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ABSTRACT

The deterioration of metallic components in caustic environments is a problem that has
safety and monetary repercussions. The effects of corrosion and thermal degradation on steel are
issues that have plagued manufacturers and industrial end users alike, resulting in the need for
excessive engineering, monitoring and repair. Even with these drawbacks, the natural abundance
and high strength of steel keeps it widely used. Barrier coatings exist to protect the vulnerable
metal, acting as insulation between the corrosive agents and high temperatures to ensure the
preservation of the desirable mechanical properties. Unfortunately, the best commercially
available barrier coatings are either hazardous to the environment, as is the case for corrosion
protection, or expensive, such as the ceramic thermal barrier coatings. Layer-by-layer assembly
has be extensively used in the creation of polymer nanocomposites thin films for a number of
barrier applications. This dissertation describes methods to functionalize polymer-clay thin films
to improve their barrier properties for corrosion and thermal protection.

Nanobrick wall coatings have demonstrated high gas barrier properties but do not hold up
to corrosive agents. Crosslinking of the polymer matrix and silanization of the substrate prior to
deposition improves the corrosion barrier. Crosslinking leads to the reduction of water uptake in
the polymer and silanization improves the adhesion at the interface between the substrate and thin
film. The combined functionalization creates a successful primer layer when tested in a multilayer
insulating coating, which remains effective for at least five days.

Similar nanobrick wall coatings have been used as flame retardant barrier coatings. The
addition of an amine salt buffer in the deposition process, and a higher concentration of polymer,

generates a thick microscale coating that acts as a heat shield when applied to steel. In this



dissertation, a 14-bilayer film is shown to thermally protect steel, through the creation of a
macroscale insulating bubble. The performance is comparable to commercially available ceramic
thermal barrier coatings, but is more cost effective and has a simple deposition process.

Char promoting additives are utilized to improve the observed barrier property of these thick
nanobrick wall films. These additives influence not only the char generated but also the
architecture of the film during pyrolysis. The creation of a more complex structure with varying
nano and microdomains, in addition to the macroscale bubble, hinders thermal diffusion and

further improves the heat shielding property of these unique coatings.
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CHAPTER I - INTRODUCTION

1.1 Background

Metals are prominently used in our industrialized society. Steel is heavily utilized because
of its low cost, high strength, and ease of manufacturability.>? Unfortunately, steel is susceptible
to degradation, particularly when left exposed to the environment or when subjected to high
temperatures. Upon exposure to oxygen or water in the environment, iron oxidizes to form rust.
As this process continues, the oxidation eats away at the material, compromising the mechanical
strength of the surrounding steel. When exposed to elevated temperatures this oxidation is not only
exacerbated, but thermal fatigue can result as well.* Thermal fatigue is the initiation of fatigue
cracking stemming from drastic changes in temperature experienced by, or within, a metal. This
temperature shock creates uneven strain and cracking occurs. In both cases, the iron becomes
embrittled and failure becomes much more probable.® Methodologies to protect the steel from the
deterioration of the mechanical properties is critical given its abundant use.

Many of the commercial methods for metal protective coatings are either toxic to the
environment (as in the case of some anti-corrosion coatings) or expensive (as in the case of thermal
barrier coatings).®’ The most widely used corrosion barrier coatings are multilayer insulating
coatings that make use of conversion coatings as the primer layer. However, conversion coatings
have been found to be hazardous to the environment and detrimental to people’s health and have
been largely regulated out of the marketplace.® The most effective thermal barrier coatings are
ceramic based, with a metallic bond coating, generally deposited via plasma spray coating.® While
these coatings are highly effective, they are also complex and costly and therefore only used in

specific applications such as on gas turbine blades, where the benefits outweigh the costs. Both



applications can benefit from more environmentally-benign and cost effective alternatives.
Polymeric nanocomposite coatings are films that contain a polymeric matrix and inorganic filler
that, when deposited using layer-by-layer (LbL) assembly, have demonstrated excellent gas barrier
and flame retardant properties.’®**2 LbL assembly allows for the creation of a thin film that is
highly tailorable by adjusting processing parameters such as polymer species, ionic strength, and
solution pH or concentration.™® Further, with the addition of clay nanoparticles, a nanobrick wall
structure can be created that greatly improves the barrier properties of the film.1° These coatings,
paired with additional functionalization, can offer comparable properties to traditional corrosion
and thermal barrier coatings, while also being cost effective, environmentally-benign, and easy to
deposit as a surface coating on a wide range of substrates.**

1.2 Objective and Dissertation Outline

The work described herein aims to provide environmentally-benign and cost-effective
coatings for protecting metallic substrates from caustic environments. This is accomplished
through functionalization of polymer-clay films deposited via layer-by-layer assembly.

Chapter 11 provides an overview of corrosion and thermal fatigue, along with commonly
used methodologies for protecting steel from these phenomena. Conversion coatings for corrosion
multilayer barrier coatings and thermal barrier coatings for the protection of metals are introduced
and the problems with each are highlighted. Polymer nanocomposites are detailed, along with how
layer-by-layer deposition can improve these films. Finally, different types of functionalization for
polymer nanocomposite coatings are reviewed, including crosslinking, silanization, the addition
of small molecule additives such as amine salts, and the role intumescence can play in providing

thermal protection.



Chapter 111 demonstrates the functionalization of layer-by-layer films to improve the
nanocoating for use as a corrosion barrier primer. Polyethylenimine (PEI) and vermiculite clay
(VMT) are used in the layer-by-layer deposition of a 300 nm thick nanobrick wall thin film. The
corrosion prevention performance of the coating is improved through crosslinking with
glutaraldehyde (GA) and silanization of steel with aminopropyltriethoxysilane (APTES) prior to
film deposition. Finally, the nanobrick wall film is tested with an epoxy topcoat, to demonstrate
the viability of the recipe as a primer. Epoxy with the crosslinked and silanized nanobrick wall
primer coating outperforms a neat epoxy coating.

Chapter IV demonstrates the use of a “thick growing” polymer nanocomposite utilizing
an amine salt for the creation of a novel and efficient heat shielding coating. A 35 um coating,
composed of 14 deposited bilayers of tris(hydroxymethyl)aminomethane (THAM)-buffered PEI
and VMT, decreased the maximum temperature observed on the back side of a 0.32 cm thick steel
plate by over 100 °C when heated with a butane torch. The efficiency of the film is attributed to
the creation of a macroscale ceramic bubble in tandem with the nanocomposite coating properties,

which provides heat shielding for the steel substrate.

Chapter V demonstrates improved thermal resistivity of the polymer nanocomposite heat
shielding coating through various coating additives. THAM, pentaerythritol (PER), and
ammonium pentaborate (PB) are combined with polyethylenimine in a polymer-clay coating and
the resultant film growth and the thermal resistivity are measured. The salts, THAM and PB, are
found to contribute most to the overall growth of the films, generating an increase of film
thickness of 50% or more. However, PER has a greater impact on the heat shielding. When
combined with THAM the coating on steel can achieve a temperature differential of over 140 °C

due to a layering effect that occurs within the architecture of the macroscopic insulation bubble.



Chapter VI is a summary of this dissertation work and describes future work that can be
undertaken to evaluate the versatility of these films and ultimately improve viability of these films
for industrial use. The dissertation demonstrates the power of layer-by-layer assembly in creating
nanobrick wall thin films for applications in corrosion barrier and heat shielding. Different
strategies have been evaluated to functionalize these films to improve the coating performance for
vastly different barrier applications. The proposed future work includes investigating alternative
substrates for heat shielding protection. Preliminary experimentation has demonstrated the ability
of the heat shielding coating, detailed in chapter 1V, to protect a carbon fiber composite from
thermal degradation. Additional testing to determine the extent of mechanical property
preservation is outlined. Another proposed study investigates utilizing polyelectrolyte complexes
(PEC) as an alternative to LbL assembly for both corrosion resistance and heat shielding. PEC
have already been demonstrated as viable alternatives in gas barrier and flame retardant
applications.'>Y" The use of this type of deposition process for corrosion barrier and heat shielding

is a natural progression of the research.



CHAPTER Il - LITERATURE REVIEW

2.1 Hazards of Metallic Degradation

Virtually every industry has metals integrated into their products and services, from
transportation to construction, energy and beyond. Unfortunately, this prevalent use of metals has
resulted in costly issues proceeding from some of the less favorable aspects of metals.*®'® Among
these unassailable characteristics include a metal’s tendency to corrode and experience thermal
fatigue. Ultimately, each of these traits has the potential to degrade the mechanical properties of
metals (reduction in ultimate stress, torsion resistance, cyclic fatigue, etc.).2?! This mechanical
deterioration has safety consequences along with large economic ramifications.®?%23 The effects
of corrosion consumes 3% of the world’s gross domestic product annually.?* Part of this impact
stems from the need for excessive, and sometimes redundant, engineering, maintenance, and
replacement of materials over time to prevent failure.? In the event of catastrophic failure there is
often extensive repair work, and the associated cost, and in extreme cases loss of life.
2.1.1 Corrosion

One of the primary drawbacks to the prevalent utilization of metals is their susceptibility
to corrosion, which stems from the tendency to exchange electrons and oxidize.?®?” Invariably,
when exposed to the environment, metals do not stay in their refined form. Rather, there is a slow
exchange of electrons with corrosive agents (i.e. Oz, H*, H20 and CI") that results in corrosion
causing the embrittlement of the remaining metal.'>?* The rate at which this occurs is dependent
on an equilibrium between opposing electrochemical reactions: (1) the anodized reaction, in which
the metal is oxidized and electrons are released into the metal, and (2) the cathodic reaction, in

which a solution species is reduced and electrons are removed from the metal. This process is



exacerbated in harsh environments, where metals are exposed to salt water, acids or alkalies.® The
most well-known form of corrosion is the rusting of iron and steel. Metals such as zinc and
aluminum corrode more readily than iron, but the oxides formed from their corrosion create a
coating that protects the metal from further attack. Conversely, the rust biproduct from the
corrosion of iron and steel, shown in Figure 2.1, is brittle and easily flakes off the surface of the
metal, causing continual exposure of a fresh, vulnerable, surface. This allows for the continual

deterioration of the mechanical properties due to embrittlement of the steel.
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Figure 2.1. The corrosion process of steel when exposed to corrosive agents in the environment.

2.1.2 Thermal Fatigue

The relatively low thermal resistance that metals exhibit is another difficulty faced by some
industries that rely on metals for their mechanical strength and natural abundance.*?® Heat is
transported as the thermal energy causes vibrations at the atomic level which transfers from atom
to atom across the bulk, called conductive heat transfer. Materials have a coefficient of thermal
conductivity, with higher coefficients related to higher levels of conductive heat transfer through
the material. The rate of heat conduction is dependent on the heat the object is exposed to, the

thermal conductivity of the material, and the emissivity of the material (i.e. the ability to radiate



heat).” The tendency of metals to readily conduct heat is due to their relatively nonexistent band
gap, which allows for easy transfer of electrons.?® While in some instances, such as electronics or
heat sinks, this ready conduction of heat is a desirable trait, there are other times when the high
strength of metals is required without the high conductance. When exposed to temperatures above
500 °C, metal parts and components respond rapidly, and their mechanical properties can be
compromised.®® In ductile materials, an increase in temperature will decrease the number of cycles
to failure, reducing the lifespan of the material.3* This thermal fatigue results from uneven stresses
and strains due to thermal shock, spatial temperature gradients within a material, and exposure to
extreme temperatures under constrained thermal deformation.>3?-34 Figure 2.2 is a schematic
showing the cracking that results from thermal fatigue. These cracks result in the embrittlement of
the steel. This decrease in mechanical strength is detrimental in many applications, such as

automotive, structural support, metal roofing, and metal piping applications.*

Figure 2.2. Thermal fatigue schematic of steel, when cracking results from thermal exposure.

2.2 Barrier Coatings
2.2.1 Corrosion Barrier Coatings
Several strategies, including cathodic protection, corrosion inhibiting additives, and

multilayer insulating coatings, have been developed to prevent or suppress corrosion.?6:3637



Cathodic protections makes use of the electrical nature of corrosion, offering protection through
an alternative current.® There are two types of cathodic protection: impressed current and
sacrificial anode, shown being used in tandem in Figure 2.1(a).%® Impressed current cathodic
protection uses anodes that are connected to a power source that provides the electrical flow. The
current provided polarizes the surface of the base metal to the thermodynamic potential of the
anode. As a result, the corrosion current no longer flows because the cathode and anode potentials
are equal. Sacrificial anode cathodic protection makes use of a second, more active metal that
corrodes in place of the base metal.®® This protective metal has a stronger electrochemical potential
so it preferentially exchanges electrons with the environment. Another avenue for corrosion
prevention are smart coatings containing corrosion inhibiting agents that, when exposed to a
specific parameter, such as pH or O2 content, activate to stop the onset of corrosion.®*“° This can
be in the form of a self-healing coating or an additive that creates an additional barrier once the
original coating is breached (Figure 2.1(b)). The final type of corrosion prevention is a multilayer
insulating coating. This coating generates a physical barrier between the base metal and the
corrosive environment, and generally consist of a pretreatment primer layer, several intermediate
layers, and a topcoat, as shown in Figure 2.1(c).***> Among these strategies, applying multilayer
coatings to a metal surface is the most common mechanism employed due to its low cost and easy

application.
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Figure 2.3. Schematic depiction of the different mechanisms for corrosion protection: (a) cathodic
protection (reprinted with permission from [reference 38]),%® (b) the self-healing effects of corrosion
inhibition (reprinted with permission from [reference 40]),° and (c) multilayer insulating coatings
(reprinted with permission from [reference 42]).%

Traditional primer layers used in multilayer coatings on various metals make use of
conversion coatings.**** For protecting steel, the most effective primer layers are phosphate
conversion coatings (i.e. zinc phosphate), which promote corrosion resistance through improved
adhesion between a topcoat layer and the steel substrate 4445, Unfortunately, phosphate conversion

coatings have been found to be harmful to the environment and human health, with many



municipalities limiting the amount of phosphate that can be discharged into the environment.*®
Consequently, environmentally-benign pretreatment coatings have received significant attention
in recent year to replace these conversion coatings.**°

2.2.2 Thermal Barrier Coatings

One method employed to impede heat transfer through a metal is by utilizing surface
coatings that stem thermal transport to the metal. These thermal barrier coatings (TBC) must
exhibit low thermal conductivity, low surface absorptivity (i.e., low emissivity), and porous micro
and nanostructures.®*%5! All of this allows for the maximization of temperature difference between
an exposed surface and the vulnerable metal substrate. This coupled with maximizing failure time,
or the time it takes for the substrate to reach a prescribed temperature, are active variables
evaluated in thermal barrier coatings to increase the life of the underlying substrate.5°2 The ability
to expose metals to higher temperatures leads to greater component durability that in some
applications, such as gas turbine engines, increases the efficiency of the system and decreases the
overall cost.>>*

There currently exist two main coating technologies for creating a thermal barrier to heat
transfer across a metal substrate. The most common type of TBCs are ceramic-based, often
utilizing zirconium oxide as a thermally grown oxide layer in a multilayer structure with a metallic
bond coat (Figure 2.2(a)).>*" This type of ceramic layer exhibits a high thermal resistivity across
100 to 200 pm, partly because of relatively low thermal conductivity (0.8—2.25 W-m™*-C?), that
creates an obstacle to thermal transport, prolonging the life of the metal and allowing for operation
both in high-temperature and in oxidizing conditions.®®%° While zirconia coatings offer a high
degree of protection to under extreme temperature (e.g., temperatures in excess of 1400 °C found

inside turbine engines), they are also expensive and involve somewhat complex processing.®* As
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a result, these oxide layers are primarily used in high-value applications, such as gas turbine
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Figure 2.4. Current types of thermal barrier coatings: (a) ceramic based (reprinted with permission from
[reference 57])°" and (b) polymeric based that intumesce when exposed to heat (reprinted with permission
from [reference 52]).%

A second, more novel type of TBC is a low-cost polymer-based film that intumesces to
form a macroscale insulating layer when exposed to high temperatures (Figure 2.2(b)).5283-65
Standalone polymers are not ideal thermal barriers due to their low thermal stability, with most
degrading under relatively low temperature (>200 °C) conditions.®® However, the ability of a
polymeric systems to intumesce, expand, and form an insulating char layer, has made them a viable
thermal barrier in some circumstances.’%” The intumesced layer is porous, suppressing heat
transfer by forcing thermal transport through the low thermal conductivity gas voids and polymer
nanocomposite coating.% Protecting structural steel in particular has been a focus of this research,
creating a passive coating that offers protection in extreme cases and prolonging the mechanical
property of the steel in the event of fire.®*"* These intumescent coatings are expendable, meant to
protect the underlying substrate during extreme catastrophic events. Similar coatings have been
studied for use on textiles, focusing on the need to retard the spread of flames by utilizing

nanocomposite coatings that intumesce.'*?

11



2.3 Polymer Nanocomposite Coatings

Polymer nanocomposite coatings are utilized in a wide range of applications including gas
barrier, heat shielding, thermoelectrics, and dielectrics.”>"® Comprised of a polymeric matrix and
an inorganic filler species the properties can be tailored depending on materials used, substrate,
processing conditions, and deposition technology.”” The type of nanofiller and morphology of the
dispersion have a large impact on the resultant properties. Some common nanofillers include
lamellar clays, carbon nanotubes, graphene, nanocellulose, and halloysite.”? Figure 2.4 shows
three types of polymer composite morphologies: (1) conventional composites where the polymer
and filler are separate phases, (2) intercalated nanocomposites where a single or multiple polymer
chains are able to intercalate between the fillers, and (3) exfoliated nanocomposite when the filler
is completely and uniformly dispersed in the continuous polymer matrix.”® The influence the
nanofillers have on the end properties is attributed to multiple factors including the polymer used,
the nature and type of nanofiller, concentration of the nanofiller within the polymer matrix, and

the particle orientation and distribution.
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Figure 2.5 Polymer nanocomposite configurations: (a) conventional phase separated composites, (b)
intercalated nanocomposites, and (c) exfoliated nanocomposites (reprinted with permission from [reference
78]).7

Silicate clay nanoplatelets have been used extensively in polymer nanocomposite thin
films.”™ Common silicate clays include montmorillonite (MMT), vermiculite (VMT), and laponite.
Clays are effective nanofillers because of their lamellar structure, high specific area, low cost, and
high cation exchange capacity.”> A well-ordered multilayer morphology and high loading of the
nanoclays within the polymer matrix results in improved thermal, mechanical, and gas barrier
properties.”® Additionally, the use of higher aspect ratio inorganic loading increases these
properties as this allows for greater contact area with the polymer matrix, increasing the load
transfer from the matrix to the filler. One of the most effective ways to achieve this ordered

structuring is through layer-by-layer assembly deposition.
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2.3.1 Layer-by-layer assembly

Layer-by-layer (LbL) assembly is a water-based technique that has been extensively used
to generate thin film polymeric coatings on solid substrates.2#! LbL coatings are produced mainly
through electrostatic interactions, although hydrogen bonding and covalent bonding can be used
to achieve additional functionality.82-8* The assembly process begins by first exposing a negatively
charged substrate to a solution containing a cationic polyelectrolyte and then subsequently
exposing it to an anionic solution with predetermined rinse and dry steps between to remove
excess, loosely adhered material.®® This is considered one bilayer (BL) and the steps are repeated,
building on previous layers, until a desired number of BLs is obtained. End properties are tunable
by adjusting the electrolyte species, 28" pH,%8#° jonic strength,®® molecular weight,*% solution
concentrations,®® processing steps,® temperature,®® charge density,®°” or adding fillers to create a
polymer nanocomposite.®®% Additionally, by using three or four materials sequentially a trilayer

or quadlayer system, respectively, can be formed allowing for additional functionality,00101
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Figure 2.6. Schematic representation of (a) the layer-by-layer assembly process and resulting
polyelectrolyte multilayers and polymer nanocomposite, and (b) the influence pH and ionic strength of the
polyelectrolyte species can have on the thickness of the film (reprinted with permission from [reference
12]).%?

2.3.2 Nanobrick Wall Structure

The addition of fillers, and the subsequent creation of a polymer nanocomposite, allows
for nanoscale control with layer-by-layer assembly. Other methodologies for producing polymer
nanocomposites only achieve filler loading of about 30 to 40 % and clay filler agglomerates within
the polymer matrix.”%2 Utilizing LbL assembly, filler loading levels have exceeded 90%.1% In
addition to this high filler loading, the layer-by-layer technique generates high alignment of clay
platelets within the coating, called a nanobrick wall structure (Fig. 2.7(a)). This creates a passive
barrier mechanism shown to be highly effective in gas barrier, flame retardant, and corrosion
applications. 49101104105 The high barrier is gained through highly exfoliated and uniformly

dispersed high aspect ratio platelets that orient parallel to the substrate.° These favorably aligned

15



platelets create a long diffusion pathway, referred to as the tortuous path, as shown in Figure
2.7(b), that decreases permeability of molecular species. Increasing the lateral dimension,
decreasing the thickness of the filler (i.e. increasing the aspect ratio), and/or increasing the percent
of clay content within the film increases tortuosity (Fig. 2.7(c)). The mathematical representation

for the tortuosity is given by the relative permeability:

(0] 2 ¢2
p it G )

where Po is the polymer matrix permeability, P is the composite permeability, p is a filler geometric

factor, « is the filler aspect ratio and @ the volume fraction of the filler.1%
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Figure 2.7. (a) TEM cross-sectional image of a nanobrick wall structure and corresponding schematic
(reprinted with permission from [reference 49])*, (b) schematic of tortuosity, and (c) effect of volume
fraction of clay in the film on the tortuosity factor (reprinted with permission from [reference 103]).2®

2.4 Functionalization of Polymer Nanocomposites

Although the effectiveness of layer-by-layer is far reaching and allows for a lot of
customizability within the bounds of the assembly technique, additional benefits can be derived
from functionalization of the polymer nanocomposite. Common methodologies for improving the
polymer nanocomposite performance include crosslinking of the polymer matrix, silanization of

the substrate or filler, and the addition of small molecule additives to the solutions.
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2.4.1 Crosslinking

Crosslinking is the chemical joining of two polymer chains, often through covalent
bonding, to form a larger polymer network.®” The generated network reduces the free volume
within the film through more dense packing of the molecular lattice. Different methods of
crosslinking include chemical, thermal, and UV.1%12  Crosslinking can have a number of
different effects on polymer properties, including increasing thermal stability, providing a more
rigid structure that increases the mechanical strength, and decreasing the solubility of the
polymer.13-115 The inherent hydrophilic nature of most polymers used in layer-by-layer assembly
make these polymers susceptible to water absorption and film swelling.''® This will eventually
result in an increase in the free volume of the polymer, which allows for permeants to diffuse
through the film more quickly in high humidity or aqueous environments. Crosslinking helps
prevent water absorption and consequently improves the barrier properties of films under such

high humidity or aqueous conditions, as shown in Figure 2.8.1081%7
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2.4.2 Silanization

Silanization involves the functionalization of a surface with a silane. Silanes are hybrid
molecules that contain a hydrolytically sensitive center that reacts with inorganic substrates.!*®
Most organosilanes have one organic substituent and three hydrolysable substituents.
Silanization is driven by the hydrolysis of these substituents. Alkoxy groups (i.e. ethoxy or
methoxy) hydrolyze in the presence of water and are converted to hydrophilic silanol groups (Si-
OH) that can bond with hydroxide groups on a metal’s surface (Me-OH) through hydrogen
bonding.!®129 A condensation step then occurs at the interface, which results in metallo-siloxane
covalent bonds (Me-O-Si). Figure 2.9 is a schematic of this process, demonstrating the use of
aminopropyltriethoxysilane (APTES) in functionalizing graphene oxide (GO).*?! This
silanization was shown to improve the bonding strength between the GO and a polymer matrix,
which in turn improved the overall mechanical properties of the polymer nanocomposite. Silane
functionalization can range from altering surface properties to promoting hydrophilicity,'8
creating a more hydrophobic surface,?? used as an interface to promote adhesion,'*° and as a

protective coating to improve durability.1?3
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Figure 2.9. Schematic of the silanization of graphene oxide with aminopropyltriethoxysilane (reprinted
with permission from [reference 121]).1%
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2.4.3 Small Molecule Additives

Small molecule additives have been utilized to great effect in polymer nanocomposite
coatings. These additives improve the properties for applications such as semiconductors, flame
retardants, and thermal barrier coatings.*?*?6 Not only do these additives become incorporated
into the bulk of the composite, but they also often interact with the other components influencing
both the growth of the material and the end application.'?"128 Small molecule additives have been
used to promote nucleation, generate better crystallization, improve self-assembly of polymers,
induce crosslinking, and increase film thickness'?®'%  Amine salts, such as
tris(hydroxymethyl)aminomethane (THAM), have been shown to increase the thickness of
polymer films through charge screening.!® For a polymer system with clay filler, the amine salt
also influences the deposition of the nanoclay platelets. Previous studies have shown that
akylamines interact with the surface of the nanoclays allowing for intercalation of polymer
between dispersed nanoclay, with the result of multiple stacks of clay being deposited in a single
coating step.*** The resulting film thickness is over an order of magnitude greater than its thin clay
counterpart (i.e. coating without amine salt), with the thickness of 10 BLs of the thick clay system
being 5-6 um and 10 BLs of the thin system being around 80 nm.1313¢ Another example of the
use of small molecule additives is pentaerythritol (PER), which has been used extensively as a
char promoter in flame retardant applications. The addition of a char promoter to a film is vital in
the creation of an intumescent system that, in turn, creates a thermal barrier under the right

conditions.®’

2.4.4 Intumescent Polyelectrolyte Systems
Intumescence is a form of active chemistry whereby the polymer swells when heated to

create a protective barrier for the material underneath. This is an important mechanism in flame
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retardant systems, resulting in an insulation layer that protects the flammable substrate.®*®140 The
intumescent mechanism requires an acid source (such as ammonium polyphosphate), blowing
agent (such as melamine), and carbon source (such as pentaerythritol) acting together in the
condensed phase to form a bubbled char layer.!>®® The process starts with the release of an
inorganic acid as the material begins to heat (<250 °C). The acid then reacts with the carbonization
agent, via dehydration, to form a carbonaceous layer on the surface. At the same time the blowing
agent undergoes pyrolysis and releases non-flammable gases, such as N2 and COz. These gases, in
addition to driving away hot convective air, cause the char layer to expand and contribute to the
porous architecture as gases trapped within the char layer form bubbles.®® A solidified intumescent
char layer then results as crosslinking and condensation create a stable, protective shell on the
surface of the substrate. This thick char layer insulates through low thermal conductivity and a

porous architecture, reducing thermal transport to the vulnerable substrate.4
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Figure 2.10. Schematic of the intumescent process with ammonium polyphosphate (APP) as the acid
source, polyol as the carbon source, and melamine as the blowing agent (reprinted with permission from
[reference 12])."2
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CHAPTER Il - CROSSLINKING AND SILANIZATION OF CLAY-BASED MULTILAYER

FILMS FOR IMPROVED CORROSION PROTECTION OF STEEL*

3.1 Introduction

Thin organic-inorganic hybrid films can provide a barrier against corrosive species (i.e.
water, oxygen, and aggressive ions).81#? Inorganic fillers, especially clay nanoplatelets, have
attracted attention due to their high in-plane strength and stiffness coupled with their
impermeability to various gas species.!*314 Layer-by-layer (LbL) deposition of polymer-clay
nanocomposite thin films generates a nanobrick wall structure.'% This structure forms a tortuous
pathway, hindering the diffusion of small molecule species. The nanobrick wall has proven
effective in gas barrier and moisture barrier applications, which makes it a viable candidate as an
effective corrosion resistant coating.}*+14614" The present study focuses on improving a LbL
deposited primer layer by reducing water transport across the film through crosslinking of the
polymer mortar and improving film adhesion to the steel substrate through silanization. Viable
pretreatment layers exhibit both improved adhesion between an intermediate or topcoat and the

vulnerable substrate and independent corrosion resistance.

The nanobrick wall structure is formed by alternately depositing layers of cationic
polyethylenimine (PEI) and anionic vermiculite (VMT) clay on steel. This PEI/VMT multilayer
system has previously been shown to exhibit high gas barrier and some corrosion resistance

stemming from the strong ionic bonding and the nanobrick wall structure that hinders corrosive

*Reprinted with permission from Long, C.T.; Chen, L.; lverson, E.T.; Castaneda, H.; Grunlan, J.C.
Crosslinking and Silanization of Clay-Based Multilayer Films for Improved Corrosion Protection of Steel,
Journal of Material Science 11-08-2021 accepted for publication.

21



species diffusion.**” The high aspect ratio of VMT results in increased gas barrier properties over
other clay alternatives, such as montmorillonite (MMT) or laponite (LAP).2* This thin film is
crosslinked with glutaraldehyde (GA) to prevent water absorption and improve chemical,
mechanical, and thermal stability.}*44% A silane pre-treatment with aminoproplytriethoxysilane
(APTES) promotes improved adhesion between the primer and steel, reducing delamination and
microscale defects in the coating.!'*** This silanized and crosslinked nanobrick wall coating was
tested as part of a multilayer system, utilizing a bisphenol-A based epoxy topcoat. By combining
the already corrosion resistant epoxy with this nanocomposite primer, an improved and prolonged
resistance to corrosive species is demonstrated. While crosslinking and silanization have been
demonstrated to improve barrier properties, this study is the first time the methodologies have been
combined to demonstrate improved corrosion resistance. This improvement demonstrates the
viability of the functionalized nanobrick wall film to be used as an environmentally-benign primer

layer in an multilayer insulating barrier coating for the protection of steel.

3.2 Experimental

3.2.1 Materials and Substrates

Branched polyethylenimine (Mw = 25,000 g/mol), glutaraldehyde (25 wt%), and (3-
aminopropyl)triethoxysilane were purchased from Sigma-Aldrich (Milwaukee, WI). Microlite
963++ vermiculite clay (7.8 wt % in water) was purchased from Specialty Vermiculite Corp
(Cambridge, MA) and diluted to a 1 wt % suspension. Deionized (DI) water (with a resistivity
equivalent to 18 MQ) was used to prepare all solutions and rinses. All solutions were left at their
intrinsic pH. 15.24 x 15.24 x 0.08 cm plates of A36 ground low-carbon steel was purchased
from McMaster Carr (Aurora, OH) and cut to 2.54 x 2.54 cm coupons for coating. Metal

substrates were cleaned by rinsing with DI water, methanol, and again DI water prior to bath
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sonicating in DI water and then isopropanol (IPA) for 2 minutes each, with IPA rinses between,
and dried with filtered air. The steel was then immersed in a 1 M sodium hydroxide and 100 mM
sodium nitrite solution overnight to passivate the surface for better adhesion prior to deposition.
Bisphenol A based epoxy (DER-671-X75) and a polyamide hardener (Versamide 140, Olin,

Clayton, OH), were combined at 82.4 wt % and 17.6 wt %, respectively, and used as a topcoat.

3.2.2 Thin Film Preparation

Steel substrates were coated with bilayers of PEI/VMT using layer-by-layer (LbL)
assembly, which was carried out with a home-built robotic system 3%, Films were assembled by
first immersing the substrate into a 0.1 wt% PEI solution for 1 minute, followed by rinse and dry
to remove any excess polymer. From there, the substrate was immersed in the 1 wt% VMT
solution for 1 minute and then rinsed and dried again, which completes one bilayer (BL). This
procedure, shown schematically in Figure 3.1, was then repeated until the desired number of
bilayers were deposited. Epoxy was coated using a birdbar with a 5 mil gap (127 um) to generate

a 2.5 mil (63.5 um) thick coating once dry.
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Figure 3.1. (a) Schematic of layer-by-layer (LbL) deposition process and corresponding nanobrick wall
film and (b) materials used. Schematics of (c) PEI crosslinking using GA and (d) silanization of steel with
APTES and (e) the final multilayer coating system.

3.2.3 Crosslinking and Silanization

Following LbL deposition, films were immersed in GA solutions of varying
concentration to allow for crosslinking of the PEI layers, using immersion times of 1, 4 and 16
hours. Additionally, the number of deposited BL (i.e. the thickness of the film) before
crosslinking was evaluated by first comparing films crosslinked at 10, 15, and 20 BL. Films were
then corrosion tested when crosslinked at 15 and 30 BL and compared to films crosslinked at
only 30 BL. Prior to additional LbL deposition or testing, the sample was immersed ina 0.1 M
sodium borohydride (NaBH4) solution (in ethanol) for one hour to reduce the Schiff base formed

between GA and PEI.1% Aminopropyltriethoxysilane was deposited on the surface of the steel
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prior to the LbL coating using vapor phase deposition, which took place under vacuum. The
substrate and 0.5 mL of APTES were placed in a vacuum desiccator overnight. LbL coating was
done the following day after the sample was removed from vacuum. The crosslinking chemistry

and silanization procedure are shown in Figure 3.1.

3.2.4 Characterization

Corrosion testing was carried out by using a typical three electrode set up including the
sample as the working electrode (with an exposed area of 1.766 cm?), calomel saturated
electrode as the reference and platinum mesh as the counter electrode. The experimental
interfacial characterization included electrochemical impedance spectroscopy (EIS) (Gamry,
Warminster, PA). During testing, films were exposed to 3.5 wt% NaCl solution. Samples without
an epoxy topcoat were tested for 24 hours and compared to uncoated steel samples tested under
the same conditions. Samples tested with an epoxy topcoat were examined over a 5-day period,
with measurements taken every hour for the first 24 hours and then once a day for each
subsequent day. Multilayer films were compared to an epoxy coated sample prepared without
any pre-treatments or LbL primer. Films were grown on polished silicon wafers (University
Wafer, Boston, MA) for thickness and swelling measurements. A 5-minute plasma cleaning
treatment, using a PDC-32G plasma cleaner (Harrick Plasma, Ithaca, NY), was performed on
silicon wafers prior to deposition. An Alpha-SE ellipsometer (J.A. Woollman Co., Inc., Lincoln,
NE) was used to measure film swelling and a P-6 Stylus profilometer (KLA-Tencor, Milpitas,
CA) was used to measure film thickness after intermittent crosslinking. For swelling
measurements, the films were exposed to DI water for 15 minutes and thickness measurements
taken prior to and after exposure. Adhesion testing was done using a crosshatch adhesion test,

following ASTM D3359.
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3.3 Results and Discussion

3.3.1 Improved Corrosion Barrier Through Crosslinking

Nanobrick wall multilayer thin films are well known for their tremendous gas barrier
behavior.1%®1%2 The diffusion of molecules through the film is hindered by the high tortuosity
created by the clay platelets. To further improve the film’s resistance to diffusion, glutaraldehyde
crosslinking of the amine groups in PEI is used to generate a polymeric network that reduces water
uptake in the PEI/VMT film and availability of amine groups to stem chloride ion diffusion
through the film. Unfortunately, the clay filler in the polymer composite film hinders effective
crosslinking through the bulk of the film.1%3%4 To create a cohesive polymer network, optimal
crosslinking conditions for the polymer-clay thin film are evaluated here using swelling
measurements, where films with a greater extent of crosslinking display less swelling. Figure 3.2
shows the influence of immersion time, GA solution concentration, and film thickness (i.e. number
of BL deposited) have on crosslinking. The extent of swelling is reduced in films crosslinked with
higher GA concentration, extended exposure time, and lower thickness. These parameters likely
allow more GA to diffuse into the nanobrick wall structure. Once 5% GA is reached, there does
not appear to be greater crosslinking with greater concentration. These parameters likely allow
more GA to diffuse into the nanobrick wall structure, creating a more dense polymer network. The
denser network improves the moisture resistivity of the film, reducing overall swelling and

susceptibility to aggressive ion transfer through the film.
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Figure 3.2. Swelling measurements for PEI/VMT multilayer films crosslinked at varying (a) GA
concentration with crosslinking overnight on 15 BL, (b) crosslinking immersion time with 5% GA
concentration on 15 BL, and (c) bilayers deposited before crosslinking with 5% GA overnight. The darker
part of the bar is film thickness prior to testing and the lighter color is the thickness following exposure to
water for 15 minutes.

Electrochemical impedance spectroscopy (EIS) testing was done on a reduced set of
variables to demonstrate how crosslinking the polymeric mortar in the nanobrick wall film creates
an improved corrosion barrier. To examine the influence of film thickness, deposition was done at
two 15 BL intervals, with subsequent crosslinking after each, and compared with a 30 BL film
crosslinked after only the final bilayer. Improved corrosion barrier can be seen in the increase of
impedance values at low frequency, |Z|o.1Hz. Values for each test are provided in Table 3.1. The
films crosslinked at a greater GA concentration, and at both 15 and 30 BL, exhibit a higher |Z|o.1H:
value. These results further suggest that films exposed to GA at fewer BL (i.e. decreased thickness)

have a greater extent of crosslinking and correspondingly improved corrosion resistance.

Table 3.1. Impedance values for crosslinked films.

Crosslinked at 30 BL Crosslinked at 15 and 30 BL
GA Concentration (wt%) Resistivity |Z]o.oisz (Q*cm2)  Resistivity |Z]o.oinz (Q*cm2)

0% 2,925 -

0.5% 7,407 9,327
5% 9,197 19,006
25% 6,166 14,032
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Following this established intermittent crosslinking procedure, a reduced set of GA
concentrations were evaluated to determine the best concentration for promoting corrosion
resistance. For this analysis, films were crosslinked with 2, 5 and 10 wt% GA. Figure 3.3 shows
the Nyquist and Bode plots for these tests. Each of the crosslinked films provides some level of
corrosion protection, outperforming the uncrosslinked 30 BL film. The film crosslinked with 5
wt% GA has the best corrosion resistance. Crosslinking with 2 wt% GA likely does not achieve
the same level of networking, allowing for increased diffusion of corrosive species through the
film. This can be seen in both the reduced |Z|o.011z value, compared to either the 5 wt% or 10 wt%
crosslinked films, and a reduced magnitude observed in the Nyquist plot. Conversely, the exposure
of the film to a greater concentration of GA (i.e. 10% or more) possibly results in plasticizing of
the film due to excess unreacted small molecules present. It is also possible that the corrosive
nature of GA, particularly at high concentration, initiates corrosion prior to testing, expediting

failure of the film.
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Figure 3.3. EIS (a) Nyquist and (b) Bode plots for 24 hours of testing 30 BL PEI/VMT, crosslinked with
various GA concentrations: 0 (red), 2 (yellow), 5 (purple), and 10% (green).

3.3.2 Silanization for Adhesion

Corrosion resistance garnered by crosslinked nanobrick wall thin films is further
improved with silane functionalization of the steel surface prior to film deposition. While the
independent corrosion resistance achieved by a pretreatment coating is important, the primary
role of this layer is to improve the adhesion between a topcoat and the underlying metal.
Bonding of cationic PEI to steel is promoted by first exposing the metal to a 1M sodium
hydroxide and 100mM sodium nitrate solution to generate a hydroxide layer on the surface. As a
result, the polymeric layer hydrogen bonds with the generated inorganic hydroxylated surface.
While sufficient for promoting adhesion between PEI and steel during the deposition process,
this pre-treatment offers little adhesion once the film is dry. By introducing

aminopropyltriethoxysilane, an organic surface is created that promotes improved hydrogen
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bonding. Vapor phase deposition of the APTES onto the surface of the metal allows for less
variability in the formation of the Si-O-Si bonds between the silane and the metal 151

When PEI is deposited onto the APTES-treated steel, the PEI strongly bonds with the
amine groups in the APTES chains through hydrogen bonding between the two organic layers.
This superior adhesion is confirmed through the use of a crosshatch adhesion test, following
ASTM standard D3359, shown in Figure 3.4(a). The film deposited on the steel without APTES
has no apparent adhesion, with full delamination from the surface, while the film deposited
following silanization exhibits improved adhesion. EIS testing demonstrates the extent to which
this improved adhesion influences the corrosion resistance. Independently, the APTES offers no
corrosion resistance, likely hydrolyzing and delaminating from the steel quickly upon exposure to
the testing solution. Conversely, the benefits of the silanization between the film and substrate can
be seen in the larger magnitude displayed in the Nyquist curve (Fig. 3.4(b)). Further, the
impedance value, |Z|o.01Hz, reported in Table 3.2, is greater and is indicative of improved corrosion
barrier. As APTES adds no thickness to the overall system, the improved corrosion resistance can

be attributed to the adhesion generated through better bonding.
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Figure 3.4. (a) Digital images of adhesion testing with (left) and without (right) APTES pretreatment,
where the darker grey is the remaining coating following the test. (b) Nyquist plot after 24 hours of EIS
testing and (c) corresponding Bode impedance (top) and phase (bottom) plots.

Table 3.2. Thickness and impedance values due to APTES treatment.

Thickness (nm)

Impedance |Z|o.01Hz

Sample (Q*cm?)
Control Steel ) 6,438
APTES 13201 7,729
Nanobrick Wall 314697 19,006
APTES + Nanobrick Wall 315.0+14.9 26,152

3.3.3 Multilayer Insulating System

The most successful corrosion resistant barrier coatings make use of multiple layers in

tandem to protect a metal substrate. To demonstrate the viability of the silanized and crosslinked

nanobrick wall thin film for use as a primer layer in a multilayer system, an epoxy topcoat was

applied and tested over 5 days. This is a corrosion-resistant bisphenol-A based epoxy coating
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157,158 * A control of the epoxy coating alone is compared to epoxy paired with APTES, and a 30
BL PEI/VMT film, crosslinked at 15 and 30 BL with 5% GA, with and without silanization.
Evaluation of the Bode plots show the contrast between the epoxy control and the system with the
crosslinked and silanized nanobrick wall primer. While the neat epoxy system, shown in Figure
3.5(a), starts with the greatest |Z|o.o1+z Value, the apparent corrosion resistance deteriorates over 5
days. Independently, the silanization and the crosslinking of the PEI/VMT film (Fig. 3.5(b) and
(c)) do not perform well. The silanized epoxy starts out lower than the neat epoxy sample and
deteriorates from there, demonstrating that APTES is not a good interface between the steel and
epoxy topcoat. The nanobrick wall film also starts out poorly, but its reduction in performance
over 5 days is less and seems stable after the first dip in performance. Only the crosslinked and
silanized nanobrick wall film (Fig. 5(d)) exhibits sustained corrosion resistance over the 5-day

testing period.
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Figure 3.5. EIS Nyquist (top) and Bode (bottom) plots comparing films with an epoxy topcoat and
pretreatment layer of (a) hydroxylated steel alone, (b) APTES treated steel, (c) a 30 BL crosslinked (with
5% GA) PEI/VMT coating, and (d) the same nanobrick wall primer on APTES-treated steel.
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Fitting these multilayer films to an equivalent circuit model provides insight into the overall
interfacial characterization, including the corrosion resistance of each system. Figure 3.6(a) and
(b) shows film resistivity and charge transfer resistance over the 5 days of testing, respectively.
The resistance of the coating is indicative of the overall barrier performance. The system
performance is also evaluated with the charge transfer resistance. Charge transfer occurs at the
interface between the coating and the substrate as electrons enter the metal and metal ions diffuse
out. Initially, APTES alone outperforms the LbL deposited coating, likely due to poor adhesion
between PEI and the steel. The trend observed, particularly in the charge transfer resistance, is
similar when comparing the APTES and control coating, indicative of the performance of the
epoxy coating without the additional polymer nanocomposite primer. The APTES sample does not
perform as well, which is possibly a result of poor interfacial bonding between the silane and the
epoxy. Additionally, an improvement in film resistance is temporarily observed in the APTES
sample. As the water infiltrates the epoxy, but prior to the dissolution of the APTES layer, APTES
may hydrolyze, briefly imparting greater interaction with the epoxy and increasing the overall
resistance of the system. APTES alone does not show a robust corrosion barrier, so the overall
barrier performance begins to degrade, ultimately having the least film and charge transfer
resistivity of the tested samples. Most importantly, the fitting data confirms that the only film that
performed well over all 5 days of testing was the combination of APTES, and crosslinked
nanobrick wall film, with the epoxy topcoat (APTES + LbL). At the beginning of the test, the
sample’s film resistivity is equivalent to the independent epoxy system. As the test solution
diffuses through the epoxy, and the neat epoxy film resistivity drops, the film resistivity of the
sample paired with the silanized and crosslinked nanobrick wall film remains stable. Additionally,

the prolonged resistance displayed by the silanized and crosslinked nanobrick wall film
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pretreatment to the charge transfer is accounted for by the improved adhesion between the

PEI/VMT coating and the steel through APTES silanization.
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Figure 3.6. Equivalent circuit modeling of (a) resistivity and (b) charge transfer resistance of various
systems with an epoxy topcoat: control (red), APTES alone (orange), 30 BL PEI/VMT crosslinked (yellow),
and the combination of APTES and the same crosslinked PEI/VMT (green).

3.4 Conclusions

The use of a layer-by-layer deposited nanobrick wall primer provides good corrosion
protection to a steel substrate. Once silanized and crosslinked, the potential for these PEI/VMT
coatings increases greatly, offering not only improved corrosion protection but also improved
adhesion to the steel. These properties make them a good option as an alternative pre-treatment
layer for multilayer insulating coatings. The network generated by the crosslinked PEI promotes
moisture resistance and a reduced vulnerability to aggressive ions permeating the coating. The
APTES promotes improved adhesion that hinders delamination and reduces the available surface
for corrosion induction. Combining the two methodologies with the nanobrick wall structure,
which already hinders molecular diffusion through the tortuous path created by clay

nanoplatelets, provides environmentally-benign corrosion protection.
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CHAPTER IV — EFFICIENT HEAT SHIELDING OF STEEL WITH MULTILAYER

NANOCOMPOSITE THIN FILM*

4.1 Introduction

In the present study, tris(hydroxymethyl)aminomethane (THAM) was added to a cationic
polyethylenimine (PEI) solution and alternately deposited on steel with vermiculite (VMT) clay,
because of its low thermal conductivity (0.04 — 0.012 W-m™.C™), high aspect ratio, and low
thermal emissivity,’® to generate a nanobrick wall thin film that provides one-time thermal
protection to the steel. These so- called thick growing PEI-VMT coatings have demonstrated
improved flame-retardant properties with fewer deposition steps than their thinner counterparts
grown without salt additive.***13 The addition of THAM to the PEI results in a thicker growing
film and charge screening in the polyelectrolyte chain and causes a form of clay complexation that

results in more stacking in each layer.821%° As akylamines interact with the surface of the clay
platelets, there is intercalation of polymer that results in stacks being deposited in a single
deposition step.!3* By comparison, a system grown without the amine salt is approximately 2
orders of magnitude thinner than the present system.*3° The blowing behavior (i.e., gas generation)
exhibited by PEI and the amine salt, when exposed to a high temperature, creates clay-reinforced
bubbling that contributes to the thermal protection of the underlying metal. The use of this
nanobrick wall architecture, in combination with the thermal properties of the individual
components, provides a unique and relatively thin thermal barrier coating that may be used to

protect a variety of metals that may be exposed to catastrophic high-temperature events.

*Reprinted with permission from Long, C.L.; Wang, R.; Shoalmire, C.; Antao, D.S.; Shamberger, P.J.;
Grunlan, J.C. Efficient Heat Shielding of Steel with Multilayer Nanocomposite Thin Film, ACS Appl.
Mater. Interfaces 2021, 13, 19369 — 19376.
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4.2 Experimental

4.2.1 Materials and Substrates

Branched  polyethylenimine  (PEI) Mw = 25 000 g/mol) and
tris(hydroxymethyl)aminomethane (THAM, crystalline) were purchased from Sigma-Aldrich
(Milwaukee, WI). Microlite 963++ vermiculite clay (VMT, 7.8 wt % in water) was purchased
from Specialty Vermiculite Corp (Cambridge, MA) and diluted to a 1 wt % suspension. Deionized
(DI) water, with a resistivity greater than 18 M€, was used to prepare all solutions and rinses. The
pH of the cationic solution and rinse was adjusted to 6, while the pH of the anionic solution and
rinse was adjusted to 10, using 5 M HCI and NaOH, respectively. A 50 mM THAM solution was
prepared prior to adding the cationic species. Films were grown using 0.1, 0.5, 1, or 5 wt %
solutions of PEI (with THAM). Ground A36 low-carbon steel was purchased from McMaster-Carr
(Aurora, OH) in 10.16 cm x 10.16 cm x 0.32 cm plates. Steel substrates were cleaned with a DI
water, methanol, and again DI water rinse prior to bath sonicating in DI water and then isopropanol
(IPA) for 2 min each, with IPA rinses between, and dried with filtered air. The steel was then
immersed in a 1 M sodium hydroxide and 100 mM sodium nitrite solution overnight to passivate
the surface to improve coating adhesion.
4.2.2 Thin-Film Preparation

Substrates were coated with PEI- VMT multilayers using layer-by-layer assembly, which
was carried out with a home-built robotic system.'®! Films are assembled by first immersing the
substrate into the polycationic solution for 5 min, followed by immersion in a rinse solution of
50 mM THAM for 1 min. The substrate is then immersed in the clay solution and a rinse of DI
water for 5 and 1 min each, which completes one bilayer (BL). Subsequent bilayers use 1 min

dips in each solution. After all the layers are deposited, the films are dried in ambient conditions
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overnight and then stored in a desiccant box prior to testing. Films were prepared with 6, 10, and
14 BL, following a previously outlined procedure,* at varying concentrations of PEI solution. A
schematic of the deposition procedure, and resulting nanobrick wall structure, can be found in

Figure 4.1.
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Figure 4.1. (a) Chemical structures of polyethylenimine (PEI), tris(hydroxymethyl)aminomethane
(THAM), and vermiculite (VMT) clay. (b) Schematic of layer-by-layer deposition of the PEI-THAM/VMT
nanobrick wall coating.

4.2.3 Nanocomposite Film Characterization

Flame tests were carried out with a butane hand torch (Triggertorch MT-76 K; Master
Appliance Corp.; Racine, WI). Samples were placed in a holder, with a 15.24 cm x 20.32 cm front
plate, to orient the plate perpendicular to the torch. Films were subjected to the flame for 20 min.
The temperature was measured using two K-type thermocouples (McMaster-Carr; Aurora, OH).
One thermocouple (TC1) was placed on the center of the back side (i.e., the uncoated side) of the
plate, centered along the axis of the butane torch. Another thermocouple (TC2) was placed on the
back side as well, offset 2.54 cm above TC1 (Figure 4.2). For decreased thermal resistance, silver
paint (Electron Microscopy Science; Hatfield, PA) was used to adhere the thermocouple to the
steel plate. Samples were compared to an uncoated steel plate tested under the same conditions. A

DektakXT surface profilometer (Bruker; Tucson, AZ) was used to measure film thickness and
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roughness on polished silicon wafers (University Wafer; Boston, MA). A 5 min plasma cleaning
treatment, using a PDC-32G plasma cleaner (Harrick Plasma; Ithaca, NY), was performed on
silicon wafers prior to deposition. The clay composition of freestanding films was measured with
a Q50 Thermogravimetric Analyzer (TA Instruments; New Castle, DE). Films weighing
approximately 7-9 mg were tested in an air atmosphere. First the films were held at 100 °C for 20
min to remove water, and then the temperature was increased at a heating rate of 10 °C-min. The
surface morphologies of the films prior to and after burning were observed by sputter coating the
samples with 5 nm of platinum/ palladium prior to imaging using a a field-emission scanning
electron microscopy (SEM) instrument (model JSM-7500, JEOL; Tokyo, Japan). Fourier
transform infrared (FTIR) spectroscopy results of the burned and unburned film were collected in
the range of 4000-700 cm™ (16 scans and 4 cm™ resolution) at room temperature using an
FTIR/FIR spectrophotometer (PerkinElmer Frontier, Waltham, MA) equipped with a diamond
crystal. Emissivity measurements were done using a separate spectrometer, a Thermo Nicolet 380

FTIR (ThermoFisher, Waltham, MA) with an attenuated total reflectance (ATR) accessory.
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Figure 4.2. (a) Schematic of the flame test setup, with location of center (TC1) and edge (TC2)
thermocouples shown. (b) Digital images of flame testing, showing formation of a macroscale bubble [view
from an angle (left) and side view (right)]. (c) Schematic of observed bubbling behavior and heat-transfer
mechanisms.

4.2.4 Thermal Modeling

A 3D finite element model was created within ANSYS FLUENT to extract the net thermal
resistance (Rnet) of the multilayer films exposed to the butane torch flame. A square plate (15.24
cm length sides and 0.3175 cm thickness) was defined, composed of A36 low carbon steel (density
of 7.8 g-cm—3, heat capacity of 0.48 J-g—1-C—1, and thermal conductivity of 50 W-m—1- C-1).
The element size of the model was no greater than 0.4 mm spacing at the boundaries. Fixed time
steps of 0.5 s were used on all models. Heat transfer was modeled at the heated side using a forced
convection boundary condition with a Gaussian heat-transfer coefficient and temperature
distribution, resulting in a Gaussian heat flux distribution to approximate previous studies in
butane torch interaction with metal surfaces.*6*1% The maximum free stream temperature (FST)

of the heated side was 1432.85 °C (i.e., the approximate maximum temperature of a butane torch).
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The back side used a free convection model with constant environmental temperature (27.85 °C).
The side walls of the plate were treated as adiabatic boundaries, and the system was initialized at
27.85 °C. The heat-transfer coefficient on the back side (33) W-m?-C1), the maximum heat-
transfer coefficient (120 W-m -C), and the width of the Gaussian distribution (o is 1.5 cm) were
defined to minimize the residuals between simulated and experimental data in the transient

temperature data of the heated bare steel plate (Figure 4.3).
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Figure 4.3. Measured and simulated temperature on the back (uncoated) side of the steel plate, as shown
in Figure 4.2 for a) baseline steel plate with no polymer-clay multilayer film, and c) 0.1% PEI-
THAM/VMT 6 BL film, as an example. Red lines are the temperature measured in the center of the hot
spot, blue lines are offset to the edge of the hot zone by 2.54 cm. In ¢), multiple simulations are run to best
align with the temperatures measured at TC1 and TC2, in the center and on the edge of the hotspot,
respectively, resulting in the upper and lower bounds of net thermal resistance shown in Figure 4.8. b) and
d) illustrate the resulting temperature distribution on the front and back side of the simulated plate at a time
of 20 min for the baseline and the 0.1% PEI-THAM/VMT 6 BL film, respectively.

These boundary conditions were held constant, and a finite thickness film was introduced
with uniform thermal resistance. Heat transfer is modeled across the metal/film interface using the
coupled thermal condition in the metal/film boundary without additional contact resistance. The
net thermal resistance of this film was determined by minimizing the difference between simulated

and experimental observations at TC1 and TC2 and the model. This approach neglects any
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contributions to increasing thermal resistance introduced by changes in the heat-transfer
coefficient or absorptivity of the coating, assuming that the effective thermal conductivity of the
multilayer film provides the dominant resistance to heat transfer in the system. Furthermore, this
approach also neglects radial variability in the thermal resistivity of the TBC layer of the film that
may result from the different maximum temperature achieved at different locations in the film.
4.2.4 Emissivity Measurements

In thermal radiation, the sum of transmissivity (z), reflectivity (p), and absorptivity (&), is
always equal to 1. Kirchhoff’s law notes that the absorptivity and emissivity (&) are equivalent at
equilibrium. By measuring the reflectance using Fourier transform infrared spectroscopy (FTIR),
with an attenuated total reflectance (ATR) accessory, there is no transmission, therefore:

p(A)+ 1) =1 (1)

where both p and & are functions of wavelength, and p is measured by FTIR (Thermo
Scientific, Nicolet 380). The spectral emissive power per unit area (emissive flux) for a blackbody
(B(4, T)) is a function of the wavelength (.7) and the blackbody temperature (T). The relationship

is given by Planck’s law:

B(LT) = 21— @)

-1
GAKRT

where kg is the Boltzmann constant, h is the Planck constant, and c is the speed of light in
vacuum. The spectrally averaged emissivity (&) of a surface at a given temperature T can be
determined from equation 3 below by integrating the measured emissivity as a function of
wavelength () and weighting it with the spectral emissive flux for a black body at that temperature

(T):

_ [B(AT)xe(A)dA
~ [B@AD 3)
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Measurements were done at room temperature, and a weighting blackbody temperature of
700 °C was used as an approximation of the temperature of the surface exposed to the flame. The
emissivity values reported are the weighted and spectrally-averaged emissivity over a range of

wavelengths (2.5 to 25 um).

4.3 Results and Discussion
4.3.1 Polymer-Clay Nanocomposite Composition and Growth

For layer-by-layer film growth, the PEI-THAM solution and rinse were adjusted to pH 6,
while the VMT suspension and DI water rinse were adjusted to pH 10. In addition to creating high
ionic strength solutions, this allows for the necessary acid to be present in the system to aid in char
formation that occurs during intumescence, which has been demonstrated to be an effective flame
retardant.'? In order to have a complete intumescent system, a blowing agent and carbon source
are needed to act in the condensed phase to form the char layer. Other studies have established that
in addition to acting as a thickening agent and “mortar” for the nanobrick wall, THAM and cationic
PEI are also blowing agents that release nitrogen, water and carbon dioxide as they
decompose.’®%* As the film intumesces, the char encases the nanoclay platelets and a ceramic
shell forms, insulating the underlying metallic substrate from the high temperatures.

To demonstrate the role of the charring and blowing actions, and the extent to which the
clay and cationic polymer contribute to the heat shielding properties, the thermal insulating
property of films grown on steel with varying number of bilayers (and PEI solution concentration)
is evaluated. Varying the number of bilayers deposited (i.e., thickness) influences the heat-
shielding behavior of these films. Figure 4.4a shows film thickness with varying concentration of

PEI and bilayers deposited. The film growth is linear, indicative of a static composition being
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deposited with each bilayer. Changing the concentration of PEI in the films, by altering deposition
solution concentration, leads to much thicker growth, with 5% PEI producing five times the
thickness as a coating grown with only 0.1% PEI. This is expected, as film growth Kinetics are
influenced by the polyelectrolyte solution concentration, where increasing concentration leads to
increased adsorption.t%51% Splutions with a greater concentration of polymer experience greater
polyelectrolyte mass transport from the solution to the multilayer. Thermogravimetric analysis
(TGA), shown in Figure 4.4b, indicates that there is significantly more PEI being deposited when

the deposition solution has a greater concentration.
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Figure 4.4. (a) Layer-by-layer growth of films with varying PEI concentration in deposition solution
(deposited on silicon wafer). (b) Thermogravimetric analysis for 14 BL films with varying PEI
concentration: 5% PEI (red), 1% PEI (orange), 0.5% PEI (yellow), and 0.1% PEI (green).

4.3.2 Heat Shielding of Nanobrick Walls

PEI-THAM/ VVMT films were grown on one side of a 0.32 cm thick A36 carbon steel plate.
Heat shielding experiments were carried out with a small butane torch, with a maximum flame
temperature of approximately 1430 °C, oriented perpendicular to the coated side of the steel plate
at a distance of approximately 1 cm. The coating was exposed to the flame for 20 min. Two
thermocouples (TC) were attached to the back side of the plate, one centered along the axis of the

butane torch flame and a second offset by a distance of 2.54 cm. A front plate was used to mount
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the test piece, with a 5.08 cm diameter aperture centered on the axis of the torch flame. A schematic
of the test setup is depicted in Figure 4.2a. Upon exposure to the flame, macroscopic bubbling
was observed in the film, as shown in Figure 4.2b. This bubbling likely results from gases released
from the blowing of THAM and PEI that are trapped between the film and substrate, causing the
film to expand to form a clay- reinforced bubble. Figure 4.2c shows a schematic of the thermal
resistance mechanisms that contribute to preventing heat transfer across the film. By evaluating
these properties and how different film deposition parameters affect them, conclusions can be
drawn about the mechanisms behind their observed thermal resistance.

Upon comparing the heat shielding behavior of the films prepared with varying
concentration of PEI it is evident that increasing the concentration results in an improved thermal
barrier. Exposing an uncoated steel plate to the flame of a butane torch for 20 min results in the
temperature on the backside of the plate to be approximately 260 °C. The temperature measured
when the steel is coated with 14 BL of 0.1% PEI-THAM/VMT is about 190 °C. When the 14 BL
5% PEI-THAM/VMT coated steel undergoes the same test, the temperature on the uncoated side
of the steel is 137 °C after 20 min (i.e., a 53 °C further increase in the temperature differential, AT

=TC1(uncoated) — TCl(coated), With the same number of deposition steps). The resulting ceramic

bubble and observed temperature for each 14 BL coating, and the uncoated control, over the 20
min of testing can be seen in panels a and b of Figure 4.5, respectively. The larger temperature
differential with increasing PEI concentration is likely due to a combination of the increase in
polymer for blowing and charring and the increased thickness. When the bubble forms, the ceramic
shell is thicker and more stable, with minimal surface cracking observed. This clay-based shell has
the same nanobrick wall structure as the unheated film, with the char acting as the mortar,

hindering the release of the blowing gases from the bubble. In addition to the more stable
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macroscale bubble, nanoscale bubbling also results as the film intumesces, which can be seen with

scanning electron microscopy (SEM), as shown in Figure 4.5c. This multiscale porosity also

contributes to suppressing heat transfer across the film.
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Figure 4.5. (a) Digital images after burn of 14 BL PEI-THAM/VMT films prepared with PEI
concentrations of 0.1% (green), 0.5% (yellow), 1% (orange), and 5% (red). (b) Temperature of coated and
uncoated steel as a function of exposure time to the butane torch flame. (c) SEM images of 1% (orange)

and 5% (red) PEI films showing nanoporosity after burning [at lower (left) and higher (right)
magnification].
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At a PEI deposition solution concentration of 0.1%, the role of bilayers is apparent, as films
that have less deposition steps do not form the same cohesive macroscale bubble upon exposure
to the flame relative to films with a greater number of layers (Figure 4.6a). The inconsistent
bubbling that results with fewer bilayers exhibits lower thermal resistance [i.e., smaller
temperature differential (AT) in Figure 4.6¢c]. This result highlights the roles of the film thickness
and the gas bubbles in thermal shielding. A film with more bilayers impedes heat transfer across a
greater thickness. Additionally, the bubbles that contain the gases released during pyrolysis further
increase the effective thermal resistivity of the film and suppress heat transfer between the now
delaminated film and the underlying substrate. The same analysis was done, comparing heat
shielding at varying BL, on films grown with 5% PEI in the deposition solution. The trend of
increasing bilayers resulting in increased heat shielding is also observed with the greater PEI
concentration, supporting the hypothesis that films with more adsorbed polymer perform better.
Furthermore, for films grown with more polymer, bubble growth is more consistent across bilayers

and the observed temperature differential is larger.
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Figure 4.6. Heat shielding of 6, 10, and 14 BL 0.1% PEI films: (a) digital images of films preburn (left)
and post burn (right), (b) thermogravimetric analysis, and (c) temperature differential between uncoated
and coated steel (AT = TC1(uncoated) — TC1(coated)) after the system has achieved equilibrium.

Infrared spectra of the 5% PEI-THAM/VMT film prior to and after burning are shown in
Figure 4.7. Prior to heating, peaks for the amines and hydroxides, found in both PEI and THAM,
are apparent at 1600 and 3500 cm™, respectively. The peaks around 1000 cm™ and below are the
VMT. The peaks associated with the amines and hydroxides are not present when looking at an
area directly exposed to the heat from the butane torch. This suggests that the PEl and THAM have
both undergone pyrolysis, leaving VMT and char as the thermal barrier. By evaluating the film
approximately a centimeter away from the central burn site, a reemergence of the PEl and THAM

peaks can be seen. TGA reveals that both the PElI and THAM degrade around 300 °C, while VMT
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remains stable (Figure 4.6b).”5130167 peaks indicating the presence of these components a
centimeter from the film region exposed to the flame indicates that the in-plane thermal
conductivity is sufficiently low to result in a large radial temperature gradient within the film.
While this IR analysis provides further insight into the composition of the film upon exposure to

the flame, it provides no insight regarding the thermal resistivity of the film, which is addressed in

section 4.3.3.
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Figure 4.7. (a) FTIR analysis of a 14 BL 5% PEI-THAM/VMT film prior to flame testing and following
flame testing in two locations: near the center of the bubble (A), where the flame was applied, and about 1
cm from the center (B). (b) Digital image of the film post burning that shows locations of FTIR analysis.

4.3.3 Mechanism of Thermal Shielding

When the nanocomposite coating is subjected to a temperature gradient, heat transfer
results from vibrational conduction in the solid phase, conduction (or convection) through air in
any voids, and radiation losses to the surroundings. The net thermal resistance of the film,
including the effects of micro- and macroscopic porosity, is extracted from 3D transient models
using a commercial finite element package, as shown in Figure 4.8. Importantly, this approach

neglects any changes in the heat- transfer coefficient or absorptivity of the coating and also
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neglects radial variability in the thermal resistivity of the film. As a result, this approach creates
an approximate aggregate thermal resistance (Rnpet) associated with the intumesced polymer—clay
multilayer film, assuming that this provides the dominant resistance to heat transfer in the system.
Rnet varies systematically with polymer—clay multilayer film structure, increasing somewhat with
the number of bilayers, and increasing dramatically in the 5% PEI films, relative to the 0.1%—1%
PEI films. This is consistent with the thickness measurements (Figure 4.4a), which indicate that
the 5% PEI films have dramatically higher thickness when compared to similar films with

0.1%—1% PEL
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Figure 4.8. Net thermal resistance of polymer—clay multilayer films extracted from thermal model.
Downward and upward triangles illustrate upper and lower bounds on thermal resistance. The 0.5% and
1% PEI-THAM/VMT films all have 14 BL but were separated for legibility.

The ceramic bubble structure was found to be an integral part of the heat shielding, as films
that exhibited less bubbling were not as thermally insulating. This macro-scale bubble results as
the polymer and amine salt in the nanocomposite film undergo pyrolysis and generate gas. It was
found, during testing, that if a film made of the same number of bilayers and PEI concentration
did not form a cohesive macroscale bubble, then the temperature differential decreased. Further,

films that generate a thicker and more stable bubble, due to larger amounts of blowing material,
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create more thermal resistance. The films made with 5% PEI are not only thicker than films made
with less PEI but also contain more material that contributes to the macroscale bubble growth.
Upon generation of a stable bubble, the energy from the temperature gradient must now travel
through the low thermal conductivity film and pass through the gaseous medium in the bubble that
further dissipates the energy, before it reaches the underlying metal substrate.

In addition to the presiding functionality of the macroscale bubble, the film’s nanobrick
wall morphology, in tandem with nanoscale pores and overall thickness, contribute to the observed
thermal resistance. The number of bilayers deposited has a direct effect, creating additional
resistance through more layers. While the increase in PEI concentration alters how much material
is deposited with each bilayer, affecting the thickness and internal morphology, there is also a
change in the extent of intumescence that occurs, where films made with a greater concentration
of PEI generate more blowing and charring. Not surprisingly, the intumescence occurs
heterogeneously across the exposed film, as the maximum temperature of the film decreases
radially outward from the flame axis, and the local thermal resistance at the center and edges of
the exposed films are likely different. This heterogeneity results in a poor simultaneous fit of the
central and edge temperatures as measured on the back side of the plate. To account for this

variation, approximate upper and lower bounds on Rnpet Were extracted, using the best fits to the

central and edge temperature measurements independently (Fig. 4.2).

Emissivity measurements were done on samples pre- and post-exposure to a flame,
following a procedure outlined by Okada.'®® While these emissivity measurements were not
performed during the flame testing, the measured emissivity is expected to be representative for
the film exposed to higher temperatures. The emissivity is weighted to a blackbody at 700 °C,

which is the approximate flame temperature once it reaches the plate. This measurement provides
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insight into the influence of radiative transport for these nanocomposite thin films. Thermal
emissivity of the films is given in Figure 8, revealing values comparable to those of highly
polished metals.'®® Infrared emissivity has been shown to be reduced for some nanocomposites
when compared to the individual components, which is likely due to the electrostatic interaction
between the layers.t’®1t The relatively low thickness of these films may also affect emissivity,
with thinner films often exhibiting reduced emissivity. These physical factors, combined with the
expected low emissivity of VMT, generate a radiative shielding effect that contributes to the
overall lower thermal resistance of the system. Additionally, for the 14 BL films, exposure to the
flame (and subsequent charring and formation of bubbles) further reduces the emissivity. The low
emissivity (or absorptivity) of the film reduces the radiative transport from the flame to the film
itself, reflecting incident thermal energy in the IR range. This low emissivity also suppresses re-
emission of radiation, which will lead to an increase in the film temperature. The increased film
temperature is beneficial, because the intumescence and charring within the film, which impart its

functional heat shielding properties, require higher temperatures to degrade the PEI and THAM.
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Figure 4.9. Emissivity of PEI-THAM/VMT films prior to and following flame testing.
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4.4 Conclusions

Polymer—clay nanocomposite multilayer films are shown to be effective expendable
thermal barrier coatings. These multilayer thin films act through a combination of chemical and
structural characteristics that suppress heat transfer to the substrate. The addition of an amine salt
to the film results in thicker growing nanocomposite multilayer thin films, with more material
available for heat shielding. A prominent heat shielding mechanism observed is the creation of a
macro-scale bubble. As the films are exposed to high levels of heat, the polymer and amine salt
undergo char-forming pyrolysis, which encases the nanoclay platelets and releases gases. These
gases cause the film to expand and form a ceramic bubble that effectively insulates the metal
substrate. Increasing the number of polymer—clay bilayers, and consequently the material
deposited, results in greater thermal resistance from larger and improved bubble formation. The
generated temperature differential is further improved by increasing the PEI concentration in the
deposition solution, which results in more polymer and clay adsorbed during each deposition step.
The resulting thicker ceramic shell generated during flame testing (and more material available for
blowing) results in heat shielding performance that is comparable to orders of magnitude thicker

ceramic-based thermal barrier coatings.
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CHAPTER V - SMALL MOLECULE ADDITIVES IN MULTILAYER POLYMER-CLAY

THIN FILMS FOR IMPROVED HEAT SHIELDING OF STEEL

5.1 Introduction

Small molecule additives were paired with polyethylenimine (PEI), independently and
together, and grown using layer-by-layer assembly, with vermiculite (VMT) clay. LbL growth of
the PEI and VMT creates a nanobrick wall structure, shown in Figure 5.1, which has proven to be
highly effective both as a gas barrier and fire resistant coating.'6152172 PE| was utilized both as
the mortar holding the VMT in place and as an active ingredient in the heat shielding mechanism,
acting as a blowing agent during pyrolysis. VMT clay was chosen as the nanoplatelet because of
its high aspect ratio and thermal stability.®®® Small molecule additives
tris(hydroxymethyl)aminomethane (THAM), pentaerythritol (PER), and ammonium pentaborate
(PB) were evaluated due to their unique heat shielding characteristics. THAM has been shown to
be an effective blowing agent in flame retardant and heat shielding applications.!?>%174 Upon
exposure to high temperatures, as the THAM undergoes pyrolysis, gases are released that help
with the formation of a bubbled insulating layer. In flame retardant applications, PER is often
utilized as an additive due to its ability to promote carbonaceous char.}’>1® Char is important
because it helps to insulate the flammable substrate, cutting off one of the key contributors for fire
propagation.? PB is a flame retardant additive used to insulate a substrate through a glassy char
that has been shown to have high thermal resistivity.}’"1’8 When PB is exposed to temperatures in
excess of 800 °C, a glassy boric oxide char is formed, which stems fire propagation and creates a

more durable char.79:1%
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These additives were investigated, individually and in tandem, to improve LbL film growth
and the subsequent heat shielding properties exhibited. Ultimately, the combination of THAM and
PER outperformed the other additive groupings. Improved heat shielding was achieved through a
combination of consistent macroscale bubble creation, a micro- and nanoscale layering porosity
effect, and molecularly disordered char. These two small molecule additives work synergistically
to improve the thermal resistivity of the system, offering a cost effective heat shielding coating

that is comparable to ceramic-based thermal barrier coatings.
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Figure 5.1. (a) Structure of polyethylenimine , vermiculite clay, tris(hydroxymethyl)aminomethane,
pentaerythritol, and pentaborate. Schematics of the (b) layer-by-layer (LbL) assembly process and (c)
resulting multilayer nanobrick wall coating.

5.2 Experimental
5.2.1 Materials and Methods

Branched polyethylenimine (PEI) (Mw = 25,000 g/mol),
tris(hydroxymethyl)aminomethane (THAM, crystalline), ammonium pentaborate tetrahydrate
(PB, >99%), and pentaerythritol (PER, 98%) were purchased from Sigma-Aldrich (Milwaukee,

WI1). Microlite 963++ vermiculite clay (VMT, 7.8 wt % in water) was purchased from Specialty
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Vermiculite Corp (Cambridge, MA). Deionized (DI) water, with a resistivity equal to 18 MQ, was
used to prepare all solutions and rinses. Films were grown using an aqueous solution containing 5
wt % PEI, combined with 50mM additives. Additives were added independently (THAM, PB, and
PER), and in combinations (THAM + PB, THAM + PER, PER + PB, and THAM + PER + PB),
mixed into the PEI solution and the cationic rinse. Additive solutions were prepared prior to adding
the PEI. VMT was diluted to a 1 wt % suspension and stirred overnight prior to use. The cationic
solution and corresponding rinse pH were adjusted to 6, and the anionic solution and rinse pH were
adjusted to 10, using 5 M HCI and NaOH, respectively. A36 ground low-carbon steel was
purchased from McMaster Carr (Aurora, OH) as 10.16 cm x 10.16 cm x 0.32 cm plates. Metal
substrates were cleaned with a DI water rinse followed by a methanol rinse and then DI water rinse
again to remove any large debris. This was followed by bath sonicating in DI water and then
isopropanol (IPA) for 2 minutes each, with IPA rinses between, before being dried with filtered
air. The steel was then immersed in a 1 M sodium hydroxide and 100 mM sodium nitrite solution
overnight to passivate the surface for better adhesion prior to deposition.
5.2.2 Thin Film Preparation

Steel substrates were coated with PEI/VMT multilayers using layer-by-layer (LbL)
assembly, which was carried out with a home-built robotic system.'®! Prior to deposition, one side
of the steel was taped off to ensure an uncoated side for testing. Films were assembled by first
immersing the substrate into a polycationic solution for 5 minutes, followed by dipping in a rinse
solution containing the additive(s) for 1 minute. From there, the substrate was immersed in the
anionic clay solution for 5 minutes, and then dipped into a DI water rinse for 1 minute, which
completes one bilayer (BL). Subsequent bilayers use one minute dips in each solution. The process

was repeated until the desired number of bilayers were deposited. Once all the bilayers were
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deposited, films were dried in ambient conditions overnight and then stored in a desiccant box
prior to testing. All films were prepared with 14 BL, varying the additive species amongst samples.
A schematic of the deposition procedure, and resulting nanobrick wall structure, is shown in
Figure 5.1.
5.2.3 Torch Testing

Steel samples were mounted between two A36 steel plates (15.24 cm x 20.32 cm), with a
5.08 cm diameter circle hole to access the sample from front and back. A K-type thermocouple
(McMaster-Carr; Aurora, OH) was mounted on the back side of the steel plate in the center of the
hole. Silver conductive paint (Electron Microscopy Science; Hatfield, PA) was used to improve
thermal contact between the steel plate and the thermocouple. A butane torch (Bernzomatic
precision torch ST2200T; Worthington Industries, Columbus, OH) was oriented perpendicularly
to the coated side of the sample and a flame was applied for 20 minutes. The nozzle of the butane
torch was placed 1 cm away from the sample and in line with the thermocouple. Coated steel
samples were compared to an uncoated steel plate tested under the same conditions.
5.2.4 Nanocomposite Film Characterization

Individual additives and each type of film were analyzed with a Q50 Thermogravimetric
Analyzer (TA-instruments; New Castle, DE). Films weighing approximately 7 — 9 mg were tested
in an air atmosphere. First, the materials were held at 120 °C for 20 minutes to remove water, then
the temperature was increased at a heating rate of 10 °C/min. The clay composition of the
freestanding films was measured using the same process. The thickness of films was measured
using a dial indicator (Chicago Dial Indicator Co.; De Plaines, IL). The surface morphologies of
the films after burning were observed with optical microscope (Keyence VHX-600K Digital

Microscope; Itasca, IL) and then additional imaging was obtained using a field-emission scanning
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electron microscope (SEM) (model JSM-7500, JEOL; Tokyo, Japan). Prior to imaging, samples
were sputter coated with 5 nm of platinum/palladium. Raman spectroscopy (Horiba Jobin-Yvon
LabRam HR Raman confocal microscope; Kyoto, Japan) was done to analyze the type and extent
of char each film generated. Films were scanned between 800 and 2000 cm™ using a 633 nm laser

with 300 gr/mm grating.

5.3 Results and Discussion

5.3.1 Additive Influence on Film Growth

Films were gown with varying combinations of THAM, PER and PB added to the PEI
solution and cationic rinse during layer-by-layer deposition with VMT. First, each additive was
evaluated independently, then in combinations of 1:1 molar ratios, and finally all three additives
were added together in a 1:1:1 ratio, using 50mM concentration for each additive. A PEI/VMT
film was also grown without any additive as a control. Each coating was grown with a 5 wt% PEI
aqueous solution. The influence the additives have on film growth is shown in Figure 5.2(a). Both
THAM and PB salts increase the growth independently by about 50%. When combined, the growth
increased more than 75%, likely because more salt within the film contributes to greater charge
screening and intercalation of the VMT.2>130 pentaerythritol is not a salt but still influences the
growth, generating a film that is marginally thicker than the neat PEI/VMT. This is possibly due
to hydrogen bonding that caused more PEI to remain attached during the coating process. The
addition of the PER can also be seen to mitigate some of the thickening effects of the other
additives. THAM + PER and PB + PER are thinner than the individual salt counter parts.
Conversely, films grown with all three additives do not suffer from any impediment PER causes,
instead generating a thickness roughly double (100%) that of the neat PEI/VMT film. Here the

additives seem to be working together, with the charge screening and intercalation benefits from
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the salt additives combining with the hydrogen bonding from the PER. From Figure 5.2(b), it

appears that the additives have no apparent influence on the amount of clay deposited in each

sample.
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Figure 5.2. (a) Thickness of 14 BL PEI/VMT films with varying additive(s) and (b) clay content of films
measured using thermogravimetric analysis.

5.3.2 Multilayer Coating Heat Shielding

Films with varying additives were tested by exposing the coated side of the steel to the
flame from a butane torch for 20 minutes and compared by recording the temperature change on
the back side (i.e. uncoated side) of each sample. Figure 5.3(a) shows the setup of the flame test.
In tandem with film testing, the individual components were evaluated with thermogravimetric
analysis (TGA) (Fig. 5.3(b)). PEI and two of the additives, THAM and PER, decompose
completely before 400 °C, undergoing pyrolysis and releasing gases. When PB is exposed to high
temperatures, instead of completely decomposing, it forms a boric oxide glassy residue. VMT
remains stable at high temperatures, but a slight reduction in weight can be seen as the surfactants
that are part of the aqueous suspension decompose Upon exposure to flame, the PEI and additives

in the sample undergo pyrolysis, degrading and releasing gases. The gases become trapped
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between the remaining clay filled char layer and the steel, forcing the film to expand to form an
insulating shell. Films with PB likely generate a more durable char due to the presence of the boric
oxide. Ultimately, though the char may have higher strength, the boric oxide hinders the expansion

of the insulating shell, which results in poorer shielding performance.
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Figure 5.3. (a) Digital image of the flame test setup, with components and sample labeled, and (b)
thermogravimetric analysis of the individual materials used in making the multilayer films.

The temperature curves for each of the samples during the 20 minutes of flame testing can
be seen in Figure 5.4. As detailed in a previous study, the formation of a large bubble is paramount
to achieving high thermal resistivity.}’* Generally, the films with PB perform poorly, with the film
containing the individual pentaborate additive only obtaining a 60 °C differential. This is likely
due to the glassy residue that PB generates, which restricts the growth of the protective bubble.
The film without any additives outperformed the PB and PB + PER films, likely due to the high
level of polymer available for blowing. The only film with PB that has consistent bubble generation
is the film with all of the additives (i.e. THAM + PER + PB). For this film, the combined effects
of the THAM and PER largely overcome the limitations of the PB additive. This combined sample,

in addition to films containing individual THAM and PER (and THAM + PER), generate higher
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thermal resistivities and exhibit consistent bubble formation. THAM + PER generates the greatest
temperature differential. To evaluate if this result simply stems from the presence of more additive,
the growth of the films and the subsequent thermal resistivity was evaluated for THAM + PER at
ratios of 3:1 and 1:3. No difference in film growth is observed with changing ratio, but there is a
reduction in shielding performance as one or the other of the additive mechanisms dominates.
Consequently, the superior performance of THAM + PER is a result of the combined mechanisms,
each acting in tandem to improve the thermal resistivity.
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Figure 5.4. (a) Temperature curves during torch testing of 14 BL films on steel, (b) the resultant temperature
differential when compared to the uncoated control substrate (ATfim = Tmax.control — Tmaxilm), and (c) the
morphology of each of the samples following the torch testing.

The eventual formation of the bubble, or not, is generally consistent, but the exact timing
and scale of the bubble is driven by the entropic nature of pyrolysis. The initial two minutes of
testing has the most activity and is often predictive of how the film will perform overall. Figure
5.5 focuses on the first two minutes of torch testing and highlights the bubble formation and
resulting influence on thermal diffusivity. Definitive changes in the temperature recorded for
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various samples can be seen. These sharp changes in temperature occur initially when the bubble
first starts to grow, particularly as the film is forced away from the steel and a pocket of gas
insulates it. This gaseous insulation improves when the bubble expands, as seen in points 2, 4, and
6. In each instance, the temperature temporarily decreases as the heat must traverse a greater
distance to get to the vulnerable steel. This highlights the importance of the macroscale bubble in

creating an effective thermal barrier.
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Figure 5.5. Formation of macroscale bubbles and the backside recorded temperature of the steel for each
of the film types: No additive (gray), THAM (green), PER (yellow), PB (purple), THAM + PER (red),
THAM + PB (blue), PB + PER (navy), and THAM + PB + PER (orange). Numbered points on the graph
correspond to the surrounding film images.

5.3.4 Influence of Bubble Architecture

Material architecture has long been understood to be an integral part of the thermal
resistance exhibited by heat shielding coatings. Films with pores generate greater thermal
resistivity, whereas coatings with a greater level of filler interconnectivity can increase thermal
conductivity.'®-18 For some of the samples, particularly those with THAM and PER as the

additives, the bubble created is comparable on the macroscale level, each taking a large area of
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the testing space. To evaluate the difference between these coatings, the structure and char
formation of the bubbles are evaluated. Figure 5.6 shows cross-sectional images of the four best
performing films after testing, along with optical microscope images. The film that was grown
with only THAM creates a cohesive macroscale bubble, with one large cavity, and is the only
film that can be sheared to see the internal structure. The intermolecular bond strength of films
with THAM is greater than the films grown with other additives, causing the film to be more
durable, even after burning. This is likely because the hydrogen bonds formed between THAM

and PEI are stronger as the NH2 groups preferentially bond.

Bubbles formed by films without THAM, or with additional additives alongside, do not
exhibit the same singular cavity between film and substrate. Optical images of these bubbles
show that films with PER as one of the additives exhibit layering. This layered bubbling
generates even greater thermal resistivity from the additional microdomains the energy must
travel through. These pockets result as gases released during pyrolysis not only separate the film
from the substrate but also delaminates the clay platelet layers. In the case of the film containing
both THAM and PER, the two additives work synergistically to create a larger bubble, similar in
scale to the neat THAM bubble, and the layering effect that diminishes heat transfer across the
system. The addition of PB to the system results in reduced performance. While the THAM and
PER still work in tandem to generate a large, layered bubble, the boric oxide from the PB still

hinders the growth of the bubble, lessening the overall thermal resistance of the film.
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THAM + PER + PB

Figure 5.6. Digital and optical images of 14 BL films with THAM + PER (red), THAM + PER + PB
(orange), PER (yellow), or THAM (red) after torch testing and corresponding cross-sectional image of each.
Across each row, images of the bubble architecture are progressively zoomed in.
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Another key feature in the architecture of the films after pyrolysis are nanodomains. SEM
images of the films after burning, shown in Figure 5.7, reveals nano-characteristics that mimic the
macroscale analysis. Three of the films (THAM + PER, PER, and THAM) exhibit nanoporosity.
This nanoporosity results as the film intumesces and gases are trapped. Nanoporosity in thermal
barrier coatings has been demonstrated to be effective at hindering thermal transport due to phonon
scattering.18+-18 The film with the combined additives (THAM + PER + PB) does not display
nanoporosity. While a macroscale bubble and layering result when the THAM and PER undergo
pyrolysis, the PB that limits the bubble formation also likely hinders nanopore formation. In
addition to the nanoporosity, the PER film shows signs of microscale layering. Like the larger
pockets, these smaller pockets hinder thermal diffusion and provide additional surface for the
presence of the intumesced bubbles to generate upon. The film with just THAM exhibits extensive
nano- and microporosity but the cohesion in the film limits the expansion of these bubbles. The
THAM + PER film manifests this same microscale porosity but to a greater extent, as the bubbles
are larger and layered pockets are evident. This mimics the macroscale analysis in that THAM and
PER contribute equally to the physical architecture of the intumesced coating and to the

corresponding overall mechanism of heat shielding.
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Figure 5.7. SEM images of 14 BL films with varying additives: THAM + PER (red), THAM + PER + PB
(orange), PER (yellow), and THAM (green). Nanoporosity and microscale layering and bubbling, that
contribute to the overall film thermal resistivity, can be observed.

In addition to physical structure, the molecular architecture of the material influences the
thermal resistivity of the system. Figure 5.8 shows the Raman analysis of the burnt films, which
provides insight into the type and extent of char generated by each of the best performing samples.
The bands of interest are the graphitic and defect bands, G-bands and D-bands, respectively.'8’
The degree of disorder in carbonaceous materials can be described by the ratio of the intensity of
the D-band peak relative to the G-band peak (Io/lc), where a larger ratio indicates greater disorder.
The films with THAM and PER, independent of each other, have a distinct, sharp peak in the
graphitic range. This Lorentzian style peak is indicative of well-ordered crystalline graphitic
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char.'® Though both exhibit the graphitic char, the PER film, which has a higher intensity peak,
has more char content than the THAM film, likely contributing to the better heat shielding.
Conversely, the film containing THAM and PER together exhibits a low-profile Gaussian curve
in the graphitic band region, which is representative of disorder and defects in the graphene.'8® The
larger intensity curve in the defect band region, and consequently the larger Ip/lc ratio is further
indication of the disordered nature of this sample’s char. The disordered atomic morphology
results in more energy needed for thermal carriers to transport heat to neighboring sites.**%% This
results in a loss of energy and subsequently less heat transferred. By contrast, graphitic char is
thermally conductive, so even though there is more charring present it does not stem the heat as
effectively. The film with the combined THAM, PER, and PB does not have any definitive peaks,

likely because any carbonaceous charring that results is dominated by the boric oxide.
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Figure 5.8. Raman spectra of 14 BL films after torch testing, showing definitive differences in the charring
exhibited by the samples containing THAM (green), PER (yellow), THAM + PER (red), and THAM + PER
+ PB (orange).
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5.4 Conclusions

Small molecule additives tris(hydroxymethyl)aminomethane, pentaerythritol, and
pentaborate have a direct influence on the growth and heat shielding exhibited by PEI/VMT
multilayer films. Each contributes to the film thickness, though THAM and PB contribute to
substantially thicker growth due to charge screening of the polymer. The insulating role of the
macroscale bubble is highlighted, as samples that do not form a cohesive bubble offer less thermal
resistivity. This is particularly evident in films containing PB, which forms boric oxide at high
temperatures that hinders the bubble creation. The most successful heat shielding coating contains
PER and THAM together. Fourteen bilayer films consistently create a large macroscale bubble
that exhibit a layering effect, in both the macro- and nanoscale domains, in addition to disordered
char. Consequently, the two additives working together most effectively stems heat transfer
through the combination of energy lost in the transport between various micro- and macrodomains,

phonon scattering in nanodomains, and poor thermal diffusion along disordered molecular char.
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CHAPTER VI - CONCLUSIONS AND FUTURE WORK

6.1 Thin Film Functionalization for Corrosion and Thermal Barrier Coatings

This dissertation has outlined several novel methods for improving the performance of
polymer-clay thin films for the protection of steel from corrosion and thermal deterioration. The
crosslinking and silanization of the nanobrick wall film helped to stem water absorption and
improve adhesion of the film to the substrate, respectively, both of which were key factors in the
success of corrosion barrier coatings. The addition of an amine salt, and a higher concentration of
polymer in the deposition process, promoted thick growth of the film and provided the needed
material for the creation of an insulating bubble. The presence of small molecule additives in the
thick polymer-clay film generated additional thermal resistivity through the promotion of a more
complex architecture within the insulating bubble and disordered charring.
6.1.1 Crosslinking and Silanization of Clay-Based Multilayer Films for Improved Corrosion
Protection of Steel

Chapter 111 highlighted the viability of using polymer-clay nanobrick wall coatings as a
primer in a multilayer insulating coating for corrosion protection. The barrier performance of the
nanobrick wall was improved through the crosslinking of the polymer matrix with glutaraldehyde,
improving moisture resistance and reducing diffusion of corrosive species through the film.
Silanization of the steel-coating interface with APTES improved adhesion, reducing delamination,
and subsequently improving the charge transfer resistance of the system. With this combined
functionalization, a 30 BL PEI/VMT film (300 nm thick), with an epoxy topcoat, demonstrated
more stable corrosion resistance over a 5-day testing period when compared to a neat epoxy

system.
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6.1.2 Efficient Heat Shielding of Steel with Multilayer Nanocomposite Thin Film

Chapter IV presented the use of a polymer-clay nanocomposite multilayer film for heat
shielding. The combination of THAM, used as a buffer additive in the PEI and its rinse, and a 5%
PEI solution generate a thicker growing film through charge screening, polymer kinetics, and
intercalation. The 35 um, 14 BL PEI-THAM/VMT film stems heat transfer to the underlying steel
through a combination of structural characteristics and material properties. Upon exposure to high
levels of heat from a butane torch, the material intumesces to form a ceramic bubble that insulates
the steel. The macroscale bubble, coupled with the high emissivity of the material, generates a
large thermal resistivity across the system and a temperature differential of over 100 °C results.
6.1.3 Small Molecule Additives in Polymer-Clay Thin Films for the Promotion of Thick Growth
and Improved Thermal Shielding

Chapter V showed how the heat shielding of the film in Chapter IV can be improved
through the addition of small molecule additives. THAM, pentaerythritol (PER) and ammonium
pentaborate (PB) were used as additives in the coating process. The addition of THAM and PER
to a 14 BL PEI/VMT thick clay coating demonstrated the highest thermal resistivity. A more
complex bubble architecture, with micro- and nano-layers, worked in tandem with additional

disordered charring to decrease thermal transport through the system.

69



6.2 Heat Shielding of Carbon Fiber Reinforced Polymer Composites
6.2.1 Introduction

The studies presented in this dissertation focus on the protection of steel using polymer-
clay nanocomposites. A natural extension of this research is evaluating these coatings in the
protection of carbon fiber reinforced polymer (CFRP) composites. Like steel, carbon fiber
composites have a high level of mechanical strength, toughness, and rigidity.*? Additionally, they
have several advantages over steel, including corrosion resistance, fatigue resistance, a high
strength-to-weight ratio, and are non-magnetic.!%31% As a result, CFRP composites have attracted
attention for applications in a wide range of fields including aerospace, civil engineering, and
automotive. Similar to steel, the excellent mechanical properties achieved by CFRP composites
degrades at elevated temperatures.'® This is a consequence of the thermal properties of the
polymeric matrix, which softens as it reaches its glass transition temperature (Tg) and then
decomposes once it obtains its decomposition temperature (Tq).!% The range of thermal
degradation is dependent on the specific polymer used, but is generally between 100 and 200 °C
for the Tg and rarely above 400 °C for the full degradation.'®"1% Studies have shown that the
strength of the CFRP composite can decrease by more than 50% at these elevated temperatures,
limiting its use in many applications. The mechanical properties of the composite are dependent
on the quality of the interfacial bonding between the fibers and the polymer matrix, and the
corresponding stress transfer capability of the matrix.1%*2°! The nanobrick wall nanocomposite
heat shield, detailed in Chapters IV and V, shows efficacy in protecting, and subsequently

extending the life of, carbon fiber reinforced polymer composites at elevated temperatures.
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6.2.1 Preliminary Test Results

10 and 15 BL of PEI-THAM/VMT were deposited on CFRP composite samples using LbL
assembly. The deposition process follows the procedure outlined in Chapter IV, except an
additional drying step was used after each bilayer to prevent film delamination. A 5 wt% PEI
solution containing 50mM THAM was prepared and the pH was adjusted to 6. A 50mM THAM
solution was also used as the cationic rinse at pH 6. The VMT suspension was diluted to 1 wt%.
The VMT and the DI water anionic rinse were adjusted to pH 10. Prior to coating, CFRP composite
samples were cleaned by rinsing with water, methanol, and then water again followed by drying
with compressed air. The samples were then corona treated to provide negative surface charge
prior to LbL deposition. For the first BL, samples were immersed in the PEI-THAM solution for
5 minutes, followed by rinsing in the cationic rinse for 1 minute. Next, the sample was immersed
in VMT for 5 minutes and then rinsed in DI water for 1 minute. This completed the first bilayer
and all subsequent BL used one minute dip times for each solution. Following each BL, the sample
was placed in an over at 70 °C for 15 minutes before beginning the subsequent bilayer deposition.

To demonstrate the viability of the coating with the new substrate, a combined torch and
mechanical test was performed. Neat composite, 10, and 15 BL PEI-THAM/VMT samples were
compared. The samples were first mounted in an Instron Universal Testing Machine and a butane
torch was aligned with the center of the sample, with the nozzle kept 1 inch from the sample. A
thermocouple was placed directly opposite the nozzle to record the temperature rise of the sample,
and silver paint was used to improve the thermal interface between the sample and thermocouple.
The set up is shown in Figure 6.1. The samples were then placed under a fixed 0.5% strain and
the flame applied for 10 seconds. The temperature increase and the drop in load over 10 seconds

were recorded.
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Figure 6.1. (a) Schematic of the butane torch flame and mechanical testing. Digital images from (b) the
front, facing away from the torch with the thermocouple adhered, and (c) the back, the side exposed to the
flame.

Upon exposure to the flame, the neat sample catches fire and burns for the entire 10 seconds
of testing, before being manually extinguished. This confirms the flammability of the epoxy resin.
Conversely, the samples with the polymer-clay shield do not catch fire. Instead, coated samples
display intumescent bubbling, seen in Figure 6.2(a), which creates a physical barrier, insulating
the CFRP composite from the flame. As a result, any deterioration of the composite’s mechanical
properties is due to the heat transfer across the coating system. Figure 6.2(b) shows a closer look
at the composite substrates following burning. The control sample (i.e. neat CFRP composite)
shows clear signs of damage where the flame burned the epoxy matrix. The epoxy has completely
decomposed, exposing the carbon fibers. By contrast, the samples coated with 10 and 15 BL appear

largely untouched, displaying only minor signs of polymer softening.
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Figure 6.2. (a) Digital images each of PEI-THAM/VMT coated and uncoated (control) composite samples
after exposure to the butane torch for 10 seconds. (b) Close up digital images of the uncoated composite,
and the 10 and 15 BL coated samples with the intumescent bubbling cut away to show the exposed carbon
fiber.

The temperature and stress analysis of the samples (Fig. 6.3) corroborates the conclusion
that the polymer-clay coating provides substantial heat shielding for the composite. After 10
seconds of testing, the temperature on the backside of the uncoated sample was approximately 180
°C. With the addition of the 15 BL PEI-THAM/VMT coating, the recorded temperature reduced
to 80 °C, indicating an increase in the overall thermal resistivity of the system. In addition to the
substantial temperature differential between the neat and coated samples, the reduction in stress
deterioration is significant. Without the heat shield the composite stress drops by 25% during the
10 seconds of testing. While some level of stress drop is expected, due to material relaxation, the
significant drop can only be attributed to the decomposition of the epoxy matrix. Conversely, the
samples coated with 10 and 15 BL only experienced 15 and 10% drops in load, respectively. The
difference in performance is attributed to the internal temperature felt by the composite and its

comparison to the glass transition temperature of the epoxy. As each sample still shows the
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presence of the epoxy (Fig. 6.2(b)), the extent of mechanical degradation correlates with the extent
of softening. The 15 BL sample, which experiences less heat, has less polymer softening, and
therefore retains more of its mechanical strength. These preliminary results show a lot of promise,
but further testing and characterization is needed to fully understand the extent of protection

offered by the PEI-THAM/VMT coating.
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Figure 6.3. (a) The temperature felt, on the opposite side of the sample from the flame, after 10 seconds of
torch testing. (b) The reduction in stress experienced by the composite after the flame was applied.

6.2.3 Next Steps

The next step of the CRFP composite study will investigate the ability of the PEI-
THAM/VMT film to offer further thermal insulation. Given the additional protection the 15 BL
coating exhibits, a sample coated with a 20 BL film will be tested. Both the study in Chapter 1V
and the preliminary testing for this research demonstrate that a thicker film offers additional
protection. To truly determine the extent of protection offered, a sample will also be tested
following the same procedure, but without applying the flame. This will provide a comparison for
what amount of thermal degradation is still experienced by the coated composite. Material
characterization will also help with determining if any deterioration of the carbon fiber has taken
place. Carbon fiber reinforced polymer composites that experience thermal degradation show

signs of oxidation.'® X-ray photoelectron spectroscopy (XPS) of the composite substrate after
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burning, both coated and uncoated, will demonstrate what extent of oxidation is present.
Additionally, SEM will be used to see what, if any, damage has been physically done to the coated
substrates. Carbon fiber composites that have experienced temperatures at or above the Tgq of the
polymer matrix will likely show signs of delamination from the carbon fibers.

Once the general insulation of these films has been established, the durability of the films
will be tested. Extended testing of the samples will provide insight into how long the thermal
protection can be maintained. The set up for this test will be similar to the initial test but instead
of the time being held constant, the expected drop in load will be constant. The time it takes for a
sample’s load to drop a prescribed amount is driven by the thermal diffusion rate through the
insulating systems, with thicker films likely leading to a longer lifespan of the underlying CFRP
composite. Another test will evaluate cyclic loading of the samples. For this experiment, the
samples will be placed under the same strain (e.g. 0.5%) and subjected to the flame for a fixed
period of time (e.g. 30 seconds). The flame will be removed and the sample allowed to cool down
before the flame is applied again for the same amount of time. This will be repeated a few times
and the relaxation curves compared to determine if damage from previous cycles influences the
relaxation time in future cycles.

6.2.4 Conclusion

The potential for polymer-clay multilayer coatings to offer heat shielding to carbon fiber
composites is demonstrated. The addition of the thick growing nanobrick wall film will extend the
life of a CFRP composite at temperatures above the Tq and Tqof the polymer matrix. The proposed
study seeks to develop a full understanding of the extent of protection offered by these coatings
and determine the long-term durability of the system. This type of coating will significantly extend

the functionality of epoxy-based composites for applications in elevated temperatures.

75



6.3 Polyelectrolyte Complexes for Thermal and Corrosion Protection

While layer-by-layer assembly of coatings has many advantages, a consistent drawback is
the number of processing step needed to achieve the excellent barrier properties. This is
particularly a problem in commercial applications, where the ability to achieve the same barrier
properties with reduced processing time/steps is highly desired. Recently, polyelectrolyte complex
coatings (PECs) have gained in popularity for their ability to offer comparable gas barrier and
flame retardant behavior with only a few processing steps.>12%2 |_jke LbL coatings, PECs involve
the combination of a polycation and polyanion to generate a thin film. Instead of depositing these
opposing species in layers, they are combined into one solution and deposited with a single step
followed by a curing step. To deposit oppositely charged polyelectrolytes or nanoparticles
simultaneously in one film, the electrostatic interactions must be inhibited to prevent
complexation.?%® Mixing oppositely charged polyelectrolytes can result in an insoluble complex,
metastable coacervate, or soluble solution. The complexation of the two species is driven by the
intrinsic (polycation-polyanion) versus extrinsic (polyelectrolyte-counterion) pairs and is tuned by
altering the pH, salt concentration, or combining under precise ratios.?* Depending on the
viscosity and density the film is generally applied via dip coating or bar coating. In the latter case,
thickness is largely driven by the bar gap during the deposition, while in the former it is dependent
upon the solution viscosity.2%°206

One of the advantages to LbL coatings is the control over nanostructure, such as the highly
aligned nanobrick wall structure. However, recent studies have found that clay nanoplatelets
preferentially align when incorporated into a PEC and deposited via blade coating.2>2%” One

example of this is a study that utilized chitosan (CH) and MMT in a PEC coating for flame
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retarding acrylic fabric.2%” Solutions of the two species were first created, at 0.1 wt% and 2 wt%,
respectively, and then combined at a 1:1 volume ratio and centrifuged to allow for separation of
the resultant coacervate and polymer-poor liquid. The supernatant was removed, and the remaining
gel coated via doctor-blading. This generated a preferentially aligned nanobrick wall structure with
high clay loading. This type of coating can be used in developing nanobrick wall PECs for
corrosion and/or thermal barrier applications that would be easier to apply in an industrial setting
than LbL coatings. Initial experimentation can focus on a PEI/VMT PEC, following the deposition
process outlined above. The ratio of polymer to clay can be tailored and compared to achieve more
desirable end properties. For anti-corrosion applications, similar crosslinking and silanization steps
as those in Chapter Il can be evaluated. For heat shielding, PER and/or THAM can be added to

the PEC before centrifuging.
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