terms of durability. From this
point of view, enhancing the coatings durability is therefoe of
fundamental importance in order to achieve more longasting
protective systems.

In the next paragraphs a survey on the main driving factors of the
polyester coating degradation is reported. Moreover, the statef-the-
art was analysed by consideringboth the developments of the
polymeric coatings and the aluminium pretreatments aimed at
obtaining a significant enhancement of the performances of the overall

system.

2.1.1 Weathering resistance

Many environmental factors contribute simultaneously to the oatings
degradation affecting their lifetime. Ultraviolet (UV) radiation, heat,
humidity act cooperatively by changing the chemical structure of the

polymeric film and its components, i.e. pigments and additivgd. 3-15].

16
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Surely one of the dominant factors for the coating degradation is the UV
radiation [16]. The first macroscopic signals of the photodegradation
concern the gloss and the colour of the surface. In general, in a
pigmented coating erosion phenomena occur, thus resulting in a gloss

reduction (Fig. 2.2).

Figure 2.2Polymer and pigments oxidation lead to erosion resulting in a gradual loss
gloss

However, any change in appearance is related to chemical reactions
which influence the physical properties with embrittlement, cracking,
delamination, leading eventually to the loss of the protective function
[17]. It should ke remembered that weathering failures are mechanical
in nature but controlled by chemistry.
Photodegradation evolves in three main stages:
1. chemical and photochemical reaction occurring at molecular
level;
2. microscopic deterioration due to the binder (polymer)
degradation and destruction of coating components;

3. macroscopic deterioration of the coating properties.

17
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The mechanism of photodegradation was explained by RabgK8]:

O0ET O1T AACOAAAOETT  AEAET OAEOOEITT AT ATT ¢
activation of the polymer macromolecule provided by absorption of a

photon of light by the pdl i A @ dhe energy of the absorbed light is

higher than the energy of the chemical bonds between macromolecules,

photolysis occurs forming free radicals (initiation process), as shown in

Fig. 2.3.

pp  _™  pepe

PH _™,  PpeHE

Figure 2.3Initiation step of photodegradation.

In polymers containing chromophore groups the initiation step can take

place in each repeating unit, whereas in polymers without

chromophore groups, structural defects (carbonyls, double bonds,

hydroperoxide) or impurites RH (catA1 UOOh ET EOEAOT Oh8qQq AAO
synthesis or processing can absorb photons, form radicals and abstract

a hydrogen atom from the polymer backbone (Fig. 2.4).

RH _™,  ReHE
REFPH ™ PERH

Figure 2.41Initiation step of photodegradation triggered by impurities.

18
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In the presence of oxygen, reactions of photooxidation take place
(propagation step), thus resulting in polymer peroxy radical formation.
This highly reactive intermediate abstracts hydrogen from the polymer
backbone which propagates and dissociates into other compounds or

low molecular weight polymer radicals (Fig. 2.5).

P40, —> POCG
POG+PH —> POOH + W

Figure 2.5Propagation step

Termination step involves different possible recombination steps which

may lead to linear or crosslinked structures (Fig. 2.6).

PE+ . —> PP

PE+ PG —> POP

PE+OQ; —> POOP
PG PGF —> POOP
PE+FOH —> POH

Figure 2.6 Termination steps.

It is known that polyesters contairing isophthalic acid (IPA) show
better weatherability properties than terephthalic acid (TPA) based
polyesters [11]. Meatens [9] carried out an investigation on the
differences in weathering degradation mechanism due to the

replacement of TPA by IPA in the polyester backbone of powder

19
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coatings. The weathering degradation in TPA isblays the same
evolution described in Fig. 2.2: an aute@atalytic chain scission de
protects pigments and fillers, thus affecting gloss and causing fading. It
was proved that the degradation mechanism is due to a phoiaduced

oxidation generated by a plto-inductor R, as described in Fig. 2.7.

(Anhydride)
H,0

o CH,
k@_”‘OH + HOJ—’/\/\/
o] CH,

Figure 2.7 .Photoinduced oxidation mechanisifo].

The strong oxidizingradical ROGattacks preferablyzCH-ET 1 BT OEOEIT 1
to the CO ester group. The peroxy intermediate is then converted into
anhydride. In presence of water the anhydride is no more stable with

consequent chain scission. TPA and IPA show the same mechanism but

20
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the formation of anhydrides in IPAis much less . This could be related
to lower concentration of the photoinductors, or less active or less UV

absorbing radicals.

2.1.2 Corrosion issues

The high reactivity of aluminium and its alloys promote the formation
of a thin oxide layer which ensuregorrosion resistance but, at the same
time, affects the adhesion between the coating and the substrate in the
case of painted aluminium[19]. Delamination processes lead to the
corrosion phenomena affecting the functional properties of the coating,
as well as the aesthetic appearance.

Filiform corrosion is a particular morphology of corrosion typical of
painted aluminium alloys. Firstly described by Sharman in 194420], it

is a cosmetic corrosion because in most cases it affects only the surface
aesthetics with the formation of threadlike filaments. In architectural
aluminium it was first observed in 198082 in buildings exposed to
marine and industrial environments [21].

The typical filaments are produced by differential aeration resulting in
separate anodic and cathodic sites. The head front of the filament,
where metal dissolves, is the anode of the process, the tail, where the
oxygen is reducel, is the cathode. Filiform corrosion is activated by the
presence of chloride ions and acidic environment, and promoted by
high relative humidity. In Fig. 2.8 a sketch of a flament and the relative

electrochemical reactions are displayed.
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real active region

\ — ¢r cathode~—o, MO top view
anody\ NS T

++t - s
Al AT +3e %02+3/2H:0+3e — 30H visible damage

A" 43 Ho0 = A(OH)s + 3 H' / /
coating \_x_—-_z cr ~— 0 ~ HO  cross section

metal plate/ anode

cathode

Figure 2.8Sketch of a filament and electrochemical reactiof2].

Aluminium, uncovered by a defect in the organic coating, oxidized and
forms Al,Oz and/or Al(OH)3, according to the following stepg23]:

5® 6a 0Q 2.1)
da -000 -8 0O 2.2)
58000060 o0 (2.3)

The correspondent reduction reaction, reported in (2.4), occurs
preferably behind the detachment front, where avdability of oxygen is

higher.

-9 -06 dQ ©° ai’o (2.4)

The oxidation and reduction reactions taking place at different

locations create two distinct zones: the detachment front of the coating
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which becomes more acidic (reactioa 2.2 and 2.3) and the tail area
which becomes more alkaline (reaction 2.4). The true anode is actually
far beyond the visible head of the filament which is more aerated than
the real active region[22].

In Fig. 2.9 the potentialpH plot for the system AIH>O is reported. Inthe
head the pH is more acidic and the potential lower, while in the tail the

pH is more alkaline, with higher potential.

E
v
she - sce
12 4 7
s S . 08
] - 0;
0.8 7 c
o ~ - 04
= )
m —
047 = ~
w |
@ 0
0 — S_ H;0
S - 04
corrosion 1~ ~ _
0.4 4 @ tail  — - _
- - 08
05 head ® H, ~—_
- -12
o
1.2 o C .
AT z corrosion | 16
S .
16 - = AlOy
- 20
204 — —
) ) e | 24
immunity —
2.4 T
-H""'--.
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2 0 2 4 6 8 0 12 14 16
pH

Figure 2.9E-pH diagram in heads and tails of filamenfg2].

The sensitivity to filiform corrosion depends on several factors related

to the metal substrate, the surface prereatments, the adhesion
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between the coating and the substrate, and the characteristics of the
coating[3,19, 21-31].

2.1.3 Surface pre-treatments

Generally, the use of surface prereatments of aluminium and
aluminium alloys before the application of an organic coating is
mandatory in order to obtain an overall system with acceptable
corrosion protection properties [32]. Chromium conversion
treatments have been used for long time for their outstanding
performances. The immersion in chromic acicdontaining Cr¢* species
baths leads to the formation of a passivation layer, a mixture of
chromium compounds acting as a barrier to moisture/air and as
corrosion inhibitor by releasing chromate ions[6, 33]. Moreover, the
adhesion between the paint and the substrate is promoted by this
passivation layer [6]. However, the health andenvironmental issues
caused by the use of hexavalent chromium has led to restrictions
banning this kind of pretreatments. For this reason, in the last two
decades, the efforts aimed at replacing chromate conversion treatments
have developed many differentkinds of pre-treatments [6]. These
OAT GEOT T 1 AT OA HredimensEniafdsélithe Yame pradektion
mechanism of C¥* treatments as in case of passivating agent such as
molybdates, permangamates, vanadates, and tungstates or other
mechanisms. Rare earth based conversion treatments, 3€conversion

layers, fluotitanate, and fluo-zirconate conversion treatments are some
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examples. Phosphate conversion treatment provides a surface with
many andor points and a barrier to the spread of corrosion under
paint [6, 34]. Metal alkoxides and/or organically modified metal
alkoxides are another emerging strategy with many advantagej35].
Hybrid organic-inorganic compounds such as silanes induce strong
(covalent) chemical bonds both with the substrate and with the
polymeric layer, thus ensuring a stable adhesion also in humid
environments due to the resistance of these bonds to hydrolysig35,
36].

2.2 Materials and experimental procedures

The experimental work described in this chapter has been carried out
in collaboration with Akzo Nobel Coating S.p.A, Romad %UUAT ET T § 6) h
Italy), which kindly provided the powder coated samples. The
durability of different polyester powder coatings was investigated,
firsty on chromate conversion treated aluminium, and then on
untreated aluminium. A durable version (based onTPA and a small
percentage of IPA) and a super durable version (based exclusively on
IPA) were compared. The coatings systems wergasslinked by using

I -hydroxylalkilamide to avoid the use of triglycidyl isocyanurate
(TGIC). The replacement of TGIC is one important issue in powder
coatings technology and one of the reason promoting the developments

in this field. The toxicity and mutagenicity of this kind of crosslinker is
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leading to new toxicologicallysafe coatings systems with the same or
improved properties [37, 38].

The polyester coatings were applied by powder technology on 150x75
mm? panels of 3003H14 aluminium alloy (composition in wt%: Si 0.6,
Fe 0.7, Cu 0.2, Mn 1.2, Zn 0.1, Al bal.) with a chromate cosign (CC)
treatment and without any pre-treatment. The coatings were cured at
180°C for 20 minutes. In Table 2.3 the list of the studied samples is
reported, as well as the main constituents and the coatings thickness

measured by a Phynix Surfix FN coatgthickness gauge.

Table 2.3 Investigated samples

Sample Binder Pigments Additives Thickness
R-STD TPA/IPA Standard Red - 73.6+£3.2 ym
R-SD IPA Super durable Red  UVAs + HALS 74.4%5.0 pm
G-STD TPA/IPA Standard Green - 79.9+£3.9 um
G-D IPA Super durable Green UVAs + HALS 79.54£5.2 ym
W-STD TPA/IPA Standard White - 66.7+4.5 pym
W-SD IPA Super durable White  UVAs + HALS 102.6+6.7 pm
Y-STD TPA/IPA Standard Yellow - 77.6£6.9 um

Y-SD IPA Super durable Yellow UVAs + HALS 76.2+5.6 im

The main differences between the standard durable version (STD) and
the super durable version (SD) are related to the composition of the
binder, the addition of anti UV agents (Benzotriazole and Triazine
combined with Hindered Amine Light Stabilizers)and more durable

pigments. In samples STD the composition of the carboxyl polyester

resin is based on terephthalic acid and a small percentage of isophthalic
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acid, in samples SD terephthalic acid is not used. Different commercial
formulations were chosen wth four pigments systems: red, green,
white, and yellow (R, G, W and Y). Every colour was obtained by an
appropriate combination of different pigments both organic and
inorganic. The difference between a standard pigment system and a
super durable pigmentsystem depends on the colour. For red, green
and white samples the super durable pigments do not exhibit great
differences in the Pigment Volume Concentration (PVC) or in the
chemistry of the used pigments between STD and SD versions.
Conversely, in the ase of yellow samples the organic component of the
pigment system is markedly higher in SD version than in STD one. The
pigment base of the STD coatings shows brighter colours (higher
saturation), while in SD coatings the base has duller colours (lower
saturation) requiring a higher amount of organic pigments to achieve
the same colour characteristics.

Gloss was evaluated by using Picogloss 260°-85° mod. 503 Erichsen
glossmeter at an angle of 20°, according to ASTM D523 Standard. The
measurement area 6 the glossmeter was 10x10 mrd The mean gloss
and the standard deviation were obtained from 10 measurements. The

initial gloss values are reported in Fig. 2.10.
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Figure 2.10Initial gloss of the samples measured at 20°.

All the samples have high glas surfaces with values higher than 40.
Samples RSTD and YSTD show the lowest values due to a specific
market demand of the commercial products. In the other two cases the
differences between the durable and super durable version are
negligible.

The glasstransition temperature of the samples was measured by
Differential Scanning Calorimetry (DSC) by Q109 TA Instrument The
powder samples were quickly heated until 100°C for removing a
pseudacrystallinity which can form in the material during storage due

to relaxation processes in the polymeric binder, and may affect they T
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measurement. The samples were then cooled down at room
temperature and reheated for determining the T. Subsequently the
samples were maintained at 180°C for 20 min (cure time) and arther
cool/heat cycle was performed to assess the gTof the crosslinked
system.

In Figs. 2.11 and 2.12 the glass transition temperature derived from the
DSC curves is plotted for the powders and the crosslinked coatings,

respectively.
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Figure 2.11Ghss transition temperature () of the powders.

IPA based powders display a lower ¢ values; in the crosslinked

systems the trend is the same, except in the case of green samples,
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although the difference between the standard and super durable
version is almost negligible. The fact that TPA based coatings show
higher Tg is confirmed by literature findings [39, 40]. As regarding the
differences among the pigmensystems, the highest values ofglbelong

to the white samples.
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Figure 2.12Glass transition temperature (J) of the crosslinked samples.

The rheological behaviour of the powders was characterized by
viscosity measurements carried out with ARESTA Instruments

Rheometer. The initial heating from 40°C to 180°C was performed at
10°C/min, the remaining test time was performed in isothermal

conditions (180°C).
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Figs. 2.137 2.16 display the rheological curves obtained for the

samples. The trend is characterized by a decrease in the viscosity, and

thenanincread AO A OAOGOI O 1T £ OEA BdlédUi AOS O AOI
flow window is described by the lowest viscosity attained and the length

of time [41]. This window influences the flowing and levelling ability of

the coatings. Wickr window means higher wettability of the powders.

It is apparent that the IPA based coatings show a narrower flow. This

was found for every couple of coatings. The comparison between the

pigment systems does not reveal significant differences in rheolozal

behaviour.

UV exposure

The samples were artificially weathered by exposure to ultraviolet
radiation (UV-A, according to ASTM G154) for 2000 hours.

The aesthetic degradation was studied by gloss and colour change
measurements. The decrease of glossas expressed as percentage
residual gloss referring to the initial value.

Colour variation was measured by using the spectrophotometer GM
2600d Konica Minolta with a D65/10° illuminant/observer. Both SCI
(Specular Component Included) and SCE (Specular mjmonent
Excluded) modes have been used. The cologhange is reported as

3 % calculated as expressed in Eqn (2.5):

DE " ap =+/DL? + Da® + Db’ (2.5)
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where L is the lightness (0 is black, and 100 is white), a is the repleen
variation (positive values arered, negative values are green, and O is
neutral), and b is the yellowblue variation (positive values are yellow,
negative values are blue, and 0 is neutral), according to ASTM E308
Standard.

The chemical degradation of the coating was evaluated by Fourie
Transform Infrared Spectroscopy (FFIR measurements using Varian
4100 FTIR (Excalibur series), with a resolution of #mMrover the range

of 4000z500 cm™3.

Corrosion tests

The scribed samples were exposed to acetic aesdlt spray fog (fog
obtained by 5% NaCl solution at pH = 3 by adding acetic acid),
according to ASTM G85 for 1000 hours. After the test the panels were
examined by visual inspection by comparing the delaminated area from
the scratch, and the possible presence of blistering phenomena.

The filiform corrosion resistance of the samples was studied according
to UNI EN 3665 Standard. Two 1 mm wide scratches wepgoduced in
longitudinal (100 mm in length) and transverse directions (50 mm in
length). The samples were placed in a corrosive environment (HCI
vapours) for 1 hour to initiate the corrosion process of the aluminium
alloy. Subsequently they were exposed toontrolled temperature (40 +

2 °C) and relative humidity (82 £ 3%). The test finished after 120 hours
of exposure for the untreated samples and after 30 days for the pre

treated samples.
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Electrochemical impedance spectroscopy measurements were
performed of OEA OAiIi PI A0 ET Ai1TOET O1 60 EIiAC
solution (3.5 g/l (NH4)2SQ, 0.5 g/l NaCl, pH =6). The measurements
were carried out using a potentiostat and a frequency response
analyser PARSTAT 2773. The frequency range was from>10 10-2 Hz
and the signal amplitude 20 mV. A platinum electrode was used as
counter-electrode, and an Ag/AgCl (+20mV SHE) as reference
electrode. The tested area was 15.9 émnAt least two EIS measurements
on different samples were carried out to confirm the obtained reslts.
EIS results were fitted (using ZSimpWin 3.22 Software) by the
equivalent electrical circuit represented in Fig. 2.17, where &is the
resistance of the electrolyte, €the coating capacitance and Rthe

coating resistance.

ReI I I

Figure 2.17Equivalent electrical circuit used for fitting EIS raw data.

35



Chapter2

2.3 Results and discussion

In Fig. 2.18 and 2.19 the percentage residual gloss during the UV
exposure is reported. In particular, Fig. 2.18 displays the results for the

standard version of the sampls.
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Figure 2.18Residual gloss measured at 20° during UV exposure (standard sample

The behaviour of the green sample is slightly better than the other
samples with a residual gloss equal to 88.3% at the end of the test. The
differences between tle other samples are negligible. The super
durable IPAbased coatings show a better behaviour than TPA/IRA
based samples. After the first 500 hours of exposure the gloss of all the

samples does not show any change, in the later time some differences
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are appeciable. Green samples are confirmed to be the more
withstanding as regarding the gloss reduction (98.6% residual gloss).
White samples seem to have the worst behaviour with a loss of gloss of
14.9% respect to the red and yellow samples (10.9% and 9.2% gloss
loss).
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Figure 219 Residual gloss measured at 20° during UV exposure (dupsslesamples)

In Fig. 2.20 a comparison between the TPA/IPA and IPA based coatings
is reported by analysing the percentage residual gloss at the end of UV
exposure for each pigment system. It can be clearly observed that the
super durable version shows lower gloss reductions. The difference in

white samples is less pronounced. As concerning the gloss trends, it is
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possible to conclude that the chemical compositionfahe binder plays a
fundamental role.

Moreover, it is worthy to notice that 2000 hours of UV exposure
represent a significantly severe test conditions, thus highlighting the

excellent properties of these coatings.
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Figure 2.20Comparison between stalard and super durable version for each pigmen
system.

Figs. 2.21- 2.24 report the FTIR spectra of the samples after UV
exposure, in the range 4006600 cm?, It is apparent that the polyester

coatings based exclusively on IPA show a very limited deglation in all
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the samples, confirming the results obtained by gloss measurements

and proving the better UV resistance of this kind of coatings.
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Figure 224 FT-IR spectra of the samples before and after UV expostaenples Y

Fig. 2.25 shows two details that more clearly represent the chemical

degradation of the bonds. As an example, HR spectra of samples R

STD and RSD are reported. The most evident changes are visible in

hydroxyl region and CH-CH; region (3600-2800 cnrl), and carbonyl
region (1800-1650 cnrl).

The durable version (RSTD) shows

significant changes in these regions, on the contrary the super durable
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version based entirely on IPA (RSD) does not show any remarkable

difference from the initial spectrum.
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Figure 25FTFIR spectra of the samples R beforeS(HD, FSD) and after UV exposure (F
STD UV,8BD UV) (regions of OH,,CE8H and C=0 bads).

Figs. 2.26 and 2.27 show the colour variation at the end of the UV test
for the standard and superdurable samples, respectively. The total

coloub AEAT CA EO "iA BoihGOlkdd SEEmosie® In SCI
mode the measurement includes the diffuse reflectance and the
specular reflectance, while in SCE mode the light reflected in specular

direction is excluded. The former is indicated for studyig the colour as
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the actual physical properties of the sample, the latter is useful to
measure the surface appearance as it looks like to the human eye. In
fact, it covers all the surface characteristics that influence the colour

perceived by our eye: coloy gloss, texture, and finish.
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Figure 2.263 %, after UV exposurg standard samples.

Il O OACAOAET ¢ OEA OOAT AAGASCIOvotebis AO | &ECS8
lower than 1 for all the samples, except for the yellow one which shows

a remarkable colour change. The measurements in SCE mode highlight

the critical feature of the red and yellow pigment systems. Therefore,

from these results yellow samples are proved to be the most critical
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system. The UV radiation directly acts on the pigment characteristics
and on the binder structure modifying the appearace attributes. Also
red samples appear to be negatively affected by the UV action but the
pigment seem to be more withstanding, as derived from the SCI mode
measurements. The colour properties of the white and green samples
are less influenced by the testin particular the white one shows an

excellent resistance from this point of view.
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Figure 2.273 %, after UV exposurg super durable samples.

Fig. 2.27 displays the results for the super durable version of the

samples. In this case, the colouchange is significantly lower. The
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differences between the pigment systems are almost negligible, only the

iTOO0 OAT OEOEOA UAI I ¥he ottodustion oAUVEEGCEAO 3 %
absorbers additives combined with more resistant pigments and

binder, determines aremarkable enhancement in the durability of the

aesthetic attributes.

Figs. 2.282.31 show the elaborated data derived from the EIS
measurements performed on the STD and SD samples applied on CC
aluminium substrate. From the fitting of the raw data, te values of
coating capacitance €are derived.Ccis given by the formula expressed

in Eqn. (2.6):

[}

_eA
C.==2" (2.6)

where Ris the dielectric constant of the coatinggis the permittivity
of vacuum Ais the tested aread is the thickness of the coating.

In the graphs of Figs.2.28-2.31 the trend of the dielectic constant
coating is plotted as a function of the immersion time. It is possible to
notice some difference in the increase ot during the immersion time.

In particular, for all the standard samples ther rise seems to be more
pronounced. To better appeciate the difference between the STD and
SD versions and among the differently pigmented systems, the water

uptake was calculated for each sample.
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Figure 2.28Dielectric constant of R samples as a function of the immersion time.
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Figure 2.29Dielectric constant of G samples as a function of the immersion time.
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Figure 2.31Dielectric constant of Y samples as a function of the immersion time.
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From the increase of R, corresponding to an increase of coating
capacitance, a numerical value for the water uptake is computable by

using Brasher and Kingsbury equation (Eqn. 2.7%#2]:

o

X, =—&°~ (2.7)
log g,

where Xy is the water uptake volume fraction,G is the initial coating
capacitance,C is the coating capacitance at a generic time arrj is the
dielectric constant of water (=80) [42, 43]. To obtain the vales of
water uptake volume fraction represented in Fig. 2.32, the values &

after 72 hours of immersion were considered.
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Figure 2.32Water uptake volume fraction for samples applied on CC Al substrate.
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In general the IPA based coatings show a lowewater uptake with
respect to the TPA/IPA based samples. Moreover, some differences are
noticeable among the different pigment systems. It is interesting to
observe that these differences are present in STD and SD versions with
the same ranking. These restsd could suggest a potential different
behaviour in the corrosion tests.

Figs. 2.33ab show the samples at the end of acetic salt spray test, after
1000 hours of exposure. On the left side the standard samples are
displayed, on the right the super durableversion. It is apparent that the
CC treated samples show an excellent behaviour in response to this test.
No delaminated areas from the X scratches are noticeable without any
observable difference among the systems, either with respect to the
binder compaosition, or with respect to the used pigment system.

Figs 2.34ab display the STD (on the left) and SD (on the right) samples
after the filiform corrosion test. Also in this case, after 30 days of test,
only few marks of filiform corrosion departing from the artificial
scratch are visible in samples WSTD and ¥SDT and YSD.

This result confirms the outstanding performances of CC samples but
highlights the fact that by investigating the behaviour of different
powder coatings applied on this kind of substrate does not allow to
emphasize the differences among the samples. The role played by the
pre-treatment is dominant and resets the possibility to detect the role

of the coating barrier properties.
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Figure 2.33CC treated amples after acetic salt spray exposure:
(a) STD samples; (b) SD samples.
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Figure 2.34CC treated samples after filiform corrosion test (30 days):
(a) STD samples; (b) SD samples.
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Figure 2.35 Dielectric constant of the R samples applied on untreated Al as a functio
the immersion time.
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The EIS measurements performed on the coatings apgdl on untreated
aluminium gave the results represented in Figs. 2.38.38. The trends of
the dielectric constant are plotted as a function of the immersion time.
The elaboration of the data and the calculated water uptake values are
displayed in Fig. 2.39 It can be noticed that the trends among the
coatings of the same binder composition founded in the CC treated
samples are not confirmed but the fact that the IPA based coatings show
a lower water uptake finds a confirmation in this set of measurements,
except for the green samples. For Y6D samples any water uptake is

not computable (the coating capacitance remains almost unchanged).
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Figure 2.39Water uptake volume fraction for samples applied on untreated Al
substrate.
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Y Y

Figure 2.40Untreated Al samples after 1000 hs of acetic salt spray exposure:
(a) STD samples, (b) SD samples on the right.
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