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ABSTRACT

The purpose of this investigation is to verify that
frequency dependent electromagnetic sensing is capable of
monitoring the advancement of the cure process of a polymer
coating. N

The first part of this study reviews the chemistry of the
epoxy-polyamide coating. The major reactions which occur
during cure along with the effects and purposes of the
pigments and solvents present are addressed.

The second part of this study is concerned with the
interpretation of the dielectric data. The theory of
dielectrics is reviewed and the instrumentation used for
making impedance measurements is described. The ability of
the sensing technique to detect the effects of temperature and
humidity on the rate and extent of cure is presented. The
effect of-time to recoat is examined for both the Seaguard and
Devoe coating systems.

The objective of this thesis is to explain the chemistry
behind a polymer coating system and to provide the reader with
an understanding of frequency dependent impedance measurements
and their uses in monitoring the cure of polymer coatings.

vi



DIELECTRIC MONITORING OF ENVIRONMENTAL EFFECTS ON

THE CURE OF EPOXY-POLYAMIDE COATINGS



Chapter I

The Chemistry and Cure Properties of a Marine Coating

This section examines the chemistry and cure properties
" of a two component epoxy-polyamide coating designed to protect
surfaces from environmental attéck. The system consists of
three layers, a primer, a midcoat and a topcoat, referred to
as Seaguard 150, 151 and 152 respectively. Epoxy-polyamide
coatings are epoxy resin baséed binders with polyamide curing
agents and provide unique properties to the coating system.
The varying amounts of resin, curing agent and solvents along
with different types of pigments impart the desired properties

necessary for each coating to perform its desired function.

EPOXY RESINS

Epoxy resins are widely used in the paint industry for
a number of reasons. The chemical structure of epoxies give
high chemical resistance against a wide range of severe
corrosive conditions. These properties are derived from the

aromatic nature of the backbone and good chemical stability
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of the phenolic ether linkage. The epoxide rings and hydroxyl
groups make the resin a polar one and ensure good adhesion to
polar or metallic surfaces’.

By far the most important class of epoxy resins is that
based on the reaction between diphenylol propane(DPP), also

called Bisphenol A, and epichlorohydrin(ECH) in the presence

of alkali(Figure 1.1).

o CH,
/7N I
9C1 CH, CH CH, + HO ? OH
CH,
op
Cl CH, cn—cm—o—@—c—@—o—cm—cri —CH,CI + 2NaOH _
CH,

O

3
29\ | AN
CH,—CH—CH,—O—@—?—@’—O—CH,—-CH —CH, + 2Na(l + H,O
CH,

Figure 1.1
The basic reaction is formation under alkaline conditions of
a chlorhydrin ether of DPP, followed by dehydrochlorination
of the chlorhydrin group by alkali to form an epoxy group,
thus giving the diglycidyl ether of DPP; higher DPP ratios
give higher molecular weight polymers. Commercial grades of

resin can be represented by the following formula':

CH,
CH, —CH—CH —O—-@— —@—O CH,—CH-—CH O—@—C—@—O H.——CH —CH,
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Where 0 < n < 1, commonly n=0.2 for most types of epoxy
coatings.

The epoxy resins are cured and converted to a thermoset
state by chemical reaction between the resin and the curing
agent. Cross-linking takes place through the reactive epoxide
rings and hydroxyl groups. Because these are well separated
the cross-links cannot be closely spaced and the resins give
flexible cross-linked films?. A problem with epoxy resins,
however, is the absorption of uv light due to the bisphenol
A structure, which strongly absorbs in the near uv. uv
radiation initiates free radicals in the organic binders.
These radicals provide sites for cross-linking, which can
continue to the point where embrittlement is reached; chain
scission, which leads to lower molecular weights and reduction
in tensile strength; and oxidative attack’. It may be taken
as a general rule that clear finishes are not as durable on
exterior exposure as when they are pigmented. This is due to
the ability of the pigment to absorb or reflect ultraviolet
radiation and thus proéect the binder from the destructive

action of this radiation®.



CURING AGENTS

As the name implies, two-package epoxy coatings are mixed
prior to use, and are characterized by a limited working
life(pot life) after the curing agent is added. Polyamides
are the largest volume epoxy curing agent in the United States
accounting for over 25% of the total market. They are
prepared by the reaction of dimerized and trimerized
vegetable-o0il fatty acids with polyamines. Dimer acid is made
by a Diels-Alder reaction between 9,12- and 9,11-linoleic
acid. Subsequent reaction with diethylenetriamine(DETA) or
other suitable multifunctional amine yields the

aminopolyamides(Figure 1.2).

COOH
(FOOH (CH)),
: COOH
(('JHz)v
CH
_CH (CHa)7
C'JH . CH . (CH,),COOH
CH 2 CHZCH=CH(CH2)‘CH1
~CH
| (":H (CHz)s
(CHz)s l CHJ
CH, (?Hz)e dimer acid
CH,

I
C —NHCH,CH,NHCH,CH,NH,
(CH-z)v 0

CHa):C—
dimer acid + NH,CH,CH,NHCH,CH,NH, — Q;H 2’;_ g:g?%‘;NHCHzCHzNHa
2 2/4 3

(CH2)5

CH,
Figure 1.2
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The dehydration reaction producing the amide linkage may

be prolonged in order to convert terminal 2-aminoethyl amides
into imidazoline derivatives. This is accomplished by a high
reaction temperature which converts the open amide structure
to the cyclic imidazoline with loss of water(Figure 1.3).
These polyamides are surfactants, and confer upon paints the
ability to wet imperfectly cleaned surfaces. In addition,
imidazoline imparts longer pot lives and a lower viscosity

since the concentration of the polar amide group is reduced®.

RCOOH + NH,CH.CH,NHCH,CH.NH, —

o)
I
RC —NHCH,CH,NHCH,CH,NH, — R—('|J=l“i + H,0
NH,CH.CH,—N_ CH,
CH,

Figure 1.3
Amino-containing polyamide resins will react with a
number of materials by virtue of the content of amino groups.
Polyamides with residual amine reactivity and epoxy resins
undergo the following reactions(Figure 1.4):
/°\ P

R_NHZ +_CH2—CHR' —_— R—NHCH2CHR'

OH o OH
| / \ |
R—NHCH,CHR' + CH,—CHR' — R—N(CH CHR"),
Figure 1.4
This leads to a thermoset reaction product of epoxy resins

with amino-containing polyamide resins. In addition, the two

resins modify each others properties. The epoxy resin confers
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its excellent strength, wettability, low degree of shrinkage
and ability to cure at low temperatures, while the polyamide
portion of the molecule confers toughness, adhesion,
resiliency and wetting action. The combination is unlike
either resin alone but has new properties and |is
thermosetting. Neither of the two resiné may be recovered
from the reaction mixture’.

As previously shown, the cure of epoxy resins with
polyamides is dependent on secondary amines and the terminal
amino groups. The hydroxyl groups present in the epoxy resin,
as well as those formed by its reaction with an amine, can
also react with the epoxy groﬁps under certain conditions; the
amide group in the polyamide resin can also possibly react
with epoxy groups. However, the reaction of hydroxyl or amide
groups is relatively slow, and a very minor reaction compared
to the reaction with the amine groupsa.

In the Seaguard coating system, polyamide adducts, not
polyamide resins, are the major curing agents. Polyamide
adducts are room temperature curing agents formed by reacting
an excess quantity of polyamide with epoxy containing
materials. This increases the molecular weight of the
polyamide thus reducing its vapor pressure, volatility and
odor. The higher molecular weight also means that more adduct
than free amine is used for curing resins which eases weighing
and mixing operations. The performance properties of

polyamide adduct cured systems are not significantly different
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from those of aliphatic polyamide cured syétems. The major
difference between the two are the reduced volatility and

lower exotherm of the adduct catalyzed systemsé.

PIGMENTS

A pigment is and remains insoluble when used in a surface
coating. Pigments are used in surface coatings to fulfill
three major functions. Pigments must serve an optical
function. The wavelength-dependent optical data of both the
pigment and the binder determines the optical properties of
the coating e.g. color, opacity and gloss. Pigments also have
a protective function. Factors such as weéther stability,
surface hardness, flexibility, corrosion prevention and
adhesion are determined, in part, by pigment selection. A
reinforcing function is considered to be a protective function
for the binder. The cohesiveness of the film and its
elasticity can be increased, along with hardness and abrasion
resistance without impairing impact strengthﬂ

A large number of pigment systems have been used
successfully with the polyamide-epoxy, two package vehicle.
In the usual process, the pigment is ground in the polyamide
portion of the system since the polyamide solution is a better
wetting medium than is the epoxy resin solution’. In the

Seaguard system four different pigments are used, in varying



amounts, depending on the primary function of the coat.

Titanium Dioxide, present in all three coats, is one of
the widest used pigments in the paint industry. The short
wavelength radiation in the sun's rays is the determining
influence on polymer degradation. If an effective ultraviolet
absorber can be built into the paint system the durability of
the paint film can be prolonged. Titanium pigments offer
polymer protection by the absorption of harmful ultraviolet
rays present in the sun's light1. The topcoat, Seaguard 152,
contains 27% titanium dioxide compared to 5 and 6% for the
primer and midcoat respectively. This is as expected due to
the role of the topcoat as a u.v. protector for the resin and
lower coats.

Yellow Iron Oxide(hydrated ferric oxide, Fe,0;-H,0) is
found only in the primer, Seaguard 150. In general, iron
oxides are excellent pigments of outstanding light and weather
resistance and of very moderate cost. They have excellent
chemical resistance and are insoluble and unreactive in
virtually all coating systems. Their main disadvantage is the
dirtiness of their shades, but in primers shade is of
secondary importance. Their main use in primers is as inert
pigments which play a valuable physical reinforcing role.
Generally iron oxides are judged as to suitability as primer
pigments solely on their content of water-soluble salts.
Metals corrode more rapidly in the presence of ions(especially

chloride ions) but hydroxyl and chromate ions passivatet
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White extender pigments are a class of pigments which are
used as film builders and reinforcing agents in coatings to
lower costs or improve chemical or physical properties. Two
pigments in this class, Magnesium Silicate and Diatomaceous
Silica are found in the Seaguard coating system.
Magnesium Silicate, more commonly known as Talc, is found
in all three coats. Magnesium silicate is an example of a
product with fibrous or platelike particles which impart
special properties such as resistance to cracking and
reduction of permeability.
Diatomaceous Silica, from the remains of marine
organisms, ‘is found only in the primer. It is used to change
the rheology, add bulk, improve the durability, improve ease

of dispersion and control gloss9.

SOLVENTS

There are undoubtedly advantages in producing a dry paint
film containing a cross-linked polymer as film former. Such
polymers are, however, insoluble and so cannot be dissolved
in solvents to form the vehicle of the paint. We are
therefore forced to have 1inear(6r lightly branched) polymers
in the can and to carry out a cross-linking chemical reaction
after the paint has been applied. The purpose of the solvent

is threefold. First, it should dissolve the polymer or resin
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binder system present. Second, the solvent should give
appropriate solution properties, e.g. viscosity and flash
point, and last it should have appropriate evaporation and
retention characteristics.

The manner in which solvents are lost from paints has an
important bearing on the surface appearance and mechanical
properties of the film formed. Solvent loss occurs in at
least two stages: a 'wet' stage and a 'dry' stage. After a
coating has been applied, solvent evaporation and rheological
factors contribute to the settling of the film. Solvent
evaporates from the surface of the film initialily at about
the same rate as it would in the absence of binder’. If
solvent mixtures are used for coatings, the components with
different vapor pressures at the same temperature will
evaporate at different rates. This results in the alteration
of the component proportions from the time of application to
that of complete drying. The rate of evaporation of a liquid
is technically important because it affects the rate of
deposition of a film from solution, which in turn controls the
structure of the film'. Any similarities between 'pure'
solvent and paint formulation vanish once a paint film enters
the 'dry' stage of formation. The rate determining step for
solvent loss from a polymer is the rate at which the solvent
diffuses within the polymerm.

The solvents used in the Seaguard coating system are the

same for each of the three coats, N-butyl alcohol(b.p. 116°C)
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and Hi Flash Naphtha(b.p. 149°C), an aromatic hydrocarbon.
The percentages of the solvents in each coating are very

similar and are listed in APPENDIX A.

PERFORMANCE

Since the epoxy resin has an average functionality of
almost two, and the polyamides have an amine functionality
considerably greater than two, the result is an average system
functionality greater than two so that cross-linking occurs
to give insoluble films which are the basis of epoxy-polyamide
coatingsa. Higher proportions of polyamide resin give
increased flexibility, a lower ratio imparts the best water
resistance. Epoxy-polyamide coatings will perform better in
damp conditions than amine-cured epoxies because of the
wetting properties of the fatty amide which can displace
moisture from metalnsurfaces“.

Corrosion is an electrochemical phenomenon which occurs
at the interface of the metal and the material or the
environment which it is in contact. The essential point of
the corrosion process is that it involves the movement of
electrons through the metal, the circuit being completed
through the water. If the water contains dissolved salts,
such as salts from seawater or salt air, then the transfer of

electrons is made easier and the extent of corrosion is
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proportionally increased. In addition to increasing the
conductivity of solutions, the chloride ion is especially
aggressive and has a very damaging effect on steel because:

a) It keeps the corroding surfaces wet (being hygroscopic)
for longer periods.

b) The chloride anions(Cl ) permeate and destroy any iron
oxide that may have formed as a protective oxide film.

c) It enhances the growth of pits that may have
formed(e.g. in crevices) by 'self-stimulation'; the
chloride ion migrates to the pit to maintain the
electrical charge balance as electrons are transferred
to the cathode areas'.

These are the reasons why corrosion is more severe under
coastal and marine conditions than elsewhere. The epoxy-
polyamide system is popular because it provides an unusual
degree of inherent corrosion resistance. Polyamide resins
decrease the flow of electrical current in a corrosion cell
containing a steel anode. Presumably, then, the polyamide
polarizes the anode and prevents its corrosion®.

Adhesion to steel is primarily a function of the resin
binder in the primer. Since metal surfaces are composed of
metal oxides of varying composition, the chemical aspects of
adhesion are important to these substraées. In the majority
of cases, once a clean surface and an adherent surface oxide
are formed, adhesion of a paint to the metal proceeds by a
process of wetting and setting with a minimum of internal
stress. Since most metals possess M-OH groups on their

surface, adhesion is best with organic coatings capable of

chemical reaction with such groups. Epoxy paints are found



14

to demonstrate excellent adherance to metals because they can

chemically react with an active hydrogen“.
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Chapter II

Frequency Dependent Electromagnetic Sensing

Frequency dependent electromagnetic sensing(FDEMS) is a
' non-destructive method of electronically monitoring polymer
systems. Impedance measurements, made over a wide frequency
range, are effective for quality control monitoring of the
cure process in complex resin systems. Impedance measurements
are one of only a few instrumental techniques available to
monitor cure throughout the process of going from a monomeric

liquid of varying viscosity to a cross-linked solid’.

POLARIZATION

Polarization can be viewed as the displacement of charges
over a relatively short distance within a molecule. A polar
molecule has a permanent electric dipole moment. Although the
molecule is electrically neutral, the positive and negative
charges are separated by a distance of molecular dimensions.

A dipole of charges +q and -q separated by a distance d has

17
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a dipole momentz, 4, where,
b = g*d (1]

A charge shift inducing the electronic moment results in

polarization of a molecule. In a non-polar molecule this
polarizability arises from two effects: Electronic
polarization and Atomic polarization. Electronic

polarization(P;) results from a shift of electron orbitals
with respect +to the center of the aton. Atomic
polarization(P,) results from a shift of relative positions of
the nuclei, eg. between the carbon and hydrogen atoms by
stretching in response to an electric field. Polar molecules
have both electronic and atomic polarizability, but also
possess dipole polarization(P,) which results from orientation
of permanent dipoles under the influence of an electronic
field®. Total polarization of the molecule is therefore:
P, = P, + P, + P, (2]

P, and P, are based on the displacement of positive and
negative charges with respect to each other, and are referred
to as distortion polarizations. P,, on the other hand, is
dependent on the thermal motions of molecular dipoles in some
restraining environment.

The amount of charge building in response to the imposed
electric potential is time dependent. As the potential is
suddenly changed the charge surges toward the new equilibrium
distribution dictated by the new field. The rate of change

in polarization depends on the rate of electronic and atomic
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polarization and permanent dipole orientation. For P and
P,, this speed corresponds to the electronic and atomic
vibration and is very rapid. The reorientation of dipoles
involves motion in a viscous media, thus the polarization
process in the imposed electrical field is delayed, and an

equilibrium is reached in a relatively long time.

DIELECTRIC MEASUREMENTS

The easiest way to understand how impedance measurements
are made is to examine the properties of a simple parallel-
plate condenser. Consider a parallel-plate condenser, with
plates of lgrge area separated by a small gap so that edge
effects are negligible, the whole being in a vacuum. When a
potential difference V is applied across the plétes they
acquire charges +Q,-Q per unit area. The capacitance per unit
area is defined as:

C, = Q/V [3]
The capacitance of a condenser measures the extent to which
it is able to store charge. If the gap between the plates is
filled with a dielectric material, an insulator, the electric
field due to the charges on the plates will polarize the
molecules, with the result that charges -P,+P per unit area
appear on the surfaces of the material. As a result the

condenser can now hold a charge (Q+P) (Fig. 2.1) at an applied
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potential V.

+(@+P)

<4
)
!
Q
+ + ++ ++ + +

Iy
Ay ""‘jf‘———
Figure 2.1
The capacitance per unit area is now increased to:
C = (Q+P)/V [4]
The relative permittivity of the material is defined as the
ratio of the capacitance of a condenser containing the
material to that of the same condenser under vacuum:
e, = C/Cy = (Q+P)/Q (5]
This permittivity is related to the total polarization and can
be expressed in terms of the polarization P produced by an
applied field E:
e, = 1+47P/€E (6]

where € is a constant which depends on units‘.

POLARIZABILITY

The three polarization mechanisms can also be expressed

in terms of a molecular ©physical quantity called
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polarizability a. Polarizability is defined as the average
molecular polarized dipole moment induced by an electric field
of unit strength. Under the action of the local electric
field strength E' every molecule in the polymer produces an
average polarized dipole moment m. This field will normally
differ from the applied field because of the polarization of
the surrounding dielectric medium. For a general case, m, is
proportional to E', or

m = aE' [7]
where the proportiénality constant @, 1is the total
polarizability of the molecule:
Wt [8]

a, = a + «a

T E

@, @ and o, are the electronic, atomic and dipolar
contributions to the polarizability.

If a unit volume of a polymer contains N molecules, then
after polarization the total polarized dipole moment per unit
volume is Nm, which is equal to the polarized charge density
P. Thus,

P = Nm [9]
and from Eq. 7

P = Ne,E! [10]
This is the general expression of the value of polarization
and it links the macroscopically measured dielectric constant
to three molecular parameters: the number N of contributing

elementary entities per unit volume. their polarizability a,

and the local electric field E'?. Substituting P from Eq. 10



22
back into Eg. 6 the relative permittivity becomes
€ = 1 + (47Na;E')/ (€E) [11]

Each type of polarizability coefficient is a function of
the frequency of the applied field. Suppose we apply an
alternating field to the parallel-plate condenser filled with
a polar material. As the field alters and reverses, both the
distortion of the molecules and their orientation must change.
-When the frequency of the applied field field is sufficiently
low, all types of polarization can reach the values they would

obtain in a steady fields(Figure 2.2).

Random Orientation Polarization
dipotes . starts .
! H) @@9. Coc=

%%Sdhb SR c:égg%;;
o B3 S22
= @ @ e 10 N S @ ] @@@@ ]
% () e D et
9 i ===

o2
| R =%
N N
Figure 2.2

As the frequency is raised the polarization no longer has time
to reach its static field value. @, is the first to be
affected, and the total polarization becomes:

a, = o + @, (12]
The frequency at which the fall in orientation polarization

occurs varies from very low frequencies for polymer chains,

around 100Hz, to 10°'%-10""?Hz for small molecules. Both ag and



23
@, remain unchanged at frequencies at which dielectric
relaxation takes ﬁlace, because the distortion polarization
of a molecule reaches equilibrium with the applied field much
sooner than does ag. At frequencies comparable to the
natural frequencies of vibration of the atoms in the molecule,
@, will fail to reach its equilibrium value, and further
dispersion regions will appear in the infrared range of the
spectrum. The dispersion caused by the fall-off of the
electronic polarization occurs at still higher frequencies and
corresponds to electronic transitions between different energy

levels 1in the atom(the visible to x-ray region of the

spectrum)z.

EXPERIMENTAL THEORY

In making dielectric measurements, the material to be
measured is placed between the plates of a capacitor. The
impedance, Z, at a frequency, f,of a material is represented

by:

z' = 6 + i2nfcC [13]

Measurements of the capacitance, C, and the conductance, G,

both dependent on sample geometry, are used to calculate the
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intensive geometry independent complex permittivity:

e’ = e' - ie [14]
Using the electronic relationships:

I = i2wfCv [15]
and c = e'c, [16]
the following derivations define the behavior of the
dielectric material between the plates of a parallel capacitor
as a resistor and capacitor in series. Subtituting Egq. 16
into Eq. 15:

I = izﬂfe*COV

I = i2nf(e' - ie")Cy\V

I = 2nfCy(e" + ie')V

I = 27fCe"V + i2mfCie'V [17)]

The real portion is in-phase and the imaginary portion is out-
of-phase with the voltage. Substituting into Ohm's law,
V = IZ, where Z is the impedance or total resistance of the

circuit, Eq. 17 yields:

Z-1

(2m£Ce"V + i2nfCye'V)/V

Z-1

2rfCc,e" + i2mfcge! (18]

Setting Eq. 13 and Eq. 18 equal to each other gives:

2rfCpe" + i21rfC0e' = G + i2wmfcC

0 = 27fCie" - G + i2nfCje' - i2mfC [19]
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Separation of the real and imaginary parts of Eq. 19 yield

the dielectric components e' and e".

2nfCpe" - G = 0 i2nfCpe' - i2mfC = 0
2nfCe" = G i2wfCye' = i2nfC
e" = G/Cy2nf e' = Cc/C, [20]

e' is the dielectric permittivity as described previously and
e" is the dielectric loss factor which arises from energy loss
associated with the time-dependent polarization and bulk
conduction.
The real and imaginary components of e’ can have both a
dipolar and an ionic component.
e' =e'y + e, [21]
e" = e", + e",
The dipolar component arises from rotational diffusion
of bound charge and molecular dipole moments. The frequency
dependence of the polar component may be represented by the

Cole-Davidson function:

e, = (e, - e,)/(1 + i2nfr)? + e, [22]

Where e_ and e, are the limiting low and high frequency values
of e, T is the characteristic relaxation time, and B is the
Cole-Davidson distibution parameter(0 < 8 < 1), which measures

the distribution in relaxation times. The dipolar component



26
dominates the dielectric signal at high frequencies and in
highly viscous media'.

The ionic component often dominates e at 1low
frequencies, low viscosities and/or high temperatures. The
presence of mobile ions giVes rise to localized layers of
charge near the electrodes. Johnson and Cole derived

. 3 3 . . (] . *
empirical equations for the 1ionic contribution to e :

' €. - €, (23]
6 -

i T w1+ (2nfn)?

) (er - eu)2nfr- [24]

€1 2xnfe 1 + (2xfr)?
0

where €, permittivity of a vacuum(8.85%10 '

Farads/cm) and o
is the conductivity(ohm'em™'), an intensive variable, in
contrast to conductance, G(ohm*), which is dependent on cell
and sample size. The first term in Egq. 24 is due to the
conductance of ions translating through the medium. The
second term is due to electrode polarization and makes
impedance measurements increasingly difficult to interpret and
use as the frequency of the measurements becomes lower.

Rearrangement of Eq. 24 yields:

(e, - €)((2rE)?r) [25]

1 + (2xfr)?2

a
cT2nf = +
i €
o

The second term on the right hand side is negligible when the
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following inequality is satisfied:

(e, - e)((2xD)27) [26]
1 + (2nfr)?2 << €0

At frequencies where the condition expressed by Eqg. 26 is
satisfied, the ionic conductivity is related to the 1loss
factor by the expression®:

g [27]
€
o]

e"2nf =
i

Electrode polarization 1is a significant and often
difficult to account for factor at frequencies below 10Hz
and/or high values of o usually associated with a highly fluid
resin state. Therefore frequencies are found for which sensor
electrode polarization and dipole effects are negligible. The
frequency dependence of e’ due to dipolar mobility is
generally observed in the kHz to MHz regions. For this reason
the Hz to MHz range is optimum for measuring both the ionic

mobility parameter, o, and the dipolar mobility parameter, T,

INSTRUMENTATION

Impedance measurements were made using a Hewlett-Packard
4192A LF Impedance analyzer and/or a Schlumberger 1260
Impedance/Gain-Phase Analyzer controlled by a 9836 Hewlett-
Packard computer. Measurements at frequencies 5 to 1*10° Hz

were taken at regular intervals during the cure and converted
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to the complex permittivity, e = e' - iev.

Accurate dielectric measurements were made possible by
the use of disposable planar gecometry independent microsensors
developed by Kranbuehl. This sensor consists of an array of
interdigitated comb electrodes(Figure 2.3), the substrate made
up of high temperature ceramics and the electrodes constructed

from noble metals.

‘ l l ll ] Scmplemateml

Figure 2.3

The sensor is designed to withstand curing temperatures, in
excess of 400°C, pressures of 1000psi and oxidative conditions
during processing. The sensor is capable of monitoring the
entire range in magnitude usually 102 to 10® of both the real
e' and the imaginary e" components continuously without

interuption throughout the cure cyclet
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Chapter III

Results and Discussion

The primary focus of our work was on the Seaguard 152
final coat epoxy-polyamide polymer, coating. All runs were
made on a 6 mil wet film applied onto the sensors with an 8
Path Wet Film Applicator and measured using a Wet Film
Thickness Gage. Measurements of the impedance were used to
monitor the effects of temperature and humidity on the rate
of cure, the relation of the sensor output to 'set-to-touch’
and 'dry-to-hard' ASTM tests and to monitor the resoftening
and recure of lower coats during the application of the three
coat system.

Frequency Dependent Electromagnetic Sensing(FDEMS) is a
convenient and accurate way to monitor the cure process of
organic coatings. After a coating reaches its dry-to-hard
point there are few other non-destructive tests which monitor
the paint's long-time cure properties leading to full cure.
The ASTM dry-to-hard point is determined as follows:

With the end of the thumb resting on the test film and

the forefinger supporting the test panel, exert a maximum

downward pressure(without twisting) of the thumb on the
film. Lightly polish the contacted area with a soft

cloth. The film is considered dry-hard when any mark

30
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left by the thumb is completely removed by the polishing
operationt

Dry-to-hard generally occurs between 3-10 hours for the
Seaguard system depending upon environmental conditions. This
region is seen dielectrically but it is still a long way to
the point of full cure, or the point where there is no change

in impedance.

INTERPRETATION

The variation in the magnitude of e" with frequency and
with time for an epoxy-polyamide coating held at 35°C and
45%RH is shown in Figure 3.1. A plot of e"*27f is a
particularly informative representation of the cure because
as discussed, from equations 21-27, overlap of e"*27xf for
differing frequencies indicates that ionic translational
diffusion is the dominant physical process affecting the loss.
Similarly the peaks in e"*27f for individual frequencies
indicate when dipolar rotational diffusion processes are
contributing to e".

The frequency dependence of the loss, e", can be used to
determine o by determining from a plot of e"*27f the frequency
region where e"*27f is a constant. In this region the value
of 0 is determined from the first term in Eq. 25. The ionic

contribution, e";, is subtracted from e" o to determine the

measur
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dipolar component, e",. The time at which a peak occurs in
the dipolar portion, e",, for a particular frequency is used
to determine the time of occurence of the corresponding mean
relaxation time 7 = (2ﬂf)4(see Eq. 22).

The ionic diffusion rate, o, is a sensitive measure of
changes in viscosity. Thus low frequency measurements of e"
can be used to monitor the onset of reaction and reaction
" completion. Reaction onset is marked by a sudden drop in
de"/dt reflecting the decreasing mobility of the ions with
molecular weight buildup. Reaction completion is reflected
in the approach of de"/dt to zero’.

The peaks in e"#*27f at differing times for differing
frequencies reflect the dipolar contributions to e". For
example, the time at which e" reaches a maximum for the
500kHz, S50kHz and 5kHz signal can be used to determine the
elapsed time at which these three corresponding relaxation
times, 71 = (2ﬂf)4, occur. Thus, these three frequencies
permit determination of 3 values of 7 over 3 decades. It is
reasonable to assume, from previous work done with epoxy
resinss, that a particular value of 7 corresponds to a
particular value of viscosity. The elapsed time needed to

achieve the value of 7, then corresponds to the time at which

the resin has achieved the corresponding viscosity.
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ENVIRONMENTAL EFFECTS

REFERENCE CONDITIONS

Figure 3.2 shows a typical plot of log(e"*27f) vs Time
monitoring the polymerization of a polymer coating during the
first twelve hours after the application of Seaguard 152,
under normal conditions, i.e. 24°C and 45%RH. The coating is
dominated by ionic diffusion for the first 100 minutes at the
lower frequencies as indicated by the overlapping e"*27f
lines. The rapid decrease in the signal shows a rapid
decrease in the mobility of the ions. At the time of
application the paint is in the 'wet' stage. In this stage
the viscosity is very low and solvent evaporation occurs
rapidly. This solvent loss from the coating can be observed
by thermogravimetric analysis(TGA). Weight loss of the film
can be monitored as a function of temperature. Figure 3.3 is
a plot of Normalized weight loss vs Time for the 'midcoat’',
Seaguard 151 at 23°C. The solvent composition of each coating
in the Seaguard system is very similar. The 'wet' stage of
solvent loss is seen in the rapid weight loss in the first 144
minutes. The evaporation slows down markedly after six hours
when the change in weight 1is barely noticeable. The
combination of solvent loss and cross-linking of the resin

rapidly increase the viscosity of the film thus lowering the
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signal in Figure 3.2. At 100 minutes into the run the paint
reached its set-to-touch point as defined by ASTM guidelines:

To determine set-to-touch time, lightly touch the test

film with the tip of a clean finger and immediately place

the finger tip against a piece of clean, clear glass.

Observe 1if any of the coating is transferred to the

glass. The film is set-to-touch when it still shows_ a

tacky condition, but none of it adheres to the fingeru
Using the 50Hz line to monitor the initial cure, one attains
a value for log(e"*2wf) = 4.2 for set-to-touch. Dry-to-hard
occurs at 440 minutes and a value of log(e"*27f) = 2.8.

To monitor the long term cure properties of the coating
it is more convenient to examine e"*2xf on a non-log scale due
to the small changes in the signal. Figure 3.4 monitors the
sample 44-56 hours after application. The continual decrease
in the signal shows that the sample is still curing. Figure
3.5 shows the sample, held at normal conditions, 68 hours
after application. Using the 50kHz line for analyzing the
long term cure is more accurate than the 50Hz line due to the
better signal-to-noise ratio at the higher frequencies. Here
e" attains a value of approximately 60000. There is no
further detectable change in e". Therefore the sample, as
seen by frequency dependent impedance measurements, has

obtained the fullest cure possible under 24°C and 45%RH

conditions.
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HIGH TEMPERATURE EFFECTS

The ability of this technique to monitor the effects of
temperature is shown in Figure 3.6. Figure 3.6 shows the
first 12 hours after application of Seaguard 152 at a higher
temperature, 35°C(95°F), and normal humidity, 45%RH. The
initial decrease in the signal is much more rapid than at
24°c. In this run set-to-touch occured in 62 minutes,
obtaining a value of log(e"*27f) = 4.2. Dry-to~hard occured
at 360 minuutes with a value log(e"*27f) = 2.8 for 50Hz. The
sensor clearly traces the more rapid cure at the higher
temperature. The sample held at 35°C was fully cured by 35
hours(Figure 3.7). At this temperature the coating achieves
a higher degree of cure in a shorter amount of time with the
50kHz signal attaining a value of e"*27f = 35000, compared to
60000 at 24°C. Figure 3.8 shows the sample on the following
day (46-58hrs), the signal has not shifted therefore the
fullest cure obtainable at 35°C and 45%RH is verified. This
run shows that a 10 degree rise in temperature accelerates the
cure of this coating from 68 hours to 35 hours, nearly one and

a half days.
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LOW TEMPERATURE EFFECTS

It was thought epoxy-polyamide cocatings would cure at
temperatures as low as 10°C(50°F), evén though the time
required to reach a given stage is at least double that
required at 22°C*. To examine the effects of decreased
temperature the polymerization process of Seaguard 152 was
monitored in an environmental chamber, held at 11°C and 30%RH,
for 3 weeks. Figures 3.9 and 3.10 show plots of log(e"*27f)
measured with the FDEMS sensor. In this shorter run ASTM
measurements were taken. The>time to set-to-touch was 220
minutes. Dry-to-hard occured at 695 minutes. The value of
log(e"*2wrf) at set-to-touch was 4.1 and at dry-to-hard was
2.9.

Figure 3.11 shows a similar plot for a second 11°C run
during the initial 12 hours. The drop in e"*27f is much
slower than at 24°C or 35°C. Figures 3.12, 3.13 and 3.14 show

h and 22™ days.

further curing of the sample during the 6%, 8t
The sample is continuing to cure as seen by the continual drop
in e" even during the third week since application. After
500 hours the 50kHz line still has not reached the degree of
polymerization that the same coating does in 48 hours at 24°C.

Since the impedance of the material is dependent on
temperature, the relative degree of cure of the 11°C sample is

seen by returning the sample to a room temperature environment

and observing how the signal shifts. Figure 3.15 shows these
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results when the desiccator is returned to room temperature
5.5 hours into day 23. As the sample temperature approaches
room temperature, the signal rises. After room temperature
is obtained the 50kHz signal reaches a value e"*27f = 75000,
still hours from the degree of cure obtainable at room
temperature in less than three days.

Below 10°C, curing rate is greatly retarded, more
important epoxy-polyamides will not reach full cure until the
temperature rises. Although the partly-cured film may feel
dry, poor resistance to abrasion, moisture and chemicals will

result“.
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HUMIDITY EFFECTS

The humidity during cure significantly alters the cure
of the sample. The effects of increasing the humidity is
shown in Figure 3.16. A Seaguard 152 sample was monitored in
a desiccator held at 24°C and 75%RH. The initial decrease of
the signal is nuch gentler and spread out than at normal
conditions. Set-to-touch occured a; 310 minutes, log(e"*2wf)
= 4.2. Dry-to-hard occured at 720 minutes with a wvalue of
log(e"*27f) = 2.8 for 50Hz. In Figure 3.17, after 87 hours,
e"*27f is still changing fairly rapidly. The 50kHz signal is
at a value of 120,000, twice as high as the same frequency in
a 45%RH environment. This increase in cure time is due to the
decrease in the rate of evaporation due to the already high

moisture content in the air.
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LAYER EFFECTS

The FDEMS sensing technique can be used to monitor the
cure of each of the 3 layers and the effects of application
of a coat on a lower layers resoftening and recuring. In this
experiment 3 sensors were used, recoating was done
approximately 24 hours after initial application as
recommended by the manufacturer. This experiment was designed
so that the cure of each coating was monitored individually
and through the coats ﬁnderneath. Sensor one shows the entire
coating process from the level of the substrate. Sensor two
shows only the cure of the midcoat and the effects of
application of the topcoat. Sensor three monitors the cure
of the topcoat alone.

On day 1 of the experiment, sensor one was coated with
the primer, Seaguard 150. Figure 3.18 shows the first 12
hours after applcation, and a normal drying cﬁrve.

On day 2, two sensors were used. Both sensors were run
for 1 hour before the midcoat, Seaguard 151, was applied.
Figure 3.19 shows the resoftening of the primer coat on sensor
one with an increase in e"*27f, and then the recuring of this
coat. Figure 3.20 shows sensor two coated with only Seaguard
151, the first hour of the run shows a clear sensor, and then
at 60 minutes the coating is applied and is seen curing. This
run was stopped after 3 hours due to a brief power outage.

Figures 3.19a and 3.20a show the continuation of this run.
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On day 3, three sensors were used. Again the sensors
were run for 1 hour before the topcoat, Seaguard 152, was
applied. Figure 3.21 shows sensor one with all three coats
now applied. The effect of adding the topcoat is barely
noticeable at the sensor 1level, due to the only slight
resoftening of the system compared to the noise level of the
bridge. Figure 3.22 shows sensor two and the application of
the topcoat to the midcoat, here résoftening is much more
apparent. In Figure 3.23 monitors the application of the
topcoat to sensor three, 1 hour into the run. Figure 3.23a
is the same run as in Figure 3.23 but plotted on a non-log
scale. In this figure the tiﬁe of application and the/dipolar
peaks of the curing film are clearly seen. These dipolar
peaks can be used to indicate time to achievement of a
particular degree of reaction advancement and the
corresponding modulus-hardness-viscosity.
Figures 3.24, 3.25 and 3.26 show the three sensors 70,
44 and 21 hours respectively after application of the first
coat to each sensor. The different levels of cure are seen
in these figures.
In Figures 3.27, 3.28 and 3.29 the fully cured samples

are seen at 169, 143 and 120 hours after initial coating.
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RECOATING STUDY FOR SEAGUARD

A problem which arises when using polymer coatings is
the time for recoat of the primer. If the primer, Seaguard
150, has been allowed to cure for a week or longer a thin
layer of Seaguard 150 was required to be reapplied before
further coating to assure good adhesion, according to a
'general' rule. This recoating is costly and time consuming.
An experiment was designed, using the FDEMS sensors, where the
primer was applied to two sensors and monitored for 12
hours(Figures 3.30 and 3.31). After 8 days, a time well
beyond the recommended time for application of a second coat,
sensor one was recoated with a thin, 3 mil, coat of Seaguard
150(Figure 3.32). Sensor two was recoated with a normal, 6
mil, sample of the midcoat(Figure 3.33). Figures 3.32 and
3.33 both show an increase in the e"*w values upon recoat.
This increase is due to the increase in the translational
mobility of the ions upon softening of the primer. The
increase is slightly greater for sensor two, recoated with
151, because of the thicker sample applied. These results
should not be surprising, however, because on examination of
the solvent content of each coating(see APPENDIX A) one finds
them nearly identical. The results therefore indicate that
the 'general' rule requiring recoating of the initial coat,
with primer, when too much time has elapsed is not nescessary

for this systen.
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RECOATING STUDY FOR DEVOE

One other area of related work was on the DEVOE exterior
coating systemn. This system consists of three layers, a
polyamide epoxy exterior primer(Devran 201), a heavy-duty
corrosion control coating(Devran 234QC) and an ablative anti-
fouling topcoat (ABC-AF#3). The objective of this study was
to use the FDEMS sensor to measure and compare the
resoftening-adhesion of ABC-AF#3 when applied to a coating of
Devran 234QC at varying times. Recoating is ideally done when
the midcoat reaches its dry-to-hard point. This study used
three sensors and involved fecoating the sensors at dry-to-
hard, 4 hours before dry-to-hard and 3% hours after dry-to-
hard. An earlier run was done to determine, by ASTM methods,
when the dry-to-~-hard point occurs. It was found that for
Devran 234QC set-to-touch occured at 55 minutes, log(e"*2rf)
= 4.8 and dry-to-hard occurred at =480 minutes(8 hours) with
log(e*27f) = 3.3.

The three sensors were coated with Devran 234QC. The
coatings were each 6 mils thick at the time of application.
One sensor was recoated after 8 hours, that is at dry-to-hard.
One of the other two sensors was recoated 4 hours prior to
dry-to-hardness, i.e. after 4 hours. The third sensor was
recoated 3% hours after dry-to-hard, i.e. after 11% hours.
Figures 3.34 & 3.34a, 3.35 & 3.35a and 3.36 & 3.36a report the

results for each of these three sensors respectively.
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Figure 3.34 shows a sharp rise in the ionic mobility as
seen by the increase in the e"*27f values at 480 minutes.
This rise is due to the resoftening of the initial Devran
234QC coating. The magnitude of the increase indicates the
extent of resoftening and bonding of the ABC-AF#3 coat to the
partially cured Devran 234QC. Figure 3.34a shows the gradual
cure(from 2-14 hours) of the 234QC coat after application of
ABC-AF#3.

Figure 3.35 is a plot of e"*27f for the sensor recoated
4 hours prior to dry-to-hard. The degree of resoftening is
comparable to that observed when recoating occurs at the ideal
8 hour dry-to-hardness time. Figure 3.35a shows the cure(from
6-18 hours) of the 234QC coat after application of ABC-AF#3.
Figure 3.35a is comparable to Figure 3.34a, tﬁus, one does not
significantly shorten the total cure time through early
recoating.

Figure 3.36 shows the Devran 234QC film curing for 10
hours. Figure 3.36a shows recoat of that film 11% hours into
the run or 3% hours after dry-to-hard occurred. The degree
of resoftening is considerably less than in Figures 3.34 or
3.35.

This experiment shows that it is far better to error on
the side of recoating before dry-to-hard rather than after

where the resoftening-bonding ability is less.
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CONCLUSIONS

The properties of any coating system are dependent on a
number of different factors. The end use of the coating
determines the components which go into its formulation.
After application of the coating, environmental conditions
influence the rate of cure and the quality of the final
product. Frequency dependent impedance measurements are
proving to be a convenient and acccurate means of monitoring
the cure of polymer coatings and the effects of the
environment on this cure.

Reference conditions were chosen to be 24°C and 45%RH.
Values of o and e" at low frequencies monitor the initial
buildup in modulus and the rapid increase in viscosity after
application of the coating. Dipolar peaks can be used to
indicate time to achievement of a particular degree of
reaction advancement and the corresponding modulus-hardness-
viscosity. The data also suggests that a value of e"#*27f
could be calibrated to detect time to set-to-touch and dry-
to-hard. More important, these results suggest the output
should be able to detect time to sufficient cure for water
immersion.

This method was shown to be able to monitor the effects
of temperature on cure rate. Results show that raising the
temperature by 11°C and maintaining 45%RH greatly accelerates

the cure process. The time necessary to obtain complete cure
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was nearly half the time required at 24°C.

The results show that at 11°C, the Seaguard 152 coating
is still curing after 3 weeks. The magnitude of the e"*27f
values indicates that the degree of cure after 24 hours at
35°C and 48 hours at 24°C exceeds the degree of cure achieved
after 21 days at 11°C. The data also indicates that so long
as the temperature remains near 11°C the coating will never
cure beyond the durability of 2 days cure at 24°C or 1 day
cure at 35°C.

FDEMS is able to.monitor the effects of humidity on the
cure of the polymer coating. The results show that by raising
the humidity from 45%RH to 75%RH and maintaining 24°C, the
cure process is slowed down significantly. After 87 hours,
e"*27f is changing rapidly, still hours, possibly days from
obtaining full cure.

The results show that the use of multiple sensors on
multiple coatings can be used to monitor the degree of cure,
time to recoat, softening or lack thereof of the existing
coating upon application of an additional coat and time to
full cure of both the bottom layers and the top coat.

The ability of this method to monitor the effects of
recoat was demonstrated on both the Seaguard system and the
DEVOE system. The results show that there is no difference
between the resoftening ability of the second coat of Seaguard
150 and Seaguard 151 when applied to an 8 day old initial

coating of Seaguard 150. The results indicate that the
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'general' rule requiring recoating of the initial coat when
too much time has elapsed is not appropriate in this case.
The FDEMS sensing techniéue suggests it 1is feasible to
eliminate this costly and time consuming corrective procedure.
The results of this FDEMS sensor insight into the resoftening
ability are supported by the chemical fact that both the
Seaguard 150 and Seaguard 151 coating have nearly identical
chemical formulations.

In the DEVOE recoating study, the results indicate that
applying the second coat 4 hours earlier than the recommended
8 hour dry-to-hard time, has little effect on the resoftening
bond between the Devran 234QC and the ABC-AF#3 coatings.
However, applying the subsequent coating 3% hours after dry-
to-hard does reduce the extent of resoftening of the first
layer. The results suggest that procedures which encourage
timing the recoating on the early side of the ideal dry-to-
hard time are far safer. Clearly hours elapsed after dry-to-
hard have a more adverse effect on resoftening-bonding ability
than shortening the time to recoat.

Overall FDEMS is a sensitive, convenient, quantitative
sensing technique for examining the changing properties of
polymer coatings in situ and on-line continuously throughout

the cure process.
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RC112488
DEK112588
TH020289
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TA021589
TH022089
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TH030989
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TH020889
TH020989
TA020989
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3.20a TA020989 2

APPENDIX B(cont.)

FIGURE FILENAME PROBE#
3.21 TH021089 1
3.22 TH021089 2
3.23 TH021089 3
3.23a 'TH021089 3
3.24 TH021189 1
3.25 TH021189 2
3.26 TH021189 3
3.27 TH021589 1
3.28 TH021589 2
3.29 TH021589 3
3.30 TH032789 1
3.31 TH032789 2
3.32 TH040489 1
3.33 TH040489 2
3.34 TH060189 2
3.34a TA060189 2
3.35 TH060189 1
3.35a TA060189 1
3.36 TH060189 3

3.36a TA060189 3
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