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Abstract

A series of crosslinked polyurethane (PU)-clay nanocomposites were synthesized,
characterized and evaluated for their corrosion protective properties. The neat PU system
was synthesized through the prepolymer route and based on polytetrahydrofuran as the
soft segment, methylene diphenyl diisocyanate as the hard segment and glycerin as the
crosslinker. PU nanocomposites were prepared via in-situ polymerization with
concentrations of Cloisite 30B clay varied between 0.25 wt% and 10 wt%. Coatings were
prepared by solution casting the neat PU and PU nanocomposites onto Al2024-T3
substrates and curing the specimens thermally.

The chemical composition of neat PU and PU nanocomposites were elucidated
using Fourier-Transform infrared (FTIR) spectroscopy. The dispersion and conformation
of clay layers was studied using X-ray diffraction (XRD). The effect of clay on the
morphology of the PU matrix was examined through scanning electron microscopy
(SEM). Rheological studies were performed to understand the influence of clay and
temperature on the viscosity of PU. The structure and mechanical properties were
characterized using dynamic mechanical spectroscopy (DMS). Surface energy was
determined using a dynamic contact angle (DCA) analyzer. Corrosion performance was
evaluated using direct current polarization (DCP) and electrochemical impedance
spectroscopy (EIS) tests.

FTIR analysis showed that all monomers had reacted during polymerization

through the disappearance of hydroxyl and isocyanate peaks. New peaks characteristic of

ii



the carbamate functional group were formed indicating the presence of PU.
Diffractograms showed that nanocomposites possessing exfoliated clay is achieved up to
concentrations of 1 wt%. Exceeding this limit produced nanocomposites with intercalated
and agglomerated structures. SEM images revealed that high concentrations of clay
caused phase separation behavior to occur. Rheological measurements demonstrated that
clay addition and increase in temperature reduced the overall viscosity of PU. Surface
energy analysis showed that increasing the concentration of clay directly increased the
hydrophobicity of the coatings. Long-term corrosion studies demonstrated that clay
suppressed the rate of corrosion and enhanced the nanocomposites’ corrosion resistance.
Furthermore, clay improved the barrier properties of PU coatings and significantly

extended their lifespan in a corrosive environment.
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Chapter 1: Introduction

1.1 Polyurethane

The development of polyurethane (PU) dates back to the 1930’s, when Dr. Otto
Bayer first formulated the polymer as an attempt to circumvent the patents placed on
polyamides and polyesters [1, 2]. The material was produced though a polyaddition
reaction between diisocyanate and butanediol in which soft fibers were obtained [2]. It
wasn’t until the beginning of World War II that PU would become a replacement for
rubber. Throughout the war, PU was used to manufacture gas resistant garments, airplane
finishes and protective coatings. By the mid-50s, they had made their way into
applications such as adhesives and rigid foams, and gradually into our daily lives [1-3].

For the past few decades, PUs have been extensively investigated due to their
versatility and desirable properties such as good abrasion strength, excellent flexibility
and high impact resilience [4-7]. These properties are influenced by their unique
morphology consisting of a soft and hard segment [8]. The soft phase is composed of a
flexible polyol (e.g. polyether, polyester) that gives the polymer elastomeric properties
whereas the hard phase is based on polyisocyanates (e.g. diisocyanates, triisocyanates)
and a short chain extender (e.g. glycol) providing rigidity [9, 10]. An illustration of their

broad structure can be observed in figure 1.1-1.



hard segment

— .~ = long chain polyol

—

diisocyanate

chain extender

® = urethane group

Figure 1.1-1: Morphology of thermoplastic PU

Additionally, the chemistry of PU can be easily tailored by selecting monomers with
certain structures (e.g. aliphatic, aromatic) to obtain desired final properties that meet
various demands and end applications [11, 12]. As of today, PUs have increasingly been
employed in the manufacturing of footwear components, insulation materials, synthetic

leather and coatings [13, 14].

1.1.1 Polyurethane Synthesis
PU is characterized by the formation of a carbamate (urethane) functional group as

observed in figure 1.1-2.

O
R R’
o
R-N=C=0 + R-OH —— H
Isocyanate Alcohol Urethane

Figure 1.1-2: Urethane formation



PUs can be synthesized either through the one-shot method or the prepolymer
(two-shot) method. The one-shot process requires the polyol, polyisocyanate, chain
extenders and any other additives such as fillers, to be simultaneously blended together in
one reaction pot. After some time, the reaction mixture is cured in either a mold or
processed in another manner. This technique allows the isocyanate to react freely with
any monomer containing a reactive hydroxyl group. Although the procedure is relatively
simple, this process allows no control over the final structure of PU [15, 16].

The two-shot process involves a two-step sequence that allows greater control and
uniformity over the final structure of PU. The first step involves the reaction between the
polyol and polyisocyanate (in excess) to yield an isocyanate (NCO)-terminated
prepolymer. In the second step, the prepolymer reacts with a chain extender in order to
link together the NCO-terminated prepolymers to form a high molecular weight PU.
Thereafter, the reaction is cured to obtain PU [17-19].

Because isocyanate groups are highly reactive, traces of water can initiate side
reactions to occur during urethane group formation. Additionally reaction temperature
and ratio of starting materials are another cause. The most common side products include

urea, biuret, allophanate and isocyanurate, as observed in figure 1.1-3. [20-24].



—NCO

(isocyanate)
+H20-002 l*“o" me
dcoﬁ
—NH, —NHCOO — -Pil l:l—
(amine) (urethane) oC._ _CO
l+00~— l+oc~-— 7
p— —_ (isocyanurate)
—NHCONH— e
(urea) OCNH—
I+OCN— (allophanate)
--I‘ilCON H—
OCNH -~

(biuret)

Figure 1.1-3: Side reactions during PU synthesis [14]

Usually, the presence of these compounds are undesirable as it decreases the amount of
1socyanate groups available to react with the hydroxyl-terminated monomers. In some
cases, these reactions are intentional as this process introduces additional crosslinks into

the PU structure [20, 25].

1.1.2 Crosslinked Polyurethane
The mechanism of crosslinking PU has been employed to control one of the
material’s many properties [26]. Because the soft and hard domains of PU are

thermodynamically incompatible, this yields micro-phase separation to occur in the hard



segment through intermolecular hydrogen bonding [27-30]. Additionally, the formation
of a two-phase morphology can be affected by the molecular weight of the soft segment,
the quantity of the hard segment and the choice of chain extender used [31]. To reduce
the occurrence of this phenomenon, chemical crosslinks can be introduced into the
system through tri-functional chain extenders [32].

Prior research studies have utilized hydroxyl-terminated crosslinkers such as
trimethylol propane (TMP) [32, 33], trimethylol propoxylate [34] and polyether triol [35]
to form crosslinked PU. Also, amine-terminated crosslinkers such as methylene-bis-
ortho-chloroaniline (MOCA) [36] have been widely applied to form urea networks.

A majority of crosslinked PUs to date have found applications as shape memory
polymers and foams [32, 33, 37]. However, crosslinked PUs are also widely utilized as

protective and decorative coatings [38].

1.2 Montmorillonite Clay

Montmorillonite (MMT) clay has been one of the most widely investigated
reinforcing agents due to their high aspect ratio, rich intercalation chemistry and
relatively low cost [39, 40]. In its natural state, MMT is comprised of stacked tetrahedral
and octahedral aluminosilicate sheets with cations residing between the galleries of each
layer (figure 1.2-1). When the material is present in aggregate form, the size ranges
between 0.1-10 um. Each individual silicate platelet, which makes up the layered clay

structure, are approximately 1.0 nm in thickness [41, 42]. Because polymer matrices are



incompatible with Na" or Ca®" ions, organic cation surfactants are often added to

counteract this hydrophilic surface and increase their organophilicity [40, 43, 44].

OAI. Fe, Mg, Li
Oon

@®o
(®) Li, Na, Rb, Cs

Figure 1.2-1: Structure of montmorillonite clay

1.3 Polymer-Clay Nanocomposites

Nanocomposites are classified as composites possessing at least one phase
showing dimensions in the nanometer range [45]. MMT clay has been commonly used as
a nanofiller for polymeric matrices. Incorporation of these fillers in low quantities can
elicit significant improvements in the polymer’s resistance to chemicals, reduce gas
permeability and increase thermal stability [46-49]. Additionally these improvements are

correlated with how the silicate layers are dispersed in the matrix [40, 50, 51].



When clay layers are incompatible with the polymer matrix, the platelets will tend
to aggregate and result in conventional form. When the polarities of two materials are
similar, clay layers can become intercalated or exfoliated. Intercalation involves the
insertion of polymer chains within the gallery of the clay contributing to expansion of the
interlayer spacing. Meanwhile, exfoliation involves platelets to be fully separated and

delaminated [40, 52].

Conventional Intercalated Exfoliated

Figure 1.3-1: Configurations exhibited by clay in a polymeric matrix

1.3.1 Polyurethane-Clay nanocomposites

Clay has been extensively used in PU to improve upon its thermal stability and
barrier properties [53, 54]. The pioneering work in PU-clay nanocomposites was first
reported by Wang and Pinnavaia [55] in which the researchers demonstrated that PU-clay
nanocomposites exhibited significant improvement in tensile strength and strain-at-break.
Thereafter, a number of researchers began to report studies on PU-clay nanocomposites,
utilizing different types of MMT clay and investigating their synergistic properties [56-

59].



Of the commercially available clay fillers, Cloisite 30B (C30B) has been shown to
have the best compatibility with PU [60, 61]. C30B is a MMT clay modified with a
quaternary ammonium salt. As observed in figure 1.2-2, the organic surfactant possesses

two hydroxyl groups, a methyl group and a tallow that is comprised of ~65% C-18, ~30%

C-16 and ~5% C-14 [62, 63].

H

/

HyC—N

"

Figure 1.3-2: Organic modifier for Cloisite 30B clay

T

The ability for C30B to achieve good dispersion in PU arises from its organic modifier’s
hydroxyl-capped quaternary ammonium groups, which can interact chemically with

1socyanate groups and physically hydrogen bond with urethane groups in the matrix

(figure 1.3-3) [36, 64].

HiC —| I C,H.OH ‘.?_ .9 HiC —) — C:Hi—0
b + C=N-R'-N=C —— f H

O 9

C,HsOH C2He-0-C—N-R'-N=C

Figure 1.3-3: Chemical and physical interactions between clay and urethane groups
Prior researchers have concluded that well-dispersed clay led to better overall

properties in PU. Pizzatto et al. [65], reported that dispersed C30B contributed to better



mechanical properties in PU than agglomerated clay. Kaushik et al.[66], reported that
exfoliated C30B inhibited water diffusitivity and reduced water absorption. Furthermore,
Ashhari and authors [67] showed that dispersed clay prepared through sonication
improved the anticorrosive properties of PU. The commonality between these studies is
that the focus is on the reinforcement of thermoplastic polyurethanes (TPU). Few studies
have been geared toward studying the properties of crosslinked polyurethane-clay

nanocomposites and therefore in this research, we will try to further exploit this area.

1.4 Corrosion

Over the past 30 years, the annual cost of corrosion in the U.S. is estimated to
amount to over $200 billion, with a majority of the cost associated with utilities,
transportation and infrastructure [68]. From the point of view on safety, the detrimental
effects of corrosion such as fatigue cracking and structure failure can have harmful
consequences for humans and the surrounding environment [69, 70] The process of
corrosion occurs when electrons are stripped off the metal through anodic oxidation then
consumed in cathodic reduction. This leaves resulting cations on the metal’s surface that
1s readily available to become corrosion products. Therefore the basic requirements for
corrosion to initiate are an anode, cathode, an electrolyte and an oxidizing species [71].

Many studies have focused on using organic coatings to act as a physical barrier to
protect metallic surfaces from corrosive environments [72-75]. This is because organic
matrices can maintain electrical resistivity across the entire coating thickness [76].

However, all polymeric coatings are prone to oxygen and water permeation and therefore



many types of fillers such as MMT clay have been employed to increase the barrier
properties of these materials [77-83]. In this work, our prepared crosslinked-PU

nanocomposite systems will be evaluated as a potential corrosion protective coating.

1.5 Research Objectives

The three aims of this research is to develop and characterize a novel PU-clay
nanocomposite system, and evaluate its application as an anticorrosion coating.

* The PU will be synthesized with crosslinked structure using glycerin as the tri-
functional crosslinking agent. PU nanocomposites will be prepared through in-situ
polymerization in which sonication will be applied to the solution to ensure that
clay platelets are well dispersed within the nanocomposite.

* The concentration of C30B clay will be varied from low to high weight
percentages in the system to study how clay influences the different properties of
PU.

* The effect of clay dispersion and clay concentration will be correlated to the
corrosion performance of each system. This will assist with determining the
optimal amount of clay that will achieve coatings with the best resistivity against

corrosion.
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Chapter 2: Experimental Procedures

2.1 Materials

* Polytetrahydrofuran (Sigma Aldrich, Mn=1000 g/mol)

O—H
n

HO

* 4, 4-Methylenebis(phenyl isocyanate) (Sigma Aldrich)

OCN NCO

e Certified A.C.S. grade glycerin (Fisher Scientific)

/_(/ .
HO  OH

* N,N-Dimethylformamide (Sigma Aldrich)

* Cloisite 30B™ (Southern Clay Products)

2.2 Sample Preparation

Prior to synthesis, C30B clay was dried in the oven for 24h at 100°C to remove
any water or absorbed moisture. Other materials were used as received from their

respective suppliers.
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2.2.1 Synthesis of neat polyurethane

In a three-neck round bottom flask, 10 mmol of polytetrahydrofuran (PTHF) was
dissolved in 100 mL N,N-Dimethylformamide (DMF) and heated to 60°C in a water bath
under nitrogen atmosphere. Twenty mmol of 4, 4’-Methylenebis(phenyl isocyanate)
(MDI) was added to the flask and both monomers were allowed to react for 1h to form a
NCO-terminated prepolymer. The solution was maintained at 60°C to which 6 mmol of
glycerin was added dropwise and stirred for 10 min. Afterwards, the mixture was
removed from heat and stirred for an additional 30 min at room temperature to obtain PU
in branched form. The whole solution was poured into a Teflon mold and the solvent

removed at 70°C for 24h to fully cure and crosslink the material.

2.2.2 Synthesis of polyurethane-clay nanocomposites

PU nanocomposites were prepared via in-situ polymerization. PTHF was
dissolved in a three-neck flask containing 100 mL DMF at room temperature. Different
quantities of clay (Table 2.2-1) were added to the solution under rapid stirring for 2h
followed by sonication for 1h to completely disperse clay layers. The mixture was then
heated to 60°C under nitrogen atmosphere where polymerization was carried out in the

same manner as the neat PU. The schematic of this mechanism can be observed in figure

2.2-1.
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Figure 2.2-1:Schematic for PU nanocomposite synthesis

Table 2.2-1: Sample name with corresponding clay concentration in PU

Sample Name Clay Concentration (wt%)
Neat PU 0
PU-C025 0.25
PU-CO05 0.5
PU-C1 1
PU-C2 2
PU-C5 5
PU-C10 10

2.2.3 Preparation of Coatings
Neat PU and PU nanocomposite solutions were casted onto 17 x 4” x 1/8” Al12024-

T3 alloys using the solution drop technique. The coatings were cured in the oven for 10h



at 70°C to achieve films with thickness of approximately 0.1 mm. The final coatings had

a smooth surface finish with no voids or cracks present.

2.3 Characterization

2.3.1 Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR was used to elucidate the chemical composition of neat PU and PU
nanocomposites. A total of 32 scans were collected using a Thermo Scientific Nicolet

6700 spectrometer in the wavenumber range between 4000 cm™ and 400 cm’™.

2.3.2 X-Ray Diffraction (XRD)

XRD was performed on a PANalytical X’Pert Pro Diffractometer with Cu-Ka
radiation wavelength at 0.154 nm. The samples were evaluated between 2° and 7°.
Bragg’s Law (equation 1) [84] was applied to calculate d-spacing between clay layers.

_ nAi
"~ 2sinf

(1

The parameter n is a constant (equal to 1), A is the wavelength of radiation and 6 is the

angle of diffraction.

2.3.3 Scanning Electron Microscopy (SEM)
SEM was performed using a Philips FEI XL 30 ESEM-FEG operating at 30kV.
The samples were prepared on carbon-taped aluminum stubs and sputter coated with Au-

Pd. Images were captured using Scandium software and analyzed using ImageJ.
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2.3.4 Dynamic Contact Angle (DCA)

The contact angle freestanding films was measured through the Wilhelmy plate
method performed on a Thermo CAHN dynamic contact angle analyzer (model DCA-
322). For each sample, two sets of rectangular freestanding films were prepared with
perimeters ranging between 15 mm to 18 mm. The first set of samples were submerged in
distilled water (polar solvent) and the second set of samples were submerged in
hexadecane (dispersive solvent), both at a stage speed of 50.8 micron/s. This process
produced a plot showing the advancing and receding angles between the solid and liquid

phase, from which contact angle was extrapolated from the advancing angle (figure 2.3-

).

Receding angle

Force (mg)

3

Advancing angle

Depth (mm)

Figure 2.3-1: Typical DCA plot of one full test run
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The surface energy of the films were calculated through the Owens-Wendt

geometric means approach (equation 2) [86]:

(1+ cos@)y.y = 2 ’ sy viv) + 2. ’ (Vsv Yiv) (2)

Where 0 is the contact angle, y; v is the surface tension at the liquid-vapor interface, ysy"
is the surface tension of the dispersive component at the solid-vapor interface, y,y" is the
surface tension of the dispersive component at the liquid-vapor interface, ysy' is surface
tension of the polar component at the solid-vapor interface and y; ' is the surface tension
of the polar component at the liquid-vapor interface. The surface tensions of the water

and hexadecane test liquids are reported in Table 2.3-1.

Table 2.3-1: Surface tension of the polar and dispersive test liquids [59]

Test Liquid Polar (yLVP) Dispersive (yLVD) Surface Tension (dynes/cm)
Distilled Water 50.3 22.5 72.8
Hexadecane 0.00 27.6 27.6

2.3.5 Brookfield Viscometer

Rheological measurements were acquired using a rotational Brookfield DV-I+
Viscometer. A container diameter of 18.66 mm and S31 spindle with diameter of 5.88
mm was used. Viscosity measurements were carried out at spindle speeds between 5 and

100 rpm and were correlated with shear rate using equations 3 and 4 [85]:

oo (rad) _ 2m(speed)

S 60 (3)

16



2wRc?

S(s™YH = m (4)

Where o, R, and R, represents the conversion factor for angular velocity, container

radius and spindle radius, respectively. All samples were analyzed in their branched state.

2.3.6 Dynamic Mechanical Spectroscopy (DMS)

DMS was performed using Seiko Instruments SII EXSTAR 6000 spectrometer in
tensile mode. Freestanding films were prepared with length of 20 mm, width ranging
between 8 mm and 9 mm, and thickness between 0.5 mm and 0.7 mm. Samples were
analyzed from -100°C to 50°C at a heating rate at 5°C/min and constant frequency of
1Hz. This generated a plot showing storage modulus and tan 6 curve (figure 2.3-2). Each
sample was analyzed at least three times in order to obtain error from the standard

deviation of the combined values.

Glassy Modulus

Tan o

E' (Pa)

/

Glass-Transition
Region

Rubbery Modulus

Temperature (°C)
Figure 2.3-2: Typical plot of storage modulus and tan o
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2.3.7 Corrosion Testing

Direct current polarization and electrochemical impedance spectroscopy were both
employed to evaluate the corrosion properties and performance of neat PU and PU
nanocomposite coatings. Test methods were carried out using GAMRY Instruments
Reference 3000 Potentiostat. Samples were prepared by securing a glass cell to the
coating using a clamp. The cell was filled with 3.5 wt% sodium chloride (NaCl) solution
to mimic corrosive sea water conditions and covered a surface area of 2.88 cm” on the
surface of the coatings. A saturated calomel electrode (SCE) containing KCI solution and
a graphite rod were used as the reference electrode and counter electrode, respectively.

The setup for both techniques is illustrated in figure 2.3-3.

N

GAMRY
Potentiostat I\ -
KCl electrode

4T (Reference)

Graphiterod 1%
(Counter Electrode)

Coating/salt water

I )iconncction

4 ]

[

Al plate
(Working Electrode)

Figure 2.3-3: Schematic setup for electrochemical corrosion tests
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2.3.7.1 Direct Current Polarization (DCP)

DCP was carried out to evaluate the corrosion resistance and corrosion rate of all
coatings. Tafel plots were generated by applying a current potential from -0.3 V to +0.3

V at a scan rate of 2 mV/s. An example of the Tafel plot can be observed in figure 2.3-4.
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Figure 2.3-4: Typical Tafel plot

2.3.7.2 Electrochemical Impedance Spectroscopy (ELS)

EIS evaluated the barrier properties and corrosion performance of the coatings.
Potentiostatic curves were obtained over a frequency range from 10° to 10 Hz with AC
voltage amplitude at +10 V. This method generated a Nyquist plot (figure 2.3-5) showing

imaginary impedance versus real impedance as a function of frequency. Another
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representation of this plot is the Bode plot (figure 2.3-6), which presents impedance

versus frequency.
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Figure 2.3-5: Typical Nyquist Plot

Coating

.y Resistance

o~
£
()

L ]
@
E

|

)

N Solution
. Resistance
(=]

-

Log Frequency (Hz)

Figure 2.3-6: Typical Bode Plot
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Chapter 3: Results and Discussion

3.1 Structural Characterization

3.1.1 FTIR analysis of monomers

Figure 3.1-1(a-c) shows the IR spectra of PTHF, glycerin and MDI. The reactive
hydroxyl groups (~OH) in the PTHF and glycerin spectra (figures 3.1-1a and 3.1-1b) are
observed as broad vibrations at 3453 cm™ and 3457 cm’, respectively. In the PTHF
spectrum, CH, and CH groups can be observed at 2797 cm™, 2861 cm™ and 2941 cm™.
Additionally, the sharp peak at 1113 cm™ represents the C-O ether stretch. In the glycerin
spectrum, similar peaks were observed. The hydrocarbon groups were present at 2881
cm’ and 2936 cm’', and the ether stretch was present at 1043 cm™. In the MDI spectrum
(figure 3.1-1c¢), the highly reactive isocyanate group (—-NCO) can be observed at 2281 cm’

'. At low wavenumbers, the multitude of peaks were attributed to hydrocarbon bonds.

3.1.2 FTIR analysis of neat polyurethane

Figure 3.1-2 shows the IR spectrum of neat PU. It is observed that isocyanate and
hydroxyl groups were not present in the spectrum demonstrating that all monomers had
fully reacted during polymerization/curing. In turn, new peaks appeared at 1223 cm,
1730 em™ and 3309 c¢cm’, which are attributed to C-O, C=0 and N-H stretches,
confirming the formation of urethane groups. The set of three peaks situated around the
2800 cm’ region are attributed to CH, and CH bonds from the PTHF monomer.

Additionally, the sharp peak at 1111 cm™ is from the PTHF’s ether stretch. A minor peak
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can be observed around 1644 cm™, which is attributed to C=O stretching from urea. The
formation of urea was due to some absorbed moisture in the reaction mixture and during
the curing process.

Further assigned characteristic peaks of neat PU are reported in Table 3.1-1 and
were confirmed with those reported by Hiltz and Szabo [87]. Additionally, the stretching
of bonds at wavenumbers reported between 1072 cm™ and 1538 cm™ can be viewed in

figure 3.1-3, to reduce any confusion associated with peak description.

Table 3.1-1: Assigned characteristic peaks for neat PU

Wavenumber (cm'l) Characteristic Peak
1072
111 C-O ether stretch
1223 C-O urethane stretch
1310 C-N aromatic secondary amine
1538 N-H bend and C=0 stretch
1597 C=C aromatic ring stretch
1708 _
1730 C=0 stretch
2796
2858 C-H and CH, stretch
2941
3309 N-H stretch
1072 cm!
/e[ \/vjlo PNH 7 NH ~0° oa/
1111 cm-! i 1538 cm-! 131001111 1223 em?  OR m

Figure 3.1-3: Labeled urethane bonds with their correlating wavenumbers
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3.1.2.1 Analysis of crosslinking

The concentration of glycerin was varied to study the effect of crosslinking
on the chemical structure of PU. Figures 3.1-4 and 3.1-5 show the IR spectra of PU
crosslinked with 3 mmol, 6 mmol and 10 mmol of glycerin at low and high
wavenumbers. As previously mentioned in the experimental section, the neat PU
was crosslinked with 6 mmol of glycerin. It was observed in the spectra that peaks
became more pronounced at 1072 cm™, 1710 cm™ and 3309 cm™. The area under
the 1072 cm™ peak was divided by the area under the 1111 cm™ peak to show that
MDI and glycerin reacted as PTHF concentration was reduced (figure 3.1-6). The
area of the 1710 cm” peak was divided by the area of the 1730 cm™ peak to
observe hard segment ratio at varied glycerin concentration (figure 3.1-7). Area
under the 3309 cm™ was calibrated with their respective spectrum’s 1597 cm’

C=C peak (figure 3.1-8) as expressed in the equation 5.

A3309

Area under peak =

()

A1597

The 1072 cm™ peak is characteristic of the C-O stretch from the
hard/crosslinking segment of the polyurethane (composed of glycerin and MDI).
As glycerin concentration increased, the ratio of 1072 cm™ to 1111 cm™ peak
increased (figure 3.1-6). This can be due to (1) decreased PTHF concentration in

the PU and (2) addition of crosslinks in the system as each functionality of glycerin
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reacted with isocyanate groups. This trend was also observed in the 1710 cm™ to
1730 cm™ peak (figure 3.1-7) in which hydrogen-bonded carbonyl groups was
greatest at higher glycerin concentration, indicating increased hard segment
content. Finally, the area under the 3309 cm™ peak (figure 3.1-8) showed that
greater amounts of glycerin led to the formation of more N-H bonds. For all
spectrums, no -OH groups were present around the 3400 cm™ region. This
demonstrated that all monomers reacted to completion and that crosslinking was
present in the system as the hydroxyl groups belonging to glycerin were all

reacted.

3.1.3 FTIR analysis of C30B

Figure 3.1-9 shows the spectrum of Cloisite 30B clay. At low wavenumbers of
460 cm™ and 520 cm™', peaks arise due to inorganic moieties within the clay such as Mg-
O bonds. Peaks observed at 919 cm™, 1043 cm™ and 3626 cm™ are designated to Al-OH-
Al deformation, Si-O-Si stretch and silicate O-H stretch, respectively. While peaks at

1469 cm'l, 2851 cm™ and 2923 ¢cm’! pertain to CH, stretches from the organic modifier.

3.1.4 FTIR analysis of polyurethane-clay nanocomposites

IR spectra of PU nanocomposites are observed in figure 3.1-10. Incorporation of
clay at concentrations between 2 wt% and 10 wt% led to the appearance of the silicate
peak at 461 cm™. The increase in this peak’s intensity can also be observed in figure 3.1-

11. However, even with the addition of clay, characteristic polyurethane peaks can still
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observed around the 1223 cm™, 1730 cm™ and 3300 cm™' regions confirming that clay did
not obstruct the formation of polyurethane.

Since clay platelets have the ability to physically interact with urethane groups, the
extent of hydrogen bonding within the system was studied. To do so, ratio of the area
under the 1709 cm™ and 1730 cm™ peaks (figure 3.1-12) correlating to hydrogen bonded
carbonyl and free carbonyl groups, respectively, were calculated. As shown in Table 3.1-
2, hydrogen bonding increased up to 0.5 wt% clay. Beyond this concentration, hydrogen
interactions decreased. The degree of clay dispersion could be a source for this behavior
such that clay layers tending toward intercalation or agglomeration have decreased

surface area and therefore result in fewer interactions with urethane linkages.

Table 3.1-2: Effect of clay concentration on hydrogen bonding

Sample Ai710/A1730
Neat PU 0.68
PU-C025 0.76
PU-C05 0.86

PU-C1 0.80

PU-C2 0.71

PU-CS 0.71
PU-C10 0.73

3.1.5 Clay dispersion

The spacing between silicate layers within the nanocomposites were studied by
using XRD. Figure 3.1-13 shows the XRD pattern of C30B clay. A strong peak was
observed at peak at 20=4.78+0.03° (d-spacing of 18.46+0.1A) which coincides with

values reported by others [88]. XRD patterns of neat PU and PU nanocomposites are
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shown in figures 3.1-14 and 3.1-15. No peaks were observed in the PU nanocomposites
containing 0.25 wt%, 0.5 wt% and 1 wt% clay (figure 3.1-14(b-d)). This demonstrated
that ordered arrangement of the clay layers was completely lost and clay platelets were
exfoliated. Additionally, exfoliated clay structure indicated that silicate layers were well
dispersed within the PU matrix.

PU nanocomposites containing 2 wt%, 5 wt% and 10 wt% clay (figure 3.1-15(a-
c)) show weak, broad peaks at 20=4.55+0.07° (d-spacing of 19.4+0.3A), 20=4.46+0.08°
(d-spacing of 19.8+0.4A) and 20=4.86+0.03° (d-spacing of 18.1+0.2A), respectively. At
2 wt% and 5 wt% clay, the clay gallery spacing increased in comparison to C30B
indicating that PU chains had penetrated clay layers resulting in intercalated clay
morphology. It was also observed that the intensities of the peaks in the nanocomposites
decreased in comparison to C30B, which indicates that some parts of the nanocomposites
are partially exfoliated. At 10 wt% clay loading, the d-spacing slightly decreased below
the d-spacing of C30B clay indicating the nanocomposite may be agglomerated. It is
assumed that aggregated clay has smaller gallery spacing due to platelets stacking closer
together, which would result in an upward shift in 20. This inability of the silicate layers
to be properly dispersed in the PU matrix is hypothesized to be a consequence of too
much clay being present in the system such that the free volume is significantly reduced
[89]. Since well-dispersed clay often produce nanocomposites with enhanced properties,
it can be said that the optimal clay concentration in the crosslinked PU system should be

at or below 1 wt%.
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3.1.6 Morphology

The cross-sectional morphology of the nanocomposites was also explored for all
specimens as it provides information concerning the interior surface, existence of voids,
et cetera [90]. In the SEM micrograph of C30B powder shown in figure 3.1-16(a-b),
aggregates were dominant in the sample as clay existed in its conventional form. Rough
and layered-like structures were observed in the aggregates. The average width of larger
clay particles were measured to be 72 pum. The morphologies of neat PU and PU
nanocomposites are observed in figures 3.1-17 through 3.1-23. For the neat PU, PU-
C025, PU-C05 and PU-C1 specimens, a smooth cross-sectional morphology was
observed demonstrating homogeneity in their physical structure. As clay concentration
increased to 2 wt%, the morphology showed slight fibrous-like structures (figure 3.1-
21a). Intercalation of clay may have led to this behavior. Additionally, this indicates the
presence of phase separation taking place within the nanocomposite. Similar morphology
was observed for nanocomposites at 5 wt% and 10 wt% loading (figures 3.1-22a and 3.1-
23a), however, more voids were present in these specimens. Measurement of these pore-
like spaces showed an average perimeter of 3+2 pum for the 5 wt% clay nanocomposite
and 5+3 um for the 10 wt% clay nanocomposite. This showed that high amounts of clay
facilitated phase separation behavior as a result of aggregation within the matrix. At
higher magnifications of the 5 wt% clay nanocomposite (figure 3.1-22b) more voids were
present within a void demonstrating that intercalation/aggregation was present throughout
the matrix. In the 10 wt% nanocomposite (figure 3.1-23b), clay aggregates saturated the

matrix such that morphology was visibly layered and rough.
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3.1.7 Surface properties

The Wilhelmy plate technique measures contact angle indirectly by detecting the
change in weight as the specimen is immersed then withdrawn in a test liquid [86]. In
relation to the drop-method, which only measures the surface, the plate method takes into
account the cross-section in order to achieve a more accurate contact angle measurement
that reflects the properties of the entire sample [91].

Table 3.1-3 shows the contact angles of neat PU and PU nanocomposites
measured with water. It is observed that the contact angles increased as clay
concentration in the nanocomposites was increased. This shows that hydrophobicity was
significantly enhanced upon clay addition. It is hypothesized that increase in
hydrophobicity (especially at concentrations between 2 wt% and 10 wt% clay) could be

due to the rough matrix induced by clay particles, as previously observed in SEM.

Table 3.1-3: Measured contact angles of neat PU and PU nanocomposites

Sample Contact Angle-Water (°)
Neat PU 37.7+0.5
PU-C025 47.6 £0.5
PU-CO05 58.1+£0.5

PU-C1 66.3+0.5

PU-C2 71.9+0.5

PU-CS 72.3+£0.5
PU-C10 753+ 0.5

The surface energies of neat PU and PU nanocomposites are shown in figure 3.1-
24. It is observed that surface energy decreased as clay concentration increased. This

indicated that the nanocomposites wettability in water was reduced. Because the filler is
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organophilic, this shows that the bulk properties of nanocomposites are slowly being

dominated by the chemical nature of the clay.

3.2 Rheological Properties

Understanding the flow of polymer solutions is critical during processing where a
lower viscous solution is easier to process in comparison to a solution with higher
viscosity. In this section, the effect of clay and change in temperature will be studied to

observe how these variables affect the rheology of polymers.

3.2.1 Effect of clay

The viscosities of neat PU and PU nanocomposites at 25°C are shown in figure
3.2-1. It 1s observed that clay reduced the overall viscosity of the neat PU as shear rate
increased. This behavior can be explained by clay platelets interfering with
polymerization leading to lower molecular weight polymer chains being formed, prior to
curing. Since viscosity is dependent on the concentration and size of the polymer, a lower
molecular weight polymer would be less effective in increasing the viscosity of the
polymer solution than a higher molecular weight polymer, therefore solution viscosity
will be lower. Additionally, the neat PU showed shear thinning-like behavior, which
could be attributed to the low concentration of PU prepared in DMF solvent during
polymerization. Shear-thinning behavior was also slightly observed in the PU-C025, PU-

Cl1, PU-CS5 and PU-C10 solutions. For coating applications, shear thinning behavior is
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desired as it allows good spreadability and reduces the risk of aggregate formation during

processing.

3.2.2 Effect of temperature

The viscosities of neat PU and PU nanocomposites as a function of temperature
are shown in figures 3.2-2 to 3.2-8. For the neat PU (figure 3.2-2), increasing the
temperature to 40°C resulted in overall reduction in viscosity and the appearance of a
more prominent shear thinning behavior followed by a plateau in viscosity. Further
increase in temperature to 70°C led to a similar behavior. As shown in the rheological
data for PU-C025 (figure 3.2-3), shear thinning was also observed as temperature was
increased, at low shear rates. At higher shear rates, slight perturbations in viscosity can be
observed. This indicated that slight shear thickening behavior maybe occurring. At
increased clay concentrations, more fluctuations can be observed at higher shear rates.
The slight increases in viscosities could be a direct effect of clay-urethane interactions
where strong interactions would impose restrictions to chain motion and therefore thicken
the solution. In the 10 wt% clay nanocomposite solution (figure 3.2-8), it is observed that
at 70°C, the overall viscosity was greater than the viscosity at 60°C. This unique behavior
was attributed to clay agglomeration, which would lead to increased viscosity [92]. It was
noticed that for all polymer solutions, as temperature increased the surface of the polymer
began to form a gel-like film. This observation may have been an indication that high
temperatures induced crosslinking reactions to take place within the PU system.

Additionally for the PU nanocomposites, this behavior could also be due to interfacial
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interactions between clay and urethane groups through means of physical or chemical
crosslinking.

The energy required for viscous flow of polymer solutions was acquired through
the Arrhenius equation (equation 6), which describes how viscosity varies with

temperature at a constant shear rate [93].
Ea
N = AeRT (6)

The variables, n, A, Ea, R and T represent the viscosity of solution, Arrhenius constant,
activation energy, universal gas constant and temperature, respectively. Linearization of
this equation can be achieved by taking the natural log of both sides, as presented in

equation 7 [93].
1 == +1InA 7
i RT 1 7)

By plotting Ln n versus 1/T (figure 3.2-9), the activation energy can be attained by
multiplying the slope with the gas constant.

Table 3.2-1 reports the calculated activation energies of neat PU and PU
nanocomposites at constant spindle speeds of 10 rpm, 30 rpm, 50 rpm and 100 rpm. It
was demonstrated that at low spindle speeds of 10 rpm and 30 rpm, PU-C1 experienced
the highest activation energy. At higher spindle speeds of 50 rpm and 100 rpm, the PU-
C2 nanocomposite exhibited the greatest activation energy. Since activation energy is

dependent on the rate at which viscosity decreases as a function of increasing
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temperature, it can be assumed that the 1 wt% clay nanocomposite exhibited the greatest
thermal sensitivity at lower spindle speeds whereas the 2 wt% nanocomposite exhibited
the highest thermal sensitivity at higher spindle speeds. This unique phenomenon is
assumed to be due to deformation of clay-urethane bonds in the nanocomposite systems
as temperature is increased. Such deformation includes the shear force aligning the clay
layers into the direction of motion, which would result in greater reduction in viscosity.
The PU-C10 nanocomposite has the lowest activation energy for all spindle speeds. The
reasoning behind this could be due to the applied shear force being unable to break apart
clay agglomerates and therefore viscosity would slightly increase or maintain relatively

constant.

Table: 3.2-1: Activation Energies (in KJ/mol) at varied spindle speeds

Sample 10 RPM 30 RPM 50 RPM 100 RPM
Neat PU 14.0 15.7 15.8 15.9
PU-C025 19.9 18.3 16.8 16.2
PU-CO05 26.0 18.5 18.0 18.3
PU-C1 26.4 27.6 222 21.0
PU-C2 21.2 27.5 26.5 22.7
PU-C5 18.9 17.5 10.9 15.8
PU-C10 8.30 11.0 8.90 8.80

3.3 Dynamic Mechanical Properties

Dynamic mechanical spectroscopy (DMS) provides information on the dynamic
mechanical properties of polymers undergoing sinusoidal deformation as a function of
temperature [94, 95]. This technique was used to understand the influences of filler

content on the structural and thermo-mechanical behavior of crosslinked PU.
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3.3.1 Presence of crosslinks in neat polyurethane

To demonstrate that crosslinking in the neat PU system was formed, DMS was
performed on both the neat PU system and a linear PU system that was composed of
PTHF, MDI and 1,4-butanediol as the short-diol chain extender. The synthesis of the
linear system was carried out in the same manner as the crosslinked system to reduce any
disparity. The storage moduli and tan 6 curves of crosslinked and linear PU are shown in
figures 3.3-1 and 3.3-2, respectively. The crosslinked neat PU exhibited a higher rubbery
plateau modulus than the linear PU, indicating greater elasticity within the system.
Generally, the rubbery plateau modulus increases as restrictions to motion are imposed
by the crosslink networks.. The tan 6 plot for the crosslinked PU showed a lower peak
height than the linear PU, which is indicative of a lower damping ability due to
constraints to chain mobility. From the tan 6 versus temperature plots, it was shown that
the glass-transition temperature (T,) of crosslinked PU is -43°C and that for the linear PU
1s -53°C. This observed disparity in T, is in agreement with data reported by Chiou ef al.
[34] in which the authors demonstrated that increasing crosslink density directly

increased T, due to greater restrictions in molecular motion of the polymer.

3.3.2 Effect of clay on storage modulus

The storage modulus of neat PU and PU nanocomposites are shown in figure 3.3-
3. The glassy region storage modulus (Eg) is indicative of the rigidity of a material below
T,. The change in Eg as a function of clay concentration is shown in figure 3.3-4. As

observed, Eg sharply increased once 0.25 wt% clay was introduced to the PU. At higher
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concentrations of clay, the modulus continued to increase until reaching a plateau at 5
wt% clay. The enhancement in modulus is attributed to good interfacial interactions
existing between clay and urethane groups by means of hydrogen bonding. This physical
interaction can alter chain mobility and enhance overall stiffness of the nanocomposite
substantially. After adding 10 wt% of clay to the matrix, a slight decrease in Eg was
observed. This behavior can be a result of clay being unable to properly disperse
throughout the matrix and agglomerating as a consequence. Agglomeration would negate
the properties of the polymer that can be attained because this would lead to formation of
a microcomposite system. Additionally, lack of proper dispersion would lead to reduced
contact between the clay and urethane groups, and therefore reduced hydrogen bonding
in the system, as previously calculated in Table 3.1-2.

The glass-transition region lies between the glassy region and rubbery plateau
region of the storage modulus. Nanocomposites containing between 0.25 wt% to 1 wt%
clay showed a narrow transition similar to what was observed in neat PU. This suggested
that a homogenous matrix was achieved due to clay layers being fully exfoliated and
uniformly distributed. Additionally, this concurs with the phase morphology observed in
cross-sectional SEM images such that a smooth matrix with little to none clay aggregates
or voids were present. Between 2 wt% and 10 wt% clay loading, a broad transition was
observed indicating that a heterogeneous matrix resulted, which also correlated with SEM
results. It is assumed that high concentrations of rigid clay may facilitate micro-phase
separation by means of increasing the hard segment content in the PU. The disparity in

soft and hard segment content can arise from C30B’s organic surfactant modifiers having
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the ability to chemically and physically interact with isocyanate and urethane groups,
respectively. Also, clay aggregation may play a role such as causing a disturbance in the
PU chains during curing.

The rubbery plateau modulus (Er) characterizes the elasticity of polymers. The
change in Ez as a function of clay concentration can be observed in figure 3.3-5.
Increases in this modulus can be affected by the rigidness of silicate layers restricting
chain motion and physical crosslinking present between the filler and matrix. To

determine the enhancement in modulus (E;), equation 8 was used:
E
f
Es = — 8
b= ®

Where E¢ is the modulus of the filled polyurethane and E,, is the modulus of the neat
polyurethane. In figure 3.3-6, the change in Es as a function of clay volume fraction is
shown. By taking the tangent of E; at low and high clay concentrations, the percolation
threshold was determined to be at 0.65 vol% (or 1.2 wt%). Below this threshold, Eg
increased significantly as a result of good interfacial interactions existing between the
two components. Optimum value of elasticity was reached at 1 wt% clay loading.
Surpassing this limit led to slower modulus increase, which suggests that a jammed
system was present [96, 97].

Additionally, the experimental modulus was compared to the Halpin-Tsai (H-T)

model, which is based on the assumption that the silicate platelets are completely

35



exfoliated. To calculate values for this theoretical model, a modified H-T equation

(equations 9-11) was used to compensate for geometry of clay [98].

Ec = En[(1 +Sndp)/(1 —nep)] 9)

n = [((Ef/Em) — 1)/((Ef/Em) + §)] (10)
[

£=2[ n

Where E., E,, and Efare the composite modulus, matrix modulus and filler modulus,
respectively, @y is the volume fraction of the clay filler and [1/t] is the aspect ratio of the
filler (in this case ~100) [98]. Figure 3.3-7 shows the experimental composite modulus
calculated Halpin-Tsai composite modulus. At low volume fractions of clay, the model
predicted values that fit to those of the experimental, however at higher volume fractions
(®¢> 1), the model began to deviate significantly. This demonstrates that at clay loading
between 0.25 wt% and 1 wt%, the clay platelets were highly oriented and achieved better
dispersion [96]. This would support the results observed in XRD such that no peaks were
observed in their diffractograms. At higher concentrations it is suspected that clay

platelets were non-exfoliated aggregates and filler-filler interactions existed as a result.

3.3.2 Effect of clay on tan o

Figure 3.3-8 shows the temperature-dependent tan 6 peaks for alpha transition of
the neat PU and PU nanocomposites. Between 0.25 wt% and 1 wt% clay, a narrow peak

possessing one T, (denoted as T,;) was observed. This is synonymous with their
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corresponding glass-transition regions observed in the storage modulus versus
temperature curves. Exceeding 1 wt% clay led to further tan & peak broadening and the
appearance of a second T, (denoted as T, ,). The nanocomposites’ T, values are presented
in figure 3.3-9. The neat PU has a single T, at -39°C. As clay content increased, a shift
in T, to lower temperatures was observed. This phenomenon could be attributed to clay
limiting the curing process of the nanocomposites, which may result in lower amounts of
chemical networks being formed in the matrix [99]. In nanocomposites with 2 wt% to 10
wt% clay, a second T, was observed (T,,), which shifted to higher temperatures as clay
concentration increased. It is believed that in these nanocomposites, the hard segment
present in the PU was increased and required higher temperatures to initiate chain
motion.

Furthermore, damping properties of the neat PU and PU nanocomposites were
obtained by measuring the area under the tan & curve. Damping is associated with the
ability of a material to dissipate energy upon deformation. A higher area demonstrates a
higher ability for energy dispersion and vice versa for a smaller area. Figure 3.3-10 shows
the variation of tan 6 peak area with clay concentration. Neat PU exhibited the highest
damping ability and incorporation of clay significantly decreased damping up to 43% as
shown by PU-C10 containing 10 wt% clay. This demonstrated that flexibility of the
chains was reduced and higher degrees of molecular interactions were existent in the

nanocomposites’ matrix.
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3.4 Corrosion Evaluation

3.4.1 Direct Current Polarization

DCP is an effective electrochemical technique used to characterize general
corrosion behavior in coatings. The open current potential, E.,, reflects the potential at
which the rate of cathodic and anodic half-cell reactions are equal and the current density,

Leom 18 directly proportional to corrosion rate.

3.4.1.1 Tafel plots

The polarization curve for bare Al alloy is shown in figure 3.4-1. For coated Al
alloy substrates, Tafel curves generated over the course of 7 days, 14 days, 30 days and
60 days are shown in figures 3.4-2, 3.4-3, 3.4-4, and 3.4-5, respectively. Within 2h of
exposure to salt water, the bare Al alloy was passivated as shown by the sharp increase in
the slope of the anodic arm of the Tafel curve. Passivation behavior occurs when an Al
alloy is in contact with a corrosive environment [100] and generally involves the
substrate forming of an oxide layer on its surface as a defense against further corrosion.
For coated Al alloy, after 7 days immersion (figure 3.4-2), no passivation was observed.
This demonstrated that all coatings provided an immediate protective layer to restrict salt
water from reaching the substrate’s surface. After 30 days of salt water exposure, (figure
3.4-4) passivation of Al alloy coated with neat PU, PU-C2, PU-C5 and PU-CI10,
respectively, was observed. Furthermore after 60 days of salt water exposure, (figure 3.4-

5) no passivation occurred in the substrate coated with PU-C025, PU-C05 and PU-C1,
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respectively. This demonstrated that salt water had not yet permeated through these

coatings.

3.41.2FE,,, andI.,,,

The change in E, over the course of 60 days is shown in figure 3.4-6. After 30
days of exposure, the substrate coated with neat PU, PU-C2, PU-C5 and PU-CI10,
respectively, exhibited much lower E.,, values than the substrate coated with
nanocomposites containing lower concentrations of clay (between 0.25 wt% and 1 wt%).
After 60 days immersion, the E.,, value was greatest in the nanocomposite coating
containing 0.25 wt% clay. The range in E.,,, for all coatings from highest to lowest can be

observed below:

PU-C025 > PU-C1 > PU-CO05 > neat PU > PU-C2 > PU-C10> PU-C5

Generally, higher E.,, values are correlated with better resistance to corrosion [101].
Since the addition of clay at low amounts yielded less negative E.,, values, this
demonstrates that clay was able to form a protective barrier to inhibit redox reactions
from occurring at the Al alloy surface.

The change in I . over the course of 60 days is shown in figure 3.4-7. In the first
2 weeks of exposure, the I, values remained relatively consistent for all coatings,
ranging between 14 nA to 23 nA on day 7, and between 13 nA to 25 nA on Day 14. After
30 days exposure, 1., drastically increased to the pA range for neat PU (2.3 pA), PU-C5

(0.50 pA) and PU-C10 (0.11 pA) coatings. This drastic increase in current density can be
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correlated with the coatings’ resistance to polarization being degraded. As reported in
Table 3.4-1, it is observed on day 30 that the corrosion rate for neat PU, PU-CS5 and PU-
C10 are significantly higher than other coatings. After 60 days salt water immersion, it
was observed that these coating had decreased in corrosion rate, which could be
attributed to the metal’s passive oxide layer suppressing the anodic reaction from
progressing on the surface. The corrosion rate was lowest for the PU-C025, PU-C05 and
PU-CI1 coatings after the 60-day period, which demonstrates that PU with lower clay
concentration had better resistance to corrosion. This could be due to the exfoliated clay
being able to form a better protective barrier within the PU system.

Table 3.4-1: Corrosion rate of all coatings over a 60-day salt water exposure period
Time Neat PU PU-C025 PU-C05 PU-C1 PU-C2 PU-C5 PU-C10

(Days) Corrosion Rate (x 10~ mils per year)
7 2.2 2.5 3.6 2.5 2.7 2.5 3.4
14 1.9 33 3.8 2.8 3.0 2.0 34
30 350 3.5 4.7 2.8 2.5 73 16
60 92 3.3 3.6 3.1 8.9 41 47

The polarization resistance (R,) reflects the coatings ability to resist applied
current that induces corrosion. By using taking the slopes of the anodic and cathodic
arms, and extrapolating i, from the Tafel curve, R, can be calculated using the Stern-

Geary equation (equation 12) [102].

BaBe ( 1 ) (12)

R, = 2.303
P Ba + Be

lCOTT‘
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The calculated values of R, for neat PU and PU nanocomposites are reported in
Table 3.4-2. The R, values of the substrates coated with neat PU, PU-C5 and PU-C10
decreased significantly after 30 days immersion in salt water. This demonstrates that the
electrical resistivity in these coatings was decreased. The substrate coated with PU-C025,
PU-C05, PU-C1 and PU-C2, respectively, displayed high R, values that maintained
relatively in the same magnitude after 30 days exposure. After 60 days exposure, the R,
of the substrate coated with PU-C2 decreased significantly while the R;, of other coatings
did not budge. A higher R, is indicative of greater resistance to corrosion, whereas a

lower value indicates poor resistance to corrosion.

Table 3.4-2: Polarization resistance of neat PU and PU nanocomposites over a 60-day

period
Time NeatPU PU-C025 PU-C05 PU-C1 PU-C2 PU-CS5 PU-C10
(Days) Polarization Resistance (><107 ohms)
7 8.9 8.0 1.4 4.5 6.3 7.3 4.4
14 11 6.0 1.5 4.0 5.6 7.9 4.7
30 0.020 4.6 1.4 3.9 1.2 0.051 0.16
60 0.026 5.0 1.1 2.5 0.31 0.068 0.052

3.4.2 Electrochemical Impedance Spectroscopy

EIS was used to evaluate the barrier properties and corrosion performance of all
coatings. Unlike DCP tests, EIS is a non-destructive method that characterizes the

changes in coating behavior after being exposed to a corrosive environment.

3.4.2.1 Nyquist and Bode plots

The Nyquist plot of bare Al alloy is shown in figure 3.4-8. For all coated

substrates, the Nyquist plots after salt water exposure for 7 days, 14 days, 30 days and 60
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days are shown in figures 3.4-9(a-b), 3.4-10(a-c), 3.4-11(a-b) and 3.4-12(a-b),
respectively. The Nyquist plot allows for a single impedance value to be obtained at a
specified frequency. Impedance can also be correlated to a coating’s ability to resist
polarization.

From high to low frequencies two semi-circles were observed in the bare Al
substrate (figure 3.4-8) after exposure to saltwater for less than 2h. The latter semi-circle
demonstrated that corrosion has commenced on the surface of the metal. For neat PU and
PU nanocomposite coatings, one time-constant was observed in their Nyquist plot after 7
days immersion in saltwater (figure 3.4-9). A single time constant depicts that salt water
had interacted with the coating and begun to alter the coating’s dielectric properties
[103]. The equivalent circuit used to fit a one-time constant Nyquist plot is shown in
figure 3.4-13 where R is the resistance of the NaCl solution, C. is the coating
capacitance, R is the charge transfer resistance (or polarization resistance) and Wy is the

bounded Warburg diffusion.

Rs

— A\ —e
— AAN— Ws

Ret

Figure 3.4-13: Equivalent circuit for coating with one-time constant
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A complete second semicircle, indicative of a two-time constant, was observed for neat
PU and PU-C5 after 14 days exposure (figure 3.4-10), indicating the coating has been
damaged. The curve showing two-time constants was fitted using the equivalent circuit
shown in figure 3.4-14, where Ry, is the pore resistance and Cy is the double-layer

capacitance.

Figure 3.9-8: Equivalent circuit for coating with two time-constants

Additionally, failure of the PU-C5 coating showed a minor inductive loop appearing at
low frequency. The inductive loop is due to adsorption of intermediate products in the
corrosion reaction [104]. After 30 days (figure 3.4-11), the PU-C10 coating failed,
however a significant increase in the impedance was observed after corrosion had
initiated. It is hypothesized that this behavior is attributed to the surface of the Al
substrate being altered to defend itself against corrosion. Further exposure to salt water
for 60 days (figure 3.4-12) led to the PU-C025, PU-C05 and PU-C1 coatings maintaining

a one-time constant with slight decrease in impedance.
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The Bode plots of bare Al alloy, neat PU and PU nanocomposites can be observed
in figures 3.4-15 through 3.4-22. In comparison to the Nyquist plot, Bode plots show the
change in impedance as frequency is increased. At very high frequencies, the solution
resistance is present, however this is not observed since the instrument is unable to go
above 10° Hz. Fortunately, solution resistance only measures the salt water’s resistance,
which can be ignored in this case. Two dips in impedance was observed in the bare Al
alloy Bode plot (figure 3.4-15), which shows that corrosion has commenced. In reference
with the Nyquist plot, the first dip in impedance corresponds to the first-semi-circle
showing coating resistance and the second dip is the second semi-circle indicative of
corrosion.

The Bode plot of neat PU (figure 3.4-16) showed that after corroding on day 14,
continued immersion in salt water decreased the impedance even further. This trend was
also true for the PU-CS5 (figure 3.4-21) coating, which failed on days 14. The PU-CI10
(figure 3.4-22) coating showed an increased after corrosion initiated on day 30, which
can be attributed to a thicker oxide layer being formed on the Al surface therefore
providing a more defensive barrier to corrosion. It was interesting to observe that
coatings possessing high quantities of clay failed within a month of immersion. Since the
clay was unable to properly disperse and form a homogenous matrix, this showed that the
barrier properties in these nanocomposites were not optimized. From SEM images, it was
observed that greater quantities of voids were present in the PU-C5 and PU-CI0
nanocomposites. Because of this morphology, it is assumed that corrosive ions and water

were able diffuse through the coating more easily and reach the substrate at a faster rate.
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After 60 days immersion in salt water, the PU-C025 (figure 3.4-17), PU-CO05
(figure 3.4-18) and PU-CI1 (figure 3.4-19) coatings did not show signs of corrosion. As
time elapsed, the impedance values were only slightly decreased, but still remained above
10° ohm. Prior researchers have stated that coatings possessing impedance below 10° are
shown to have poor corrosion protection [105, 106]. This significant enhancement in the
PU barrier properties is likely a result of the exfoliated clay being able to form a tortuous
pathway in the matrix to suppress the diffusion of water and oxygen to the metallic
surface. From these results, it can be said that low clay concentrations are optimal for

crosslinked PU to possess better barrier properties.

3.4.2.2 Coating lifetime

Accelerated lifetime prediction of coatings is critical in evaluating how long a
coating will last prior to failure. The lifespan can be estimated by correlating the change
in coating resistance overtime until failure. Figure 3.4-23 shows the change in initial
impedance as a function of immersion time. The plot was fitted with a straight line
indicating that coating failure for the neat PU, PU with low clay concentration and PU
with high clay concentration all followed a first order decay. The proposed equation to

predict time until failure is expressed in equation 13 [107].

trqi =0 [In| ———— 13
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Where Z, is the impedance of the fresh coating, Zg; is the impedance at which the
coating fails (in this case at 20 kohm), Z,, is the impedance of bare Al (1 kohm) and 0
represents the decay constant. The decay constant was determined by taking the inverse
of the slope obtained in the In Z; versus time plot, where Z,; is the impedance at time “t”.
Predicted lifetime of neat PU and PU nanocomposite coatings are shown in figure
3.4-24. The neat system was estimated to last less than a year in a corrosive environment
followed by the PU-C10, PU-C5 and PU-C2 coatings with estimated lifespans of 0.5
years, 0.6 years and 0.8 years, respectively. At 1 wt% clay loading, the coating was
approximated to last for 3 years, however optimization of PU with 0.25 wt% and 0.5 wt%

clay significantly improved predicted coating lifetime up to 6-7.5 years.

46



Chapter 4: Conclusion

A series of crosslinked PU-clay nanocomposites were synthesized via in-situ
polymerization, characterized and evaluated as a corrosion protective coating. FTIR
analysis confirmed that urethane groups were formed in the prepared systems. Addition
of clay reduced the viscosity of the PU solution demonstrating improvement in its
processability. XRD analysis demonstrated that nanocomposites prepared with low clay
concentrations between 0.25 wt% and 1 wt% existed with silicate layers that were well
dispersed and exfoliated. Exceeding 1 wt% clay concentration led to silicate layers
becoming intercalated and agglomerated as free volume within the matrix was reduced.
SEM images of these nanocomposites revealed that clay lacking proper dispersion
facilitated phase separation behavior to occur in the matrix leading to the formation of
voids.

DMS analysis established that a crosslinked neat PU system was obtained through
increase in rubbery plateau modulus, decrease in tan & peak and shift to higher T,, when
compared to a linear PU system. Upon addition of clay, an increase in storage modulus
was observed, which can be attributed to the rigidness of the filler and physical
interactions occurring between the clay and wurethane groups. Additionally,
nanocomposites possessing mediocre- to poorly- dispersed platelets caused possible
formation of phase-separated microcomposites to occur due to increase in hard segment

content.
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DCP tests demonstrated that substrates coated with PU-C025, PU-C05 and PU-CI1
specimens outperformed other coatings by achieving the lowest corrosion rates and
delaying any signs of passivation. Prediction of these nanocomposite coatings’ lifespan
through EIS tests showed their life expectancy to last between 3 to 7.5 years, which is a
significant improvement over the lifespan of the neat PU. It can be concluded that the
concentration and dispersion of clay play a major role in improving the barrier properties

required for a coating to have good corrosion protection.
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Chapter 5: Suggestions and Future Work

The focus of this research was based on characterizing a novel crosslinked
polyurethane clay nanocomposite system and testing the material as a potential applicant
in corrosion resistant coatings. Although the goals of this work were achieved, further
work 1s required to expand upon the characterization of this system. Such suggestions
include:

* Application of TEM to observe the morphology of clay platelets.

* Utilization of AFM to study the surface of the neat PU and PU nanocomposite

systems.

Additionally improvements to PU system are needed if it will have potential
applications as a coating. When preparing the coatings, it was noticed that adhesion
between the PU and aluminum alloy was not strong. This could have been due to PU
lacking the proper polarity to bond to metallic substrates. In order to compensate for this,
the PU can be prepared with isocyanate-terminated chains in which moisture can be used
to cure the material onto the substrate. The formation of chemical bonds on the surface of
metal is believed to provide a stronger bond between the two materials. Another
possibility is to form a blend with a highly adhesive polymer such as epoxy.

Along with the topic of corrosion, the area of environmentally friendly coatings
for corrosion protection has been a growing area. This leads to another future work
interest, which involves the preparation of non-isocyanate-based polyurethanes for

anticorrosion applications.
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Figure 3.1-10: FTIR spectra of PU nanocomposites with clay loading at (a) 0.25 wt%,
(b) 0.5 wt%, (c) 1 wt%, (d) 2 wt%, (e) 5 wt% and (f) 10 wt%

— Neat PU
......... PU_COZS
- — —PU-C05
TR = PU-CI
¥ % -2 PLC2

Absorbance (a.u.)

500 480 460 440 420 400

Wavenumber (cm™!)
Figure 3.1-11: Close-up of organic moiety clay peak at 461 cm™

65



Absorbance (a.u.)

.o" -

1750 1740 1730 1720 1710 1700 1690

Wavenumber (cm!)
Figure 3.1-12: Deconvolution of 1730 cm™ (free C=O group) and 1709 cm™ (H-bonded
C=0) peaks

66



Intensity (a.u.)

4.78°

3 4
20 (°)

Figure 3.1-13: Diffractogram of Cloisite 30B clay

67

5

6




(2)
5
g (b)
2
W
S (c)
E
www
2 3 4 5 6 T
20 (°)
Figure 3.1-14: Diffractogram of (a) neat PU, (b) PU-C025, (c) PU-CO05 and (d) PU-C1
4.55°
= 4.46° (a
¢ SV
BN M ASn AV Y \“\MA\V b
= 4.86°
(c)
2 3 4 S 6 7
20 (°)
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Figure 3.1-16: SEM image of C30B powder at (a) 1500x and (b) 20kx
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Figure 3.1-17: Cross-sectional SEM image of neat PU at (a) 1500x and (b) 10kx
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Figure 3.1-18: Cross-sectional SEM images of PU-C025 at (a) 1500x and (b) 10kx
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Figure 3.1-19: Cross-sectional SEM images of PU-CO05 at (a) 1500x and (b) 10kx
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Figure 3.1-20: Cross-sectional SEM images of PU-CI1 at (a) 1500x and (b) 10kx
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Figure 3.1-21: Cross-sectional SEM images of PU-C2 at (a) 1500x and (b) 10kx
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Figure 3.1-22: Cross-sectional SEM images of PU-C5 at (a) 1500x and (b) 20kx
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Figure 3.1-23: Cross-sectional SEM images of PU-C10 at (a) 1500x and (b) 12kx
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Figure 3.2-6: Viscosity of PU-C2 as a function of temperature and shear rate
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Figure 3.2-7: Viscosity of PU-C5 as a function of temperature and shear rate
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synthesized with butanediol (linear)
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Figure 3.3-4: Change in Eg at -90°C as a function of clay concentration
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Figure 3.3-5: Change in Ey at 40°C as a function of clay concentration
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Figure 3.3-7: Comparison of experimental modulus with the Halpin-Tsai model
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Figure 3.3-9: Glass-transition temperatures as a function of clay concentration
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Figure 3.4-2: Tafel polarization curve of neat PU and PU nanocomposites after 7 days

exposure
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Figure 3.4-4 Tafel polarization curve of neat PU and PU nanocomposites after 30 days
exposure

92



0
§ _400 ......... nu:.’:.':.':::::. 7
@ e
w e T R A
~ —Neat PH= =« =235 ‘
g 800 | __ PU-CO25 . _. _—
i - = PU-C05
& PU-CI g T
- epPr-C2 e e .\.:‘}“
— ‘PU-C5 T
-==PU-CI10 ik
-1200

-11  -10 -9 -8 -7 -6 -5 -4
Log Current density (A/cm?)

Figure 3.4-5: Tafel polarization curve of neat PU and PU nanocomposites after 60 days
exposure
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Figure 3.4-9: Nyquist plot of (a) neat PU, PU-C025, PU-C05, PU-C1 (b) PU-C2, PU-C5
and PU-C10 after 7 days exposure to salt water
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Figure 3.4-10: Nyquist plot of (a) neat PU, PU-C025, PU-C05, PU-C1 (b) PU-C2, PU-C5
PU-C10 and (c) close-up of corroded PU-CS5 after 14 days exposure to salt water

98



1.E+08
(2)
‘E 8.E+07
1
e
£ 6.E+07
S g 0 .0 O
e O © 0o
E 4.E+07 o)
3 o)
' o)
2E+07 o
o)
0.E+00 M »
0.E+00 6.E+07 1.E+08 2.E+08
Z,.. (ohm * cm?)
1.E+07
OPU-C025 +PU-CO5 ~PU-C1 XPU-C2 OPU-C10
) (b)
3} '®) O O
a
g
=
)
5
£
|}
0.E+00  2E+06  4E+06  6E+06  8E+06  1E+07

Z, . (ochm * cm?)

Figure 3.4-11: Nyquist plot of (a) corroded PU-C10 close-up and (b) non-corroded PU

nanocomposites after 30 days exposure
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Figure 3.4-12: Nyquist plot of (a) non-corroded PU nanocomposites and (b) close-up of
corroded PU-C2 after 60 days exposure to salt water

100



4
Bare Al
&
E 3
W
£
S 2
E o=
g 1
.|
0 .
-2 0 2 4 6
Log Frequency (Hz)
Figure 3.4-15: Bode plot of bare aluminum alloy
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Figure 3.4-16: Bode plot of PU containing 0 wt% clay over 60-day exposure to salt water
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Figure 3.4-17: Bode plot of PU containing 0.25 wt% clay over 60-day exposure to salt
water
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Figure 3.4-18: Bode plot of PU containing 0.5 wt% clay over 60-day exposure to salt
water
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Figure 3.4-19: Bode plot of PU containing 1 wt% clay over 60-day exposure to salt water
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Figure 3.4-20: Bode plot of PU containing 2 wt% clay over 60-day exposure to salt water
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Figure 3.4-21: Bode plot of PU containing 5 wt% clay over 60-day exposure to salt water
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Figure 3.4-22: Bode plot of PU containing 10 wt% clay over 60-day exposure to salt

water
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Figure 3.4-23: Change in initial impedance as exposure time is increased
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Figure 3.4-24: Predicted coating lifetime of neat PU and PU nanocomposites
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