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ABSTRACT

Polyelectrolyte complexes (PECs) and polyelectrolyte multilayers (PEMs) have become
materials of interest due to their potential applications. As for every other material, understanding
their properties under conditions of use (temperature, humidity, ionic strength, etc) is paramount.
This work comprises two main sections.

Section one addresses the need for an efficient, environment-friendly, and scalable
chromium-free surface pretreatment coating. Environment-friendly materials such as sodium
montmorillonite clay (MMT) and branched polyethylenimine (BPEI) were used to prepare PEM
coatings through techniques such as spray-assisted layer-by-layer assembly (LbL) and airbrushing
of a one-pot formulation. PEM coatings prepared through LbL contained 25 wt% MMT, while
MMT content was tailorable for coatings prepared with the one-pot formulation. Salt spray testing
and electrochemical impedance spectroscopy were used to assess the corrosion protection provided
by BPEI/MMT PEM coatings to an aluminum alloy. Results indicated that corrosion protection
improved with increasing both coating thickness and clay content in the coating. Thus, a 2 um
thick BPEI/MMT PEM coating with 80 wt% MMT demonstrated the best corrosion protection
performance, where MMT provided a physical barrier to corrosive agents and BPEI provided
surface buffering and structural support.

Section two addresses a literature gap regarding PECs dynamic mechanical behavior as a
function of water content, important information for any potential use of PECs in real life
applications. PECs were prepared from poly(allylamine hydrochloride) (PAH) and poly(acrylic
acid) (PAA). PAH/PAA PEC films were made through compression molding and preconditioned

to specific relative humidity values before mechanical testing. A dynamic mechanical analyzer



was used to test the dynamic mechanical behavior of PAH/PAA PEC films under different
temperature and humidity conditions over a 10 to 10! Hz frequency range. Data showed that
increasing both water content and temperature decreased the moduli of the material. Water
increased the free volume in the PEC, weakening the intrinsic ion paring. Temperature weakened
the hydrogen bonding between water and the polyelectrolytes, promoting the relaxation of
polyelectrolyte chains. Finally, time-temperature and time-water superposition principles were

successfully applied and validated.
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Oxygen transmission rate
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PSS
QCM-D
QVP

R

RHref

SIEBIMM

Polyelectrolyte Complex

Poly(ethylene glycol)

Polyethylenimine

Polyelectrolyte multilayer

Poly(ethylene oxide)

Polyethylene terephthalate ST505
Poly(triethyl(4-vinylbenzyl)phosphonium chloride)
Poly-L-glutamic acid

Poly(L-lysine hydrochloride)

Poly-L-lysine

Poly(methacrylic acid)
Poly(3-(methacryloylamino) propyl-trimethylammonium chloride)
Poly(sodium p-styrenesulfonate)

Polycation

Polyanion

Poly(D,L-glutamic acid sodium salt)

Polystyrene

Poly(sodium 4-styrenesulfonate)

Quartz crystal microbalance with dissipation monitoring
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Temperature
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Glass transition temperature

Time-pH superposition principle
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

1.1 Introductory Remarks

Polyelectrolyte complexes (PECs) and polyelectrolyte multilayers (PEMs) are
fundamentally formed through electrostatic attraction between oppositely charged materials (e.g.,
polyelectrolytes, macromolecules, and nanoparticles). Most importantly, the properties of PECs
and PEMs (e.qg., anticorrosive, mechanical, thermal, and electrical) are easily tailorable.

PECs were first discovered in the early 1930 by Bungenberg de Jong et al.,[1] when the
mixture of two oppositely charged polyelectrolytes resulted in the formation of a coacervate PEC
or a flocculated PEC. PECs, however, presented challenges regarding processability which caused
researchers to lose interest in PECs and drove them to find a new technique that would allow
controlled formation of PEC films or PEMs — layer-by-layer assemblies. While PECs are formed
by simultaneous mixing of two oppositely charged materials, PEMs are partially stratified
structures made by sequentially applying layers of oppositely charged materials onto a substrate.

Although PECs and PEMs formation relies on the same physical phenomenom, their
structural arrangements, properties, and dynamics differ. Therefore, PECs and PEMs have shown
potential to be used in diverse applications such as drug delivery, electronics, food packaging,
pharmaceutics, biomedical devices, and corrosion protection.[2]

In this dissertation, Chapter | introduces PECs and PEMs, their potential applications, as
well as their anticorrosive and mechanical properties. Chapters 11 and Il1 present PEMs potential

use for corrosion protection of metals and alloys. Chapter IV presents water content and



temperature effects on PECs mechanical behavior. Finally, Chapter V presents a summary and
future work.
1.2 Polymers and Polyelectrolytes

Polymers are macromolecules made from repeat subunits (monomers). Polymers can be
classified according to their source as: natural, semi-synthetic and synthetic.[3] Natural polymers
(e.g., DNA, proteins, and silk) are obtained from natural sources; semi-synthetic polymers (e.g.,
rubber and cellulose nitrate) are obtained by modifying a natural polymer; and synthetic polymers
(e.g., polyethylene, polypropylene, and nylon) are produced by chemical reactions commonly
known as polymerization.

Polyelectrolytes (PEs) are water-soluble polymers with partially ionizable structures.[4]
PEs are categorized as weak and strong according to their charge density (Figure 1.1). While weak

PEs charge density changes as a function of pH, the charge density of strong PEs does not.

a b

Cc
Cl~
1 Tl b
HoH NH, | yooon

HsC" 'CHs
Figure 1.1 a) Polyethylene (polymer), b) poly(allylamine hydrochloride) (weak PE), and c)
poly(diallyldimethylammonium chloride) (strong PE).
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1.3 Polyelectrolyte Complexes (PECs) and Polyelectrolyte Multilayers (PEMS)

PECs and PEMs are the product of the strong interactions between oppositely charged
macromolecules.[5] Other interactions such as hydrogen bonding, hydrophaobic interactions,
dipole interactions, and van der Waals forces can also generate PECs and PEMSs.[3] Therefore,
PECs and PEMs can be made from PEs, or by the combination of PEs with charged material such
as nanoparticles (e.g., carbon nanotubes,[6-9] graphene oxide,[10-14] clay,[15-22] gold
nanoparticles,[23] iron oxide nanoparticles,[24] melanine[25], MXene,[26] etc).

PECs and PEMs formation depend on assembly conditions such as PE concentration, PE
ionic strength (salt content), PE charge density, PE molecular weight, assembly method/mixing
ratio, temperature, and pH.[3, 27, 28] Additionally, PECs and PEMs stability depends on their
conditions of use (e.g., pH, temperature, humidity, and salt).

1.3.1 Polyelectrolyte Complexes (PECs)

PECs have several morphologies — depending on preparation procedures — ranging from
solid-like (polyelectrolyte complexes) to liquid-like (polyelectrolyte coacervates).[29, 30] PECs
formation in solution (Equation 1.1, Figure 1.2) occurs after mixing, due to the electrostatic
attraction between the oppositely charged polymers (Pol* and Pol"). This ionic reaction also causes
the release of associated counter-ions as free salt (Na*aq and Claq).[5]

Pol*Clgq + Pol™Nag, — Pol*™Pols + Nag, + Clg, (Equation 1.1)
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Figure 1.2 a) PEC formation from two oppositely charged polyelectrolytes (polycation and
polyanion) and PEC morphology. b) Example of PECs disordered configuration. c) Intrinsic and
extrinsic ion pairing within the PEC structure.

PECs morphology — comprising intrinsic and extrinsic sites — influences the properties
of the PEC. [29, 31] PECs contain intrinsic and extrinsic sites depending on the presence or
absence of salt during PECs preparation or post-treatment (Equation 1.2: Salt doping). Intrinsic
sites are formed by the electrostatic interaction between oppositely charged polymer repeat units
(Pol*Pols), and extrinsic sites result from interactions of polymer repeat units and salt ions
(Pol*Cls and Pol'Nas*).[29] Most importantly, PECs morphology depends on several factors: PE
type,[32] molecular weight,[27] charge density,[32], stoichiometry,[29] chemical or physical
cross-links,[4] water content,[33, 34] ionic strength (salt content),[5] and pH[34, 35].

Pol*Pols + Nagg + Clgg — Pol*Clg + Pol"Nag (Equation 1.2)

PECs were first studied by Michaels’ group, who showed PECs difficulty to be processed
into a determined solid form through thermal treatment or common solvents.[4] PEC intractability
is attributed to high crosslink density resulting from dominant intrinsic ion pairing (Figure 1.2).
Further studies confirmed that dry PECs — glassy and brittle [4] — do not show a thermal

transition temperature as a result of extensive ion pairing.[34] Thus, to address PECs
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unprocessability, Michaels’ group proposed the use of aggressive ternary solvents.[4] These
solvents break all ion pairs causing the dissociation of PE chains in the PECs to form a solution
that could be dropcasted as films.[4] However, ternary solvents were not an appealing solution and
made PECs unattractive for practical applications.

1.3.2 Polyelectrolyte Multilayers (PEMs)

Due to PECs intractability, researchers focused their efforts in finding a technique that
would yield easily-processable PECs. In 1991, Decher’s group[36] introduced a new way to
process PEs into thin films — layer-by-layer (LbL) assembly. LbL assembly is an environment-
friendly water-borne process, consisting in alternative deposition of oppositely charged PEs onto
a substrate (Figure 1.3). LbL assembly allows nanometric control over PEMSs thickness,
roughness, and growth profile by tuning assembly conditions (PEs, pH, salt, PE concentration, and
number of layers).[28, 37] Finally, although LbL assembly facilitates PECs processability as
PEMSs, LbL assembly does not change PEMs ion pairing. Both PECs and PEMSs contain intrinsic

and extrinsic ion pairing. Thus, PEMs are glassy in the absence of water, just like PECs.[38]

@ b c
-
Whan Polyanion
o Polycation

Polycatlon Water

9 @

RS L IS
- E n: layer pairs -| Intrinsic EXxtrinsic

Water Polyanion

Figure 1.3 a) Dip-assisted layer-by-layer assembly of PEMs. b) Example of final product: PEM
(stratified film). c) Intrinsic and extrinsic ion pairing within the PEM structure.
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Researchers have extensively investigated tunability of PEMs morphology and properties
as well as scalability of the LbL assembly .[28] PEMs morphology and properties highly depend
on materials choice, film structure, film assembly, and film post-treatment.[20, 22, 39-43] Thus,
depending on the application, materials with specific properties as well as assembly conditions
(e.g., pH, ionic strength, temperature) are purposely chosen to prepare PEMs. Additionally, ways
to assist the LbL assembly at an industrial scale have been explored (Figure 1.4) — dip, spin,
spray, electromagnetic, and fluidic assembly[28, 44] — in order to cover large areas and 3D

substrates while maintaining or reducing processing time.
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Figure 1.4 Layer-by-layer assembly technologies. a) Immersive (e.g., dip), b) spin, and c) spray.
Reproduced from [45] with permission from The Royal Society of Chemistry.



1.4 Applications of PECs and PEMs

Since their discovery, PECs and PEMs have been widely studied in order to understand
their structure and properties as well as their potential applications.

On one hand, PECs interdigitated structure, biocompatibility and stimuli-responsiveness
(e.g., to pH, salt, temperature, humidity/water content) have motivated the study of PECs for
biomedical applications such as drug delivery,[3, 46-50] gene delivery,[51, 52] and protein and
peptide delivery.[53] Researchers have also investigated PECs potential use for applications where
self-healing,[54] adhesion,[54] magnetic,[24] and conductive properties are desired.[27, 55]

On the other hand, PEMs stratified structure, easy processability, and their capabilities to
be applied on diverse substrates have incentivized researchers to study PEMs for multiple
applications: humidity sensors,[56] anti-smudge and oil and water separation,[57]
anticorrosion,[15, 16, 58] biocompatibility and antibacterial efficacy for implants,[59] energy
storage,[11, 60] hydrophobicity,[61, 62] gas barrier,[63, 64] etc.[57, 65]

PECs and PEMs potential applications are numerous, especially for PEMs due to their easy
processability and potential industrial scalability. In this dissertation, research efforts focused on
studying PEMs anticorrosion properties (Chapters Il and Il1l) and PECs mechanical behavior

(Chapter 1V).



1.4.1 Anticorrosion Properties
1.4.1.1 Corrosion

Corrosion is a natural spontaneous process consisting of the decay of a metal due to its
reaction with the environment. In order for corrosion to take place four fundamental elements must
be present: 1) anode, 2) cathode, 3) electrical contact, and 4) electrolyte. Figure 1.5 illustrates the
corrosion process in an aluminum-copper couple: aluminum behaves as the anode — where

oxidation occurs — and copper behaves as the cathode — where reduction takes place.

Electrolyte Al + 3e” — Al B0 o a= -1.662 Ve

CU+2 +2e — Cu EO Cu+2.’Cu= +0.342 VSHE

Al Cu ECE" = +2004 VSHE
(Anode) (Cathode)
AGcell='nFEcell<0

| Corrosion is a spontaneous process
Electrical contact

Al*3 pH 1

Anodic reaction Cathodic reaction

Al = AI*3 + 3¢ 0, + 4e+2H,0 — 40H

Aerated basic solution

Figure 1.5 Corrosion process for an aluminum-copper couple. E°: Standard electrode potential;
Ecen: Cell potential; AG: Gibbs energy change of the cell; n: number of electrons transferred; F:
Faraday’s constant; SHE: Standard hydrogen electrode.

In general, oxidation of metals results in the formation of a passive layer. On one hand, this
passive layer can either be porous or lack good adhesion to the metal, resulting in corrosion. On

the other hand, this passive layer can be compact and resistant, providing excellent corrosion
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protection, unless the passive layer is exposed to harsh conditions resulting in its break-down and
continuous corrosion of the metal. Therefore, coatings are an excellent option to provide corrosion
protection to metals.[66]
1.4.1.2 Coatings

Coatings provide corrosion protection through four possible mechanisms (Figure 1.6):[67]
a) sacrificial, where a metallic coating (e.g., zinc) is sacrificed to protect the metal of interest (e.g.,
mild steel); b) barrier, where the coating provides a physical barrier to corrosive agents; c)
chemical inhibitors, where chemical species are used to suppress cathodic and/or anodic reactions
rates; and d) self-healing, where chemical species are used to repair damages in the coating.
Coatings are usually composed of several layers such as surface pretreatment, primer, undercoat
and topcoat layers (Figure 1.7). Each coating layer serves a specific purpose such as corrosion
resistance, aesthetics (color and appearance), UV protection and mechanical properties.[68] In
particular, the surface pretreatment layer serves an essential purpose in the coating system —

corrosion protection.



Coating

Figure 1.6 Corrosion protection mechanisms of coatings: a) sacrificial, b) barrier, c) chemical
inhibitors, and d) self-healing.

Layer Purpose
Gloss, clarity, protection, mechanical
Topcoat properties
Undercoat Color and appearance
Primer ~ Chip resistance, smoothness

Surface m Corrosion resistance, paint adhesion

o _

Figure 1.7 Usual coating layered structure (coating system).
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Industries (e.g., aerospace, military) desire environment-friendly coatings capable of
providing long-term corrosion protection under diverse environmental conditions. For over 90
years, long-term corrosion resistance — for products containing metals such as aluminum alloys
and steel — has been provided through the use of chromium conversion coatings (CCCs) — well-
known surface pretreatment coatings. CCCs provide excellent long-term corrosion protection due
to their chemistry, barrier properties, and self-healing capabilities (Figure 1.8).[67, 69] However,
CCCs’ chromium VI-based chemistry makes them non-environment-friendly and a threat to
human health and safety.[70, 71] Consequently, industry and researchers are exploring potential

environment-friendly coating solutions including LbL assembled films.[67]
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Figure 1.8 CCCs’ anticorrosion mechanism. Barrier mechanism: Cr(I11) hydroxide insoluble
coating. Corrosion inhibitors mechanism: Soluble Cr(\V1) corrosion inhibitor species. Self-healing
mechanism: Formation of a Cr(\V1)-O-Cr(111) mixed oxide. a) Scratch or defect on the CCC coated
metal. b) Cr(VI) species are released. ¢c) CCC self-heals through the reversible formation of a
Cr(\V1)-O-Cr(I11) mixed oxide.

1.4.1.3 PEMs for Corrosion Protection
1.4.1.3.1 PEMs - Coatings

LbL assembly techniques can be used to design PEM coatings that provide corrosion
protection through a combination of corrosion mechanisms: 1) barrier, 2) self-healing, and 3)
corrosion inhibitors.[72-75] Andreeva’s group, for example, studied PEMs with: a) self-
healing;[76] and b) self-healing and corrosion inhibitors.[77] PEMs with barrier properties have

been explored by others.[10, 78-80]
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In 2008, Andreeva et al., studied a PEM coating made from a strong-weak PE couple (PSS
and PEI),[77] which provided corrosion protection to an aluminum alloy through self-healing. In
this PEM coating, PSS provided good adhesion to the metal, while PEI provided surface buffering
— neutralizing OH" ions produced during the corrosion process. Surface buffering resulted in
swelling of the PEM coating — due to water formation — which enhanced polymer chains
mobility, leading to self-healing of the PEM coating in the corrosive crack.

PEM coatings providing corrosion protection through combined mechanisms such as self-
healing and corrosion inhibitors have also been studied. Andreeva’s group, for example, studied
the release of 8-hydroxyquinoline (8HQ) — an environment-friendly corrosion inhibitor — in a
PSS/PEI/BHQ PEM coating.[77] Andreeva et al.,[81] also studied the corrosion protection
provided to an aluminum alloy substrate by PEM coatings made from a combination of weak-
weak, strong-weak, and strong-strong PEs, as well as corrosion inhibitors release in a PEM matrix
(Figure 1.9). Interestingly, self-healing was observed only in PEM coatings containing at least
one weak PE. Most importantly, this self-healing mechanism has been observed in other PEM
coatings made from weak-weak and weak-strong PEs, under stimuli such as humidity/water, pH,
and ionic strength.[75]

Finally, PEM coatings that provide a barrier corrosion protection mechanism using
nanoparticles (e.g., clay) have been studied.[10, 78] Kotov’s group,[79, 80] for example, studied
a PEM coating made from PDDA/PAA/PDDAI/clay quadlayers,[80] where clay played an

important role due to its excellent barrier properties.[64, 80]
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a b c
Corrosion attack  Response of PEs Self-Healing

Figure 1.9 Corrosion protection mechanism provided by PEM coatings. a) Corrosion attack
causing an increase in pH. b) PEs response to pH change: surface buffering. c) Self-healing due to
PE chains relaxation and corrosion inhibitors release. Reprinted with permission from [81].
Copyright 2010 American Chemical Society.

1.41.3.2 PEMs - Corrosion Inhibitors Carriers

PEM coatings can be used on nanoreservoirs and microcapsules to aid with controlled
corrosion inhibitors release under the right stimuli (e.g., pH).[82-85] Skorb et al.,[82] for example,
used LbL assembly to create a shell around SiO> containers loaded with a corrosion inhibitor (2-
(benzothiazol-2-ylsulfanyl)-succinic acid) in order to prevent its spontaneous release. At pH
neutral the PEM shell remained intact, but at pH 10.1 the shell broke down releasing the corrosion

inhibitor species (Figure 1.10).
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Figure 1.10 Sol-gel silica-zirconia hydride matrix incorporated with corrosion inhibitor-loaded
nanocontainers. a) Images of coated substrate (aluminum alloy) after corrosion testing, with and
without nanocontainers. b) Corrosion inhibitors release due to a pH change. ¢) Self-healed coating.
Adapted with permission from [82]. Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Regarding microcapsules, Leal et al.,[83] studied stimuli-responsive linseed oil-filled
poly(urea-formaldehyde) microcapsules coated with a PEI/PSS/benzotriazole/PSS/PEI PEM
coating. These stimuli-responsive microcapsules responded to two stimuli: pH and mechanical
stress (Figure 1.11). Benzotriazole was released due to the pH sensitivity of the PEM coating, and
linseed oil was released when a defect was induced in the coating. Thus, addition of these

macrocapsules in an epoxy coating resulted in significant corrosion protection enhancement.
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Figure 1.11 a) Double stimuli-responsive linseed oil/PEI/PSS/benzotriazole/PSS/PEI
microcapsule. b-c) Release of linseed oil and benzotriazole by mechanical and pH stimuli,
respectively. Reprinted from [83]. Copyright 2018, with permission from Elsevier.

1.4.2 Mechanical Properties of PECs and PEMs

PECs and PEMs morphology depend on factors — such as pH, ionic strength, and water
content — that can be controlled during their preparation or post-treatment. Therefore, effects of
pH, salt, and water in PECs and PEMs morphology and consequently their properties have been
studied.

pH is an important factor in the morphology (stoichiometry) as well as thermal and
mechanical properties of PECs made from weak PEs.[2] pH modifies weak PEs charge density
(Figure 1.12), controlling the strength of electrostatic interactions.[2, 34] Zhang et al.,[34] and
Reisch et al.,[2] for example, studied the morphology and properties of PECs made from weak
PEs (PAH and PAA). Zhang showed that PECs stoichiometry — PAH:PAA ratio — is determined
by the pH of the PE solutions, where higher pH values (7 — 9) resulted in quasistoichiometric PECs
— PAH:PAA ratio ~ 1:1.[34] Most importantly, Zhang also showed the effects of pH and water

in PAH/PAA PECs thermal transition, where increasing pH and increasing water content,
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increases and decreases the PECs thermal transition temperature, respectively. Additionally,
Reisch showed that pH doping changes PECs morphology, directly affecting their mechanical
properties, where the closer the PAH:PAA ratio is to 1:1 — stoichiometric complex — the stiffer

the PEC becomes.[2, 27]

a PAH Cc
PAH
PAH*CI: Acid form + +
« HCI +
: +
NHa _ @9“-— % @ _
n PA: Base form Protonation Deprotonation
b pPaA [Low pH Hi%}
OyOH|  PAAH: Acid form Protonation ) De;:\rc:bto:ition
PAA-Na*: Base form g- -
h PAA

Figure 1.12 a) Poly(allylamine hydrochloride) chemical structure. b) Polyacrylic acid chemical
structure. c) Effect of pH on weak PEs charge density. Adapted from [86]. Copyright 2008, with
permission from Elsevier.

Salt influences the morphology as well as thermal and mechanical properties of PECs made
from strong or weak PEs — salt facilitates PECs plasticization, but water is essential for it. [4, 27,
34, 87] In 2011, Zhang et al.,[88] studied the glass transition temperature of nearly dry ionically
assembled PEO complexes as a function of salt concentration. Zhang showed that T increased
with increasing salt concentration (Figure 1.13a), where salt acted as a hardener due to insufficient
water content in the complex.[88] In 2012, Hariri et al.,[89] studied the effect of water content on
PDADMA/PSS PEMs modulus, where a decrease in the PEC modulus was evidenced with

increasing water content (Figure 1.13b). During the same year, Shamoun et al.,[90] studied the
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modulus of PSS/PDADMA PECs immersed in salt solutions as a function of salt concentration.
Shamoun showed that PECs modulus decreased with increasing salt concentration (Figure 1.13c),
where salt acted as a plasticizer. Later in 2017, Zhang et al.,[33] systematically studied salt
concentration effects in the thermal behavior of partially hydrated PDADMA/PSS PEMs. Zhang
found that salt acts as a plasticizer — weakening ion pairing — or a hardener — immobilizing the
water molecules — depending on the PEM hydration level (Figure 1.13d). Thus, salt also
influences whether a hydrated PEC is glassy — moduli ~ 10° Pa — or rubbery — moduli ~ 10°

Pa.[31, 87, 91, 92]

18



Li*:EO molar ratio
A o0 005 010 _ 015 _ 020 b

340 | . 2T
©
. S 300
~320 -~
¥ 1)
! . % 200 r
- 300 [ 3
b = 100 ¢
3
2800505 10 15 20 25 3.0 0 ' '
Li* concentration (mol/kg) 0 0.05 0.1 0.16 0.2
Water-to-polymer mole ratio
C 1000 d 0
PEC (v, ¢, ») B 05 M
: PEM (x) 360 oM
S0t ><§ x :
s X 3
= b'e 2 40
F] ~
2" $ A 8 = 30
= . s
E ]
£ o & 300
2 280+
w 0.0 " " " " N
0.00 0.25 0.50 0.75 1.00 1.25 1.50 16% 20.6% 24.8%
[NaCI] (M) wt% water in water/LbL sample

Figure 1.13 a) Tq of nearly dry ionically assembled PEO complexes as a function of salt
concentration. Tg increases with lithium salt concentration due to insufficient water content in the
complex. Reprinted with permission from [88]. Copyright 2011 American Chemical Society. b)
PDADMA/PSS PEMs equilibrium elastic modulus as a function of water mole fraction in the
polymer matrix. Modulus decreases with increasing water content in the PEM. Reprinted with
permission from [89]. Copyright 2012 American Chemical Society. ¢) Equilibrium modulus of
PDADMA/PSS PECs immersed in salt solutions. Modulus decreases with increasing salt
concentration. Reprinted with permission from [90]. Copyright © 2012 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. d) PDADMA/PSS PEMs Ty as a function of salt concentration
and water content. Ty is significantly affected by water content in the PEM, while the effect of salt
concentration on the Tg is insignificant.[33] Water determines plasticization response and material
properties. Adapted with permission from [33]. Copyright 2017 American Chemical Society.

Water is essential. Water acts as a plasticizing agent relaxing the polymer chains within the
PEC. Increasing the water content in PECs causes an increase in volume — structural
rearrangement — and a decrease in both the PECs thermal transition temperature and moduli.[27,

33] PECs and PEMs are brittle when dry, and rubbery when fully hydrated. Although water has
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proven to be critical for plasticization and its effects in PECs and PEMs thermal behavior have
been studied, not much work has been devoted to systematically study PECs and PEMs mechanical
behavior as a function of water content. Table 1.1 shows that most studies addressing PECs and
PEMSs mechanical behavior have been done in PEC coacervates (gel-like morphology) and in wet
PECs. This is because studying mechanical properties of PECs while immersed in aqueous
solutions is more convenient.[27] Thus, only one article where PEMs mechanical behavior was

systematically studied as a function of water content was found and is discussed below.
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Table 1.1 Studies addressing PECs and PEMs mechanical behavior (2005 - 2018)

Rheometer in a parallel
plate configuration /
DMTA mode

Ref. Year | PEM or PEC/ Test conditions / Purpose of the study Conclusions
Materials Technique
[93] 2005 | PEM capsules Wet (Immersion in Milli- | E as a function of T E decreases with increasing T
PDADMA/PSS Q water). 25 -70°C
AFM
[92] 2005 | PEM (Free standing) 0 and 50% RH E as a function of RH E decreases with increasing
PEO/PAA DMA / Tensile test RH
[94] 2006 | PEM (Free standing) Wet (Immersion in NaCl E as a function of ionic E decreases with increasing
PDADMA/PSS solution). 28 + 1 °C strength (assembly [salt]) ionic strength
Laboratory homebuilt
instrument / Tensile test
[95] 2008 | PEM (On a substrate) 12 - 96% RH E as a function of RH, pH See reference
PSS/PAH Tensile stage / SIEBIMM | and chemistry
PAH/PAA / Compression geometry
(Buckling)
[96] 2011 | PEM (On a substrate) 0 and 50% RH E as a function of RH E decreases with increasing
NCF/PEI Tensile stage / SIEBIMM RH
/ Compression geometry
(Buckling)
[97] 2011 | PEC 29 —85% RH Conductivity as a function of | Conductivity increases with
PDADMA/PSS EIS RH. THSP increasing RH
[90] 2012 | PEC Wet (Immersion in NaCl E as a function of [salt] E decreases with increasing
PDADMA/PSS solution) [Salt]
Tensile testing unit /
Stress relaxation
[31] 2012 | PEC Wet (Immersion in NaCl G as a function of [salt] and G decreases with increasing
PDADMA/PSS solution). 0 — 80 °C T. TTSP, TSSP, and TTSSP | [Salt] and increasing T
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Table 1.1 Continued

Ref. Year | PEM or PEC/ Test conditions Purpose of the study Conclusions
Materials
[89] | 2012 |PEC Wet (Immersion in a PEG- | E as a function of water E decreases with increasing
PDADMA/PSS salt solution). content in the PEC water content
23+1°C
AFM
[98] | 2013 | PEM (On a substrate) 0-100% RH. 25°C G as a function of RH G decreases with increasing
PAH/PAA QCM-D RH
[99] | 2013 | PEC Coacervate N/A G as a function of polymer G decreases with increasing
PAA/PDMAEMA Rheometer with a parallel | chain length and [salt]. TSSP | polymer chain length and
cone-plate configuration increasing [salt]
[100] | 2014 | PEM (On a substrate) 5-80% RH E as a function of RH E decreases with increasing
PAH/PSS Room temperature RH
NMC
[54] | 2014 | PEC Wet (Immersion in salt UTS as a function of [salt] UTS increases with [salt]
PAH/PAA solution)
Rheometer with clamps /
Strain to break
experiments
[101] | 2014 | PEC Coacervate N/A G as a function of [salt] and | G decreases with increasing
PAA/PDMAEMA/PEI Nanorheometer with a pH [salt] and increasing pH
parallel plate geometry
[102] | 2015 | PEC Coacervate N/A G as a function of pH and G decreases with increasing
PAA/PDADMA 25°C [salt]. TpHSP and TSSP pH and increasing [salt]
Rheometer with a
truncated cone-plate
configuration
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Table 1.1 Continued

Rheometer with a parallel
plate geometry

Ref. Year | PEM or PEC/ Test conditions Purpose of the study Conclusions
Materials
[103] | 2015 | PEC Wet (Immersion in salt E’ as a function of ionic See reference
CHI/ALG solution or PBS) strength (assembly [salt])
37°C
Universal mechanical
testing machine / Tensile
test
[104] | 2016 | PEC Wet (Immersion in salt E as a function of [salt] E decreases with increasing
CHT/CS solution) [salt]
Universal mechanical
testing machine / Tensile
test
[105] | 2016 | PEC Hydrogels E as prepared and after G decreases with increasing T
PMPTC/PNaSS Tensile tester / Tensile test | equilibration
/ Room T
Rheometer with a parallel | G as a function of T
plate geometry / 20 — 80
°C
[106] | 2016 | PEC Room conditions E as a function of chemistry | See reference
PSS/PDDA, PAA/PEI, Dual column tensile meter
PAH/PAA / Tensile test
[107] | 2016 | PEC Wet (Immersion in E and G as a function of See reference
BPEI/PAA different solutions) wetting solution
Tensile tester / Tensile test
Rheometer with a parallel
plate geometry
[30] 2017 | PEC Wet (Immersion in salt G as a function of [salt]. G decreases with increasing
PSS/PDADMA solution) TSSP [salt]
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Table 1.1 Continued

(Hydrogel)
AGC16/NTS

Rheometer with a parallel
plate geometry
20-60°C

Ref. Year | PEM or PEC/ Test conditions Purpose of the study Conclusions
Materials
[108] | 2017 | PEC Wet (Immersion in salt E before and after healing See reference
PAA/P-Et-P solution) G as a function of
Tensile tester / Tensile test | composition
Rheometer with a parallel
plate geometry
[109] | 2017 | PEC Wet (Immersion in G as a function of T and pH. | G decreases with increasing T
PMMA/F127 aqueous buffer solution) TTSP and increasing pH
Rheometer with stainless
steel parallel disks, and
cone and disk fixtures
[110] | 2017 | PEC Coacervate N/A G as a function of chemistry, | See reference
PSS/QVP Rheometer with a cone- [salt] and T. TSSP and TTSP
plate geometry
[111] | 2017 |PEC 10 and 50% RH E’ as a function of T, time See reference
PADADMA/PSS DMA / Compression and RH
geometry
[112] | 2017 | PEC Coacervate Wet (Immersion in Milli- | G as a function of frequency | See reference
(Hydrogel) Q water)
GO/BPEI Rheometer with a parallel
GO/LPEI plate geometry
Cloisite Na*/BPEI
Cloisite Na*/LPEI
[113] | 2018 | PEC Coacervate Rheometer G as a function of T G decreases with increasing T
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Table 1.1 Continued

PDADMA/PSS

Rheometer with a parallel
plate geometry

Ref. Year | PEM or PEC/ Test conditions Purpose of the study Conclusions
Materials
[114] | 2018 | PEC Wet (Immersion in salt G as a function of T and G decreases with increasing T
PDADMA/PSS solution) [salt]. TTSP and TSSP and increasing [salt]
Rheometer with a cone-
plate geometry
[115] | 2018 | PEC Coacervate N/A G as a function of [salt]. G decreases with increasing
PLK/PRE Rheometer with a cone- TSSP [salt]
plate geometry
[116] | 2018 | PEC Coacervate N/A G as a function of [dye] See reference

[Salt]: Salt concentration; [Dye]: Dye concentration
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In 2008, Nolte et al.,[95] systematically measured the Young’s modulus of ultrathin PEM
films, assembled on a PDMS substrate, as a function of relative humidity. Nolte studied E’s
behavior under humid conditions as a function of both PE type and assembly pH, which affect the
PEMSs chemical composition and internal structure, respectively. In order to assess PEMs chemical
structure effects, two different PEM systems were tested: PAH/PSS (weak-strong system) and
PAH/PAA (weak-weak system). To evaluate assembly pH effects on the PEM structure,
PAH/PAA PEM films were assembled at two different pH values.

Figure 1.14 shows a decrease in Young’s modulus with increasing relative humidity,
evidencing the plasticizing effect of water, regardless of chemistry or internal structure. E’s
behavior is summarized in Table 1.2. Figure 1.14a presents E’s behavior for the PAH30/PSS30
system as a function of RH, where E had values of 7.60 + 0.80 GPa and 0.93 + 0.09 GPa for 12%
RH and 96% RH, respectively.[95, 117] For a fully hydrated PAH30/PSSs, film (wet state, PEM
film immersed in DI water), E = 0.59 + 0.09 GPa.[117] A decrease in E is attributed to PE chains
higher mobility in the swollen PEM film. Figure 1.14b presents E’s behavior for the
PAH7s/PAAss system as a function of RH, where E had values of 10.8 = 1.50 GPa and 1.10 +
0.20 GPa for 12% RH and 90% RH, respectively. Finally, Figure 1.14c presents E’s behavior for
the PAH25/PAA: 5 system as a function of RH, where E had values of 8.10 £ 0.90 GPa and 0.14 +
0.15 GPa for 12% RH and 84% HR, respectively. Overall, results presented by Nolte et al.,[95]
indicate that PEMs mechanical properties significantly change with water content (humidity),

regardless of PEMs chemical structure and assembly conditions.
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Table 1.2 E’s behavior as a function of RH, chemistry and internal structure.[95]

System E / GPa (RH /%) Swelling / %
PAH30/PSSs.0 7.60 £ 0.80 (12) 21

0.93 £ 0.09 (96) -
0.59 + 0.09 (Fully hydrated)[117] | 28 (Fully hydrated)[117]

PAH7s/PAAss | 10.8 = 1.50 (12) 26
1.10 + 0.20 (90)
PAH,s/PAA,5s | 8.10 % 0.90 (12) 46

0.14 + 0.15 (84)

However, it is important to point out the following: a) measurements were not performed
in free-standing films, and b) temperature effects on PEMs mechanical behavior was not
addressed. Young’s modulus was measured on a PEM film/substrate assembly, thus the
contribution of the PEM film to E was calculated through mathematical deconvolution.
Fortunately, since Nolte’s article, Shamoun et al.,[90] and Lutkenhaus et al.,[92] have proposed
methods to prepare PECs and PEMs free standing films. Shamoun prepared PEC free standing
films through extrusion and Lutkenhaus prepared PEM free standing films on low-energy surface
substrates.

As described in this section, information is lacking regarding water content effects on PECs
and PEMs dynamic mechanical behavior. In real life applications, materials are not always under
completely dry or wet environments. Therefore, Chapter IV presents a systematic study of water
content effects on PECs dynamic mechanical behavior, which provides insight regarding the
behavior of these materials under real environmental conditions (e.g., temperature, and humidity

(water content)).
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Figure 1.14 Plane strain Young’s modulus (solid circles) and film thickness (hollow circles) as a
function of relative humidity for PEM films. a) PAH30/PSS30, b) PAH75/PAAss, and c)
PAH2s/PAA2s. PEM films designated as Pol*x/Pol7y, where x and y correspond to the pH of the
corresponding PE solution. Adapted with permission from [95]. Copyright 2008 American
Chemical Society.
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CHAPTER II
SPRAY-ON POLYMER-CLAY MULTILAYERS AS A SUPERIOR ANTICORROSION

METAL PRETREATMENT?

2.1 Introduction

Corrosion is a very expensive natural process, with predicted costs of more than $1 Trillion
dollars by 2016.[118] Pretreatment coatings, applied onto a metal prior to the application of paint
or other coatings, play a very important role in corrosion inhibition. Hexavalent chromium
conversion coatings, commonly used as a pretreatment layer for aluminum metal, is now
considered harmful,[70, 71, 119, 120] and new chromate-free pretreatments are of intense interest.
These alternatives should be environmentally friendly, be scalable, and provide basic corrosion
protection similar or beyond that of hexavalent chromium.[121-123] Polymer-clay
nanocomposites[124, 125] are of interest as chromate-free pretreatments for their excellent barrier
properties,[43, 126, 127] in which the diffusion of corrosion-causing agents is blocked or
hindered.[128-131]

The corrosion of aluminum alloys is complex, thus presenting several opportunities to
prevent the corrosion cycle, either by chemical or by barrier methods. When aluminum alloy 2024-
T3 (AA2024-T3) is in contact with a naturally aerated NaCl solution, Al-Cu-Mg intermetallic

particles existing in the alloy initially behave anodically with respect to the aluminum matrix,

! Modified and reprinted with permission from John Wiley and Sons. “Spray-On Polymer—Clay Multilayers
as a Superior Anticorrosion Metal Pretreatment” by Pilar C. Suarez-Martinez, Jerome Robinson, Hyosung
An, Robert C. Nahas, Douglas Cinoman, Jodie L. Lutkenhaus. Macromol. Mater. Eng. 2017, 302, 1600552.
Copyright © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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allowing the rapid oxidation of Mg and Al.[132] The corresponding reduction reactions (reduction
of water and/or oxygen) generate hydroxide ions, which cause an increase in the local pH. When
the local pH exceeds the equilibrium pH of the aluminum oxide layer (pH 9), this layer dissolves
allowing further dissolution of the aluminum matrix in order to form a new oxide layer; this process
is also known as “cathodic corrosion”. At later exposure times, only the copper in the intermetallic
particle is left, now behaving cathodically with respect to the aluminum matrix and thus promoting
its dissolution (Al — AI** + 3¢"). Another type of intermetallic particle in the alloy (Al-Cu-Fe-Mn)
behaves cathodically at all times (galvanic corrosion). As a pretreatment layer, hexavalent
chromate-conversion coatings are formed by the destabilization of the natural oxide layer and
reduction of the chromate species at the exposed aluminum surface. This coating contains a
mixture of a cathodic, insoluble Cr(111) hydroxide and anodic, inhibiting, soluble, mobile Cr(VI)
species. When a defect (e.g., scratch) is present, the inhibitor Cr(VI) species migrate in order to
self-heal the coating by the formation of a Cr(V1)-O-Cr(l11) oxide.[67, 69] This pathway represents
a chemical self-healing or pore-plugging corrosion protection mechanism.

Chromate-free coatings such as phosphate,[133] lanthanide-based (Ce, Y, La, Nd, Sm,
Pr),[66] potassium permanganate,[134] and group 1VB metals-based conversion coatings[135-
137] have been proposed. However, many of these options contain toxic components or heavy
metals, which make them a potential human health and environmental issue for years to come.
Organic pretreatment coatings have also been studied, such as sol-gel coatings,[138, 139] self-
assembled coatings,[140, 141] conductive polymers,[142] and self-healing coatings.[141, 143]
However, the synthesis of some of these coatings is time consuming and their application is not

always scalable. In this regard, layer-by-layer coatings[77, 81, 144-147] are especially promising
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because the coating application is a water-based process, is easily scalable by a spray-on
approach,[148] and is adaptable to a wide variety of materials and substrates.

Polymer-clay nanocomposites made using layer-by-layer (LbL) assembly have
demonstrated highly-ordered structures, which are favorable for corrosion protection.[79, 80] In
the LbL process, a substrate of interest is exposed alternately to solutions or dispersion of species
bearing complementary interactions (electrostatic, hydrogen bonding, etc.). Immersion-based LbL
assembly is more common, et it is not easily scalable to metals or objects of unusual shape or
large surface area. For example, Kachurina employed immersion-based LbL assembly using
poly(acrylic acid) (PAA), poly(diallyldimethyldiammonium chloride) PDDA and Swy-2 sodium
montmorillonite to demonstrate good corrosion protection. [79] This was later translated to spray-
assisted LbL assembly,[80] but the long-term corrosion properties of these LbL films remain
unknown. Also there remain questions as to the relationship between structure (clay platelet
orientation, composition), spray processing (pressure, distance-to-target) and corrosion protection.

Here, we address these on-going questions by investigating the long-term corrosion
protection of polymer-clay nanocomposite coatings made using spray-assisted LbL assembly. The
LbL coating acts as a pretreatment layer, and is comprised of branched polyethylenimine (BPEI)
and natural clay (montmorillonite) — materials that possess good anticorrosion properties.[77,
128-130] Montmorillonite (MMT) is a phyllosilicate with a fairly large diameter of about 1 pum,
which provides good barrier properties.[43, 126, 127] As compared to other polymer
nanocomposite approaches (which have less than 10 wt% clay), the spray-on LbL approach here
yields coatings of higher clay content (25 wt%), allowing for increased structural orientation of
the platelets. Following rigorous corrosion testing by salt spray and electrochemical impedance

spectroscopy we demonstrate superior long-term corrosion protection in a polymer-clay coating
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as thin as 400 nm. Following post-mortem analysis, we propose that the mechanism of corrosion
protection is a combination of barrier protection and surface buffering, which leads to the
formation of a beneficial protection layer of corrosion byproducts (i.e., self-sealing and pore-
plugging). This demonstrates that the polymer-clay LbL coating is a promising pretreatment layer
because of its environmentally friendly process, scalability, and good corrosion protection.
2.2 Experimental Section
2.2.1 Materials

Linear polyethylenimine (LPEI, Mw = 25,000), and poly(acrylic acid) (PAA, Mw =
50,000, 25% aqueous solution) were purchased from Polysciences Inc. Branched
polyethylenimine (BPEI, Mw ~ 25,000) was purchased from Sigma Aldrich, and Cloisite Na+
(MMT) was provided by BYK Additives Inc for research purposes. Aluminum alloy 2024-T3
(AA2024-T3) panels were provided by Axalta Coatings Systems. Silicon wafers were purchased
from University Wafer.
2.2.2 Layer-by-Layer Assembly

BPEI/MMT spray-assisted LbL pretreatment coatings were deposited on silicon wafers and
AA2024-T3 panels using an automated spray-assisted LbL system (Svaya Nanotechnologies) for
the growth profile and corrosion testing, respectively. Silicon wafers were cleaned in basic piranha
solution (H20:H202:NH4OH, 5:1:1 volume ratio) at 70 °C for 15 min. Then, the silicon wafers
were rinsed with Milli-Q water and blow-dried. AA2024-T3 panels (2 in x 2 in) were cleaned and
degreased with acetone, rinsed with ethanol and Milli-Q water, sonicated in Milli-Q water for 15
min, and blow-dried. All cleaned silicon wafer pieces and AA2024-T3 were plasma treated just

before LbL assembly.
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LPEI and PAA solutions with concentrations of 20 mM and 5 mM (by repeat unit molar
mass), correspondingly, and pH 4 were used as anchor layers to improve the coating’s growth.
Two layer pairs of PEI and PAA were sprayed (10 s) onto the plasma-treated substrates. Milli-Q
water at pH 4 was sprayed (10 s) in between layers of LPEI and PAA as a rinse. Deposition of the
PEI/PAA anchor layers was followed by alternating deposition (10 s of spraying, 1 min of air
blow-drying) of BPEI and MMT solutions with a concentration of 0.05 wt% and pH 10 and 4,
respectively, until achieving the desired number of layer pairs (n). Pressures of 25 and 30 psi were
used to assemble the coatings for the growth profile. A pressure of 30 psi was used to assemble
the coatings for corrosion testing. The distance between the spray nozzle and the substrate was
7.25 in. Samples were dried in a convection oven at 70 °C for 30 min.

2.2.3 Materials Characterization

The coating thickness was measured using a profilometer (P-6, KLA-Tencor). The mass of
the LbL films was measured using a quartz crystal microbalance (Maxtek-RQCM, Inficon). To
evaluate the surface morphology and quality of the coating, scanning electron microscopy (SEM)
images were taken using a JEOL JSM-7500F field emission SEM. Samples were sputtered with 5
nm of Pt/Pd (80/20) alloy for SEM. Cross-sectional analysis was conducted using transmission
electron microscopy (TEM) on the as-prepared film using 177.8 um (7 mil) PET (polyethylene
terephthalate ST505, produced by Dupont-Teijin) as a substrate. Adhesion by tape test was
performed on both a pristine and a scribed (x-cut) (BPEI/MMT)4o LbL coating. Scotch No. 810
tape and VWR general laboratory tape were used. To study the orientation of the clay platelets in
the film, a BRUKER D8 X-ray diffractometer (Cu Ka, A = 1.541 A) was used for wide angle X-
ray diffraction (WAXD). Scans were conducted at ambient conditions (25 °C and 40% RH) from

20 = 3°to 50° at a rate of 0.01°/s. Sample composition was determined using energy dispersive
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spectroscopy (EDS) and corroborated using an Omicron XPS/UPS system with Argus detector.
The XPS spectra were shifted for the C 1s at 285.0 eV. The contact angle was measured using a
goniometer. The coating’s water uptake was measured using a potentiostat Gamry Interface 1000
following the Rapid Electrochemical Assessment of Paint (REAP) methodology.[149] Oxygen
transmission rate (OTR) testing was performed by MOCON (Minneapolis, MN), on a MOCON
Oxtran 2/21L Oxygen Permeability Instrument according to the ASTM D-3985. OTR was tested
at 0% RH (dry conditions) using 177.8 um PET as a substrate.
2.2.4 Electrochemical Characterization

Electrochemical impedance spectroscopy (EIS) measurements were performed at the
frequency range of 10 Hz - 10° Hz using a potentiostat Gamry Interface 1000. The electrolyte
was 5 wt% NaCl aqueous solution in order to correlate EIS results to salt spray testing results. The
coated AA2024-T3 samples were used as the working electrode, which had an exposed area of 1
cm? or 1.77 cm?. A platinum cylindrical mesh was used as the counter electrode and a saturated
calomel electrode (SCE) was used as the reference electrode. These measurements were performed
at room temperature using a paint test cell placed in a Faraday cage. Before impedance testing,
samples were left in contact with the 5 wt% NaCl solution for 30 minutes during which the open
circuit potential (OCP) was measured. A BPEI/PAA LbL coating made of 8 layer pairs was used
as a control. Samples were tested in triplicates for 40 days. Experimental data obtained from the
EIS test was fitted with the Zview software. A representative measurement was chosen for the

Bode, Nyquist, and phase angle plots.
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2.2.5 Salt Spray Testing ASTM B117

Samples were placed in a fog chamber and exposed for 7 days (168 hours) to a 5 wt% NaCl
solution at 35 °C. A scribed line of 3-3.5 cm of length was made through the coating to expose the
underlying metal. Tests were performed by Axalta Coating Systems.
2.3 Results and Discussion

Spray-assisted LbL assembly of polymer and clay presents a unique challenge because clay
platelets are anisotropic nanomaterials that must translate, rotate, and diffuse as they approach the
substrate surface in a favorable orientation for adsorption. To explore this issue, we examined pH
and spraying pressure as parameters for achieving robust film growth and uniform coverage.

Negatively charged MMT and positively BPEI were alternately sprayed from aqueous
solutions onto a substrate (silicon, AA2024-T3), Figure 2.1. Each cycle of BPEI/MMT deposition
is denoted as a “layer pair”, and the assembly is denoted as (BPEI/MMT), where n is the number
of layer pairs. Based on prior reports,[43, 127] the pH of the BPEI and MMT solutions (pH 10 and
4, respectively) were purposefully chosen in order to obtain higher adsorption of each component
and consequently higher thickness per deposited layer pair. At pH 10, BPEI is partially charged,
allowing more mass to be deposited onto the previously deposited layer of negatively charged
MMT. The pH chosen for the MMT solution was 4 so as to increase the charge density of the

previously deposited BPEI layer and therefore enhance the deposition of MMT platelets.
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MMT 25 wt%
BPEI 75 wt%

Figure 2.1 a) Spray-assisted layer-by-layer assembly of positively charged BPEI and negatively
charged MMT onto a substrate. b) BPEI/MMT LbL film (25 wt% MMT and 75 wt% BPEI).
Reprinted with permission from John Wiley and Sons.

Figure 2.2a shows the thickness of the BPEI/MMT coating as a function of layer pairs (n)
measured using profilometry for two different spraying pressures. Both exhibited characteristic
linear growth, where the thickness per layer pair was taken as the calculated slopes, 8.2 and 10.5
nm for pressures of 25 and 30 psi, correspondently. This difference probably results from the
wetted layer at the substrate, which is thinner for higher spraying pressures, leading to a shorter
diffusion path and enhanced adsorption. The smoothness of the film was also calculated using
profilometry where the root-mean-square (rms) roughness for a film with n = 40 was 180 nm (less
than half the film’s thickness). The spraying pressure of 30 psi was chosen for further study
because of the higher layer pair thickness. The mass of the BPEI/MMT LbL film was measured
using a quartz crystal microbalance where the clay (MMT) content of the film was calculated to
be 25 wt%.

Figure 2.2b shows a TEM cross-section of the BPEI/MMT coating on a PET plastic
substrate. The red box outlines the LbL coating, where the dark regions are a result of the clay
platelets. The clay platelets appear to generally orient parallel to one another. Spray-assisted LbL
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assembly was next successfully conducted on aluminum alloy (AA2024-T3). Figure 2.2c-d shows
SEM images of the coating at different magnifications, demonstrating uniform deposition of the
coating onto the underlying alloy. No major pinholes or defects were visible. The vertical striations
in Figure 2.2c reflect the underlying surface morphology of the AA2024-T3 surface. Additionally,
adhesion of the as prepared (BPEI/MMT )40 LbL film to the AA2024-T3 substrate was evaluated
through a tape test, where both a pristine and a scribed coating were investigated (Movie 2.1, see

supplemental files). This test demonstrates the good adhesiveness of the (BPEI/MMT )40 LbL film

to the substrate.
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Figure 2.2 a) Thickness of a (BPEI/MMT), layer-by-layer coating on silicon wafer as a function
of the number of layer pairs for spraying pressures of 25 and 30 psi. Each data point represents the
average of 5 profilometry measurements. b) TEM cross-sectional image and (c-d) SEM images of
the as-prepared (BPEI/MMT )40 coating before corrosion testing. These demonstrate linear growth,
conformal coating, and stacking of the clay platelets. Reprinted with permission from John Wiley

and Sons.
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To further investigate the structure of the film, wide angle X-ray diffraction (WAXD) was
performed on a (BPEI/MMT)100 assembled on glass. As observed in Figure 2.3a, this film
exhibited a very distinct peak at 6.3°, attributed to a basal (doo1) spacing of 14.0 A. This is similar
to previous studies of PEI/Laponite/poly(ethyleneoxide) thin films.[21] Two other peaks at 19.5°
and 25.4° show spacings of 4.5 A and 3.5 A, respectively, suggesting that several clay platelet
layers are deposited per clay deposition step.

The orientation of the clay platelets was explored using WAXD with tilt where 26 was
fixed at 6.3° Figure 2.3b. The maximum intensity was at a tilt angle of ¢ = 0, which confirmed
that clay platelets were preferentially oriented parallel to the substrate. This was corroborated by
calculating the Herman’s orientation parameter (f)[150] in order to quantify the degree of
orientation. f ranges from -0.5 to 1, depending on whether the clay platelets are oriented
perpendicular or parallel to the substrate respectively. An f-value of zero indicates random
orientation. Here, we calculated an f-value of 0.31, meaning that the clay platelets in the LbL

assembly have a preferential orientation parallel to the substrate.
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Figure 2.3 a) 2-Theta pattern for a (BPEI/MMT)100 coating. b) WAXD with tilting where 20 was
fixed at 6.3°. The Herman’s orientation parameter was measured from (b) as 0.31, indicating
preferential alignment of the clay platelets parallel to the substrate. Reprinted with permission from
John Wiley and Sons.
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In order to assess the performance of the layer-by-layer coating, (BPEI/MMT),, coatings
with 10, 20, 30 and 40 layer pairs and the bare alloy were exposed to 5 wt% NaCl at 35 °C for 168
hours of salt spray testing. The digital images in Figure 2.4 show that corrosion resistance
improves and fewer corrosion pits result as the number of layer pairs increases. From this test it
was established that the coating composed of 40 layer pairs was the minimum number to achieve
satisfactory corrosion resistance. Thicker films may perhaps exhibit better corrosion resistance,

but this comes at the cost of processing time.

Figure 2.4 (a-e) Samples exposed to 7d (168h) of salt spray exposure (5 wt% NaCl at 35°C). (f-})
Images taken after 50 days of EIS testing for samples of corresponding composition. The
composition with 40 layer pairs demonstrated the least pitting as compared to other samples
investigated. Reprinted with permission from John Wiley and Sons.

Electrochemical impedance spectroscopy was used to evaluate the corrosion resistance of
aluminum alloy coated with (BPEI/MMT )40 over 40 days of exposure to 5 wt% NaCl. The Nyquist
and Bode plots (Figure 2.5a-b) show that the impedance increases with time and stabilizes after
13 days. This behavior is better visualized in Figure 2.5c, where the magnitude of the complex
impedance |Z| is plotted as a function of time. After 40 days, the impedance of the coated aluminum
is ~ 800 times higher than that of the original bare aluminum alloy on day 1 (taken at a frequency
of 0.01 Hz). This dramatic difference in impedance shows that the polymer-clay coating provides
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remarkable corrosion protection, considering that it is only 400 nm thick. This behavior is
characteristic of ‘self-healing’ and ‘defect self-plugging’, arising from surface buffering provided

by BPEI, the barrier provided by the MMT, and corrosion products that beneficially passivate the

surface.[77, 151, 152]
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Figure 2.5 Aluminum alloy 2024-T3 coated with (BPEI/MMT )40. a) Nyquist plot, b) Bode plot,
(Inset: Phase angle plot), and c) impedance for frequencies of 0.01, 0.1, 1, 10, and 100 Hz as a
function of time. The decrease and then recovery and stabilization of |Z| with time is suggestive
of self-healing of defects and pore-plugging. Reprinted with permission from John Wiley and

Sons.
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The impedance response was modeled using the equivalent circuit shown in Figure 2.6a
to capture physical processes occurring during corrosion.[79, 80, 153-155] Of particular note is
the pore resistance (Rpore), COating capacitance (CPEc), polarization resistance (Rp), double layer
capacitance (CPEg) and a Warburg diffusion element (W, used at later exposure times). Figure
2.6b shows Rpore With time, which is considered an indicator of the integrity of the coating. The
coating with n = 40 shows a decrease in Rpore after 9 days of exposure to the electrolyte solution,
which is associated with the formation of defects. For n = 10, 20 and 30, this occurs earlier at or
before 7 days. The coating with n = 40 shows an increase in Rpore after day 9, which suggests the
beginning of a ‘self-healing’ cycle. The LbL film’s conductivity was estimated from Rpore at early
times as 6 = 9 x 10"° S-cm™*, which demonstrates the generally insulating nature of the coating.
On the other hand, Figure 2.6¢c shows the polarization resistance Rp, which is inversely
proportional to the rate of the corrosion process; for the coating with 40 layer pairs, Rp remains
steady and bears the highest value on the order of 10° ohms-cm?. For the thinner coatings, R,
values fluctuated throughout most of the testing period probably as a result of pit development and
formation/dissolution of corrosion products. In sum, the impedance analysis suggests that small
defects in the coating appear in the first few days, followed by pit development, and the formation
of a beneficial layer of corrosion products that stabilizes and delays the diffusion of corrosive
agents towards the alloy or corrosion products away from it, thus preventing further corrosion

long-term (i.e., the plugging effect).
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Figure 2.6 Impedance results for AA 2024-T3 coated with (BPEI/MMT)n, n = 10, 20, 30, and 40
modeled by the equivalent circuit shown in (a). The equivalent circuit model includes Ruy:
Resistance of the electrolyte, CPE.: Coating capacitance, Rpore: Resistance of the coating, CPEaq:
Double layer capacitance, Rp: Polarization resistance or charge transfer resistance, and W:
Warburg element. b) Pore resistance Rpore and ¢) polarization resistance Rp with time. Reprinted

with permission from John Wiley and Sons.

Physically, the superior corrosion protection arises from two mechanisms associated with
the MMT platelets and BPEI. MMT platelets provide outstanding barrier protection[156, 157] in

that they physically delay the transport of oxygen and ions through the coating towards the
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underlying alloy. The good corrosion barrier properties are supported by images of the coated
aluminum alloy surface after electrochemical impedance spectroscopy (EIS) testing, Figure 2.4 f-
J. Bare aluminum alloy exhibited substantial white corrosion products at the surface, whereas the
coated samples did not. SEM images of these samples post-testing show some evidence of polymer
dissolution at the surface, while revealing stacks of clay aggregates, Figure 2.7. There is also a
possible secondary corrosion resistance mechanism arising from BPEI, a weak polyelectrolyte that
possibly contributes to the self-healing of the aluminum alloy/LbL coating system due to a surface-
buffering effect, acting as a “proton sponge”.[77][81] When the corrosion process starts, Al
oxidizes to Al™® and H, as OH" ions are produced. The positively charged amines in the BPEI
structure neutralize the OH" ions, thus hindering the corrosion process.[77] Also, BPEI can create

a complex with the aluminum oxide consequently acting as a corrosion inhibitor.[77, 158]

X 20,000 — 1 pm

Figure 2.7 SEM images for (BPEI/MMT)4o after 50 days of exposure to 5 wt% NaCl and
electrochemical impedance spectroscopy. (a-c) Same sample at different magnifications.
Reprinted with permission from John Wiley and Sons.

We also examined a control sample in which the clay was replaced with PAA to form an
all-polymer (BPEI/PAA)s, LbL coating, Figures 2.8 and 2.9. The most remarkable difference is

shown in Figure 2.8, where the BPEI/PAA film showed severe corrosion. The Nyquist plot in
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Figure 2.9c shows that for the BPEI/PAA film the impedance oscillates possibly because of self-
healing attempts of the aluminum alloy/LbL coating system and the continued formation and
dissolution of corrosion products. When examining Rpore With time (not shown) a significant
decrease from 1.7 x 10% to 2.1 x 10! ohms-cm? is observed during the first three days of exposure
to the electrolyte solution. This negative control unambiguously shows that clay platelets
significantly enhance the corrosion resistance of LbL coatings, probably because they block the

diffusion of corrosive agents towards the alloy.
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Figure 2.8 Samples exposed to 7d (168h) of salt spray exposure (ASTM B117; 5 wt% NacCl at
35°C). a) Bare AA2024-T3, b) (LPEI/PAA)2/(BPEI/MMT)4, ¢) (BPEI/MMT)s (no anchor
layers), d) (LPEI/PAA)2/(BPEI/PAA)s. The thickness for both layer-by-layer coatings
(LPEI/PAA)./(BPEI/MMT)4 and (LPEI/PAA)/(BPEI/PAA)s was about 400 nm. Figure 2.8d
shows the case for when MMT was substituted by PAA. This shows that the MMT platelets are
needed for the corrosion inhibition. Reprinted with permission from John Wiley and Sons.
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Figure 2.9 Electrochemical impedance spectroscopy of samples exposed to 5 wt% NaCl for 40
days. a) (LPEI/PAA)/(BPEI/MMT)s, b) (BPEI/MMT)sw (no anchor layers), c)

(LPEI/PAA)./(BPEI/PAA)g, d) Impedance at 0.01 Hz for samples a-c as a function of time.
Reprinted with permission from John Wiley and Sons.

Energy dispersive spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) were
used to examine the composition of the (BPEI/MMT )40 coating on aluminum alloy panels before
and after corrosion testing, Figure 2.10. Initially, the detected elements included aluminum,
oxygen, carbon, silicon, nitrogen, copper, and magnesium. These elements come from the

aluminum alloy and the layer-by-layer BPEI/MMT coating. After 50 days of exposure to 5 wt%
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NaCl, three areas were studied: a corrosion pit (area 1), the region near the pit (area 2), and far
from the pit where no obvious defects were observed (area 3). As evidenced by the increased
oxygen content, some amount of corrosion products cover the surface in all areas. Area 3, showed
no presence of nitrogen after corrosion testing, which suggests that some of the BPEI dissolved at
the top surface of the coating. The existence of the corrosion products on all areas is further
evidence of the plugging effect that facilitates healing over corrosion defects. This is confirmed
further using XPS, in which survey scans clearly show the presence of carbon, manganese, iron,

oxygen, nitrogen, silicon, magnesium, and aluminum.
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Figure 2.10 (a-c) Composition from EDS and (d) XPS survey scans of aluminum alloy panels coated
with (BPEI/MMT)4o before and after 50 days of exposure to 5 wt% NaCl. Fe, Na, and Mn < 0.15
atomic %. (b) and (c) show the coated panels used for EDS before and after the salt exposure,
respectively. In (c), three areas were examined: a corrosion pit (area 1), the region near the pit (area 2),
and far from the pit (area 3). The increased presence of oxygen after salt exposure shows the generation
of corrosion products in all three areas. Reprinted with permission from John Wiley and Sons.
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The Brasher-Kingsbury equation was used to calculate the water uptake for (BPEI/MMT )40
as a function of its coating capacitance. By this estimate, the polymer-clay coating contains 36 v%
water. Similarly, the coating exhibits moderately hydrophilic properties with advancing and
receding contact angles of 54.8° and 43.1° respectively. Although water seems to penetrate into
the film, it does not appear to accelerate corrosion. This is possibly due to the tortuous path
afforded by the MMT clay platelets, the surface buffering effects provided by the BPEI, and the
formation of a stable passivating layer of corrosion products.

To assess the barrier properties of the coatings, the oxygen transmission rate (OTR) and
the oxygen permeability were examined at 0% relative humidity for bare PET and PET coated
with (BPEI/PAA)g or (BPEI/MMT)40. Both films were fabricated in order to have similar thickness
(~ 400 nm). The OTR for samples (BPEI/PAA)s or (BPEI/MMT)4o were similar, 1.310 and 1.789
cm®/m2-day-atm respectively, and about five times lower than the bare PET (8.6 cm®/m?-day-atm).
This finding is consistent with other BPEI/MMT films previously reported in the literature.[43,
127] The oxygen permeability was calculated and decoupled[159] in order to obtain the individual
contribution of the layer-by-layer films (BPEI/PAA)s and (BPEI/MMT )40, 0.007 x 10'*¢ and 0.010
x 1018 ¢cm® (STP) cm/cm?-s-Pa, respectively. Although both thin films present a very similar
oxygen permeability, only the very good oxygen barrier properties of the (BPEI/MMT)4o coating
translate into good anticorrosion properties, as supported by the electrochemical measurements.

This combination of findings provides support for the proposed anticorrosion mechanism,
where the MMT clay platelets act collectively as an outstanding barrier to the mobility of corrosive
agents towards the underlying metal, while the BPEI obstructs the progress of the corrosion
process through surface buffering. Thus, both the MMT and BPEI simultaneously promote the

integrity of a uniform layer of corrosion products that delays the onset of new defects (plugging
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effect). This combination of effects provided by the MMT, BPEI and the corrosion products layer
result in a self-healing synergistic effect of the aluminum alloy/LbL coating system.
2.4 Conclusions

A highly ordered, multilayered, corrosion-blocking polymer-clay nanocomposite coating
was demonstrated. The coating was deposited by spray-assisted LbL assembly, a water-based
deposition technigque with low environmental impact as compared to current chromium conversion
coatings. The coating consisted of tightly packed layers of BPEI and MMT platelets, resulting in
a conformal coating in which MMT clay platelets provided barrier protection and BPEI provided
surface buffering effects. The combination of these two corrosion prevention mechanisms resulted
in self-sealing defects that could withstand the harsh environment of salt spray testing (7 days a 5
wit% NaCl solution at 35 °C) and EIS testing (40 days, 5 wt% NaCl) when examined as coatings
on aluminum alloy 2024-T3. Compared to other systems in the literature (bis-sulfur silane (350
nm thick film)[152], and cerium-doped sol-gels (2 um thick film)[160]) a 400 nm thick
BPEI/MMT LbL coating performs similarly by maintaining and recovering its integrity (Rpore) for
more than 30 days without the use of any additional corrosion inhibiting species. More broadly,
these results demonstrate a new type of spray-on coating consisting of polymers and clay
nanoplatelets. These may have significant impact in applications extending to separations and gas

barriers.
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CHAPTER Il
POLYMER-CLAY NANOCOMPOSITE COATINGS AS EFFICIENT, ENVIRONMENT-

FRIENDLY SURFACE PRETREATMENTS FOR ALUMINUM ALLOY 2024-T32

3.1 Introduction

Chromium conversion coatings (CCCs) are very effective surface pretreatments and have
been used by the aerospace and military industry for decades. CCC’s popularity stems from the
corrosion resistance provided to most metals and alloys (e.qg., steel or aluminum).[67] For example,
aluminum alloy 2024-T3 with a CCC is used in aircraft due to the light weight alloy’s good
mechanical properties and the CCC’s corrosion resistance. The CCC acts as a multifunctional
coating, for which it is both an insoluble inhibiting barrier as well as a self-healing coating due to
soluble chromium (V1) species.[67, 69] CCC’s performance has been outweighed by many
environmental and safety concerns regarding its use,[70, 71, 120, 161-163] resulting in strict
regulation of CCC’s use and a pressing search for CCC substitutes. Therefore, the desired CCC
substitute should be environment-friendly in the long term, cost-effective, industrially scalable,
and most importantly provide equal or better corrosion resistance. In this study, the surface

pretreatment coatings for the corrosion protection of aluminum alloy 2024-T3 is of specific focus.

2 Modified and reprinted with permission from Elsevier. “Polymer-Clay Nanocomposite Coatings as
Efficient, Environment-Friendly Surface Pretreatments for Aluminum Alloy 2024-T3” by Pilar C. Suarez-
Martinez, Jerome Robinson, Hyosung An, Robert C. Nahas, Douglas Cinoman, Jodie L. Lutkenhaus.
Electrochim. Acta. 2018, 260, 73-81. Copyright © 2017 Elsevier Ltd
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In consequence, new chromium-free pretreatment coatings for the aluminum alloy 2024-
T3 have been studied,[66, 164] some successfully, while others still present several challenges.
The corrosion process for aluminum alloy 2024-T3 is well described elsewhere.[15, 132] Briefly,
the process consists of both galvanic corrosion and cathodic corrosion of the aluminum matrix.
For instance, pretreatments containing heavy metals represent a potential long term pollutant;[165,
166] pretreatments employing rare earth metals involve high costs;[167] others such as sol-gels
require complex and time-consuming synthesis processes;[138, 168, 169] or some pretreatments’
corrosion resistance do not par with CCCs.[170]

Polymer-clay nanocomposites (PCNs) are potentially interesting as anti-corrosion surface
pretreatment layers because of their outstanding barrier characteristics, which have been shown to
correlate to good anticorrosion properties.[15, 79, 80, 128, 171-173] Intercalated PCNs with high
clay content and a highly oriented structure promote effective gas barrier properties.[157, 174-
176] Yet, it is not completely clear how these structure-property relationships might similarly
influence anticorrosion properties for PCNs. There are several approaches to obtaining intercalated
PCNs: in situ template synthesis, in situ intercalative polymerization, melt intercalation, layer-by-
layer (LbL) assembly and solution intercalation (exfoliation-adsorption).[15, 177-179] For a
versatile and scalable surface pretreatment coating, it is desired to reduce coating application time
and its associated costs, but many of these methods exhibit significant disadvantages. In situ
template synthesis may result in platelet aggregation, and the high temperatures required to
synthesize the clay minerals may induce polymer degradation. In situ intercalative polymerization
requires modified monomers to intercalate between clay platelets, limiting monomer choice. Melt
intercalation involves heat to achieve polymer intercalation into the clay platelets, and performs

best with organomodified clays. Layer-by-layer assembly requires long processing time (> 2h) for
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thick films (> 400 nm), and clay content is not easy to control a priori. Out of all of these
approaches, a single-step, single-application surface pretreatment is desired. To that end, solution
intercalation and subsequent spraying is an attractive process.

In previous work, we presented the long-term corrosion protection of aluminum alloy
2024-T3 provided by a polymer-clay LbL coating, where branched polyethylenimine (BPEI) and
montmorillonite (MMT) clay were used.[15] A self-healing synergistic effect of the aluminum
alloy 2024-T3/LbL coating system was observed, where: (a) MMT clay platelets act as physical
barriers for the diffusion of corrosive agents/corrosion products through the coating, (b) BPEI
provides surface buffering in order to decelerate the corrosion process, and (c) the BPEI/MMT
LbL coating promotes the integrity of a passivating layer formed where defects are present
(plugging effect). However, the spray-assisted LbL assembly technique limits scalability and
control over the film’s composition. For example, it takes 2h to prepare a LbL coating 400 nm
thick with a 25 wt% clay content.

Here, we report an aqueous-based, sprayable one-pot surface pretreatment for aluminum
alloy 2024-T3, prepared by simply mixing BPEI and MMT. BPEI and MMT were strategically
chosen due to their individual and synergistic anticorrosion properties.[15, 77, 128] The two are
mixed in a solution intercalation process, enabling precise control of the polymer-clay ratio. The
structure and morphology of the sprayed coating on aluminum alloy 2024-T3 was investigated, as
well as the long-term corrosion performance. The composition was varied so as to understand
structure-property-performance relationships. To our knowledge, this work represents one of the
first demonstrations of water-based, one-pot, spray-on PCNs surface pretreatments. This is

probably because of prior challenges with designing a one-pot mixture with good polymer-clay
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interactions, while remaining water-stable and sprayable. Therefore, this work addresses the needs
for scalable, environment-friendly corrosion protection coatings.
3.2 Experimental Section
3.2.1 Materials and Preparation of Substrates
Cloisite Na+ montmorillonite (MMT) was supplied by BYK Additives Inc for academic
use. Branched polyethylenimine (BPEI) Mw ~ 25,000 g-mol* and Mw ~ 2,000,000 g-mol™* were
acquired from Sigma Aldrich. Aluminum alloy 2024-T3 coupons, silicon wafers, glass slides and
polyethylene terephthalate ST505 (PET, 177.8 um) were purchased from ACT Test Panel
Technologies, University Wafer, VWR and Tekra, respectively. PET, silicon wafers, glass slides,
and aluminum alloy 2024-T3 panels were used for transmission electron microscopy (TEM) and
oxygen transmission rate (OTR), growth profile, wide angle X-ray diffraction (WAXD), and
corrosion testing, correspondingly. Silicon wafers and glass slides were cleaned by immersion in
basic piranha solution (H2.0:H202:NH4OH, 5:1:1 volume ratio) at 70 °C for 15 min, rinsing (Milli-
Q water) and drying. PET was cleaned by alternating rinsing with methanol and Milli-Q water.
Polished and non-polished aluminum alloy 2024-T3 coupons were cleansed with acetone, ethanol
and Milli-Q water, followed by sonication in Milli-Q water for 15 min, rinsing and drying.
3.2.2 Preparation of the BPEI-MMT One-Pot Mixture and Application of the Coating
The BPEI/MMT one-pot mixture was prepared by simple mixing of an aqueous dispersion
of negatively charged MMT (1 wt%) with an aqueous solution of positively charged BPEI (1 wt%).
The natural pH values of the BPEI (pH 10.9) solution and the MMT dispersion (pH 9.5) were not
adjusted; the pH of the final mixture was around 11.0. Upon mixing, the solution-dispersion
became opaque and the viscosity increased, evidencing affinity of the two components by

electrostatic attractions. The BPEI/MMT one-pot mixture was then airbrushed (atomization air
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flow rate = 18 ft3-h"t STP; 0.40 mm nozzle diameter) onto a substrate (silicon, glass, and aluminum
alloy 2024-T3) held at 70-80 °C, Figure 3.1. The coating application process is shown in Movie
3.1 (see supplemental files). Here, each BPEI/MMT nanocomposite coating is identified by the
polymer-clay ratio and volume of the one-pot mixture used to make the coating. For example,
(BPEIXYMMTy)y identifies a coating with final ‘x* wt% BPEI and ‘y’ wt% MMT made by
airbrushing ‘v’ milliliters of a BPEI/MMT one-pot mixture with a x:y polymer-clay ratio. All

coatings were prepared with BPEI molecular weight (Mw) 25,000 g-mol™ unless otherwise stated.

Drying
(70 - 80 °C)

BPEI MMT

Stir Plate

Figure 3.1 a) Preparation of the BPEI/MMT one-pot mixture by simple mixing of the two
solutions and homogenization of the resulting mixture by stirring. b) Airbrushing of the
BPEI/MMT one-pot mixture onto a substrate (e.g., aluminum alloy 2024-T3), where heat was used
to facilitate the application process. ¢c) BPEI/MMT polymer-clay nanocomposite (PCN) coating.
Reprinted with permission from Elsevier.

3.2.3 Instrumentation
3.2.3.1 Salt Spray Testing
Salt spray testing was performed by Axalta Coating Systems during 7 d (168 h) in

compliance with ASTM B117. Scribe length, 3-3.5 cm.
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3.2.3.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) measurements were conducted with a
potentiostat Gamry Interface 1000 in a frequency range of 102 Hz — 10° Hz. Measurements were
executed at room temperature in a three electrode configuration paint cell. The three electrode
configuration included the sample as working electrode, a Pt cylindrical mesh as counter electrode,
and a saturated calomel reference electrode. The tested area of the working electrode was either 1
cm? or 1.7 cm?. For comparison purposes with salt spray testing, 5 wt% NaCl was chosen as the
electrolyte solution. All samples were enabled to reach an equilibrium state for 30 minutes before
EIS measurements, during which the open circuit potential (OCP) was measured. The EIS
experimental set-up was enclosed in a Faraday cage. Zview software was used for experimental
data fitting. Samples were measured in triplicates but only one sample was chosen for data
representation.

All EIS measurements and salt spray testing were performed on cleaned as-received
aluminum alloy 2024-T3 coupons unless otherwise stated.
3.2.3.3 Dynamic Viscosity

Dynamic viscosity (n) measurements were performed at 25 °C and 100 RPM, using an
Anton Paar MCR 301 rheometer with a coaxial double gap cup and bob accessory (DG26.7-SS).
3.2.3.4 Wide Angle X-ray Diffraction

A BRUKER D8 X-ray diffractometer (Cu Ko, A = 1.541 A) was used for wide angle X-ray
diffraction (WAXD) measurements at room conditions (25 °C and ~ 40% RH), with a 26 range of

3°to 50°, and a rate of 0.01%s.
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3.2.3.5 Growth Profile

The coating thickness and roughness were measured using a profilometer P-6, KLA-
Tencor. The average of 5 profilometry measurements constituted one data point.
3.2.3.6 Scanning Electron Microscopy and Transmission Electron Microscopy

A JEOL JSM-7500F field emission scanning electron microscopy (SEM) was used to
capture surface and cross-sectional images of the samples. Due to the non-conductive nature of the
BPEI/MMT film, samples were sputtered with 4-5 nm of Pt/Pd (80/20) alloy for SEM analysis.
Cryogenic transmission electron microscopy (TEM) was used for further cross-sectional analysis
of the as-prepared BPEI/MMT film.
3.2.3.7 Adhesion

Adhesion of the intact (BPEl2o/MMTgo)s coating to the aluminum alloy 2024-T3 was
evaluated using a tape test, where VWR general lab tape was used.
3.2.3.8 Hydrophilic-Hydrophobic and Gas Barrier Properties

The BPEI/MMT film water uptake was measured with a potentiostat Gamry Interface
1000.[149] Receding and advancing contact angles were measured using a goniometer. Oxygen
transmission rate (OTR) measurements at dry conditions (0% RH, 23 °C) using an Oxtran 2/21L
Oxygen Permeability Instrument (ASTM D-3985) were performed by MOCON (Minneapolis,
MN).
3.2.3.9 Energy Dispersive Spectroscopy and X-ray Photoelectron Spectroscopy

Elemental analysis was performed to determine sample composition through energy
dispersive spectroscopy (EDS) and verified by X-ray photoelectron spectroscopy (XPS). A JEOL
JSM-7500F field emission SEM/EDS and an Omicron XPS system with Argus detector were used

for EDS and XPS analysis, respectively.
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3.3 Results and Discussion

Three BPEI/MMT one-pot mixtures with polymer:clay ratios of 50:50, 20:80, and 10:90
were prepared and applied onto aluminum alloy 2024-T3 coupons. Scribed coated coupons were
exposed to salt spray testing (ASTM B117, 5 wt% NaCl at 35 °C) to assess the effect of the
polymer-clay ratio on the anticorrosion properties. Figure 3.2a and Figure 3.2b show digital
pictures of the bare aluminum alloy 2024-T3 before and after 7d salt spray testing, respectively.
Severe corrosion, as evidenced by white corrosion products and large pits, was observed for the
bare aluminum alloy 2024-T3. Figure 3.2c shows an example of the general appearance of a
(BPEIXMMTy)y-coated aluminum alloy 2024-T3 before exposure, where the surface is uniform
with a white tinge, arising from the clay platelets. Figure 3.2d-f, g-i and j-I correspond to the
(BPEl1o/MMTg)y, (BPEIso/MMTso)y and (BPEl2o/MMTsgg)y compositions after salt spray
exposure, respectively. Both the 90 wt% and 50 wt% MMT coatings displayed evidence of
corrosion on the aluminum alloy 2024-T3 surface. The 80 wt% MMT coating provided the best
corrosion protection, with less occurrence of pitting and corrosion products.

Additionally, superior corrosion inhibition is observed for thicker films (higher volume v
of the BPEIL/MMTy one-pot mixture). This is exemplified by Figure 3.21, where corrosion was
observed mainly near the location of the scribe (red arrow). Figure 3.3 confirms the trend, in which
films containing 90 wt% MMT and v > 4 ml also showed enhanced performance. The
(BPEI20/MMTgo)3 coating was selected for further study because it provided the best corrosion

resistance with less materials consumed.
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Figure 3.2 Samples exposed to 7d (168h) of salt spray exposure (5 wt% NaCl at 35°C). Bare
aluminum alloy 2024-T3 (Bare AA), (a) before and (b) after salt spray exposure. Coated aluminum
alloy 2024-T3 panels, c) (BPEI2o/MMT2)3 before salt spray exposure (example of the general
appearance of a (BPEIx/MMTy),—coated aluminum alloy 2024-T3), (d-f) (BPElI1.o/MMTago)v, (g-i)
(BPElso/MMTso)y, and (j-1) (BPElo/MMTgo)y after salt spray exposure. Increased thickness
(higher volume of the BPEI/MMTy mixture) improved the anticorrosion performance of the
coating. The coating with 80 wt% MMT demonstrated superior corrosion inhibition especially
where the coating remains intact, as compared to other samples investigated. The red arrows
indicate the location of the scribe. Reprinted with permission from Elsevier.

Figure 3.3 Coated aluminum alloy 2024-T3 coupons exposed to 7d (168h) of salt spray testing (5
wt% NaCl at 35°C). (a-c) (BPEIl2o/MMTgo)y and (d-f) (BPEIl1o/MMTgo)y. Enhanced corrosion
resistance is observed for 90 wt% MMT coatings when v > 4 ml. Reprinted with permission from
Elsevier.
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Results from the salt spray test can be linked to the very important role of BPEI with regard
to both the properties of the original solution-dispersion mixture and the integrity and anticorrosion
properties of the (BPEI/MMTy)y coatings. The 50:50 BPEI/MMT mixture was watery (n = 2.89
cP) and produced a non-uniform coating, probably because of the excess polymer. The 10:90
BPEI/MMT blend was also watery (n = 6.06 cP) and similarly produced a non-uniform coating,
which we attribute to an excess of clay in the mixture. If clay is in excess, then there is not enough
BPEI to fully intercalate within the clay platelets and the resulting coating will likely contain clay
aggregates. A good balance of BPEI and MMT was found for the 20:80 BPEI/MMT mixture (n =
7.82 cP), where there is likely just enough BPEI to intercalate within the MMT clay, but not too
much so as to compromise film quality. This composition also lead to an increase in viscosity,
which positively influenced atomization, substrate wetting and the overall corrosion protection
performance of the (BPEI2o/MMTgo)yv coatings.
3.3.1.2 Electrochemical Impedance Spectroscopy Measurements

Electrochemical impedance spectroscopy (EIS) was used to evaluate the corrosion
resistance of the bare and coated aluminum alloy 2024-T3 when exposed to 5 wt% NaCl over 40
d. To assess the effect of coating thickness on the corrosion resistance, aluminum alloy 2024-T3
coupons were coated with (BPEIl2o/MMTgo)y Where v = 1, 2, and 3 ml, with a corresponding
thickness of 490, 884, and 1859 nm, respectively. EIS data analysis was performed by fitting the
data to an equivalent circuit shown in Figure 3.4a. At later times and when a distinct diffusion tail
was observed at low frequency, a Warburg element (W) was used to model the diffusion of
corrosive agents or corrosion products through the coating. In the circuit, Ry, Rpore, and Ry are the
electrolyte, the pore, and the polarization resistances, respectively; CPEc and CPEg are constant

phase elements that describe the coating and the double layer capacitances.
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Figure 3.4b presents the behavior of the pore resistance over a 40d period. The
(BPEI20/MMTgo)y coating made with v = 3ml shows the most stable behavior up to day 9. On day
10, a decrease in pore resistance from 44 x 10° ohms-cm? to around 190 ohms-cm? occurred due
to the diffusion of corrosive agents through the coating. After day 10, Rpore Stabilized around 220
ohms-cm?, indicating the onset of a self-healing cycle. Figure 3.4c shows the behavior of the
polarization resistance, which indicates the resistance of the aluminum alloy 2024-T3 to corrosion.
Rp values for the (BPEl20/MMTgo)3-coated aluminum alloy 2024-T3 indicate a higher resistance
to corrosion when compared to other samples (v = 1 and 2 ml). Even after 20d of salt exposure, Rp
values for the (BPEl2o/MMTso)s-coated aluminum alloy 2024-T3 remain stable around 1.5 x 10°
ohms-cm?, In regards to the other (BPEI2o/MMTso)y-coated aluminum alloy 2024-T3 samples with
v =1 and 2 ml, Rpore and Rp values oscillate throughout the 40d period, probably due to the
formation and dissolution of corrosion products. Overall, results from EIS measurements indicate
a trend, where thicker coatings provide better corrosion protection to the underlying aluminum

alloy 2024-T3.
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Figure 3.4 Fitted impedance data for (BPEI2o/MMTgo)—coated aluminum alloy 2024-T3, with v
=1, 2, and 3 ml. a) Equivalent circuit used for data fitting, where Ry, Rpore, and Ry correspond to
the resistances of the electrolyte, the coating, and the charge transfer or polarization. CPE. and
CPEq are the capacitances of the coating and the double layer, respectively. W: Warburg element.
b) Rpore and ¢) Rp behaviors with time. A Warburg element (W) was used to model the diffusion
of corrosive agents or corrosion products through the coating. Reprinted with permission from

Elsevier.

Figure 3.5 presents Nyquist, Bode, and phase angle plots for the (BPEI20/MMTgo)3-coated
aluminum alloy 2024-T3 sample over the course of 40 d. Figure 3.5a shows an increase in the
diameter of the impedance arc with exposure time, indicating an improvement in corrosion

resistance. Figure 3.5b presents the behavior of the total impedance (|Z|) as a function of
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frequency. |Z| values at a frequency of 0.01 Hz, initially at 22 x 10° ohms-cm? on day 1, stabilized
after day 20 at 150 x 10° ohms-cm?, indicating improved corrosion protection capabilities of the
coating. It is worth noting that after 40 d of salt-exposure the impedance at 0.01 Hz (142 x 103
ohms-cm?) was 730 times higher than that of the bare aluminum alloy 2024-T3 (194 ohms-cm?)
on day one. Figure 3.5c shows a phase angle—frequency plot, where a broad peak in the 0.1 — 1000
Hz frequency range can be divided in two time constants. These two time constants correspond to
the coating’s pore resistance and charge transfer polarization at the coating/substrate interface. The
effect of BPEI’s molecular weight and the aluminum alloy 2024-T3 surface finish on the
anticorrosion performance of the (BPEl20/MMTgo)s coatings can be found in Sections 3.3.5 and

3.3.6, respectively.
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Figure 3.5 (BPEIo/MMTgo)—coated aluminum alloy 2024-T3. a) Nyquist plot, b) Bode plot, and

c) Phase angle plot. The impedance response of the bare aluminum alloy 2024-T3 (Bare AA) is
shown for the first day only. Reprinted with permission from Elsevier.

3.3.2 (BPEI¥MMTy)v Coatings — Effect of Polymer-Clay Ratio on Structure
3.3.2.1 Orientation of MMT Clay Platelets in the Polymer Matrix

A good balance of BPEI and MMT was found to positively impact the corrosion protection
properties of the polymer-clay coatings. Therefore, understanding the effect of composition in the
PCN’s structure is of great interest. The extent of polymer intercalation within the clay platelets,
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assessed through the interlayer spacing via wide angle X-ray diffraction (WAXD), provides insight
into the PCN’s structure, Figure 3.6. The basal spacing, which describes the platelet-to-platelet
stacking distance, is attributed to the peak at small 26 values, Figure 3.6a. Considering the basal
spacing for natural MMT (dooz ~ 1 nm),[180, 181] the interlayer spacings for the three
compositions were 0.42 nm, 1.15 nm and > 1.94 nm for BPEI1o/MMTg, BPEIl20/MMTgo and
BPEIso/MMTs, respectively. This shows that the interlaying spacing increases as the BPEI content
increases, providing important insight into the role of BPEI. An interlayer spacing of 0.42 nm for
the BPEl.o/MMTgo composition indicated clay aggregation and poor polymer intercalation. On the
other end, the BPEIso/MMTso composition presented an interlayer spacing greater than 1.94 nm,
where the excess of polymer promoted both polymer intercalation and further exfoliation of the
clay platelets. The BPEI.o/MMTgo composition showed an intermediate interlayer spacing of 1.15
nm, consistent with the trend in composition. Results from interlayer spacing as a function of
BPEIY/MMTy composition align with the analysis of corrosion protection performance in section
3.3.1.1.

The clay platelet orientation was evaluated employing WAXD with tilt where 26 was fixed
at 6.2° for the BPEI.o/MMTgo composition, Figure 3.6b. The maximum intensity was observed at
a tilt angle of ¢ = 6°, suggesting a mostly parallel orientation of the clay platelets with respect to
the substrate. This finding is additionally supported by a calculated Herman’s orientation
parameter of f = 0.34,[20] which allows the quantification of the clay platelet alignment within
the film with reference to the substrate. f values range from -0.5 to 1, where values of -0.5, 0, and
1 indicate perpendicular, random, and parallel orientation, respectively. This shows that the
sprayed BPEI/MMT coatings have a tunable interlayer spacing with platelets oriented parallel to

the substrate surface.
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Figure 3.6 a) 20 patterns for PCN films with BPEI/MMTy compositions. b) WAXD with tilting
for a (BPEl20/MMTgg)y where 20 was fixed at 6.2°. A Herman’s orientation parameter of 0.34 was
calculated from (b); this value indicates preferential parallel orientation of the clay platelets with
respect to the substrate. Reprinted with permission from Elsevier.

3.3.2.2 (BPEI20/MMTgs0)3 Coating — Structure

The (BPEI20/MMTgo)s coating was chosen for more in depth study due to the results from
corrosion tests in section 3.3.1, and structure characterization in section 3.3.2.1. Figure 3.7a
presents the thickness of the (BPEI.o/MMTgo)v coating as a function of the one-pot mixture volume
(v), measured using profilometry. A linear growth is exhibited, where the calculated thickness per
milliliter (slope) is 705 nm-ml™. The (BPEIl2o/MMTgo)s film exhibited a root-mean-square (rms)
roughness of 201 nm (around 11 % of the film’s total thickness). Figure 3.7b,c exhibit TEM and
SEM cross-sectional images of the (BPEI.o/MMTgo)y coating on a PET plastic substrate and a
silicon wafer, respectively. The TEM image in Figure 3.7b supports the intercalated structure of
the BPEI2o/MMTsgo PCN, where the clay platelets appear as dark elongated particles. Similarly, the
coating’s multilayered structure is evidenced in Figure 3.7c. Figure 3.7d (surface SEM image)
reveals the smooth surface of the successfully applied (BPEI2o/MMTgo)s coating on aluminum

alloy 2024-T3. The good adhesion of the (BPEI2o/MMTgo)3 coating to the aluminum alloy 2024-
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T3 substrate was evaluated by a tape test, Movie 3.2 (see supplemental files). The processing time
for a 1859 nm thick (BPEIl0/MMTso)s film was 15 minutes (124 nm-min‘t), ~ 40 times faster than

films made through spray-assisted layer-by-layer assembly (3 nm-mint).[15]
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Figure 3.7 (BPEIo/MMTgo)y coating. a) Film thickness and roughness on a silicon wafer as a
function of the volume of the one-pot mixture sprayed at 30 psi (~206,800 Pa). TEM (b) and SEM
(c) cross-sectional images, d) SEM image of the as-prepared (BPEIl2o/MMTgo)3 coating on an
aluminum alloy 2024-T3 coupon. Reprinted with permission from Elsevier.

3.3.3 (BPEI20/MMTgo)s Coating - Barrier Properties

Results from corrosion tests evidenced the good anticorrosion properties of the
(BPEI20/MMTgo)s coating. Previous work on PCNs has suggested a relationship between corrosion
protection and barrier properties.[15, 79, 80, 128, 171-173] Thus, barrier properties of the
(BPEI2/MMTgo)3 coating were examined by oxygen transmission rate (OTR) and oxygen
permeability measurements at 0% relative humidity. The OTR for the PET (polyethylene

terephthalate ST505) coated with (BPEl2o/MMTsgo)s was 0.047 cm3-m2-d--atm™®, nearly 180 times
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less than the OTR for bare PET (8.6 cm3-m-d*-atm™). This data is consistent with data provided
in the literature for BPEI/MMT LbL films containing ~ 80 wt% clay.[127, 174] The oxygen
permeability of the (BPEIl2o/MMTgo)s film was decoupled from the PET substrate,[159] and
calculated to be 0.001 x 107'® cm® (STP) cm-cm?-s-Pal. The oxygen permeability of the
(BPEI20/MMTgo)s film is 10 - 100-fold lower than ethylene vinyl alcohol (EVOH), and even lower
than most materials used for packaging applications (polyvinyl alcohol, polyamide, etc).[182]
Next, the Brasher-Kingsbury equation was used to calculate the coating water uptake, by relying
on values of the coating’s capacitance measured at 0 and 24 h following the Rapid Electrochemical
Assessment of Paint (REAP) procedure.[149] The water uptake of the (BPEI.o/MMTgo)z coating
on the aluminum alloy 2024-T3 was computed to be 39 v% water. Additionally, a goniometer was
used to measure the advancing and receding angles, 38.4° and 27.5°, respectively. Contact angle
measurements and the calculated coating water uptake indicate a fairly hydrophilic behavior of the
(BPEI20/MMTgo)s coating. Interestingly, the (BPEI.o/MMTsgo)3 coating’s hydrophilicity did not
seem to affect its good anticorrosion properties.
3.3.4 (BPEIl20/MMTgo)s Coating - Elemental Analysis Before and After Corrosion Testing
To fully comprehend the corrosion protection mechanism presented by the
(BPEI20/MMTgo)s—coated aluminum system, XPS and EDS were used. Elemental analysis before
and after corrosion testing was performed to analyze the composition of the (BPEI20/MMTgg)3—
coated aluminum alloy 2024-T3 samples, Figure 3.8. Three (BPEl2o/MMTgo)s—coated aluminum
alloy 2024-T3 samples were studied: 1) before corrosion tests, 2) after EIS measurements (50 d, 5
wt% NaCl), and 3) after salt spray testing (SS, 7 d, 5 wt% NaCl). Detected elements with EDS

correspond to the aluminum alloy 2024-T3/PCN coating system. These elements included
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aluminum, oxygen, carbon, silicon, nitrogen, copper, and magnesium. XPS data separately

confirmed the elemental analysis obtained from EDS.
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Figure 3.8 (BPEI2o/MMTgo)s-coated aluminum alloy 2024-T3. Sample composition before and
after corrosion testing (EIS, 50 d and SS, 7 d). a) EDS and (b) XPS survey scans. Mn, Fe, and ClI
< 0.25 atomic %. Only areas where the coating remained intact were examined. The increased
oxygen content after 7 d of salt spray testing evidences the harsh conditions for this accelerated
corrosion test compared to the continuous exposure to the stagnant 5 wt% NacCl electrolyte during
EIS testing. Reprinted with permission from Elsevier.

Salt spray testing is a well-known accelerated corrosion test. Thus, salt spray testing is
expected to cause greater damage to the bare/coated metal, versus EIS measurements where the
bare/coated metal was exposed to a stagnant salt solution. The oxygen content after salt spray
testing is around 13 atomic % higher than for EIS measurements, with values of 59.0 atomic %
and 45.7 atomic %, respectively, data which supports the aggressiveness of salt spray testing.
Information regarding the presence of corrosion products can be observed when comparing the
atomic percentages of oxygen and aluminum present before and after corrosion tests. After
corrosion testing, lower aluminum content and higher oxygen content evidence the presence of

corrosion products. These corrosion products provide further corrosion resistance through a
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plugging effect, where the corrosion products heal defects caused by corrosion, thus resisting and
slowing down the corrosion process.[15, 152] This plugging effect is additionally supported by
the resistance of the aluminum alloy 2024-T3 to corrode (Figure 3.4c). Together, all results are in
agreement with a previously proposed corrosion protection mechanism,[15] where the
contributions of BPEI (surface buffering) and MMT (physical barrier), together with the self-
plugging effect of passivating corrosion products, provided a self-healing effect of the
(BPEI20/MMTgo)s—coated aluminum alloy 2024-T3 system, rendering overall long-term corrosion
protection.
3.3.5 (BPEI20/MMTgo)s Coating - Effect of BPEI’s Molecular Weight (Mw) on the

Corrosion Protection Performance

To understand the effect of BPEI molecular weight, a new 20:80 BPEI/MMT one-pot
mixture was prepared with BPElI Mw = 2,000,000 g-mol. The structure of the new coating was
characterized and compared to the (BPEI20/MMTgo)3 coating (BPEI Mw = 25,000 g-mol™). Figure
3.9 shows SEM surface and cross-sectional images of the coatings, where both present a
multilayered structure (Figure 3.9a,b). A significant difference on the coatings’ structure can be
observed from their surface (Figure 3.9¢,d), where the coating with the higher BPEI Mw (Figure
3.9¢) presents a crater-like surface, evidencing a non-homogeneous film deposition (roughness =
572 nm, ~ 33 % of the total coating thickness). To further understand the structure of this new
coating (BPEI Mw 2,000,000 g-mol™) the extent of polymer intercalation was evaluated by XRD
(Figure 3.10). The main peak at low 20 appears at 5.2°, for which the calculated interlayer spacing

is 0.71 nm indicating poor polymer intercalation and clay aggregation.
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Figure 3.9 SEM images of the 20:80 BPEI/MMT coatings. Cross-sectional image (a) BPEI Mw
2,000,000 g-mol*and (b) BPEI Mw 25,000 g-mol™. Surface images (c) BPEI Mw 2,000,000 g-
mol~and (d) BPEI Mw 25,000 g-mol™. Mw: Molecular weight. Reprinted with permission from

Elsevier.
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Figure 3.10 20 patterns for the 20:80 BPEI/MMT coatings. The coating with the lower molecular
weight BPEI presents higher interlayer spacing (1.15 nm). An interlayer spacing of 0.71 nm for
the coating with the higher molecular weight BPEI indicates poor polymer intercalation and clay

aggregation. Reprinted with permission from Elsevier.
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The anticorrosion properties of the new film were evaluated by EIS measurements, Figure
3.11 presents the Nyquist plot up to 7 d of exposure to a 5 wt% NaCl polyelectrolyte solution. The
impedance decreases rapidly from day 1 to day 2, evidencing the film’s failure. Together, data
presented in Figures 3.9-3.11 evidence poor anticorrosion performance of the new coating due to
the higher molecular weight BPEI, where the longer polymer chains result in poor polymer

intercalation, clay aggregation, and a rough coating surface.
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Figure 3.11 Nyquist plot for the coated aluminum alloy 2024-T3 with the 20:80 BPEI/MMT
coating (v = 3 ml) containing the higher molecular weight BPEI (2,000,000 g-mol™). The Nyquist
plot shows significant decrease in the impedance as a result of the rapid degradation and failure of
the coating. EIS measurements are shown only up to day 7 due to the poor anticorrosion
performance of the coating. The impedance response of the bare aluminum alloy 2024-T3 (Bare
AA) is shown for the first day only. Reprinted with permission from Elsevier.
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3.3.6 (BPEI20/MMTgo)s Coating - Effect of Substrate’ Surface Finish on the Corrosion

Protection Performance

Corrosion in the (BPEIo/MMTzgo)z-coated aluminum alloy 2024-T3 sample is greatly
inhibited where the coating remains intact, Figure 3.21. However, some corrosion is observed in
areas away from the scribe (Figure 3.2l). This may be due to the inherent defects of the aluminum
alloy 2024-T3. These natural defects promote a non-uniform coating deposition, thus allowing the
formation of active corrosion areas where the coating is thinner.

Surface modification was used to minimize/eliminate the natural defects of the aluminum
alloy 2024-T3. Coupons were sanded to a 2,000 grit surface finish and a mirror-like surface finish,
Figure 3.12. Polishing the substrate significantly decreased surface defects allowing for a more
uniform deposition of the coating, Figure 3.12c-f. The substrate polished to a mirror-like surface
finish evidenced residues from the polishing cream in the aluminum matrix, Figure 3.12e.
Therefore, the substrate sanded to a 2,000 grit surface finish was chosen to investigate the effect
of substrate’ surface finish in the anticorrosion performance of the (BPEI20/MMTgo)s—coated

aluminum alloy 2024-T3 system.
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Figure 3.12 Substrate surface finish, (a,b) aluminum alloy 2024-T3, (c,d) 2,000 grit aluminum
alloy 2024-T3, and (e,f) mirror-like aluminum alloy 2024-T3. (b, d, f) Coupons coated with the
(BPElo/MMTgo)s coating. BPEI Mw = 25,000 g-mol™. Modification of the surface minimizes
natural defects from the aluminum alloy 2024-T3. Reprinted with permission from Elsevier.

Adhesion of the (BPEI20/MMTgo)3 coating to the 2,000 grit aluminum alloy 2024-T3 was
evaluated by a tape test, Movie 3.3 (see supplemental files). As can be observed in Movie 3.3,
adhesion of the (BPEI20/MMTgo)3 coating to the 2,000 grit aluminum alloy 2024-T3 was lost as a
result of the lower roughness achieved by sanding the substrate. The contact surface area between

the coating and the aluminum was lower as a result of polishing, Figure 3.13.

72



As received 2,000 Grit

Figure 3.13 Adhesion loss due to modification of the substrate’ surface finish. Reprinted with
permission from Elsevier.

In order to understand the effect of the substrate’s surface finish on the anticorrosion
behavior, 2,000 grit aluminum alloy 2024-T3 coupons were coated with the (BPEI20/MMTzgo)3 film
and studied by means of EIS (40 d, 5 wt% NaCl). Figure 3.14 shows the Nyquist plot for both
(BPEIl20/MMTgo)3—coated surface finishes, aluminum alloy 2024-T3 (Figure 3.14a) and 2,000 grit
aluminum alloy 2024-T3 (Figure 3.14b). In both cases the impedance increased with time and
stabilized. However, at day 40 the coated aluminum alloy 2024-T3 presented a total impedance
value of 142,500 ohms-cm?, while the coated 2,000 grit aluminum alloy 2024-T3 only reached a
value of 64,000 ohms-cm?. A more significant difference can be seen in the behavior of the Rpore
with time, Figure 3.14c. For the coated aluminum alloy 2024-T3 coupons there was initially no
diffusion of corrosive agents through the coating. On the other hand, diffusion began on day one
for the coated 2,000 grit aluminum alloy 2024-T3 coupons. Rapid diffusion results from adhesion
loss between the coating and the 2,000 grit aluminum alloy 2024-T3. Interestingly, in both cases
Rpore increased after 10 d and remained stable (~ 220 ohms-cm?) during the next 30 d, regardless
of the substrate’s surface finish. Figure 3.14d depicts the behavior of Rp with time. The behavior
of Rp is similar for both surface finishes, indicating that even when adhesion between the coating

and the substrate is lost, the BPEI/MMT coating provided enough protection to the substrate.
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Figure 3.14 Nyquist plots for (BPEl20/MMTgo)s-coated (a) aluminum alloy 2024-T3 and (b) 2,000
grit aluminum alloy 2024-T3. b) Rpore and ¢) Rp behaviors with time. Reprinted with permission

from Elsevier.

Additional elemental analysis was performed for a (BPEl20/MMTgo)s—coated 2,000 grit
aluminum alloy 2024-T3 sample after EIS measurements. For comparison purposes the elemental
analysis for four samples is showed in Figure 3.15 (Sample 1: (BPEI20/MMTgg)3-coated aluminum
alloy 2024-T3 before corrosion testing; Sample 2: (BPEI2o/MMTgo)s-coated aluminum alloy 2024-
T3 after EIS; Sample 3: (BPEI20/MMTgo)3-coated aluminum alloy 2024-T3 after salt spray testing;
Sample 4: (BPEIl2o/MMTgog)s-coated 2,000 grit aluminum alloy 2024-T3 after EIS). Surprisingly,

the oxygen content in Sample 3 (59.0 atomic %) is lower than in Sample 4 (67.4 atomic %) taking
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into consideration that they were exposed to salt spray testing and EIS measurements, respectively.
Greater amounts of corrosion products present in Sample 4 may be attributed to the coating’s

adhesion loss caused by the modification of the aluminum alloy 2024-T3 surface finish.
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Figure 3.15 (BPEIl2o/MMTgo)3-coated aluminum alloy 2024-T3/2,000 grit aluminum alloy 2024-
T3. Sample composition before and after corrosion testing (EIS, 50 d and SS, 7d). a) EDS and (b)
XPS survey scans. Mn, Fe, and Cl < 0.25 atomic %. Only areas where the coating remained intact
were examined. Sample 1: (BPEl2o/MMTgo)s-coated aluminum alloy 2024-T3 before corrosion
testing; Sample 2: (BPEIl2/MMTgo)s-coated aluminum alloy 2024-T3 after EIS; Sample 3:
(BPEIl20/MMTgo)s-coated aluminum alloy 2024-T3 after SS; Sample 4: (BPEl2/MMTgo)s-coated
2,000 grit aluminum alloy 2024-T3 after EIS. Reprinted with permission from Elsevier.

In comparison to Sample 2 (Figure 3.16e), Sample 4 (Figure 3.16f) shows a visible white
color on the surface attributed to a higher amount of corrosion products. Curiously, even with the
high amount of corrosion products present in Sample 4, both the aluminum alloy 2024-T3 and
2,000 grit aluminum alloy 2024-T3 coupons show similar resistance to corrosion, Figure 3.14d.
Similar corrosion resistance is enabled by the plugging effect provided by the corrosion products,

which heal defects caused by corrosion, thus resisting and slowing down the corrosion process.
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Figure 3.16 Digital images before corrosion testing (a) bare aluminum alloy 2024-T3, and (b) bare
2,000 grit aluminum alloy 2024-T3. Digital images after EIS measurements (50 d, 5 wt% NaCl),
c) bare aluminum alloy 2024-T3, d) bare 2,000 grit aluminum alloy 2024-T3, €) (BPEl20/MMTzgo)3-
coated aluminum alloy 2024-T3 (Sample 2), and (f) (BPEI20/MMTgo)s-coated 2,000 grit aluminum
alloy 2024-T3 (Sample 4). Reprinted with permission from Elsevier.

3.4 Conclusions

The present study was designed to assess the effects of (a) the film’s polymer-clay ratio
and (b) the film’s structure in the anticorrosion properties of (BPEI/MMy)y coatings. This study
identified a 1.8 um thick coating with a polymer-clay ratio of 20:80 — processed in only 15
minutes — to provide the best corrosion protection performance. This polymer-clay coating
featured an intercalated PCN structure, for which no modification of the MMT clay platelets was
necessary. Polymer intercalation within the clay platelets was controlled by the BPEI content in
the coating, where BPEI’s deficiency or excess resulted in poor polymer intercalation or clay
platelet exfoliation, respectively. Furthermore, results from EIS measurements supported the
previously proposed corrosion protection mechanism,[15] where the synergistic effect of the MMT
(barrier), BPEI (surface buffering), and a plugging effect resulted in long-term corrosion protection

of BPEI/MMT-coated aluminum alloy 2024-T3 systems. Additionally, it was found that PCN
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coatings on highly polished aluminum alloy 2024-T3 surfaces performed similarly in EIS, but
exhibited more corrosion products visually and by EDS because of the poorer overall surface
adhesion. Also, the use of a higher molecular weight BPEI (2,000,000 g-mol™) evidenced poor
anticorrosion performance of the PCN coating due to reduced polymer-clay intercalation,
increased clay aggregation, and formation of undesirably rough PCN coatings.

In comparison to previously studied BPEI/MMT LbL coatings (25 wt% MMT) for
corrosion protection of the aluminum alloy 2024-T3,[15] the one-pot BPEI/MMT coating’s
corrosion protection performance shown here was improved. As to CCCs,[183, 184] EIS results
indicated a higher substrate resistance when coated with the BPEI/MMT coating. At the same time,
salt spray results indicated better corrosion protection provided by CCCs due to their self-healing
capabilities. As to other chromium-free surface pretreatments for the aluminum alloy 2024-T3,
such as, vanadate-doped layered double hydroxide/sol-gel coatings (1.5 — 6.0 um thick),[185, 186]
and cerium-modified sol-gel coatings (2-3 pum thick),[187, 188] we present a thin polymer-clay
surface pretreatment that provides similar corrosion protection, even in the long-term (40d)
without the need for corrosion inhibiting species. Furthermore, our environment-friendly polymer-
clay coatings, made from a one-pot mixture, were quickly applied by using a simple airbrush. This
work provides a framework for the exploration of polymer-clay coatings as surface pretreatments

in industrial coating systems.
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CHAPTER IV
EFFECTS OF TEMPERATURE AND WATER CONTENT ON THE DYNAMIC
MECHANICAL BEHAVIOR OF PAH/PAA POLYELECTROLYTE COMPLEXES: TIME-

TEMPERATURE AND TIME-WATER SUPERPOSITION PRINCIPLES

4.1 Introduction

Polyelectrolyte complexes (PECs) are the product of strong interactions between
oppositely charged macromolecules.[5] When PECs were first discovered, PECs were deemed
intractable due to their high physical crosslink density, dominated by intrinsic ion pairing (ion
pairing between oppositely charged polymer repeat units).[4] When prepared, dry PECs are glassy
and brittle (Figure 4.1a). However, in the presence of water PECs transition from a glassy to a
rubbery state.[4] Water is considered a plasticizer (Figure 4.1b), which increases the free volume
in the PEC while weakening the strength of the intrinsic ion pairing. In the presence of salt (Figure
4.1c), wet PECs further plasticize due to the ability of salt ions to transform intrinsic ion pairing
into extrinsic ion pairing (ion pairing between a charged polymer repeat unit and a salt ion). In
fact, adding salt to wet PECs has shown to facilitate the extrusion of PEC pellets into specific
shapes.[90] However, salt only behaves as a plasticizer in the presence of sufficient water,
otherwise salt behaves as a hardener.[33] Therefore, water is considered an essential
plasticizer.[33, 34] Finally, pH has been found to be important — in PECs assembled with at least
one weak PE — because pH modifies the charge density of weak PEs (Figure 4.1d), controlling
the strength of the electrostatic interactions.[2, 34] Thus, in the presence of water PECs can be soft
or stiff depending on assembly pH, which can be determined by their T4 or moduli.[2, 27, 34]

Overall, the critical role of water in PECs thermal and mechanical properties has been highlighted
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in literature. However, a systematic study is lacking regarding the effect of water content on the

dynamic mechanical behavior of PECs.
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Figure 4.1 Effects of water, salt, and pH on PECs. a) Dry PEC. b) Water acts as a plasticizer
increasing the free volume in the PEC, facilitating mobility of the polymer chains. c) Salt
transforms intrinsic ion pairing into extrinsic ion pairing, behaving as a plasticizer in the presence
of sufficient water content in the PEC. d) pH changes the strength of the electrostatic attraction
between PEs (e.g., PAH and PAA), controlling PECs stiffness.

Due to the known effects of water, salt and pH on the morphology and mechanical
properties of PECs, equivalence effects between time (frequency), temperature, salt, and pH have
been proposed and studied: time-temperature superposition,[31] time-salt superposition,[30] time-
temperature-salt superposition,[31] and time-pH superposition.[102] Yet, information is lacking
regarding time-water superposition for PECs, considering that water is critical for PECs
plasticization.[4, 27, 34, 189]

Therefore, the purpose of this work is to study the mechanical behavior of a salt-free
polyelectrolyte complex by analyzing its dynamic mechanical response under several temperatures

and relative humidity levels. Additionally, superposition principles such as time-temperature and

79



time-water superposition principles are used to validate their application for PECs and to predict
the dynamic mechanical behavior of the PEC beyond experimental capabilities. Such information
is relevant because a materials choice for specific applications relies mainly on the material’s
mechanical behavior under the conditions of use (time, temperature, relative humidity (water
content), salt, pH, etc).

A brief introduction to dynamic mechanical analysis and superposition principles is given
below.
4.1.1 Dynamic Mechanical Analysis

Dynamic mechanical analysis consists of the study of a material’s response (e.g., stress) to
a sinusoidal perturbation (e.g., strain). The material’s response can be purely elastic (Figure 4.2a),
purely viscous (Figure 4.2b), or viscoelastic (Figure 4.2c) depending on the material’s
morphology. The ideal elastic behavior follows Hooke’s law (Equation 4.1),[190] where the stress
(o) at any time is an in phase response proportional to the strain (g) perturbation. The ideal viscous
behavior follows Newton’s law (Equation 4.2),[190] where the shear stress (t) at any time is a
90° out of phase sinusoidal response proportional to the strain rate (de/dt) perturbation, with
viscosity () as the constant of proportionality. A viscoelastic material presents an intermediate
response: an out of phase stress response with a phase lag between 0° (ideal elastic behavior) and

90° (ideal liquid behavior).
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Figure 4.2 DMA sinusoidal stress-strain response curves: a) Ideal elastic behavior, b) ideal viscous
behavior, and c) viscoelastic behavior. Reproduced from [91] with permission from TA
Instruments. Copyright © TA Instruments. User with permission.

o(t) =E &(t) Hooke’s law (Equation 4.1)[190]
(t) =1 % Newton’s law (Equation 4.2)[190]

A dynamic mechanical analyzer applies a constant strain (e.g., 0.01%) to a material and
records the stress response, the complex modulus (E*), and the phase lag (8). The complex
modulus (Equation 4.3) is the ratio of the sinusoidal stress response to the sinusoidal strain
perturbation, and changes only when the material does.[190] E* is measured at very small strain
values, because at these conditions the material’s response remains within the linear viscoelastic
regime (LVR).[190] In the LVR the modulus does not change as a function of strain and the stress
changes linearly with strain (Figure 4.3). Thus, since E* is not a function of strain, E* is only a
function of time.

The complex modulus is comprised by a real and imaginary part, most commonly known
as storage modulus (E’) and loss modulus (E’’), respectively. E’ is a measurement of the material’s
elastic behavior (stored energy) and is related to the material’s stiffness. E” is a measurement of

the material’s viscous behavior (dissipated energy) and is reflected in the material’s damping
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capacity. The ratio of E” to E’ (Equation 4.4) represents the material loss factor or tan delta (tan

3),[190] which indicates the ratio of dissipated energy over stored energy per cycle.

E* = a(t) _ ao [cos(8) +isin(6)] =E"+iE"”  (Equation 4.3)[190]

_E_SO

EII

tan(8) = = (Equation 4.4)[190]
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Figure 4.3 Behavior of E’ and stress as a function of strain. Linear region: E’ is independent of
strain. Reproduced from [91] with permission from TA Instruments. Copyright © TA Instruments.
User with permission.

4.1.2 Superposition Principles

Superposition principles are a tool used to study physical and mechanical responses of
materials (e.g., polymers, polyelectrolyte complexes) beyond experimental capabilities.[102, 190]
Specifically, superposition principles are used to analyze frequency-dependent properties such as
the complex modulus. The time-temperature superposition principle (TTSP), for example, is a very

well-accepted superposition principle that relates the time and temperature response of viscoelastic
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materials. Thus, TTSP is used to either determine the temperature-dependence of a material’s
rheological behavior, or to study a material’s behavior at a specific temperature over a broader
time range.[190, 191] Consequently, as a result of the data prediction capabilities allowed by
TTSP, other superposition principles have been explored to study the dynamic mechanical
response of materials to variables other than temperature, such as: salt,[99, 192] pH,[102] and
water (humidity)[97, 189, 193, 194].

TTSP is a superposition principle based on the well-known principle of time-temperature
equivalence supported by the equivalent mechanical responses of a material. Figure 4.4 illustrates
the principle of time-temperature equivalence, where the mechanical responses of a material at
high frequency (short time) and at low temperature are equivalent, as well as the material’s
responses at low frequency (long time) and at high temperature. Thus, TTSP’s foundation relies
on the following:[190] If the log modulus-log frequency curve (Figure 4.4a) and the log modulus-
temperature curve (Figure 4.4b) have the same shape, then data taken over a short frequency range
(e.g., 10 — 10! Hz) at a single temperature would duplicate a portion of the log modulus-
temperature curve. In consequence, other portions of the log modulus-temperature curve could be
duplicated by taking data over the same short frequency range at different temperatures (Figure
4.5a).[190] Accordingly, a log modulus-log frequency time-temperature master curve can be
constructed by shifting the data taken at different temperatures over the frequency axis (Figure

4.5b). This horizontal shift is known as the temperature-dependent shift factor, ar .
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Figure 4.4 Behavior of E’ and E” as a function of (a) frequency and (b) temperature. Four regions
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TTSP provides quantifiable data regarding the temperature-dependent shift factor (ar).
Most importantly, ar values can be fitted as a function of temperature by using equations such as
Williams-Landel-Ferry (WLF, Equation 4.5)[190] and Arrhenius (Equation 4.6)[190]. Where Cy
and C; are empirically adjustable parameters, Ea is the activation energy, R is the universal gas
constant, T is temperature, and Tre is the reference temperature. Therefore, WLF and Arrhenius
equations provide the means to estimate ar values for any temperature within the temperature range

used to construct the time-temperature master curve.

_Cl(T_Tre ) - .
Log(ar) = m WLF equation (Equation 4.5)[190]
Ln(ar) = %“ (% - Tlf) Arrhenius equation (Equation 4.6)[190]

4.2 Experimental Section
4.2.1 Materials

Polyacrylic acid (PAA, Mw 100,000 g-mol, 35 wt% aqueous solution) was purchased
from Sigma Aldrich. Poly(allylamine hydrochloride) (PAH, Mw 120,000 — 200,000 g-mol?, 40
wt% aqueous solution) was purchased from Polysciences Inc. PAA and PAH were used as
received. Milli-Q water was used for all experiments and solutions preparation.
4.2.2 PAH/PAA Polyelectrolyte Complexes Preparation

A preparation procedure developed by Zhang et at.,[34] to prepare PAH/PAA complexes
was followed. 0.1M solutions of PAH and PAA were prepared with respect to their repeat unit.
pH of the polyelectrolyte solutions was adjusted to pH 7.00 £ 0.01 with 1M NaOH or 1M HCI.
100 mL of the PAH solution were quickly added to 100 mL of the PAA solution. The PAH/PAA

blend was stirred for 30 minutes at 600 rpm. Dialysis of the PAH/PAA PEC in solution was
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performed with Milli-Q water at matching pH 7.00 + 0.01 for 2 days. Dialysis time was determined
by following the conductivity of the dialyzing Milli-Q water. The dialyzed PEC in solution was
transferred to Falcon tubes and centrifuged for 10 minutes at 8500 rpm and 25 °C. Centrifuged
PECs were recovered, cut into small chunks, and allowed to dry at room conditions for at least 12
hours. Once dry, the PEC chunks were grinded until achieving a powder form.

Recommendation: Prepare specimens from one batch to avoid differences in DMA results
due to batch-to-batch variances. Prepare small batches (~1.5 g of PEC) to avoid scalability issues,
and then grind them together to obtain one batch.

4.2.3 Sample Preparation

Specimens for dynamic mechanical testing and water content determination were prepared
by compression molding according to ASTM D4703-16. A stainless steel flash mold with
machined cavities was used. Dimensions of each machined cavity were: 20 mm length, 6 mm
width, and 0.5 mm depth. 50 £ 1 mg of the powdered PAH/PAA PEC were carefully placed in
each machined cavity. Then, 55 ul of Milli-Q water at pH 7.00 + 0.01 were added to each cavity.
Aluminum foil 1100 was used as the parting agent. The mold was placed in a hot press at 100 °F
for a total of 14 minutes: 10 minutes without any load, 2 minutes with a 2 ton load, and 2 minutes
with a 4 ton load. The PEC specimens were removed from the mold, placed between two glass
slides to keep them flat, and allowed to dry for ~12 hours at room conditions.

4.2.4 PECs Water Content

Specimens were placed in a homebuilt humidity chamber at the desired RH value and room
temperature for at least 24 hours. Weight of the hydrated PEC specimens was measured
immediately after at least 24 hours of exposure in the RH chamber. The dry weight of the

specimens was measured after drying the hydrated PEC specimens for 3 days in a vacuum oven at
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30 °C. Longer exposure times in the humidity chamber did not increase the PEC water content.
Therefore, a period of 24 hours was determined to be sufficient for the PEC specimens to reach
the maximum water content (see Table 4.1).

4.25 Dynamic Mechanical Analysis Measurements

Mechanical testing was performed using a TA Q800 dynamic mechanical analyzer with a
relative humidity accessory. A tension clamp configuration was used. PEC films were conditioned
in the humidity chamber for at least 24 hours at the desired RH value before DMA measurements
were taken. Multi-strain tests were performed to ensure all measurements were within the linear
viscoelastic regime for each RH value (50, 70, 80 85, 90 and 95% RH). A strain value of 0.01%
was chosen for all multi-frequency strain tests.

Multi-frequency strain (frequency sweep) tests were performed at set temperature and
relative humidity values at a strain of 0.01% (value within the linear viscoelastic regime, see
Figure 4.6) over a 10! — 10! Hz frequency range. PEC films were allowed to equilibrate for 30 —
40 minutes once the temperature and relative humidity set points were reached. Three frequency
sweeps (~ 6 hours) were performed to ensure an equilibrated response and to eliminate any
mechanical history of the PEC film. Data from the third frequency sweep was used for time-
temperature and time-water superposition analysis. A representative data set from each relative

humidity value was chosen for plotting purposes.
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Figure 4.6 Strain sweeps. a) 70% RH, 95 °C, 0.1 Hz. b) 80% RH, 67.5 °C, 0.1 Hz. ¢) 85% RH,
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was chosen for all DMA measurements. Legend in (e) applies to all panels.
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Multi-frequency strain experiments provided information regarding the PEC mechanical
behavior: storage (E’) and loss (E”) moduli as well as tan delta (E”/E’). A RH range of 50 — 95%
was chosen due to sample and instrument limitations. Samples at 50% RH were glassy and brittle,
thus resulting in sample failure during experimental set-up (clamping) or early on during DMA
testing. Therefore, RH values below 50% were not explored. The DMA relative humidity
accessory presented limitations for RH and T ranges as marked in Figure 4.7.[195] Upper and
lower temperature limits were initially determined according to operating specifications for the
DMA relative humidity accessory. Temperature upper limits were additionally narrowed down
according to sample failure (yielding) at specific relative humidity values (see Table 4.1).

New samples were used for every DMA test and all measurements were taken in duplicates
(except at 50% RH). The average measurement (single temperature and single relative humidity)

took between 6 — 7 hours.

Table 4.1 Temperature ranges used for frequency sweep tests and PEC water content (W) for
different relative humidity values. W was measured with a homebuilt humidity chamber at room
temperature (~ 23 °C).

RH/% | W+ SD/wt% | Measured Temperatures / °C

95" 35.7 £ N/A 25.0-40.0,AT=25

90 31.7+0.6 20.0 - 55.0, AT =5.0

85 248+04 20.0 - 55.0, AT =5.0; 57.5

80 22.8+05 20.0 - 65.0, AT =5.0; 67.5

70 18.7+0.8 20.0 —80.0, AT = 10.0; 85.0, 90.0, 95.0
50 135+0.8 20.0-90.0, AT =10.0

“Water content at 95% RH was calculated from the linear relationship between aw and W in
section 4.3.2.2.
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Figure 4.7 DMA-RH accessory limitations. Reproduced from [195] with permission from TA
Instruments. Copyright © TA Instruments. User with permission.

4.2.6 Modulated Differential Scanning Calorimetry

Modulated DSC measurements were performed using a TA Q200 differential scanning
calorimeter. A heat-cool procedure developed by Shao and Lutkenhaus was followed to measure
the glass transition temperature (Tg) of dry PAH and PAA polymers.[38] The Tq4 for hydrated
PAH/PAA PECs was measured following a heat-cool procedure developed by Zhang et.al (rate =
2 °C-min’, temperature modulation period = 60 s, and temperature modulation amplitude = +
1.272 °C).[34] In this work, dry (3 d, 30 °C under vacuum) powdered PEC samples were hydrated
with Milli-Q water at pH 7.00 £ 0.01. Sample mass ranged from 5 — 12 mg. MDSC measurements

were performed in duplicates for the dry polymers and in triplicates for the hydrated PECs.
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4.3 Results and Discussion
4.3.1 PECs Water Content and Ty

In order to understand the effect of water on the dynamic mechanical behavior of
PAH/PAA PEC specimens, their water content was determined at specific relative humidity (RH)
values. Figure 4.8a shows the equivalent water content in the PAH/PAA PEC at the corresponding
relative humidity values, where a linear behavior is observed between 50 and 85% RH. At 90%
RH, the PEC absorbs more water from the environment due to increased rearrangement of the PEC
structure with increasing RH.[196] This sudden increase in water content above 85% RH,
resembles a similar effect observed by Nolte, et al.,[196] when studying the swelling of PEMs as
a function of RH, where PEMs evidenced a significant increase in swelling above 90% RH. Figure
4.8b presents a linear behavior of the molar fraction of water in the PEC as a function of relative
humidity. Finally, Figure 4.8c illustrates the glass transition temperature (Tg) as a function of
water content in the PAH/PAA PEC. The T4 values measured for the PECs at varying RH values
(water content) are in agreement with previously published T4 values for hydrated PAH/PAA PECs
studied by Zhang et al.[34] Figure 4.8c shows a relationship between T4 and water content, where
Tg decreases with increasing water content. This phenomenon can be explained by the plasticizing
effect of water: when water molecules enter the polymeric network the average distance between
chains increases, polymer chains relax, and free volume within the PEC increases. This facilitates

segmental motion, as evidenced by a decrease in Tq.[197]
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Figure 4.8 a) PAH/PAA PEC water content as a function of relative humidity. b) PAH/PAA PEC
water mole fraction as a function of relative humidity. c) Glass transition temperature (Tg) of the
PAH/PAA PEC as a function of water content measured using modulated DSC. Tq4 values for the
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4.3.2 Dynamic Mechanical Analysis
4.3.2.1 Time-Temperature Superposition

E’ data was measured over a 101 — 10! Hz frequency range at different temperatures and
relative humidity values (see Table 4.1). Figure 4.9 presents the application of the time-

temperature superposition principle (TTSP) for data taken at 90% RH. Figure 4.9a shows the
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behavior of E’ at different temperatures (20.0 — 55.0, AT = 5.0 °C, where AT describes the
temperature interval) as a function of frequency, where E’ decreases with increasing temperature
and decreasing frequency. This behavior can be attributed to weakening of polymer-water
hydrogen bonding with increasing temperature, followed by polymer chain relaxation.[34] Figure
4.9b shows the master curve obtained after application of the TTSP with an arbitrarily chosen
reference temperature (Trer) of 40 °C, where data in Figure 4.9a was shifted horizontally along the
frequency axis. This horizontal shift over the frequency range is known as the temperature-
dependent shift factor, ar. Figure 4.9b shows a broader frequency range of 10 — 10° Hz after the
application of the TTSP to data taken in a 10" — 10! Hz frequency range. Therefore, TTSP allows
for the study of PAH/PAA PEC mechanical behavior over a frequency range beyond DMA

capabilities (102 — 102 Hz).
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Figure 4.9 Application of the time-temperature superposition principle. a) E’ data taken at 90% RH over a
10! — 10! Hz frequency range and a 20.0 — 55.0 °C temperature range. b) Time-temperature master curve
made from experimental data in (a) with T = 40 °C. Legend in (b) applies to all panels. E” data taken over
a 10— 10* Hz frequency range for 50% RH, 70% RH, 80% RH, 85% RH, and 95% RH is shown in Figure
4.10. Tan delta data over the same frequency range, for all RH values, is presented in Figure 4.11.
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Figure 4.11 Tan delta data over a 10"t — 10* Hz frequency range at different RH values. a) 50%
RH, b) 70% RH, c) 80% RH, d) 85% RH, €) 90% RH, and f) 95% RH.

Successful superpositioning of data taken at different temperatures was obtained for RH
values of 50, 70, 80, 85, 90, and 95%, indicating applicability of TTSP for PAH/PAA PECs.
Figure 4.12 shows the temperature dependence of ar fitted with the Arrhenius equation (Equation
4.6), where Ea is the activation energy, R is the universal gas constant, T is temperature, and T ref
is the reference temperature. An attempt to fit ar data using the WLF equation (Equation 4.5) was
also made, see Figure 4.13 and Table 4.2. However, values for C; and C, (empirically adjustable
parameters) were not reasonable for RH values below 90%. Additionally, the WLF equation

should not be used for cases where: 1) T > Ty + 100 °C, 2) T < Ty, and 3) the temperature range is
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small.[91] Therefore, WLF was deemed not appropriate to describe the dynamic behavior of

PAH/PAA PECs.
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Figure 4.12 Temperature-dependent shift factor (ar) data calculated for different relative humidity
values (Tref = 40 °C) and fitted using the Arrhenius equation (Equation 1). A linear trend is
observed, where the slope of the line is equal to the activation energy divided by the universal gas

constant. 95% confidence intervals for the slope are represented by the shaded areas: 50% RH
(blue), 70% RH (red), and 80 — 95% RH (black).

The activation energy in the Arrhenius equation is related to the small-scale molecular
motions causing the relaxation of polyelectrolyte-hydrogen bonds within the PAH/PAA
PECs.[190] An activation energy of 379 + 35 kJ-mol™ (95% confidence interval) was calculated
for RH values between 80 and 95%, which suggests that ar is independent of relative humidity
(water content) within that range. Figure 4.12 also shows activation energies of 176 + 20 kJ-mol*
and 78 + 57 kJ-mol™ for 70% RH and 50% RH, respectively. An increase in activation energy with
increasing water content indicates that the increasing polyelectrolyte-water hydrogen bonding
results in a stiffening mechanism. Thus, the energy barrier necessary for the occurrence of

molecular motions causing the relaxation of the polyelectrolyte-water hydrogen bonds increases
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with increasing water content in the PAH/PAA PEC.[198] For RH < 80%, art covers a shorter
range suggesting that temperature has a weaker effect on the relaxation of the polyelectrolyte-
water hydrogen bonding. For RH > 80%, ar covers a broader range suggesting that temperature
has a stronger effect on the relaxation of the polymer chains. Table 4.3 presents Ea, Cy, and C;

values for other materials, where a wide range of Ea values is observed.
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Table 4.2 E;, C1 and C; values. Tres =40 °C.

RH/% | W +SD?/wt% | Ea®¢/kJ-mol* c CH/K
95 35.7 + N/A 379+ 35 2.222 24.300
90 31.7+0.6 379+ 35 14.140 82.500
85 248+ 0.4 379 + 35 2.38 x 108 1.16 x 10°
80 228+0.5 379+ 35 5.98 x 107 3.24 x 108
70 18.7+0.8 176 + 20 4.84 x 10’ 6.23 x 108
50 13.5+0.8 78 + 57 2.869 41.750

& Water content calculated from exposure of PEC specimens to humidity in a homebuilt humidity

chamber

b E, values obtained from fitting ar data with the Arrhenius equation (Equation 4.6)
¢ 95% confidence interval
dC; and C values obtained from fitting ar data with the WLF equation (Equation 4.5)
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Table 4.3 E;, Cy, and C» values for other polymeric materials

Material Ref. Technique/Test conditions E.? / kJ-mol* C | CP/IK
. . . 78 £ 57 (50% RH)¢
Mewa |- | wATemoHmesooa | yosa00os -
P 379 + 35 (80 — 95% RH)?
1949 (Dry)
. i 1439 (60% RH and 60 °C)
High-temperature DMA E?St':a% Tgsriibpglmig clamp 223¢ (Immersion in water at 70 °C)
epoxy adhesive (Cytec | [198] Condizonedpsamples (40 — 95 °C) i i
FM300) 804¢ (Dry)
698° (60% RH and 60 °C)
360°¢ (Immersion in water at 70 °C)
DMA Testing / Film tension clamp d ) )
\afion [199] 30% RH. 40 — 90 °C 39
[200] Underwater Stress Relaxometer 160¢ ) )
Immersion. 20 — 70 °C
. DMA Testing / Three-point bend mode
C e
Epoxy Novolac Resin [201] Room Temperature — 200 °C 499
Poly(methyl . Viscoelasticity spectrometer g
methacrylate) (PMMA) [202] 6 —80°C 1.0 8.0 36.0
Polyethylene (LDPE) | [202]° V'Scoe'asé'ﬂtg’osfgc”omew 75.0¢ 719 | 788
Rheometer / Oscillatory shear rheometry d
Poly(ethylene oxide) [203] 66 — 138 °C. Dry sample 26.8 6.9 88.0
(PEO) Plazek torsion pendulum d ) )
[204] 68 — 120 °C. Dry sample 48.9
Polyacrylate (PAr) [205] DMTA Testing / Bending and shear mode 189353(‘)’9 ) )
yacry 179 —199 °C. Dry sample 799¢
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Table 4.3 Continued

354 (Wet environment for 18 months)

Material Ref. Technique/Test conditions E.? / kJ-mol* C | CP/IK
e
Poly(aryl ether sulfone) [205] DMTA Testing / Bending and shear mode 1797307(, i i
(PSF) 179 — 199 °C. Dry sample 1038¢
e
Bisphenol A [205] DMTA Testing / Bending and shear mode 1408152(, i i
polycarbonate 144 — 164 °C. Dry sample 7748
. . 1548¢
DMTA Testing / Bending and shear mode p ) )
Phenoxy (PH) [205] 86 — 104 °C. Dry sample 288(,
Carbon fiber / Epoxy . e 408¢ (Dry)
Composite [206] gg/l _'6‘715-?%' ngr/ -I;Tg?rﬁggfsggr}ﬂ (\:/\I/Z;zlrj 382¢ (Wet environment for 11 months) - -
12Kx3K et 393°¢ (Wet environment for 18 months)
Carbon fiber / Epoxy . e 367¢ (Dry)
Composite [206] DMA Teostlng / Threg point ben_d clamp 344 (Wet environment for 11 months) - -
6K x 3K 30 — 75 °C. Dry and immersed in water

& Arrhenius equation
b WLF equation

¢ Water content of the material was not reported
d Activation energy for a relaxation process
¢ Activation energy for the glass transition
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Glass transition temperature (Tg) data determined by DMA is usually obtained from a) a
peak in the loss modulus (which “more closely denotes the initial drop of E’ from the glassy state
into the transition”) or b) a peak in tan delta (which “corresponds more closely to the transition
midpoint or inflection point of the decreasing log E’ curve”).[190] Figure 4.14 presents E’, E”’,
and tan delta data as a function of temperature for each RH value. No peaks in E’* or tan delta
were observed, except for data taken at 90% RH where a peak in tan delta appeared at a temperature
of 50 °C. Therefore, T4 data was taken at the intersection of two tangents for E” and tan delta curves
(Figure 4.14), which in this work is referred as the onset T4 determined by DMA (onset Tg, pma)
and presented in Table 4.4. Onset Tg values of 80.0, 58.7, 40.0 and < 20.0 °C were observed for
70, 80, 85, and 90% RH values, respectively. In general, Tqvalues determined by MDSC (Tg, mpsc)

are in agreement with onset T4 values determined by DMA (onset Tg, pma).
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Figure 4.14 Storage modulus, loss modulus, and tan delta (measured at 0.1 Hz) as function of
temperature. a) 50% RH, b) 70% RH, ¢) 80% RH, d) 85% RH, e) 90% RH, and f) 95% RH. Legend
in (f) applies to all panels. A peak in tan delta is only observed in panel (e) at 50 °C, evidencing
the transition of the PAH/PAA PEC from glassy to rubbery. The intersection of the two tangents
were used to determine onset T4 values from E’ and tan delta. Onset Tq values are presented in

Table 4.4.
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Table 4.4 Comparison of T4 data obtained from MDSC and DMA measurements. T4 data for

PEC specimens exposed to RH > 85% were not detected with MDSC.

RH/ W + SD?/ Tg mpsc £ SD/ | Onset Ty oma? | Onset Tg, bma®
% wt% °C /°C /°C
95" 35.7 £ N/A - - -
90 31.7+06 - - < 20.0
85 248+0.4 354+04 34.8 40.0
80 22805 469+ 0.7 55.8 58.7
70 18.7+0.8 709+0.3 72.2 80.0
50 135+0.8 103.7+£ 0.6 - -

& Water content calculated from exposure of PEC specimens to humidity in a homebuilt humidity
chamber

b Onset T4 determined from Tan Delta in Figure S5

¢ Onset Tq determined from E’ in Figure S5, where a sharp decrease in E’ occurs

In reviewing the literature, only a few articles were found on the study of temperature
effects on the dynamic mechanical behavior of PECs and on the application of the time temperature
superposition principle (see Table 1.1).[31, 109, 110, 114] Shamoun,[31] , Ali,[114] Wang,[109]
and Sadman,[110] studied wet solid PECs and PEC coacervates, thus ignoring the effect of water
content on the dynamical behavior of PECs. These studies, however, proved the successful
application of the TTSP for PECs such as PDADMAJ/PSS (poly(diallyldimethylammonium
chloride) / poly(styrene sulfonate)),[31, 114] PMMA/F127 (poly(methacrylic acid) / triblock
copolymer Pluronic VR),[109] and PSS/QVP (poly(styrene sulfonate) / quaternizing poly(4-
vinylpyridine)).[110] In this work, the application of the TTSP was validated for PAH/PAA PECs.
Most importantly, the effects of temperature on the dynamic mechanical behavior of PECs were

studied at different PEC hydration levels (13.5 — 35.7 wt%). Thus, providing novel information
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regarding the plasticizing effect of water when PECs are not fully hydrated, which emulate real
ambient conditions such as RH known to affect the mechanical behavior of polymeric materials.
4.3.2.2 Time-Water Superposition

Time-temperature master curves were obtained for six relative humidity values: 50, 70,
80, 85, 90, and 95%. Figure 4.15 presents the application of the time-water superposition principle
(TWSP). Figure 4.15a shows all six time-temperature master curves in one single E’ versus
frequency plot, where E’ decreases with increasing relative humidity (increasing water content).
This behavior can be attributed to an increase in free volume with increasing water content, which
promotes structural rearrangement within the PEC.[27, 33] Figure 4.15b shows the super master
curve obtained after application of the TWSP with an arbitrarily chosen reference relative humidity
(RHrer) of 80% (22.8 wt% H-0), where data in Figure 4.15a was shifted horizontally along the
frequency axis. Due to this additional data shifting, a second shift factor was defined as the water-
dependent shift factor, aw. The time-water super master curve shown in Figure 4.15b corresponds
to a doubly shifted hygrothermal master curve, which represents the time dependence of E’ at a
single reference temperature and a single reference relative humidity (water content). Therefore,
the successful construction of the time-water super master curve indicates the applicability of the
time-water superposition principle for PAH/PAA PECs. E’, E”’, and tan delta super master curves,

with Trer = 40 °C and RHrer = 80%, are shown in Figure 4.16.
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Figure 4.15 Application of the time-water superposition principle. a) Time-temperature master curves
for RH values of 50, 70, 80, 85, 90, and 95%. b) Time-water super master curve made from time-
temperature master curves in (a) with RHrer = 80% and Trer = 40 °C. Legend in (b) applies to all panels.
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Figure 4.16 Storage modulus (E”), loss modulus (E’”), and tan delta super master curves as a function
of ar*aw™f. Trer = 40 °C and RHyer = 80%. ar: temperature-dependent shift factor, aw: water-dependent
shift factor, and f: frequency.
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Analogous to TTSP, TWSP provides information regarding a water-dependent shift factor
aw. Figure 4.17 shows the behavior of In(aw) as a function of different parameters. Figure 4.17a
presents a non-linear behavior for In(aw) with RH, which is probably due to RH being related to
the water vapor present in the air, not to the water present in the PEC. Figures 4.17b-c show a
linear behavior for In(aw) as a function of water content (W / wt%) in the PEC, with Figure 5c
taking into account the water content in the PEC at the RHrer. Finally, Figure 4.17d shows a non-
linear behavior for In(aw) as a function of partial vapor pressure (Pi), which was expected because
Pi is directly related to the water vapor present in the air. An attempt to fit aw data using a WLF-
like equation (Equation 4.7) was also made, see Figure 4.18 and Table 4.5. However, values for
D and D (empirically adjustable parameters) were not reasonable, thus deeming the WLF-like
equation not appropriate to describe the dynamic behavior of PAH/PAA PECs. Therefore, a log-
linear equation (Equation 4.8), with a slope B and a y-intercept ¢, was proposed to fit aw as a

function of W instead of RH.

~2.303D; (W — W)
D2 + (W - Wref)

Ln(ay) =
WLF equation (Equation 4.7)[207]

Ln(ay) = B (W — Wref) te (Equation 4.8)
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Figure 4.17 Water-dependent shift factor (aw) data as a function of: a) relative humidity; b) water
content in the PEC (In aw = -1.3362 W + 27.9342, R? = 0.9753); c) water content in the PEC
relative to a reference state (In aw = -1.3362 (W - Wrer) — 2.5316, R? = 0.9870); and d) partial vapor
pressure. Wrer: W at the RHrer (80% RH, 22.8 + 0.5 wt%). RHref = 80% and Trer = 40 °C.
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Figure 4.18 Ln(aw) data fit with log-linear and WLF equations. a) RHres = 80% and b) RHref =
95%. Tref = 40 °C. Legend in (b) applies to all panels.

Table 4.5 B, ¢, D; and D> values. Tref = 40 °C.

RHyer/ % | Wref £ SD?/Wt% | B2/ wt% ! | c? Ds° D> / wt%
95 35.7 + N/A -1. 4428 0.0000 |[1.96x10° |3.13x10°
80 22.8+0.5 -1. 3755 -2.6528 | 1.84x10° | 3.40x10°

& Water content calculated from exposure of PEC specimens to humidity in a homebuilt humidity
chamber

b B and ¢ values obtained from fitting aw data with a log-linear equation (Equation 4.8)
¢ Dy and D values obtained from fitting aw data with a WLF-like equation (Equation 4.7)

Effects of relative humidity (water content) on the dynamic mechanical behavior of PECs
and the application of the TWSP to PECs or PEMs have not been studied before. De and Cramer
studied the effect of relative humidity (or water content) on the ion conductivity of PECs and
explored the application of a time-humidity superposition principle.[55, 97] Most importantly, De

and Cramer proposed two equations: 1) a log-linear equation that captured the relationship between
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relative humidity and a humidity-dependent shift factor,[55] and 2) an equation that estimated the
contribution of temperature to the humidity-dependent shift factor.[97] However, the latter was
not supported with experimental data.

In this work, the application of the TWSP provided aw data that was fitted with a log-linear
equation (Equation 4.8) equivalent to the equation proposed by De et al.,[55] but for the dynamic
mechanical behavior of a PAH/PAA PEC as a function of water content not RH. Additionally, an
equation (Equation 4.9) combining the contributions of temperature and water content — obtained
from the application of TTSP and TWSP to DMA experimental data — is proposed, where: ac is
the computational combined shift factor, Ea is the activation energy, R is the universal gas constant,
T is temperature, Tre is the reference temperature chosen during the application of the TTSP, B
and c are the slope and the y-intercept of Equation 4.8, W is the water content in the PEC, and Wes
is the corresponding water content to the chosen reference relative humidity (RHye) during the
application of the TWSP. Although Equation 4.9 seems similar to the equation proposed by
Cramer et al.,[97] Equation 4.9 can actually be used to calculate ac in order to predict a hygrotermal

master curve.

E, (1 1
B (-] + 1B = i) 4]

a.(T,W) = exp

(Equation 4.9)

4.4 Conclusions

Application of superposition principles demonstrated equivalent effects of temperature and
water content — under the studied temperature and relative humidity conditions — on the dynamic
mechanical behavior of PAH/PAA PECs. Temperature and water content strongly influenced the

storage modulus, where E’ decreased with both increasing temperature and increasing water
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content. For example, when temperature increased from 20 °C to 50 °C for data taken at 90% RH,
E’ (at 0.1 Hz) decreased from 1.6 x 10° Pa to 2.3 x 10° Pa. Additionally, when relative humidity
(water content) increased from 80 to 95% (22.8 to 35.7 wt%) for data taken at 50 °C, E’ (at 0.1
Hz) decreased from 1.2 x 10° Pa to 2.3 x 10° Pa.

Time-temperature master curves were constructed for each relative humidity value (50 -
95%), where data at different temperatures was successfully superimposed at an arbitrarily chosen
reference temperature. Successful data superposition validated the applicability of TTSP for salt-
free PAH/PAA PECs. Additionally, temperature-dependent shift factor (at) data was successfully
fitted with the Arrhenius equation, allowing for the prediction of at values for any temperature
within the studied temperature range.

TWSP was successfully applied and validated for salt-free PAH/PAA PECs, through the
creation of a time—water super master curve (or hygrothermal master curve). The effect of water
content on the dynamic mechanical response of PAH/PAA PECs was quantified by a second shift
factor, aw. Most importantly, this water-dependent shift factor was found to be related to water
content in the PEC (W) instead of the water content in the air (RH). Thus, the degree of
plasticization in the PEC is controlled by its water content, which is determined by the relative
humidity.[95] Consequently, the designation time-water superposition principle (TWSP) was
deemed more appropriate than the more commonly used time-humidity superposition principle
(THSP).

In conclusion, the rheological behavior of the PAH/PAA PECs is dominated by the

dynamics of the ion-pairs as a function of water and temperature.
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CHAPTER V

SUMMARY AND FUTURE WORK

5.1 Summary

In this dissertation, PEMs anticorrosive properties and PECs mechanical properties were
studied.

In Chapters Il and 11, anticorrosive properties of BPEI/MMT PEM films were studied as
a function of thickness, clay content, polymer molecular weight, substrate’ surface finish, and
application technique. All while keeping in mind industry requirements such as rapid application
process and minimum impact on the environment.

In Chapter Il, BPEI/MMT PEM films were prepared through spray-assisted layer-by-layer
assembly onto an aluminum alloy substrate. LbL assembly does not easily allow for polymer-clay
ratio tailoring, thus a BPEI/MMT PEM film with 25 wt% clay content was obtained. The
anticorrosive properties of the PEM coating/substrate system were assessed through salt spray
testing — a standard accelerated corrosion test in the coatings industry — and electrochemical
impedance spectroscopy, where corrosion protection improvement was observed with the thicker
PEM films (~ 0.4 um). Thus, a corrosion protection mechanism was proposed, where MMT
provided a physical barrier to corrosive agents and BPEI provided surface buffering, both slowing
down the corrosion process. These results were promising, especially because the BPEI/MMT
PEM film was chromium-free and did not contain any additional corrosion inhibiting species.
However, the application of these BPEI/MMT PEM films required long times — 2 hours for a 0.4

um thick PEM film — which is unrealistic for industrial applications in the coatings industry.
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In Chapter 11I, BPEI/MMT PEM films were prepared through a one-pot formulation
technique, which allowed polymer-clay ratio tunability in the coating and was quickly applied onto
a substrate through airbrushing. A correlation between film thickness and corrosion protection was
found, where corrosion protection improved with increasing thickness. BPEI/MMT PEM films
were prepared with three different polymer-clay ratios — 50:50, 20:80, and 10:90 — for which a
relationship between polymer-clay ratio and corrosion protection was found. Increasing clay
content in the film from 50 to 80 wt%, resulted in great improvement in the corrosion protection
provided to the aluminum substrate. However, increasing the clay content in the film even more
from 80 to 90 wt%, resulted in lesser corrosion protection. These results evidenced the important
roles of both BPEI and MMT in the PEM coating, where MMT provided a physical barrier and
BPEI provided surface buffering and structural support. Additionally, the role of BPEI’s molecular
weight on the anticorrosion properties of the PEM coating was evaluated. BPEI/MMT PEM films,
with a 20:80 polymer-clay ratio, were prepared with two different BPEI molecular weights (25,000
and 2,000,000 g-mol™) and assessed through EIS and SEM. The BPEI/MMT PEM film containing
the higher molecular weight polymer evidenced a rapid breakdown upon exposure to the
electrolyte solution during EIS testing. Early coating failure was attributed to a crater-like structure
observed on the PEM coating surface. Finally, the effect of substrate’ surface finish on the
corrosion protection provided by the BPEI/MMT PEM film was evaluated, where a polished
surface (2,000 grit) resulted in adhesion loss between the coating and the substrate, causing the
acceleration of the corrosion process. In conclusion, Chapter Il presents an environment-friendly
BPEI/MMT PEM coating with a 20:80 polymer-clay ratio and a 2 um thickness, as the coating

that provided the best corrosion protection to the aluminum alloy substrate.
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In Chapter IV the dynamic mechanical behavior of salt-free PAH/PAA PECs, assembled
at pH 7.0, was systematically studied as a function of humidity (water content) and temperature.
DMA data curves, containing information regarding the storage and loss moduli, were collected
as a function of frequency, temperature, and relative humidity (water content). Data analysis
evidenced water and temperature effects on PAH/PAA PECs dynamics: a) at a small-scale water
causes a stiffening mechanism due to the increase of polyelectrolyte-water hydrogen bonding with
increasing water content in the PEC; and b) the strength of temperature effects in the dynamics of
the PEC depends on the water content in the PEC, where temperature had a stronger effect on
samples exposed to RH > 80%. Finally, TTSP and TWSP were successfully applied and validated
for the PAH/PAA PECs.

5.2 Future Work
5.2.1 Anticorrosive Properties of PEMs

Even though Chapters Il and 111 presented excellent corrosion protection achieved with a
BPEI/MMT PEM film containing a 20:80 polymer-clay ratio, more work is needed in order to
accomplish corrosion protection comparable to the one provided by chromium conversion
coatings. This can accomplished in two ways: 1) Including an environment-friendly corrosion
inhibitor material (e.g., 8HQ) in the coating matrix through nanoreservoirs or microcapsules; and
2) including corrosion inhibitor species (e.g., Cerium) in small dosages through chemical
modification of MMT. Additionally, it is necessary to study the mechanical properties of the
BPEI/MMT PEM coatings, because a balance between corrosion protection and mechanical
performance is necessary for all coating systems. Finally, all possible versions of the BPEI/MMT

PEM film need to be assessed in full coating systems to determine their corrosion protection and
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mechanical behavior under real conditions of use (e.g., stress, chipping, temperature, humidity,
etc).
5.2.2 Mechanical Properties of PECs

Chapter 1V presented a systematic analysis of PAH/PAA PECs dynamic mechanical
behavior as a function of frequency, temperature and relative humidity. However, this analysis
was only performed for PAH/PAA PECs assembled at pH 7.0. pH is a critical factor in PECs and
PEMs containing at least one weak PE (e.g., PAH and PAA). pH affects PECs and PEMs
morphology and properties. Zhang et al.,[34] for example, showed the effect of assembly pH on
PAH/PAA PECs glass transition temperature (Figure 5.1). Zhang showed that their intrinsic ion
pairing — directly related to the composition — increased with increasing pH. This increase in the
intrinsic ion pairing resulted in PECs stiffening, evidenced by an increase in Tg. As covered in
Chapter 1, PECs and PEMs thermal and mechanical properties are directly correlated, thus an
increase in Tg could translate into higher moduli. Nolte et al.,[95] studied the effect of assembly
pH on PAH/PAA PEMs Young’s modulus. He showed that swelling and plasticization differ as a
function of assembly pH, where PAH/PAA PEMs assembled at pH 2.5 demonstrated abrupt
swelling and some antiplasticization as a function of relative humidity.

Changes in the properties of PECs containing at least one weak PE occur due to the change
in ionic groups dissociation (charge density).[3] It is expected that for PECs assembled at pH
values of 3.5 or 9.0, pH will play an important role in PECs mechanical properties. Thus, it is
important to study the dynamic mechanical behavior of PAH/PAA PECs assembled at different

pH values as a function of RH and temperature.
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Figure 5.1 PAH/PAA PECs Tg as a function of assembly pH and water content. T4 increases with
increasing assembly pH. Adapted with permission from reference [34]. Copyright 2016 American
Chemical Society.
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2.1

3.1

3.2

3.3

APPENDIX A
LIST OF MOVIES

Adhesion by tape test on the as prepared (BPEI/MMT)4 LbL film to the AA2024-T3
substrate

Airbrushing of the BPEI/MMT one-pot mixture onto a substrate

Adhesion by tape test on the as prepared (BPEI2o/MMTgo)s film to the A2024-T3
substrate

Adhesion by tape test on the as prepared (BPEI20/MMTgo)s film to the 2,000 grit
AA2024-T3 substrate
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