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ABSTRACT

Protective coatings with the ability to shield the materials underneath are crucial
to packaging, flame retardancy, and corrosion prevention. Amongst all the desired
properties, barrier performance is critical for protective coatings. Packaging requires gas
barrier and corrosion protection becomes more efficient with a good barrier against
corrosive species. Polymer-clay composites have shown great potential as protective
coatings due to their cost efficiency, ease of production, and good mechanical properties,
and more importantly, good barrier due to the torturous pathway created by impermeable
clay. Despite these benefits, further improvements are limited because of clay aggregation
and misalignment within polymer matrices. Layer-by-layer assembly (LbL) has proven to
be a cost-effective technique that enables high clay loading (> 60 wt%) in thin film
coatings. This dissertation is focused on utilizing LbL assembly to achieve a high level of
clay alignment and loading in unconventional polymer matrices for varying applications,
along with the development of new functionalities.

Hydrogen-bonded all-polymer systems are highly stretchable but they suffer from
low barrier. In an effort to improve barrier performance while maintaining stretchability,
clay platelets were introduced to a hydrogen-bonded system by the alternate deposition of
poly(ethylene oxide) (PEO) and polyacrylic acid (PAA) mixed with montmorillonite
(MMT) clay. This system, with aligned clay, provides the best stretchable oxygen barrier

to-date.
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In addition to MMT, vermiculite (VMT) clay, with larger aspect ratio, is known to
impart better barrier when incorporated into LbL systems. In an effort to improve the
barrier and flame resistance of biodegradable polymers such as cellulose, VMT clay is
paired with modified cellulose nanofibrils (CNF) (that have positively charged surfaces)
using LbL assembly. The resulting nanobrick wall thin film structure imparts great
improvement in oxygen barrier, flame resistance, and modulus.

LbL-assembled polymer-clay films also demonstrate good corrosion protection. A
30-bilayer waterborne polyurethane and VMT coating, with a thickness of 300 nm,
provides 100X improvement in impedance and remains effective for at least five days.
This is a result of relatively high hydrophobicity and the nanobrick wall structure, making
it a potential environmentally-friendly replacement for toxic chromate conversion

coatings (CCCs).

il



DEDICATION

I would like to dedicate this dissertation for my dearest parents, Huiling and Qun,
thank you for supporting every choice I made all these years. I also want to dedicate this
work to my fiancé Yixuan, who has given me constant love and support. I am truly
thankful for having you in my life. This is also for Mr. Huang, my longtime best friend

and favorite bird. You colored my childhood and may you rest in peace.

v



ACKNOWLEDGEMENTS

I would like to express my deepest appreciation to my adviser and committee chair,
Dr. Jaime Grunlan, who provided guidance and endless support during the past few years.
I am grateful that when I wanted to explore new research areas, he gave me the freedom
and contributed valuable feedback and the resources I needed. All these experiences
prepared me for my future career as a research scientist. I would also like to thank my
committee members, Dr. Micah Green, Dr. Yossef Elabd, and Dr. Homero Castaneda, for
their help throughout the course of my research.

I also want to thank my colleagues in Polymer Nanocomposite Laboratory for their
help in both my research and life, including Dr. Ryan Smith, Dr. Yixuan Song, Dr. Kevin
Holder, Dr. Merid Haile, Dr. Chungyeon Cho, Dr. Mario Culebras, Simone Lazar, Thomas
Kolibaba, Carolyn Long, Xiaodong Liu, Dan Stevens and Hsu-Cheng Chiang. I also want
to thank my undergraduate assistants, Kyle Falke, Joseph Gerringer, and Bailey Eberle, I
could not finish my work within four years without their contributions. I also had great
pleasure of working with many talented scientists in Sandia National Laboratories
including Dr. Eric Schindelholz, Dr. Erik Spoerke, and Dr. Stephen Percival. I would also
like to thank Dr. Castaneda and Yenny Cubides for their contributions in my corrosion
project, Dr. Yordanos Bisrat and Dr. Wilson Serem for their help with SEM and AFM.

Thanks also go to my friends at Texas A&M University, especially Baiyu,
Ramatou, Yenny, Lian, Sisi, and Simone for their company and support. I also want to

thank my best friend Lanbing for her friendship, may you and Ting live happily ever after.



CONTRIBUTORS AND FUNDING SOURCES

Contributors:

This work was supervised by Professor Jaime Grunlan and the rest of the
dissertation committee including Prof. Homero Castaneda and Prof. Micah Green of the
Department of Materials Science and Engineering and Prof. Yossef Elabd of the
Department of Chemical Engineering.

The cellulose nanofibrils in Chapter 4 were provided by Dr. Maryam Ghanadpour
and Prof. Lars Wagberg, and the impedance data in Chapter 5 was analyzed by Ms. Yenny
Cubides. Some of the experiments in Chapter 3-5 were conducted by Mr. Michael Floto,
Mr. Joseph Gerringer, and Mr. Kyle Falke.

All other work in this thesis was completed by the student independently.
Funding Sources:

This work was made possible by National Science Foundation (CBET 1403686)
and the Laboratory Directed Research and Development program at Sandia National
Laboratories. Sandia National Laboratories is a multi-mission laboratory managed and
operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly
owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy's

National Nuclear Security Administration under contract DENA0003525.

vi



PVD
CVD
LbL
PEO
PEI
PAA
MMT
VMT
PU
CNF
PEM
PET
Si0x
BL
QL
WVTR
OTR
QCM
AFM

UV-vis

NOMENCLATURE

Physical Vapor Deposition
Chemical Vapor Deposition
Layer-by-layer Assembly
Poly(ethylene oxide)
Poly(acrylic acid)
Polyethyleneimine
Montmorillonite
Vermiculite

Polyurethane

Cellulose Nanofibrils
Polyelectrolyte Multilayers
Poly(ethylene terephthalate)
Silicon Oxide

Bilayer

Quadlayer

Water Vapor Transmission Rate
Oxygen Transmission Rate
Quartz Crystal Microbalance
Atomic Force Microscope

Ultraviolet—Visible

vii



SEM Scanning Electron Microscopy

TEM Transmission Electron Microscopy

viii



TABLE OF CONTENTS

Page

ABSTRACT ...ttt ettt et et e et et e e bt e et e e naeeebeesnteens ii
DEDICATION. ...ttt ettt ettt ettt e et et e et e enbeenaaeenneeenneens iv
ACKNOWLEDGEMENTS ...ttt ettt ettt v
CONTRIBUTORS AND FUNDING SOURCES.......ccooiiiiiiieniieieeieeeeesiie e vi
NOMENCLATURE ..ottt sttt vii
TABLE OF CONTENTS ... .ottt ettt ix
LIST OF FIGURES ..ottt ettt ettt e e e xi
LIST OF TABLES. ... .ottt ettt et Xiv
CHAPTER T INTRODUCTION ....occiiiiiiiiiieiiecieesie ettt e 1
1.1 BaCKEIOUNM.....couiiiiiiiiiiiiee ettt ettt e e et e e e et ee e e ennaeea s 1
1.2 Dissertation OULIINE ...........oooiiiiiiiiiiiiiieiieeeiee e 2
CHAPTER IT LITERATURE REVIEW....... e, 6
2.1 Protective Coatings: Gas BarTier ..........ccccuiiiieiiiiiiieiiiiie e 6
2.1.1 Gas Transport THEOTIES.........eeeiriuiiieeeiiiiieeeeiiiee et ee e e ee e e areee e 7
2.1.2 Gas Barrier MaterialS..........c..eeeeeiiiiiieiiiiie ettt 10
2.1.3 Layer-by-Layer (LbL) Assembly of Gas Barrier Nanocoatings.................... 20

2.2 Corrosion Protection COatiNgS..........uuieeeiriiieeiiiiieeeeiiieeeeriiieeeeieeeeeenereeeeeenenees 21
2.2.1 Chromate Conversion COAtINGS ........ccccuureeeriurieeeriiireeeeiireeeenireeeesnneeeaennes 23
2.2.2 Alternatives for Chromate Conversion Coatings ............cccceeeeeevveeeernvveeeenns 24

CHAPTER III COMBINED HIGH STRETCHABILITY AND GAS BARRIER IN

HYDROGEN-BONDED MULTILAYER NANOBRICK WALL THIN FILMS. ......... 28
3.1 I OAUCTION. ...t e e e e e e e e e e e e e eaaaaeeeenaas 28
3.2 EXPEIIMENTAL......viiiiiiiiiiiieiiiiie et ettt e e et e e et e e e eeaaae s 29
3.3 RESUILS ANd DISCUSSION ... eeeeteee et e e e et ee e e e e e e eeaaeeeeenans 31
3.4 CONCIUSIONS. ..ottt e e e e e e e e e e e e eeeeeeeeaaaeeeenans 38

X



CHAPTER IV SUPER GAS BARRIER AND FIRE RESISTANCE OF

NANOPLATELET/NANOFIBRIL MULTILAYER THIN FILMS .......ccccooiiiiiennnn 40
4.1 INIrOAUCTION. ¢ttt ettt ettt e et e e st e e sabeee e 40
4.2 EXPEIIMENTAL....c..iviiiiiiiiiiiieiiiie ettt e ettt e ettt e e e e e e e enbaaeeeennnes 41
4.3 Results and DISCUSSION .......vieiiiiiieiiieeniiie ettt ettt e et e e s e e sabee e 44

4.3.1 Thin Film SHrUCTUIE ........eeiiiiiiiiiieiiiieeiiee e 44
4.3.2 Oxygen Barrier of Nanocoatings on Polyester...........ccceeeviieeerniiiiieenniieeeen, 46
4.3.3 Flame Resistance Imparted to Polyurethane Foam ...............ccoccoeiieniiiinnnn. 48
4.3.4 Mechanical Properties of Thin Films ...........ccccciiviiiiiiiniiiiiiiiiceeieeeee 51
4.4 CONCIUSIONS. ....teeiitteeiitee ettt ettt ettt ettt ettt e sttt e et e ettt e ebbeeesbbeeesabeeesabnee e 52

CHAPTER V  ULTRATHIN TRANSPARENT NANOBRICK WALL

ANTICORROSION COATINGS ...ooiiiiiiiiieeniie ettt et 53
5.1 INEOAUCHION ....eeiuiiiiiiiie ettt ettt ettt e s e e 53
5.2 EXPEIIMENTAL......viiiiiiiiiiiieiiiiie ettt e e et e e et e e e e es 54
5.3 Results and diSCUSSION........covuiiiriiieiiiee ittt 56

5.3.1 Multilayer Film Morphology .........cccccviiiiiiiiiiiieiiiie et 56
5.3.2 Anticorrosion Performance...........occueeviiieniieiiiiieiiieeeieeeeece e 58
5.4 CONCIUSIONS. ....eeiuiiiiiiiie ettt ettt e st e e st e e sabae e 65

CHAPTER VI CONCLUSIONS AND FUTURE WORK ........cccceeiiiiiiiniierieeieeiene 67
6.1 New and Improved Functionality Developments for Polyelectrolyte-Clay
ASSEIMDIIES. ..ttt ettt e 67

6.1.1 Combined High Stretchability and Gas Barrier in Hydrogen-Bonded
Multilayer Nanobrick Wall Thin Films.........cccccooviiiiiiiiiiiiiieiicceieeeeee e 67

6.1.2 Super Gas Barrier and Fire Resistance of Nanoplatelet/Nanofibril Multilayer
TRIN FIIMS oottt e 68
6.1.3 Ultrathin Transparent Nanobrick Wall Anticorrosion Coatings..................... 68
6.2 FUtUre DITECHIONS. ...ccuvviiiiiiiiiiieeiiieeeitee ettt e 69
6.2.1. Improving Moisture Barrier of SiOx with Polyelectrolyte Layers................. 69

6.2.2 Corrosion Protection Coatings with PEM Barrier Coating and Hydrophobic
SUITACE ...ttt ettt e et e e e e e e e 73
REFERENCES ...ttt ettt et e e st e s e e 75



LIST OF FIGURES
Page
Figure I-1. Schematic of layer-by-layer assembly (LbL) process. ........cccccovveeervriveeennnnee. 2

Figure II-1. Schematic of the tortuous pathway in polymer/clay composites. Reprinted
with permission from [reference 31731 ......ccooiiiiiiiiiiieeeeeeee 10

Figure II-2. Oxygen and water transmission rates of commonly used polymers in
packaging. Reprinted from [reference 36].%...........ccoooeviiiiiiiiieeeeee 11

Figure II-3. The life cycle of biodegradable polymers. Reprinted with permission from
[TErenCE 397.3% ..o 12

Figure 1I-4. Schematic of typical process to obtain CNF. Reprinted with permission
from [reference 48143 ... ..o 13

Figure II-5. Digital photographs of pretreated CNF suspensions. Reprinted with
permission from [reference 47147 .......cooiviiieeeeeeeeeeeeeeee e 14

Figure 11-6. (a) Schematic of the shadow effect in the PVD process.*® (b) Oxygen
transmission rate (OTR)-thickness relationship.®® Adapted with permission
from [reference 36 and 69]...........coovviiiiiiiiiiiiie e 17

Figure II-7. A cross-sectional scanning electron microscope (SEM) image of four pairs
(dyads) of AlOy/polymer multilayer. Reprinted with permission from

[1ferenCe 70T 70 . e 18
Figure 11-8. Schematic of possible polymer/clay composites morphologies. Reprinted

with permission from [reference 76].76.........ccoovevviviiviiiieieeeeeeeeeeee e 20
Figure I11-9. Schematic of the layer-by-layer (LbL) assembly process. ..........ccceevveennee 21

Figure II-10. The corrosion process of steel with water, oxygen, and electrolytes.
Reprinted with permission from [reference 88]. 88..........cccoveiviiieiiieiiiennen, 22

Figure II-11. Schematic of self-healing mechanism of capsules loaded with healing
agent. Reprinted with permission from [reference 103].19 ..............coconi. 25

Figure 1I-12. Chemical structure of some ICPs. Reprinted from [reference 113]. '1*..... 26

Figure I1I-1. a) Schematic of the PEO/PAA+MMT layer-by-layer process. b) Thickness
as a function of bilayers deposited for films with varying MMT concentration
and c) FTIR spectra of MMT, PAA, and a 50:50 PAA+MMT mixture.......... 32

Xi



Figure III-2. Atomic force microscope phase images of 10 BL a) PPM [25%] and b)
PPM [100%] deposited on silicon. TEM cross-sectional images of 10 BL ¢)
PPM [25%] and d) PPM [100%] deposited on PET..........cccocoiiiieniiiiiennnee. 34

Figure III-3. Schematics of PEO/MMT films assembled a) with and b) without PAA
present, and c) hypothesized behavior of the thin film assembled with PAA
when applying external Strain.............ccceeeeriiiiiieiiiiiee e 35

Figure III-4. a) Oxygen transmission rate of 10 BL PPM [25%], deposited on
polyurethane rubber, after exposure to varying strain. b) Scanning electron
microscope surface images of PPM [25%], PPM [50%], and PPM [100%]
after exposure to varying levels of Strain. ........ccccceevvieiiniiiiniiiinicinicee, 37

Figure IV-1. (a) Schematic representation of CNF/VMT LbL assembly. (b) Thickness
of LbL films prepared by using three different CNF concentrations, (c) mass
of the thin film, including immobilized liquid, as a function of the number of
bilayers deposited and (d) visible light transmission of the thin films as a
function of bilayers deposited for the 0.2wt% CNF/VMT system.................. 45

Figure IV-2. (a-c) Atomic force microscopy (AFM) height images of 3.5 BL
CNF/VMT films prepared with varying CNF concentration. (d) Phase image
of the film prepared with 0.2 wt% CNF/VMT. (e) Cross-sectional TEM
image of a 10 BL 0.2 wt% CNF/VMT film. ....cccccccooiiiiiiiiiiiiiiiicee, 46

Figure IV-3. (a) Oxygen transmission rate (OTR) of CNF/VMT films as a function of
bilayers deposited. (b) Permeability as a function of thickness of LbL
assembled CNF/VMT films in relation to other cellulose-based films: 15 BL
and 20 BL are CNF/VMT films from this work, CNF films are from ref (¢!),
CNF-2 is from ref (®*), CNF/MMT is from ref ('*°), MMT/DA-CNF is from
ref (1), and neat cellulose is from ref (°0).........ccoovviviiiiiiiiicceeeee 47

Figure IV-4. Photographs of (a) foam coated with 2 and 4 BL CNF/VMT (left and
right foam, respectively) before burning. Photographs and SEM images of
cross sections of PU foam coated with (b) 2 and (¢) 4 BL CNF/VMT after
torch testing. Boxes of the same color represent the same spot with different
MAZNITICALIONS. ..eeiiiiiiiiiiiie et 50

Figure IV-5. (a) Weight and (b) first derivative weight loss as a function of temperature
for uncoated and LbL-coated PU foam............ccocceeeiiiiiiniiiiniiiiiiccicee, 51

Figure V-1. (a) Schematic of the LbL assembly process. (b) Digital images of
(PU/VMT)0 coatings deposited on coated on PET (right side of yellow line),
uncoated PET (left side of yellow line) and bare aluminum. (c¢) Cross-
sectional TEM image of a (PU/VMT)1o coating on PET and schematic of the
thin film structure. (d) Growth curves for PU/VMT and PEI/VMT multilayer

X11



coatings. (e) Visible light transmittance as a function of PU/VMT bilayers
deposited on qUArtz SHAES. ........eeeeeiiiiiiieeiiieeee e 57

Figure V-2. NMR spectra of (a) branched polyethylenimine and (b) polyurethane. (c)
The swelling ratio of (PEI/VMT)10 and (PU/VMT)10 coatings in 3.5% NaCl
solution. (d) Schematic of ion transport in these LbL assembled films........... 58

Figure V-3. EIS spectra (Nyquist and Bode plots) of (a) (PU/VMT)o, (b) (PU/VMT )20,
(c) (PU/VMT)30, and (d) (PU/VMT )40 deposited on aluminum, for up to five
days in 3.5 wt.% NaCl SOIUtION. .....c.evviiieiiiiiieeiiiie e 60

Figure V-4. Equivalent electrical circuits used to fit the EIS data for bare aluminum
and the different polymer-nanoclay composite coatings immersed for five
days in 3.5 Wt% NaCl SOIUtION. ...ceeeuvviiiiiiiiiiieeiiie e 61

Figure V-5. (a) R, evolution for samples immersed for 5 days in a 3.5 wt.% NaCl
solution. (b) Rp values of all samples on Day 5..........ccccoevviiiiieiniiiieenin. 62

Figure V-6. SEM (left two columns) and optical microscope (right two columns)
images of (a) uncoated aluminum, (b) (PEI/VMT)40, and (¢) (PU/VMT)30
before the EIS test, along with (d) uncoated aluminum, (e) (PEI/VMT )40, and
(f) (PU/VMT)3 after a 5-day immersion in a 3.5% NacCl solution.................. 65

Figure VI-1. Schematic representation of (a) layer-by-layer assembly of PEM (e.g.
PEI/PAA) coatings, (b) physical vapor deposition of SiOyx layers, (c)
multilayer thin film preparation with PEM and SiOx layers. ..........cccocuveeneee. 70

Figure VI-2. (a) Visible light transmission of multilayer thin films based on SiOx and
PEM layers. (b) Digital photographs of SiOx+PEM and PEM+SiOx+PEM
coated on PET SUDSIate. .......ccccovviiiiiiiiiiiniieiccieciceecceeeeee e 71

Figure VI-3. Water vapor transmission rate (WVTR) of various samples coated on 179
um PET substrate, measurements were conducted at 38°C 90% RH.............. 72

Xiii



LIST OF TABLES

Page

Table II-1. Oxygen transmission rate (OTR) of cellulose films in the literature. ........... 15

Table 1I-2. OTR and WVTR values of inorganic thin film coatings. Reprinted from

[1eference 681.5% ... .o e 17
Table II-3. Oxygen permeability of some polymer/clay composites. Reprinted from
[TefErenCe 281.28 ... oot 20
Table III-1. Barrier behavior of ten bilayer thin films deposited on 1 mm thick
polyurethane rubbeT. .........cc.oeiiiiiiiiiiiciie e 38
Table IV-1. Oxygen permeability of CNF/VMT coatings on PET (measured at 23 °C
ANA 0% RH). .eeiiieiiiiieeeee e e 48
Table IV-2. Torch test results for coated and uncoated polyurethane foam. .................. 49

X1V



CHAPTER I
INTRODUCTION

1.1 Background

Protective coatings have been used in various applications such as packaging, flame
retardant, and corrosion prevention to safeguard an underlying substrate. Gas barrier is
one of the most important properties of protective coatings due to its critical role in
packaging, especially for sensitive food and organic electronics.!* Current packaging
materials available in the market include metalized plastics, inorganic transparent
coatings, polymers, and polymer composites. Due to the disadvantages such as high
opacity and difficulty with recycling for metalized plastics, poor adhesion and brittleness
for inorganic coatings,*¢ polymer composites are attracting more attention. In the case of
clay-filled composites, random alignment and aggregation of platelets reduce barrier and
transparency of the composites, making them unsuitable for many packaging applications.
Additionally, packaging waste has become a major environmental burden, creating a need
for the development of biodegradable and compostable packaging materials. Protective
coatings with good barrier against corrosive species (e.g., oxygen, water, and Cl°) are also
desired in corrosion prevention, since corrosion literally eats up 3% of the world’s gross
domestic product (GDP) annually.” Multilayer anticorrosion coatings are typically used to
ensure good protection, with a chromate conversion coating (CCC) as a pretreatment layer
due to its excellent barrier and self-healing ability. However, chromate conversion
coatings are now restricted or banned in many regions because of health concerns,® so

more environmentally-friendly replacements for CCCs are needed.



Layer-by-layer (LbL) assembly is one of the most widely used techniques to
prepare thin film coatings with multiple functionalities owing to its simplicity and
versatility.”! As shown in Figure I-1, a thin film coating is typically assembled by
alternately depositing species with opposite charges. Besides electrostatic attraction, other
bonding forces such as hydrogen-bonding,!! covalent bonds,'> and hydrophobic
interactions,!® can also be utilized to assemble thin films, which provide the ability to
integrate a variety of polymers and nanoparticles for desired functionalities. The coating
structure can also be precisely tuned by adjusting processing parameters such as
temperature,'* solution pH,'> number of deposition cycles,® ionic strength,' and solution

concentration.!” It is for these advantages that LbL assembly shows great potential for gas

18-19 22-25

barrier/separation, flame retardant,®® drug delivery,?!  sensors,'’

thermoelectricity,? and corrosion protection.®

Substrate
\ Rinse & Dry

Rinse & Dry

Figure I-1. Schematic of layer-by-layer assembly (LbL) process.

1.2 Dissertation Qutline
Chapter II provides an overview of protective coatings, focused on two major

applications: gas barrier and corrosion protection. The first part introduces commonly used
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oxygen barrier thin films, including inorganic metalized plastics, polymer composites, and
transparent metal oxide coatings. A review of layer-by-layer assembly is also included.
The second part of the chapter describes corrosion protection coatings, emphasizing
corrosion resistance of polymeric coatings.

Chapter III describes a new strategy of designing a stretchable gas barrier to
overcome the trade-off between stretchability and barrier. By alternately depositing layers
of poly(ethylene oxide) (PEO) and montmorillonite (MMT) clay and poly(acrylic acid)
(PAA), with MMT and PAA combined in a single aqueous deposition solution, multilayer
films with high clay concentration and alignment were prepared and showed huge
improvement in oxygen barrier. A 10 bilayer (BL) PEO/PAA+MMT film deposited on a
1 mm polyurethane rubber substrate results in a 54X oxygen transmission rate (OTR)
reduction at 20% strain, and the oxygen permeability is nearly five orders of magnitude
lower. This is the best stretchable gas barrier ever been reported, making these films useful
for stretchable packaging applications and pressurized systems.

Chapter IV demonstrates the ability of using LbL assembly to improve gas barrier,
flame resistance, and mechanical properties of cellulose membranes. Cellulose is
considered an inexhaustible source of environmentally-friendly and biocompatible raw
materials. Cationically-modified cellulose nanofibrils (CNT) were assembled with anionic
vermiculite clay (VMT) for the first time. The highly aligned VMT platelets create
nanobrick wall structure that imparts great transparency, improved flame resistance, and
oxygen barrier. A 20 BL CNF/VMT nanocoating, with a thickness of only 136 nm,

exhibits an OTR as low as 0.038 cm?/(m? day atm). With only 2 BL of CNF/VMT, the



melting of flexible polyurethane foam is completely stopped when exposed to a butane
torch. This coating also exhibits high elastic modulus and hardness. These LbL assembled
multifunctional CNF/VMT coatings shows great potential for biodegradable packaging
and protection applications.

Chapter V demonstrates high corrosion resistance with ultrathin transparent
nanoscale anticorrosion coatings on aluminum alloy 7075-T651. For the first time,
cationic waterborne polyurethane (PU) and anionic vermiculite multilayer films were
deposited using layer-by-layer assembly. When compared with polyethleneimine
(PEI)/VMT multilayer films, the combination of the more hydrophobic polyurethane and
highly aligned clay platelets leads to better barrier properties in an aqueous environment.
A 30-bilayer PU/VMT coating, with a thickness of only 300 nm, provides two orders of
magnitude improvement in impedance and imparts corrosion protection for five days,
which is comparable to other composite coatings that are two orders of magnitude thicker.
This study shows a new LbL coating system for an effective, transparent and
environmentally friendly pretreatment layer for aluminum alloys.

Chapter VI provides conclusions and outlines two potential future studies. This
dissertation demonstrates the effectiveness of LbL coatings, especially polymer-clay
multilayer coatings as gas barriers, flame retardant materials, and corrosion protection
coatings. Different strategies have been used to incorporate nanoclay platelets into
polymeric films, which greatly improve the coating performance. The exploration of new
functionalities makes these LbL-assembled coatings more appealing for various

applications. Going forward, a stacked multilayer coating is proposed to improve the

4



moisture barrier of these water-based coatings. Initial results show nearly an order of
magnitude improvement  in  moisture  barrier  with a  three-layer
polyelectrolyte/SiOx/polyelectrolyte coating. The role of each layer has also been
investigated to confirm the optimized structure. Another proposed study involves design
of a corrosion barrier coating using PEI/Nafion as a topcoat. Preliminary results show that
the LbL assembled PEI/Nafion nanoscale coating has a superhydrophobic surface with a
very high contact angle due to the hydrophobicity of Nafion and its surface roughness.
This coating will be applied on top of a PU/VMT layer, which has already shown good
corrosion resistance based on Chapter V, to block the diffusion of water and possibly

improve corrosion protection.



CHAPTER 11
LITERATURE REVIEW
2.1 Protective Coatings: Gas Barrier

Super gas barrier films are important for food, pharmaceutical, and electronics
packaging, as low permeability to gases (e.g., oxygen, and moisture) is desired to extend
the life of products.'*27 Due to low cost, ease of production, and tunable properties of
polymers, they are gradually replacing conventional metal and ceramic gas barriers over
the past few decades. More than 40% of polymers produced, including polyethylene (PE),
polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), are used as
packaging materials in the form of bottles, boxes, and films.?® Even so, the intrinsically
high permeability of these polymer films limits their ability to protect sensitive food,
medicine and electronic displays (e.g., LED). Materials such as metalized plastics and
polymer composites are exploited to improve barrier performance.

Although metalized plastics are among the most commonly used packaging
materials due to their high barrier and relatively low cost, the lack of transparency and
microwaveability (as well as difficulty with recycling) remain problematic.* Inorganic
barrier coatings, such as SiOx or AlOy, show good optical clarity and barrier, but poor
adhesion and inherent pinholes limit their utility.>*® On the other hand, polymer composites
can significantly improve barrier by creating higher tortuosity for gas molecules, this will
be described in Section 1.2.3. Moreover, biodegradable gas barrier materials (e.g.,

cellulose and starch) are also being studied to curb carbon emissions and reduce plastic



waste.?’ Different theories regarding gas transmission through thin films will be discussed

here along with various gas barrier materials and their corresponding challenges.

2.1.1 Gas Transport Theories

Understanding gas transport through thin film coatings facilitates better design of
gas barriers. In general, there are two models that describe gas transport through materials:
solution-diffusion and diffusion through impurities (such as defects and pinholes). The
solution-diffusion model applies to dense, non-porous polymer films.?* With the pressure
difference across a membrane as a driving force, the gas molecules will dissolve in the
membrane, followed by diffusing and desorbing. Diffusion is the rate-controlling process,
which depends on the free volume in the polymer membrane. The smaller the free volume,
the “tighter” the membrane and the better barrier it has.3° The permeability coefficient [P]
(in mol Pa! m! s!) of a polymer membrane to gas molecules is:

P=S*D (1)
where S and D are the solubility and diffusion coefficients of that particular gas. The
diffusion coefficient is a kinetic factor that depends on the mobility of the gas molecule in
a polymer matrix. The solubility coefficient is a thermodynamic factor relating to the

interaction between gas and polymer.*! D obeys a Arrhenius relationship:2% 32

= _Ep
D = Doexp (—12) @
where D, is a front factor and Ep is the activation energy for gas diffusion. The relation

between the activation energy and gas molecule size was modeled as follows:*

Ep =cd®—f 3)
7



where ¢ and f are constants that depend on polymer properties and d is the diameter of gas
molecules. The constant (c) ranges from around 250 cal/mol A? for flexible poly(dimethyl-
siloxane) to 1100 for poly (vinyl chloride). (f/c)’2 is related to the average distance
between polymer chains.** Based on the equations above, the permeability coefficient can
be expressed as:?’

InP = in$ — (=) cd? + f (=) —b (4)
where a and b are constants. Equation 4 shows that tuning polymer properties such as
backbone stiffness and interchain spacing results in increased ¢ and f, and thereby lowers
permeability.

Nelson** argued that the preceding model cannot be applied to inorganic films such
as silicon or aluminum oxides. For these coatings, the diffusion through pinholes
dominates the gas transport, which can be evidenced by the independence of permeability
over thickness. In this scenario, the amount of gas molecules transport permeating through

defects per unit time can be expressed as:¥

Q="1="— (5)

where R, is the hole radius, D is the diffusion coefficient, L is the coating thickness and
® is the gas concentration. The water vapor transmission rate (WVTR) can be expressed

as follows:3?

WVTR = Z;O (%) N (6)



where A is the area of the test sample and N is the number of defects.
For polymer composite thin films, mass transport is usually described by the
tortuous pathway model, where the composites consist of a permeable polymer matrix and

impermeable nanoplatelets. In this model, the diffusion coefficient D is expressed as:>!
p="= 7

where Dy is the diffusion coefficient of the polymer matrix and 7 is the tortuosity of the
system, which is defined as the ratio of distance that a molecule must travel through the
membrane reinforced with nanoplatelets over the thin film thickness. Tortuosity is the
main factor that influences the permeability of the composites (Figure II-1). When the

platelets are aligned parallel to the substrate, T is given as:!

— Lx¢
T=1+22 (8)

where ¢, L and W are volume fraction, length and thickness of the nanoplatelets,
respectively. This equation shows that increasing volume fraction and aspect ratio
decreases the diffusion coefficient and thus reduces permeability. However, for most
polymer clay composites, the volume fraction has been limited to no more than 10% due

to aggregation and misalignment, which will be discussed in the following section.!



Diffusion direction \ Tortuosity

Figure II-1. Schematic of the tortuous pathway in polymer/clay composites. Reprinted
with permission from [reference 31].3!
2.1.2 Gas Barrier Materials
2.1.2.1 Petrochemical and Biodegradable Polymers

The petrochemical-based plastics, that include polyvinylchoride (PVC),
polythelyene terephthalate (PET), polyethylene (PE), polypropylene (PP), polystyrene
(PS) and polyamide (PA), have been extensively used as packaging materials due to their
low cost, relatively good barrier, and good mechanical properties. As discussed earlier,
structural factors such as steric hindrance, side-group substitution, and crystallinity affect
the gas diffusion within these films. Figure II-2 summarizes the oxygen permeability of
commonly used polymer membranes. In general, stiff polymers with high crystallinity and
side groups that interact with gas molecules (hydrogen bonding, polar-to-polar interaction)

exhibit better barrier.
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Figure II-2. Oxygen and water transmission rates of commonly used polymers in
packaging. Reprinted from [reference 36].%

Besides their relatively low barrier, most of the plastic packaging materials are not
biodegradable and recycling is usually not economically feasible, especially when
contaminated with food or biological substances.>” More than 5000 Mtons of plastics have
been disposed of since 1950, which has become a major environmental burden. This is
especially true for the oceans, where the biophysical breakdown of plastics takes place
and severely threatens wildlife.®® There is increasing need for the development of
biodegradable and compostable packaging materials. As shown in Figure II-3, these
materials work well in the eco-system with certain aerobic and anaerobic microorganisms
needed for biodegradation.’® Current biodegradable materials include petrochemical-
based polymers (e.g., certain types of PE and PVA) and bio-based polymers (e.g., poly

(lactic acid)[PLA], starch and cellulose).’” The latter has attracted more attention due to
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its renewability and abundance in nature. For example, PLA is a commercial material that
has tunable properties, and sometimes outperforms oriented polystyrene (PS) or
polyethylene terephthalate (PET).* It is typically synthesized with the lactic acid
monomer from the fermentation of sugar, corn, etc.*! And the degradation occurs through
hydrolysis that breaks down ester linkages.” Starch is another bio-based polymer that has
great biodegradability.’” Since it is thermally unstable, starch is usually used as an additive
to accelerate the fragmentation process of oil-based polymers by producing pores that
weaken the materials. Starch-polymer blends have been commercialized under trade

names such as Ecostar®, Bioplast®, Eco-Foam®, and Enviofill®.
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Figure 1I-3. The life cycle of biodegradable polymers. Reprinted with permission from
[reference 39].%°

Cellulose is the most common, renewable biopolymer, and can be found in the cell
walls of wood, cotton, fungi, and algae. The global production of cellulose is estimated to
be 10''-10'? t/year by photosynthesis.** For centuries, cellulose-based materials have been

exploited for paper and textiles. In the modern age, while still holding its place in
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traditional paper-making and textile industries, cellulose (especially cellulose nanofibrils
(CNF)), has been widely studied for applications such as biomedical implants, bio-
degradable packaging, and transparent papers.**#¢ Cellulose nanofibrils (CNF) [also
denoted as cellulose microfibrils (CMF) or nanofibrilated cellulose (NCF)] is a
nanomaterial with a square cross-section area in the range of 25-100 nm? and a length up
to a few micrometers.** It is usually isolated from soft wood pulp, as shown in Figure 11-4,
with the native degree of crystallinity varying from 40% to 70% depending on the origins

and processing methods.** 47
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Figure I1-4. Schematic of typical process to obtain CNF. Reprinted with permission from
[reference 48].%
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Despite its potential, several problems remain regarding the processability of CNF,
which limits the industrial use in spite of its excellent chemical resistance and mechanical
properties. One big challenge is the insolubility in water and most organic solvents. Unlike

starch, the B-1,4 glucosidic bond in cellulose aligns the macromolecular chains. This
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allows the formation of inter/intra chain hydrogen bonds as well as hydrophobic
interactions, which results in low solubility.*-° Additionally, the isolation of CNF with
mechanical disintegration requires high energy (up to 70000 kWh/ton).*! Finding a way
to better isolate and disperse CNF is critical. In recent years, there have been many
breakthroughs regarding dispersion and isolation, making it possible for mass production
and commercial applications. For example, Saito et al. reported a [-2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation method that introduced
carboxylate and aldehyde functional groups, which allows CNF to be dispersed in water.>
Other methods such as enzymatic hydrolysis, sulfonation, quaternization, and solvent-

assisted pretreatments (Figure I1-5) were studied, which reduce energy consumption.*’- 33

55

Enzymatic hydrolysis Carboxylatign (TEMPO) Quatcriization
v

Homogenization

1WEY%  anofibrilated Celluose Nanofibrilated Cellul

Grinding

Figure II-5. Digital photographs of pretreated CNF suspensions. Reprinted with
permission from [reference 47].4
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CNF thin films usually feature good optical clarity due to their nanostructure
reducing light scattering, high elastic modulus, and low thermal expansion coefficients.>¢-
Various studies are focused on the oxygen barrier of CNF films for biodegradable
packaging. Syverud prepared CNF films from suspension and obtained an oxygen
permeability of 0.352 (¢cm® mm/m?*day*atm).®° Incorporating pretreatment methods into
film preparation improves barrier performance. The oxygen permeability was improved
to 6*10”° (cm® mm/m?*day*atm) at 0% humidity with TEMPO-treated CNF owing to
denser film structure as a result of better fibrils isolation.®! Table II-1 summarizes the
oxygen barrier performance of some CNF films reported in literature. Different inorganic
fillers such as montmorillonite clay (MMT) have been introduced to the CNF matrix for
better barrier,®> which will be discussed in Section 2.1.2.3.2.

Table II-1. Oxygen transmission rate (OTR) of cellulose films in the literature.

Materials Oxygen Permeability Condition Ref
(cm**pm)/(m? day kPa)
- ° 0 60
CNF (no pretreatment) 3.52-5.03 23 °C, 50%RH
o 0 61
CNF(carboxymethylated) 0-85 23°C, 50%RH
o 0 61
CNF (carboxymethylated) 0.0006 23°C, 0%RH
o 0 63
CNF (NaOH/urea solvent casted) 0.003 23°C, 0%RH
CNF( TEMPO-mediated) 0.004 23 °C, 0%RH 64

2.1.2.2 Inorganic Coatings

Improved gas barrier can be provided by coating polymer substrates with a thin
layer (typically 20-100 nm) of aluminum.% Although metal thin films exhibit very high
oxygen and moisture barrier at low cost, they are not transparent or microwavable.’

Transparent inorganic oxide coatings such as silicon or aluminum oxides, however, can
15



fulfill these requirements. Two major techniques, physical vapor deposition (PVD) and
chemical vapor deposition (CVD), are used to deposit thin films. For PVD, Si and O atoms
are vaporized from a solid target. And then travel through plasma or a low vacuum
environment and condense on the substrate. The products of chemical reaction in the vapor
phase are deposited onto a heated surface (>600 °C) during the CVD process.*¢

Although these inorganic coatings have been commercially available for decades,
their growth is limited due to their inherent brittleness and poor adhesion to polymer
substrates, which cause micro-defects. During the vacuum-deposition process, pinholes
and voids can be formed when the substrate is rough or has foreign objects, known as the
shadow effect (Figure 11-6a).%® Additionally, nano-defects (e.g., boundaries between the
grain-like SiOx structure) resulting from nonequilibrium thermodynamic nature of the
coating process are also observed. These micro-and nano-defects significantly deteriorate
barrier. Studies have shown that the diffusion and solubility coefficients of water vapor,
measured from vacuum deposited AlOy, is an order of magnitude higher than the
coefficients of crystalline alumina.®’ It has also been reported that the OTR increases with
film thickness when it’s beyond an optimized value (Figure II-6b). This thickness trend is
due to poor adhesion and internal stress that causes more cracks. Table II-2 lists the OTR

and WVTR of some inorganic thin film coatings.®®
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Figure 11-6. (a)Schematic of the shadow effect in the PVD process.’® (b) Oxygen
transmission rate (OTR)-thickness relationship.®® Adapted with permission from
[reference 36 and 69].

Table II-2. OTR and WVTR values of inorganic thin film coatings. Reprinted from
[reference 68].6

Normalized to 1 mil OTR (cm*(STP)/m” per WVTR (g/m” per day) Deposition
thickness day per atm) at 90-100% RH method
PET/Si0, a 2.0 1.1 Evaporation

PET/SIO, ¢ 0.08 0.5 PECVD
PET/AIO, 1.5 5.0 Evaporation
PET/AIO.N, 28 4.3 Sputtering
PET/DLC 2 1.5 PECVD
PET/ITO 1.56 0.2 Sputtering
PET/Al 0.31-1.55 0.31-1.55 Evaporation
Nylon/Al 0.8 3.1 Evaporation
PET/7T mm Al foil 0.001 Lamination
PET 79 10,7 -

2.1.2.3 Inorganic/Organic Gas Barrier
2.1.2.3.1 Inorganic/Organic Multilayer Films

The rigidity and brittleness of inorganic layers are problematic, especially for
applications that require flexibility. Organic layers, on the other hand, are flexible but are
usually highly permeable to gas species. Neither materials alone is effective enough to
protect organic electronic devices. Combining the two and making inorganic/organic

multilayer thin films have proved to be a better option.”® The well-known Vitex system
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for the encapsulation of flexible devices is made of alternating Al2O3 and polyacrylate
layers (Figure I1-7). This technology demonstrated a WVTR of 10 g/m?/day.”!"”® The
smoothing and defect decoupling effect of the polymer layer, as well as the extended

diffusion path, result in a significantly improved barrier in these multilayer films.

Figure II-7. A cross-sectional scanning electron microscope (SEM) image of four pairs
(dyads) of AlkOy/polymer multilayer. Reprinted with permission from [reference 70]. 7°
2.1.2.3.2 Polymer/Clay Composites Thin Films

Polymer/clay composites are regarded as a low-cost and effective option for gas
barriers. As discussed in Section 1.1, the addition of inorganic fillers (especially platelets)
into the polymer matrix improves barrier by creating tortuous pathways. Also, these fillers
hinder polymer chain movement and thus decrease the free volume of the film. Among
different fillers, natural clay platelets and silicates are usually chosen due to their
intercalation ability, low cost and abundancy in nature.”*”> It can be concluded from the
tortuous path model in Section 1.1 that clay characteristics (e.g., aspect ratio and density)
and their dispersion properties (e.g., exfoliation and alignment) greatly affect barrier. With
that said, achieving good clay dispersion within polymer matrices remains challenging

due to the incompatibility between clay and polymer.
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Three possible clay morphologies (tactoid, intercalated, and exfoliated) exist
within the polymer matrix (Figure 1I-8), and the oxygen barrier improves as clay
dispersion changes from phase-separated tactoids to an exfoliated state.”>7® Strategies
such as surface modification, in situ-polymerization, and solution or melt intercalation
have been studied to achieve homogeneous dispersion and improve performance.’”>””” For
example, melt intercalation is achieved by mixing and heating up compatible clay platelets
and polymers, which helps polymers enter interlayer space and separate clay platelets.
More importantly, melt intercalation is compatible with the current techniques such as
extrusion and injection molding, making it feasible for industrial-scale production.’”®
Surface modification, such as physical adsorption and chemical grafting, or
compatibilizers are usually required for intercalation (to increase the interfacial interaction
between polymer and clay).” The oxygen barrier of some polymer/clay composites is
listed in Table II-3. Unfortunately, even with different exfoliating strategies, the clay
loading is limited. In the best cases, only 90% barrier improvement can be achieved using
clay.?® Additionally, the random clay alignment in polymer matrix causes low visible light

transmission, which is unfavorable for displays.?
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Figure I1-8. Schematic of possible polymer/clay composites morphologies. Reprinted with
permission from [reference 76].7¢

Table II-3. Oxygen permeability of some polymer/clay composites. Reprinted from
[reference 28].%

Polymer Types of clay Filler loading Processing * Permeant Permeability (m* s™" Pa™") Reduction
SBR' O-MMT, CF 16 phr Melt 0, 2.75 = 107" 46%
PLA™M? O-MMT 7.9 wt% Melt 0, 2.85 x 10 ® 24%
He 6.79 x 10777 23%
PLA, PLA/PCL"! O-MMT 3 wi% Melt 0, 6.39 x 107" 26%
PA™ MMT 3 wt% Melt 0. 3.37 x 107" 14%
COo, 1.33 x 1070 13%
PET'® O-MMT 5 Wt% Melt 0, 1.69 x 107" 55%
PET' O-MMT 5 wt% Melt 0. 2.74 x 107" 69%
PET'® O-MMT 1 wi% Melt 0, 1.42 % 107" 45%
ps§'*® O-MMT 2 wit% Melt 0, N/A 66%
PP’ O-MMT 4 vol% Melt 0, 418 x 10" 46%
pp'*® O-MMT 7.5 wi% Melt 0. 2.59 x 1077 56%
pp'3? MMT, O-MMT 5 wi% Melt 0, ~6.00 x 1078 77%

2.1.3 Layer-by-Layer (LbL) Assembly of Gas Barrier Nanocoatings

Since the pioneering work of Decher and his co-workers,?® the layer-by-layer
assembly (LbL) technique has received lots of attention due to its advantages, such as ease
of processing, precise tailorablity, and environmental friendliness.” Due to their simplicity

and versatility, these thin films have been widely used for a variety of applications

18-19 81-82

including gas barrier and gas separation coatings, energy storage and conversion,

bio-sensors, actuators, and drug delivery.!!> 222> Multilayer thin films are prepared by
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alternately depositing oppositely charged materials onto a substrate, as shown in Figure
I1-9. Besides ionic bonds, other forces such as hydrogen bonds, hydrophobic interactions

and covalent bonds are also utilized to assemble these films.

Substrate
\ Rinse & Dry

Rinse & Dry

Figure I1-9. Schematic of the layer-by-layer (LbL) assembly process.

2.2 Corrosion Protection Coatings

Corrosion consumes 3% of the world GDP.”-#? It is a physicochemcial interaction
between a metal substrate and its surrounding environment, which could significantly
damage the mechanical integrity of the materials. Metals such as aluminum alloy, steel,
and copper are prone to corrosion due to their high electrochemical activities.?**> During
corrosion, oxygen is reduced on the cathodic area of the interface and produces hydroxyl
ions, while the oxidation of metal takes place at the anode. For example, Figure II-10
shows the corrosion of steel, which follows the reactions:3°

2H>0 (1) +0O2 (aq) +4e = 40H" (aq)
Fe (s) =Fe*" (aq) +2¢

The iron hydroxide then undergoes an oxidation reaction into ferrous oxides:

6 Fe(OH), (aq)+02 (aq)= 4H20 (1) +2Fe0+Fe,03+H,0 (s)
21



In the presence of oxygen, the stable red-brown hydrated hematite (Fe2O3*H>0, typically

referred as rust) will be formed.?’

The iron hydroxide
is quickly oxidized to
ferrous oxides and
precipitates Water droplet
containing
electrolytes

Iron hydroxide
forms

Substrate Cathode reaction

Anode action causes reduces oxygen
pitting of the iron from the air, forming

hydroxide ions

Figure 1I-10. The corrosion process of steel with water, oxygen, and electrolytes.
Reprinted with permission from [reference 88]. 8

One of the most effective ways to prevent corrosion is to coat the metal. A typical
anticorrosion coating system usually consists of a primer, several intermediate layers, and
a topcoat.?” The primer layer ensures good adhesion and provides corrosion protection for
the metal substrate, the intermediate layer builds up thickness and thus imparts better
barrier against corrosive agents, and the top coat improves resistance to weathering
conditions such as ultraviolet radiation.”® For anticorrosion coatings, there are usually
three mechanisms to impede corrosion: barrier protection, corrosion inhibition, and
sacrificial protection.® Generally speaking, barrier coatings suppress the cathodic reaction
by limiting the diffusion of aggressive species (i.e., water, oxygen and aggressive ions)
and the transport of electrons on the metal surface. Corrosion inhibitors form insoluble
oxides that passivate and protect the surface of metal substrates, while sacrificial coatings

provides more electrochemically active components that will corrode first.”! Barrier and

22



corrosion inhibition coatings will be the focus of Section 2.1 and 2.2 due to their popularity

in corrosion protection.

2.2.1 Chromate Conversion Coatings

Chromate conversion coatings (CCCs) are essentially a combination of barrier
protection and corrosion inhibition. They are currently the most effective primer system
that provide good corrosion resistance, excellent adhesion and the ability to self-heal.?% %2
The corrosion inhibition of Cr (VI) involves the formation of insoluble trivalent chromate
oxides (Cr203; or Cr(OH)3) that provide excellent barrier. Meanwhile, the self-healing
behavior comes from the reduction of hexavalent chromate (CrO4>) to trivalent chromate
when exposed to aggressive environments.”**> In addition, the adsorption of Cr®* ions on
the surface of the metal lowers the zeta potential and hinders the adsorption of corrosive
anions. Chromate conversion coatings have significantly increased the corrosion
resistance of a variety of aluminum alloys,”® as well as zinc?%, magnesium®’ have also been
reported. Despite the benefits of CCCs, the Cr®" ion is highly water soluble and can pass
through cells to damage DNA and cause cancer. °* %8 As a result, chromate conversion
coatings have been a target for regulatory control since 1975 and it has been banned in
Europe since 2007.% For this reason, environmentally-friendly, high-performance

replacements for CCCs are desired.
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2.2.2 Alternatives for Chromate Conversion Coatings
2.2.2.1 Hypervalent Transition Metals

One of the ideal replacements for CCCs is reducible hypervalent transition metals
(Mo, V, Mn, Tc), which have multiple oxidation states and can be reduced to stable oxides
that protect various metals.”-1% For example, an increase in the corrosion resistance of
Al-2024 has been reported with zinc phosphate/molybdate coatings,® but the major issue
for these coatings is the stability of the oxides at different pH values. Compared with
Cr203, V203 and MoO; are only stable in a very narrow pH range, which compromises
their protection in some environments.”® Although the stability issue can be resolved by
using elements such as technetium (Tc), its conversion coating actually outperforms the

CCCs for ferrous materials,’? its radioactivity remains problematic.
y p

2.2.2.2 Polymer-based Coatings
2.2.2.2.1 Self-healing Anticorrosion Coatings

Smart polymeric anticorrosion coatings have been developed to mimic the self-
healing behavior of CCCs. Direct doping and loading capsules with corrosion inhibitors
are two strategies for these coatings. For direct doping, leaking and undesired interaction
between inhibitors and matrices make it disadvantageous in many cases.!’! As a result,
studies are focused on distributing nanocontainers that can release healing agents under
external stimuli (e.g., pH and temperature) throughout the coatings, as shown in Figure

[1-11,102-103
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Figure II-11. Schematic of self-healing mechanism of capsules loaded with healing agent.
Reprinted with permission from [reference 103].19

Polyelectrolyte-based capsules have attracted attention due to the ability to use
toward a variety of external stimuli, allowing a controllable release of corrosion inhibitors.
Corrosion inhibitors such as 8-hydroxyquinoline, 2-mercaptobenzothiazole (MBT),
triethanolamine (TEA) can be used. Once being released from nanocapsules, the inhibitors
bond with metal substrates and form a barrier layer.!%!% For example, benzotriazole-
loaded polyelectrolyte nanoreservoirs increased the long-term corrosion protection of a
sol-gel coating by forming an insoluble complex between the inhibitor and the metal
substrate.® 17 It should be noted that the incorporation of nanocontainers can deteriorate
the coating due to poor adhesion between capsules and the polymer matrix. Moreover,

complex producing limits industrial-scale production of these capsules.
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2.2.2.2.2 Intrinsically Conductive Polymers

Since Deberry first reported the anticorrosion performance of polyaniline (PANI)
on steel,'®® intrinsically conducting polymers (CPs), including polyaniline, polypyrrole
(PPy), polythiophene (PTh), poly(para-phenlyene) (PPP) and polyfuran (PF), have
attracted a significant amount of attention.!®-!'% Figure II-12 shows the chemical
structures of these polymers. Effective corrosion protection has been achieved with the
ICPs being in the doped state. The protection mechanism is not yet fully understood, but
it is known that the ability to store and transport charge is one of the key factors that
facilitates the anodic protection.'!! It has also been suggested that the ICPs help to form a

passive oxide layer on the metal surface.!!?

oo )M K )emet

PA PANI PPV
PPP PPy PTn PF

Figure 1I-12. Chemical structure of some ICPs. Reprinted from [reference 113]. '1?

2.2.2.2.3 Polyurethane Coatings

Polyurethane has been widely used for corrosion protection due to its good
mechanical properties, excellent resistance to weathering, and tunable properties.!!'#!13
These coatings are commercially available as primers or intermediates.®® It has been
reported that a 65 pm thick coating can protect steel for over 250 days because of the

combination of high barrier and good adhesion.!'* Owing to regulations that require the

reduced usage of volatile organic content, waterborne polyurethane (WPU) has become
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more and more popular. The basic components of WPU include diisocyanates, polyols,
amines, catalysts and additives, which are also the building blocks for solvent-borne
polyurethane.!!>-!1¢ Changing the type or structure of these components affects the overall
performance of the final polyurethane. Due to the hydrophobicity of polyurethane,
emulsifiers are typically required for preparing polyurethane dispersion.!'® When
emulsifiers are not effective, hydrophilic ionic functional groups are introduced. Polyols
containing carboxylic acid or sulfonic acid can be reacted with isocyanate, to add anionic
charge, while the cationic polyurethane is the reaction product of isocyanate prepolymers
with amines. !

Although WPU are utilized in many applications, it still cannot replace solvent-
borne polyurethane for corrosion protection because of its inferior chemical and water
resistance.!!” This issue can be resolved with the incorporation of inorganic fillers that
improve barrier performance. For example, PU/ZnO coatings prepared with a solvent-
blending technique exhibit a 20X higher corrosion resistance on mild steel.!'® Inorganic
platelets such as MMT, graphene oxide (GO) have been used and the composites exhibit
improved gas barrier and thermal stability that leads to superior protection.!!'>120 Ag
mentioned earlier, achieving a highly ordered structure is critical for barrier improvement,
so PU/VMT thin films with aligned vermiculite clay have been prepared with LbL

assembly. The corrosion protection of these nanocoatings is discussed in Chapter V.
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CHAPTER III
COMBINED HIGH STRETCHABILITY AND GAS BARRIER IN HYDROGEN-
BONDED MULTILAYER NANOBRICK WALL THIN FILMS*
3.1 Introduction
Although LbL-deposited nanocoatings exhibit especially low gas permeability,'?!-
123 these nanobrick wall assemblies are typically stiff and cracks develop upon stretching,
which damages barrier performance.'?*!% Hydrogen-bonded multilayer thin films are
generally less stiff than their ionically-bonded counterparts. The weaker hydrogen
bonding creates a looser film structure with lighter crosslink density, enabling greater
strain without damage.!?1?” A hydrogen-bonded assembly of poly(ethylene oxide) (PEO)
and poly(acrylic acid) (PAA) was recently shown to remain crack free even at 100% strain
and PEO/tannic acid maintained its barrier after repeated exposure to 100% strain,!?> 128
Unfortunately, stretchability typically improves at the cost of gas permeability, because
the barrier of LbL-deposited films relies upon density, which correlates to stiffness.!?
In the present work, poly (acrylic acid) and clay were combined in a single
deposition solution and alternately assembled with PEO in an effort to further improve gas
barrier at high strain. A nanobrick wall structure with homogeneous coverage, high level

of alignment, and exfoliation of clay platelets was confirmed with energy-dispersive X-

ray spectroscopy (EDS), atomic force microscopy (AFM), and cross-sectional

*Reprinted with permission from Qin, S.; Song, Y.; Floto, M. E.; Grunlan, J. C.
Combined High Stretchability and Gas Barrier in Hydrogen-Bonded Multilayer
Nanobrick Wall Thin Films. ACS Applied Materials & Interfaces 2017, 9, 7903-7907.
Copyright 2017 American Chemical Society.
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transmission electron microscopy (TEM). Without PAA in the clay solution (i.e., a
PEO/MMT assembly), clay misalignment was observed. A 10 BL PEO/PAA+MMT film
(432 nm thick) reduced the OTR of a 1 mm polyurethane rubber substrate more than two
orders of magnitude. Unlike ionically-bonded nanobrick wall films, the hydrogen-bonded
films are surprisingly stretchable and maintain high barrier at high strain. The 10 BL film
reduced the OTR of the PU substrate by nearly two orders of magnitude after being
subjected to a 20% strain. This system has the lowest OTR and permeability ever reported
at such a high strain. This incredible stretchability is believed to be due to the hydrogen

bonding between the PEO/PAA and PAA/MMT interfaces.

3.2 Experimental

Branched polyethylenimine (PEI) (Mw = 25,000 g/mol) and poly(acrylic acid)
(PAA) (Mw = 100,000 g/mol, 35 wt % aqueous solution) were purchased from Sigma-
Aldrich (Milwaukee, WI). Poly(ethylene oxide) (PEO) (Mw = 4,000,000 g/mol) was
purchased from Polysciences (Warrington, PA). Natural sodium montmorillonite (MMT)
clay was purchased from Southern Clay Products, Inc. (Gonzales, TX). All chemicals were
used as received. Deionized (DI) water (Milli-Q, Billerica, MA) with a specific resistance
greater than 18 MQ was used in all solutions and rinses.

Single-side-polished, 500 pum thick silicon wafers (University Wafer, South
Boston, MA) were used as substrates for profilometry and atomic force microscopy
(AFM). Polyurethane (PU) rubber (0.762 mm thick, McMaster-Carr, Atlanta, GA) was

used as the substrate for oxygen transmission rate (OTR) testing and scanning electron
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microscopy (SEM). A 179 um Melinex ST505 polyethylene terephthalate (PET) film
(Tekra, New Berlin, WI) was used as the substrate for transmission electron microscopy
(TEM) image. The PU rubber was rinsed with DI water and methanol before use. It was
then dried and plasma-treated in order to improve adhesion of the first PEI layer. Polished
Ti/Au crystals, with a resonance frequency of 5 MHz, were purchased from Maxtek, Inc.
(Cypress, CA), and used to measure mass per layer of nanocoating deposited with a quartz
crystal microbalance (QCM).

An aqueous solution of 0.1 wt % PEO was prepared by diluting as-received PEO
with DI water. MMT powder was mixed with PAA at specified solid mass ratios (Table
S1) and then diluted with DI water to make a total solids concentration of 1wt%. All
solutions were rolled for at least 12 h after mixing to achieve homogeneous dispersion.
The pH of all solutions was adjusted to 2.5 with 1.0 M HCI. A substrate was first dipped
into an aqueous 0.1wt% PEI solution for 5 min, followed by rinsing and drying with DI
water and filtered air for 30 s, respectively. The substrate was then dipped into an
MMT+PAA solution (or simply a 1 wt% MMT suspension) for another 5 min and rinsed
with pH 2.5 DI water three times for 30 s each, in order to protect the pH-sensitive
hydrogen bonds between deposited layers. After the deposition of the initial bilayer,
alternate 1 min dipping in MMT+PAA and PEO solutions took place until the desired
number of bilayers (BL) were deposited. All films were prepared using home-built robotic
dipping systems. !30-131
A P-6 profilometer (KLA-Tencor, Milpitas, CA) was used to measure film

thickness on silicon wafers every two deposition cycles. Deposited mass of each layer was

30



characterized with a research QCM (Inficon, East Sycrase, NY). The 5 MHz quartz crystal
was plasma-treated and alternately dipped into each solution. After each deposition,
crystals were rinsed with pH 2.5 DI water and left on the microbalance to stabilize for 5
min. Thin film topography was analyzed with an AFM (Bruker Instruments, Billerica,
MA). The OTR of thin films, with a thickness near 500 nm, were tested by MOCON
(Minneapolis, MN) using an Oxtran 2/21 ML instrument at 0% RH for 120 h. An Instron
model 4411 tensile tester (Instron, Norwood, MA) was used to apply different strains to
the polyurethane with and without nanocoatings for 2 min. Films were imaged using a
JEOL JSM-7500F SEM (JEOL Ltd.,Tokyo, Japan). TEM samples were deposited on PET
substrates and then embedded in Epofix resin (EMS, Hatfield, PA). After overnight curing,
the samples were cut with an Ultra 45° diamond knife (Diatome, Hatfield, PA). Thin
sections (~100 nm thick) were collected and imaged using a Tecnai G2 F20 (FEI,
Hillsboro, OR) operated at 200 kV. Fourier transform infrared spectroscopy (FTIR)
(Bruker Alpha, Billerica, MA) was used with air as the background. A 1 wt% PAA
solution, 1 wt% MMT solution and a mixture of 1 wt% PAA and 1 wt% MMT solution
were each dried at 50 °C for 8 hours. The solid residue was then collected for testing. Scan

resolution was 2 cm™! and a minimum of 64 scans were signal averaged for each sample.

3.3 Results and Discussion
Barrier films were deposited layer-by-layer onto the polyurethane with 0.1 wt%
PEO and 1 wt% PAA+MMT solutions adjusted to pH 2.5 (Figure III-1a). The reason for

choosing pH 2.5 for assembling is that it yields the thickest PEO/PAA film.!?* Varying
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the MMT:PAA ratio in the aqueous deposition solution was evaluated (keeping total solids
at 1 wt%). The prepared PEO/PAA+MMT films are denoted as PPM [X%], where PPM
represents PEO, PAA, and MMT. [X%] is the weight percent solids of MMT in the 1 wt%

PAA+MMT deposition solution.
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Figure III-1. a) Schematic of the PEO/PAA+MMT layer-by-layer process. b) Thickness
as a function of bilayers deposited for films with varying MMT concentration and ¢) FTIR
spectra of MMT, PAA, and a 50:50 PAA+MMT mixture.

Films containing clay, polyethylene oxide and poly(acrylic acid) were assembled
on silicon wafers to monitor film growth as a function of the number of bilayers deposited.
Figure III-1b shows exponential growth for PPM [25%] and PPM [50%], while the PPM

[100%] system grows linearly due to the absence of PAA. Similar growth patterns are

observed with a quartz crystal microbalance (QCM), which measures the weight of
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deposited layers. The “in-and-out” interlayer diffusion of PAA within these films
contributes to the observed exponential growth.!3?13> When the chain mobility is
insufficient for interlayer diffusion during the deposition, films grow linearly.!** This
explains the changes in growth pattern as a function of clay concentration, with increasing
clay concentration limiting the mobility of PAA.

When MMT is dispersed in pH 2.5 water it aggregates and ultimately settles out
of solution because of the house-of-cards structure it adopts.!>> When dispersed in PAA
solution, a stable light brown suspension is formed due to the interaction between polymer
and clay, which is observed in FTIR spectra (Figure III-1c). The spectrum of MMT alone
exhibits Si-OH stretching vibrations at 3626 cm™!, Si-O stretching vibrations at 997 cm™,
and H-O-H bending vibrations at 1642 ¢cm™. The sharp peak at 1700 cm™! for PAA
containing samples is attributed to the C=0 stretching vibration of —-COOH groups. In the
spectrum of PAA+MMT, there is a shift and intensity reduction of the Si-O peak (from
973 ¢cm! to 1016 cm™) and reduced intensity of the Si-OH peaks at 3626 cm’!. This
interaction is believed to be the hydrogen bonding between PAA and MMT.!36-137 The
interaction between PAA and MMT has been well-studied.!3%1#! Tt was observed that the
clay adsorbs PAA from aqueous solution and forms intercalated PAA/MMT that
facilitates clay dispersion and exfoliation.'*! As a result, MMT platelets remain stably
suspended in PAA solution at pH 2.5.

During layer-by-layer deposition, hydrogen bonds are formed between PAA and
PEO. With the help of adsorbed PAA, the MMT nanoplatelets are homogeneously

incorporated into the multilayer films. Uniform clay dispersion can be seen in EDS
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images. AFM images show varying topography with and without PAA. As shown in
Figure II1-2a, the film with PAA (i.e., PPM [25%)]) is relatively featureless, which suggests
the clay platelets are fully embedded in the polymer matrix. The topography is very similar
for the PPM [50%] film. In Figure I1I-2b, clay platelets are easily recognized, with similar
topography to ionically-bonded PEI/MMT films.!*?> Clay misalignment can also be
observed in this PPM [100%] film (Figure I11-2d), which leads to a rougher surface. Height
images of PPM [25%], PPM [50%], and PPM [100%] on silicon wafers have root-mean-
square (RMS) surface roughness of 47.2 nm, 54.9 nm, and 70.2 nm, respectively. The
decreasing surface roughness with increasing PAA content suggests better alignment of

clay platelets in the film.

Figure III-2. Atomic force microscope phase images of 10 BL a) PPM [25%] and b) PPM
[100%] deposited on silicon. TEM cross-sectional images of 10 BL ¢) PPM [25%] and d)
PPM [100%] deposited on PET.
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Clay alignment in these multilayer films is more clearly observed using cross-
sectional TEM images of 10 BL films deposited on PET. As shown in Figure III-2c,
individual MMT platelets are the dark parallel lines in the PPM [25%] film, revealing a
well-ordered nanobrick wall structure that is typical for ionically-bonded polymer/clay
assemblies.!?!> 142 Platelet stacking and misalignment is observed in the PPM [100%] film
(Figure III-2d), which is the likely cause of its greater thickness. Figure III-3 shows
schematics of these two different film structures. High levels of clay orientation are only
observed in films containing PAA (Figure III-3a), demonstrating the critical role this
anionic polymer plays in building the hydrogen-bonded nanobrick wall structure. PAA
acts to first stabilize and then separate the MMT platelets in the pH 2.5 solution. The

platelets are then incorporated in an aligned structure in the PEO/PAA multilayer film.

TR R
Unstrained

(©)

<= PAA

Figure III-3. Schematics of PEO/MMT films assembled a) with and b) without PAA
present, and c) hypothesized behavior of the thin film assembled with PAA when applying
external strain.
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The hydrogen-bonded brick wall nanostructure in these films serves to reduce the
oxygen transmission rate (OTR) by creating an extremely torturous pathway for
permeating molecules. Figure I1I-4a shows the OTR of the PEO/PAA+MMT multilayers,
each with a thickness of ~500 nm. The transmission rate is nearly an order of magnitude
lower than a 20 BL PEO/PAA film that obtained 10X OTR reduction on natural rubber.!
A 10 BL PPM [25%] film reduces the OTR of a 1 mm thick PU rubber substrate by a
factor of 80. PPM [50%] reduces OTR by more than 100X. This improved oxygen barrier
is likely due to higher MMT concentration, based upon EDS measurement (data not
shown). As expected based on structural analysis, PPM [100%] has the worst barrier
among the three films evaluated, despite having the highest MMT concentration. Figure
II-3b highlights the large gaps between MMT platelets that are caused by clay
misalignment and act as oxygen transmission highways that increase permeability.
Scanning electron microscopy (SEM) was used to image each film’s surface before and
after applying strain (Figure I1I-4b). The texture observed at 0% strain (for all samples)
comes from the polyurethane substrate. For PPM [25%], no cracks are observed up to 20%
strain. When stretched 20%, cracks perpendicular to the stretch direction appear in PPM
[50%] and PPM [100%], which makes PPM [25%] the best candidate for a truly

stretchable gas barrier.
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Figure I1I-4. a) Oxygen transmission rate of 10 BL PPM [25%], deposited on polyurethane
rubber, after exposure to varying strain. b) Scanning electron microscope surface images
of PPM [25%], PPM [50%], and PPM [100%] after exposure to varying levels of strain.

A 10 BL, 432 nm thick PPM [25%] film exhibits 54 and 46X OTR reduction after
10% and 20% strain, respectively, relative to an uncoated 1 mm PU substrate (Figure
I11-4a). The permeability of PPM [25%] remains almost five orders of magnitude lower at
both 10% and 20% strain. This appears to be the lowest OTR and permeability even
reported for a gas barrier thin film after 20% strain. The previous best system maintained
a 10X reduction on the same substrate.!*} This superior oxygen barrier after high strain is
believed to be due to the hydrogen-bonded nanobrick wall structure. When exposed to
external strain, the bond-slip and reorientation along the PEO/PAA and PAA/MMT
interfaces reduce the strain felt by the thin film (Figure III-3¢).'** When there are more
clay platelets present, they constrain polymer chain motion and reduce the stretchability
of the nanocoating. As a result, the PPM [50%] film exhibits greater barrier loss with

strain, yielding only 16 and 17X OTR reduction at 10% and 20% strain, respectively. It is
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worth noting that the loss of barrier from 0% to 20% strain for PPM [25%] is similar to
that of the PEO/PAA film,'?> demonstrating that the incorporation of some amount of
MMT clay platelets can improve the gas barrier without compromising stretchability. The
barrier properties of these 10 BL films are summarized in Table III-1. Barrier behavior of

ten bilayer thin films deposited on 1 mm thick polyurethane rubber..

Table III-1. Barrier behavior of ten bilayer thin films deposited on 1 mm thick
polyurethane rubber.

OTR Permeability
System Strain (cc/m*day  Thickness (nm) (1016 cm**cm/cm?*Pa*s )
atm ) Total Coating *
0% 138 - 1200 -
flg)strate 10% 138 - 1200 -
20% 138 - 1200 -
0% 1.74 432 15 0.02
f;;lt’i] 10% 2.54 432 22 0.03
20% 3.04 432 26 0.03
0% 1.29 549 11 0.02
f;)lt’i] 10% 8.11 549 71 0.11
20% 8.43 549 73 0.11

*Thin film permeability decoupled from the PU substrate was calculated using a previously described
method. '

3.4 Conclusions

In conclusion, a highly stretchable gas barrier nanocoating was obtained by
successfully incorporating highly aligned clay platelets in a hydrogen-bonded PEO/PAA
multilayer assembly. A 432 nm thick, 10 BL PPM [25%] film deposited on 1 mm PU
exhibits 80, 54 and 46X OTR reduction at 0%, 10%, and 20% strain, respectively, and

retains a permeability five orders of magnitude lower than that of the rubber substrate.
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This is the best barrier ever reported for a transparent polymeric coating exposed to such
a high strain. This incredible oxygen barrier at high strain comes from the unique
hydrogen-bonded brick wall nanostructure, making these films well-suited for
applications requiring gas barrier for elastomeric substrates (e.g., balloons, tires, seals,

etc.).
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CHAPTER 1V
SUPER GAS BARRIER AND FIRE RESISTANCE OF
NANOPLATELET/NANOFIBRIL MULTILAYER THIN FILMS*

4.1 Introduction

Cellulose nanofibrils (CNF) have attracted tremendous attention because of their
colloidal stability, mechanical strength, high specific surface area and thermal stability,**
45, 146-149 which have been used to produce transparent paper, biodegradable packaging,
complex aerogels and as the reinforcing phase in composites.***¢ Despite all of its
beneficial properties, cellulose exhibits poor flame resistance and gas barrier
properties.!>*15! Clays have been used as a reinforcing agent in cellulose-based films to
improve properties.!*!>* Various methods to increase the interaction between clay and
cellulose have been reported, including TEMPO-oxidation and by adding poly(vinyl
alcohol) or chitosan as a compatibilizer.!>>!>7 Recently, cationic CNF with a quaternary
ammonium functionality has been studied.'>® It was shown that the ionic interaction
between the cationic CNF and clay results in better mechanical properties of the
composite, but further improvement is limited due to the formation of nanovoids as well

as relatively low clay loading.!>3- 138

*Reprinted with permission from Qin, S.; Pour, M. G.; Lazar, S.; Kokliikkaya, O.;
Gerringer, J.; Song, Y.; Wagberg, L.; Grunlan, J. C. Layer-by-Layer Assembly: Super
Gas Barrier and Fire Resistance of Nanoplatelet/Nanofibril Multilayer Thin Films
Advanced Materials Interfaces 2019, 6, 19700009.
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In the present study, multilayer films consisting of anionic vermiculite clay
(VMT), with a high aspect ratio (~2000), and cationic cellulose nanofibrils were
investigated. The combination of highly aligned VMT platelets and cellulose nanofibrils
forms a nanobrick wall structure with high transparency, excellent oxygen barrier and fire
resistance. A 20 bilayer (BL) CNF/VMT nanocoating, with a thickness of 136 nm, exhibits
a low oxygen transmission rate (OTR) of 0.013 cc/(m? day atm). With only 2 BL of
CNF/VMT, the melting of flexible polyurethane (PU) foam is prevented when exposed to
a butane torch flame. These nanocoatings also exhibit high elastic modulus and hardness.
This study demonstrates the useful multifunctionality of these renewable cellulose-based

coatings, making them good candidates for packaging and flame protection.

4.2 Experimental

Vermiculite clay (VMT) (Microlite 963™") was purchased from Specialty
Vermiculite Corp (Cambridge, MA). The cationic CNF was prepared from quaternized
pulp fibers. The cationization was performed following a previously described
procedure.’* A CNF gel was prepared with a 2 wt% suspension of cationic fibers in
deionized water. The suspension was homogenized using a high pressure homogenizer
(Microfluidizer M-110EH, Microfluidics Corp). A semi-transparent hydrogel was
obtained after a single pass through the larger chamber (200 um) and six passes through
the smaller chamber (100 pum). Deionized (DI) water (Milli-Q, Billerica, MA) with a
specific resistance greater than 18 MQ was used in all solutions and rinses. Single-side-

polished, 500 pum thick silicon wafers, purchased from University Wafer (South Boston,
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MA), were used as substrates for profilometry and atomic force microscopy (AFM). A
179 pm Melinex ST505 polyethylene terephthalate (PET) film (Tekra, New Berlin, WI)
was used as the substrate for transmission electron microscopy (TEM) and gas barrier
measurement. Polished Ti/Au crystals purchased from Maxtek, Inc. (Cypress, CA), with
a resonance frequency of 5 MHz, were used with the quartz crystal microbalance (QCM).

CNF dispersions were prepared by diluting the cationic CNF hydrogel with DI
water using tip sonication. A 1 wt% VMT dispersion was prepared through dilution of a
7.5 wt% dispersion using DI water. All dispersions were sonicated and placed on a roller
overnight to ensure homogeneity and were used at their unaltered pH. Films were prepared
by dipping a given substrate into the CNF dispersion for 5 min, followed by dipping into
the VMT dispersion for another 5 min. Substrates were spray rinsed and blow dried
between each dipping step. 1 min dipping time was used after the initial bilayer was
deposited. All films were prepared using home-built robotic dipping systems.!3%-13! For
deposition on PU foam, a 10.16 x 10.16 x 2.54 cm® piece was cut, rinsed in DI water and
then dried at 70 °C overnight. The dried PU foam was submerged for 5 min in a 1wt%
polyacrylic acid (PAA) solution that was adjusted to pH 2.0 using nitric acid prior to
deposition. This treatment gives the PU foam a negatively-charged surface. After that, the
sample was wrung out with a mechanical roller and rinsed by soaking and compressing in
DI water. The foam was then immersed in a 0.2 wt% CNF dispersion for 5 min, followed
by wringing out with a mechanical roller and rinsing with DI water. The sample was then
exposed to the vermiculite suspension in the same fashion to finish the initial bilayer. 1

min immersion time was then applied for the remaining deposition cycles. In each
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adsorption step, the foam was compressed three times by hand to ensure the solution
uptake into the foam. The coated foam samples were finally heated in an oven at 70 °C
until dry.

Film thickness was measured with a P-6 profilometer (KLA-Tencor, Milpitas,
CA). A research quartz crystal microbalance (QCM, Maxtek, Sante Fe Springs, CA) was
used to measure the mass gain during each layer deposition. Thin film topography was
imaged with an atomic force microscope (AFM) (Bruker Instruments, Billerica, MA). The
oxygen transmission rate (OTR) was tested by MOCON AMETEK (Minneapolis, MN)
using an Oxtran 2/21 ML instrument at 0% RH for 120 h. Films for TEM imaging were
deposited on 179 um PET and then embedded in epoxy resin (EMS, Hatfield, PA). The
samples were trimmed and cut with an Ultra 45° diamond knife (Diatome, Hatfield, PA).
Thin sections were then collected and imaged using a Tecnai G2 F20 (FEI, Hillsboro, OR)
operated at 200 kV. Foam flammability was evaluated by exposure to the flame from a
butane micro torch (Model ST2200, Benzomatic, Huntersville, NC) for 10 s (the
approximate blue flame temperature is 1300 °C). The thermal stability of the uncoated and
LbL-coated polyurethane foam were examined under nitrogen atmosphere using a
Mettler-Toledo Thermogravimetric Analyzer (TGA) (Columbus, OH). The samples were
6-10 mg in size and were heated to a temperature of 800°C at a heating rate of 10 °C/min.
Mechanical properties were measured using a nanoindenter (Triboscope (TS) 75, Hysitron
Inc., Minneapolis, MN), where the maximum load and displacement are 100 uN and 60
nm, respectively. A diamond Berkovich tip (i.e., three-sided pyramid) was used for

indentation.
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4.3 Results and Discussion
4.3.1 Thin Film Structure

Cationically functionalized cellulose nanofibrils were prepared by introducing
quaternary ammonium groups to cellulose fibers before they were subjected to

homogenization to liberate the fibrils.>* 158

The zeta potential of a 0.2 wt% quaternized
CNF dispersion is ~57 mV, which indicates a highly cationic surface. Figure [V-1a shows
a schematic of the CNF/vermiculite film assembly procedure. The multilayer build-up of
the CNF/VMT films, as a function of bilayers deposited on a silicon wafer, is shown in
Figure IV-1b. CNF dispersions of 0.05, 0.1, and 0.2 wt% were investigated. Due to the
presence of quaternary ammonium groups, for which the charge density is pH-
independent, the CNF dispersions were used at their unaltered pH (~7). The use of higher
CNF concentration leads to formation of thicker films, which may be ascribed to the
greater amount of CNF adsorption, which in turn is linked to the structure of the CNF at
the interface. At higher concentrations, the CNF will not deposit as single particles the
closer they get to the surface, but in a more associated state.!>® As shown in Figure IV-1b,
the film thickness increases linearly as a function of bilayers deposited. This linear growth
behavior is also observed in QCM measurements (Figure IV-1c), where the same weight
gains (including immobilized liquid) can be observed for each CNF layer. The film density

is calculated to be 2.4 g/cm® with 70 wt% clay loading. High optical transparency of

CNF/VMT films can be observed in Figure IV-1d.
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Figure IV-1. (a) Schematic representation of CNF/VMT LbL assembly. (b) Thickness of
LbL films prepared by using three different CNF concentrations, (¢) mass of the thin film,
including immobilized liquid, as a function of the number of bilayers deposited and (d)
visible light transmission of the thin films as a function of bilayers deposited for the
0.2wt% CNF/VMT system.

Atomic force microscopy was used to image the surface morphology of the films
deposited on silicon wafers. As shown in Figure IV-2, a uniform coverage by CNF can be
observed on the film surfaces, with clay platelets lying underneath. It seems that lower
CNF dispersion concentration results in a smaller amount of CNF in the film. It is worth
mentioning that when the coating is terminated with a clay layer, no CNF can be observed
(image not shown), indicating excellent clay coverage. Nanocoatings prepared with 0.2
wt% CNF were further investigated here due to having the greatest thickness per layer. A

high degree of clay alignment is achieved in these LbL assembled CNF/VMT films. Cross-
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sectional TEM images, where individually deposited vermiculite platelets appear as dark
lines as a result of higher electron density, highlight the typical nanobrick wall structure
of these CNF/clay assemblies.!?!: 142 The thickness measured from TEM images is
consistent with the growth curve in Figure VI-1b. The high optical transparency observed

can be attributed to the high level of clay alignment and separation (Figure IV-1d).

0.05wt% CNF/VMT 0.1wt% CNF/VMT  0.2wt% CNF/VMT

L

200.0 nm

Figure IV-2. (a-c) Atomic force microscopy (AFM) height images of 3.5 BL CNF/VMT
films prepared with varying CNF concentration. (d) Phase image of the film prepared with
0.2 wt% CNF/VMT. (e) Cross-sectional TEM image of a 10 BL 0.2 wt% CNF/VMT film.
4.3.2 Oxygen Barrier of Nanocoatings on Polyester

Figure 1V-3a shows the oxygen transmission rate (OTR) of the CNF/VMT

coatings as a function of bilayers deposited on179 um thick PET film measured at 23 °C
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and 0% RH. The oxygen permeability was calculated and is reported in Table IV-1. A 20
BL film, with a thickness of only 136 nm, reduced the OTR of the uncoated PET substrate
by more than two orders of magnitude, from 8.6 to 0.013 cc/(m? day atm). The oxygen
transmission rate and permeability decrease exponentially with film thickness, which is
unique to these LbL assembled films.®> The oxygen permeability of the 20 BL CNF/VMT
coating (4.06x102! cm® cm/ (cm? s Pa)) is the lowest ever reported for a nanoscale
cellulose-based film. A comparison with other cellulose-based gas barrier coatings is
shown in Figure IV-3b. This excellent oxygen barrier is a result of highly aligned clay
platelets, which create an extremely tortuous diffusion path and a dense film structure

(Figure IV-2e).
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Figure IV-3. (a) Oxygen transmission rate (OTR) of CNF/VMT films as a function of
bilayers deposited. (b) Permeability as a function of thickness of LbL assembled
CNF/VMT films in relation to other cellulose-based films: 15 BL and 20 BL are
CNF/VMT films from this work, CNF films are from ref (°!), CNF-2 is from ref (%),
CNF/MMT is from ref (13°), MMT/DA-CNF is from ref ('°), and neat cellulose is from
ref (¢9).
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Table IV-1. Oxygen permeability of CNF/VMT coatings on PET (measured at 23 °C and
0% RH).

film * total
0 8.56 N/A 17.50
5 7.39 4.92E-02 15.12
10 0.18 3.10E-04 0.38
15 0.02 5.74E-05 0.05
20 0.01 4.06E-05 0.03

Film permeability was decoupled from the substrate using a previously described method.'**

4.3.3 Flame Resistance Imparted to Polyurethane Foam

In addition to high oxygen barrier, the CNF/VMT films exhibit excellent fire
resistance. 2 and 4 BL of CNF/VMT coatings were deposited on a polyurethane (PU)
foam and the weight gain after deposition was measured (Table IV-2). Photographs of
PU foam show completely conformal coatings (Figure [V-4a). The flammability of the
uncoated and coated foam was tested by holding a butane torch on one side of the foam
for 10s. The uncoated foam immediately melts and drips, in agreement with previously
published results.'®! No melt dripping was observed for the coated foam and the flame
only traveled over the surface of the samples. The post-fire residues were imaged using
SEM. As can be seen in Figure IV-4b, with just a 2 BL CNF/VMT coating, the
polyurethane foam retains its original shape and cellular structure. The foam beneath the
char is completely undamaged. Under higher magnification, even where the foam itself

was consumed by the flame, the charred CNF/VMT film keeps its original structure, which
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prevents collapse during burning. The 4 BL CNF/VMT coating exhibits even better flame
resistance, with a thinner of char formed and lower weight loss. This can be ascribed to
the higher coating mass than the 2 BL CNF/VMT coating (Table IV-2). The improved fire
resistance is attributed to high clay loading and the nanobrick wall structure of the coating,
which acts as a thermal barrier. Additionally, the improved adhesion between the CNF
and VMT, as a result of LbL structuring, which induces intimate contact and strong
interactions between the film components, can also improve the thermal stability of these

nanocomposites. 62

Table IV-2. Torch test results for coated and uncoated polyurethane foam.

Uncoated - 100
2 BL CNF/VMT 3.1 31
4 BL CNF/VMT 4.4 26
2 BL Chitosan/VMT 4.1 41
4 BL Chitosan/VMT 4.8 31
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Figure IV-4. Photographs of (a) foam coated with 2 and 4 BL CNF/VMT (left and right
foam, respectively) before burning. Photographs and SEM images of cross sections of PU
foam coated with (b) 2 and (c) 4 BL CNF/VMT after torch testing. Boxes of the same
color represent the same spot with different magnifications.

Two and four bilayer chitosan (CH)/VMT coatings were also evaluated as a
comparative control to the CNF/VMT nanocoatings. Although CH/VMT coatings result
in higher weight gain with the same number of bilayers deposited (Table IV-2), CNF/VMT
coatings exhibit better flame protection, which can also be observed using
thermogravimetric analysis. Figure IV-5 shows weight loss as a function of temperature
of uncoated foam and the foam coated with 2 BL of CH/VMT or CNF/VMT. Under
nitrogen atmosphere, the polyurethane foam undergoes two stages of thermal degradation,

related to polyurethane hard segment depolymerization and polyol degradation.!'®®

Although the coated samples do not delay the onset degradation temperature, the coatings
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clearly preserve the foam during thermal degradation. Uncoated foam exhibits char
residue that is less than 10 wt% of its initial mass, while the residue increases to 15 wt%
with the addition of the 2 BL CNF/VMT coating. The coating is only 3.1 wt% of the total
mass. The 2 BL CH/VMT coating yields a char that is 13.2 wt%, despite comprising
4.1wt% of the sample. These data suggest that the cellulose-based coating imparts better

heat resistance to polyurethane foam than the chitosan-based coating.
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Figure IV-5. (a) Weight and (b) first derivative weight loss as a function of temperature
for uncoated and LbL-coated PU foam.
4.3.4 Mechanical Properties of Thin Films

Cellulose nanofibrils generally have good mechanical properties due to their high
crystallinity.!>? Incorporating clay further improves the mechanical behavior of CNF-
based materials.!>? The 50 BL CNF/VMT multilayer film has an elastic modulus (E) and
hardness (H) of 20 GPa and 1 GPa, respectively, which is significantly higher than other

cellulose-clay composites.!>%153: 164 These improved properties can be ascribed to strong
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ionic interaction between cationic CNF and anionic VMT that creates a strong interface,
which improves the stress transfer.!>” The highly aligned clay platelets also contribute to
the high modulus and hardness.!®> Additionally, it is believed that the fibrous CNF matrix,

with large aspect ratio, strengthens the film.!4 12

4.4 Conclusions

Vermiculite clay platelets were assembled with cellulose nanofibrils using layer-
by-layer assembly. The nanobrick wall structure, with high clay loading and orientation,
results in high transparency, super gas barrier properties, excellent flame resistance, and
high modulus. An oxygen permeability of 4.06x10! cm® cm/(cm? s Pa) was achieved with
a 20 BL CNF/VMT coating, which is comparable to that reported for SiOx barrier thin

films commonly deposited on plastic films.!6

Only the outermost layer of flammable
foam was charred during torch testing when coated with a 2 BL CNF/VMT coating (and
no melt dripping occurred). An elastic modulus of 20 GPa was observed for a 50 BL
CNF/VMT film, which is higher than other CNF-clay composites reported in the

literature. 52153 164 These assembled CNF/VMT coatings offer an environmentally-benign

and low-cost opportunity for various packaging and protection applications.
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CHAPTER V
ULTRATHIN TRANSPARENT NANOBRICK WALL ANTICORROSION
COATINGS*
5.1 Introduction
Waterborne polyurethane (PU) is widely used in coatings and adhesives due to its
tailorable properties, nontoxicity, and environmental-friendliness.!'> When used by itself,
polyurethane exhibits relatively high permeability to corrosive species (oxygen, water and
aggressive ions), as well as poor thermal stability and mechanical strength. These
disadvantages limit the use of PU as anti-corrosion coatings. Since layer-by-layer
assembled polymer-clay coatings have demonstrated tremendous barrier improvement

relative to all-polymer coatings, > 42

cationic waterborne polyurethane and anionic
vermiculite clay (VMT) nanocoating were prepared. The anticorrosion performance of
PU/VMT coatings was studied on aluminum (AA7075-T651) and compared with more
hydrophilic PEI/VMT coatings with similar thickness to understand the influence of
hydrophobicity of polyelectrolytes on corrosion protection. A 300 nm thick PU/VMT
coating, provides two orders of magnitude improvement in impedance magnitude and

imparts corrosion protection for five days, which is comparable to composite coatings that

are two orders of magnitude thicker (and some chromate conversion coatings).'®’-17° No

*Reprinted with permission from Qin, S.; Cubides, Y.; Lazar, S.; Ly, R.; Song, Y.;
Gerringer, J.; Castaneda, H.; Grunlan, J. C. Ultrathin Transparent Nanobrick Wall
Anticorrosion Coatings. ACS Applied Nano Materials 2018, 1, 5516-5523. Copyright
2018 American Chemical Society.
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surface treatments (e.g., etching and polishing) are required prior to coating due to the
very good adhesion of the polyelectrolytes to aluminum.!”! It has been suggested that films
consisting of polyelectrolytes provide not only barrier to aggressive species, but also the
ability to buffer pH through physico-chemical reactions, which contributes to the
anticorrosion behavior of these coatings.!”> Environmental-friendliness, ease of
production and excellent corrosion resistance make these LbL-assembled PU/VMT

coatings a potential replacement for undesirable chromate conversion coatings.

5.2 Experimental

Branched polyethylenimine (PEI) (Mw = 25,000 g/mol) was purchased from
Sigma-Aldrich (Milwaukee, WI). The cationic polyurethane dispersion was donated from
Lubrizol (SCR20072, Wickliffe, OH). Vermiculite clay (VMT) (Microlite 963*") was
purchased from Specialty Vermiculite Corp (Cambridge, MA). All chemicals were used
as received. Deionized water with a specific resistance greater than 18 MQ was used in all
solutions and rinses. Films were coated on AA7075-T651 aluminum panels (~1 mm thick)
obtained from Aerotech Alloys (Temecula, CA). Single side-polished silicon wafers
(University Wafer, South Boston, MA) were used to measure the film thickness using
profilometry.

Layer-by-layer deposition was carried out with a home-built robotic dipping
system.!3! Each aluminum substrate was immersed in the PEI or PU solution for 5 min,
followed by rinsing with DI water and drying with filtered air for 30 seconds, and then

dipped into an anionic VMT solution for another 5 min, followed again by rinsing and
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drying to complete the initial bilayer. The rest of dipping cycles used 1 min immersion
times for both solutions, with the same rinsing and drying procedure in between.
Multilayer assemblies are denoted as (PEI/VMT)x or (PU/VMT), where x is the number
of bilayers deposited.

A P-6 profilometer (KLA-Tencor, Milpitas, CA) was utilized to measure thin film
thickness on silicon wafers. An a-SE ellipsometer (J.A Woollam Co., Inc., Lincoln, NE)
was used to measure swelling ratio of the coatings in water. Visible light transmittance,
between 350 and 780 nm, was measured using a USB 2000 ultraviolet—visible light
(UV—vis) spectrometer (Ocean Optics, Dunedin, FL). The reported transmission was the
average of transmittance between 350 and 780 nm. 'H NMR spectra were obtained using
solutions in deuterochloroform (CDCl3) and a Varian Inova 300 MHz interfaced with a
Linux based spectrometer system using Vnmr] software. Electrochemical impedance
spectroscopy (EIS) was performed to evaluate the electrochemical response of the
different coating samples immersed for five days in an aerated 3.5 wt% NaCl solution at
room temperature. The electrochemical measurements were performed using a Gamry
potentiostat/galvanostat/ZRA Reference 600TM (Warminster, PA) and a Faraday cage to
prevent electromagnetic interference. EIS data were collected in a frequency range from
100 kHz to 10 mHz, with 10 points per decade, and a sinusoidal potential signal of 10 mV
in regard to the open circuit potential (OCP). All electrochemical tests were performed in
duplicate to ensure the reproducibility of the EIS response. Equivalent electrical circuits
provided by the EC-lab V10.40 fitting software were used to fit the EIS data. Polarization

experiments were carried out at room temperature in deaerated 0.1 M NaCl solutions, the
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lower salt concentration was used to minimize the noise in the signal. Films were imaged
using a JEOL JSM-7500F SEM (Tokyo, Japan) and a digital Keyence VH-Z100 optical
microscope (Osaka, Japan). TEM samples were deposited on PET substrates and then
embedded in Epofix resin (EMS, Hatfield, PA). After curing, the samples were cut with
an Ultra 45° diamond knife (Diatome, Hatfield, PA). Thin sections (~100 nm thick) were
collected and imaged using a Tecnai G2 F20 (FEI, Hillsboro, OR) operated at 200 kV. X-
ray diffraction was performed with a Bruker-AXS D8 Advance X-ray Diffractometer

(Billerica, MA) in the range of 26=20° to 90"

5.3 Results and discussion
5.3.1 Multilayer Film Morphology

PEI/VMT and PU/VMT multilayer films were prepared by alternately dipping an
aluminum substrate into polyelectrolyte solutions and a vermiculite clay suspension
(illustrated in Figure V-1a). As shown in Figure V-1b, uniform coatings were prepared on
PET and aluminum without any etching or polishing pretreatments. The visible light
transparency of the PU/VMT coatings was measured as a function of bilayers deposited
(Figure V-1e), which is comparable to that of PEI/VMT LbL gas barrier coatings.!” This
high transparency suggests good orientation and exfoliation of VMT platelets inside the
films.!2!: 7% The highly ordered clay can be observed in a cross-sectional TEM image
(Figure V-1c), where individual clay platelets appear as dark lines due to their high
electron density. It has been estimated that these coatings add no more than 0.05% weight
to the aluminum plates.
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Figure V-1. (a) Schematic of the LbL assembly process. (b) Digital images of (PU/VMT)0
coatings deposited on coated on PET (right side of yellow line), uncoated PET (left side
of yellow line) and bare aluminum. (¢) Cross-sectional TEM image of a (PU/VMT)io
coating on PET and schematic of the thin film structure. (d) Growth curves for PU/VMT
and PEI/VMT multilayer coatings. (e) Visible light transmittance as a function of
PU/VMT bilayers deposited on quartz slides.

Growth of these polyelectrolyte/clay assemblies was monitored as a function of
the number of bilayers deposited. Figure V-1d shows a linear increase in thickness with
bilayer number. The growth rates were calculated to be ~8 nm and ~10 nm per bilayer for
PEI/VMT and PU/VMT, respectively. The difference in growth rate is probably due to
different chain conformations of PEI and PU in the multilayer films. It is likely that the
polyurethane has a more coiled conformation due to a lower degree of ionization
compared with PEIL. As can be confirmed with 'H NMR (Figure V-2a-b), polyurethane
contains long aliphatic chains with few cationic amine groups, so the ratio of aliphatic

region over amine moieties of PU is much lower than that of PEIL. As a result, the
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concentration of positively charged amine groups is much higher in PEI chains. More
hydrophilic amine groups can easily bond with more water molecules and chloride ions,
which leads to greater film swelling and thus the creation of more diffusion pathways.
When exposed to a 3.5% NaCl solution, PEI/VMT swells to 91% of its initial thickness,
while PU/VMT swells less than 40% (Figure V-2c¢). Moreover, the transport of aggressive
ions (mostly Cl-) within the polyelectrolyte films occurs by hopping between ion-
exchange sites.!”>"17¢ For a chloride ion, each extrinsically compensated amine group is a
hopping site, and a CI first pairs with one site and then jumps to an adjacent site. The
amine groups act as charge carriers, and fewer carriers per chain can slow the CI" transport

and retard the corrosion (Figure V-2d).
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Figure V-2. NMR spectra of (a) branched polyethylenimine and (b) polyurethane. (c) The
swelling ratio of (PEI/VMT)10 and (PU/VMT)10 coatings in 3.5% NaCl solution. (d)
Schematic of ion transport in these LbL assembled films.

5.3.2 Anticorrosion Performance

Electrochemical impedance spectroscopy is considered one of most reliable and

non-destructive electrochemical techniques for studying coating degradation mechanisms,
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as well as metal/electrolyte interfacial processes.!”” It was used here to evaluate corrosion
resistance of the polyelectrolyte/clay coatings. Four different thickness of LbL assembled
PU/VMT coatings (i.e., 10, 20, 30, and 40BL) as well as (PEI/VMT)4 were tested for 5
days to observe the influence of coating thickness and polymer species on corrosion of
aluminum. The five-day immersion was chosen because the thin multilayer coating is
being evaluated only as a pretreatment rather than a standalone anti-corrosion system.
Figure V-3 shows the EIS spectra for PU/VMT coatings with varying thickness (i.e.,
bilayers). Two time constants were identified from the phase angle-Bode plots. The time
constant at high frequency (~ 104 Hz) is associated with the coating physical
characteristics (e.g., resistivity to water and ion diffusion), whereas the one at intermediate
frequencies (1 to 10 Hz) is related to the passive layer (i.e., Al2O3) at the aluminum/coating
interface. During the entire immersion time (i.e., from Day 1 to Day 5), only one EIS
pattern was identified for (PU/VMT )20, (PU/VMT)30, and (PU/VMT )4 (Figure V-3 b-d),
which suggests that no corrosion process was initiated during the test period. In contrast,
three different EIS patterns were observed for (PU/VMT)io (Figure V-3a) and
(PEI/VMT )40, which suggests three stages of degradation. For Day 1, the coatings showed
similar behavior to the thicker ones, with a large capacitive loop in the Nyquist plot and
the impedance magnitude at 0.01 Hz (|Z|o.o11z) close to 10 Q ¢cm?. The |Z|o.oin is often
used as a first approximation to evaluate the corrosion resistance of a coating because it is
associated with the total corrosion resistance of the system.!’8-17? A significant decrease at
|Z|0.011 started on the second day of exposure and an inductive behavior at low frequency

(~10"! Hz) can be observed, which suggests the breakdown of the passive layer due to the
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adsorption of chloride ions at the interface. Similar behavior was also observed with
uncoated aluminum. After three days of immersion, the inductive behavior disappeared
and the |Z|o.01n, value increased, which can be the result of formation of solid corrosion
products that block active sites on the aluminum surface and slow down the charge transfer

corrosion process.
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Figure V-3. EIS spectra (Nyquist and Bode plots) of (a) (PU/VMT)1o, (b) (PU/VMT )y,
(c) (PU/VMT)30, and (d) (PU/VMT)40 deposited on aluminum, for up to five days in 3.5
wt.% NaCl solution.

To further understand the electrochemical behavior of these coatings, equivalent
electrical circuits were used to fit the EIS data. In these circuits, illustrated in Figure V-4,
Rs corresponds to the resistance of the electrolyte (i.e., 3.5% NaCl). Qox and Rox
correspond to the capacitance and the resistance of the oxide film and corrosion products

formed at the aluminum surface, and similarly, Q. and Rc correspond to the capacitance

and the resistance of the LbL deposited coatings. Qa and Ret describe the double layer
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capacitance and the charge transfer resistance associated with the corrosion process at the
aluminum/electrolyte interface. L represents the inductance observed at low frequency.!®
In general, as water and electrolytes diffuse into the coating, Q. increases (as a result of
the increased dielectric constant) and R. decreases.!®! For (PU/VMT)1o, three different
equivalent circuits were used to describe the three different EIS patterns (Figure V-3a),
with Circuit A (Figure V-4a) for Day 1, Circuit B (Figure V-4b) for Day 2, where the
adsorption behavior is observed, and Circuit C (Figure V-4c) for Day 3-5. Circuit A was
also used for thicker films and Circuit D was used for bare (i.e., uncoated) aluminum. For
all the different equivalent circuits, constant phase elements (CPEs) were used instead of
capacitances in order to account for deviations from ideal capacitive behavior coming
from heterogeneities in the coating matrix, porosity, mass transport of electrolyte, and

relaxation processes. 80 182

LbL coating [ LbL coating | LbL coating
Rc S = g RS

ALO; R, 3 Al,05 Rox o ALO; Ro,

Figure V-4. Equivalent electrical circuits used to fit the EIS data for bare aluminum and
the different polymer-nanoclay composite coatings immersed for five days in 3.5 wt%
NaCl solution.

Based on the fitting results, selected equivalent circuit elements were plotted and
the polarization resistance (R,) was calculated, which is defined as the impedance value

at 0 HZ (Z4y-o = Rs + R, = R,) that describes the total corrosion resistance of the

system.!83-18% The evolution of R, for all samples is shown in Figure V-5a. For the
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(PU/VMT)20, (PU/VMT)30, and (PU/VMT)40 coatings, the R, values were significantly
higher (~10° Q c¢m?) compared with that of the bare metal (~10* Q c¢cm?) and remained
stable during the entire test. These high R, values are due to high Rox values (associated
with the resistance of passive oxide film and corrosion products) being achieved. The good
barrier provided by the coatings slows down water and electrolyte uptake, which is
associated with a lower capacitance (Q.) and a higher resistance (Rc) of the coating, and
protects the passive AlO; layer from aggressive ions. Even when water and electrolytes
penetrate through the film, the existence of a passive oxide layer can still provide
protection against initiation of corrosion at the metal surface. It’s also possible that the
strong adhesion between coating and Al,O3, as a result of ionic and hydrogen bonding,
hinders the adsorption of chloride ions at the interface.!®® Despite having similar R, for
the first day, a dramatic decrease in (PU/VMT)1o and (PEI/VMT)4 films was observed
during the following days. As mentioned before, this is related to the breakdown of the
passive layer due to the charge transfer process triggered by chloride adsorption, and the

subsequent increase of R, is probably due to the formation of corrosion products.
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Figure V-5. (a) R, evolution for samples immersed for 5 days in a 3.5 wt.% NaCl solution.
(b) Rp values of all samples on Day 5.
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Figure V-5b summarizes the R, values for all samples after a 5-day immersion.
For PU/VMT films, the R,, first increases with coating thickness and then decreases. The
initial increase is due to thicker coatings providing better barrier due to a greater tortuous
diffusion pathway and higher coating mass. However, more dipping cycles are required to
assemble thicker films, which means longer exposure of the aluminum substrate to
aqueous solutions that could initiate corrosion, leading to a lower R, of (PU/VMT )4o. This
is confirmed by the observation of AI(OH); as a corrosion product, which typically forms
around the precipitates such as MgZn,, AlCu, and Mg in aluminum alloys,** on all LbL
coated samples. Although (PU/VMT)30 has similar thickness with (PEI/VMT)ao, it exhibits
almost six times higher polarization resistance. As discussed before, the high efficiency
of PU coatings is probably a result of hydrophobicity and the lower degree of ionization
due to fewer positively-charged amine groups, which leads to better barrier (higher Rc and
lower Qc). This hydrophobicity, when combined with highly aligned VMT platelets, leads
to a dramatic improvement in the corrosion resistance. A 300 nm (PU/VMT)3¢ coating
exhibits significant anticorrosion performance, with two orders of magnitude higher
polarization resistance compared with the bare metal, even after 5 days. The better
performance of these polyurethane coatings is also in agreement with the results from
polarization experiments amongst bare aluminum, (PU/VMT)3¢ and (PEI/VMT )40, where
(PU/VMT)30 showed the lowest anodic current density. Optical images of the three
samples after polarization also confirms better protection from (PU/VMT);o.

Figure V-6 shows the SEM and optical images of bare aluminum, (PU/VMT )30

and (PEI/VMT )49 coatings before and after 5-day EIS testing. Homogenous LbL protective
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coatings can be observed, having been deposited without any surface treatment (Figure
V-6b-c). Even with a lower impedance magnitude, (PEI/VMT)4o still shows some
corrosion protection. Both coatings maintained their surface morphologies after the 5-day
exposure, which indicates no or very few corrosion products were formed (the pressure
from corrosion products formation can cause cracking and even delamination of a
coating).!8¢ No significant morphology change or coating delamination was observed,
even following a 15-day immersion, suggesting good coating stability and adhesion.
However, the bare aluminum corroded and corrosion products were formed on the surface
after 5 days. Those corrosion products grew into a thick porous layer after the 15-day
exposure. Owing to the high transparency of the LbL deposited coatings, the corrosion in
the coating/substrate interface can be directly monitored with an optical microscope. As
can be seen in Figure V-6d, the uncoated aluminum sample corroded severely, showing
large pits and a layer of corrosion products, while there is no significant evidence of

corrosion products on the interface for the coated samples.
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Before EIS Test After EIS Test Before EIS Test After EIS Test

Figure V-6. SEM (left two columns) and optical microscope (right two columns) images
of (a) uncoated aluminum, (b) (PEI/VMT)40, and (c) (PU/VMT)30 before the EIS test,
along with (d) uncoated aluminum, (e) (PEI/VMT)40, and (f) (PU/VMT)3¢ after a 5-day
immersion in a 3.5% NacCl solution.

5.4 Conclusions

A simple and very effective treatment method for corrosion protection is
developed here. Ionically assembled films prepared with cationic polyurethane and
anionic clay, are used for the first time to provide corrosion protection for aluminum. A
(PU/VMT)30 coating, with the thickness of only 300 nm, improves the impedance of
aluminum by two orders of magnitude. Moreover, this thin coating can maintain the
corrosion protection for at least 5 days, which is a long time considering the small
thickness. This effective anticorrosion performance is due to high barrier imparted by the
nanobrick wall morphology and the ability to maintain this barrier in an aqueous

environment due to the lower degree of ionization of PU. Future work could include
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depositing a complete multilayer corrosion coating, with the PU/VMT coating as a
pretreatment, and performing salt spray test ASTM B117 to evaluate the real world
corrosion protection. In short, the present study provides a new concept for a highly
effective, transparent and environmentally-friendly anticorrosion layer that could

potentially be used as a pretreatment for aluminum alloys.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

6.1 New and Improved Functionality Developments for Polyelectrolyte-Clay
Assemblies

This dissertation described varying functionalities of LbL-assembled films and
provided a better understanding of structure-property relationships. By incorporating
highly aligned clay into a hydrogen-bonded polymer matrix, a stretchable gas barrier
system was shown to overcome the stretchability-permeability trade-off, exhibiting the
best barrier at high strain. A similar strategy was applied to cellulose-based coatings to
improve the barrier and flame resistance of this biodegradable polymer. The polymer-clay

structure has also shown great potential in corrosion protection.

6.1.1 Combined High Stretchability and Gas Barrier in Hydrogen-Bonded Multilayer
Nanobrick Wall Thin Films

It was shown in Chapter III that a stretchable gas barrier was developed on
polyurethane substrate with the combination of both high stretchability and barrier
performance. Highly aligned clay platelets were incorporated into a hydrogen bonded
polymeric matrix with LbL assembly. This stretchable gas barrier coating rivals most
organic or inorganic coatings, achieving the highest barrier reported at high strain. A 10
BL PEO/PAA+MMT film (432 nm thick) remained 46X OTR reduction at 20% strain,

with five orders of magnitude lower permeability than that of polyurethane rubber
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substrate. This coating system, with high barrier at high strain, provides a new strategy of

making high performance stretchable gas barrier for elastomeric substrates.

6.1.2 Super Gas Barrier and Fire Resistance of Nanoplatelet/Nanofibril Multilayer Thin
Films

Chapter IV described a method to improve the flame resistance and gas barrier
properties of cellulose-based films with highly aligned vermiculite clay (VMT) using the
layer-by-layer deposition process. A 136 nm (20 BL) CNF/VMT coating shows an OTR
of 0.013 cc/(m? day atm). A 2 BL of CNF/VMT coating prevents flexible polyurethane
(PU) foam from melting when exposed to a butane torch. These nanocoatings also exhibit
a high elastic modulus (20 GPa) and hardness (1 GPa). This study demonstrates a unique,
renewable, and cellulose-based nanocoating that could be used in a variety of packaging

and protection applications.

6.1.3 Ultrathin Transparent Nanobrick Wall Anticorrosion Coatings

High corrosion resistance was demonstrated with LbL assembled polyurethane
(PU) and vermiculite (VMT) clay multilayer films in Chapter V. The combination of
relatively hydrophobic polyurethane and highly aligned clay platelets leads to excellent
barrier properties. A 30 bilayer PU/VMT coatings (300 nm thick) provides two orders of
magnitude higher impedance and imparts corrosion protection for five days, which could
be a potential environmentally friendly replacement for chromate conversion coatings

(CCCs).
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6.2 Future Directions
6.2.1. Improving Moisture Barrier of SiOxwith Polyelectrolyte Layers

In addition to good gas barrier, moisture barrier is also critical for packaging and
electronics.!¥7188 Electronic devices such as liquid crystal displays (LCDs), organic
photovoltaic cell (OPVs), and organic light-emitting diodes (OLEDs) require a very low
water vapor transmission rate (WVTR) (e.g., less than 10 g/m? day for OLEDs).5 72 189
Despite exhibiting outstanding oxygen barrier,'” PEM coatings alone exhibit very limited
moisture barrier as a result of loosened chain packing and higher chain mobility in humid
conditions.!®!"192 SiQ thin films can exhibit good moisture barrier but rigidity that leads
to cracking is a challenge for flexible packaging.

Here we report a new multilayer moisture barrier system that combines a thin
PVD-prepared SiOx layer sandwiched between LbL-assembled PEM layers. An 8 bilayer
(BL) polyethylenimine (PEI)/ poly acrylic acid (PAA) coating is used here as the PEM
layer due to its high oxygen barrier and relatively high modulus.!® The influence of each
layer is investigated by comparing the barrier performance of single- or two-layer films
based on SiOx and PEM. When applying a single PEM layer above or below the with a
SiOx layer (i.e., a two —layer system), the moisture barrier was small. The barrier of the
three-layer system (PEM/SiOx/PEM) was improved by a factor of 8 relative to PET
substrate. This appears to be the best moisture barrier achieved among PEM-based
systems to-date, highlighting the great synergy between these layers and the tremendous

potential of making metal oxide ultrabarriers using PEM layers.
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Multilayer thin films were prepared with the combination of layer-by-layer
assembly (LbL) and physical vapor deposition (PVD) techniques. As shown in Figure
VI-1, an 8 BL PEI/PAA coating (~800 nm) was first deposited on the PET substrate,
followed by a 20 nm SiOx layer and another 8 BL PEI/PAA layer. Besides the three-layer
film (PEM+SiOx+PEM), single-or double-layer thin films based on SiOx and PEM were
also prepared in order to understand the optimized structure. All samples are homogeneous
and highly transparent, with the visible light transmittance above 94% (Figure VI-2). This
high transparency suggests refractive index matching between from SiOx and PEM.

Differing refractive indices between each adjacent layer will cause light scattering and

absorption, which diminish the transmission of visible light.'**-'*
(a) Layer-by-layer Assembly (b) Physical Vapor Deposition
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Figure VI-1. Schematic representation of (a) layer-by-layer assembly of PEM (e.g.
PEI/PAA) coatings, (b) physical vapor deposition of SiOx layers, (¢) multilayer thin film
preparation with PEM and SiOx layers.
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Figure VI-2. (a) Visible light transmission of multilayer thin films based on SiOx and
PEM layers. (b) Digital photographs of SiOx+PEM and PEM+SiOx+PEM coated on PET
substrate.

Figure VI-3 shows the water vapor transmission rate (WVTR) of various samples
deposited on 179 um PET substrates. Single PEM and SiOx layers exhibit high WVTR
values of 2.74 and 2.38 g/m? day, respectively. For the 16-bilayer PEM layer, it swells
significantly in high humidity, which opens up more diffusion pathways.!°! The WVTR
for SiOx is similar to previous literature reports.'®> SiOx has a much lower permeability

(1.53*10* g mm/m? day atm) than PEM (1.53*10* g mm/m? day atm) due to its relatively

small thickness. Even so, its barrier performance is limited by defects.
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Figure VI-3. Water vapor transmission rate (WVTR) of various samples coated on 179
um PET substrate, measurements were conducted at 38°C 90% RH

Applying a PEM layer underneath the SiOx (i.e., PEM+SiOx) decreases the WVTR

decreased from 2.38 to 1.95 g/m? day. This improved barrier is correlated with the changed
surface morphology of SiOx layer. It is well known that a smooth surface is needed to
reduce the shadow effect that results in coating non-uniformity. After being exposed to
humid conditions, the underlying PEI/PAA layer experiences increased polymer chain
mobility that creates a smooth surface, with roughness around 1.2 nm.'”° Additionally,
PEI has been widely used as an adhesive due to its reactive amine groups.'”® More

importantly, the high modulus of PEI/PAA decreases the stiffness mismatch between the

substrate and the SiOx layer. It has been reported that the modulus for uncoated PET is

about 3 GPa,'?” while SiOx is around 60 GPa.!’ This mismatch can cause large residual

compressive stresses that can cause cracking and delamination.
Applying another PEM layer atop SiOx imparts further barrier improvement. As

shown in Figure VI-3, the three-layer “sandwich” coating, exhibits a WVTR of 0.41 g/m?
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day, which improves the moisture barrier of PET by nearly an order of magnitude.
Laminate theory would predict a WVTR of 2.09 g/m? day. The much lower experimental
value suggests there is a synergistic benefit with this multilayer structure, where the first

glassy PEM layer creates a denser and more uniform SiOx and the second PEM layer fills

any remaining defects. The elimination of the defects with a PEM top layer will be further
examined with scanning electron microscopy and atomic force microscopy. We expect to
see better moisture barrier improvement with more organic-inorganic layer pairs, and

barrier can be further improved by exploiting different PEM systems.

6.2.2 Corrosion Protection Coatings with PEM Barrier Coating and Hydrophobic Surface
As demonstrated in Chapter V, assembling cationic polyurethane with anionic
vermiculite clay produces coatings with excellent corrosion resistance due to high
tortuosity and overall hydrophobicity. Even so, as water molecules diffuse inside, the
coating swells and opens up more diffusion pathway for corrosive species, which
deteriorates the barrier performance. Therefore, applying a water-repellent topcoat could
be an effective way to improve the corrosion protection of LbL barrier coatings. For
example, a superhydrophobic poly(perfluorodecyl acrylate-co-ethylene glycol diacrylate)
(P(PFDA-co-EGDA)) top layer on polyethylene glycol diacrylate (PEGDA) bottom layer
reduced the corrosion rate of copper by four orders of magnitude.'*®
Recently, a superhydrophobic surface was prepared with layer-by-layer assembly

of Nafion and polyethylenemine (PEI).!*® Contact angle as high as 160° was observed with

only 3 BL due to the microporous structure and the fluorinated surface.!®® Improved
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corrosion protection is expected from PU/VMT coatings with PEI/Nafion as a topcoat.
Additionally, inspired by the Nepenthes pitcher plant, researchers have developed slippery
liquid-infused porous surfaces (SLIPS) that utilize microporosity to anchor a thin layer of
lubricant.?®® The existence of lubricant layer provides great robustness and enables

201

excellent properties such as omniphobicity,?°! anti-icing,?’? and anti-fouling.?®* The LbL

assembled PEI/Nafion has also demonstrated the ability to form a SLIPS system after

199

being infused with lubricants,””” which could further improve the durability of the

hydrophobic coating proposed here.
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