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ABSTRACT: An investigation using a variable radius roll
adhesion test (VaRRAT) revealed an irreversible increase in
the wet-adhesion in a metal–oxide–polymer system, under
specific experimental conditions. This observation is further
confirmed by the Tg measurements and the ATR-FTIR stud-
ies. The increase in wet-adhesion is attributed to late H2O-
catalyzed curing of the previously partially cured polymers
(epoxy ring opening), as well as the formation of nanocom-
posite layer within the epoxy primer matrix, because of
precipitation of the nanocrystals including zinc ammine

complexes formed as a result of dissolution of the zinc/
aluminum alloy as well as the metal oxide pigments by the
amine crosslinker. High activation energy of �100 kJ mol�1

indicated a chemical process to be responsible for the adhe-
sion gain. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 99:
3318–3327, 2006
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INTRODUCTION

A paint–metal system deteriorates upon prolonged
exposure to water. Water with dissolved oxygen and
ions causes reduction in interfacial toughness, delami-
nation, and corrosion in a paint system. Coatings for a
metal system must provide necessary protection
against weathering (moisture protection) and corro-
sion. Inert barriers such as paint or epoxy coating
inhibit corrosion by preventing moisture from reach-
ing the metal surface. Unfortunately, coatings have a
history of failure because they are often applied im-
properly, resulting in pinholes and cracks, which will
promote crevice corrosion.

The water absorption and water vapor transmission of
a coating depend upon the paint system. Presence of
hydrophilic and nonionic groups on the polymer skele-
ton or as additives would result in high water absorption
of the paint system. The number of available functional
groups and the water uptake in the paint systems are
determined by the extent of cure in the paint systems. It
is reported that for an epoxy system, water uptake in-
creases with the extent of cure.1 However, an under-
cured epoxide system is reported to result in a loss in the
interfacial toughness.2

H-bonding is the major chemical interaction at the
polymer–metal interface in an epoxy–metal oxide sys-

tem. H-bonding that occurs between the epoxy resin
and the steel surface is reported to have little resis-
tance against the water and the alkaline environment.3

The bond energy4 for these weak secondary organic
film/oxide bonds is less than 25 kJ mol�1. On the other
hand, the affinity for water to the polar high-energy
iron oxide surface5,6 is around 40–60 kJ mol�1.

Moisture is reported to cause reduction in the glass-
transition temperature (Tg) by plasticizing the polymer
network, thus affecting the mechanical performance and
durability of the coating system depending upon the
hygrothermal history.7 Since the interfacial strength be-
tween the polymer and the metal oxide is related to the
mechanical properties of a polymer film, moisture
through its action of plasticization affects the adhesion
between the polymer network and the metal oxide.

Two distinct categories of water-related deteriora-
tion of epoxy composites are reported: (1) mechanical
losses due to moisture induced (bound water) plasti-
cization and (2) losses due to moisture-induced (free
water) mechanical damage, specifically micro cracking
or crazing.8–10 Losses due to moisture induced plasti-
cization are generally reversible. However, deteriora-
tion in the properties due to mechanical damage,
chemical reactions, or chain scissions is irreversible.11

The present study explores the changes that occur in
a paint–metal oxide coating system due to prolonged
exposure to water under severe conditions. The main
objective of the present study is to determine the effect
of moisture on long term adhesion and the adhesion-
related properties in the primed-only steel. The main
focus is from mechanical point of view rather than
electrochemical.
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EXPERIMENTAL

Samples

The paint system consists of a metallic substrate of
0.47-mm thick steel sheet, coated with 20 �m of Zinc/
Aluminum alloy and 5 �m of epoxy based primer. The
primed sample was removed just prior to the applica-
tion of the topcoat from the continuous paint line
process.

The coating system is represented in Figure 1. The
structures of the resin used are shown in Figure 2(a)
for the epoxy and in Figure 2(b) for butylated urea-
formaldehyde, the crosslinker. The epoxide resin used
in the present study was produced from bisphenol A
and epichlorohydrin. The typical properties of the
resin are as follows: viscosity at 25°C, 5.0–9.0 Pa s;
density at 25°C, 1.2 g cc�1; Tg, 80°C; molecular weight,
4000; epoxy group content, 260–390 mmol kg�1; es-
terifiable group content, 4480 mmol kg�1; and hy-
droxyl group content, 3800 mmol kg�1. The epoxy
resins and the crosslinker are mixed in the ratio of 9 : 1
parts by mass.

The paint panels as received were kept in the QUV/
Cleveland for a required time at the experimental
temperatures. Moisture was prevented from getting
through the edges by sealing the edges off using Si-
lastic 732 (a silicone sealant). The panels were then cut
to 300 � 24 mm2 panels for the adhesion tests.

Reference samples are samples exposed to the exper-
imental temperatures in an oven, but not to moisture.

Weathering tests

The painted panels as received were exposed to a
constant condensing humidity of 95% at different tem-
peratures (27, 40, 55, and 68°C) in a QUV accelerated

weather tester (in a condensation mode only, i.e., no
UV light cycle) and a Cleveland condensation tester,
for a required time at the experimental temperatures.

The QUV accelerated weather tester exposes the
samples to alternating cycles of light and moisture, at
controlled, elevated temperatures. In a few days or
weeks, the QUV accelerated weather tester can repro-
duce damage that occurs over months or years of
being outdoors. (The UV-A 340 lamps, not used in the
present study, provide the best available simulation of
sunlight in the critical, short wavelength region from
315 to 400 nm.) Exposure of tests samples from 0500
hrs to 2000 hrs, provides a good representation of an
environment’s most detrimental effects on a material.

The Cleveland humidity test, named after the Cleve-
land Society for Coatings Technology, which devel-
oped it, establishes high humidity from a heated water
supply in the base of the test cabinet. This test is
carried out in accordance with The American Stan-
dard, “ASTM D 4585–92 Standard Practice for Testing
Water Resistance of Coatings Using Controlled Con-
densation,” and is similar to ISO 6270, in that the test
coatings form the cover for the test cabinet; the oper-
ating temperature, however, can be adjusted in the
range 38–82°C. There must be a temperature differ-
ential between the cabinet air temperature and the
room temperature of at least 11°C, to ensure that
condensation takes place on the test faces.

In the present study, the QUV weather tester was
operated in the condensation mode at 55 and 68°C,
and Cleveland tester was operated at 27 and 40°C.

Variable radius roll adhesion test

The interfacial toughness of the samples exposed to
moisture over a period of time and at different tem-
peratures was calculated from the measured critical

Figure 2 (a) Structure of epoxy resin. (b) Structure of bu-
tylated urea–formaldehyde.

Figure 1 The coating system.
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radius at room temperature using the variable radius
roll adhesion test (VaRRAT).12 This test relies on the
application of a reinforcing layer of epoxy resin over
the painted side of a narrow strip of the coated metal.
The sample is locked into the roll at the low radius of
curvature section and the steel substrate is rolled away
from the epoxy resin propagating a crack somewhere
within the paint system, or at the metal–primer inter-
face. The loading configuration drives the crack pref-
erentially toward the steel rather than into the epoxy
resin. The epoxy resin overlay provided sufficient
stiffness to cause the crack to propagate when the steel
is rolled around an appropriate radius. The parame-
ters measured were the critical roll radius,* which is a
function of the epoxy resin thickness.

Epoxy resin cure: The diglycidyl ether of bisphenol
A based epoxy resin used in the present study was
Ciba Geigy (two part epoxy) K106. The resin (AW106)
to hardener (HV 953U) ratio was 100:80 w/w. The
paint panels were then cut to 300 � 24 mm2 strips for
the adhesion tests. The samples were wiped clean with
alcohol, and Ciba-Geigy K106 epoxy resin was poured
over a casting tray containing the samples and two
dog-bone molds. The samples were placed in an oven
at 50°C for 24 h. A 50°C cure temperature was used so
as to minimize the thermal mismatch stress when the
samples cooled because of the differing thermal ex-
pansion coefficients of the steel and the epoxy resin. A
low temperature cure cycle is not expected to cause
additional paint cure or change in the paint properties.
Epoxy application and curing conditions were identi-
cal for aged and the unaged samples. After curing, the
samples were machined to the required dimensions.
The adhesive layer thickness varied between 1 and 3
mm. The dog-bone samples, with the dimensions of
100 mm � 13.58 � 0.14 mm � 2.46 � 0.04 mm were
used to determine Young’s modulus of the bulk epoxy
resin overlay. Compressive residual stresses of the
epoxy over lay measured from the radius of the cur-
vature of the sample were in the order of 5 J m�2. The
measurement of mechanical properties of the epoxy
overlay was carried out using an Instron 4302 testing
machine. The Young’s modulus was calculated from
the stress–strain curves under uniaxial tension up to a
strain of 0.1 at strain rate of 3% min�1.12 The Tg of the
epoxy overlay ranged between 119 and 122°C. Chang-
ing the cure conditions will affect the material prop-
erties of the epoxy over lay, e.g., Young’s modulus.

The interfacial toughness is calculated as G � Gb �
Gp, where Gb is the bending interfacial toughness and
Gp is the Poisson’s interfacial toughness as given be-
low:

Gb �
E2

2Eu
�

0

H � �hs � 2x/hs � 2R�

1 � D�hs � 2x/hs � 2R��
2

dx

Gp �
E2

2Eu
�

0

H � v�hs � 2x/hs � 2R�

1 � Dv�hs � 2x/hs � 2R��
2

dx

where R is critical radius (m); D the shape factor; E the
loading modulus (MPa); H the epoxy layer thickness
(m); Eu the unloading modulus (MPa); hs the thickness
of the substrate (m); and Poisson’s ratio is 0.37. The
values of E and Eu were experimentally determined in
this study from the stress–strain relationship of the
bulk epoxy. D, the shape factor is the fitted parameter
obtained using the following classic equation:

� � E
�

1 � D�

where, � is stress (Pa) and � is engineering strain.12 A
change in mechanical properties could affect the G
parameter.

Tg measurements

Changes in Tg, (“onset temperature of bulk softening”)
due to the moisture uptake, were determined by the
probe-penetration depth using thermal mechanical
analysis (TMA). The measurements were carried out
on a Perkin–Elmer TMA-7, operating with a 1-mm
diameter hemispherical probe, heating rate of 10°C
min�1, and probe force 50 mN under N2.

ATR-FTIR measurements

The chemical changes occurring in the paint system
due to the exposure to moisture were determined
using ATR-FTIR in dry-air (Nexus 870, DTGS TEC).
Sixty-four scans were taken with 64 background scans
at a resolution of 4 cm�1. Ge was used as the ATR
crystal.

RESULTS

Adhesion experiments

Failure for the samples exposed to moisture at tem-
peratures of 27 and 40°C was observed at the Zn/Al-
based alloy layer/primer interface, i.e., adhesive fail-
ure and not within the primer layer, i.e., failure is not
due to the cohesive failure. This indicates that the

*Critical radius: The crack propagates around steadily
increasing radii until it finds some critical radius at which
insufficient energy is stored in the epoxy resin to drive it
further. Smaller critical radii represent stronger adhesion
energies.
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water has permeated through to the Zn/Al-based al-
loy layer.

Average results of a set of three adhesion experi-
ments, for each sample, are presented in Figures 3(a)
and 3(b). Interfacial toughness, G, was found to vary
with respect to time [Fig. 3(a)] and temperature of
exposure to humidity as determined by VaRRAT.12 G
corresponds to adhesion energy when the sample ex-
hibits adhesive failure and to cohesive strength when

the failure occurs within the primer layer. The samples
exposed to the moisture at all the temperatures
showed an initial increase in the interfacial toughness
compared to the reference samples at 27 and 55°C. For
the samples exposed to lower temperatures of 27 and
40°C, the interfacial toughness started to decline with
the increasing exposure time. The samples exposed to
moisture at 55 and 68°C showed higher G values,
corresponding to the cohesive strength of these mate-
rial than the reference samples, and upon drying these
samples at ambient conditions [Fig. 3(b)], they did not
revert back to their original lower G values.

Reference samples

Loss in interfacial toughness, G, for reference samples
(Figs. 3(a) and 3(b)) is attributed to the loss in volatile
products.

Kinetics and mechanisms

The rate constants, K, for the loss in interfacial tough-
ness G as a function of time is determined by plotting
�, the fraction transformed at different temperatures
against the time (Fig. 4). K was determined from the
slopes of these plots.

The fraction transformed is defined by the relation �

�
G�0� � G�t�

G�0�
� change in interfacial toughness at

time t/interfacial toughness at time zero. K is the slope
of � versus time curve.

While the plots of � versus time for 55 and 68°C
remained linear, indicating a chemical or surface-con-
trolled reaction mechanism, the plots for 27 and 40°C
tend to level off rather than remain linear till the end,
indicating a change in reaction mechanism at these
temperatures, perhaps a diffusion controlled mecha-
nism. K was determined for 55 and 68°C from the
slopes of � versus time plots.

Figure 3 (a) Effect of moisture on interfacial toughness
with respect to time and temperature (reference, samples not
exposed to humidity; and wet : samples exposed to humid-
ity). (b) Effect of moisture on interfacial toughness with
respect to time and temperature primer (reference, samples
not exposed to humidity; and dry : samples allowed to dry
naturally after exposure to humidity).

Figure 4 Plot of fraction transformed � versus time for
primer samples.
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Activation energy was determined from the K val-
ues of 55 and 68°C to be 100 kJ mol�1using eq. (1).

log
K2

K1
�

Ea

2.303R �T2 � T1

T2T1
� (1)

The activation energy for 27 and 40°C was determined
to be 31 kJ mol�1using differential approaches without
reference to any particular kinetic model (eqs. (2) and
(3)). According to eq. (2), t(�), the time required for a
fixed � is directly proportional to exp(Ea/RT).13 Plot of
t(�) versus 1/T for different � values yields the acti-
vation energy. However, because of lack of enough
data, the activation energy was calculated using eq.
(3).

t��� �
const.

A exp�Ea/RT� (2)

log
t2���

t1���
�

Ea

2.303R �T2 � T1

T2T1
� (3)

TMA measurements

The samples were subjected to humidity effects below
the glass-transition temperature of the primer layer.
The Tg of the primer sample as received was 80°C. The
TMA curves for primer showed two transitions (Fig.
5), a smaller transition around 23°C and a major tran-
sition around 80°C. The smaller transition is due to the
excess crosslinker present. The major transition is at-
tributed to the Tg of the epoxy resin. Samples exposed
to the moisture at 27 and 40°C showed no change in
the Tg. The samples exposed to moisture at 55 and
68°C showed an increase up to 10°C in the Tg (major
transition). The reference samples at 27 and 55°C
showed only a slight increase in the Tg. Upon drying

the samples under ambient conditions, the Tg of these
samples did not revert back to original values as can
be seen from Figure 6. The changes that had occurred
appear to be permanent under these conditions. Table
I shows the changes in major transition observed. It is
worthwhile to notice that the depth of penetration for
the samples aged in water at high temperature is even
less (though slightly) than the samples as received.

ATR-FTIR

FTIR studies were carried out to establish if any chem-
ical changes took place in the paint system because of
prolonged exposure to moisture. Figures 7(a) and 7(b)
show the ATR spectra of the samples exposed to mois-
ture at 55°C for 97 days (55°C wet), and subsequently
allowed to dry naturally (55°C dry), and the reference
sample at 27°C (reference sample 27°C). Changes are
observed in the CH2 region 2965 and 2928 cm�1 due to
the methylene bridges occurring during condensation
of urea–formaldehyde crosslinker (Fig. 8) and due to
the epoxy-ring opening.

Figure 7(b) indicates that there is still some unre-
acted epoxide group (907 cm�1) present in the refer-
ence sample at 27°C. However, the intensity of the
epoxide peak at 907 cm�1 is found to diminish upon
exposure to moisture. Changes are also seen in the
ether region 1040 and 1073 cm�1, indicating the for-

Figure 5 TMA curves of the primer samples exposed to
moisture.

Figure 6 TMA curves of the “dry” primer samples.

TABLE I
Observed Changes in Tgs

Temperature
(°C)

Tg (°C)

As received References Wet Dry

27 80 79 82 79
40 80 NA 83 84
55 80 86 91 90
68 80 NA 90 89
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mation of a different kind of ether due to the reaction
with the epoxide. These reactions appear to be perma-
nent, as upon drying, the chemical changes that have
occurred in these samples are still maintained. The
FTIR spectra of the dry samples are different from the
spectra of the reference samples. It may be concluded
that the irreversible increase in the wet-adhesion ob-
served is caused by the permanent chemical changes
occurring in these paint systems at high temperatures
in water.

DISCUSSION

Initially, this study was carried out with the precon-
ceived notion that the interfacial toughness, G, of a
coating system would decline with time upon expo-
sure to the moisture, more so for a system devoid of
the topcoat. The primed samples have a thickness of 5
�m as opposed to the topcoat samples with an addi-
tional thickness of 18 �m and are expected to be more
vulnerable to moisture effects. A decline in Tg was also

Figure 7 (a) ATR spectra of primer samples (reference, 27°C; wet, 55°C; dry, 55°C). (b) ATR spectra of primer samples
(reference, 27°C; wet, 55°C; dry, 55°C).
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expected upon exposure to the moisture. The ob-
served increase in interfacial toughness, G, prompted
further investigations to be carried out. An irreversible
increase in Tg, the permanent chemical changes ob-
served by ATR-FTIR, and the high activation energy
confirmed irreversible chemical reactions taking place.

The earlier studies on the metal oxide–paint systems
report a decrease in the Tg upon exposure to mois-
ture.7,11 Loss of mechanical properties in the epoxy
resins at elevated temperature enhanced as a result of
absorbed moisture has been reported by several work-
ers.11,14–16

However, Johncock observed an increase in Tg as a
result of water-induced additional cure of incompletely
cured epoxy systems.17 Hashim et al. have reported a

moisture-cure of a precured epoxidized natural rubber
with aminopropyltriethoxysilane, which resulted in vul-
canizates of considerable tensile strength.18

The observed increase in interfacial toughness and
Tg upon exposure to moisture in the present study
suggests an ongoing curing reaction accelerated by
moisture as reported by Johncock.17 As previously
mentioned, these are the samples that are removed
from the continuous paint line process just prior to the
application of the topcoat, with excess epoxy resin and
crosslinker meant for further reaction with the top-
coat. The interaction between the topcoat and the
primer involves the crosslinker in the primer reacting
with the resin in the topcoat and vice versa at the
interface between the topcoat and the primer. Subse-
quent exposure to the moisture at higher tempera-
tures, for e.g. 55 and 65°C lead to a continued curing
(crosslinking) of the unreacted functional groups, re-
sulting in an increase in the Tg. An increase in the Tg

due to the crosslinking renders the coating material
with better mechanical properties, such as higher
modulus and ductile strength. Consequently, the in-
terfacial toughness, G, also increases. The reference
samples not exposed to moisture at 55°C did not show
an increase in interfacial toughness, G.

The conventional alcohol-catalyzed cure reactions
facilitate the ring opening of the epoxide by forming
H-bond with the oxygen in the oxirane ring as shown
in Figure 9. Urea–formaldehyde, the crosslinker used
in the primer forms ether as shown in Figure 10 in the
presence of a catalyst, the butyl alcohol.19 In the
present study, changes seem to occur in the ether

Figure 8 Urea–formaldehyde network with methylene
bridges.

Figure 9 Alcohol-catalyzed crosslinking reaction between epoxy and amines.
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region at 1039 and 1070 cm�1, reflecting water-cata-
lyzed reactions of the crosslinker with epoxide to form
different kind of ethers. Decreasing intensity of the
epoxide peak at 907 cm�1 is a further indication of
further curing aided by water via epoxide ring open-
ing.11

In addition to inducing additional cure, the ab-
sorbed water in the presence of NH3 favors formation
of nano-disperse phase in the primer layer, by mobi-
lizing the metals present in the metallic coatings, re-
sulting in an increased interfacial toughness, G, as
explained in the following section. The metal ions
migrate to the active site on the sample surface to
inhibit corrosion attack by precipitating into a protec-
tive film, upon exceeding their solubility limit.

The Zinc/Aluminum coating consist of two phases:
Al-rich alloy dendrites and Zn-rich alloy phase as
reported by Gao et al.20 A metastable intermetallic
phase Al0.71Zn0.29 is formed on the zinc–aluminum
coating surface because of the decomposition of the
Al–Zn alloy. Al has a much more negative standard
electrode potential (E0 � �1.663 V) than Zn (E0

� �0.763 V).20,21 However, it is reported that Zn is
removed first from the Zn-rich alloy phase because, Al
has a strong oxidation tendency in an oxygen-contain-
ing atmosphere, and forms a layer of alumina:

2Al � 3O2 � 2Al2O3

Al2O3 is known to be compact and stable. A thin film
of Al2O3 has a good protective ability to prevent the
Al-rich alloy phase from further corrosion. Aluminum
oxidizes much slower than iron, because of the forma-
tion of aluminum oxide barrier layer, which is a much
more effective barrier than the oxide film on iron is.
Normally the oxide films with low diffusion coeffi-
cients and high melting point form effective barriers.
Another factor that determines the barrier property is
the electrical resistivity. Electrons passage through the
films facilitates oxidation. If the films are insulators,
with high electrical resistivities, they exhibit better
barrier protections. Because of the high electrical re-
sistivity of Al2O3, which is greater than that of FeO,
Al2O3 shows better barrier properties than FeO.

Figure 10 (a) Etherification reaction of butyl alcohol and urea and resulting chemical structure. (b) crosslinking reaction
between the urea–formaldehyde and the epoxy resins.19
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The Zn-rich phase, on the other hand, does not have
the ability to form this type of protective film. When
atmospheric oxygen is reduced in the presence of
H�

(aq) supplied by H2CO3 formed from dissolved
CO2, water, and zinc in Zinc/Aluminum coating, the
metal alloy coating is easily oxidized to Zn(OH)2. Zinc
hydroxide reacts with the CO2 in the atmosphere to
form a large amounts of tough layer of
Zn(OH)2�xZnCO3, the corrosion products, which
strongly adheres to the metal surface underneath, pro-
tecting it22 (zinc acts as a sacrificial anode, as it is
above the iron in the redox potential table). This layer
is reportedly marked with defects, such as cracks and
crevices.23 This would facilitate breaking of adhesion
bonds leading to delamination of coating layer. How-
ever, in the presence of excess ammonia and OH�, the
corrosion product Zn(OH)2 is dissolved and diffuses
into the polymer matrix rather than forming a tough
layer between the metal surface and the coating.22

With increasing temperatures, the solubility of CO2
is reduced to a greater extent than the solubility of O2
and the ratio of CO2 to O2 declines. A decrease in CO2
results in an increase in the pH of an aqueous system.
At a higher pH, water can react with the excess
crosslinker, urea, present in the primer layer, to pro-
duce ammonia and more OH� ions. This reaction is
initially facilitated at high temperatures, because of
low solubility of atmospheric CO2 in water, which
raises the pH and imparts basic character to the water,
shifting the equilibrium towards right as shown be-
low:24

H3O� 7 H2O 7 OH�

The OH� reacts with urea as shown below, producing
ammonia.25

Ammonia can effectively leach out zinc, from zinc–
aluminum coating, forming tetra ammine zinc(II) hy-
droxide tetrahedral complex and chromium from
chromium-based pre-treatment layer forming
[Cr(NH3)]3�, that are soluble in water.26,27 The four
ammine ligands attached to the Zn can further react
with the epoxide via hydrogen bonding. High temper-
atures and excess ammonia can increase the rate of
dissolution and the solubility of these metal com-
plexes. Upon exceeding the solubility limit, the organo
zinc complexes will start precipitating out. Aqueous
ammonia reacts with aluminum ions also resulting in
the formation of a white precipitate, Al(OH)3, which
does not redissolve in excess ammonia.

The pigments (made of transition metal oxides) and
the fillers present in the primer can also be leached by
ammonia. The zinc/aluminum crystallines formed are
expected to be of nanoscale and well dispersed as the
Ostwald’s ripening of the crystals will be minimized
due to the surrounding organic matrix.

Ammonia being stronger nucleophile than the wa-
ter would preferentially bond with Zn to form am-
mine complex, and the weak base like water may not
be able to cleave this bond easily. Because of incorpo-
ration of these metal ions into the organic layer, a
coating layer comprising nanocomposites, with differ-
ent mechanical properties, is formed. The metal ion
effectively bridges the metal surface and the organic
layer because of the increased contacts provided by
the multiple ammine ligands attached to metal ions
each of which can further react with the oxirane ring
via H-bonding. Figure 3(b) shows an increase in the
interfacial toughness, G, after the dry cycle for the
samples exposed to moisture at 55 and 68°C. This
could be due to further crystallization caused by the
evaporation of water when the solubility product is
exceeded. The nano dispersion of the Zn ammine com-
plex and the other crystallines in the polymer matrix
would increase the barrier properties, by creating a
maze or tortuous path that retards the transport or
diffusion of gas molecules or the water molecules
through the polymer matrix.28 Morphology of these
crystals could vary from flaky fiber to spindle shaped,
depending upon the pH and the nature of the organic
matrix.29,30

Roche et al.31–33 have reported dissolution of TiO2/
Alumina during the cure cycle using epoxy diamine
monomers. The diamine, the crosslinker, is reported to
be responsible for the dissolution reactions. Crystalli-
zation of the dissolved/diffused metal oxides within
the organic matrix, upon exceeding the solubility
product, resulted in increased mechanical properties
of the organic matrix. The dissolution and diffusion of
the metal ions into the organic matrix lead to inter-
phase formation, resulting in a trilayer system. Fur-
ther, it is reported that when this trilayer system was
aged in water (at 40°C, for 12 h followed by drying at
�20°C and �50% RH), it showed an increase in the
interfacial toughness33 and this phenomena can be
attributed to the formation of needle-shaped organo-
metallic complexes within the polymer matrix acting
as a barrier material or water diffusion (corrosion)
inhibitor.32 The barrier properties of the polymer resin
are reported to increase with the increasing aspect
ratio of the nanocrystals.28

A fully cured bi-layer system allowed to age in
water showed a decrease in the interfacial tough-
ness.33,34 This is contrary to what is observed in the
present study, where a bi-layer system, when allowed
to age in water at high temperatures, shows an in-
crease in the interfacial toughness. However, in the
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present study, the bi-layer system is only partially
cured. Further cure aided by water and the formation
of nanocomposites within the polymer matrix are at-
tributed to the observed increase in the interfacial
toughness. It would appear that the size and the shape
of Zn crystallites in the nanocomposite layer in the
primer matrix are other factors crucial in governing
the interfacial toughness.35 The needle-shaped crystals
would increase the longitudinal Young’s modulus,
thus in turn the interfacial toughness, G.

The activation energies �30 kJ mol�1 for the tem-
peratures 27 and 40°C and �100 kJ mol�1 for the
temperatures 55 and 68°C observed in the present
study are high for a physical process obeying Henry’s
law, though activation energy reported for processes
such as diffusion is around 36 kJ mol�1, but a high
value of �100 kJ mol�1 is indicative of chemical inter-
actions.36–38

CONCLUSIONS

Water increases the adhesion in the primed samples at
high temperatures. This is attributed to water-aided
curing of previously partially cured samples as well as
formation of nanocomposite phase within the polymer
matrix. Water acts as a catalyst by forming a H-bond
with the oxygen in the oxirane ring facilitating ring
opening, thus favoring the attack by the nucleophilic
Nitrogen.17

Ammoniacal leaching of the metal alloy and subse-
quent diffusion of the metal ions into the organic
coating layer produces a coating layer comprising of
nanocomposites, with improved mechanical proper-
ties than the monomer resins. High temperatures in-
crease the rate of dissolution and the solubility of the
organo-complexes. Presence of nanocrystals increases
the barrier property by creating a maze or tortuous
path that retards the transport or diffusion of gas
molecules or the water molecules through the poly-
mer matrix, thus improving the wet-adhesion. The
increased Tg, the FTIR studies, and the high activation
energies observed are indicative of permanent chem-
ical transformations taking place in the primer layer.
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