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Abstract of the Dissertation
Evolution of Immiscibly Blended Functionalized Polymers with Respect to Cure
Parameters and Formulation
by
Nicholas Walter Medicus Heller

Doctor of Philosophy

in
Materials Science and Engineering
Stony Brook University

2016

Powder coatings are becoming ubiquitous in the coating marketplace due to the absence
of solvents in their formulation, but they have yet to see implementation in low-reflectance
outdoor applications. This demand could be met by utilizing polymer blends formulated with
low loadings of matting agents and pigments. The goal of this research is a thorough
characterization of prototype low-reflectance coatings through several analytical techniques.
Prototypical thermoset blends consist of functionalized polyurethanes rendered immiscible by
differences in polar and hydrogen bonding characteristics, resulting in a surface roughened by
droplet domains. Analysis of both pigmented and control clear films was performed. This
research project had three primary aims: (1) determine the composition of the resin components
of the polymer blend; (2) to monitor the evolution of domains before and during curing of clear
polymer blends; (3) to monitor the evolution of these domains when pigments are added to these

blends.
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The clear films enabled unhindered analysis by Fourier transform infrared (FTIR) and
Raman spectroscopy on the binder. However, these domains provided no spectroscopic
signatures despite their observation by optical microscopy. This necessitated the development of
a new procedure for cross-section preparation that leaves no contamination from polishing
media, which enabled Raman mapping of the morphology via an introduced marker peak from
styrene monomer. The clears were analyzed as a powder and as films that were quenched at
various cure-times using FTIR, Raman, transmission electron microscopy (TEM), and
thermomechanical methods to construct a model of coating evolution based on cure parameters
and polymer dynamics. Domains were observed in the powder, and underwent varying rates of
coarsening as the cure progressed. TEM, scanning electron microscopy and thermomechanical
methods were also used on pigmented systems at different states of the cure, including in powder
form. TEM analysis additionally revealed the encapsulation of pigment particles by the
domains, which helped explain the interaction between phase separation and pigment materials.
The knowledge gained from fundamental characterization could be used to enable future

generations of durable powder coatings with dead matte finishes.
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Chapter One

Introduction and Background on Powder Coatings

1.1 Introduction

An organic coating is a thin continuous layer on a substrate that consists of a
polymeric resin or binder containing pigments and additives.' Traditional organic
coatings also require a solvent such as acetone or methyl ethyl ketone to lower the
viscosity for sufficient application on a surface. After application, the solvent evaporates
and the film hardens into a final finish. This evaporation is a major source of volatile
organic emissions (VOCs), which are a concern for air pollution and have thus undergone
increasing regulation by national governments. This led to the growth of waterborne
coatings, but they still use some organic solvent, and often have inferior properties for
certain applications.”

The regulatory environment also induced a growth in powder coatings. This class of
coatings does not contain solvents, and therefore, releasing little to no quantities of VOCs
in the curing stage. The absence of solvents in a powder coating formulation has led to
exponential growth in the powder coatings market that shows no sign of abatement, as
the global market was worth $8.3 billion in 2013 and is expected to be worth more than
$12 billion by 2019.> However, the market has yet to see powder coatings with dull matte
or dead matte finishes which simultaneously maintain the durability necessary for
chemical resistance and weatherability. This dissertation covers the many types of

analytical techniques used to characterize the prototypes of novel powder coatings filling



that void in the powder coating industry. It is to be hoped that the fundamental
understanding gained from this investigation could be usefully applied toward future

generations of functional powder coatings.

1.2 Powder coatings

Powder coating can be described as finely ground dry paint because of the
absence of solvent in their formulation. This typically consists of a polymer resin,
pigments, and additives. A curative (crosslinker) is required to cure thermoset powder
coatings, while thermoplastic powder coatings do not require a curative.* The first
powder coatings developed in the 1950s were thermoplastics, but thermosets now are
more than 90% of the market share.”> Crosslinking is a process inherent to thermosets.
This allows usage of polymers with low molecular weights and thus low melt viscosities.
A crosslinked film is exceptionally resistant to solvents, and has high chemical resistance
in general because it is relatively impenetrable to the attacking agent.

Without solvent, powder coatings have to be applied as polymer melts, which
behave as non-Newtonian fluids. Such fluids require the surpassing of a minimum shear
stress to induce flow and wet the substrate. This minimum shear stress is the yield value,
and is sensitive to the myriad molecular interactions between the resin and pigments.
Powder coatings thus have low pigment-to-volume concentrations (PVC). Exceeding the
PVC would increase the yield value (i.e., melt viscosity) such that poor flow and uneven
wetting of the substrate would result.* Low gloss powder coatings have been formulated
by incorporating micron-sized wax pellets for matte finishes.” Several approaches also

incorporated surface wrinkling into the finish to reduce gloss.® Additionally, Lee et al



have mixed incompatible blends of acrylic and epoxy/polyester resins with two curatives
to induce low gloss producing powder coatings with dead matte or matte finishes,

although durability did not appear to be a primary concern.’

1.3 Materials processing and coating application

The production of processing powders for powder coating applications is complex
and subject to stringent requirements in order to reliably produce films with the desired
characteristics. Equipment needs are many and production times are longer than for other
types of coatings.® Processing steps include weighing, premixing, extrusion, milling,

filtration, and sieving. The steps are outlined in Figure 1-1.

P> Resins, HARDENERS, PIGMENTS, ADDITIVES

CYKLONE/FILTER

PREMIXER
N — SCALES

EXTRUDER ' ' PACKAGING

Miw

Figure 1-1. Schematic of general powder coating production.’

Premixing converts the different sizes of resin flake, pigment powder, and additives into

a mix of similar particle size; this is crucial as it ensures good dispersion of the



components prior to subsequent homogenization in the extruder. The extrusion process
converts the mixed dry powder into a melt via heating between 90 °C and 120 °C, which
uniformly distributes the pigments and additives within the molten resin to ensure
adequate dispersion upon application. Extrusion takes about 20-30 seconds. Powder
coatings typically use co-rotating twin screw extruders (Figure 1-2), in which two side-
by-side screws turn in the same direction within a barrel. Additionally, while the
extruder can be temperature controlled, the grinding alone can raise the temperature high
enough to pre-polymerize the starting materials without inducing a premature chemical
reaction to completion. The melt exits out the extruder as a viscous mixture of resin with
incorporated pigments and additives. This material cools into a solid, then is milled and
sieved into a fine powder that is ready for coating application. The packaged powder has

particle size distributions of 30-50 ym.

VAN
Forwarding Mixing Reversing
(open flights) (paddles) (camel back)

Twin Screw Agitators for Powder Coatings

Figure 1-2. Schematic of twin screws within an extruder.®



The most widely used method of application is electrostatic spraying, which exploits
an attractive electric potential between the grounded substrate and charged powder
particles. The powder-air mixture is supplied through a hose from a small fluidized bed
in a powder feed hopper. The powder coating spray gun has a high voltage dc electrode
which applies a charge to the powder (Figure 1-3). Electrostatic sprays can range from
hand held spray guns to automatic sprayers that can be mounted to spray booths on
overhead conveyorized paint lines. Electrostatic sprayers have control over the powder
flow, shape, size, and density of the powders used to coat objects. Applied film

thicknesses of 38—127 um are typical.

Charged Powder Particles
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Free lons \' El y ‘
a @
High voltage electrode \ ®, °
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‘\j.o.... |
...o.,» T

\Powder Feed Line

Low Voltage Cable

s

Figure 1-3. Powder coating application via corona-charge spray gun.'

After spraying, the temperature is raised to 160-200 °C and the powder undergoes
three phases of film formation: melting, flow/leveling, and crosslinking. Melting occurs
when the powder particles sinter into a continuous film. Surface topology then changes
due to the flow induced by surface tension gradients caused by the uneven distribution of

powder particles; this is known as Marangoni flow.* For most powder coatings, the



surface smoothens due to the flow in a process known as surface leveling. This
phenomenon has been approximated as a sinusoidal wave by Orchard,'" and is

schematically illustrated in Figure 1-4.

473 t
ln&=16”_4hfld,, (1-1)
ay 380 wm

where a, and q, are the wave amplitudes before and after leveling, respectively, 4 is the
average film thickness, £ is the wavelength, y is the surface tension, and 7 is the

viscosity.

h

Figure 1-4. Schematic representation of surface leveling for a powder coating.'?

This process typically smoothens the surface and thus raises the gloss. A powder coating
with very low gloss is a primary motivation for this project, but gloss is heavily affected
by the distribution of pigments within the coating. A discussion of this phenomenon is

warranted before going into the fundamentals of gloss.

1.4 Pigment wetting and dispersion

Before the powder is melted and sprayed onto a work piece, the polymer must
first bind to the pigments by wetting. This is necessary to replace air pockets and
absorbed moisture from the pigment particle surface and from pigment agglomerates

(Figure 1-5a).



liquid

~  liquid

Figure 1-5. Schematic representation of pigment dispersions; a) wetting of agglomerate;
b) dispersed; c) flocculated."”

Wetting is done within the extruder. For complete wetting of a given pigment
particle, pigment agglomerates require break-up in order for the resin to wet the entire
surface. Thus, the driving force for the infiltration of the polymer into agglomerate
interstices is the surface energy difference between the pigment surface and the polymer
fluid. The viscosity of the polymer melt counteracts the polymer flow rate. The rate of

infiltration into a capillary tube can be described by Washburn’s equation:'*

> _ Ry, cosf
t 2n ’

(1-2)

with [ the flow length of the fluid in the capillary, R the radius of the capillary, y,, the
liquid-vapor surface energy of the fluid, 6 the advancing contact angle, and # the
viscosity. Pigment wetting may depend on other factors as well.”” This equation is valid
for a single capillary, but can be expanded to a pigment cluster via the Blake-Kozeny
16-17

equation:

L _2y,,dcosf &

) 1-3
t 251 e-1 (1-3)



where ¢ is the porosity of the cluster, d is the mean pigment diameter, and L is the flow
length of the fluid in the cluster. It is therefore reasonable to assume that the viscosity of
the polymer fluid determines pigment wetting. During extrusion, typical viscosities for
powder coatings are 7 = 100-1000 Pa.s."® As also indicated by Equation (1-3), porosity
figures significantly in the polymer infiltration rate. Porosities larger than a critical value

(¢,,, =0.65) enhance the infiltration rate due to the larger pore diameters within the

agglomerates." Pores increase the surface area for the resin to infiltrate, and thereby
enhance wetting.?

The steps following pigment wetting are agglomerate disintegration and then
dispersion (Figure 1-5b). The distribution of the pigment particles is influenced by the
residence time of the coating material in the extruder and the consistency of the dry
blend.” Deagglomeration is a difficult but crucial step that involves dispersive mixing via
extrusion in areas with high mechanical stresses. This happens when the cohesive
strength of the cluster is exceeded by the magnitude of hydrodynamic forces within the
melt. The forces may induce a sudden rupture of the cluster, or a slow erosion,
depending on the difference between the cohesive strength of the cluster and the
magnitude of the hydrodynamic forces."

Polymer flow in the kneading section of an extruder combines extensional and
shear flow.” The hydrodynamic force imposed onto a pigment cluster is described by:

Fyy = purs (1-4)
where S is the cross-sectional contact area at the fracture plane, u. is the shear velocity,

and 7 is the rate of deformation (either shear rate or elongational rate), and £ is a



parameter that depends on the orientation and dimensions of the cluster and its fracture

plane with respect to the flow field.”> The cohesive strength for the pigment cluster is:

9F, S(1-¢)
F =" - 1-5
‘ 8ed” (1-5)
with F,, as the interaction force between two primary particles, € being the porosity of the

cluster, and d the diameter of the primary particles. The number of paired primary
particles is related to the porosity of the cluster.” Electrostatic, capillary, and Van der
Waals forces are encompassed in F,,.. Capillary forces are very strong compared to van
der Waals forces in agglomerates with absorbed moisture, but are nonexistent in dry
agglomerates.* The absence of a liquid medium indicates that only van der Waals forces

should be accounted for, and are given by

S
SW

eff

F,, = ,
24h*

vw

(1-6)

where A, is the effective Hamaker constant of the pigment particles and 4 is the
minimum distance between pigment particles within agglomerates (~0.3 nm).” The
medium between the pigment particles determines the value of the Hamaker constant.

For dry agglomerates, A = A,,,. Within a resin, the constant becomes:*

A = (VA =\ i) - (1-7)

For deagglomeration to occur, F,/F.> 1. Pigment wetting is fast when the resin
viscosity is low, but the agglomerate can rupture when the viscosity is high."

The degree of pigment dispersion factors significantly in the gloss and haze of the
coating by shaping the surface roughness. Flocculation, as depicted in Figure 1-5c,

enhances the surface roughness, while a deflocculated state lowers it. It follows that



surface roughness is intimately and inversely linked to gloss, and thus is the next topic of

discussion.

1.5 Gloss and surface roughness

Specular gloss is defined as the perception by an observer of the mirror-like
appearance of a surface; such perception is subject to change whenever the source alters
in its relative position or spectral distribution. The spectral gloss of a material depends
1 .27

on the orientation of the light source, as shown in Table

Table 1-1. Geometries for specular gloss measurements and applications.

INlumination angle (0) Applications
20° High gloss of plastic film, appliance, and automotive finishes
30° High gloss of image-reflecting surfaces
45° Porcelain enamels and plastics
60° All ranges of gloss for paint and plastics
75° Coated waxes and paper
85° Low gloss of dead matte paints and camouflage coatings

To reduce the subjectivity, the gloss (G) of a coating is calibrated against a well-defined,
optically smooth black tile. It is mathematically expressed as
G=R/R,;x 100%, (1-8)
where R, is the specular reflectance of the coating, and R, is the reflectance of the black
tile. Dead matte finishes have gloss levels < 10% at 6 = 60°.**

The key to achieving low gloss is to generate a highly rough coating surface.

Specular reflectance and surface roughness are linked with the following equation®

47 cosH, )2

RS=Re( A (1-9)
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where R is the maximum reflectance of the coating as calculated from Fresnel’s
equation,” ¢ = surface roughness, A = wavelength of radiation, and 6, = angle of the
incident radiation.

The surface roughness must cross a certain threshold before it begins to affect the
gloss. The threshold is determined by the Rayleigh criterion for smooth surfaces:’'

A

D< ,
8coso,

(1-10)

where D is the height of the surface defect. With equations linking the surface roughness

with gloss now established, the resultant plot takes the following form in Figure 1-6.

100 A

o

! T T T T T T T T
0 20 40 60 80 100
Surface roughness ¢ (nm)

Figure 1-6. How surface roughness affects gloss according to Equations 1-8 and 1-9."

1.6 Polymer blends

The powder coatings analyzed in this thesis are composed of a novel binder. This
has tremendous importance, as most of the physical and chemical properties in a coating
system derive from the binder.”” The fully formulated systems analyzed in this thesis are

comprised of immiscible polymer blends with low loadings of solids and other apropos

11



additives that promote durability, ultra-low gloss, and resistance to weather and other
sources of corrosion. As previously mentioned, powder coatings require low loadings to
keep the melt viscosity low enough for even application over a substrate while
maintaining adequate pigment dispersion. However, surfaces with matte gloss are
usually produced with high loadings of solids, which are commercially available in
solventborne paints. If the resin has multiple indices of refraction inside the bulk and at
the surface (see Figure 1-7), then the light is bent multiple times at the surface and within
the bulk, which reduces the film transparency and by extension its gloss.”” The
immiscible resin droplets within the film would reduce the necessary loading level of
pigments for low gloss. Thus, the combination of immiscible droplets and roughening
agents (pigments designed for matte finishes) would open new markets for low VOC
coatings. The incorporation of multiple light scattering has already been achieved for
powder coatings via urethane polyester blends; a highly reactive resin with a high
hydroxyl or “OH number” was mixed with a less reactive resin with a much lower OH
number. The high OH resin cured first, but it phase separated and formed a dispersed
phase morphology that remained after full cure.” Blends of high and low carboxyl
functional polyester resins have also produced low gloss powder coatings.”®** Large
differences in hydroxyl content are the source of immiscibility for the polymers in this
study as well. The starting polymers are acrylic polyols, which undergo an addition
reaction with a polyisocyanate curative. This will be detailed in another section.

In addition to gloss reduction, there are other reasons for industrial interests in

coatings with immiscible resin blends, as they can provide a method for producing very

12



finely dispersed microstructures that can significantly enhance material properties, such

as scratch resistance, mar resistance, and adhesion durability.”’35

n, ",

ny

Figure 1-7. Beam of light refracted by incompatible droplets (domains) of a resin with a
different index of refraction in a continuous phase of clear binder (n,).

The cross-sectioned surface depicted in Figure 1-7% is a consequence of the blend
morphology, which is an easily controlled outcome. Such control is a major advantage of
polymer blends, as a diverse range of end-use properties is readily available to the user.
These properties are greatly influenced by the phase structure, which is the result of the
complex relationships of inner parameters (chemistry and rheology) and outer parameters
(temperature and applied flow field) of the components. Changing the composition of the
blend or processing conditions enables the creation of materials with morphologies of

different types and/or degrees of purity.*
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Figure 1-8. Basic types of phase structures.”
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Blend morphology is typically classified as dispersed or cocontinuous, as shown
in Figure 1-8. Dispersed phases are formed when one of the components is the minority
component (1-8a and 1-8c). The dispersed particles form spheres to minimize the free
surface energy of the system. Anisotropic particle geometries (ellipsoids, fibrils,
platelets) are often observed in blends if they are solidified by immediate quenching after
melt processing. These shapes stem from deformations induced by shear and/or
elongational stresses applied in the mixing devices such as extruders. For the emergence
of cocontinuous phases, there exists a critical concentration for geometric percolation that
is generally dependent on the viscosity ratio. If the ratio is close to unity, a fully
cocontinuous structure appears around 1:1 composition. Otherwise, the component with

the lower viscosity forms the continuous phase. Cocontinuous structures are also
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determined by the interfacial energy; increasing interfacial energy induces the minor
phase to form more spherical domains, which increases the critical concentration for
cocontinuity to emerge, while narrowing the permissible range for its manifestation.

How these phase morphologies form is the subject of the next section.

1.7 Phase separation mechanisms

Flory and Huggins established the theory of mixing of polymer components, in
which species of macromolecules with constant volume are confined in a lattice.*
They describe thermodynamic equilibrium to correspond to the minimum of Gibbs free
energy in a system. For a spontaneous process such as mixing, the change in the free
energy must be less than zero. For mixing, this is expressed as
AG,, =AH, - ATS,, (1-11)
where AG,, is the free energy of mixing, AH,, is the enthalpy of mixing, 7T is the absolute
temperature, and AS,, is the entropy change in the mixing process. The enthalpy is a
quantity of the heat consumed (AH,, > 0) or generated (AH,, < 0) during mixing at

constant pressure. If the mixing is exothermic, then AG,, < 0. The entropy of mixing in

polymer systems is expressed as

ASM=—kV(%lnqol+%lnq02), (1-12)

1 2
where k = Boltzmann’s constant, V is the total volume of the system, V, is the volume of
species n, and ¢,, its volume fraction. The structure of Equation (1-12) is predicated on
there being a limited number of spatial arrangements of molecules within a lattice for a

binary mixture (Figure 1-9). An increase in the molecular weight of a species
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significantly reduces AS,,, and by extension AG,,. Greater reliance is placed on
intermolecular interactions between adjacent lattice sites for mixing to occur. Hence, the

small solvent molecules in Figure 1-9a are replaced by a second polymer species in 1-9b.

b)
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Figure 1-9. Schematic representation of spatial arrangements of molecules in a binary
mixture of a) low molecular weight components and b) a polymer blend.

For polymer blends, the enthalpy is expressed as
A, =kTV 22 g, (1-13)

where v, is the volume of the interacting unit (segment or molecule), and the interaction

parameter yx,, = Z]:Vle is a dimensionless quantity that characterizes the change in enthalpy

for each interacting molecule or segment. If there is a net attraction between species,
X:» <0and homogeneity emerges for all compositions. However, x,, >0 is a more

common situation (polymer species repel each other) because members of a species are
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more likely to be attracted among themselves. This parameter can be expressed as the

difference in solubility parameters of the blend components via
v
X12=ﬁ(6l_52)2’ (1-14)

where 0, is the solubility parameter for species n. This parameter is defined as the square
root of the cohesive energy density, which is the energy needed to vaporize one mole of a
liquid at zero pressure. The solubility parameter can be applied to any substance that is
capable of mixing; most discussions on the solubility parameter pertain to mixing of
solvents and polymers or solvents by themselves. In the context of polymer blends, the
majority component can be treated as a solvent. Equation (1-14) performs poorly for
polymer solutions with strong polar or hydrogen bonds.*” With the advent of Hansen
Solubility Parameters (HSP)," d is the square root of the sum of the squares of three
components:

8 =6,+6,+6,, (1-15)

where 0, = dispersion solubility parameter, 0, = polar solubility parameter, and J,, =
solubility parameter for hydrogen bonding. These parameters are typically calculated in
modeling software.*” Incorporating HSP into the interaction parameter yields

1 1
X = a]:/—}((éw _62,0)2 +Z(5I,P _52,19)2 +Z(5I,H _62,H )2) > (1-16)

where v, is the volume occupied by a monomer unit for the polymer species acting as the
solvent. Most mixing situations work well with correction constant o = 1, although there
are instances where 0 < a < 1, depending on the system being modeled.*

With the interaction parameter established, it can be used to infer basic features of

phase behavior of polymer blends. For endothermic mixing, J,, is inversely
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proportional to the temperature, in which a decrease in the temperature is unfavorable for
miscibility and the system shows an upper critical solution temperature (UCST). For

exothermic mixing, ), increases with temperature and lower critical solution behavior

manifests, as seen in Figure 1-10. Here, the binodal curve denotes the limits of
miscibility. Outside the binodal, the single-phase system has thermodynamic stability.
Upon increasing the temperature, phase separation ensues.

The spinodal curve denotes the limits of metastability. Once on the spinodal
curve, concentration fluctuations can disrupt the system toward a spontaneous phase
separation known as spinodal decomposition, resulting in the cocontinuous phase
morphology depicted in Figure 1-8b. The metastable region is where the single-phase
structure can withstand small spontaneous local concentration fluctuations. Here, the
phase separation mechanism is nucleation and growth. This is the mechanism behind the

dispersed phase morphology, as depicted in Figures 1-8a and 1-8c.

spinodal

Phase-separated
region

Metastable binodal
region
Single-phase region
| I ! >
0.25 0.5 0.75

P4

Figure 1-10. Phase diagram of a binary symmetric polymer blend with lower critical
solution temperature.
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Spinodal decomposition and nucleation and growth can result from a small
change in the Gibbs free energy of mixing. Instigation of phase separation is rooted in
concentration fluctuations. Thus, the change in Gibbs energy induced by the local

concentration fluctuation OG is proportional to the second derivative of AG,,:

9’AG,,

oG ~ >
I,

(1-17)

If the second derivative is > 0, concentration fluctuations lead to a rise in the Gibbs
energy. This is unfavorable and such fluctuations are suppressed by the polymer system,
preserving its homogeneity. If <0, the Gibbs energy decreases with any fluctuation. The
fluctuations can grow into a separate phase. The polymer blends analyzed in this study
possess the dispersed droplet morphology, which makes it likely that nucleation and
growth is their mechanism of phase separation. These blends also have a large amount of
the dispersed phase, which means the dispersed phase (i.e., domains), undergoes further
structural changes by coarsening. Two well-established coarsening mechanisms are
coalescence and Ostwald ripening,* but these mechanisms assume the polymer blends
are quiescent systems. As already discussed in Section 1.3, these systems undergo
Marangoni flow, which disrupts the quiescence by subjugating the macromolecules to
hydrodynamic forces as well. Additionally, the polymer components are rendered
partially miscible with each other by reacting with a compatibilizer, which serves to

suppress coarsening up to a point.*

1.8 Compatibilization

Compatibilization is a process by which the interfaces within an immiscible

polymer blend are modified in a way that reduces the interfacial energy, stabilizes the
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morphology against high stresses as it forms, and enhance the adhesion between the

hases.** The compatibilization reaction in this study is of the form**
p p y

O
|
HO-R-OH + O=C=N-R'-N=C=0 —»> HO-R-O-C-NH-R'-N=C=0
Diol Diisocyanate Urethane Linkage

Figure 1-11. Formation of the urethane linkage from a diol and a diisocyanate.

The urethane bond (highlighted in red) is the crosslink and is the chemical method of
promoting adhesion between the phases via reactive processing.”® The isocyanate acts to
decrease the average size of domains and stabilize the morphology from the blend
processing. However, isocyanates are highly reactive and require blocking agents for
stabilization during storage.” Among the numerous choices available, e-caprolactam is
the blocking agent of choice for isocyanates in powder coatings because its thermal
release occurs at 157 °C,*” although its determination can depend on the method of
analysis, heating rate, and other variables.> What is important is that the deblocking
temperature be between the extrusion temperature (120-130 °C) and the cure temperature
(204 °C), which then enables in-situ generation of isocyanates within a curing powder
coating.

After deblocking, the e-caprolactam is highly volatilized and serves to act as an
internal solvent within the curing film.* The solvation serves to further compatibilize the
two resin components and reduce their viscosities for better flow. Of course, Marangoni
flow takes place on a substrate, but the substrates encountered in this study are bare
metallic substrates, or metallic substrates already coated with a polymer film. Thus, the

choice of substrate may have an effect on film morphology.
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Figure 1-12. Deblocking reaction of €-caprolactam blocked isocyanate to form free
isocyanates.

1.9 Choice of substrate

The choice of substrate could affect the morphology of the domains as well. The
polyurethane coatings in this study are usually applied directly on tin-plated steel
substrates, but some metal substrates have been pretreated with polytetrafluoroethylene
(PTFE) or epoxy primer. Epoxies are commonly used as primers on metals due to their
superb adhesion and resistance to heat and chemical attack.”** The important difference
between a bare metal and a polymeric substrate is the surface energy. Surface energies
for bare metals range 100-6000 mN/m,” while PTFE and epoxy have surface energies of
21-22 mN/m and 42-46 mN/m, respectively.”

According to an oft-cited conference paper by Funke and Murase, the
morphologies of immiscible powder coating blends of epoxies and acrylics changed with
the substrate they were applied on.”’ The epoxy layer consistently adhered to the metal
substrate because it had the higher surface energy. While these powder systems produced
self-stratified coatings rather than droplet domains, the exhibited dynamics are still
analogous. In Figure 1-13, two polymer melts are placed in contact with one another on a
metal substrate as well as on PTFE. The figure demonstrates that
* the polymer component with the lower surface energy is always pushed toward the

airside, and
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* the polymer component with the surface energy closest to that of the substrate
exhibits the greater degree of wetting, as exhibited by the smaller contact angle 6 in

the left schematic of Figure 1-13.

The different behaviors induced by the substrates will have implications for domains near

the substrate. This is discussed in extensive detail in Chapters 7 and 8.

YaeZVa>Vs

Ya<Vs<Vs

Figure 1-13. Contact angle variation between two immiscible resins (with surface
energies v, and y,) with respect to the type of substrate ().
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Chapter Two

Sample Preparation and Spectroscopic Analysis

2.1 Coating preparation

Preparation of polyurethane coatings was based on immiscibility between acrylic
polyol resins due to large differences in hydroxyl functionalization. Hydroxyl numbers
ranged 20-400 OH. The polyols were purchased from Estron Chemical (Calvert City,
KY). Coating samples were prepared at the Arthur W. Steudel Technical Center in
Chicago, IL.

This section briefly describes how the powder coatings were prepared. All acrylic
polyols in this study were crosslinked by an e-caprolactam externally blocked aliphatic
polyisocyanate (Evonik Industries (Parsippany, NJ). Leveling and degassing agents were
added at < 1% wt. Two blended clear films were prepared: Blend A and Blend B.
Slightly different resin components were used to prepare them. Three colors were
formulated according to published specifications." All colored coatings were formulated
with calcium silicate matting agent and with the resins used to prepare Blend B. The
black coating was formulated at various weight percentages with carbon black and black
iron oxide. The tan coating was formulated with chromium oxide, titanium dioxide,
carbon black, carbazole dioxaiine violet, various iron oxides, zinc/magnesium ferrite or
other mixed metal oxides. The green coating was formulated with acid insoluble green
pigments mostly composed of chromium oxide, and traces of cobalt and zinc; carbazole

dioxaiine violet, iron oxides, light stable orange and yellow organic pigments;
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zinc/magnesium ferrite or other mixed metal oxides. Coatings without pigments (clear
coatings) were also prepared for spectroscopic analysis.

The raw mixtures were dry-blended, then melt mixed via a 30 mm twin screw
extruder through increasing zone temperatures of 40, 90, and 120 °C. Chilled rollers
compressed the extrudates into sheets. After cooling, the sheets were pulverized by a
ground rotor mill. The resultant powders were classified into different particle sizes by a
106 ym mechanical sieve. The powders were then electrostatically applied to metallic

substrates using a standard gravity-fed powder coating cup gun.

2.2 Cross-section preparation

Three embedding resins were used in this study. Two of them were epoxy resins,
one was a commercially available polyester resin called Bio-Plastic” . Bio-plastic was
used to prepare cross-sections for chemical mapping. Epoxy resins were used to prepare

cross-sections for electron microscopy. Reasons for their usage are explained below.

2.2.1 Cross-Sections for spectroscopic analysis

The composition of Bio-Plastic™ polyester resin (Ward’s Science, Rochester,
NY) is 50% unsaturated polyester prepolymers, 40% styrene monomer, and 10% methyl
methacrylate. 15 mL of resin was mixed with 8 drops of catalyst. Mold release
compound was applied in a 2.5” x 2.5” x 0.5” Al square mold. The curing resin was
poured into the mold. Film fragments were peeled off the tin substrate and placed onto
the resin surface. After 30 minutes, a second layer of 15 mL of curing resin was poured

into the mold, sandwiching the sample between the resin layers. The resin block cured
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for 72 hours, then was cut into pieces small enough to fit in the sample holder for the
Leica SP 1600 microtome saw. The saw feed rate was set between 5 and 10 on the dial
for the saw to obtain 0.5” x 0.5” x 0.25” cross-section samples that could fit into the
MOPAS XS Polisher (Jaap Enterprise, Amsterdam, Holland) with the coating specimen
exposed. A hex key was used to turn the screws in the polisher until the resin block was
firmly held (other jigs may require standard screwdrivers for securing the sample, as

shown in Figure 2-1).

Figure 2-1. MOPAS XS Polisher with resin block sample inside jig.”
Several considerations were taken into account while polishing. The plane of the
resin block was kept above the plane of the white ceramic crown by 50-100 ym. Also,

when upside down, wobbling of the polisher was kept to a minimum. The polisher was
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placed on a 6” x 6 1800 mesh Micro-Mesh™ polishing cloth (Micro Surface Finishing,
Wilton, TA) that is secured to the surface by adhesive tape.

Polishing with the MOPAS (Molecular Painting Studies Group) consisted of two
stages. The first was the grinding stage, in which the polisher was maneuvered in a
square pattern 10 times (up, right, left, down, etc.). A paintbrush was used to remove
particles off the jig and cloth, and the surface of the resin block was checked with a
microscope to make sure it had been completely scratched by the cloth. Once the resin
block surface had a homogeneous set of polishing tracks, grinding proceeded onto the
next grade of abrasive cloth, which was 2400 mesh. The grinding procedure was repeated
for 3200 mesh, then 4000.

The polishing stage began with 6000 mesh (it is similar to the grinding stage,
except no rubbing noise should be audible). The polisher was maneuvered in the same

square pattern, but at a slower pace.

Figure 2-2. Cross-section after final polishing stage.

Loose resin particles were cleaned frequently to avoid “roller tracks” on the surface that
could ruin the polish. Once a mirror finish began to develop on the surface, the process
was repeated for 8000 mesh, then 12,000 mesh, which resulted in a one micron finish.

Such a finish is shown in Figure 2-2.
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2.2.2 Cross-sections for TEM

The resin of choice for cross-sections used in TEM was fast cure epoxy (West
Systems, Bay City, MI). Unlike Bio-plastic, it does not contaminate the coating samples.
This was an excellent resin for samples quenched at different stages of the cure. Bio-
plastic was found to damage the morphology of quenched samples for reasons that are
explained in chapter 5. The epoxy resin mixture used was 2:1 resin/harder. Coating
fragments were placed in a silicone mold tray and cured to completion in about 24 hours.
These samples were sent to Central Microscopy Imaging Center (CMIC) at Stony Brook
University for microtome sectioning. Microtome cross-section samples were prepared
for TEM analysis using a Leica EM UC7 Ultra-Microtome (Wetzlar, Germany) with a
diamond sectioning blade; typical thicknesses were 80-150 nm. Quenched coating
samples required greater thicknesses due to their brittleness. Pigmented samples were
plagued by tearing due to pigment pullout from the microtome blade, especially for the
large matting agent particles. Pullout was worse for green and tan coatings due to their

higher concentration of pigments.

2.3 Vibrational spectroscopy

2.3.1 Fourier transform infrared spectroscopy (FTIR)
A) Instrumentation

FTIR is one of the most commonly used nondestructive analytical techniques for
soft materials. It is used to identify all types of organic and inorganic compounds, to

determine what functional groups are present, to quantify species within a mixture, and to
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determine the molecular orientation of a macromolecule, among other applications.” It
can analyze solids, liquids, and gasses, depending on the accessory available. The FTIR

spectrometer used in this study is a Thermo Nicolet iS50 Spectrometer.

FT-IR Spectrometer

Fixed mirror
il

Beamsplitter
— IR Source

2 ot |

Moving mirror
X He-Ne laser

Laser diode
Samplems
W Detector

Figure 2-3. Schematic of typical FTIR instrument.

A schematic for a typical Fourier transform spectrometer is found in Figure 2-3.
It has three basic components: radiation source, interferometer, and detector. Most
designs such as the spectrometer in this study use helium-neon gas (HeNe) as a radiation
source. The HeNe laser consists of a mixture of helium and neon gas inside a tube. An
electrical discharge excites helium atoms, which transfer their energy to neon atoms via
collisions, which induces laser transitions. The transition used for FTIR lasers has a
wavelength of 632.8 nm.*

The interferometer splits the IR beam into two beams, so that the paths of the two

beams are different. The most common type is the Michelson interferometer, which
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consists of the following components: fixed mirror, moving mirror, and a beamsplitter.
Both mirrors are perpendicular to each other. The beamsplitter is a semi-reflecting
device consisting of a thin germanium layer deposited on a flat KBr substrate. At the
beamsplitter, the IR beam is split into two halves; one is transmitted to the fixed mirror,
and the other reflected to the moving mirror. After the two beams are reflected, they are
recombined back at the beamsplitter. Changes in the position of the moving mirror
generate an interference pattern in the resultant beam, which then passes through the
sample and into the detector.

If both mirrors are equidistant from the beamsplitter, then the situation is defined
as zero path difference (ZPD). If the moving mirror is moved away from the ZPD by a
displacement x, then total extra distance traveled by the IR beam is 0 = 2x. This extra
distance is defined as the optical path difference (OPD). If the OPD is in multiples of the
wavelength, then constructive interference occurs:
d=nl, 2-1
where n =0, 1, 2... This situation describes the maximum intensity signal observed by
the detector. Conversely, when the OPD is in multiples of /24, destructive interference
occurs, and the detector observes the minimum intensity signal:
0=(m+%)A. (2-2)
An OPD in between the two extremes described by Equations 2-1 and 2-2 yields an
interference pattern that is also between constructive and destructive. Moving the mirror
back and forth increases and decreases the intensity, which gives rise to a cosine wave.
The resultant plot is defined as an interferogram. This is shown in the left side Figure 2-

4.
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Figure 2-4. Fourier transform between an interferogram and an actual spectrum.’
The process for converting an interferogram into a useful spectrum is a

mathematical method known as a Fourier transform. The following equation is a

common form of the Fourier transform with unitary normalization constants for a

function f(¥) dependent on time #:

F(w) =ﬁ [ r@wye™ dr (2-3)

in which o is the angular frequency (w = 27v). While the interferogram is a plot of the
intensity of signal versus OPD, its Fourier transform is be considered an inversion of the
OPD. The unit of the OPD in the left side of Figure 2-4 is in cm, so the inversion of OPD
is in cm™. Thus, the interferogram is transformed into the IR transmission spectrum on

the right side of Figure 2-4 with arbitrary units and recognizable fine structure.
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The 1S50 Spectrometer uses two photodetectors, which are highly popular among FTIR
spectrometers. The majority of the FTIR spectra taken in this study were with the MCT-
A detector. The name stands for mercury-cadmium-telluride, which is a ternary alloy
that is highly sensitive to IR radiation. It depends on the quantum nature of radiation and
exhibits very fast responses, but requires liquid nitrogen for its operation. The “A”
indicates that its frequency range is 3600 cm™-650 cm™. Other MCT detectors (e.g.,
MCT-B) have slightly different frequency cutoffs (e.g., 400 cm™).® The other
photodetector used in this study is deuterated triglycine sulfate (DTGS). This is a
pyroelectric detector that responds to the variations in temperature rather than the value
of temperature. It can operate at room temperature, but its acquisition time is longer than
for the MCT detector. Noise is a likely nuisance with spectra taken with DTGS, but its
frequency cutoff is 400 cm™. However, typical frequencies of interest for FTIR spectra in
this study were 3600 cm™ — 3200 cm™ and 1800 cm™ — 1500 cm™ (well above 650 cm™).
The MCT-A also had the extra benefit of producing spectra with excellent S/N ratios.
B) Theory

The technique is dependent on continuous molecular vibrations being simply
induced by the temperature being above absolute zero. When the frequency of the IR
radiation matches the frequency of a specific vibration, the molecule absorbs the

radiation. The molecules vibrate with a frequency v according to Hooke’s law’

where k is a force constant of the spring, c is the speed of light, and y is the reduced mass
of the atoms involved in the oscillation. This equation links the frequency of vibration,

the mass of the interacting atoms, and the strength of the covalent bond between the two
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atoms. As simple as Equation 2-4 is, it performs remarkably when compared to
frequencies observed by experiment. What it does not account for is the attraction and
repulsion of the electron cloud at the edges of the vibrational motion, and does not
account for bond dissociation at high amounts of absorbed energy. However, these
sources of anharmonicity (deviations from the ideal model in Hooke’s Law) do not
usually affect quantum transitions from the ground state to the first excited state, which
manifest as the most intense bands in IR spectra.

Each atom in a molecule can be described in terms of a minimum set of
fundamental vibrations. To start, it has three degrees of freedom corresponding to a
threefold set of coordinate axes. A molecule composed of n atoms should have 3n
degrees of freedom, but is in reality 3n — 6 degrees when translational and rotational
motions of the entire molecule are subtracted out (3n — 5 for linear molecules).
Moreover, not all vibrations are IR-active. Their detection by FTIR is dependent on the
change of the dipole moment for that vibration, as depicted in Figure 2-5b; the CO,
vibration in 2-5a has no net dipole moment, and thus is IR-inactive.

Absorption bands arise from two different types of vibrations: stretching and
bending. Stretching vibrations are typically higher energy than bending vibrations;
stretches typically require more energy than bends due to the force of the chemical
directly opposing the change in motion. Additional bands could also be generated from
overtones, combinations of fundamental frequencies (e.g, the amide II band),” coupling
interactions of two fundamental absorption frequencies, differences of fundamental
frequencies, and coupling interactions between fundamental vibrations and overtones or

combination bands. Overtone, combination, and difference bands have smaller
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intensities than those of fundamental bands. The panoply of vibrational bands and their

potential combinations and interactions thereby create a unique IR spectrum for each

compound.
Bond Bond
dipole dipole Bond

b

dipole

-

-G C

Molecular
dipole

(@) No net dipole moment (b) Net dipole moment

Figure 2-5. Charge distributions of CO, and H,O. Blue and red colored regions are
negatively and positively signed regions, respectively .*

A convention among spectroscopists is to convert the wavelength from ym to

wavenumbers, which is done by
viem ™) =1 A(ym)xlO“ (2-5)

The infrared (IR) region used by most analysts of organic materials is the mid IR region,
defined as the frequency range between 4000 and 400 cm™. This is the range where the
vibrational states of most organic molecules are found. The far IR range is used for
analysis of organic, inorganic, and organometallic compounds involving atoms with
atomic numbers > 19; its range spans 200cm™-50cm™.” Near IR is often used in diverse
fields such as agricultural and food science, pharmaceutical research, medicine, and

atmospheric chemistry; its frequency range is 13,300cm'-4000 cm™."

2.3.2 Raman spectroscopy

A) Instrumentation
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Complementary to FTIR spectroscopy is laser Raman spectroscopy, or LRS. It
has a shorter history of widespread use due to technological limitations that were
overcome relatively recently. Labs that acquire Raman instruments choose either a
dispersive or an FT spectrometer. Dispersive spectrometers utilize visible lasers for
excitation, a CCD (charge-coupled device) detector, and monochromator(s). FT Raman
spectrometers utilize near-IR lasers (typically 1064 nm) for excitation, and an
interferometer-based system that performs Fourier transforms of the collected
interferograms. The Raman spectrometer used in this study is a Thermo Scientific
Nicolet Almega™ dispersive spectrometer. The basics of Raman dispersive
spectrometers will be thus described here.

Raman SPCC[I‘()IIIC[CI’

Microscope Grating

/

Filter

CCD detector

o |

Sample - = - - -

785 nm diode laser
| |

Figure 2-6. Typical setup for a Raman dispersive spectrometer with a near-infrared laser
attached to a microscope.'

A diagram of a generic dispersive Raman spectrometer is found in Figure 2-6.
What follows is a description of the main components encountered by the laser within the
spectrometer. Peaks due to Raman scattering are measured as a shift from the excitation
source, which indicates a monochromatic light source is needed for obtainment of quality

data; hence the employment of lasers. The source was a laser diode that generated a
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beam with a wavelength of 785 nm. After exiting the source, the beam may pass through
a line filter that blocks out extraneous photons. The laser (drawn as a red line in Figure
2-6) then passes through a pinhole for additional focusing, which occasions collection as
an expanded parallel beam. This focused beam then reflects off a notch filter (labeled as
‘Filter’ in the diagram above) toward the microscope. The beam passes down toward the
sample, where it undergoes absorption, scattering, and, if applicable, transmission. The
portion that is scattered directly opposite the incident radiation is what is collected by the
same optics that transmitted the incident beam. This scattered beam (drawn as a black
line in Figure 2-6) comes into contact with the notch filter at an angle that serves to
facilitate its total transmission toward a series of monochromators (typically two or
three). The first monochromator separates the Raman-shifted scattering from the other
radiation; this is typically a Rayleigh filter, which filters out elastic (Rayleigh) scattering.
The second monochromator increases the dispersion and separates the individual Raman
peaks. Monochromators usually are sold as notch filters, which permit radiation with a
narrow frequency range to pass through. They are small and efficient and are a primary
reason for the reduced size and cost of Raman spectrometers in recent decades.

An important consideration for Raman spectra is resolution, which determines the
amount of detail observed within spectra. Low resolution within a spectrum may render
the characterization of closely related compounds an impossible task. Unnecessarily
high resolution within a spectrum could add noise without providing a commensurate
increase in useful information. Spectral resolution is determined by two factors: the
optical design of the spectrograph, and the diffraction grating distribution. Gratings have

many grooves etched into the surface, which disperse the incoming radiation. The higher
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the number of grating lines per unit length, the broader the dispersion angle, and the
greater the acquired resolution. The layout of the gratings is designed for optimal
throughput over a relatively narrow wavelength range, which means it is matched
specifically to each laser within the spectrometer.

The CCD detector typically is a highly sensitive silicon device. Its surface is
composed of a two-dimensional array of light-sensitive elements called pixels that act as
individual detectors for specific wavelengths dispersed by the gratings. The CCD
detector is designed to have a large wavelength response region, often ranging 400 nm-
1000 nm. For additional information on instrumentation for Raman spectroscopy, the
textbook by Smith and Dent is a valuable resource."

B) Theory

LRS operates on inelastic scattering of photons, in which some energy is
transferred from the incident photon to the molecule and/or vice-versa. In both cases, the
energy of the scattered photon differs from the incident photon. This is the essence of
Raman scattering, which is a very weak process compared to elastic (Rayleigh)
scattering. Only one in 10°~10® photons that scatter off a surface is Raman scattered.
However, as addressed in part A of this section, the arrival of highly collimated laser
light, efficient Rayleigh filters and the implementation of microscopes overcame this
limitation.

At room temperature, most molecules are present in the lowest energy (ground)
quantum state. The interaction of the laser with the electron cloud of a molecule

polarizes it, which creates virtual quantum states (Figure 2-7).
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Figure 2-7. Diagram of Rayleigh and Raman scattering processes; IR absorbance
included for comparison."

The Rayleigh process involves no energy change, and consequently the photon returns to
the same energy state. In the Raman scattering event, an electron in ground state m is
promoted to a virtual state via absorption of the incoming photon, and then relaxes to a
higher energy excited state n. This is one of two Raman scattering processes known as
Stokes scattering. Anti-Stokes scattering is a weaker event because the transition
requires the molecule to be in excited state n upon interaction with a photon; at room
temperature, the population of molecules in the ground state far exceeds those in excited
states. In short, selection rules for Raman spectroscopy require the vibration to display
a net change in bond polarizability for a transition, whereas IR spectroscopy requires a
change in dipole moment. In Figure 2-5a, the symmetric vibration for CO, produced a
net change in polarizability, which makes it Raman active; the vibration for water in 2-5b
is also symmetric and thus Raman active. An example of a molecule exhibiting
vibrational modes active for just one vibrational technique or the other is found in Figure

2-8 for carbon disulfide. As indicated by the arrows in the figure, the sole Raman peak
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stems from the vibration labeled V,, which exhibited nonzero polarizability in the third

TOW.

a Vﬂs SS

Vibration | o6 o—w-o o o | o o o o o o o™  o——o N

Dipole x| = @ @
moment
Ju/00=0 oU/0Q#0 IU/0Q#0
Polariz- | < G > | S > > | o o o>
ability
d0/dQ %0 d0/00=0 d0/00=0
e
IR
spectrum
Raman
spectrum
000 cm™ 3000 2000 1000 N

Figure 2-8. Dipole and polarization in CS,, with resultant Raman and IR spectra.”

2.3.3 Complementary Nature of Both Vibrational Spectroscopies

The figure above demonstrates that both vibrational spectroscopies complement
each other by detecting vibrational modes that may be detectable in just one of the
utilized techniques. The general structure of the monomer unit for the acrylic polyol

prior to crosslinking is depicted in Figure 2-9.
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Figure 2-9. Generic monomer unit of an acrylic polyol reactant.

The ‘X’ is OH in this case, which reacts with isocyantes to generate urethane linkages.
The monomer also has ester groups. Urethane, ester, isocyanate, and other unknown
polar moieties would be sensitive to FTIR analysis. This would be essential for
observing peak changes as the crosslinking reaction progresses. Two types of
attachments were used for the Thermo Nicolet iS50 spectrometer. Most commonly used
was ATR-FTIR, which allows film samples to be placed in direct contact with a crystal.
Three ATR crystals were employed in this study: ZnSe, diamond, and Ge. The incident
angle of the radiation was set to @ = 45° for all ATR measurements, which affects the
penetration depth. ZnSe and diamond have the same index of refraction (n = 2.4), while
ng. = 4. ATR works by allowing radiation to enter the film from a medium with a high

n into a low n material (n..,,,~ 1.5). This internal reflectance produces an evanescent

coating
wave with a penetration depth of 4.4 ym for ZnSe/diamond, and 0.66 ym for Ge; using

multiple crystals on a sample enables sampling of different profiles within the film. The
attenuated energy from the wave passes back to the reflecting IR beam. The beam exits

the opposite end of the crystal and propagates to the detector. The different refractive

indices for each crystal yield different penetration depths. Figure 2-10 illustrates basic
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ATR phenomena. The diameter of the diamond crystal is 2 mm, which is far too large to

sample individual domains.

Sample in contact

\\ To Detector
Infrared ATR

Beam Crystal

AN

Figure 2-10. Schematic of internal reflections in ATR crystal."”

Y

The other FTIR attachment enabled diffuse reflectance infrared Fourier-transform
spectroscopy (DRIFTS), which is mainly used for acquiring IR spectra of powders and
films with very rough surfaces. The sample scatters photons from the laser in all
directions. The diffusely scattered radiation is recollected by large elliptical mirrors that
also minimize specular reflectance, which may distort IR spectra. Samples analyzed by
DRIFTS required some preparation. This entailed grinding by mortar and pestle,
followed by homogeneous dilution to 5-10% by weight in potassium bromide salt. KBr
is IR-transparent but hygroscopic; water absorption could contaminate IR spectra if the
sample is exposed to air for too long.'" DRIFTS was used on the reactants (acrylic
polyols, polyisocyanate compatibilizer) that generated the polyurethane films, which in
raw form consisted of pellets no larger than ~ 1 cm.

Aryl branches are also part of the monomer, and thus may feature prominently
with backbone chain vibrations in Raman spectra. Moreover, the spot size of the Raman

laser is only 3.1 ym, which permits observation of individual domains. FTIR is a
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macroscopic technique, while Raman is a microscopic technique. The features of the
monomer unit demonstrate the utility of the complementary nature of both vibrational
techniques in this study. No sample preparation was needed for LRS. Analysis of liquids
is also possible, but such samples need to be placed in a quartz curvette, since quartz is

both transparent and Raman-inactive in the mid-IR range.

2.4 X-ray photoelectron spectroscopy (XPS)

Another spectroscopic technique used in this study is photoelectron spectroscopy,
which counts electrons as data instead of IR photons. XPS was used to characterize the
airsides and substrate interfaces of the coatings. Its area of analysis is ~1 cm?, which
renders it a macroscopic analytical technique akin to FTIR (thus no coating cross-sections

are analyzed by XPS).

2.4.1 Instrumentation

XPS instrumentation is highly complex and is almost never depicted in its entirety in
schematic form. Instead, components of XPS will be discussed sequentially in terms of
x-ray and photoelectron paths. XPS is an extremely surface sensitive technique and thus
requires operational pressures of 10 torr or lower. Such ultra high vacuum (UHV)
pressures are required:

* to prevent potential scattering of photoelectrons by residual gasses within the

sample chamber,
* to also prevent a monolayer of gas to be adsorbed onto the surface, which takes

about one second to form at pressures of ~10™® torr.
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UHYV is typically achieved through a combination of a rotary pump, titanium
sublimation pump, and an ion pump. Such systems also require occasional baking at
temperatures of 100-160 °C to remove adsorbed gas layers from the sample chamber
walls. Chambers and associated piping are made from stainless steel, while joints are
effected via knife-edged flanges that are tightened on copper gaskets.

X-ray generation occurs by bombardment of an anode with high-energy electrons.
The electron source is typically an electrically heated tungsten filament, (some
instruments use LaB,). The anode is usually made of Al or Mg. These elements give rise
to a very intense K, , doublet that can be resolved into a coherent singlet a by a
monochromator. Al and Mg generate x-ray photons at 1486.7 eV and 1253.6 eV,

respectively.
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Figure 2-11. Comparison of XPS spectra recorded from copper using AIKa (upper) and
MgKoa (lower) radiation."
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Both anodes are often supplied as a twin anode configuration within a single x-ray gun.
The filament is kept at ground, while the anode is kept at potentials of 10-15 kV.
Utilizing both anodes on the sample allows one to differentiate between Auger and
photoelectron transitions when the two overlap on radiation. XPS peak positions would
change by 233 eV on a kinetic energy scale, whereas Auger transitions remain constant,

as exemplified in Figure 2-11 for copper.

Since polymeric samples are insulators, photoemission induces an accumulation
of positive charges. This shifts photoelectron peak positions toward higher binding
energy. The charged surface can be neutralized by attaching an external source to
replenish the electrons. This process is called charge compensation, which can be
performed in several ways; e.g., use a low-energy electron flood gun. In this study,
attaching a gold wire to the sample stage enabled charge compensation.

Measurements were conducted with a hemispherical sector analyzer (HSA). It
consists of a pair of concentric hemispherical electrodes that are spaced apart such that
there is a gap for electrons to pass. The entrance to the analyzer is accompanied by a
transfer lens(es), which performs the following functions:

* maximizes the collection angle to ensure high transmission and sensitivity,
* reduces the kinetic energy of the electron flux prior to its entering the analyzer

(retardation)

* varies the area of the sample from which electrons are collected.
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Figure 2-12. Diagram of a typical HSA and transfer lenses."”

A schematic of a typical HSA and the transfer lenses is depicted in Figure 2-12. The
two hemispheres have an electrostatic potential between them with the outer hemisphere
being more negative than the inner one. If electrons enter the input to the analyzer

tangentially, they will only reach the detector if their kinetic energy is given by

RR
E =eAV 12 2-6
: (R;—Rf) @0

where AV is the potential difference, e the electron charge, and R, and R, are the radii of
the inner and outer hemispheres, respectively. The bracketed terms in Equation 2-6 can
be simplified into a constant, since the radii cannot be varied.

Electrons with kinetic energies exceeding the above term in Equation 2-6 will
follow paths with radii larger than the mean radius of the HSA and those with lower
kinetic energies will follow paths with smaller radii. If the differences do not differ too

greatly from the above term, these electrons will also reach the output plane of the
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analyzer. The large energy spread of the electron flux is the impetus for attaching several
different detectors at the output plane, where such detectors are arranged radially. These
detectors are known as channel electron multipliers, but are commonly called
channeltrons; they are discussed in a subsequent paragraph in this section.

The HSA usually has two modes of operation: constant analyzer energy (CAE)
and constant retard ratio (CRR). CRR is used for Auger spectroscopy, and will not be
discussed here. Under CAE mode, electrons are accelerated or retarded to some user-
defined energy known as the pass energy; it is the energy photoelectrons possess as they

pass through the analyzer. The pass energy affects both electron flux and resolution.
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Figure 2-13. Effects of pass energy variation for Ag 3d peaks."”

High pass energy allows high flux but low resolution; low pass energy allows low flux
but high resolution. The effects of different pass energies are shown in Figure 2-13 for
the Au 3d peaks. Pass energies range from 1 eV to several hundred eV. 100 eV is
typically used for survey scans, while 20 eV is normally used for high-resolution spectra
of core levels. High-resolution spectra are used to identify chemical states of the

elements present and for quantification (if applicable).
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Channeltron detectors collect photoelectrons of different energies in a way such
that adding the signals into the appropriate energy channel can increase the sensitivity of
the instrument by a factor equal to the number of detectors. Attaching a high number of
channeltrons to the output plane enables acquisition of high-quality spectra without
scanning the analyzer. A channeltron consists of a spiral-shaped glass tube with a conical
collector at one end and a metal anode at the other end. The inner walls of the detector
are coated with a material that enables emission of multiple secondary electrons for a
single photoelectron; a cascading effect ensues, which may result in 10® electrons
reaching the anode for one photoelectron. A large negative voltage permeates the cone

(Figure 2-14a).
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Figure 2-14. Schematic presenting (a) the operation of a channeltron, and (b) output
characteristics."

The gain within a channeltron depends upon the voltage between the ends. Below
a certain threshold voltage, no output pulses can be detected. Above the threshold, the

detection efficiency increases with voltage until a plateau region is reached. At this
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plateau, the measured count rate has no dependence on the voltage. The operational
voltage should lie within parameters between 2 kV and 4 kV, just after the start of the
plateau in count rates (Figure 2-14b). The pulse shaper converts the amplified singles
into square waves that can be counted by rate counter, while the discriminator eliminates

noise singals emanating from the channeltron or preamplifer.

2.4.2 Theory

XPS is a modern realization of the photoelectric effect, as first explained by
Einstein in the seminal 1905 paper that eventually led to his Nobel Prize in 1921.° In this
effect, a photon of energy hv is absorbed by a sample and is followed by the emission of
a photoelectron
h=Em)+E+W, 2-7)
where E,(n) is the binding energy of an electron in the nth quantum level of the atom
referenced in the vacuum level, E, is the kinetic energy of the photoelectron, and W is the
work function of the analyzer within the spectrometer.

Monochromatic x-rays (or close to monochromatic) photoionize atoms by

ejecting electrons out of their atomic shells (Figure 2-15).
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Figure 2-15. Schematic of photoemission process; (a) photon absorption at K level; (b)
photoemission with core hole in K level.”!

The utility of XPS is rooted in element sensitivity, chemical state indication, and
surface sensitivity. Every element has a unique set of binding energies that are easily
discernible in modern spectrometers. Chemical shifts are indicated by the ‘shoulders’ or
separate peaks relative to the peak spectra that would not be present in simple chemical
states. The photoelectron spectrum reproduces the electronic structure of an element
with great accuracy since all electrons with binding energies exceeded by the photon
energy will appear in the spectrum. This is illustrated in Figure 2-16, where the XPS
spectrum of lead is superimposed on a simple diagram of its orbitals. The electrons that
escape the specimen without energy loss contribute to the peaks in the spectrum.
Electrons that scatter inelastically and thus lose energy contribute to the background of

the spectrum.
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Figure 2-16. Photoelectron spectrum of lead superimposed over a schematic of its
electronic structure to illustrate how photoelectron peaks arise out of the orbitals."

XPS is a highly surface-sensitive technique to its low sampling depth. The depth
is determined by the attenuation length (1), which is related to the inelastic mean free
path (IMFP). Tanuma, Powell, and Penn have used optical formulas and other physical
parameters to develop an empirical formula for the IMFP as a function of the kinetic

energy E, known as the TPP-2M predictive equation:*

A= £y
E}|BIn(yE)-C/E,+D/E;]

(2-8)
p=-0.10+0944(E2 +E2) " +0.069p"

y=0.191p™"?
C=197-091U
D =534-20.8U

U=va/M=E;/829.4

where E, = 28.8(va /M )1/2 is the free-electron plasmon energy, N, is the number of

valence electrons per molecule (for compounds), o is the density, M is the molecular
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weight, and E, is the bandgap. For most organic materials, the IMFP is < 5 nm when the

source is a MgKa or AlKa anode (Figure 2-17).
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Figure 2-17. Electron intensity as a function of depth; the horizontal dashed line
indicates a distance from the surface of the attenuation length 1."

Figure 2-17 also subtly suggests A has an angular dependence. If photoelectrons are
detected at an angle oblique to the sample, 4 is reduced by an amount equal to the cosine

of the angle between the surface normal and the entrance to the HSA.
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Figure 2-18. a) Sample stage geometry for altering electron emission angle; b) changes
in intensity with respect to sampling depth induced by changing the emission angle for a
metal oxide sample.”

This angle can be changed by tilting the sample holder with respect to the electron
emission angle or with respect to the incident x-rays; in this study, sample tilting was
oriented with respect to the x-ray source (Figure 2-18a). Changing the angle for XPS
measurements leads to analysis by angle-resolved XPS (ARXPS). Application of
ARXPS in this study is motivated by the heterogeneity of these coatings, e.g., potential

surface segregation of chemical reactants used for their generation. Sample tilting is

possible with a twin-axis goniometer, which creates the geometries. Lowering the
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incident radiation angle decreases the sampling depth, which increases sampling of the
surface itself (Figure 2-18b).>* This enables measurements of changing chemical states

with respect to sample depth.

2.4.3 Equipment

A VG Scientific ESCA-3 x-ray spectrometer with an Al Ka source (1486.6 eV)
was used to analyze both pigmented and clear coatings. The two angles of incidence
were 90° and 60°. XPS spectra were processed with CASAXPS software.> All were

peak-fitted with a Shirley background, which has the mathematical form*

0,()=J(0)-a, 3 0, (HAE (2-9)

Q is the background-corrected spectrum over the energy range over the chosen kinetic

energy range E,, < E, < E, . with corresponding channels i,,, < j < i,,,, (full width at half-

maximum = AFE). J is the measured spectrum at channel i, and a, is a constant found by
the requirement that Q,(i,,,,) = 0. Calculating the Shirley background is largely an
iterative procedure. The Shirley background incorporates the assumption that each
unscattered electron is associated with a flat background of losses, which makes the
background intensity proportional to the intensity of the total peak area at any point.”
This is crucial for accurate quantification of elemental composition at a surface. Curve-
fitting of experimental data was performed with products of Gaussian-Lorentzian line

shapes. The line shapes are defined as:*
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Gaussian:

2
G(x:E,F,m)=exp 41n2(1-ﬂ)(x‘E) (2-10)
100\ F
Lorentzian:
L(x:E . F,m)= ! >
+4m(x-E) (2-11)
100\ F

Product of a Gaussian with a Lorentzian:
GL(x:E,F.m)=G(x:E,F,m)L(x:E,F,m)

(E EO )2
X =
AE

where F(E) is defined as the intensity at energy E, E, = peak center, and m = mixing ratio

(2-12)

(1 for pure Gaussian, O for pure Lorentzian).
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Chapter Three

Analysis by Electron Microscopy

Scanning and transmission electron microscopes have seen continued
improvements in resolution and have incorporated compositional analysis via energy
dispersive x-ray spectroscopy (EDX). They have been a regular fixture for polymer
analysis since the 1960s, and can view a variety of structures and morphologies. As seen
in Figure 3-1, the polymer blend structure is accessible to three types of microscopies:
optical, scanning electron (SEM), and transmission electron (TEM). Electron
microscopes require an operational pressure of about 10 Pa for the following reasons:

. to minimize scattering of the electron beam by gas molecules from air or the
sample itself,
. to prevent contamination of fragile components in the microscope by

hydrocarbons or water; e.g., cathode, apertures, magnetic lenses.
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Figure 3-1. Scheme of possible structures in polymers open to analysis by various
microscopies.'

3.1 Transmission electron microscopy (TEM)
3.1.1 Instrumentation
Fundamentally, electron optics operates on the wavelike nature of matter, as described by

de Broglie in the 1920s.”> The wavelength of an imaging electron within the microscope
g g ging

P 2m0eV+(e—) , (3-1)
p
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where £ is Planck’s constant, p is momentum, V is the applied voltage, e is electron
charge, c is the speed of light, and m, is the rest mass of the electron. The resultant
wavelength of the beam can be extremely short, but is more likely to interact with a
polymeric material than a photon at an equivalent wavelength. The voltage is produced
within the electron gun by two electrodes resting at the top of the instrument. Typical
voltages are 80-120 kV for analysis of soft materials, with 80 kV being most commonly
used, as high voltages can degrade the specimen.

The basic arrangement of the components within the TEM instrument is depicted
in Figure 3-2. The electron beam is typically generated by a thermionic or field-emission
source. The beam is first focused by a series of condenser lenses and condenser lens
aperture. It is then aligned by the condenser lens stigmator, beam tilt, and translate coils.
The aligned, focused beam then enters the objective lens and interacts with the sample in
various ways. The sample is positioned via the specimen holder and the goniometer
stage within the objective lens between the upper and lower pole pieces. After
transmission through the sample, the electrons form an image through the combined
interaction of the objective lens and an objective aperture in the back focal plane of the

lens.

60



Cathode

Wehnelt-electrode
Electron gun

Accelerating tube

MR

Anode

Condenser lenses
[llumination system

Objective prefield lens
Specimen holder
Objective postfield lens

Image-forming system Intermediate lenses

ppag | X M| pag 000~
EEEE ﬁh BEE

Projector lens

|

Image acquisition Viewing screen

Camera chamber

Figure 3-2. Schematic of TEM.'

Image correction is performed by an objective stigmator. A series of intermediate
and projector lens and alignment units perform magnification of the image, which then
reaches the phosphor viewing screen, or the CCD detector for viewing and recording on a
computer monitor. As suggested by Figure 3-2, the microscope can be deconstructed
into the following basic components: electron gun, illumination system, objective lens
and specimen stage, image-forming system, and viewing chamber/image recording.

The electron gun in a TEM instrument generates electrons from a negatively
biased cathode, which are accelerated by the anode and the additional electrode(s) in
between; the extra electrodes increase the potential for increased acceleration. The
cathode traditionally consisted of a tungsten filament, but a small pointed crystal rod of

lanthanum hexaboride has become a common source (used by both TEM instruments in
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this study). LaB, has a lower work function than tungsten, while providing greater
brightness and lower energy spread.
3.1.2 Electron lensing

Electron optics share much in common with traditional light optics for describing
lensing phenomena, which are depicted by ray diagrams in Figure 3-3. Both figures
depict features of image formation by an ideal or thin lens. In Figure 3-3a, the object is
assumed to emit radiation (“self-luminous”) from an off-axis point in the object plane.
The limiting diaphragm in the center confines the angular spread of the electrons.

Electron rays are refracted in the centric plane of the lens such that they form an
image point at their crossover (the point of convergence for the rays). This is the first
fundamental action of an ideal lens. Only two out of all electron rays are needed to find
the location of this point when sketching a ray diagram. The two red rays in the center of
Figure 3-3a highlight the location of the image point. One red ray passes through the
center of the lens with changing direction. The other red ray has a path parallel to the
electron-optical axis prior to entering the lens, which then refracts the ray to which it

crosses the electron-optical axis at the back focal plane.
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Figure 3-3. a) Image formation of a point source; b) image formation of a finite object.'
In 3-3b, a finite object replaces the point source. Three different points are drawn
in the object plane. From each point are three electron rays heading toward the lens. The
set of rays at each point contains one ray parallel to the electron-optical axis. As seen in
3-3a, each image point is found by finding the crossover point for the set of three rays
emerging from the corresponding object point. The object plane is conjugate to the
image plane, which bring the planes to electron-optical equivalence. With the distances u

and v in both figures above, the magnification M of the image is expressed as

M =ulv. (3-2)

With Equations 3-2 and 3-3 and Figure 3-3b, the second fundamental action of the lens is
elucidated: parallel rays beginning at different object points are focused to the back focal
plane of the lens, while the distance between the focal and the electron-optical axis

increases with respect to increasing oblique incidence of the parallel beam.
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Electron lenses are typically electromagnetic coils that manipulate the electrons
within the beam via the Lorentz force F:
F=—e(E +vxB), (3-4)
where the vectors E and B are the electric and magnetic fields, respectively, and e and v
are the charge and velocity of the electron. The Lorentz force induces electrons initially
traveling parallel to the beam axis to travel downward in a helical pattern. While the
image in optical microscopy is only inverted, the image in electron microscopy can be

rotated according to the strength of the lens (Figure 3-4).

Magnetic lens Optical lens

Electron source Light source
soft iron

Figure 3-4. Comparison between magnetic coil acting upon electron beam and optical
lens acting upon photon.’

There are three types of electron lenses in TEM. As indicated in Figure 3-2, the
electron beam first encounters condenser lenses, which focus (condense) the beam onto
the specimen. At low magnification, the beam is spread onto a large area. At high

magnification, the beam is strongly condensed for small areas. Upon an increase in beam
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current, apertures between the condenser lenses reduce the beam diameter to reduce
potential damage to the specimen.

Near the specimen, objective lenses serve to further focus the image and enhance
contrast. It is the most important lens in the microscope because it generates the first
intermediate image, which is crucial for determining the resolution of the final image.
This intermediate image is then magnified by a series of intermediate lenses before
achieving its final magnification with the projector lens. The magnification can be varied
between two and three orders of magnitude from the intermediate image, as not all lenses

would be needed for lower magnifications.

3.1.3 Electron scattering

As with photons, electrons also scatter inelastically and elastically upon encountering the
specimen. Inelastic scattering occurs when an incident electron transfers some of its
kinetic energy to an atomic nucleus. This is a likely event if the electron has high kinetic
energy and/or a high scattering angle 6; sample degradation may result. Elastic scattering
occurs merely by the atomic electron cloud shielding the nucleus. As depicted in Figure
3-5a, the scattering angle is dependent on the closest distance between the electron and
the nucleus at the moment of Coulombic interaction. The closer the electron is to the
nucleus, the larger the force, and consequently 6. Contrast in polymeric samples is
possible with small 8, which is possible by grazing off of the electron cloud, as depicted
in the right side of Figure 3-5a. With heavier atoms, the Coulombic interaction increases
with atomic weight A. Regions dominated by heavy atoms appear with darker contrast

than do regions containing light atoms.
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Figure 3-5. a) Particle model depiction of elastic scattering of an electron by an atom; b)
wave model depiction of the superposition of incident plane wave and scattered wave.

The scattering event can described in terms of quantum mechanics, with an
incoming electron expressed as a time-independent quantum mechanical (QM) plane
wave
¥ =1e™, (3-5)
where 1), is the amplitude, &, is the magnitude of the wave vector directed toward the z-
axis. After the impact, the scattered electron is described by a spherical scattered QM
wave with the origin placed at the scattering center:

Vo= US O, (3-6)
where f(0) is the scattering amplitude, and k is the wave vector. At a far enough distance

away from the nucleus, the complete wave is described as the superposition of the

incoming plane wave, and the spherical scattered wave, as depicted in Figure 3-5b:

v =i, =y, rillD ), ()
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The factor i accounts for the 90° phase shift between the scattered and incident waves.

Additionally, f(0) is a complex quantity and is expressed as

FO)=]f@)]e"”. (3-8)

in which #(0) is an extra phase shift that is dependent on the scattering angle.
The scattering amplitude is important because the differential elastic scattering cross-
section depends on it:
do / 2
—==|f ) . (3-9)
AL

The total cross section can be calculated by integrating Equation 3-9 and adding it to the
inelastic cross-section o,

do

dQ

The manifestation of the scattering event depends on the total scattering cross-

0,=0,+ [=L27xsin0d0. (3-10)
0

section o, of the atom. In reality, the electron is scattered by a large number of atoms as
it transmits the specimen. This is why the specimen thickness must be on the order of
~100 nm for polymeric samples. Image intensity also depends on atomic arrangement
within the specimen (crystalline vs amorphous). For amorphous polymers such as the
samples studied here, the electrons are scattered incoherently, which negates the need to
account for phase shifts in scattering events. Thus, only the intensities of individual
scattering events are summed. The intensity / of the final image could be calculated as

ﬂUKpT

I=1e?* . 3-11)
where [, is the intensity of the incident electron beam, N, is Avogadro’s number, A is the
atomic mass, p is the local density of the specimen, and 7 is the total thickness. The

product of the density and thickness is called the mass thickness. The contrast that

corresponds to the mass thickness is called the mass-thickness contrast, which well
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describes the image intensity for magnifications that permit resolution of details = 10 nm.
No TEM image in this study exceeds that magnification. For high magnifications that
permit resolution of details in the sub-nanometer range, additional attention must be paid
to the electron-optical processes, such as microscope aberrations. Contrast variation is
thus due to variations in the superscript letters of Equation 3-11. As specimens are cut to
uniform thicknesses, the darker regions on an image are regions of higher electron
scattering and/or greater thickness. However, polymers have low atomic numbers and
scatter electrons weakly, potentially yielding poor contrast. An image of the blend cross-
section with poor contrast is shown in Figure 3-6; domains are barely discernible. The

solution to improving contrast is discussed in subsection 3.1 4.

Figure 3-6. Transmission electron micrograph of cross-section of clear blend coating.
Dark streaks are due to folds in the sample.

3.14 Sample preparation for TEM
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Samples for TEM analysis must also be thin enough to fit into a specimen support
known as a grid; such a grid is typically made of copper. Its diameter (2-3 mm) is
designed to fit into the specimen holder of the microscope. Variations include mesh grids
or support film grids, in which ultra-thin polymeric films hold the sample in place. The
only way to prepare samples thin enough for TEM is via ultramicrotomy. Sectioning was
performed with diamond knives, which have the advantage of remaining sharp after
cutting into pigment particles. The microtome used to prepare TEM samples is a Leica
EM UC7 Ultra-Microtome (Wetzlar, Germany).

As mentioned previously, imaging of polymers by TEM is limited by poor
contrast, but this can be overcome by staining the sample with a solution containing high-
density heavy metal compounds. The higher local density imparted by the heavy metals
reduces the intensity of the transmitted electron beam, as evident in Equation 3-11. The
region of interest can be stained by physical absorption or by chemical interaction, but
physical absorptions are prone to evacuation in the vacuum, which makes chemical
interaction the preferred method for positive staining. The reaction with the metal
compound could be specific to the polymer component, thus rendering the staining as
selective to that component. Contrast enhancement is also possible with negative
staining, in which the staining agent binds with the smooth continuous phase rather than
the dispersed particles within it; this has been a commonly used technique for latex and
emulsion materials.” It is no coincidence that many staining methods for polymers were
directly borrowed from the biological sciences.” The known workhorses of staining
agents for polymers are osmium tetroxide for unsaturated polymers, ruthenium tetroxide

for polymers containing styrene, and phosphotungistic acid for amino polymers.® Based
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on the monomer unit depicted in Figure 2-9, RuO, seems to be the most logical choice
due to its styrene units. However, this heavy metal compound is highly toxic, volatile
and requires preparation onsite due to its very short shelf life.” OsO, can be sold
commercially, but is still highly toxic and volatile as well.*

The staining agents of choice for TEM in this study have been uranyl acetate
(UA) followed by lead citrate (LC). These are traditionally applied sequentially to
enhance contrast for biological samples.’ They are both highly toxic but not volatile,
traits that in combination render them relatively safe for application. However, after
performing independent work on the staining process for SEM analysis (described in the
next subsection), it appears that only UA significantly enhances phase contrast with the
polymer. The selective staining procedure consisted of immersing sectioned samples in
0.02 g/mL UA in methanol for 10 minutes, followed by 0.0003g/mL aqueous LC for 3
minutes. Personnel at the Central Microscopy Imaging Center (CMIC) at Stony Brook
University performed the procedure. Comparison between an unstained and stained
specimen are presented in Figure 3-7. Both images were not enhanced by software. The
darkened domains are indicative of the heavy metals selectively bonding to them. The
polyester embedding resin was also darkened by the heavy metals, which may indicate
that the chemistries of the polyurethane domains and the polyester embedding resin

contain similar densities of polar groups that are favorable for chemical bonding.
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Figure 3-7. Comparison between a) unstained and b) stained transmission electron
micrographs.
3.1.5 TEM equipment

Two transmission electron microscopes were used in this study. The first was a
Bio TwinG2 Transmission Electron Microscope at the Center for Microscopy (CMIC) in
Stony Brook University. The TEM was equipped with an AMT XR-60 CCD digital
camera system for image collection. Bright field imaging measurements were performed
at an accelerating voltage of 80 keV. No EDX was available, which necessitated access
to a second microscope at the Center for Functional Nanomaterials in Brookhaven
National Laboratory. It was equipped with a Gatan CCD digital camera for image
collection and a TEAM™ EDS Analysis System for TEM with an Octane Silicon Drift
Detector for elemental analysis. Bright field imaging was also performed at 80 keV. The
resolution of both microscopes reached into the single nanometer range (~50 kX), but

most details required magnifications between 500 and 10 kX. Low magnifications were
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used to image the entire cross-section of films to observe trends at broad scales.
Midrange magnifications were used to observe changes at smaller scales by imaging
domains 5-50 xm in diameter, matting agent particles (10-50 xm), and clusters of small
pigment particles (TiO,, Fe;O,). There were occasional small pigment particles and
domains 0.5-5 ym in diameter that required magnifications up to 30 kX, but such high
magnifications usually did not reveal new information about the polymer blends. EDX as

an analytical technique is detailed in section 3.3.

3.2 Scanning electron microscopy (SEM)

3.2.1 Instrumentation

SEM is the most popular microscopic techniques for polymers.' It utilizes a
focused electron beam to scan line by line over the specimen surface in an evacuated
sample chamber. Its resolution is only slightly less than that of TEM, but is perfectly
suited to observe the morphology of polymer blends. The signals are based on
interactions between the beam and sample, which are electronically detected and
amplified with appropriate equipment. Achievable resolution is greater than one
nanometer. A schematic of a typical SEM is found in Figure 3-8. It shares many
components with TEM, such as electron gun, condenser and objective lenses, and
apertures for narrowing the electron beam. What sets SEM apart from TEM in terms of
instrument design is that the sample is the final destination for the primary electron beam.
There are no intermediate and projection lenses in SEM. Instead, the scattered electrons
are directly collected by detectors residing within the sample chamber. Polymeric
specimens require sputter coating with Au or Cr to prevent charging effects, but is a small

price to pay for analysis when compared to microtome sectioning for TEM analysis.

72



SEM analysis is thereby utilized for bulk specimens of polymeric coatings and does not
require microtome sectioning prior to its utilization. The relative ease of sample prep and
the smaller number of electron lenses in scanning electron microscopes enables their
relatively simpler operation in comparison to TEM.
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Figure 3-8. Schematic of SEM."
3.2.2 Electron scattering for SEM

In SEM, the signals that reach the detector are generated from the electron beam
interacting with the specimen in several ways. As depicted in Figure 3-9, the interaction
with the electron beam generates several types of signals, each of which requires

specialized detectors built within the instrument. Thus, the instrument has three
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detectors, each of which is specialized for a particular secondary beam produced by the
primary electron beam. Secondary electrons (SE) originate from the top section of the
interaction volume (100 nm below the surface); this allows topographic imaging of the
surface, especially if the primary electron beam uses a low accelerating voltage.
Backscattered electrons (BSE) are used to produce electron micrographs, while x-rays are

used for EDX.
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Figure 3-9. Diagram of regions within the interaction volume that generates various
signals."

The larger interaction volume for backscattered electrons (BSE) is sensitive to the
mean atomic number of the atoms, which provide information on variation in sample
composition. This is important for imaging metal oxide pigments, which would be much
brighter than the organic binder. The large interaction volume of BSEs would also

enable observation of pigments at the subsurface, and grant a more complete picture of
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pigment distribution. This is demonstrated in the SEM images of Figure 3-10, which

were taken from the same cross-section area on a pigmented specimen and with similar
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Figure 3-10. Comparison of cross-sectioned pigmented coating at similar magnifications
under accelerating voltages of a) 1 kV, and b) 20 kV. The circle marks the same area in
both micrographs to orient the reader.

magnifications. The lighter regions in 3-10b are pigments, which yield more

backscattered electrons than the surrounding binder.
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The ease of viewing pigments under an accelerating voltage large enough to
induce backscattering is the reason why SEM complements TEM. Without pigments, the
small scattering cross-sections of carbon, oxygen, and nitrogen yield poor contrast

between the phases alone.

3.2.3 Focus depth

One of the exceptional features of SEM is its depth of focus, which is a function
of the convergence angle ¢ of the electron beam and the magnification M (Figure 3-11).
Noting that tan ¢ = ¢ at tan ¢ << 1, the depth of focus R is given as

R=2=0'1 mm

¢ oM

where 2r is the beam diameter that produces a corresponding spot on the display that is

(3-12)

discernible to the human eye (~0.1 mm).

Primary
electron
beam

1

- Scan direction
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- 5
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/

Figure 3-11. Schematic of depth of focus for SEM.'
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A light microscope at 200X magnification has a focus depth at just a few microns; the
SEM has a depth of focus in the mm region at the same magnification. This larger focus

depth was important for imaging rough surfaces or cross-sections with sloped surfaces.

324 SEM equipment

The SEM used was a LEO1550 with a Robinson backscatter detector. It also was
equipped with an EDX detector with iXRF electronics and software. As stated, the
typical accelerating voltage was 20 kV, which was high enough to image metal oxide
pigments via backscattered electrons; 1 keV was sometimes used for topographic analysis
(Figure 3-10). However, as insulators, polymers are prone to charging effects, in which a
buildup of charge on the sample is caused by a difference between the number of
incoming electrons and the number of outgoing electrons as SEs and BSEs. Samples
with conductor properties can be connected to the ground potential and thus eliminate
accumulation of charge. Insulators can be rendered into conductors by being sputter-
coated with a layer of gold before insertion into the SEM vacuum chamber. Coating
samples were thus sputter-coated with an Edwards 150B gold sputterer for 30 seconds,

which yielded a gold layer of ~5 nm thickness.

3.3 Energy dispersive x-ray spectroscopy (EDX)

Imaging of surface structures or compositional variations on a surface is
sometimes inadequate for full characterization of the specimen. This rings especially true
for pigmented coatings, where metal oxide particles are embedded in the polymer matrix.

Their composition can be identified and quantified by X-ray microanalysis. The
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characteristic x-rays are generated by inelastic collisions of incident beam electrons with
the orbital electrons of specimen atoms (Figure 3-12). The beam also achieves sensitivity
with the specimen bulk due to the greater sampling depth of the characteristic x-rays

(Figure 3-12).

Primary
Electron

O-shell N-shell M-shell

Characteristic x-ray photons

Figure 3-12. Illustration of characteristic x-ray generation by incident electron. All
photons shown are o transitions.'”

The inner orbital shells are designated by K, L, M ..., which refer to quantum
numbers 1, 2,3 ..., respectively. A primary electron knocks out a localized electron and
excites the atom to a higher energy state for a limited time. The vacancy in the electron
orbital then is filled and the atom relaxes, releasing the excess energy as a secondary
effect via emission of an x-ray, or alternatively through the emission of an Auger electron
(Figure 3-9). The energy of the emitted x-ray photon is equal to the difference in two

excited energy states. Any transition from a higher energy level to lower K, L, or M
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shells are dubbed K, L, and M radiations, respectively. The nomenclature also includes
Greek letters a., 3, and y that refer to groups of lines with similar wavelengths, with a
being the most intense, since it refers to a transition between adjacent quantum levels.
The transitions are also indicated by numerical subscripts to distinguish the lines® within
each subgroup. For example, a transition from the L2 subshell to the K shell results in a
K, x-ray photon. A Kg, photon is emitted by the transition from the M3 level to the K
level. Such transitions are specific to the element and are easily measured. In addition to
the characteristic x-rays, the spectrum also contains a continuum stemming from
bremsstrahlung (braking radiation). Bremsstrahlung results from Coulomb interactions

of primary electrons through varying electric fields.
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Chapter Four

Initial Preparation of Cross-Sections and Their Analysis
by Raman Spectroscopy

4.1. Introduction

This chapter represents the initial steps toward characterization of the coatings.
The objective was to identify the phases within the first of two fully cured polymer
blends analyzed in this study. The blend herein is referred to as Blend A. Chemical
mapping was initially performed on the blend surface via ATR-FTIR, but failed to
discern differences between the phases. Mapping with Raman spectroscopy also failed.

These failures were the motivations for preparation of cross-sectioned samples.

4.2 Experimental methods

4.2.1 Optical microscopy

Digital optical microscopy was used to record observations of embedded cross-
section samples, particularly of the size and distributions of domains. OM measurements
were performed on a Meiji microscope equipped with a Nikon digital camera DXM1200

and Nikon ACT-1 software.

4.2.2 Fourier transform infrared spectroscopy (FTIR)
ATR-FTIR spectra were recorded on a Thermo Scientific Nicolet™ iS50 FTIR
Spectrometer with a Smart Performer™ ATR attachment and constant pressure tower.

An MCT detector collected 64 scans of the sample. Film samples were analyzed with a
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diamond crystal. DRIFTS was performed on the same spectrometer with a Spectra Tech

attachment.

4.2.3 Raman spectroscopy

Raman spectra and maps were acquired using a Thermo Scientific Nicolet
Almega™ dispersive spectrometer coupled to an Olympus microscope with 10X and 50X
objective lens. The instrument used a 785 nm laser with a 3.1 gm spot size. High-quality
spectra were acquired by scanning a sample 30 times using a ten-second-collection time.
For mapping acquisitions, samples were placed on double-sided tape to ensure complete
stability. Each spectrum was acquired via 15 scans using five-second-collection time.

Typical step-sizes were 5-7 ym.

4.2 4 Initial cross-section preparation

A cross-section must be smooth and flat for prepared analysis by spectroscopy.
The first approach to obtaining clean cross-sections consisted of cryo-fracturing coating
specimens after immersion in liquid nitrogen, but this technique failed to provide the
necessary flat cross sections. The next approach was to embed the coating and substrate
into an epoxy resin; the substrate was either steel or aluminum release foil. The resin was
a 2:1 ratio of EpoThin™ epoxy resin with EpoThin™ epoxy hardener under vacuum. Up
to five specimens can be embedded in this procedure. The epoxy pot is ground down by a
an Allied High Tech Products MetPrep semi-automatic grinder/polisher with 120 grit
Al,O; sandpaper, then 400 grit, 800 grit, and 1200 grit. The user switches to polishing

cloth and sprays 3 ym diamond solution every 30 seconds; then repeats with 0.25 ym
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diamond suspension. Employing this technique yielded very smooth cross-section

surfaces, as seen in Figure 3-2.

4.2.5 Final cross-section preparation

Cross-section samples of the blend and its single component counterparts were
prepared by polishing with the MOPAS hand-held dry polisher (Jaap Enterprise,
Amsterdam, Holland)."” Fragments of each of the coatings were embedded within the
polyester resin Bio-Plastic™ (Ward’s Science, New York), which was allowed to cure
for 72 hours prior to polishing. The commercially available polyester embedding resin
consisted of 50% unsaturated polyester prepolymers, 40% styrene monomer, and 10%
methyl methacrylate. The cured Bio-Plastic blocks were then cut to remove excess
material in order to fit into the MOPAS hand-polisher jig. Dry polishing was performed
using 6” x 6” Micro-Mesh™ silicon carbide abrasive cloths using different grades
starting at 1800 mesh and ending at 12,000 mesh to produce a one micron finish. Dry
polishing was performed for each grade until a homogeneous polish was observed using

optical microscopy.

4.3 Results

Sample morphology was examined by both optical and electron microscopy. The
two techniques were selected due to their ease of use and their complementary nature in
terms of observing polymer domains. SEM can observe domains in the clears, but they
are faint, even with increased contrast via software. Once a sample cross-section is

prepared, it has become a routine procedure to first find an area with interesting
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morphology, and then find the same area with the SEM for corroboration. Microscopic
analysis of the initial set of clear films is displayed in Figure 4-1. Phase separation is
clearly exhibited in the blend. However, spectroscopic characterization at the surface did
not lead to definite identification of the phases at the surface.

Low OH A High OH A Blend A

Wl
:

Figure 4-1. Optical micrographs of surfaces of a) low hydroxyl content film; b) high
hydroxyl content film; c) Blend A.

With the cross-sections prepared, chemical inhomogeneities can be discerned by
chemical mapping, including contaminants. The cross-sections reveal that the domains
are encapsulated by the polymer matrix, which may explain the difficulty in acquiring
spectra with different peak structure with respect to polymer phase. However, it became
clear that wet polishing produces its own set of artifacts that can cast doubt on the

authenticity of data.
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Figure 4-2. Cross-section of Blend A that were prepared by wet-polishing; a) digital
optical micrograph; b) scanning electron micrograph.

As seen in Figure 4-2a), optical micrographs revealed diamond particles littering the
cross-section surface, and SEM/EDX scans revealed Al,O; droplet-sized stains as well.
The result led to Raman spectra laden with fluorescence, or with potential artifacts from
the polishing materials. The height differences between the epoxy, polyurethane sample,
and Al substrate may be due to uneven swelling from the wet polishing; in any case,
these height differences ruined the intimate contact needed by the ATR objective. This
led to a search for a polishing method that minimizes contamination while keeping the
embedding resin and polyurethane coating in the same plane.

This contamination refocused efforts toward dry-polishing. Samples were thus
embedded within polyester Bio-Plastic™ resin, cut into 0.5 x 0.5 x 0.25” fragments,
and underwent dry polishing to a 1 ym finish. The resultant surface (Figure 4-3) is not
as smooth as that obtained from wet polishing, but it leaves little to no contamination
from the polishing and is thus suitable for spectroscopic analysis. The white spots might

be artifacts of the cross-section surface being roughened by the combination of small
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domains and scratches from the polishing cloths. Traces of SiC may also be possible, but

SiC has not been detected by spectroscopy.

Figure 4-3. Micrograph of polished cross-section of Blend A.

Raman spectra from the polymer matrix and the encapsulated domain are
presented in Figure 4-3. Empbhasis is placed on the double-bond region (2000 cm™ —
1600 cm™) because there are clear differences between the phases. The spectrum for the
polymer matrix has two strong peaks at 1630 cm™ and 1605 cm™. In the domain, the
peak at 1630 cm™' is nearly absent, while the 1605 cm™ is highly diminished. The stark
contrast in intensity for the peak at 1630 cm™ with respect to phase was the motivation

for its selection as a spectroscopic marker for chemical mapping.
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Figure 4-4. Raman spectra of the encapsulated domain (top) and the continuous
polymeric matrix (bottom) of cross-sectioned Blend A film.

The chemical map of the cross-section surface generated from the marker peak is
displayed in Figure 4-5. It corresponds very well to the micrograph in Figure 4-3. Blue

corresponds to the lowest intensity of the marker peak; red corresponds to the highest.
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Figure 4-5. False-color map of the Raman marker peak at 1630 cm™. Red corresponds
to high intensity, and blue corresponds to low intensity.

Raman spectroscopy was then applied toward cross-sectioned samples of single
component polyurethane films. Spectra acquired from each of the two coatings are
presented in Figure 4-6. They clearly illustrate that the domain consists of the high
hydroxyl content resin due to the near-absence of the marker peak at 1630 cm™, whereas
its prominence in the low hydroxyl content resin is consistent with the polymer matrix.
This is rendered clearer when spectra from both phases of the blend and the single
component films are thus stacked together in Figure 4-7. The process of how the phases
in this blend and in another blend are identified will be discussed in more detail in

Chapter 5.
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Figure 4-6. Raman spectra of single component films; (top) high hydroxyl resin;
(bottom) low hydroxyl resin.
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Figure 4-7. Stacked Raman spectra from both single component films and the phases of
the blend.
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4.4 Conclusion

Conclusive identification of the domains present in Blend A was performed using
Raman spectroscopy on dry-polished cross-section samples. Spectroscopic differences
between polymer phases were observed in the frequency region from 1580 cm™ to 1650
cm’. The difference manifested in a marker peak at 1630 cm™. The aromatic peak at
1600 cm™ also became more intense, identifying itself as clearly linked to the marker
peak. This peak is absent in the high hydroxyl content resin as well as being or almost
completely absent in domains. This serves as conclusive evidence that the domains and

the high hydroxyl content resin are the same polymer.
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Chapter Five

Selective Staining for Enhanced Micro-Raman
Spectroscopy

5.1 Introduction

Current and future advancements in volatile organic compound (VOC) reduction
have been approached through the adaptation of powder coatings for exterior applications
due to the absence of solvent in their application.' Powder coatings are formulated in
several gloss ranges, including low gloss, but the powder coating market has yet to see
durable powder formulations that exhibit matte gloss due to difficulty in controlling the
chemistry and morphology necessary for durable and easily reproducible powder films.**

Gloss reduction in liquid coatings is generally performed through the addition of
commercial flattening agents for the generation of micro-texture at the coating surface
upon solvent evaporation and subsequent film shrinkage.” The surface micro-texture
reduces the amount of incident light reflected in a singular direction and thus leads to a
matte finish.” One caveat concerning powder coatings is that low loadings of pigments,
fillers and other additives are necessary to ensure that the melt viscosity remains low in
order to evenly wet over the substrate and to ensure adequate pigment dispersion.

In order to circumvent the increase in PVC and the subsequent increases in yield
values and viscosity, polymer blends have been utilized in powder coatings for gloss
reduction. Polymer blends are used to generate multiple indices of refraction from the
binder due to polymeric phase separation and domain formation without the addition of

extra flattening agents. The presence of multiple indices of refraction within the binder
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allows multiple scattering of light, thereby reducing the film transparency and by
extension the gloss.” The roughened surface arises from differences in curing rates for
each component resin.” For example, incompatible polyester resins with large differences
in hydroxyl content have been blended and upon their subsequent curing, the resins phase
separated to form a stable heterophase structure that persisted after full cure.” Blends of
high and low carboxyl functionalized polyester resins have also produced low gloss
powder coatings using the same principle of induced phase separation and domain
formation.” In addition to gloss reduction, there are other reasons for industrial interests
in coatings with immiscible resin blends, as they can provide a method for producing
very finely dispersed microstructures that can significantly enhance the mechanical
properties and durability of the film.*®

Information about multicomponent samples such as polymer blends can be
discerned from vibrational spectroscopies. FTIR and Raman spectroscopy can be used to
identify the different components if the spot sizes are adequate. With the advent of FTIR
mapping in the 1980s, it has become possible to analyze the spatial distribution of the
components within a sample. FTIR mapping is typically performed via point-by-point
mapping using a microscope fitted with a computer-controlled motorized stage.” Even
with automation, point-by-point mapping is highly time-consuming, and the diffraction
limits keep aperture sizes within 25-50 ym, which is comparable to most domain
diameters in this study. This makes lateral resolution an important consideration for

chemical mapping, which is governed by the Rayleigh criterion:'

r=0.61—, 5-1
NA -1
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where r is the distance between two measurement points, 4 is the wavelength of the
radiation, and NA is the numerical aperture defined as:

NA =nsinf, (5-2)

where 7 is the refractive index of the immersion medium between the objective and the
sample (2.4 for ZnSe and diamond ATR crystals), and 0 is the half-angle of the
maximum cone of light that can enter or exit the condenser or objective. If the distance is
2r, then objects at both points are completely resolved, whereas they are barely
resolvable at r.

The limits of the ATR objective make Raman microspectroscopy attractive
because the practical diffraction limit is on the order of the excitation wavelength. The
spot size is thus reduced 10-fold and makes it possible to adequately delineate domain
morphology. As the spot size of the 785 nm laser used in this study is 3.1 gm, domains
as small as 10 ym could be accurately mapped if the step size of the point-by-point scan
is equal to the laser spot size.

The spectra from polymer components inside a blend possess several non-
overlapping peaks that allow diverse methods for chemical mapping. Chemical mapping
is typical for samples with highly heterogeneous components. For example, FTIR
mapping was used to characterize the morphology of a polyvinyl chloride/poly(methyl
methacrylate) blend, with PMMA being the dispersed phase.'' Another approach utilized
energy dispersive x-rays (EDX) with scanning electron microscopy (SEM) to identify the
two layers in self-stratified coating systems by detecting halogen moieties in one of the

layers."
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Articles that feature chemical mapping of blended thermosets have yet to be
found. The closest example is an FTIR image of an epoxy thermoset cured on a
temperature gradient, which effectively generated a multilayered coating."” All epoxy
layers differed only by their cure temperatures, but did not possess polymeric domains. It
seems less likely the literature would feature instances of chemical mapping of blended
powder coatings. In this study, we describe a procedure for producing reproducible
chemical maps of blended thermosets at a level sufficient for identifying and detailing
domains.

The constituent resins of the blends in this study are both acrylic polyurethanes
that differ only by their hydroxyl content prior to reaction with the polyisocyanate
curative. The curative compatibilizes the acrylic resins when they are extruded together
prior to application on a metallic work piece. Thus, the composition of the dispersed
phase would exhibit only subtle differences that would not be detected in typical mapping
operations. This is the motivation for producing cross-section samples, where domains
could be more easily investigated. Droplet domains constitute the dispersed phase, while
the continuous phase constitutes the polymer matrix.

Cross-sectioning methods were adapted from the conservation science
community, where the samples tend to be precious historical artifacts with complex
chemistries."* Adaptation of conservation science procedures toward modern paints led to
a controlled study of domain identification using selective staining with styrene
monomer. Raman spectroscopic mapping of a cross-section sample embedded within

polyester identified the domains within the thermoset films generated from the blended
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system."” Understanding the composition (high OH vs low OH) of the domains is

important for optimizing the coating performance.

5.2 Experiment

5.2.1 Coating preparation

The examined blends in the study were prepared in a manner similar to that
presented by Mahn'® except no pigments were added. The blending was performed
through combination of high and low hydroxyl (OH) group functionalized polymeric
resins. These resins have vastly different hydroxyl group functionalities that exhibit
considerably different polar and hydrogen bonding interactions when blended, which
gives rise to their immiscibility. All materials were utilized as acquired unless otherwise
noted. The acrylic resins with high and low hydroxyl group functionality (20-400 OH)
and Resiflow were purchased from Estron Chemical (Calvert City, KY). Benzoin was
purchased from GCA Chemical Corporation. The blocked isocyanate was an -
caprolactam blocked IPDI polyisocyanate curative and was purchased from Evonik
Industries (Parsippany, NJ). Film formulations were prepared by weight as shown in
Table 5-1 below.

Table 5-1. Coating formulations by percentage based upon raw material weights

Raw Material Clear High OH Low OH
Blend Resin Film Resin Film
High OH Resin 26.0 371 -
Low OH Resin 26.0 - 73.6
Blocked Isocyanate 46.0 60.9 244
Flow Agent 1.2 1.2 1.2
Benzoin 0.8 08 08
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Raw materials were manually dry-blended, then melt mixed using a twin screw
extruder at about 120 “C. The extruded material was squeezed through chilled rollers and
the cooled material was ground using a rotor mill. The ground powder particle size was
further classified by using a 106 zm (140 mesh) sieve. Powder formulations from above
were electrostatically applied to tin plated steel substrates to a dry film thickness of 2.0 —
2.5 mils using a standard gravity fed powder coating cup gun. Coatings were then cross-
linked in an oven at 204 °C for 12 minutes to generate the thermoset films. The elevated
temperatures are required for viscosity reduction for flow inducement to ensure even
wetting of the substrate, and to liberate the e-caprolactam blocking group in order to
generate the free isocyanate necessary for cross-linking. Coatings were cooled to room

temperature prior to subsequent analysis.

5.2.2 Optical microscopy

Digital optical microscopy was used to record observations of embedded cross-
section samples, particularly of the size and distributions of domains. OM measurements
were performed with two microscopes. The first was an Olympus BX51 microscope that
was equipped with an Olympus UC30 digital camera and used Olympus Stream
Essentials 1.9.2 software. The second was a Meiji microscope equipped with a Nikon
digital camera DXM1200 and used Nikon ACT-1 software. It was used in conjunction

with Raman imaging.

5.2.3 Differential scanning calorimetry (DSC)
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DSC was performed for each of the coatings using a TA Instruments (New
Castle, DE) Q20 DSC equipped with a TA Instruments Refrigeration Cooling System
(RCS). Coatings were cycled from 30 °C to 85 °C at 10 °C/min to remove thermal
memory followed by two cycles from -30 °C to 220 °C at 10 °C/min to determine the

glass transition temperature for each of the formulations.

5.2.4 Raman spectroscopy

Raman spectra and maps were acquired using a Thermo Scientific Nicolet
Almega™ dispersive spectrometer coupled to an Olympus microscope with 10X and 50X
objective lens. The instrument used a 785 nm laser with a 3.1 gm spot size. High-quality
spectra were acquired by scanning a sample 30 times using a ten-second-collection time.
For mapping acquisitions, samples were placed on double-sided tape to ensure complete
stability. Each spectrum was acquired via 15 scans using five-second-collection time.

Typical step-sizes were 5-7 ym.

5.2.5 Cross-section sample preparation

Cross-section samples of the blends and their single component counterparts were
prepared by polishing with the MOPAS hand-held dry polisher (Jaap Enterprise,
Amsterdam, Holland).'"* ' Free film specimens of each of the coatings were embedded
within the polyester resin Bio-Plastic™ (Ward’s Science, New York), which was allowed
to cure for 72 hours prior to polishing (Figure 5-1a). The commercially available
polyester embedding resin consists of 50% unsaturated polyester prepolymers, 40%

styrene monomer, and 10% methyl methacrylate. The cured Bio-Plastic blocks were then
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cut to remove excess material in order to fit into the MOPAS hand-polisher jig. Dry
polishing was performed using 6 x 6” Micro-Mesh™ silicon carbide abrasive cloths
using different grades starting at 1800 and ending at 12000 to produce a 1 ym finish. Dry
polishing was performed for each grade until a homogeneous polish was observed using

optical microscopy.

a)

Top embedded layer

sample

- ——___|

Bottom Embedded layer

Figure 5-1. (a) Illustration of sample specimen embedded between two layers of the
polyester embedding resin; (b) MOPAS hand polisher with polyester resin block
containing embedded film specimen inserted; (c) MOPAS hand-held polisher and Micro-
Mesh abrasive cloth.
5.2.6 Styrene vapor staining

Coating sample fragments were placed on an aluminum mesh, which was
suspended in a 100 mL beaker above 10-20 mL of monomeric styrene. The beaker was
capped with parafilm in order to create a styrene-saturated headspace for vapor staining
experiments. Vapor staining was performed on samples from one hour, 24 hours and 72
hours to observe styrene vapor infiltration at room temperature. The 24- and 72-hour
stained low OH and blended samples experienced severe morphological changes from

extensive wetting and possible dissolution, whereas one-hour stained samples did not

show any discernable change according to optical microscopy.

5.3 Results/Discussion

5.3.1 DSC analysis and optical microscopy of the blend surface
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Thermoset films created from individual acrylic resin and blends of two acrylic
resins with high and low hydroxyl functionality were analyzed to understand polymeric
phase separation. Two independent blends (Blend A and Blend B) each composed of a
high and low hydroxyl functionalized resin displayed distinct polymeric domain
morphologies. Films of the individual constituent resins displayed no polymeric phase
separation via the absence of distinctive domain morphologies. Differential scanning
calorimetry (DSC) analysis of Blend A and films of the individual constituent resins are

shown in Figure 5-2.
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Figure 5-2. DSC thermogram of Blend A (bottom curve) and the single component high
OH (middle curve) and low OH (top curve) resin films.

The DSC measurements for Blend A yielded T, values of 90.09 °C and 175.18 °C,

thus signifying two polymeric phases. The low hydroxyl functionalized constituent film
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displayed a singular 7, at 84.18 °C while the high hydroxyl functionalized constituent
film also displayed a singular 7, at 150.10 °C; both indicate singular polymeric phases.
The DSC thermograms for Blend B and films based upon the individual high hydroxyl
and low hydroxyl functionalized resins are shown in Figure 5-3. The thermoset film of
Blend B also displayed two T, values, and was thereby indicative of two polymeric
phases at 105.42 °C and 177.67 °C. The single component resins indicated the presence
of polymeric phases with the T, of that low hydroxyl functionalized resin film at 82.13 °C
and the 7, of the high hydroxyl functionalized film at 137.79 °C. The increased 7,’s in
the blends were largely a result of higher NCO:OH indexing, which may indicate

increased quantities of urea linkages relative to urethane linkages."
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Figure 5-3. Differential Scanning Calorimetry thermogram of Blend B (bottom curve)
and its components as individual films. The high OH film is the middle curve; the low
OH film is the top curve.
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Under optical microscopy, Blend A exhibited droplet domains with lengths or
diameters between 20 and 500 ym.. The domains in Blend B ranged from 20 ym to 250
pm. Figure 5-4 features an optical micrograph of the Blend B surface that shows the
domains appearing as hills on the film surface, and is illustrate the surface roughened by

the immiscibility of the high hydroxyl and low hydroxyl content resins.

Figure 5-4. Optical micrograph of Blend B surface with measurements of some domain
diameters and lengths.

5.3.2 Raman spectroscopy of coating surfaces and embedded cross-sections

Prior to embedding and cross sectioning, Raman spectra from the surfaces of both
blends and the four individual resin films were collected. Raman spectra from the phases
of Blend A and the individual constituent resin films are presented in Figure 5-5. The

free C=0 peak at 1760 cm' varies significantly between single component films, but
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shows little variation between phases in the blend. The other peaks shown in Figure 5-5
also show little variation. The peak at 1655 cm™ was found to be a C=0 from remaining
deblocked caprolactam', and was too small to be useful for chemical mapping. It was
presumed that the domain morphologies should exhibit different concentrations in
urethane linkages and thus prove useful for chemical mapping from the surface analysis
via peak heights or peak area. However, the Raman mapping analysis did not detect
significant differences between the two phases for either blended film based upon the
surface analysis of the carbonyls alone. Further mapping analysis utilizing other peaks
(e.g., aromatic, C—C backbone, etc.) also failed to yield results differentiating the distinct

phases from the surface analysis.
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Figure 5-5. Stacked Raman spectra of single component films and phases of Blend A.
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Polished cross sectioned samples of Blend A and of the individual constituent
resin films embedded within polyester resin were analyzed via Raman micro-
spectroscopy. Micro-Raman analysis of the cross-section samples of Blend A and the
individual constituent films yielded a stark contrast to previous observations made for the
free films. Raman spectra acquired from the continuous polymer matrix of Blend A and
the low hydroxyl constituent resin film possessed an extra peak at 1630 cm™, while the

high OH film and domains either possessed no such peak, or it was highly diminished

(Figure 5-6).
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Figure 5-6. Stacked Raman spectra from polyester-embedded cross-sections of Blend A
with marker peak heights indicated on a baseline; top: low OH Raman spectrum; middle
top: high OH Raman spectrum; middle bottom: Raman spectrum of polymer matrix;
bottom: Raman spectrum of domain.

5.3.3 Domain identification by Raman mapping
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This extra peak at 1630 cm™ peak stemmed from a conjugated alkene that
belonged to styrene monomer.” It is used as a crosslinker for the polyester embedding
resin.”' Styrene is a relatively nonpolar molecule and consequently displays high
intensities in Raman compared to FTIR because styrene is a very strong Raman
scatterer.”” This selective infiltration led to the utilization of the conjugated alkene peak
as a spectroscopic marker peak. Figure 5-6 also shows the neighboring aromatic peak
becoming much greater in intensity when there is an alkene peak. Both peaks were thus
selected for chemical mapping with a peak height ratio. The ratio is calculated by
R = hec/hy, (5-3)
where R is the peak height ratio, /_c is the peak height of the alkene moiety, and 4,,, is
the peak height of the aromatic moiety.

Chemical maps were generated for both the constituent resin films and Blend A
(Figures 5-7 and 5-8) in order to characterize the cross-section samples with respect to
monomeric styrene infiltration. The peak height analysis shown in Figure 5-6 was
utilized to generate two types of chemical maps, which are displayed in Figure 5-7 for the
individual constituent resin films. Figures 5-7a — 5-7c illustrate the analysis of the high
hydroxyl functionalized constituent resin film with respect to styrene infiltration based
upon the peak height of the alkene marker peak. This map does not use the ratio because
the lack of monomeric styrene in the polyurethane layer normalized the ratio to the point
where noise had an outsized influence on the map and reduced the contrast between the
regions. Mapping with the alkene peak height alone was better for contrasting between
the regions. The lack of such a marker peak in Figure 5-7c illustrates the absence of

infiltration throughout the cross-linked film. Figures 5-7d — 5-7f show the Raman
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mapping analysis of the low hydroxyl functionalized constituent resin film based upon R.

The Raman map in Figure 5-7f clearly shows the large amount of monomeric styrene

throughout the cross-linked film. Both chemical maps show the constancy of the alkene

peak in the polyester regions (red in 5-7c¢, blue in 5-7f) in all spectral acquisitions, and

thus provided a consistent signature for chemical mapping.
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Figure 5-7. a) Optical micrograph of high OH cross-section; b) close-up on high OH
aromatic and carbonyl peaks; c) alkene peak height map of high OH cross-section; d)
optical micrograph of low OH cross-section; f) close-up on low OH aromatic, alkene and
carbonyl peaks; e) alkene/aromatic peak height ratio map of low OH cross-section.

Raman mapping was performed to monitor the styrene infiltration within Blend A

(Figure 5-8). Individual spectra comparison for a domain and the continuous polymer

matrix of Blend A are shown in Figure 5-8b. Styrene infiltration is clearly present within

the continuous polymer matrix and nearly absent within the domain. Two spectral maps

were generated in order to fully observe styrene infiltration within the blended film
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(Figures 5-8c and 5-8d). Mapping of the alkene peak height (Figure 5-8c) provided
excellent contrast of styrene infiltration and subsequently domain identification. A
styrene infiltration gradient within the blended film was also generated using R (Figure 5-
8d). The gradient infiltration of monomeric styrene in the Raman map in Figure 5-8 also
provides great contrast for domain identification within Blend A. Raman chemical maps
in Figure 5-8 indicate that monomeric styrene exhibits the highest infiltration into the
continuous polymer matrix, similar to that observed for the low hydroxyl constituent
resin film. Comparative analysis of Raman maps from Figures 5-7 and 5-8 provide
conclusive evidence that the domain within Blend A originates from the high hydroxyl
constituent resin and that the continuous polymer matrix is consistent with the low
hydroxyl constituent resin. Styrene infiltration and subsequent observation with Raman
spectroscopy has become a tool for domain identification within the coating blend. The
alkene peak was deemed useful as a marker peak for Raman mapping on other samples.

alkene peak was deemed useful as a marker peak for Raman mapping on other samples.
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Figure 5-8. a) Optical micrograph of mapped region; b) selective infiltration in polymer
Matrix; ¢) C=C peak height map; d) ratio of the C=C/aromatic peaks.

Raman analysis for infiltration of monomeric styrene was extended as a technique
for domain identification in Blend B. Cross-section samples of Blend B and the
individual constituent resin films were prepared using the same embedding and polishing
process as Blend A. The individual constituent resin films exhibited similar infiltration
patterns of styrene from the polyester resin, where the high hydroxyl functionalized resin
film displayed resistance to contamination. The Raman mapping results for the cross-
section sample of Blend B are presented in Figure 5-9. The optical micrograph (Figure 5-
9a) shows two large domains in the cross-section, a spherical shaped domain in the center
similar to the domains observed in the micrograph of Blend A (Figure 5-8a), and another
large elongated domain in the lower left of 5-9a. As previously observed for Blend A,

the monomeric styrene preferentially infiltrated the continuous polymer matrix, while the
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domains were relatively impervious. The alkene marker peak height map (Figure 5-9b)
provides the greatest contrast for domain identification with both domains displaying the
lowest peak heights for the alkene peak. The peak height ratio map (Figure 5-9¢) shows
the degree of infiltration within the domains, as evidenced by the green annulus of
intermediate infiltration surrounding the spherical globule; even the center of the domain
has minor styrene infiltration. The flattened domain in the lower left portions of the
micrograph and maps exhibits the least amount of styrene infiltration (dark blue). The
green interphase region may be a partial product of interpolation performed by the
mapping software because the step size is 5 ym. The degree of infiltration throughout the
domains (Figure 5-9¢) could indicate density of cross-linking within the film based upon
gradients observed in the peak height map. This phenomenon has been considered as an
explanation of solvent resistance by this class of polyurethanes.”
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Figure 5-9. a) Optical micrograph of Blend B cross-section; b) Alkene peak height map;
c¢) alkene/aromatic peak height ratio map.
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Blend B was subsequently embedded within fast-cure epoxy to observe if cross-
sections can be prepared without contamination from the embedding resin (Figure 5-10).
If the coating remained chemically intact after embedment, then a peak intrinsic to the
coating itself could be used to analyze it. The Raman spectra in Figure 5-10 clearly show
the absence of the styrene marker peak. The ensuing domain identification was
attempted with the free and ester C=0 peaks. Mapping of the free carbonyl peak height
revealed that the peak intensity was less inside this domain than in the continuous
polymer matrix. In contrast, the ester C=0 peak exhibited a homogeneous distribution
throughout the blended polyurethane film. Additional Raman maps were generated from

other peaks for this cross-section, but the large domain was observable only with the free

C=0 peak.
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Figure 5-10. Raman analysis of Blend B cross-section embedded in fast-cure epoxy.
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5.3.4 Controlled staining with styrene vapor

The results from the polyester-embedded cross-section samples motivated the
consideration of styrene vapor staining as a viable approach toward domain identification
by Raman mapping. Styrene monomer is highly volatile at room temperature, and thus
could be easier to control the degree of infiltration. Coating samples of Blend B and the
individual constituent resins were vapor stained with styrene monomer for 72 hours

followed by analysis with Raman spectroscopy (Figure 5-11).
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Figure 5-11. a) Apparatus for vapor staining; b) Low OH film after 72 hours in
headspace; c) High OH film after 72 hours; d) Blend B after 72 hours.
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Figure 5-12. a) Dark field optical micrograph of Blend B surface; b) small styrene peaks
in matrix and low OH spectra; c) alkene peak height map; d) alkene/aromatic peak height
ratio map.

The results show that after 72 hours of exposure to a saturated styrene
atmosphere, only the low hydroxyl constituent resin film and the continuous polymer
matrix phase of Blend B were heavily contaminated (Figure 5-11b and 5-11d). The high
OH domain in 5-11d was uncontaminated, but Raman analysis on other domains
indicated minor infiltration with small alkene peaks. The vapor staining experiment was
repeated for 24 hours with similar results to the 72-hour exposure shown in Figure 5-11.
In order to determine the minimum time needed for detectable infiltration by the Raman

spectrometer, vapor staining of Blend B was performed in 10-minute intervals until the

alkene peak was detected. It took one hour of vapor staining to observe the alkene peak
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in the low OH film and Blend B matrix (Figure 5-12b). Chemical mapping with A_. and
with R (Figure 5-12c and 5-12d, respectively) provided good contrast of the domain in
the center of the dark-field micrograph in Figure 5-12a from one hour of staining. The
results in Figures 5-11 and 5-12 demonstrate that styrene can be utilized as a controlled
selective staining agent for polymeric films. The one-hour vapor staining procedure was
repeated for Blend A. The infiltration gradients observed in Blend A were consistent
with the optical microscopy observations and also with observations of its cross-section.
The vapor staining procedure further confirms that the contaminant from the polyester-
embedding process is monomeric styrene, and that the degree of infiltration can be
controlled using this method.

Styrene vapor staining was also attempted on the epoxy embedded cross-section
sample. The Blend B matrix did not possess alkene peaks with intensities similar to the
spectra in Figure 5-11 until after four hours in styrene atmosphere. This may be due to
the reduced surface area for styrene vapor to infiltrate.

Selective staining as a characterization method is normally applied for electron
microscopy. Staining agents are typically high-density metal compounds such as osmium
tetraoxide, and are used to visualize polymer phases and morphology .** Here, the staining
agent is a low-density solvent and has been applied toward vibrational spectroscopy. It
has been used in this study to visualize and compositionally identify polymer phases and
morphology. Selective staining for spectroscopy may thus complement microscopy
techniques for analyzing polymeric cross-sections such as for TEM. Future work may
include application of heavy metal staining for microscopy on these cross-sectioned

samples and correlate the resultant electron micrographs with the Raman chemical maps.
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5.4 Conclusion

Characterization of polymeric domains within two resin blended thermoset films
has been performed via a novel spectroscopic analysis protocol. The polymeric phase
separation observed within these resin blended thermoset films is a targeted method for
the generation of new matte gloss durable exterior powder coatings. DSC and optical
microscopy confirmed the existence of two distinct polymeric phases in the blended
films. However, concrete chemical differentiation of the observed domains was difficult
using standard spectroscopic techniques without any sample manipulation.

Chemical differentiation of the polymeric phases was performed using a novel
spectroscopic protocol involving the selective staining of the low hydroxyl constituent
resin with monomeric styrene. Coating samples were embedded within a polyester resin,
which contaminated the low hydroxyl functionalized phase of the thermoset blend.
Monomeric styrene is used as a crosslinker for unsaturated polyester prepolymers. The
monomeric styrene infiltrated the low OH resin within the blends and induced a signature
peak in the Raman spectra at 1630 cm™, which stemmed from the conjugated alkene in
styrene monomer. Raman chemical mapping of this peak for the cross-section samples
revealed that it was consistently observed within the continuous polymer matrix and
nearly absent within the encapsulated domains. Comparative analysis with the single
component resins revealed that styrene infiltration was observed only within the low OH
resin and thus enabled differentiation of the polymeric phases within the blends.

Additional insight on styrene infiltration was gained through staining of coating
surfaces using styrene in the vapor phase at room temperature. Coating samples were

selectively stained when placed within a saturated styrene atmosphere at various time
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intervals. Selective vapor staining was performed on Blend B for 72-, 24-, and one-hour
exposure times. The low hydroxyl constituent thermoset film and the continuous polymer
matrix of the Blend B were still selectively stained, but the level of staining could be
controlled using this method. The styrene marker peak was very intense within the low
hydroxyl constituent resin and the continuous polymer matrix of Blend B for the 72- and
24-hour time intervals. The Raman mapping results for a sample vapor-stained for one
hour was consistent with the results from the 72 and 24-hour staining intervals, albeit the
styrene signals were vastly reduced due to limited time of immersion. The styrene vapor-
staining procedure for one-hour exposure time was then performed on Blend A to further
confirm the domain identification and validity of the test parameters. The components in
Blend A exhibited the same infiltration response to the vapor as Blend B. The vapor
staining method is thus consistent and reproducible.

Elimination of styrene infiltration in cross-section samples was also performed to
confirm contamination and experiment with identification of domains utilizing peaks
intrinsic to the blended coatings. Blend B was embedded in fast-cure epoxy and cross-
sectioned with the same procedure as before. Raman spectroscopy mapping of the free
carbonyl peak at 1760 cm™ produced the only satisfactory result for mapping of intrinsic
peaks within the blended film. However, the reliability of domain identification in the
absence of the styrene marker peak was greatly reduced. The epoxy embedded specimen
was styrene vapor-stained, and alkene peaks with intensities similar to the intensities
from the one-hour-stained samples emerged after 4 hours in styrene vapor atmosphere.

The authors have not found literature that describes selective staining of

immiscible polymer blends in combination with micro Raman spectroscopy. Therefore,
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spectroscopic analysis enhanced by selective staining of immiscible polymer blends via
styrene appears to be a novel protocol. This selective staining may also serve to
complement common microscopy techniques for analyzing polymeric cross-sections such
as TEM. The domain identity is now largely confirmed and understanding their

formation and development is the subject of further investigation.
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Chapter Six

Monitoring of Crosslink Density by Vibrational
Spectroscopy and TEM

6.1. Introduction

Protective polymeric coatings are traditionally formulated with solvent for even
application on a work piece, however environmental concerns regarding volatile organic
compounds (VOCs) have led to increased production of powder coatings, which do not
use solvent. When in melt form, powder coatings behave as non-Newtonian fluids that
require a minimum shear stress, known as the yield value to impart flow and substrate
wetting. Moreover, adding pigments to the binder increases the yield value, which is
caused by the stiff pigment-polymer bonds that worsen flow and substrate wetting.'
Several approaches to improve physicochemical properties of powder coatings included
immiscible powder blends, thus adding more complexity to the coating system.>” Such
complexity in the coating formulation may hinder analysis and understanding of the
curing process, which can provide valuable insight into continued optimization of
physicochemical properties.

Aliphatic polyurethane chemistries in coatings are ubiquitous in the coatings
industry and are prized for their high durability and protective properties that are
produced from the crosslinking of polyols with polyisocyanates.* The urethane linkage
within polyurethanes possess a well known propensity for complex H-bond behavior
among carbonyls (C=0),”° and is a significant source of interesting physical and

chemical properties. Yen and Hong have previously demonstrated from four model
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compounds and two polyurethanes’ the deconvolution of high-resolution vibrational
spectra to yield additional C=0 peaks from hydrogen bonding.

In Chapter 5, the polymer components within the blend were identified via Raman
analysis of selective staining with monomeric styrene in the fully cured coating. The two
acrylic polyol reactants used to generate the polyurethane blends are immiscible without
the isocyanate crosslinker because of the vast difference in their hydroxyl content, thus
distinguishing them as high in hydroxyl number (high OH) or low in hydroxyl nmber
(low OH). The e-caprolactam blocked isocyanate serves as a compatibilizer and is stable
under normal storage conditions. The deblocking and liberation of e-caprolactam induces
a marked decrease in melt viscosity and improves flow because the e-caprolactam acts as
a solvent prior to evaporation.® This internal solvation makes polyurethane powder
coatings possess the best flow properties among powder thermosets.'

The application of incompatible polymeric resins in coating systems was first
investigated by Funke, whose model was mostly based on the interfacial energy between
phases as the driving force for phase separation; this phenomenon is fundamentally
rooted in the reduction of free energy of mixing during heating above the melting
temperature.” Funke later demonstrated layer-stratification in epoxy-acrylic powder
coatings. The mechanism for these materials was driven by polymer incompatibility and
the affinity of the polar groups for the lower layer being oriented toward the substrate
thereby generating a surface energy gradient.'” The gradient is likely rooted in the
different polarities and types of intermolecular forces, as suggested from Hansen
solubility parameters,'' and provides a possible mechanism for phase separation in both

self-stratified coatings and coatings with domain droplet morphologies.'*"”
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The crosslinking of blocked polyisocyanates with polynucleophiles is heavily
dependent on several factors, including'®
* structures of the polyisocyanate compatibilizer (curative), e-caprolactam blocking
agent, and nucleophile (polyol),
* polarity and hydrogen bonding potential of the coreactants,

* rates of diffusion and evaporation of the blocking agent,

With prior identification completed, spectroscopic monitoring of the coatings at
various stages of development could be implemented;" this includes the polymer
components in their reactant states before the cure commences. The domains’ greater
resistance to styrene monomer is explored in greater detail for quenched samples in this
chapter. Extensive Raman and Fourier transform infrared (FTIR) spectroscopic analysis
was performed to monitor reactants and products within the film structure as a function of
curing time. This thorough investigation by vibrational spectroscopy was then correlated
to trends observed in transmission electron microscopy (TEM) images of cross-section
samples. TEM samples were stained with solutions of heavy metal salts for enhanced
contrast. The improved resolution and clarity of the electron micrographs yielded greater

insight in the correlations with curve-fitted high-resolution vibrational spectra.

6.2 Experiment

6.2.1 Coating preparation
The examined blends in the study were prepared in a manner similar to that presented by
Mahn® except no pigments were added. The blending was performed through

combination of a high and low hydroxyl (OH) group functionalized polymeric resins.
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Only Blend B is analyzed in this chapter and subsequent chapters as well. All materials
were utilized as acquired unless otherwise noted. The acrylic resins with high and low
hydroxyl group functionality (20-400 OH) and Resiflow were purchased from Estron
Chemicals (Calvert City, KY). Benzoin was purchased from GCA Chemical
Corporation. The blocked isocyanate was an e-caprolactam blocked IPDI polyisocyanate
compatibilizer and was purchased from Evonik Industries (Parsippany, NJ). Film
formulations were prepared by weight as shown in Table 5-1.

Raw materials were manually dry-blended, then melt mixed using a twin screw
extruder at 120 °C. The extruded material was squeezed through chilled rollers and the
cooled material was ground using a rotor mill. The ground powder particle size was
further classified by using a 106 xm (140 mesh) sieve. Powder formulations from above
were electrostatically applied to tin plated steel substrates to a dry film thickness of 50-
100 ym using a standard gravity fed powder coating cup gun. Coatings were then cross-
linked in an oven at 204 °C for 12 minutes to generate the thermoset films. The elevated
temperatures are required for viscosity reduction for flow inducement to ensure even
wetting of the substrate, and to liberate the e-caprolactam blocking agent to generate free
isocyanate necessary for cross-linking. Fully cured coatings were cooled to room
temperature prior to subsequent analysis. Other samples were quenched by liquid
nitrogen at different cure times for eventual analysis of morphological development
within the coatings. Samples were quenched at 1, 1.5,2,2.5, 3,4, 6, and 9 minutes into

the cure.

6.2.2. Vibrational spectroscopy
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Fourier transform infrared spectroscopy (FTIR), isothermal thermogravimetric
analysis (TGA), and dynamic mechanical analysis (DMA) are typical methods for
monitoring the two-step reaction, where deblocking is followed by crosslinking. Raman
spectroscopy has been utilized in this study because of the small spot size of the laser
(enabling monitoring individual domains), and its sensitivity toward nonpolar moieties
that may not appear in FTIR spectra. Laser Raman spectroscopy (LRS) and FTIR are
considered complementary vibrational techniques due to their sensitivities to different

functional groups.”'

A) Fourier Transform Infrared Spectroscopy (FTIR)

ATR-FTIR spectra were recorded on a Thermo Scientific Nicolet™ iS50 FTIR
Spectrometer with a Smart Performer™ ATR attachment and constant pressure tower.
An MCT-A detector collected 64 scans of the sample. Film samples were analyzed with
a diamond crystal. DRIFTS was performed on the same spectrometer with a Spectra
Tech attachment. Deconvolution was conducted with OMNIC software. All bands were

calculated with Voigt curves due to the observed optimal fits.

B) Laser Raman Spectroscopy (LRS)

Raman spectra and maps were acquired using a Thermo Scientific Nicolet
Almega™ dispersive spectrometer coupled to an Olympus microscope with 10X and 50X
objective lens. The instrument used a 785 nm laser with a 3.1 ym spot size. High-
resolution spectra were acquired by scanning a sample 30 times using a ten-second-

collection time with the 50X objective and higher grating density. Deconvolution was
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conducted with OMNIC software. All bands were calculated with Voigt curves due to

the observed optimal fits.

6.2.3 Transmission electron microscopy (TEM)

TEM was utilized to provide domain identification and distribution throughout the
bulk of the films. Microtome cross-section samples were prepared for TEM analysis
using a Leica EM UC7 Ultra-Microtome (Wetzlar, Germany) with a diamond sectioning
blade at STP; typical thicknesses were 100-150 nm.

Initial TEM experiments were performed using a FEI Bio TwinG2 Transmission
Electron Microscope. The TEM was equipped with an AMT XR-60 CCD digital camera
system for image collection. Bright field imaging measurements were performed at an
accelerating voltage of 80 keV.

The second microscope was a JEOL JEM-1400 LaB6. It was equipped with a
Gatan CCD digital camera for image collection and a TEAM™ EDS Analysis System for
TEM with an Octane Silicon Drift Detector for elemental analysis. Bright field imaging
was also performed at 80 keV.

To enhance contrast between polymer phases in TEM micrographs, heavy metal
salts of uranyl acetate and lead citrate were used to stain the films. Coatings were
immersed in 0.02 g/mL uranyl acetate in methanol for 10 minutes, followed by 0.003
g/mL aqueous lead citrate for 3 minutes. The heavy metals are effective electron shields

that serve to darken the phases upon their acceptance by the appropriate material.

6.2.4 Analysis of micrographs by ImageJ
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Analysis of micrographs was perfomed with ImageJ software. It was used to
count holes in low-magnification micrographs. Holes appeared as circular white areas in
the micrographs. The holes were counted by hand over multiple micrographs, which
were tallied in a corresponding spreadsheet for the micrograph of interest. The following
data were used to generate densities of holes in cross-sections for Table 6-3.

Low OH: 273 holes/5005 ym* = 0.054 holes/um®.

High OH: 1081 holes/1614 ym* = 0.67 holes/um’.

Blend Matrix: 423 holes/3229 ym?* = 0.13 holes/um”.

6.3 Results/Discussion

6.3.1 Spectral evolution

Initial spectroscopic analysis had revealed four C=0 peaks for deconvolution.
Understanding these peaks should provide a spectroscopic basis for the different
physicochemical properties of the phases. The monitoring of the individual reactants
(including the polyisocyante curative) and the resultant single component and blended
polyurethanes should provide a thorough understanding of the development of the
powdering binder with respect to cure-time.
A) Double bond region

In low resolution LRS spectra, three carbonyl peaks can be discerned from the

reactants of the composite film. The Raman spectra in Figure 6-1 provide a comparison
of the vibrational bands observed for the reactants to the bands observed from the
resultant films at two stages in the cure. The urea peak at 1760 cm™ and the &-

caprolactam peak at 1650 cm™ in the thermoset film originate from the polyisocyanate
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compatibilizer, and are incorporated into the final product; the intensity of the -
caprolactam peak is reduced at full cure, which likely indicates the evaporation of the
blocking agent. The e-caprolactam peak also upshifted by 5 cm™ after the start of curing,
which may be a result of the e-caprolactam being in a free state, when it is no longer
bonded to the compatibilizer. The peak at 1730 cm™ in the cured films is an ester C=0

that clearly originates from the polyol.

1800 1700 1600
— High OH Polyol

Aromatic

Curative

Aromatic

' |
—— High OH-12 min

Urea Aromatic

1800 1700 1600
Raman Shift (cm™)

Figure 6-1. Raman spectra of the various carbonyl peaks found in reactants (upper two
spectra) and PU product at two stages of cure.
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A similar observation was made via comparative FTIR spectral analysis for the
high OH polyurethane film and component polyol polyol and polyisocyanate in Figure
6-2. The OH and NH peaks in the high frequency region (Figures 6-2a-d) clearly
coevolve with the carbonyl spectra in the double bond region (Figures 6-2e-h) during the
cure, as is expected for polyurethanes. This observation is consistent for the low OH film
and blend, and can be found in the supplemental information. The polyol represents the
unreacted analogue to the polyurethane, and thus has only one C=0 peak (Figure 6-2e),
and one broad OH peak (Figure 6-2a). Prior to the cure, the compatibilizer has a large
amide peak at 1700 cm™ with shoulders at 1760 cm™ and 1650 cm™, each of which has
been labeled accordingly. Thus, under LRS, the urea peak dominates, while the amide
peak appears as a small but broad bump at 1710 cm™-1700 cm™. During the cure, the
amide peak shifts downward to 1690 cm™ as it becomes urethane . It is the largest peak
in the 12-min cure high OH FTIR spectrum, with the ester C=0 at 1725 cm™ a close
second.” For the blend and low OH, the ester C=0 was observed to be the largest peak in
all FTIR spectra for the blend and low OH. The considerable intensity of these two
carbonyls may be the cause of the small shoulder at 3437 cm™, making it an overtone,
and thus is labeled accordingly as ‘overtone C=0’ in Figures 6-2¢ and 6-2d.” The

overtone is also at its largest for the high OH film.
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OH/NH Region Double Bond Region
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Figure 6-2. Stacked FTIR spectra of the reactants and reaction at two stages of the cure;
a)-f): OH/NH region; e)-f): double bond region.
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The urea C=0 peak at 1760 cm™' is largely absent in FTIR spectra, as are the
aromatic peaks at 1600 cm™ and 1584 cm™.** The high frequency of this carbonyl
suggests it may stem from urea being part of a symmetric heterocylic compound.** Thus,
this C=O0 is in a non-polar environment, and thereby illustrates the need for both
vibrational spectroscopies in this study. The C=0 peak at 1655 cm™ also declines in the
double bond region (Figures 6-2f-h); this behavior is observed in both LRS and FTIR and
suggests that the e-caprolactam blocking agent is the source of this C=0 peak.** In the
FTIR spectrum of the compatibilizer (Figure 6-2f), the C=0 peak at 1700 cm™' is labeled
as an amide C=0, which is likely connected to the blocking agent. Once the -
caprolactam blocked IPDI polyisocyanate compatibilizer is deblocked, this amide C=0
becomes part of the N=C=0 functionality.

B) Hydroxyl and amine region

Figure 6-2a shows that the polyol has a broad OH peak at 3520 cm™', which
becomes diminished in the polyurethane spectrum at full cure. This suggests that there
may be some OH groups that did not participate in urethane generation. It is possible that
the polyol has secondary or tertiary OH groups that are unable to react with isocyanates
due to steric hindrance. The NH peak at 3265 cm™ stems from the compatibilizer in
Figure 6-2b, which remains as a highly prominent band at 2.5 minutes of curing. The
growth of the NH peak at 3370 cm™ stems from generation of urethane crosslinks, while
the blue-shift indicates weakening of hydrogen bonds. The high extinction coefficients
upon the absorption frequencies of amine peaks renders them insensitive to
conformational differences, and thus their deconvolution was not attempted in this study.’

6.3.2 Carbonyl deconvolution
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The carbonyl moiety in polyurethanes can be highly complex due to numerous H-
bond interactions and the different intramolecular environments that within the
crosslinked polymer network.” Many chemical and mechanical properties stem from this
moiety, and thus it is considerably emphasized in FTIR and LRS. The following Raman
and FTIR spectra in this section starting at Figure 6-3 were conducted at high-resolution
to identify potentially hidden peaks via spectral deconvolution. The high resolution
Raman peaks show that the carbonyl peak at 1725 cm™ has a small shoulder at its right
side, which suggested there is more than one component within the observed band. The
fitted Raman and FTIR spectra of the single component PUs are presented in Figure 6-3
with the calculated components fitting well with the experimental peaks in all cases. The
intensity of the e-caprolactam C=O band is nearly zero for the low OH PU (Figures 6-3a
and 6-3b) while it retains significant intensity for the high OH PU (Figures 6-3c and 6-
3d), thereby suggesting a nontrivial remnant of e-caprolactam within the high OH PU
film. The urethane band at 1690 cm™ is much larger in both FTIR spectra and thus
stemmed from the polyisocyanate. In the FTIR spectrum of the high OH PU film, the
urethane C=0 is the largest peak of the entire spectrum and thereby indicates greater

urethane crosslink density; this was already corroborated in Chapter 5.
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a) Low OH Raman Deconvolution b) Low OH FTIR Deconvolution
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Figure 6-3. Fitted spectra of single component polyurethanes; a) Raman spectrum of low
OH film; b) ATR-FTIR spectrum of low OH film; ¢) Raman spectrum of high OH film;
d) ATR-FTIR spectrum of high OH film.

Deconvolution of the experimental C=0 peaks in the reactants and single
component (SC) films has yielded five C=0 peaks in total. The previously hidden band
is a H-bonded ester C=0, which was also found in deconvolution of the polyol spectra.
This band was significantly larger for the high OH polyol and high OH polyurethane. As
the two resins mainly differ by the hydroxyl content, it is assumed that the sources of H-
bonding originate from the hydroxyl groups. The FWHM of this component showed little
change before and after curing, indicating there may very well be a small number of

hydroxyl groups remaining at full cure that participate in the hydrogen bonding. This

finding may therefore rule out urethane-ester linkages, as previously discussed in section
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6.3.1B about the NH and OH moieties. The characteristics of the five carbonyls are

summarized in Table 6-1, with relevant references provided for each one.

Table 6-1. Assigned carbonyl peaks from LRS

Frequency Relative  Relative Band Assignment # Reference
(cm™) Intensity Intensity Components
(Raman) (IR)
1760-1762 m VW v(C=0) free urea 1 R
1725-1730 m VS v(C=0) ester (free & 2 2627
H-bond)
1690-1696 w Vs v(C=0) urethane 1 e
1652-1655 Vs m v(C=0) g-caprolactam 1 2428

vw = very weak; w = weak; m = medium; s = strong; vs = very strong
6.3.3 Correlating spectroscopy with morphology

Since FTIR is a macroscopic technique in this study, both polymeric phases of the
blend were included in the corresponding spectra. However, when the blend was peeled
off the substrate and measurements were made on the underside surface, the intensity of
its urethane was quite close to the ester. This is illustrated in Figure 6-4, which features a
transmission electron micrograph of the blend cross-section accompanied by FTIR
spectra of the ester and urethane carbonyls. As also shown in Chapter 5, domains had
accumulated at the tin substrate. This accumulation is what increased the urethane peak
relative to the ester peak at the underside, and serves as evidence that the domains

possess greater densities of urethane crosslinks in a manner akin to the high OH film.
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Figure 6-4. Transmission electron micrograph of the blend cross-section with FTIR
measurements of ester and urethane C=0 peaks. The left spectrum is measured from the
surface; the right spectrum is measured from the underside.

Peak area ratios for the five C=0 bands in each coating sample are listed in Table
6-2. The C=0 peak areas are normalized with respect to the aromatic moiety peak at
1600 cm™ because its intensity does not change during cure, and thus could be used as a
standard for monitoring intensity changes of certain peaks. Stark differences could be
discerned between the single component (SC) films, particularly for the urea, H-bonded
ester, and e-cap C=0 bands. However, the peak area differences between the phases of
the blend are significantly reduced in Table 6-2, which might be a sign of

compatibilization, in which the polymer components mix with each other to a small

degree. However, curve-fitting of the Raman spectra for the blend revealed the ester
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C=0 to be broader in the domain (not shown) and is thus consistent with the Raman
spectra in Figure 6-4c. Note that among the three carbonyls associated with the
compatibilizer (urea, urethane, and €-cap), only the urethane peak area for the domains
shows slight consistency with the high OH film in terms of differences in peak height; i.e,
Agomain > Amaixs Anighon > Ajowon- The other two curative carbonyls, which respond better to
the Raman laser, do not exhibit this consistency. For example, the e-cap peak area ratio
is 6.14 for the low OH film and 57.50 for the high OH film; in the blend it is 15.20 for the
polymer matrix and 7.31 for the domain.

Table 6-2. Raman peak area ratio of C=0 (x/1600 cm™' peak height x 100)

Frequency Nameof LowOH HighOH  Matrix Domain

carbonyl PU PU
1650-1655 e-cap 6.14 57.50 15.20 7.31
1690-1700  urethane 3.19 15.03 3.39 5.83
1710-1720 H-bond ester 23.5 64.6 24.5 432
1725-1735  free ester 58.6 74.0 81.4 522
1760-1762 urea 17.7 973 67.7 349

The inconsistencies in Table 6-2 may in part be explained by the different
quantities of compatibilizer used to generate the films. For the SC films, less
compatibilizer was used to generate the low OH film because the low OH polyol had
fewer hydroxyl groups to react with isocyanates. Thus, in referring back to Table 5-1 for
raw material weights of compatibilizer, Wy, ou/ Wi o on = 2.50. However, the ratios of
peak area ratios for each C=0 from the curative are significantly greater. For urea: Ay,
o/ Arow on = 3.6; for urethane: Ay, on/Arow on = 4.8; for e-cap: Ayig on/Arow on = 94

According to a recent textbook by Smith and Dent, the relative intensities within a

Raman spectrum are proportional to the concentration of the given species, the laser
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power, and the Raman scattering cross-section; determining the scattering cross-section is
very difficult, which necessitates calculations of peak ratios as used in this study.”
Raman laser power was set to 100% in all spectral acquisitions. Thus, the discrepancies
between the material weights and peak intensities may in part be explained by the
scattering cross-section. For the e-cap C=0 peak, the outgassing of e-caprolactam may
have lowered its intensity even further.

The greater amount of curative that was used for the high OH film implies there
was more g-caprolactam to be liberated as a volatile solvent within the film. The higher
concentration of volatiles within the film could leave markers within the film bulk such
as holes within thin cross-sections prepared for TEM. The magnification for Figure 6-4
is too low to observe such holes, but they are readily observable at higher magnification
in Figure 6-5. These holes may be trapped gas bubbles of e-caprolactam, as it is a known
emitted volatile from films generated from blocked isocyanates.” The TEM image of the
low OH film (6-5a) has far fewer holes than the high OH film (6-5b), which could be
related to the observation of a smaller e-cap C=0 peak in Figure 6-3 and Table 6-2.

Note that the small dark particles in each image of Figure 6-5 are likely to be silica
nanoparticles according to measurements by energy dispersive x-ray spectroscopy; they

probably originate from the flow aid.
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Figure 6-5. TEM images of cross-sectioned clear films at full cure; a) low OH film; b)
high OH film; c¢) blend.

The number of holes found in the blend is also comparable to the number
observed for the high OH film. The greater number of holes present the blend could
again be attributed to the large quantity of curative in the formulation, as seen in Table 1.
However, in the blend all of the holes are found in the continuous polymer matrix. The
micrograph in Figure 6-5¢ shows a row of small holes residing at the boundary of a very
large domain. Other micrographs of the blend consistently show holes to be located only
in the matrix. The e-caprolactam C=0 peak area of the domain is about half that of the
matrix. With analysis from ImageJ, and normalization with respect to the appropriate
values from the low OH film, Table 6-3 shows good agreement between the ¢-
caprolactam C=0 peak area and the number of holes, with exception of the data acquired
for the domains. The breakdown of the correlation between e-caprolactam C=0 peak
area and hole density for the domains could thus indicate their resistance to infiltration of
e-caprolactam, as was observed with styrene monomer in Chapter 5. According to Gite

et al, the degree of resistance to solvent absorption is based on the crosslink density,”
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where steric effects from the urethane crosslinks prevent small molecules from occupying
otherwise free volumes.

Table 6-3. Relationship between e-cap C=0 peak area and hole density normalized to
low OH film for appropriate column

Sample e-cap C=0 (A/ALowon) Hole Density (0, / Py on)
Low OH 1 1
High OH 94 123
Blend (matrix) 2.5 24
Blend (domain) 1.2 0

It is also evident from Table 6-2 the urea peak area ratios from the phases in the
blend are not consistent with the urea peaks from the SC films. The ratio for the domain
is nearly half that of the matrix. This discrepancy is not evident for the urethane peaks in
Table 6-2 and in the FTIR spectra in Figure 6-4. The smaller urea and e-cap C=0 peak
area ratios for the domains and the holes being sequestered into the matrix (Figure 6-5¢)
could thereby indicate a mechanism of exclusion by the domains. There is no diffusion
gradient in the SC films like that of the blend. Hence, compatibilizer and deblocked ¢-
caprolactam molecules are trapped in situ within the high OH film, but are driven into the

matrix from the domains within the blend.

6.3.4. Caprolactam variations with respect to cure time and cure temperature

The e-caprolactam concentration for the single component films and both phases
of the blend are plotted as peak height ratios Figure 6-6. Peak heights from raw Raman
spectra were used instead of peak areas for convenience and to exclude noise from very
small e-caprolactam peaks in later-cure samples. e-caprolactam peak heights were

divided by the aromatic peak at 1600 cm™ for normalization.
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In Figure 6-6, the curve for the high OH SC film maintains the highest magnitude
throughout the cure, and does not change significantly from 9 minutes to 12 minutes.
This flat-lining may suggest that the film had crosslinked to the point of trapping the
remaining €-caprolactam before it could fully evaporate. At 6 minutes, the low OH curve
also flatlines at a very small but nonzero value. For the blend, the peak height measured
by LRS was consistently lower within the domains than in the polymer matrix, which

again does not correspond to the results from the single component counterparts.
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Figure 6-6. Raman peak intensity evolution for the g-caprolactam vibration at 1655 cm'™
as a function of increasing cure time at 204 °C. Intensities are normalized with respect to
the aromatic moiety at 1600 cm™.

Even at full cure, the ratio in the matrix is about thrice the ratio in the domains (0.091 and
033, respectively). Given the volatility and small size of the e-caprolactam molecules,

this finding lends further credence to the existence of a diffusion gradient between the

phases within the blend. The gradient drives initial diffusion out of the domains before
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resistance rises to significant levels. This drive does not exist in the high OH SC film,

hence its high e-caprolactam content at full cure.

6.3.5. Resistance to styrene solvent as an experimental model for resistance to
caprolactam

In Chapters 4 and 5, the domains were identified by their response to the exposure
of styrene monomer. Styrene exposure occurred as a function of cross-section sample
preparation within a polyester embedding resin, which uses styrene as a crosslinker as the
resin cures.’' The polymer matrix was heavily contaminated with styrene monomer, while
the domains showed little to no contamination. After embedding the SC films, only the
low OH film was contaminated, while the high OH film remained unaffected. Since the
domains and the high OH SC film were not contaminated, this led to the conclusion that

the domains consisted of the high OH polyurethane.

This protocol of selectively staining the blended film with styrene could thus be
applied toward quenched systems as a means of roughly monitoring changes in crosslink
density when the coatings are cured at 204 “C. The concentration of styrene was
measured by calculating the ratio of the conjugated alkene LRS peak at 1630 cm™ over
the aromatic peak at 1600 cm™. Chemical maps revealed concentration gradients within a
given domain, while no such gradients were found in the polymer matrix. This suggests
that domains vary considerably in their crosslink density. This necessitates plotting of
peak heights with error bars. Figure 6-7 plots the concentration of styrene in the center of
domains = 100 gm in diameter (black curve). The center of a domain is typical where
styrene concentrations are at its lowest. The error bars are the standard deviations of the

peak heights from a set of 10 peak heights for each sample.
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Figure 6-7. Raman peak height ratios in both phases of the blend for conjugated alkene
vs aromatic styrene as a function of cure time.

The curves follow almost identical paths until they diverge at 2.5 minutes, when
the error bars for the domain curve drastically increase, indicating that there was
considerable variation in styrene infiltration among the domains; in some instances, there
still was no difference in concentration between domain and matrix. Long error bars are
a feature of the domain curve up to full cure, but the averages do indicate a downward
trend suggestive of exponential decay, which thus indicates decreasing styrene absorption
via increasing crosslink density.” In contrast, the curve for the matrix is roughly constant
for the whole cure. Note that the Raman spectra used to generate Figure 6-7 were
acquired about one week after the cross-sections were prepared. Subsequent analysis
several months later showed significant decreases of peak intensities for samples cured at

2.5 minutes and before. No such decreases were observed for samples cured at 3 minutes
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and later. It was at 3 minutes that differential scanning calorimetry had revealed the
emergence of the second 7, which may be a threshold where the crosslink density is high
enough to trap volatile styrene monomer indefinitely. Domains have also been observed
to grow in diameter as the cure progresses, which may lessen the concentration of styrene

in the center. This growth will be discussed in greater detail in Chapter 7.

The film behaves as a dynamic system at an elevated temperature, and hence the
deblocked caprolactam evaporates during the cure. The difference in peak intensities
between the phases for the caprolactam C=0 could be explained in terms of reduced free
volume for the molecule to occupy, but small molecules and macromoleucles alike have
elevated segmental mobility and diffusivity at high temperatures. In contrast, during the
embedding process, styrene is introduced into a relatively static system under STP. Such
stasis means the number of urethane crosslinks has been finalized for that sample. Its
response to a solvent is thus a function of the crosslink density, and could be observed at

the microscopic level.
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Figure 6-8. Comparison of cross-sections between different embedding resins as a
function of cure time; a)-b) 4 minutes; c)-d) 6 minutes; e)-f) 9 minutes.
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To illustrate the trend depicted in Figure 6-7, a series of TEM images of cross-
sections are presented in Figure 6-8. In the left column are blended resin film samples
embedded in polyester, while in the right are those same samples embedded in fast-cure
epoxy. Embedment in epoxy leaves no contaminants in the coatings, hence no
introduction of a plasticizer like styrene. Knife lines from the sectioning process are
readily observed on the surfaces of the epoxy-embedded cross-sections, which are
indicative of a stiff specimen;** no such lines are observed in the polyester-embedded
cross-sections due to the plasticization. All samples were stained with heavy metals for
contrast via TEM analysis, but it is clear that the styrene interferes with the contrast
between the phases. The matrix and domains in the samples embedded in polyester
appear to be wrinkled due to the incorporation of the plasticizer. The formation of
wrinkles becomes reduced with respect to increasing cure time, but it still significantly
affects the 9-minute samples, especially for the matrix. The overall trend is the
decreasing damage to the morphology by the styrene as the cure progresses. Note that
the micrograph in Figure 6-4 is of a fully cured sample embedded in polyester. When
fully cured, the polymer film is able to resist plasticization by the styrene such that heavy
metal staining adds contrast between the phases. This is the one sample that provided
adequate contrast between the phases for selective staining with styrene for enhanced
Raman spectroscopy, and with heavy metals for TEM. In quenched samples, as
demonstrated in Figure 6-8, different embedding resins produce different morphologies.
These results also demonstrate that choice of embedding resin for a sample must be

carefully considered before cross sectioning via microtome.
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6.4 Conclusion

This study has been a vibrational spectroscopic reaction monitoring of acrylic
polyurethane coatings without pigments. The complementary nature of FTIR and LRS
has been helpful for understanding the chemistry of the polymers at different stages of the
crosslinking reaction from their intrinsic characteristics.

High resolution LRS and macroscopic FTIR spectra were acquired for the acrylic
polyols, polyisocyanate curative, and the polyurethanes. Four C=0 peaks were initially
found. Three of the peaks originated from the curative: the e-caprolactam C=0 peak at
1655 cm™, free carbonyl peak at 1760 cm™ (sensitive to Raman), and the urethane peak at
1692 cm™ (sensitive to FTIR). Spectral curve fitting revealed the ester carbonyl peak to
be comprised of two overlapping bands: a tall free band at 1730 cm™ and a shorter H-
bonded band at 1715 cm™. The ensuing curve fitting of the high-resolution Raman and
FTIR spectra of the polyurethanes showed similar results for this peak, bringing the total
number of observed carbonyls to five. The 1715 cm™ component turned out to be broader
and more intense in the high OH polyol, high OH polyurethane, and in the domains of the
polyurethane blend. The likely source of hydrogen bonding for the ester C=0 in the
polyols is a small number of unreacted hydroxyl groups.

The urethane C=0 was also larger in the high OH polyurethane, and is direct
evidence of its higher crosslink density. In the blend, the intensity of this peak depended
on where it was measured. At the surface, the intensity was somewhere between the high
and low OH polyurethanes. At the substrate-film interface, the intensity was closer to the
high OH polyurethane due to the accumulation of large domains adhering to the

substrate.
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TEM analysis showed large numbers of holes in the film cross-sections. These
holes are suggestive of trapped volatile fluids of deblocked e-caprolactam, which is a
known emission during the cure, and acts as a solvent within the curing film. The
number of holes appears to be correlated with the e-cap peak intensity, as both values are
highest for the high OH film. In the blend, the holes are located almost exclusively in the
matrix, and have been observed at the boundary of a large domain. This indicates that
domains resist infiltration by caprolactam molecules. With caprolactam behaving as a
solvent, the domains appear to resist its infiltration in a manner similar to what has been
previously observed with styrene monomer. The higher crosslink density in the domains
restricts the volume allowed for small molecules to interact with the polymer chain.

Changes in solvent resistance were observed in quenched samples embedded in
polyester, which introduced styrene as an external solvent into a static coating system.
Styrene proceeded to exhibit decreasing degrees of penetration into the domains for
longer cure times according to LRS. TEM analysis revealed plasticization of both phases
that decreased in severity for longer cure times. In comparison with samples embedded
in epoxy, it was evident that the interaction with styrene eliminated the enhanced contrast
from heavy metal staining. Even without the enhanced contrast, it was evident at 6
minutes that the domains began to exhibit less plasticization than the matrix. At full cure,
there was no plasticization from the styrene, and the sample responded well to selective
staining with heavy metals. The phenomena observed at spectroscopic and microscopic
levels could thus be explained by decreasing absorption of solvent via increasing

crosslink density.
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We thus have two instances of solvent resistance by the domains according to
TEM:
* Almost all bubbles of caprolactam are located in the matrix, with a few observed
to be emerging out of a domain boundary.
* Decreasing plasticization by introduced styrene in polyester-embedded samples as

the cure time increases.

We also have two instances of solvent resistance by the domains according to LRS:
* The caprolactam C=O is consistently lower in the high OH domains throughout
the cure, which does not match the results for the single component films.
* The enlarging concentration gradient for styrene between the phases as a function

of cure time.

The behavior observed by spectroscopy and microscopy is thus explained as a result of

the decreasing solvent absorption due to increasing crosslink density.
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Chapter Seven

How Droplet Domains Evolve

7.1 Introduction.

Powder coatings are an increasingly popular technology due to the absence of
solvent in their application. That leaves the binder as the majority component in coating
formulation (often ~75%). The binder in powder coatings typically consists of one
polymeric resin; the exception is the binder analyzed in this study, which consists of two
resins rendered immiscible due to large differences from their Hansen Solubility
Parameters (HSP).' Both resins are acrylic polyurethanes, which have a long history in
the powder coatings industry and continue to grow in importance because of the sheer
diversity in applications.” Polyurethane powder coatings are thermosets and are the
products of an unblocked isocyanate curative reacting with an OH-functionalized
polynucleophile. They are highly durable in outdoor settings, and are typically utilized in
high-gloss applications. The 2-component binder would expand the application of
polyurethane powder coatings to low-reflectance settings, where matte gloss is desired.’

Previously, we identified both resins in the analyzed 2-component binder by
Raman imaging of samples selectively stained with styrene vapor. Raman peaks unique
to styrene were used as spectroscopic markers for the components; this marker peak was
largely absent in the dispersed phase due to its crosslink density being greater than for the
continuous phase, which is correlated with solvent resistance.* With the components
identified, we proceeded with FTIR and Raman analysis of the reactants, single

component resins, and blended resins in the double bond region (2000 cm™ — 1600 cm™).
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The ensuing deconvoluted spectra revealed a total of five carbonyl peaks, whose
characteristics are specific to the resin of interest.

The application of incompatible polymeric resins in coating systems was first
investigated by Funke, whose model was mostly based on interfacial energy between
phases as the driving force for phase separation; this phenomenon is fundamentally
rooted in the reduction of free energy of mixing during heating above the melting
temperature.” Further work by Verkholantsev focused on changing surface tensions
induced by solvent evaporation as a driving force for self-stratifying coatings (e.g.,
Marangoni effect). Funke and Murase later demonstrated layer-stratification in epoxy-
acrylic powder coatings; the phase separation for these materials was induced by polymer
incompatibility and the affinity of the polar groups for the lower layer being oriented
toward the substrate thereby generating a surface energy gradient.” Generally, self-
stratified coatings receive greater attention in the literature than on so-called heterophase
coatings which exhibit the dispersed droplet morphology.” *** This morphology is
commonly seen in polymer blends, and has been observed for the studied coatings under
optical microscopy for the surface and cross-sections (see Chapter 5).

Blending polymers combines the properties of their components, and creates new
properties unique only to that blend. The phase structure is a common influence on these
unique properties, and is an outcome of the complex relationships of inner and outer
parameters. Inner parameters include chemical structure and rheological properties of the
pure components or blend composition; outer parameters include applied flow field and

temperature. Adding a compatibilizer to the blend becomes another inner parameter that
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serves to increase the adhesion between the components and thereby improve the
mechanical properties.'

It has been established in Chapter 4 that the blend morphology contains a
dispersed phase of the high hydroxyl content polyurethane. The phase separation gives
rise to polydisperse domains that roughen the surface for diffuse and multiple scattering
of light. This is the final study on the binder without added pigments. It investigates the
underlying causes of the changing surface roughness (and by extension, optical
properties) by correlating roughness measurements with spectroscopic intensities,
rheology measurements taken near the cure temperature (7, = 204 °C), and transmission
electron microscopy (TEM) of cross-sections. As seen in Chapters Four-Six, most
domains are encapsulated by the matrix, which leaves the cross-section as the optimal
means of observing them. Domains with diameters = 50 ym were easily observed under
optical microscopy, but TEM enables facile observation of domains down into the
submicron range.

Other studies of polymer blends include examining the surface morphology by
scanning electron microscopy (SEM) with respect to their weight fractions," or by
location within the extruder . TEM was chosen because it is known to work very well
with blends stained with heavy metals.'® Samples were measured at full cure (12
minutes) and when quenched at different stages of the cure (1,1.5,2,2.5,3,4,6,9,
minutes). The early cure has smaller intervals because powder coatings are known to
experience rapid changes in their surface morphology in the early stages of the cure due

to sintering of powder particles."”
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7.2 Experiment

7.2.1 Laser scanning confocal microscopy (LSCM)

LSCM was used to obtain information on surface characteristics of the coatings.
LSCM measurements were performed on an Olympus LEXT OLS4000 using the LEXT
software package. Images were gathered using a laser source at 405 nm with 50x optics
providing 1076x magnification of the coating surfaces. The LEXT software package
allowed the stitching of four magnified images together to provide measurements over
483 um x 485 wm surfaces. Images were taken every 0.06 um along the z-axis and were
compiled to create a 3D image of the coating surfaces. Surface roughness parameters,
depth profiling and macro size domain measurements were performed using the LEXT

software package.

7.2.2 Fourier transform infrared spectroscopy (FTIR)

ATR-FTIR spectra were recorded on a Thermo Scientific Nicolet™ iS50 FTIR
Spectrometer with a Smart Performer™ ATR attachment and constant pressure tower. An
MCT detector collected 64 scans of the sample. Data acquisition and analysis were
performed using the Thermo Scientific OMNIC 9.2.86TM software package. Samples

were analyzed using a diamond ATR crystal.

7.2.3 Raman spectroscopy

Raman spectra and maps were acquired using a Thermo Scientific Nicolet

Almega™ dispersive spectrometer coupled to an Olympus microscope with 10X and 50X
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objective lenses. The instrument uses a 785 nm laser with a 3.1 um spot size, and

OMNIC 7.3TM software package.

7.2.4 Gloss measurements

Gloss measurements were obtained for each film using a BYK Gardner micro-
TRI-gloss-S meter. Powder coatings were applied to black & white T12G Metopac™
(Metal) panels purchase from the Leneta Company. The powder coatings were applied to
a dry film thickness of 50 — 100 ym using standard powder coating spray equipment and

cured in a convection oven for 12 minutes at 204 °C.

7.2.5 Differential scanning calorimetry (DSC)

DSC was used to determine the glass transition temperature (7,) of the polymer
resins, powder formulations and cured films. The 7, is the temperature at which a
polymer transitions from a glassy state to a rubber state. DSC was performed using a TA
Instruments Q20 DSC instrument equipped with the DSC Refrigerated Cooling System
(RCS) and a purge gas of nitrogen set to 50 mL/min. Samples of approximately 1-2 mg
were placed into TA Instrument Tzero™ Aluminum pans, and an empty Tzero™
aluminum pan was used as reference. Powder and free film samples were analyzed using
a cyclic method including an initial run from 30 °C to 85 °C at 10 °C/min followed by
two consecutive cycles from -30 °C to 220 °C at 10 °C/min. DSC experiments were used
to monitor the changes of the glass transition temperature as a function of formulation

and oven curing. The 7, for the samples was determined from data in the second ramp

151



cycle. Based on these data, glass transition temperatures were found using the TA

Universal Analysis program.

7.2.6 Optical microscopy

OM measurements were performed with two microscopes. The first was an
Olympus BX51 microscope that was equipped with an Olympus UC30 digital camera
and used Olympus Stream Essentials 1.9.2 software. It was used to analyze coating
surfaces.
A Meiji microscope equipped with a Nikon digital camera DXM1200 and Nikon ACT-1

software was used to analyze coating cross-sections.

7.2.7 Rheology

Constant temperature measurements were performed with an Anton Paar MCR
301 with disposable 25 mm plates possessing a test gap of 1 mm. The resins were mixed
in with specialty waxes and clays to give curing times under constant temperature and
constant shear. The temperature was 200 °C. Experiments lasted for 30 minutes with
measurements taken every six seconds. The measuring profile had the amplitude gamma

set to 1%, and angular frequency set to 10 s

7.2.8 Transmission electron microscopy (TEM)

TEM was utilized to provide domain identification and distribution throughout the

bulk of the films. Microtome cross-section samples were prepared for TEM analysis
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using a Leica EM UC7 Ultra-Microtome (Wetzlar, Germany) with a diamond sectioning
blade; typical thicknesses were 80-100 nm. Two microscopes were used.

Initial TEM experiments were performed using a FEI Bio TwinG2 Transmission
Electron Microscope. The TEM was equipped with an AMT XR-60 CCD digital camera
system for image collection. Bright field imaging measurements were performed at an
accelerating voltage of 80 keV.

The second microscope was a JEOL JEM-1400 LaB6 TEM. This was equipped
with a Gatan CCD digital camera for image collection and a TEAMTM EDS Analysis
System for TEM with an Octane Silicon Drift Detector for elemental analysis of
pigmented films. Bright field imaging was performed at 80 keV.

To enhance contrast between polymer phases in TEM micrographs, heavy metal
salts of uranyl acetate and lead citrate were used to stain both clear films and pigmented
coatings. Coatings were immersed in 0.02 g/mL uranyl acetate in methanol for 10 min,
followed by immersion in 0.003 g/mL aqueous lead citrate for 3 min. The heavy metals
are effective electron shields that serve to darken the phases upon their acceptance by the

appropriate material.

7.2.9 Coating preparation

The examined blends in the study were prepared in a manner similar to that
presented by Mahn'® except no pigments were added. This was performed through
blending of a high and low hydroxyl (OH) group functionalized polymeric resins. All
materials were utilized as acquired unless otherwise noted. The acrylic resins with high

and low hydroxyl group functionality (20-400 OH) and Resiflow flow agent were
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purchased from Estron Chemicals (Calvert City, KY). Benzoin was used as an additive
to prevent orange peel, and was purchased from GCA Chemical Corporation. The
compatibilizer was a blocked isocyanate e-caprolactam blocked IPDI polyisocyanate
curative and was purchased from Evonik Industries (Parsippany, NJ). Film formulations
were prepared by weight and are shown in Table 5-1.

Raw materials were manually dry-blended, then melt mixed using a twin screw
extruder. The extruded material was squeezed through chilled rollers and the cooled
material was ground using a rotor mill. The ground powder particle size was further
classified by using a 106 xm (140 mesh) sieve. Powder formulations from above were
electrostatically applied to tin plated steel substrates to a dry film thickness of 50-100 xm
using a standard gravity fed powder coating cup gun. Coatings were then cross-linked in
a convection oven at 204 °C for 12 minutes to generate the thermoset films. The elevated
temperatures are required for viscosity reduction for flow inducement to ensure even
wetting of the substrate, and to liberate the e-caprolactam blocking group to generate free
isocyanate necessary for cross-linking. Fully cured coatings were cooled to room
temperature prior to subsequent analysis. Other samples were quenched by liquid
nitrogen at different cure times for eventual analysis of morphological development
within the coatings. Samples were quenched at 1, 1.5,2,2.5, 3,4, 6, and 9 minutes into

the cure.

7.3 Results

7.3.1 OM and LSCM of polymer blend surface
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In Figure 7-1, quenched samples show stark changes in surface morphologies at
magnifications of 50X. Relatively faint domains can be observed 1 minute into the cure,
and they increase to greater prominence as the cure progresses. The LCM images clearly
show the increasing roughness of the surface, while domains are observed from the
beginning of the cure in the optical micrographs. Only four samples are shown for
brevity, but they have large differences in their surface roughness. The roughness is
graphed in Figure 7-2, which plots gloss indices measured at 60° and 85° incident angles.
The OM images for 2.5 minutes and 9 minutes appear to show domain coarsening, but
the low optical magnification of these images does not make this obvious. The roughness
reaches its maximum at 9 minutes, which is also reflected in the corresponding laser

confocal micrograph in Figure 7-1.
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153 um

Figure 7-1. Optical micrographs (left) and laser confocal microscopy (right) of film
surface showing development of domains and surface roughness.
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Figure 7-2. Inverse relationship observed for 60° and 85° gloss properties and mean
surface roughness as a function of cure time.
7.3.2 DSC of quenched samples

The roughness has the greatest increase from 2 minutes to 3 minutes, which
overlaps with the greatest declines in gloss. It is at 3 minutes where the 60° gloss
plateaus and the roughness increases more slowly. This abrupt change in the
development of roughness and gloss may mark a transition in the coating during the cure.
This transition is corroborated by DSC measurements performed at NRL of the quenched
films (Figure 7-3). There is also a marked decline in the roughness from 9 minutes
(0.429 um), where it has maximized, to 12 minutes (0.341 ym), where it has declined to a
value comparable to 4 minutes (0.326 ym). This finding will be further elaborated in the

discussion concerning transmission electron micrographs.
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Figure 7-3. Glass transition temperature data from blend samples at different cure-time
intervals at 204 °C.

DSC data show that the non-cured powder had a single T, at approximately 62 °C.
As time progressed, this 7, increased slightly to 71 °C at 3 minutes, where the secondary

T, emerges at 115.1 °C, thereby indicating phase separation. The 7,’s at full cure are 80.0
°C, and 160.8 °C. DSC analysis of the single component clears revealed Tg to stem from
the high OH resin, which constitutes the dispersed phase (Chapter 5). Even though
domains can be observed in the 1-minute cure via TEM, the two acrylic resins are still
compatible enough to yield just one T, that is similar to the low OH resin at 1 minute, but

this may also be an outcome of the low crosslink density for both resin components at

this stage.

7.3.3 Rheology of blended resins
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Given the rapid changes in gloss and surface from 2 minutes to 3 minutes, there
may be an underlying mechanism for such a finding. Rheology is an important parameter
for powder coatings because even application on a substrate is necessary for coating
performance.'” This makes it important to measure film viscosity at the cure temperature,
which helps determine the gel time. Gel time is defined as the time when the storage
modulus (G’) exceeds the loss modulus (G”)."”* This threshold signifies the transition
from a mostly viscous material to a mostly elastic material. The moduli are plotted in
Figure 7-4, which shows gelation occurring at 342 seconds. Once this threshold is
crossed, the thermoset should loose the ability to experience significant flow at 200 °C.
Note that both curves do not exceed 100 Paes until at ~200 seconds. Prior to the gel point,
the timespan with the largest difference between the moduli is between 2.5 and 3
minutes, which matches the timespan for the rapid roughness increase from Figure 7-2,
thus indicating significant flow for the resin. This is important for understanding the

morphologies depicted in upcoming transmission electron micrographs.
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Figure 7-4. Resin blend measured at 200 °C cure with low shear oscillation.
7.3.4 Reaction monitoring by vibrational spectroscopy

Underlying the changes in morphology is the continuing chemical reaction
between the polyisocyanate and the two acrylic resins. The peaks to monitor for the
reaction are the isocyanate peak *' at 2255 cm™ and the e-caprolactam peak at 1655 cm’
' 2 It was observed in Figures 6-1 and 6-2 that the intensities of these two peaks change
significantly with respect to the cure, thus making them good candidates for reaction
monitoring. The isocyanate peak was measured by ATR-FTIR. Dividing this peak by the
aromatic peak at 700 cm™' normalized the generated curves for blend and the single
component films. In Figure 7-5, the fully cured blend has the highest NCO peak
observed throughout the cure, except at 2.5 minutes. A small but significant isocyanate

peak remains at full cure, which amounts to a remnant of deblocked but unreacted
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compatibilizer, whereas the peak is largely gone for the single component films. That
may be due to NCO overindexing, which is known to increase chemical resistance for
polyurethane films.* For the blend, the largest change in NCO intensity is the decrease
from 2 minutes to 2.5 minutes, which again correlates with the rapid increase in surface

roughness 2-3 minutes.
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Figure 7-5. FTIR peak intensity evolution for the isocyanate vibration at 2255 cm™ as a
function of increasing cure time at 204 °C. Intensities are normalized with respect to the
aromatic moiety at 700 cm™.

Thus, the data in Figure 7-5 may be linked with the data in Figure 7-2. Referring
back to Chapter 6, Figure 6-6 shows that the rapid rise of the NCO blend peak 1-2
minutes into the cure indicates a rapid liberation of the blocking agent, which is followed
by the rapid rise in surface roughness 2-3 minutes for Figure 7-2. The increasing
roughness may be an outcome of the low viscosity induced by e-caprolactam acting as a
solvent, which is less concentrated in the domains due to their lower free volume vis-a-

vis higher crosslink density.

7.3.5 Transmission electron micrographs
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Through the high magnification possible by TEM analysis, we observed that the
resins have not been completely compatibilized before curing occurs. Note that cross-
sectioned powder particles did not exhibit selective staining. However, two discernible
morphologies are found within the powders. One appears to be a porous continuous
phase, where the voids (white holes in powder) may have resulted from trapped N,
bubbles remaining from the acrylic polyol synthesis* and incomplete fusion. The other
phase appears to consist of dispersed wormlike structures, (7-6a). At 1 minute, the
worms appear to sinter into distinct domains, while the continuous phase surrounding
them temporarily becomes more porous. The rest of the sample consists of a fibrous
matrix with smooth domain droplets, some of which retain subtle signs of the wormlike
structure. Among all of the domains observed under TEM for the 1-minute sample, about
54% of them were observed in a fibrous matrix, as seen in Figure 7-6¢.

a) powder b) 1 minute c) 1 minute

g
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>
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Figure 7-6. TEM analysis of domain nucleation in the cross-section; a) domain with
wormlike morphology present in powder particle; b) wormlike structure coalescing into
spherical domains; c) spherical domains connected to fibrils.

These coatings develop very complex cross-section morphologies during the cure,

and thus warrant the grouping of the following electron micrographs into four datasets

organized by degree of magnification, and before/after the emergence of Tg in DSC
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measurements (Figures 7-7, 7-8, 7-9, and 7-10, respectively). What counts as low or high
magnification in this context is dependent on the quenched sample. For example, if the
focus of a particular micrograph is on domains with diameters > 20 ym, then that
qualifies it as low-magnification. High-magnification would then be on domains < 20
um.

The first set presents the large domains before and during Tg manifestation at 3

minutes. These early-cure samples were difficult to microtome due to their brittleness,
which may be a result of shear stresses within the film bulk during sintering of the
powder particles. This necessitated reliance on optical microscopy for viewing the cross-
sectioned resin block of the 1 min sample that yielded the electron micrographs for
Figure 7-7b and c. Even the 2-min sample largely disintegrated under the microtome,
and thus no micrographs from this sample will be used here.

The large domains in all of the micrographs of Figure 7-8 appear to have a
common orientation with respect to the tin substrate in the given sample. This orientation
is indicated by the blue arrows in Figures 7-7a and 7-7c, where they are pointed down
toward the substrate interface at an angle. Figure 7-7a is an optical micrograph of the 1-
minute sample because it was too delicate to withstand the microtome blade; it
nevertheless shows large domains possessing an orientation toward the film-substrate that
is indicated by the blue arrow. Wrinkled domains can be seen in the 1.5-minutes sample;
this will be elaborated upon in the discussion section. The 2.5- and 3-minute samples
show oriented domain chains that suggest rapid coarsening that is influenced by
hydrodynamics. As seen in the 1-minute sample, domains in the 2.5-minute sample

appear to be commonly oriented toward the substrate at an angle. The large domains do
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not exhibit this orientation, but the domain chains do. Similar orientations by domain

chains have been observed in the 3-minute sample, but emphasis is now placed on the red

a) 1 minute OM b) 1.5 minutes TEM

n substrate interface
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Figure 7-7. Low-magnification cross-sections up to 3 minutes. Blue arrows indicate
orientation of large domains. Red boxes indicate a paucity of small domains connected
to large domains.

boxes to indicate regions that do not have small domains being linked to the large ones;

for most large domains, these paucities coincide with elliptical regions of highest
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curvature, as seen in Figure 7-7d. This finding has been observed for almost all ellipsoid
domains with major axes spanning 20 ym.

At cure times of 4 minutes or greater, sample tearing or cracking from the
microtome became less pronounced as the cure progressed, which suggested increasing
viscoelasticity for the films. Brittle films are more likely to disintegrate under the
microtome, and thus the observed cracks and tears are artifacts of the stresses induced by
the diamond blade. The large domains have smaller aspect ratios, but never become fully
circular. At 6 minutes, the coarsening rate decreases, as evidenced by the smaller number
of domains in contact with the large domain in Figure 7-8b. Its surface, while visibly
roughened by the small domains beneath it, appears to be slightly bulging from the large
domain 40 ym below. This bulging effect seems to continue for the 9 minute sample, as
a few domains have been observed to be nearly as large as the coating thickness that
comes into contact with the substrate, as seen in Figure 7-8c. This contact with the
substrate may lead to the large domains eventually flattening onto the substrate, as seen
in Figure 7-9d. Flattened domains are a feature of the films from the beginning of the
cure (Figure 7-7a), but their number and size increase drastically in the interval from 9
minutes to 12 minutes of curing. Their presence may be an effect of lowered interfacial

energy, as investigated by Funke and Murase.’
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a) 4 minutes b) 6 minutes

40 pum

Figure 7-8. Low magnification electron micrographs of cross-sectioned films quenched
4-9 minutes and at full cure.

The samples shown in Figure 7-7 are presented in higher magnification for Figure
7-9, except for the 1-minute sample, which is shown in Figure 7-6 for high magnification.
The domains in Figure 7-9a have visible interfaces, but they show similar degrees of

staining with their proximal environments, which suggests that much of the high OH
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material has yet to relax into domains. Figure 7-9b is a micrograph of domain chains
merging into larger domains. At 3 minutes, there seems be a secondary phase transition,
in which the droplet phase is accompanied by a cocontinuous phase within the matrix.
This new cocontinuous structure appears to have both high OH and low OH polymers
because the darker gray phase possesses a shade of grey very similar to that of the
droplets. In the lower left of 9c, the darker phase appears to be actively diffusing into the
adjacent droplet, as indicated by the white arrows This diffusion can also be seen in 9d;

the darker component is close to depletion between the two nascent domains. This
secondary phase transition coincides with the first measurement of Tg (Figure 7-3) and

will be discussed in subsequent paragraphs.
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a) 1.5 minutes b) 2.5 minutes

nucleating
domain

N, diffusion * o
fronts

Figure 7-9. High magnification cross-sections of films quenched 1-3 minutes.
Micrographs of cross-sections quenched after 3 minutes suggest that the
secondary phase transition is transient. Remnants of this transition might be found in
Figure 7-10a from suggested hydrodynamic behavior. All micrographs in Figure 7-10
contain circular holes that suggest bubbles of trapped gasses. The lack of small domains

around the large domain of 7-10c could be a depletion zone from the coarsening. A small
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domain sandwiched between a flattened domain and large domain suggests that the
increasing crosslink density also increased the energy barrier to coarsening to the point of
nearly stopping it. In fact, the large domain is largely resting on top of the flattened

domain.

a) 4 minutes b) 6 minutes

Figure 7-10. High magnification cross-sections of films quenched at 4-9 min and full
cure.
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Attempts at quantifying the distribution of domain areas are summed up in the
histograms of Figure 7-11. The columns are organized around clusters of domain areas.
Domains < 2 ym?” were excluded due to their sheer number, which would have dwarfed
the numbers of large domains and thereby hide the trends. Typical numbers of counted
domains were 300-500; later cure samples had greater numbers of larger domains, which
reduced the total number that could be counted. Considering the high polydispersity of
the domains, their nonstop growth throughout the cure, and their wetting behavior, no
estimation of the volume could be obtained. What this stacked histogram represents is a
rough trend of the observed nucleation and coalescence of the domains. Up to 9 min,
there is an upward trend toward bigger domains in the 10-50 xm® and 50 zm* columns.
There is a relatively large jump 2.5 min to 3 min in the percentage of domains being 10-
50 um?*, which suggests rapid coalescence. However, the 4 min columns do not conform
to this behavior because of newly nucleated small domains, although domains > 50 ym”

continue to gain in number. This is elaborated upon in the discussion section about the
emergence of Tg . Rapid coarsening resumes from 4 minutes to 6 minutes; domains 10-50

um’ experience another rapid rise in the composition of the total number counted. The
coarsening rate slows down for 6-9 minutes; the 2-10 zm” and 10-50 um* columns show
little change, but the 50+ um’ column reached its highest percentage. The marked
decline in the percentage of domains > 10 zm” at full cure is due to the flattened
appearance from substrate wetting. This means the large domains take up less space in

the coating cross-sectional area, leaving more domains < 10 zm’ to be counted.
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Figure 7-11. Histograms of domain areas for samples at different stages of the cure.

7.4 Discussion

7.4.1 Powder to 1.5 minutes: sintering of powder particles and nucleation of
domains

The domains clearly undergo considerable changes from start to finish. In the
powder, the lack of selective staining may be an effect of:

. very dark imaging from high sample density, as this is really extrudate

material that had not yet experienced loss of mass from deblocking, and

. high compatibilization, even within the wormlike structures.
Uneven sample heating may have enabled observation of domains transitioning from
encapsulated wormlike structures in the powder to smooth spherical domains. About 120

small domains (d < 2 ym) have been observed in the transmission electron micrographs
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of the 1-minute sample; about 46% of them were domains with wormlike structures
inside of them, but appeared to be transitioning toward smooth structures, as seen in

Figure 7-6. Moreover, these domains were probably not very crosslinked, as attested to

by the absence of Tg until 3 minutes. The wrinkled appearance of the large domains at

1.5 minutes (Figure 7-7b) is an indication of low crosslink density, as well as relaxation
from stresses induced by the microtome or stick slip during cutting. The small
amorphous drops surrounding the wrinkled domains in Figure 7-7b are shown in closer
detail in Figure 7-10a, where we see nascent domains outlined by interfaces ~ 50 nm in
length. Interfaces this long are characteristic of compatibilized polymer blends,”* and
have been observed in later cure times. It is suspected that wrinkling could be seen in
microtomed large domains for the 1-min sample as well, but its fragility leaves this
question unanswered. Another sign of compatibilization in the early cure is the fibrous
network in the nascent matrix, which is key to good adhesion between the phases.'* The
fibrils are not observed in samples after 1 minute because the film may have completed
the transition to a melt with immiscible droplets.

After deblocking, e-caprolactam may exist as a liquid prior to evaporation,
allowing it to act as a solvent. This solvation could be implied from the correlation of
plotted data in Figures 7-2 to 7-5. For instance, the surface roughness in Figure 7-2
changes relatively little for 1 to 2 minutes. In the rheology data (Figure 7-4), the time at
which G” surpasses G’ (1 minute) coincides with the start of a rapid rise in the NCO peak
height ratio in Figure 7-5 for the blend (red curve). Thus, rapid deblocking suggests the
onset of significant resin flow, when boiling e-caprolactam liquid can reduce the

viscosity of the resin melt. The e-caprolactam concentration was observed to decrease
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throughout the cure, but there was enough of it in both phases to keep the viscosity low
(Figure 6-6). This could be one of the causes of the rapid rise in surface roughness 2
minutes to 3 minutes in Figure 7-2. Thus, the film should not be considered as a

quiescent (no flow) polymer system in the early cure.

7.4.2 2- to 3-minute interval: rapid coarsening

A necessary process in curing of powder coatings is the surface leveling via
surface tension gradients (known as Marangoni flow),” which yields smooth finishes for
typical powder coatings.”® However, as a polymer blend, surface tension may manifest
the opposite effect on the finish. Surface tension in powder coatings typically arise from
inhomogeneous distribution of the powder particles, but the composite nature of this set
of films could have an additive effect on the surface tension. On a macroscopic level, the
tilted large domains in Figure 7-7a and the tilted orientation of domain chains toward the
substrate in Figure 7-7c (indicated by blue arrow) suggest extensional flow from surface
tension gradients. The low viscosity allows hydrodynamic forces to act on the domains
and in some cases deform them into ellipsoids. Simultaneously, domains may ripen by
inter-droplet diffusion via van der Waals forces and potentially from Brownian motion
from thermal noise due to the high cure temperature.”’” According to Table 5-1, the high
OH resin is 26% by weight of the total composition, which is considered a high content
of the dispersed phase according to recent work by Fortelny et al.*® This high
concentration of domain droplets would make droplet-droplet collisions more likely and
thus contribute to ripening. The diffusion mechanism is further elucidated in paragraphs

discussing the later cure.
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Both ripening mechanisms would couple to produce the rapid coarsening
observed in the 2.5-minute and 3-minute samples. This rapid coarsening underlies the
rapid surface roughening 2-3 minutes into the cure from Figure 7-2. The columns labeled
“2-10 ym®” and “10-50 zm*” in Figure 7-11 embody this trend in rapid coarsening. At
2.5 minutes, 73% of the 404 counted domains have cross-section areas 2-10 ptmz, and
25% have areas 10-50 ym*. At 3 minutes, 62% of the 310 counted domains are 2-10
um?, and 37% are 10-50 um®. Very few domains > 50 ym* were found.

The capillary number Ca and the viscosity ratio p = 5,/15,, can describe domain
geometry in a flowing liquid matrix; 77, = domain viscosity, 77,, = matrix viscosity. In this
context, Ca is the ratio of the applied hydrodynamic stress on the droplet that deforms it
and the interfacial tension, which attempts to preserve the spherical shape of the domain

droplet for surface energy minimization according to Stary:"*

Ca=”’;—yd, (7-1)
(02

where y = shear rate, d = domain diameter, and o = interfacial tension. If the

hydrodynamic stress is large enough, Ca exceeds the critical capillary number Cacg, and
the droplet elongates into an ellipsoid. Domains remain spherical for Ca < Cacg. The
large domains in several micrographs are mostly elliptical, which could be a result of
them being large enough to experience significant hydrodynamic stresses from
extensional flow via surface tension gradients. The crosslink density in these domains
must be low enough to allow such deformations to occur.

Puyvelde et al have proposed that the flow surrounding large domains can convey
mobile compatibilizer molecules toward tips of the domains and exacerbate deformation.

An inhomogeneously distributed compatibilizer produces a concentration gradient at the
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interface and causes Marangoni stress (a stress from interfacial tension on the domain
that opposes hydrodynamic stress) that tries to equalize compatibilizer concentration on
the domain surface.” Evidence for this is seen in the drawn red boxes of Figures 7-7¢ and
d. The surfaces of large domains are largely in contact with small domains except for the
highlighted regions. Compatibilizers such as the polyisocyante curative act in various
capacities to suppress coalescence in blends,” so regions with higher concentration of
compatibilizer may suppress domain linkage. The large spherical domain in 7-8c could
be at the beginning stages of deformation but it has regions largely free of domain
linkages at opposite ends. 30 seconds later, the coupling of hydrodynamic flow and
simple diffusion elongated these domains to ellipsoids (Figure 7-7d) while coarsening

along elliptical minor axes.

7.4.3 Secondary glass transition and transient double phase separation

The images in Figures 7-9c and d suggest there is additional demixing occurring
via spinodal decomposition upon initial detection of Tg by DSC. A hint of such

demixing via transient cocontinuity is also observed in 7-9a, but it is the 3-minute cross-
section that displays this type of phase separation on a broader scale for the sample. This

may be suggestive of lower critical solution (LCST) behavior,"* in which the polymer
solution had resided in the metastable region before Tg emerges. The metastable region
is where the nucleation and growth mechanism occurs, which leads to droplet domains.
At the start of Tg , a critical concentration fluctuation facilitated a spinodal decomposition

that did not disrupt the dispersed droplet morphology that was already present. Despite

the higher 7, the dark gray resin phase may possess a viscosity similar to the light grey
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resin phase (especially as €-caprolactam evaporates), and by extension, similar crosslink
density after quenching. The crosslink density can be inferred from nanoindentation
experiments (Figure 7-12) on the 2.5 and 3-minute samples, which show that both phases

are similar in hardness in both samples.
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Figure 7-12. Nanoindentation hardness results for the 2.5 and 3-minute cross-sections.
At 2.5 minutes, the average hardness for the matrix and domain is 625 MPa and 650

MPa, respectively. At 3 minutes, it is 850 MPa for the matrix and 900 MPa for the
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domain. Thus, the difference in hardness is also increasing, and by extension, the
crosslink density, which has been correlated with resistance to styrene infiltration in
Chapters 5 and 6. Therefore, these hardness results in the early cure do suggest viscosity
ratios to be close to unity at 204 °C.

Literature on spontaneous double phase separation in binary blends is scarce.
Numerical simulations by Tanaka and Araki showed cases where droplet domains
emerge within the cocontinuous structure and stabilize.”’ This would occur for systems
with high fluidity. Conversely, this system with a dispersed morphology has cocontinuity
emerging within the matrix that largely disappears in the 4-minute sample. In Figure 7-
9d, the high OH component in the cocontinuous phase appears to diffuse into the
domains; by 4 minutes, this component has been completely absorbed into extant or
nascent domains. In Figure 7-10a, this disappearance is marked by possible visages of
low OH material diffusing into apparent vacancies created by the nascent domains.
Remnants of the cocontinuous phase could be found in large domains that contain low
OH material (Figure 7-8a); a result of domain coarsening that was so rapid that some low
OH regions were encapsulated before they could diffuse out. Such encapsulation has
been observed at other cure times, but not at 3 minutes or before. In the 4-minute
histograms of Figure 7-11, the 2-10 zm* column is 69%, which is 7% higher than for the
corresponding 3-minute column; the 10-50 zm* column declined from 37% at 3 minutes
to 27% at 4 minutes. The 50+ ym? column still rose from 1% at 3 min to 3.5 % at 4
minutes. These results indicate that several small domains had nucleated in this interval,
but the very large domains continued to coarsen; domains with cross-section areas

exceeding 1000 zm” were becoming more common at this stage of the cure, and have
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been corroborated by observations of additional cross-sections under optical microscopy.
The sudden rise in the number of small domains could be rooted in a phenomenon known
as dynamical percolation-to-cluster transition.” This is attributed to Rayleigh instability
of the percolating resin network, in which they disintegrate into spherical domains < 2
um due to interfacial perturbations,” several of which would diffuse into larger domains.
Another feature that arises after the transient double phase separation are the
bubbles (white circular holes in Figure 7-10), which have been observed in cross-sections
of single component films as well. The bubbles are almost exclusively found in the
matrix of samples cured at 4 minutes or later. They are likely the result of caprolactam
evaporating out of the film. The matrix was observed to maintain higher caprolactam
signatures throughout the cure. Its crosslink density remains consistently lower than for
the domains, which may underlie the consistent exclusion of the bubbles by the domains.
Smaller free volumes in the domains mean there is less space for caprolactam molecules
to occupy because increased crosslink density is correlated with decreased free volume.
By extension, compatibilizer molecules should also be excluded by the domains, but
experimental confirmation would require a small enough spot size to analyze the NCO

peak in individual domains by FTIR.

7.4.4 Cure dynamics from 4 to 12 minutes
Following the transient phase separation, the coarsening rate has decreased, but
not to insignificance. The large domains for the 4-minute sample still are ellipsoids, but

with decreased aspect ratios because of:
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. possible shape relaxation from Marangoni stresses as the increasing viscosity
reduces hydrodynamic forces, and
. locations of domain growth fronts have been at the upper and lower interfaces
(regions of lowest curvature), as observed by the linked domain chains from the 2.5- and
3-minute samples (Figure 7-7).
Domain chains still feature prominently at 4 minutes, but they are not similarly oriented
as seen for 2.5-minute sample (Figure 7-7c). The perimeters of most large domains are
still covered with small domains that eventually coalesce, but also retain the evidence for
the uneven distribution of compatibilizer at opposing ends (regions of highest curvature).

From 6 minutes and later, domains appear to coarsen by diffusion alone. The gel
point occurs at 5.5 minutes, and coalescence by diffusion becomes the dominant
mechanism for the continued coarsening. The declining coarsening rate is suggested by
the 2-10 ym”* and 10-50 um’ columns in Figure 7-11 showing little change, while the 50+
um’ column grew from 4.5% to 6.2%. Domains tend to relax into spheres to minimize
the surface free energy, but the largest domains seem to be locked in as ellipsoids. Small
domains can be seen in contact with large domains without showing signs of ripening;
such behavior suggests the increasing crosslink density has imposed a sizable energy
barrier to coalescence (Figures 7-10b and 7-10d). The small domain resting in between
two very large domains in Figure 7-10d is one of many domains 2-5 ym in diameter
sandwiched between the two large ones and thereby indicating that domains are
transitioning into nonadsorbing hard spheres at full cure.

The barrier to coalescence has yet to grow large enough to cap the size of the

largest domains (d = 50 #m), as they seem to expand to the point of pushing the film
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surface upwards (Figures 7-9b and 7-9c). The surface roughness plot in Figure 7-2
reaches its maximum at 9 minutes, and that is when the bulging is most pronounced.
Thus, the surface roughness is augmented by waviness that is caused by domains growing
as large as the film thickness itself (Figure 7-7c). The paucity of small domains proximal
to the largest domains seems to form a depletion zone that does not have bubbles except
at the interface of the large domain itself (Figure 7-10c).

The decline in roughness from 9 minutes to 12 minutes could be caused by the
very large domains wetting the tin substrate and thereby flatten. In Figure 7-8c, part of
the large domain has already adhered to the substrate interface. The culprits behind the
sudden adhesion to the substrate could be the high interfacial tension of the domains and
the possible thinning of the film via mass loss due to outgassing €-caprolactam, which is
close to depletion at 9 and 12 minutes in both phases (Figure 6-6).

Flattened domains have been a part of the cross-section since the beginning
(Figure 7-7a), but it is at full-cure that the majority of large domains have flattened from
substrate adhesion. Table 7-1 summarizes the behavior of large domains over a 2 mm
distance from a series of optical micrographs. Listed are the surface areas in ym’ of the
cross-sectioned domains with respect to cure-time. The last column is the ratio of
domains adhered to substrate over globular domains suspended in the continuous phase.
The first three cure times are not included for brevity. The row of ratios indicates that the
domains were initially slow to adhere to the substrate, but by 6 minutes of cure, adhered
domains had become the majority. This ratio remained nearly constant up to 9 minutes.

By 12 minutes, large globular domains were a small minority.

180



Table 7-1. Surface areas of cross-sections of domains over a 2 mm distance plus the ratio
of adhered domains to globules (A/G).

Time (min) 25 3 4 6 9 12

Surface area 6949 12934 14133 34262 30119 36352
adhered (A)

(pm’)

Surface area globule 50793 40934 34285 20709 18352 8059
(G)

(pm’)

A/G 0.14 0.32 0.41 1.65 1.64 451

The flattening occurred because the high surface energy of the tin substrate may
be closer to the interfacial energy of the high OH phase than to the low OH phase.” This
is corroborated by the observed total encapsulation of black nanoparticles that were
confirmed via EDAX to be silicon-based flow aid. A high surface energy also makes it
unlikely that the domains coarsen by Ostwald ripening, which is an observed
phenomenon for immiscible polymer blends with low interfacial energy.** This will be a

major focus in the next chapter when pigments are introduced into the polymer blend.

7.5 Conclusion

An immiscibly blended polyurethane powder coating consisting of two
components that highly differ by their hydroxyl (OH) content was cured in a convection
oven at 204 °C for 12 minutes. It has been analyzed by diverse techniques in powdered
form and quenched at different stages of the cure in order to observe morphological
changes throughout the cure. According to LCM, the surface roughness rose rapidly 2-3
minutes into the cure, peaked at 9 minutes, and then slowly declined to a roughness
similar to the 4-minute sample. The roughness profile is a macroscopic manifestation of

several underlying processes that occur in the coating bulk. For instance, DSC showed
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the secondary T, manifesting at 3 minutes, which coincides with the end of the rapid rise
in roughness and is the T, for the high OH dispersed phase. Rheology measurements
performed at 200 °C showed that from 1 minute to 5.5 minutes, G” > G’, indicating
significant flow for the resins for this timespan. In the early cure, the reduced moduli
suggest a lowered viscosity that may stem from the high cure temperature and liberated ¢-
caprolactam blocking agent. This molecular liberation was discerned by FTIR analysis
of the isocyanate peak at 2255 cm™.

The concentration of volatile e-caprolactam was analyzed by monitoring the
carbonyl peak at 1655 cm™ by Raman spectroscopy for both phases in the blend and
single component resins. The concentration declined with respect to time. The high OH
resin had the highest concentration, but this was not analogous for the domains. The
domains may have less free volume for the e-caprolactam molecules to occupy due to
their crosslink density being greater than for the matrix. This exclusion by the domains
may have added extra e-caprolactam to the matrix, which further reduced its viscosity by
acting as a solvent while it boiled out of the film. The low viscosity is one of the keys to
the rapid rise in surface roughness for the early cure.

TEM of epoxy-embedded cross-sections stained with heavy metal salts was
crucial to understanding the evolution of the coating morphology. This analysis allowed
observation of domains in the blended powder, and thus indicated that the polyisocyanate
curative did not fully compatibilize the two resins during extrusion. In the cure up to 3
minutes, domains with diameters = 20 ym had deformed into ellipsoids that have tilted
toward the substrate interface. Smaller domains typically formed chains that were

similarly orientated toward the substrate and extended from the coating surface down
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toward large domains or the substrate interface. This indicates a coupling between
hydrodynamic forces and diffusion induced by chemical potential, which produced rapid
coarsening. Domain coarsening is the underlying mechanism behind surface

roughening. The low viscosity in the early cure merely accelerated the coarsening.
During the emergence of Tg at 3 minutes, a transient secondary phase separation

occurred in the matrix. The extant domains continued to coalesce, but the matrix
consisted of a cocontinuous phase with nascent domains. This phase structure had almost
disappeared at 4 minutes. Evidence of this transition may be found in a few domains that
had circular regions sharing the same contrast as the matrix, which suggested that the
high OH domains had encapsulated low OH material. The bubbles may also serve as
evidence of this secondary transition, as they are found exclusively in the matrix, and
may be linked to e-caprolactam outgassing. Domains almost never had bubbles, which
may suggest an exclusionary mechanism attributed to their higher crosslink density.
Microtomed cross-sections of both single component coatings also contained bubbles,
with a far greater number of them observed in the high OH coating.

In the later cure, most of the e-caprolactam had outgassed, which raised the film
viscosity and thus slowed down the rate of domain coarsening. Diffusion via van der
Waals attractions with Brownian motion from thermal noise was the likely remaining
mechanism behind the coarsening, since the surface energy of a domain tends to shrink as
its diameter grows. At 9 minutes, the surface roughness and the largest domains reached
their maxima. In the cross-section, these domains were nearly as large as the coating
thickness, which appeared to induce a wavy pattern on the surface. Loss of mass from

outgassing e-caprolactam might also have contributed to the surface waviness. The
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shrinking coating layer may have “pulled” the large domains down toward the substrate
and thereby triggering the adhesion. At full cure, a majority of these large domains were
flattened from substrate wetting, which suggests that surface energy plays an important
role in the morphology of the dispersed phase. This has important implications for the

behavior of domains when pigments are added.
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Chapter Eight

Forced Flocculation via Pigment Segregation

8.1 Introduction

Most powder coatings are formulated for high gloss, in which low loadings of
pigments are widely dispersed within the coating.'” Dispersed pigments are possible
when the pigment-to-volume concentration is low. Excess pigment loading can have
deleterious effects on resin rheology during curing.” High loadings also increase the
economic cost of the product. However, powder coatings are attractive due to the
absence of solvents in their application.*

Among the resins used for powder coatings, the thermosets use low molecular
weight polymers, and thus have relatively low viscosities upon their application.” Adding
pigments induces an increase of the viscosity due to the greater occupation of the coating
volume. This relationship between pigment concentration and volume is complex, and
has been the subject of several empirical models in the literature. Among the most
widely used is the Krieger-Dougherty model, which assumes the solid particles to be non-

interacting spheres:*

—[7]Pmax
¢ )
N =|1-— : (8-1)
( ¢max
with ¢,,,. the volume fraction at maximum packing and [#] the intrinsic viscosity.

Replacing the non-interacting spheres with interacting particles, i.e., pigments,

further add complexity to the rheology. Pigment-polymer interactions form a polymeric
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adsorption layer around the pigments, which results in an increased effective volume

fraction ¢:

Do = ¢(1 + é) , 52)

B
with O the adsorbed layer thickness and r the pigment radius. The pigment-polymer
interactions further increase the viscosity, relative to that induced by non-interacting
particles at the same ¢.” As non-Newtonian fluids in molten form, powder coatings
require a minimum shear stress to be exceeded in order to flow. This is known as the
yield value, and results from the necessary energy for destroying the physical network
structure created by the interparticle pigment interaction. Increasing the pigment-to-
volume-concentration (PVC) increases this interaction that culminates in a higher yield
value and viscosity. This subsequently affects the flow and leveling properties of the
coating.” It has been shown that polymers with moieties capable of interacting with
pigments can form ionic bonds on the pigment surface and eventually form thin polymer
layers around the pigments (i.e., d). This can reduce the melt viscosity of the powder and
improve flow.*

Gloss is also affected by flow. In powder coatings, it is related to the microscopic
smoothness of the film. Smooth planar surfaces reflect incident light with little distortion
and thus exhibit high gloss, while microscopically rough surfaces scatter light. Once the
flow is controlled, gloss can be varied by the following methods:**"

* Incorporating inorganic extenders into the binder

* Combinations of incompatible ingredients, e.g., waxes
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* Blending resins with different reactivities; e.g., fast and slow-reacting resins, one
resin with dual curatives, two resins with one curative, dispersed reactive
catalysts, two resins with two curatives

* Combination of the above

The motivation for dead matte finishes in powder coatings is the expansion of new
commercial applications for low volatile organic compound (VOC) emissions within the
coating industry.

Surface energy has been used to describe the interaction between pigments and
binders. This interaction can be characterized by the acid-base properties of the
pigments and binder. The pigments in this study tend to be basic, since they are
transition metal oxides (except for calcium silicate), while the binder consisting of acrylic
polyols tends to be acidic. The acid-base chemistry lends itself to charge stabilization, in
which an electrically charged double layer surrounds the pigment particle. All pigments
share the same outer layer and thus repel each other when they come into close
proximity. This is one model for how pigment dispersions are stabilized."

Another mechanism for preserving the pigment dispersion is steric stabilization,
in which a polymeric dispersing agent is adsorbed onto a pigment surface and creates an
effective steric barrier that prevents the other particles from getting too close. This is a
typical treatment for alumina/zirconia-coated titanium dioxide,'> which in raw form
would be difficult to disperse in a powder formulation.

In this study, all formulations utilize calcium silicate as a matting agent and two
acrylic resins reacting with an e-caprolactam-blocked IPDI curative. They are thus

differentiated by prime pigments to impart the following colors: black, tan, and green.
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The acrylic resins are rendered incompatible by differences in polarity and hydrogen
bonding characteristics from Hansen Solubility Parameters."” Reactivity differences
between the resins produce a dispersed phase within the binder that differs in crosslink
density from the continuous phase, which roughens the surface and reduces gloss. Such
a heterophase structure within the coating can improve mechanical properties such as
scratch/mar resistance and adhesion durability.'*"> The polymeric components have been
identified in Chapters 4 and 5. Their spectroscopy has been described in Chapter 6, and
the bulk evolution of the domains without pigments has been described in Chapter 7.
This chapter describes the evolution of the domains with calcium silicate, carbon black,
and magnetite pigments. The object here is to understand the effect pigments have on
the phase separation process in order to produce highly roughened surfaces for low-
reflectance outdoor applications. Up to now, the dispersion of pigments has been
analyzed in single phase binders. How would a dispersion of pigments be affected when
a dispersion of evolving polymeric droplets is incorporated into the binder? We have
answered this question to a great degree with electron microscopy of cross-sectioned
samples. The samples studied here were black films at different stages of the cure,

including the powder before its application on a tin-plated steel substrate.

8.2 Experiment

8.2.1 Coating preparation
The examined blends in the study were prepared in a manner similar to that
presented by Mahn.'® Preparation of a low gloss pigmented coating was performed

through blending of low and high hydroxyl group functionalized polymeric resins. All
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materials were utilized as acquired unless otherwise noted. The acrylic resins with high
and low hydroxyl group functionality (20 — 400 OH), and Resiflow were obtained from
Estron Chemicals (Calvert City, KY). Benzoin was purchased from GCA Chemical
Corporation. Calcium silicate was purchased from Nyco Minerals (Willsboro, NY). The
blocked isocyanate was a g-caprolactam blocked IPDI polyisocyanate curative and was
purchased from Evonik Industries (Parsippany, NJ). Three colors were formulated
according to published specifications.'” The black coating was formulated at various
weight percentages with carbon black and black iron oxide. The tan coating was
formulated with titanium dioxide, carbazole dioxaiine violet, and various iron oxides. The
green coating was formulated with acid insoluble green pigments mostly composed of
chromium oxide, and traces of cobalt and zinc; carbazole dioxaiine violet, iron oxides,
light stable orange and yellow organic pigments; zinc/magnesium ferrite or other mixed
metal oxides.

Raw materials were dry-blended by hand, then melt mixed using a twin screw
extruder at 120 °C. The extruded material was forced through chilled rollers and the
resulting cooled material was ground using a rotor mill. The ground powder particle size
was further classified by using a 106 xm (140 mesh) sieve. Powder formulations from
above were electrostatically applied to tin plated steel substrates to a dry coating
thickness of 2.0 — 2.5 mils using a standard gravity fed powder coating cup gun.
Coatings were then cross-linked in an oven at 204 °C for 12 minutes to afford the
thermoset. The elevated temperature was required to reduce the viscosity of the

polymeric resins to induce flow, ensuring even wetting of the substrate, and to initiate
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removal of the e-caprolactam blocking group from the isocyanate. The resultant coatings
were slowly cooled to room temperature prior to subsequent analysis.

Calcium silicate, chrome oxide, and magnetite received no surface treatment prior
to mixing. Titanium dioxide particles were encapsulated by alumina and zirconia to

increase exterior durability, then surface-treated with an organic dispersant.

8.2.2. Laser scanning confocal microscopy (LSCM)

LSCM was used to obtain information on surface characteristics of the coatings.
LSCM measurements were performed on an Olympus LEXT OLS4000 using the LEXT
software package. Images were gathered using a laser source at 405 nm with 50x optics
providing 1076x magnification of the coating surfaces. The LEXT software package
allowed the stitching of four magnified images together to provide measurements over
483 um x 485 pum surfaces. Images were taken every 0.06 um along the z-axis and were
compiled to create a 3D image of the coating surfaces. Surface roughness parameters,
depth profiling and macro size domain measurements were performed using the LEXT

software package.

8.2.3. Gloss measurements

Gloss measurements were obtained for each film using a BYK Gardner micro-
TRI-gloss-S meter. Powder coatings were applied to black & white T12G Metopac™
(Metal) panels were purchased from the Leneta Company. The powder coatings were
applied to a dry film thickness of 50.8- 63.5 ym using standard powder coating spray

equipment and cured in a convection oven for 12 minutes at 204 °C.
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8.2.4. Optical microscopy (OM)

Digital optical microscopy was used to record observations of embedded cross-
section samples, particularly of the size and distributions of domains. OM measurements
were performed on a Meiji microscope equipped with a Nikon digital camera DXM1200

and Nikon ACT-1 software.

8.2.5. Transmission electron microscopy (TEM)

TEM was utilized to provide domain identification and distribution throughout the
bulk of the films. Prior to analysis, most samples were embedded in fast-cure epoxy
(West Systems, Michigan). Fully cured samples were embedded in Bio-plastic polyester
resin (Ward’s Science, New York), but this did not alter the morphology. Microtome
cross-section samples were prepared for TEM analysis using a Leica EM UC7 Ultra-
Microtome (Wetzlar, Germany) with a diamond sectioning blade at STP. Typical
thicknesses were 100-150 nm, which is considered thick for TEM samples, but the extra
thickness was necessary to preserve sample integrity due to extensive pullout of calcium
silicate particles. This problem got worse as the pigment-to-volume concentration
increased.

Initial microscopy experiments were performed using a FEI Bio TwinG2
Transmission Electron Microscope. The TEM was equipped with an AMT XR-60 CCD
digital camera system for image collection. Bright field imaging measurements were
performed at an accelerating voltage of 80 keV.

The second microscope was a JEOL JEM-1400 LaB6. It was equipped with a

Gatan CCD digital camera for image collection and a TEAMTM EDS Analysis System
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for TEM with an Octane Silicon Drift Detector for elemental analysis of pigments within
the films. Bright field imaging was performed at 80 keV.

To enhance contrast between polymer phases in TEM micrographs, heavy metal
salts of uranyl acetate and lead citrate were used to stain both clear films and pigmented
coatings. Coatings were immersed in 0.02 g/mL uranyl acetate in methanol for 10 min,
followed by immersion in 0.003 g/mL aqueous lead citrate for 3 min. The heavy metals
are effective electron shields that serve to darken the phases upon their acceptance by the

appropriate material.

8.2.6 Scanning electron microscopy (SEM)

The SEM used was a LEO1550 with a Robinson backscatter detector. Its
accelerating voltage was 20 kV. It also has an EDAX detector with iXRF electronics and
software. Cross-section samples were sputter coated with an Edwards 150B gold

sputterer for about 30 seconds, which corresponds to ~ 5 nm thickness.

8.2.7 X-ray photoelectron spectroscopy (XPS)

Survey scans were performed with a pass energy of 100 eV. High-resolution
scans were performed with pass energy of 50 eV which had a spacing of 0.1 eV and a
100 ms dwell time. Both types of scans were repeated 50 times and co-added using the
VGX900i software program. The two angles of incidence were 90° and 60°. XPS
spectra were processed with CASAXPS software. All high-resolution peaks were curve-
fitted with a Shirley background, and with products of Gaussian and Lorentzian line-

shapes.
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8.3 Results/Discussions

8.3.1 Surface analysis

The surface roughness of fully cured black coatings is illustrated in the LCM
images of Figure 8-1. S, values for the low OH, high OH, and blended films are 0.13 ym
0.40 ym, and 2.61 pm, respectively. The roughness is an order of magnitude greater for

the blended black film due to the incorporation of phase separation within the binder.
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a) Low OH

Figure 8-1. LCM images of black film surfaces; a) low OH; b) high OH; c) blend.
The gloss measured at two angles with respect to cure-time for the blended black

films is plotted in Figure 8-2. Both gloss curves plateau at 2.5 minutes, which shows that
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the pigments roughen the surface immediately, whereas without pigments, the gloss
plateaus at 4 minutes for both angles (Chapter 7). In Chapter 5, it was observed via
Raman spectroscopy that the domains began to become crosslinked enough 2.5 minutes
into the cure to induce a concentration gradient of contaminant styrene from polyester
embedding resin; the polymer matrix remained saturated with styrene, while the domains
progressively reduced the infiltration of styrene. The beginning of resistance toward the
infiltration of a contaminant solvent coincides with the plateauing of the gloss. The gloss

is much more reduced and declines at a greater rate for the black films than for the clear

films.
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Figure 8-2. Gloss measurements of blended black coatings as a function of time.
Surface roughness measurments were also conducted on quenched film samples

formulated with only the CaSiO, matting agent. While roughness measurements were
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not conducted for quenched black films, the matting agent-only film serves as a good
approximation for the black film due to their relatively similar roughnesses; i.e., S, = 2.61
for the black film at full cure, and S, = 1.99 pm for the matting agent-only film at full
cure. As was evident for the clear films (Chapter 7), the roughness increases slowly in
the early cure, followed by rapid roughening (1.5 minutes-4 minutes). However, the
clear coating continued to roughen at a slower rate up to 9 minutes, followed by a decline
in roughness from 9 minutes to 12 minutes. The roughness of the matting agent-only
coating plateaued at 4 minutes. This plateauing may indicate that the viscosity of the
resins increased to the point of effectively confining the pigments and domains in place;

the film surface changes very little from that point onward.
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Figure 8-3. Evolution of surface roughness for clear coating formulated with only
calcium silicate matting agent.
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8.3.2 Correlating the surface with optical micrographs of cross-section

From the gloss and surface roughness measurments, it is apparent that the surface
roughness is largely devleoped by the early cure, which also concides with the emergence
of the second T, (Chapter 7). This is supported by the optical micrographs of the cross-
section at various times in Figure 8-4. These are the surfaces of the cross-sectioned resin
blocks after microtome sectioning, which yields a very smooth finish. The coating
surfaces are located at the upper epoxy-coating interfaces in Figures 8-4a-d. The coating
surfaces in the 3-minute and 6-minute micrographs do not exhibit noticable change (8-4¢
and d) , which correlates with the plateauing curves in Figures 8-2 and 8-3. The

morphology essentially achieves equilbrium four minutes into the cure.
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a) 1.5 minutes b) 2 minutes

¢) 3 minutes _ ~d) 6 minutes

Figure 8-4. Optical micrographs of the cross-section for the black coating at different
cure times. The white scale bar is 50 ym.

8.3.3 Electron microsocpy of cross-sectioned black films at various cure-times

The early cure clear films largely disintegrated under the microtome blade
(Chapter 7), which did not bode well for the pigmented films. Low magnification images
of the 1-minute samples was also unobtainable in the set of quenched black films due to
brittleness. However, unlike the clears, a low magnification image of the 2-minute
sample was obtained (Figure 8-5a). The image in 8-5a shows massive damage from the

sectioning, but large and small domains are still observable. All images in Figure 8-5
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show large white areas within the domains that are results of the blade pulling out
pigments. These white areas suggest that the pigments were encapsulated within
domains prior to pullout. This apparent containment of pigments will be a subject for
further discussion.

a) 2 minutes b) 2.5 minutes

b
‘.‘J—P:

Figure 8-5. Low mag TEM of cross-sections of black films at various cure-times; a) 2
minutes; b) 2.5 minutes; ¢) 3 minutes; d) 9 minutes. Red lines connect the spectrum to
matting agent particles.

201



Micrographs for the films cured at 2.5, 3, and 9 minutes (Figures 8-5b, ¢, & d)
show obvious contrast between the phases, with domains consisting of dark grey regions,
which is consistent with micrographs of the clears. Some calcium silicate particles are
connected to the EDX spectrum by red arrows. The film integrity improves with cure
time as the number of cracks in the cross-section lessens with each iteration. The
iterations are also accompanied by increasingly drastic morphological differences
between film topside and underside. The topside is easily discernible by the surface
roughness, while the underside becomes more smooth due to interaction with the
substrate. In micrographs of the early cures, the topside and undersides can be difficult to
tell apart because of incomplete melting (indicated by yellow circles in 8-5b). In Figure
8-5c¢, the thin dark areas that permeate through the cross-section are examples of polymer
that did not become a melt at the moment of quenching (indicated by yellow arrows).
The clear film was converted into a melt by four minutes. However, the black film was
accompanied by signs of incomplete melting all the up to 9 minutes of curing. This may
be due to heat absorption by the pigments. Representative EDX spectra of two pigments
used in the black films are shown in Figure 8-5. Carbon black is a second prime pigment
for the black films, but cannot be distinguished from the polymer in EDX spectra.

In all TEM images in this study, including images of green and tan films, the
large black needlelike particles are acicular silica. Cross-sections are 100-150 nm thick,
while the silica particles are several microns long, which makes pullout due to microtome
sectioning very likely. Pullout is observed in most of the large domains in Figure 8-5,

and thus suggests most pigments have segregrated into the dispersed phase.
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To investigate the point when pigments are absorbed into the domains, high
magnification micrographs of the powder and early cure films are provided in Figure 8-6.
The magnification is high enough to observe small magnetite particles (Fe;O,), and are
thus identified by the EDX spectrum in the middle. The morophology of the black
powder is largely similar to the clear powder analyzed in previous work, where the
powder morphology has continuous regions with bubbles of possibly N, and dispersed
wormlike regions. However, what is immediately apparent about the wormlike regions in
the black powder is their consistent encapsulation of pigment particles. These wormlike
regions have been established as domains (Chapter 7), and have already absorbed the
acicular silica and prime pigments. The domain in Figure 8-6a is an ellipsoid with a high
aspect ratio due to its encapsulation of the needle-like silica particle. Domains in the
clear powder were approximately circular. At the onset of curing, the encapsulation

continued under polymer sintering.
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a) Powder

Figure 8-6. TEM of black powder before and during early cure.

In Chapter 7, domains in the 1.5-minute clear were extensively wrinkled from low
crosslink density and potential relaxation from stresses induced by the microtome.
Domains in the 1.5-minute black film have far fewer wrinkles than its clear counterpart.

The wrinkles that do appear seem to be a result of the sectioned film folding upon itself
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(Figures 8-6¢ and d). Amorphous and spherical domains alike also seem to merge at a
rapid rate, which was also observed for the clears at this cure-time.

Figure 8-6d shows a large silicate particle surrounded by polymer melt in the
center, which is characterized as light grey. The rest of the polymeric region ranges from
dark grey to black, which indicates the polymer has not yet melted at this time. Calcium
silicate is often used as a thermal insulator,'"® which may mean the silicate particles had
interfered with the sintering process. The melt can be seen flowing out with domains
interspersed within it. This uneven melting can also be observed in Figure 8-5¢, where
dark streaks span the entire cross-section. Domains can be seen nucleating out of these
streaks. Such uneven melting has been observed in cross-sections up to the 9-minute
sample.

Cross-sections at 2.5 and 3 minutes into the cure are shown in Figure 8-7. As
was observed for the 3-minute clear, a percolating network that shares the same shade of
grey now accompanies the domains, as exemplified in Figure 8-7a. For the clear, this
emergence of percolation coincided with the onset of the second 7,. This network now
permeates both the 2.5- and 3-minute black samples, whereas for the clear film it exists
only at 3 minutes. The morphology of the percolating dark gray phase is very similar to
its counterpart in the clear, as seen in Figure 8-7a. Its emergence coincides with the
plateauing of the gloss at 2.5 minutes; for the clear the gloss plateaus thirty seconds later.
Pigments thus add complexity to the curing dynamics, where the complexity manifests in
the earlier onset of cocontinuity, while delaying some regions of the film from becoming
a melt (see Figure 8-7c). However, the cocontinuous phase disappears by 4 minutes for

the black and clear films, rendering it a transient secondary phase transformation.
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Close inspection of the percolating resin network is displayed in Figure 8-7b. The
white arrows point toward what are likely carbon black particles encapsulated within
small segments of the percolating network that separated from the main network; this
encapsulation at such a small scale is a testament to the degree of phase segregation for
the pigments. At 3 minutes, the compressed appearance of the cocontinuous network in
Figure 7-7c could be an omen of its transience. The white arrow points toward circular
holes that is suggestive of a gas bubble. A hole in the center of 8-7b is also seen. It was
explained in Chapters 5 and 6 that the gas is liberated e-caprolactam. With pigments
mixed in, the bubbles may push the percolating network toward the large pigments and
thus compress it into thick lines of web-like material. The bubble in the center also is an

indication of the outgassing caprolactam.
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a) 2.5 minutes b) 2.5 minutes

¢) 3 minutes

Figure 8-7. TEM images of the cross-sectioned black coating at 2.5- and 3-min cures.
Resin demixing may be another source of the compression, as indicated by the
circled regions in Figures 8-7c and d that suggest the percolating network is splitting.
The lighter shade of gray in the split suggests it is composed of low OH material.
Another clue to its composition is that none of these light gray regions contain pigments.

This splitting could be the start of the low OH resin becoming the continuous phase, as
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the high OH material diffuses into the nascent and extant domains. The nearly white
circles indicated by the white arrows in 8-7¢ appear to be bubbles of outgassing
caprolactam. This is the manifestation of the percolation-to-cluster transition'® that was
discussed for the clear film, which displayed no such splitting. The addition of pigments
may have effectively lengthened this transition such that it offered an opportunity for its

observation by TEM.
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a) 4 minutes _ b) 6 minutes

Figure 8-8. TEM images of cross-sectioned black coating at a) 4 minutes; b) 6 minutes;
¢) 9 minutes; d) 12 minutes.

Large amorphous domains in the coating bulk after 3 minutes are presented in
Figure 8-8. Domains appear to change very little after the percolating phase disappears.
Several small domains in the 4-minute sample (8-8a) show signs of coarsening, while the

amorphous domain in the 6-minute (8-8b) sample does not have spherical domains in its
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proximity, which suggests a depletion zone from the coarsening process; this has been
observed for the clear samples at similar cure times (Chapter 7). As was observed in the
clear film, the coalescence rate significantly slows down at 6 minutes, which is just past
the gel point. Several domains in contact with each other appear to be compressed from
repulsion rather than coalescence, which suggested a growing energy barrier toward
coalescence due to continued crosslinking. This lack of apparent change for the domains
conforms to the plateaued curves in Figures 8-2 and 8-3. In Chapter 7, the gel time for
the clear film occurred at 5.5 minutes into the cure, but the domains continued to exhibit
changes but at a slower rate. The uniformity of the domains in later-cure pigmented
systems suggest that the gel point occurs at an earlier time, which is expected; adding
pigments to the resins increases the viscosity, and by extension, may shorten the gel
point.

8.3.4 Complementing TEM with SEM for cross-sections of fully cured black, tan,
and green films

Figure 8-9 showcases the fully cured black coating surface via TEM and SEM.
Both images feature the high surface roughness that characterize these coatings, but the
TEM image shows that none of the pigments are exposed at the surface, as they are still
encapsulated by the domains. The red line highlights the coating surface in 8-9b. This
has important implications for optical engineering of surfaces, as this creates multiple
indices for scattering within the film before light reaches a pigment particle. Numerous
droplets of immiscible resin in the film may refract/reflect the light to the point where it
returns to the surface. The addition of an extender pigment with high aspect ratio
(CaSi0,) scatters the light to even further where near opacity is achieved without prime

pigments such as magnetite. It is when the pigments are forcibly flocculated by the
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domains that the surface roughness increases by an order of magnitude relative to films
prepared with single component resins.

The SEM image in 8-9b features the pigments in their natural state, as these were
not subject to destructive forces from the microtome blade. The large needlelike particles
are the CaSiO;; the tiny particles are magnetite. The pigments in the SEM image are
quite flocculated. Pigment segregation is not betrayed by the SEM images, but TEM
with heavy metal staining consistently presents the segregation. The flocculation is not
easily discerned from TEM images due to pullout, but it is quite apparent in the SEM

image. These findings mark both electron microscopies as complementary techniques.

a) TEM-12 minutes b) SEM-12 minutes

Coating surface
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Figure 8-9. TEM and SEM images of cross-sectioned fully cured black coating.
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Figure 8-10 shows micrographs of cross-sectioned tan coatings. The tan sample
has the highest PVC among the three colors, and its pigments still segregate into the
domains. The TiO, was pretreated with an organic surfactant for increased dispersion,
but that did not prevent its subsequent flocculation. In fact, the pigment concentration in

the domains became so high that the pigments effectively delineate the large domains in
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the SEM image of Figure 8-10b. However, the high PVC for the tan exacerbated
pigment pullout from microtome sectioning.

a) TEM-12 minutes b) SEM-12 minutes
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Figure 8-10. TEM and SEM images of fully cured tan coatings; red arrows connect the
EDX spectrum to TiO, particles.

Pigment pullout was also a problem in preparing the cross-sections of the green
sample, whose PVC lies between the black and tan films. Note that the Cu L peak in the
EDX spectrum of Figure 8-11 stems from the copper grid in the TEM sample holder.
The green film was applied as a topcoat onto an epoxy primer, which is evident in the
bottom of Figure 8-11. This primer was found to alter the domain morphology at the
primer-topcoat interface. Domain adhesion to the substrate has been observed in clear
films starting at 1 minute, and in black films starting at 2 minutes, although adhered

domains are suspected at 1 minute.
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b) SEM-12 minutes
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Figure 8-11. TEM and SEM images of cross-sectioned green coating on primer, plus
EDAX spectrum of representative regions indicated by red arrows.

The primer also prevented domain adhesion for the black and tan films after their
application. The contrast in domain behavior in proximity to the bare metal substrate is
illustrated in Figure 8-12 for the black film. In 8-12a, an amorphous branched domain is
observed adhering to the substrate interface in the center of the micrograph. However, in
8-12b, all of the proximal domains remain spherical. The lack of adhesion has also been
observed in clear films that were applied on polytetrafluoroethylene (PTFE) coated
aluminum substrates. PTFE has a surface energy of 21-22 mN/m, while epoxy is
typically 42-46 mN/m." The surface energy of metals are an order of magnitude higher
than a resin surface.™® The different behaviors exhibited by the domains with respect to
their proximity to the substrate suggest that the interfacial energy of the high OH resin
exceeds that of the low OH resin. Domains encapsulate the pigments because their
interfacial energy differences are likely to be of smaller magnitude, while the interfacial
energy of the low OH resin is likely more similar to PTFE and epoxy. According to a

well cited paper by Funke and Murase, the segregation and domain adhesion to the
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substrate is thermodynamically driven.”’ They analyzed a series of powder coatings
blended with epoxy and acrylic resins that self-stratified into two layers. The base layer
adhering to the substrate consistently was the resin with the larger of the two interfacial
energies (epoxy). Considering that the segregation is observed in the powder before
curing begins (Figure 8-6a), it may be unlikely that other factors such as reaction
kinetics™ caused the segregation.
8.3.5 Insight from XPS studies

The observed segregation may be thought of as a form of forced flocculation.
Powder coatings are traditionally formulated for gloss ranges that require pigments to be
well dispersed. Flocculated pigments can form clusters that increase the surface
roughness and thereby lower the gloss, as observed in Figure 8-1c.” These clusters were
likely formed during the extrusion; pigments were forced into the dispersed phase to form
agglomerates, as attested by the TEM image of the powder in Figure 8-6a. Upon
application, the sintering of the powder particles led to rapid coalescence of domains,
which were already heavily loaded with pigments. These segregated agglomerates
became segregated flocculates. This is possible due to the interfacial energy of the high
OH resin being closer to the interfacial energies of the metal oxide pigments and tin
substrate.

The film surfaces were analyzed by x-ray photoelectron spectroscopy, but the ensuing
XPS spectra did not reveal metal peaks specific to the pigments. Since XPS sampling
depth is limited to a few nanometers for polymers,” pigments would have to be right at
the surface to be incorporated into the ensuing spectra. These results support the images

in Figures 8-9a, in which pigments are generally > 10 nm below the surface.
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As previously stated, the main difference between the two acrylic resins is their
amount of hydroxyl moieties. The pigments have largely sequestered into the high OH
resin before the cure even starts. It stands to reason that the greater number of hydroxyl
groups in the high OH resin is the likely agency behind the segregation; i.e.; the high OH
polyol is more acidic than its low OH counterpart, which makes more strongly bonding to
basic metal oxide surfaces. The observation of pigment segregation in the powder
(Figure 8-6a) means it must occur during the extrusion.

In the case of the black film, the magnetite and calcium silicate received no
treatments prior to mixing. The long exposure to air meant the surfaces of these two
pigments were likely covered with hydroxides of their own. Deconvolution of the O 1s
XPS peak for both pigments did suggest the presence of a prominent OH band that
increased when the incident angle for the x-ray beam was lowered to enhance surface
sampling. The two mechanisms toward adhesion would be metal carboxylate bonds, or
hydrogen bonding between the hydroxides of both polymer and pigment. The dominant
mechanism cannot be determined, but it is likely that the cure temperature of 204 °C

would increase the number of metal carboxylate bonds.
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Figure 8-12. XPS spectra of TiO,; a) wide scan; b) high-resolution C 1s.

In the case of TiO, for the tan film, despite its surface treatment with a resin for
increased dispersion, Figure 8-10b shows heavy flocculation of the TiO, particles due to
their sequestration into domains. Common organic coatings for TiO, include amines,
amine salts, and polyols.** Figure 8-12a shows the wide scan XPS spectra. Prominent
peaks include, Ti 2p at 450 eV, C 1s at 284.8 eV, O Is at 531.5 eV.® The small Zr 3d
peak at 185 eV*® stems from the zirconia subshell that covers the TiO, particle. No N 1s
peak is visible, which suggests the TiO, was not treated with an amine. Figure 8-12b

shows a high resolution C 1s peak is largely a doublet due to dominance by the C—C/C-H
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peak at 284.8 eV and the C-O peak at 286.7 eV. The important component is the C-O
band, which is likely dominated by C—O—C and C—OH moieties. Next to the C—O band
is a prominent C=0 band at 288.5 eV. Both carbon-oxygen components indicate that the
Ti0, may have been treated with an acrylic polyol of its own. Thus, the organic coating
around the TiO, particle appears to bond with the binder through the hydroxides as was
observed with the untreated pigments in the black and green films, only now its greater

compatibility with the high OH resin has greatly reduced the degree of dispersion.

8.4 Conclusion

Pigments have been incorporated into the immiscibly blended polyurethane
binder to produce black, green, and tan coatings. The resins are rendered immiscible by
their vastly different concentrations of hydroxyl groups prior to the curing reaction. The
resin with the higher number of hydroxyl groups (high OH resin) constitutes the domains.
The black coating has the lowest pigment-to-volume concentration (PVC) of the three
colors, and thus has been selected to monitor how pigments affect the phase separation.
When the binder consists of a single polyurethane component, the surface roughness for
the resultant black film is an order of magnitude lower than for the blended black film;
phase separation in the binder is thus a paramount requisite to produce a matte finish.

Gloss measurements of quenched black films at various cure times has shown that
the gloss essentially plateaus 2.5 minutes into the cure. That is 1.5 minutes sooner than
for the clear films. The gloss reduction is fast and more drastic for the black films. This
is borne out in optical micrographs of the cross-sections, where there is little difference

between samples cured for 3 minutes and 6 minutes.
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Upon analysis by TEM, it was immediately evident that the large calcium silicate
and the small magnetite particles exclusively resided in the dispersed phase, even within
cross-sectioned powder particles. The early cure was also characterized by uneven
heating, as evidenced by lighter gray regions proximal to CaSiO; particles.

At 2.5 minutes into the cure, a secondary phase transition emerged, in which the
already present domains were accompanied by a percolating phase with a similar shade
of gray. This phenomenon was previously observed for the clear film, but at 3 minutes.
Both films had the percolating phase disappear by 4 minutes, making it transient. Signs
of its transience have been suggested by apparent rifts in the percolating network, in
which light grey material compresses the dark gray network into narrow streaks that
eventually diffuse into extant domains and coalesce into nascent domains. The emergent
light grey material may be the formation of the polymer matrix (low OH resin) as the two
resins continue to demix. Observation of the rifts via TEM may be another aspect of the
pigments interfering with the curing process. At 4 minutes and later, bulk morphology
shows very little change up to full cure, which is another manifestation of the plateaued
gloss and surface roughness.

Focus on the cross-sectioned surfaces of the different colored films shows that
pigments are almost never exposed at the surface. This is also evidenced by the lack of
metal peaks in photoelectron spectra. This means pigments always interact with light
already refracted by one or more polymer interfaces, which is one cause of gloss
reduction. The other, more important cause of gloss reduction is the forced flocculation
of the pigments by the domains, even for pigments treated with a dispersant such as the

TiO, for the tan films. Film shrinkage from mass loss via evaporating caprolactam may
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also be a factor behind the high surface roughness, as the coating surface is then forced to
conform to the shapes of the pigments at the surface even though they are in reality not
exposed according to XPS.

The forced flocculation via encapsulation may be an outcome of the high OH
resin having a far greater interfacial energy than the low OH resin. Hints of the
segregation were previously observed in the clear film when its domains were observed
wetting the tin plated substrate. The early onset of segregation and domains adhering to
the tin substrate suggest thermodynamics to be the cause. The source of the higher
interfacial energy in the domains may simply be their far greater number of hydroxyl
groups. These hydroxides bond to other hydroxides already present on the pigments,
surface-treated or untreated. Upon application on epoxy primers, domain adhesion was
not observed, which may be due to the primer and low OH resin having interfacial

energies of similar magnitude.
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Chapter Nine

Investigation of Clear Coatings by XPS

9.1 Introduction

As coating performance is strongly tied to surface properties, x-ray photoelectron
spectroscopy (XPS) is a natural analytical technique for coatings due to its surface and
chemical sensitivity.' Interface chemistry may significantly differ from bulk chemistry,
especially when bonding to the substrate is considered. Changes in peak height and
position may provide important information on changes in surface chemistry. These
changes manifest in the oxidation states and local chemical environment of the
composing material. Therefore, the XPS spectra shown here compare chemistries from
the coating-air and the coating-substrate interfaces. These changes are further

investigated with angle-resolved XPS (ARXPS).

9.2 Instrumentation

A VG Scientific ESCA-3 x-ray spectrometer with an Al Ka source (1486.6 eV)
was used to analyze clear coatings under ultra-high vacuum, where the operational
pressure was 10” Torr. Survey scans were performed with a pass energy of 100 eV.
High-resolution scans were performed with pass energy of 20 eV for the blends and 50
eV for the single component films, which had a spacing of 0.1 eV and a 100 ms dwell
time. Both types of scans were repeated 50 times and co-added using the VGX9001

software program. XPS spectra were processed with CASAXPS software.” Spectra were
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calibrated with the polymer C—C bond at 285.0 eV, which conforms with calibration
methods used by Beamson and Briggs for XPS spectra of polymers.” Two incident
angles are used: the normal incident angle (6 = 90°) can penetrate a few nm beyond the
surface, while @ = 60° can lower the depth profile to better monitor chemical composition

on the surface itself.!

9.3 Results/Discussion

9.3.1 Survey Scans of Airside and Substrate

As the tin substrate has been exposed to air prior to coating application, the
substrate-air interface was likely dominated by tin oxide/hydroxide species. Metal oxide
pigment interfaces would likely possess a preponderance of hydroxides, and thus the
substrate would provide a good model for the interaction between polymer and pigment
in the coating system.

The Sn peaks at 486 and 495 eV stem from partially exposed substrate.” No
nitrogen peaks were observed, which suggests the nitrogen-based moieties segregated
into the bulk.

The relative peaks areas and corresponding ratios of the C 1s and O 1s peaks for
all sample interfaces are presented in Table 9-1. Starting with the sample air-sides (air-
polymer interfaces), at @ = 90° and 60°, the low OH and high OH films have low
concentrations of oxygen species both at the surface and at the bulk. The blend has
significantly higher concentration of oxygen species, and may be related to a surface
energy phenomenon involving the resin components; i.e.; the segments of the low surface

energy component (matrix) would have greater mobility than the high OH component
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(domains), and thus is likely to be pushed up toward the surface. This corroborates the

lack of surfaced domains with respect to the cross-section (Chapters 4-8).

Table 9-1. Atomic percentages at 90° and 60° incident angles of polymer interfaces.

Sample 0() C % 0O % Ca% Sn% O/C
Low OH Air-side 90 83.49 15.34 1.17 0 0.18
60 83.56 14.70 1.66 007 0.18
Low OH Substrate-side 90 69.77 29.36 0.87 0 0.42
60 55.68 43.45 0.87 0 0.78
High OH Air-side 90 87.96 10.25 1.79 0 0.12
60 82.74 15.57 1.68 0 0.19
High OH Substrate-side 90 71.97 25.77 1.14 0 0.36
60 64.53 33.65 1.82 0 0.64
Blend Air-side 90 72.37 26.26 1.38 0 0.36
60 56.76 41.86 124 014 046
Blend Substrate-side 90 80.13 18.32 1.2 035 022
60 71.33 26.36 205 025 037
Substrate After Peeling 90 84.68 12.25 264 043  0.15
60 74.90 22.50 243  0.18 0.30

The substrate-side of the samples generally has much higher oxygen content. O/C
ratios for the sample substrate-sides at both angles are also in Table 9-1. Note that no tin
substrate was present for these measurements, as the films were peeled off and turned
upside down for sample mounting. The wide scan spectra for the SC films contained no
Sn peaks. Peel failure occurred easily for the SC films, whereas it took more effort to
peel off the blended film, which suggested that the blend experienced greater adhesion to
the substrate than for the SC films. The substrate-side of the blend has the second highest
Sn atomic percentage in Table 9-1, which has important implications for polymer
adhesion, and will be discussed in a subsequent paragraph. A wide scan spectrum of the

blend underside is shown in Figure 9-1, with Sn and Ca peaks indicated as well.
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Figure 9-1. Survey scan of blend underside at 60° incident angle.

9-2.2 Airside

Curve fitting of the high-resolution C 1s spectra were resolved into five bands.
These include aromatic carbon at 284.1-284.5 eV, C-C/C-H at 285.0 eV, C-O at 286.0-
286.3 eV, C-N at 287.4-287.8 eV, and O-C=0 at 289.0-289.5 eV. The detection of
prominent aromatic peaks by FTIR and Raman spectroscopy necessitated the inclusion of
the aromatic band into the fitting. According to Kassis ef al., the binding energy of the
aromatic band can be as low as 284.1 eV, which was observed for most samples in this
study; the broadening and downshift in binding energy may be a consequence of complex
inter- and intramolecular interactions by branched phenyl groups with polar groups.® The

C-O peak may consist of ether, alcohol moieties, or carbon atoms secondary to ester
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moieties.” The C=0 peak consists of contributions from urethane®’ and ester moieties."
The C-N peak could be assigned to urea,” ' but the lack of N 1s in the wide scan makes
this a weak assignment. However, it is very large for the high OH airside, and could be
partially correlated with the quantity of Isophorone diisocyanate (IPDI) curative (See
Table 5-1). Moreover, Briggs Beamson also found the binding energy of the amide
moiety within the heterocyclic ring of poly(N-vinylpyrrolidone) to be about 287.8 eV’
which serves as a good approximation for urea within a heterocyclic ring. The blend has
the largest C—O at both angles, but it jumps drastically at 60°. This may be an outcome of
surface energy gradients from phase separation pushing highly mobile C—O moieties
toward the surface. The high OH film has the highest C—N band at 90°; at 60° the C—N
band is highest for the low OH film. The C=0 band is very small for all samples as
expected since hard segments prefer the bulk due to their lower segmental mobility." """
Interestingly, the SC films appear to have slight surface enrichment of the C=0 band. The
low OH surface is also enriched with the C—N moiety, potentially suggesting that the

crosslink density for the low OH is low enough to enable the necessary mobility for C=0

and C-N moieties to diffuse toward the polymer surface.

Table 9-2. Contribution of different functionalities to envelope of deconvoluted C 1s
XPS spectra at 60° and 90° incident angles and their ratios for air-side
O(C) C-O C-N C=0 CO0(60)  C-N(60)  C=0(60")

) ) % C-0(90°)  C-N(90°)  C=0(90")
Low OH Air-side 60 259 169 5.1 0.90 1.64 1.2
90 28.8 103 42 — - -
High OH Air-side 60 305 133 38 1.09 0.61 1.36
90 28.1 218 28 — - -
Blend Air-side 60 497 56 40 14 0.5 0.59

9 355 112 638 - - —
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High-resolution spectra from the blend air-side are displayed in Figure 9-2. As
discussed previously, the C 1s spectra show the C—C and C-O bands encompassing larger
shares of the surface. This is also reflected in the O 1s spectra of A-2b and A-2c.
According to Briggs and Beamson, BE._, = 531.3-532.3 eV, which encompasses
hydroxyl, urethane, urea, and ester; BE. 5 = 532.3-533.8 eV and consists of alcohol,
ether, and single-bonded oxygen atoms in ester and urethane.” Hydroxyl groups likely
originate from the aluminum foil and the tin substrate possessing thin hydroxide layers on
their surfaces. The Al peaks are very small in the wide scan and thus indicate that Al—
O/Al-OH bands contribute little to the O 1s peak. Very small Si peaks were detected in
the survey scans, and are likely SiO, from the Resiflow flow agent. SiO, peaks range
from 533.4-534.3 eV’ and overlap with potential contamination from water, which also
has a wide range (533.3-535.5 eV),’ but the very small concentration of Si makes it
unlikely to be a major contributor to the O 1s envelope, and thus not counted. The peak
at 534 eV stems from possible water contamination within the polymer and on exposed
substrate. From 90° to 60°, the changes in C=0 and C-O intensities in the C 1s spectrum
reflect their counterparts in the O 1s spectrum. For example, at 6 = 60° the C—O has a
larger share of the envelop for both the C 1s and O 1s. Also, note that the O—Sn peak at ~
530 eV is slightly larger at 60°, which is due to the greater exposure of the tin substrate to
the x-ray beam.

As has been mentioned, all survey scans showed a small Ca 2p peak at 347 eV.
The Ca 2s peak at 440 eV is also visible. The 2p peak is curve-fitted as shown in Figures
9-2e and 9-2f. What is apparent from the 90° scan is that the calcium peak is comprised

of roughly equal parts CaCO, and CaO; the CaCO, peaks are located at 347.6 and 351.3
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eV," CaO peaks at 346.3 and 349.7 eV.> At 60°, CaCO, becomes the dominant calcium
compound. This suggests that an outer carbonate layer covers the calcium-based
particles in or on the film, which is what would be in contact with the polymer.
Additionally, a portion of the C=0 peak in the C 1s and O 1s spectra would have a
CaCO, component that might widen the peak and shift the peak position to slightly
higher binding energy, as the peak position of this component is 289.6 eV for C 1s,531.3
eV for O 1s.’ The CaCO;, could have been a leftover pigment used in previous coating
applications in the facility of origin, as it has been found in the polymer-substrate

interfaces of all samples.
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Figure 9-2. ARXPS spectra of the blend measured from the top surface; a) C 1s at 90°; b)
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9.3.2 Investigations of polymer adhesion

Intensities of bands within the C 1s spectrum of the substrate-sides and exposed
substrate are displayed in Table 9-3. As previously mentioned, the polymer film was
peeled off the substrate, and thus no tin substrate was sampled. As seen in Table 9-1, the
O 1s peak is consistently larger than the C 1s peak for all substrate-sides. At 60°, the O/C
ratio increases, which suggests there are more oxygen atoms at the interface. The extra
interfacial oxygen may originate from tin oxide or hydroxide deposits remaining on the
polymer interface and consequently bonds with carbon or hydrogen bonds with highly
mobile C—O components. This is implied in Table 9-3; an implication consistent with
expectations regarding polymer-metal bonding, in which it is the oxygen that bonds the
polymer with the metal.” The higher number of C—O bonds at the interface may be
indicative of adhesion via M—O-C bonding or hydrogen bonding and is in line with the
greater O/C ratio from Table 9-1.'

Also according to Table 9-3, the blend has slight enrichment of C=0 content at
the interface, but the SC resins have C=0 groups preferring the bulk. The C—N moiety
displays the most interesting behavior, as it does not change with respect to the incident
angle for the low OH film, while diminishing for the high OH and blend films at 60°.

Table 9-3. Contribution of different functionalities to envelope of fitted C 1s XPS

spectra at 60° and 90° incident angles and their ratios for substrate-side and tin substrate
C-N(60°)  C=0(60")

C-N(90°) €=0(90°)

Low OH Substrate-side 60 506 10.1 46 149 1 0.44
90 336 101 105 - - -
High OH Substrate-side 60 432 105 56 129 0.73 0.85
90 329 144 66 - - -
Blend Substrate-side 60 506 59 43 18 0.33 1.16
90 260 204 32 - - -
Substrate After Peeling 60 343 9.7 1.9 0.79 2.62 0.76
90 436 37 25 - - -
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High-res photoelectron spectra from the blend substrate-side are displayed in Figure 9-3.
At 90°, the C 1s substrate-side spectrum significantly differs from the airside 90° C 1s
spectrum with respect to the C-N band (quantified in Table 9-3). At 60°, the air-side and
substrate-side C 1s spectra look nearly identical in that they are dominated by C—-C/C-H
and C-O bands. The enlarged C—N band at 90° suggests higher urea concentration, but
there also could be isocyanate salts present at the interface. As urea contains a carbonyl
bond, this higher urea band in the C 1s spectrum would likely enlarge the C=0 peak in
the corresponding O 1s spectrum. However, as indicated by Table 9-2, the presence of
Sn peaks suggests there should be hydroxyl groups from the tin that affect the O 1s peak.
Hydroxyl groups overlap with C=0, and thus gives rise to the C=0O/OH band in Figures
9-2c-d and 9-3c-d. The substrate-side of the blend also has significant Ca contamination
(Figure 9-1), and thus further increase the C=O/OH band. Significant contributions from
0-C, H,0, and O—-M bands broaden the O 1s to the point where its FWHM is 3.54 eV,
making it the widest O 1s peak in the sample set. The substrate was long exposed to air
before application, allowing the formation of thick oxide/hydroxide layers on the tin
substrate. This is why the O—Sn band positioned at 530.2 eV'" is 35% of the envelope,
which is formed from contributions by SnO, SnO, and mixtures of oxide species in
between.

The Sn 3d;,, peak is deconvoluted into two bands in Figures 9-3e and 9-3f. This
is a best guess approach since the chemical states of tin oxides show considerable
variation and overlap according to an extensive review of tin oxides by Batzill and
Diebold." The binding energy of SnO, ranges from 486.3 eV to 487.5 eV; SnO ranges

from 485.6 eV to 486.9 eV. At 60°, the SnO/SnOH peak is larger, which suggests that
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the x-ray beam sampled the portion of the substrate cleaved at a point where more SnO
was present. These tin deposits were sampled upside down, where the region that was
closer to the bulk has now become closer to the surface.

The results above suggest that hydrogen bonding and possible covalent bonding
through oxygen atoms between the metal and polymer are the likely mechanisms for
adhesion. However, investigating adhesion with XPS alone is an extremely difficult
endeavor. Chemini and Watts also analyzed the undersides of polymeric films, but also
created thin layers (< 2 nm) of model compounds from dilute solutions (e.g., methylene
diphenyl diisocyanate) to study the interfacial chemistry."” Their investigations suggested
that isocyanates react with the hydroxylated steel to form a covalent bond between iron
and urethane. The lack of an N 1s peak in the wide scan spectra renders this as an
unlikely mechanism for adhesion for the coatings analyzed in this study. Several

adhesion studies*?**!

utilized high-resolution time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) to complement XPS on the analysis of thin films of model
compounds. Therefore, without the resources necessary to create nanometer-thick films

of model compounds and access to ToF-SIMS, the investigation of adhesion by XPS

remains incomplete.
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Figure 9-3. High-resolution XPS of blend substrate-side; a) C 1s at 90°; b) C 1s at 60°;
¢) O 1sat90°; d) O 1s at 60°; e) Sn 3ds, at 90°; f) Sn 3d,, at 60°.
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9.4 Conclusion

Comparison between survey scans of the airsides and substrate-sides revealed an
accumulation of oxygen at the substrate-sides, especially when the incident angle was
lowered to 60°. The source of the oxygen may stem from the tin oxide substrate, since
metal substrates are known to have oxide overlayers. Traces of Sn were observed in the
spectrum for the blend substrate-side, which indicated strong adhesion for the blend. All
survey scans also showed contamination from Ca 2p and 2s peaks.

In the high-res C 1s spectra: Five bands were resolved, aromatic, C—C/C-H, C-0,
C-N, and C=0. The C-N band is a weak assignment due to the lack of N 1s peaks in all
survey scans, but better assignments were lacking. The C-N peak may be related to
urethane/urea moieties. For the airside, the single component (SC) films showed
significant surface enrichment of C-N and C=0; the blend showed very significant
surface enrichment of C—O. The phase separation in the blend may have pushed mobile
C-0 moieties toward the surface. Four bands were observed in the high-resolution O 1s
spectra: O-C, O=C, H,0, and O-M. The metal is likely to be Ca or Sn. Angle variation
produced little change among moieties.

On the substrate-side, where the mechanism of adhesion was investigated,
ARXPS measurements revealed that the blend had a greater quantity of C—O moieties at
60°. 90° measurements revealed greater quantities of O—M and C—N moieties. This may
be due to the location of the peel failure; i.e., failure occurred above the interface, and
thus exposed a region that was less concentrated with SnO. These findings suggest that
adhesion occurred through establishing carboxylate bonds. Hydroxide bonds may also

have played a role, but this cannot be verified through XPS.
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Chapter Ten

Conclusions and Future work

10.1 Conclusions

Novel powder thermosets consisting of immiscible polyurethane resins have been
extensively analyzed by spectroscopy and microscopy. These powder coatings were
formulated for low-reflectance outdoor applications, where the surface is extensively
roughened by a combination of matting agents and droplet domains within the binder.
The composition of the domains was unknown at the start of this work.

The acrylic polyol resins were rendered immiscible via differences in the amount
of hydroxyl content prior to crosslinking with an e-caprolactam-blocked polyisocyanate
compatibilizer. One resin had high numbers of hydroxides (high OH), the other resin
had a low hydroxide number (low OH). The immiscibility produced a phase separation
within the binder that resulted in a morphology of droplet domains. The domains served
to roughen the coating surface for loss reflectance applications. Incorporation of matting
agents and prime pigments further increased the surface roughness. The composition of
the phases within the binder was unknown at the start of this work.

To identify the phases, a series of powder coatings were prepared without
pigmentation, which enabled spectroscopic analysis of the binder by itself. These blends
of clear films were accompanied by single component (SC) resin films, which served as
controls in order to determine phase identification. The phases were successfully

identified via micro-Raman analysis of coating cross-sections. Preparation of cross-
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sections was accomplished by utilizing the MOPAS Polisher, which is designed to aid the
analyst in dry-polishing for the generation of surfaces free of contamination from
polishing media while retaining the necessary smoothness for good correlation between
chemical heat maps and optical micrographs.

The identification of the domains was based on selective infiltration by styrene
monomer, which originated from the polyester resin used to embed samples. This
contaminant was eliminated when the films were embedded in epoxy, but styrene
monomer became useful as a selective staining agent for Raman spectroscopy. As a non-
polar entity, styrene was easily detected by the laser and thus produced a marker peak
that featured prominently in the low OH SC resin and in the continuous polymer matrix
of the blended coating. This peak was very small or absent in the high OH SC resin and
in the domains. Styrene monomer was also introduced into the coatings as a vapor, and
produced the same spectroscopic results with respect to the marker peak. This behavior
served as strong evidence that the domains consisted of the high OH resin.

The identification was performed on films fully cured at 12 minutes at 204 °C.
This prompted a monitoring the of the cure via FTIR and Raman spectroscopy of the
reactants and films quenched at cure-times of 1, 1.5,2,2.5,3,4, 6, and 9 minutes. The
double bond region (2000 cm™ — 1600 cm™) was emphasized due to the presence of four
carbonyl (C=0) peaks in the initial spectra of fully cured films. Analysis of the reactants
and quenched films revealed three C=0 peaks originating from the compatibilizer: urea,
urethane, and e-caprolactam blocking agent. Curve-fitting of high-resolution spectra
revealed five carbonyl peaks in total, as the ester C=0 was determined to consist of two

components (free and H-bonded). Among the SC films, the high OH film had the greater
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urea, urethane, and e-caprolactam peaks. The urethane peak correlated with crosslink
density. In the blend, this peak increased when measurements were performed at the film
underside, which is consistent with the observed accumulation of domains at the
substrate. However, the urea and e-cap C=0 peaks were smaller in the domains than in
the polymer matrix, and thus was not consistent with the high OH film.

The discrepancy in peak intensity between the phases may be explained by higher
crosslink density within the domains generating a diffusion gradient between the phases.
One source of evidence for this is from transmission electron micrographs of epoxy-
embedded cross-section samples stained with heavy metal salts for enhanced contrast.
These micrographs revealed holes that resided almost exclusively in the matrix, which
likely originated from trapped bubbles of free e-caprolactam. Additionally, bubbles were
observed at the outside of domain boundaries. When the phases were analyzed by
Raman spectroscopy at the surface and epoxy-embedded cross-section, there was a
consistent decline in the e-cap peak for both phases throughout the cure while the
intensity difference between them was maintained. The lower urea peak within the
domains may have been due to a diffusion gradient between the phases that led to a
higher concentration of compatibilizer within the matrix.

Selective staining with styrene was attempted with quenched samples. Raman
analysis revealed that styrene monomer did not change concentration in the polymer
matrix, but it did decrease in the domains as the cure time progressed. TEM analysis of
the cross-sections revealed decreasing plasticization by styrene until it was no longer

evident in fully cured films, which indicates a completion of the crosslinking reaction.
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These samples also did not display enhanced contrast by the heavy metals until full cure
was reached.

Data from vibrational spectroscopy and TEM was also complemented with data
from DSC, LSC, and rheometry. The overall analysis of the combined data provided
evidence for a mechanism of curing dynamics in terms of domain evolution. TEM
revealed that domains were present in the powder, which meant the resins do not fully
compatibilize into a single phase during extrusion. When the cure started, the surface
roughness rapidly increased until at 3 minutes, when the second 7, was detected.
Underlying the roughening was rapid coarsening of domains. Evidence suggests that this
is the result of a coupling between hydrodynamic forces and coalescence by interdroplet
diffusion. Coinciding with the second 7, was a secondary phase transition, in which the
domains were accompanied by a cocontinuous network that disappeared at 4 minutes.
The surface roughness increased at a slower rate in the 3-minute to 9-minute samples,
then declines until full cure in the 12-minute sample. This slower rate is rooted in the
viscosity increasing to the point of eliminating hydrodynamic forces, thus leaving
coalescence as the remaining mechanism for domain coarsening. The maximum
roughness is characterized by bulging from domains as large as the coating layer itself,
which may have been thinned from mass loss due to outgassing of caprolactam. The
bulges on the coating surface disappeared when the large domains flattened onto the
substrate due to surface wetting. This wetting behavior is likely explained by interfacial
energy gradients between the phases, with the domains possessing interfacial energies

that are closer in magnitude to the tin substrate.
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The evolution of the morphology was also investigated for pigmented films. It
was immediately apparent that pigment particles of all shapes and sizes had segregated
into the domains, even for the powder. This segregation was observed for black, green,
and tan coatings. Pigments were best observed under SEM, and were largely flocculated
due to the segregation by the phases, sometimes to the point where domains could be
delineated. Hence, TEM and SEM complement each other as analytical techniques.

We propose that the ultra-low gloss results from the following:

* forced flocculation of pigment particles by the domains, and

* mass loss from evaporation of e-caprolactam, which thinned the coating layer,
thereby causing the coating surface to conform to the shapes of the pigments at the
surface without ever allowing the pigments themselves to surface.

The pigment segregation is likely similar to the observed domain adhesion on the
substrate, which is caused by the domains’ higher interfacial energy likely rooted in the
larger number of hydroxides in the high OH resin being able to hydrogen-bond with
hydroxides on the surfaces of metal oxide pigment particles. When the substrate was pre-
treated with an epoxy primer, domain adhesion did not occur, which may be due to the

interfacial energies of the matrix phase and epoxy becoming more similar in magnitude.

10.2 Future work

In these experiments, the crosslink density was indirectly monitored by measuring
the concentration of styrene monomer within the phases, but measurements of
mechanical properties such as the Young’s modulus and hardness would provide

additional insight into the changing crosslink density with respect to cure-time.
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Nanoindentation provided a direct measurement of local hardness for the 2.5-minute and
3-minute samples. Completing such measurements for all of the quenched samples and
correlating the results with the absorption of styrene could strengthen the evidence for a
relationship between solvent resistance and crosslink density.

Another area for future exploration is the interphase region between a domain and
the matrix. With a length of ~ 50 nm, it was easily observed under TEM, but the
necessary resolution for Raman spectroscopy was not accessible in this study. This
region could be measurable with tip-enhanced Raman spectroscopy (TERS), which has
resolutions into the nm range and could thereby probe how the resin chemistries change
at the interphase. By extension, TERS may prove quite useful for investigating cross-
sections of early cure-samples, when the large domains appear to be deformed by uneven
distributions of compatibilizer at their interfaces. The data could verify theories
described by Puyvelde et al. suggesting droplet deformation results from uneven
distribution of compatibilizer around the domain boundry.'

Another viable technique for mapping could be near-edge x-ray fine structure
absorption spectroscopy (NEXAFS). This technique has been used before by our group
to investigate how paint strippers solvate polyurethane coatings.> It is highly sensitive to
aromatic moieties, which are possessed by the polyurethanes and styrene monomer.
Thus, it can be applied in investigating how styrene can selectively penetrate one phase.
Styrene could be directly applied to coating surfaces, or as a vapor in a headspace.
Changes to polymer chain configuration could be discerned, especially when considering

differences in crosslink density. NEXAFS could also be used to investigate chemical
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changes from prolonged weatherization, as durability is a critical property for outdoor
coatings.

Given that metal oxide pigments were encapsulated by dispersed droplets, it
stands to reason that other inorganic materials could be encapsulated by immiscible
droplets within a binder. Polymeric encapsulation of inorganic particles has long been an
area of interest in the biomedical industry,’ but has seen little application in functional
coatings.” The observed encapsulation in these coatings could be a technology worth
exploring for coatings that utilize toxic materials such as zinc chromate. By better
understanding of the interfacial energy gradients needed to enclose particles of various
compositions, we may design such coating systems that meet the necessary demands

while maintaining cost-effectiveness, durability and environmental benignancy.

10.3 Closing remarks

Unconventional methods of preparing cross-sections were needed to enable
thorough analysis of complex coating systems by complementary spectroscopies (Raman,
FTIR) and microscopies (TEM, SEM). By investigating the changing chemistry and
coating morphology before, during, and after oven-curing, we have developed a
comprehensive coating model that accounts for structure-property relationships between

the surface and the bulk.
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