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ABSTRACT: Diglycidyl ether of bisphenol A epoxy (E)
was modified with hydroxyl-terminated polydimethylsilox-
ane through a ring-opening addition polymerization reac-
tion. The structural elucidation of the siloxane-modified ep-
oxy resin (ES) was carried out with Fourier transform infra-
red, "H-NMR, and ">C-NMR spectroscopy techniques. The
physicochemical characterization of the synthesized resin
(ES) was performed with standard methods. E and ES were
subjected to paint formulation with the help of a rutile
(TiO,) pigment. The formulated paint systems were cured at
room temperature with 1,6-diaminohexane (AH) and 1,3-
diaminopropane (AP), which were used as curatives. The
E-AH, E-AP, ES-AH, and ES-AP paint systems were ap-

plied to mild steel strips. The physicomechanical and anti-
corrosive performance of the coated panels was evaluated
with standard methods. The thermal analysis of these E-am-
ine and ES-amine systems was carried out via thermogravi-
metric analysis. The effects of siloxane incorporation and
amine curatives on the coating properties of the paint sys-
tems were also investigated. The ES-AP system exhibited
good thermal and corrosion stability performance among all
the E and ES paint systems. © 2006 Wiley Periodicals, Inc. ] Appl
Polym Sci 100: 4981-4991, 2006
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INTRODUCTION

Epoxies are an important class of polymeric resins.
They exhibit low shrinkage, ease of cure and process-
ing, excellent moisture, solvent, and chemical resis-
tance, good electrical properties, and higher adhesive
strength,'? which make them suitable for castings,
adhesives, advanced composites, and coating applica-
tions.>® However, in the crosslinked state, they are
intrinsically brittle*>” with very low fracture energy.'°
Also, they have comparatively low hydrophobicity!
and poor weathering and thermal resistance.” Major
disadvantage for their application are their flamma-
bility>'? and low impact resistance.>'* The low pig-
ment-holding ability and yellowing of epoxy resins
further resist their wide application in paints and coat-
ings.® Recently, numerous attempts at the toughening
of epoxy resins have been made with, for example,
carboxy-, amine-, or hydroxyl-terminated acrylonitrile
butadiene rubbers, functionally terminated acrylates,
poly(phenylene oxide), and alkylene oxide.*>*%?
Such modifications improve the impact behavior of ep-
oxy resins; however, in some cases, the presence of a
high level of unsaturations in their structure has been
found to provide sites for degradative reactions,” and for
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some other modifications, these systems have been
found to be unsuitable for high-performance engineer-
ing applications.>'* To overcome the drawbacks of such
systems, extensive research efforts have been made to
provide opportunities for the development of high-per-
formance organic-inorganic hybrid polymers.>'>® The
combination of organic and inorganic siloxane function-
alities in a single component offers diverse and unique
properties such as good processability, flexibility, dura-
bility, and toughness and high thermooxidative stability
to the resin, along with good abrasion resistance, hard-
ness, chemical resistance, weatherability, and UV resis-
tance."*'® These optimum characteristics have been
obtained with the usage of inorganic siloxane poly-
mers with acrylates, vinyls, acetoacetates, and ep-
oxies.” 10141519721 Gjloxanes are known for unusual
flexibility,* high thermal stability and moisture resis-
tance, good dielectric properties, excellent UV and
chemical resistance,®!%13152023-25 1oy toxicity,3'12 and
high corrosion protective efficiency.'?

The conventional methods used to introduce silox-
anes into polymers involve a common blending pro-
cess.”?® Blending may increase the viscosity of the
resin,®”?* and a larger amount of the solvent can be
consumed in the preparation of the coatings; the evap-
oration of the excess solvent, during and after curing,
may cause shrinkage and produce internal stresses in
the coatings, causing leaching after a certain time. In
the case of epoxy-siloxane blends, phase separation
and bleeding of the silicon component occur, and this
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limits the use of larger silicone concentrations.®”>*

The phase separation and low surface energy of sili-
cone-polymer-modified epoxies hamper their use in
surface coatings.®. Thus, to solve this problem, it is
mandatory to incorporate a siloxane moiety into the
polymer backbone through some chemical reac-
tion.”?” The incorporation of siloxane into epoxy
through addition polymerization improves the afore-
mentioned drawbacks.”*

In this study, diglycidyl ether of bisphenol A
(DGEBA) epoxy (E) was modified by hydroxyl-termi-
nated polydimethylsiloxane (HPDMS) through the in-
corporation of the latter into the former via ring-open-
ing addition polymerization. The main objective of
this research work was to investigate the possible use
of siloxane-modified epoxy (ES) in the development of
anticorrosive polymeric coatings and paints. The
structure of E and ES was confirmed with Fourier
transform infrared (FTIR), 'H-NMR, and *C-NMR
spectroscopy analyses.”® ES and E were further sub-
jected to the formulation of anticorrosive paints. 1,6-
Diaminohexane (AH) and 1,3-diaminopropane (AP)
were used as curatives. The physicochemical analysis
of E and ES was carried out by standard methods. The
physicomechanical and anticorrosive performance of
the coated samples of the E- and ES-based paints were
also evaluated. Thermal analysis was carried out via
thermogravimetric analysis (TGA). The effects of the
incorporation of HPDMS and the nature of the cura-
tives on the aforementioned properties of the E- and
ES-based paints were also investigated. The modifica-
tion of E through siloxanes had a synergistic effect on
the properties of the ES paints. Among all the E and ES
paint systems, ES-AP exhibited superior thermal and
anticorrosive properties.

EXPERIMENTAL
Materials

DGEBA E resin (LY 556; epoxy equivalent = 182.56,
viscosity = 10,000 cP) was procured from Ciba Spe-
cialty Chemicals, Pvt., Ltd. (New Delhi, India), HP-
DMS (viscosity = 90-150 cSt, refractive index
= 1.4057, density = 0.970 at 25°C; Aldrich, Milwaukee,
WI) was used as a modifier. AP, AH (Merck, India),
ethyl methyl ketone (Merck), TiO, (rutile), and phos-
phoric acid (S.D. Fine Chemicals, Mumbai, India) were
used as such. Talc, mica, silica, and china clay (Shan-
kar Dyes Chemicals, New Delhi, India) were used as
extenders.

Synthesis of the HPDMS-modified epoxy resin
(ES)

Calculated weight percentages of HPDMS (10, 20, 25,
30, and 40) and E resin were placed in a three-necked,
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round-bottom flask equipped with a magnetic stirrer,
thermometer, and nitrogen inlet tube in the presence
of a few drops of phosphoric acid used as a catalyst.
The reaction mixture was maintained at 80°C along
with constant stirring. The progress of the reaction
was monitored by thin-layer chromatography through
the determination of the epoxy equivalent and hy-
droxyl value at regular intervals. As the reaction pro-
ceeded, the epoxy equivalent gradually increased and
became constant at 345 upon the completion of the
reaction. The increase in the epoxy equivalent (from
182.56 to 345) indicated a decrease in the oxirane con-
tent, supporting the idea that the chemical reaction
took place between the E ring and siloxane to form ES
along with the presence of residual epoxide rings.

ES was synthesized with various weight percent-
ages (10, 20, 25, 30, and 40) of HPDMS by the afore-
mentioned procedure to optimize the amount of silox-
ane with respect to the E resin. ES resins of different
compositions were subjected to physicochemical anal-
ysis. No significant change in the value of the epoxy
equivalent was observed as the reaction for the syn-
thesis of ES (beyond and below 25 wt % HPDMS)
proceeded, and this indicated a negligible reaction
between E and HPDMS. An abnormal increase in the
physicochemical characteristics, such as the viscosity
and specific gravity, was also observed (>25 wt %
HPDMS), and this ruled out the possibility of using
the aforementioned systems further.

The structure of ES was further confirmed with
FTIR, 'H-NMR, and "*C-NMR spectral analysis (Figs.
1-4).

Formulation of the HPDMS-modified E-based
paint

ES (25 wt %) was subjected to paint formulation. TiO,
(rutile; 15 wt %), used as a pigment, along with a
predetermined quantity (30 wt %) of ES, was dis-
solved in ethyl methyl ketone and placed in a ball mill
machine; talc (0.2 wt %), mica (1.0 wt %), silica (1.0 wt
%), and china clay (2.0 wt %) were used as extenders.
All the ingredients except the hardener were mixed
and homogenized in a ball mill for 8 h at 1400 rpm in
the presence of glass beads of a specific size. The
fineness of the grind was checked with a Hegmann
gauge to get the fineness value of 8-10 um (ASTM D
1210).%* Similarly, plain E-based paint was developed,
which further served as a control. Each of the paint
systems (E and ES) was mixed with a solution of a
predetermined amount of a curing agent (20 wt %),
AH or AP, to prepare the precondensate of the E-am-
ine or ES-amine system, which was further stirred at
80°C in ethyl methyl ketone for 20 min.
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Figure 1 '"H-NMR spectrum of E.

Characterization

FTIR spectra of the synthesized resins were taken on a
model 1750 FTIR spectrophotometer (PerkinElmer Ce-
tus Instruments, Norwalk, CT) with a NaCl cell.'H-
NMR and ">C-NMR spectra were recorded on Bruker
Spectrospin model DPX 300-MHz instrument with
deuterated chloroform (CDCl;) and deuterated di-
methyl sulfoxide as solvents and tetramethylsilane as
an internal standard. The thermal analysis of these
resins was carried out via TGA (TGA-51, TA Instru-
ment, New Castle, DE) under a nitrogen atmosphere.

Preparation and testing of the coatings

A precondensate solution of the E- or ES-curing agent
paint system in ethyl methyl ketone was applied by a
brush, at room temperature, to commercially available
mild steel strips of standard sizes: 30 X 10 X 1 mm? for
chemical (corrosion) resistance testing and 70 X 25 X 1
mm?® for gloss testing, scratch hardness testing (BS
3900), bending testing (ASTM D 3281-04), and impact
resistance testing (1S : 101 part5/s.3,1988). The specu-

lar gloss was determined at 45° with a model RSPT 20
glossmeter (Digital Instruments, Santa Barbara, CA).
The coating thickness was measured with a model
345 elcometer (Elcometer Instruments, Manchester,
United Kingdom). The thickness of these coating was
between 140 and 175 p m. The dry-to-touch (DTT) and
dry-to-hard (DTH) times were also noted (Table I).

Corrosion tests were performed in water, acid (5 wt
% HCI), alkali (10 wt % NaOH), NaCl (3.5 wt %),ethyl
methyl ketone, and xylene by the placement of sam-
ples in-3-in.-diameter porcelain dishes in the afore-
mentioned media. Periodic visual examinations were
conducted until the films showed evidence of soften-
ing or deterioration. The aforementioned coating
properties of the paints were evaluated only after 8
days of application over the substrate.

RESULTS AND DISCUSSION

Scheme 1 shows the chemical reaction between
DGEBA E and HPDMS to form ES. The proposed
structure for ES was confirmed by spectroscopic anal-
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TABLE 1
Physicomechanical and Anticorrosive
Performance Evaluations

System
E-AH ES-AH E-AP ES-AP

Characteristic
DTT (h) 5 2 55 15
DTH (h) 8 4 9 3
Gloss at 45° 60 69 59 72
Scratch hardness (kg) 1.5 4 14 5
Impact resistance (150
Ib./in.) Pass Pass Fail Pass
Bending test (1/8 in.) Pass Pass Fail Pass
Chemical
NaOH (10 wt %, 10
days)

HCl (5 wt %, 10 days)
NaCl (3.5 wt %, 10 days)
H,O (45 days)

Butanone (60 h)

Xylene (60 h)

Tt T aan
TN NN T
Nn aoan aan
v T oo

a = unaffected; b = slight loss in glossfilm was not af-
fected; c = loss in glossfilm was affected; d = film swelling.

ysis (IR, '"H-NMR, and ">*C-NMR). It is also supported
by physicochemical analysis results discussed in a
later section.

Spectral analysis

The spectral analysis of pure E and ES is discussed,
and the important characteristic peaks are given (Figs.
1-4)

Pure E (IR, cm ™)

1297-1184 (C—O—C, aryl alkyl ether, asymmetric
stretching), 1087 (aryl alkyl ether, symmetric stretch-
ing), 2962 (—CH; of quaternary carbon), 3056.5, 1582,
787,750 (aromatic rings, stretching), 2929 (—CH, sym-

CH

CH, o | 3
o |
N N )
HZCL_cH_CHz_Q@(l;@O-CHQ-HC-——CH2 + HO[-—-—-S[n-—-—-O-];{-H
CH, CH,
DGEBA HPDMS

HPO,

CH OH GH,
N » | |
H,C —CH-CHZ—OQCI@—O-CHZ-HC—CH2—§0---"-5|3—-—ISH
CH; CH,

Epoxy siloxane(ES)

Scheme 1 Synthesis of ES.
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ES + H N NH,(AH or AP}
l AH = HNCH,CH,CH,CH,CH,CHNH,
AP = H,NCH,CH,CH,NH,
OH CH, C|)H fl:H3
! |
NH, ™ HN-H,G CH.CHTo©(|:@o-cHZ-Hc—CHz—fo-----«lSi——-—-lr;OH
CH, CH,
or
(3 N — )

Scheme 2 Modification of ES with a diamine curative (AH
or AP).

metric stretching), 2872 (—CH,, asymmetric stretch-
ing), 972.4-915.8 (oxirane ring), 1381 [(CH;),C]."’

ES (IR, cm™ 1)

1297-1184 (C—O—C, aryl alkyl ether, asymmetric
stretching), 1087 (aryl alkyl ether, symmetric stretch-
ing), 2962 (—CH; of quaternary carbon), 3056.5, 1582,
787,750 (aromatic rings, stretching), 2929 (—CH, sym-
metric stretching), 2872 (—CH,, asymmetric stretch-
ing), 972.4-915.8 (oxirane ring), 1381 [(CH;),C], 3487.9
(—OH), 1158-1085 (5i—O—=i, stretching), 2958, 1245,
805 (Si—CH,).'**

Pure E (*H-NMR, CDCl,, §, ppm)

7.14-6.8 (aromatic ring protons), 4.19 (—CH,—
O—Ar), 3.33-3.30 (—CH, oxirane), 2.8-2.7 (—CH,,
oxirane, 1.8-1.6 (—CH,)

a. possibility 1
possiliyt NH, + ES
OH CH, FIH ,,,,,,,, <|:H3
7 |
.............. HN-CH2-4£H-CH2-0-@\?@«O-CH2—HC——CHZ—[O«---«SI--—-—-]—--NH......
— I n
CH, CH,
b. possibility 2
............ NH, 4 HNT7UVUNH, (AH or AP)

H...... CH

¥
oH CH, N |
A HN-CHAH-CHQ.OOc||:</:\>0~CH2-H<|:~CH2—{o--«-s.
b, ¢

3

—]-NH........
n

H3

Scheme 3 Possible curing reactions of ES with an amine
curative (AH or AP).
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TABLE II
Physicochemical Analysis of E and ES
Epoxy Hydroxyl Specific Refractive
System equivalent value gravity index
E 182.56 — 1.1506 1.5685
ES 345.00 18 1.2553 1.5885

ES ("H-NMR,CDCl,, §, ppm)

7.11-6.8 (aromatic ring protons), 5.58 (OH), 4.28-4.24
(CH—OH), 4.19 (—CH,—O—Ar), 3.55-348 (—CH,-
OH), 3.33-3.29 (—CH, oxirane), 2.8-2.69 (—CH,, oxirane),
2.5 (CH, —0—Si), 1.56 (—CH,), 0.064 (—CH;—Si)."**®

Pure E ("?C-NMR, dimethyl sulfoxide, 8, ppm)

49.79 (CH,, oxirane), 43.7 (CH, oxirane), 68.86
(CH,—O Ar), 156, 142.9, 127.4, 113.8 (aromatic ring
carbons), 41.16 [—C(CH,;),].

ES (*C-NMR, dimethyl sulfoxide, 8, ppm)

49.79 (CH,, oxirane), 43.7 (CH, oxirane), 68.86
(CH,—OAr), 156, 142.9, 127.4, 113.8 (aromatic ring
carbons), 41.16 [—C(CH,),], 73.8-71.3 (CH—OH),
46.78 (CH,—O—Si),® 26.3 (CH,—Si).

FTIR spectra of ES, compared with those of plain E,
showed that the bands at 972.4-915.8 cm ™' for the
oxirane ring shortened; a broad and pronounced band
appeared at 3487.9 cm ™!, which was characteristic of
the hydroxyl group. The bands at 11581085 cm ™" for
5i—O—S5i significantly indicated the presence of silox-
ane in the ES system. However, in the "H-NMR and
13C-NMR spectra of ES, the appearance of character-
istic peaks for OH (5.58) and CH,—Si (0.064; Fig. 2) as
well as the peak for —CH,—O—Si (2.5) confirmed
that a chemical reaction occurred between E and HP-
DMS to form ES. Peaks for Si—CH,, CH,—0O—Si, and
—CHOH, which appeared at 26.3, 46.78, and 73.8-71.3
in >*C-NMR, further supported the siliconization of E.

The structure of ES distinctly indicated the presence
of three functionalities per molecular chain of ES. With
one oxirane ring at one end and two hydroxyls, the
pendant hydroxyl group formed during the E ring-
opening reaction with HPDMS,'® as well as the termi-
nal hydroxyl group of siloxane at the other end of the
molecular unit (Scheme 1). These groups participated
in the curing reactions.

The diamine curing agents (AH and AP) reacted
with the oxirane ring of ES to subsequently form hy-
droxyl groups. The free amino group reacted with the
terminal hydroxyls of the siloxane moiety of ES, the
terminal oxirane ring of ES, the pendant hydroxyls
formed during oxirane ring opening by the addition
reaction of E with HPDMS,'® and those formed during
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the curing reaction with the amine itself® (Scheme 1).
Scheme 1 reveals that the system could attain a high
crosslink density after curing.

Physicochemical analysis

Table II (physicochemical analysis) shows that the
epoxy equivalent decreased, whereas the specific
gravity and refractive index increased, from plain E to
the ES system. This trend was indicative of a chemical
reaction occurring between DGEBA and HPDMS,
which reduced the overall oxirane content and also led
to an increase in the molar mass of ES in comparison
with E. In the case of ES, the hydroxyl value was 18,
and this also implied that hydroxyl formation due to
oxirane ring opening occurred through the addition
reaction of E with HPDMS.'? The values for hydroxyl
as well as the trend for other physicochemical prop-
erties further supported the idea that the siliconization
of E was effectively carried in the due course of the
reaction.®

Thermal analysis

The effects of siloxane incorporation and the curatives
AH and AP on the thermal stability of E and ES were
investigated with TGA studies (Fig. 5). In the TGA
thermograms of all ES systems, the onset of degrada-
tion occurred in the range of 220-250°C, and this can
be attributed to the evaporation of the trapped solvent
or the loss of moisture. The weight-loss percentage
(10-50 wt %) and the corresponding temperature of
degradation for E-AH, E-AP, ES-AH, and ES-AP are
given in Table III. For the same weight loss, the deg-
radation temperatures were higher for the ES~AH and
ES—-AP systems than those of E-AH and E-AP, respec-
tively. In other words, it can be inferred that the ES
systems had higher thermal stability than the plain E
curative systems. The siloxane (S5i—O—-Si) bond dis-
sociation energy is higher than the C—C and C—O
bond energy, as reported by earlier workers.'**> The

ES-AP —

Weight (%)

2] T T T — ™
20 120 220 320 420 520
Temperature (*C}

Figure 5 TGA thermograms of E-AH, E-AP, ES-AH, and
ES-AP.
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TABLE III
Percentage Weight Loss of E-AH, ES-AH, E-AP, and
ES-AP at Different Temperatures by TGA

Weight Temperature (°C) for

loss

(%) E-AH ES-AH E-AP ES-AP
10 295 322 286 339.5
20 339 356 324 379.0
30 367 391 353 403.0
40 391 421 378 430.0
50 414.5 451 395 473.0

stability of the inherent inorganic nature of the silox-
ane structure may stabilize the epoxy resin from
heat.”® The high energy of the siloxane bond, the low
surface energy of silicones,>'*'* and their partial ionic
character may be responsible for substantial thermal
stability.>'**3° However, Table III also reveals that
E-AH had higher thermal stability than E-AP,
whereas, interestingly, for the same weight-loss per-
centage, ES-AP showed a considerably higher degra-
dation temperature than ES-AH. In the case of the
plain E curative system, E-AH paint was thermally
more stable than E-AP. However, upon the incorpo-
ration of HPDMS, ES-AH showed a lower degrada-
tion temperature range than ES-AP. As discussed
later, the number of crosslinks per unit of molecular
chain length was higher for ES-AP than ES-AH. That
is, ES-AP presumably had a higher crosslink density
than ES-AH. In our earlier studies, we found that an
increase in the crosslink density increased the thermal
stability of the resins®? and also enhanced the coat-
ing properties of the resins. Consequently, ES-AP and
E-AH attained a higher thermal stability than ES-AH
and E-AP. The study conclusively reveals that E-AH
and ES-AH can be safely used up to 245-255 and
275-285°C, respectively, whereas E-AP and ES-AP
can be safely employed up to 240-250 and 290-300°C,
respectively. Thermal stability studies revealed that
these coatings systems could find applications in high-
temperature environments.

Coating properties

Table I provides information about the coating
properties of the resins. A considerable improve-
ment was achieved in the DTT and DTH times of ES
paint systems (ES-AH and ES-AP) in comparison
with plain E-based paints (E-AH and E-AP). It was
assumed that the upon the incorporation of HPDMS
into DGEBA E, the molar mass of the systems in-
creased. The increase in the molar mass was also
supported by the physicochemical analysis results
(Table II). Furthermore, upon curing with AH and
AP, as explained earlier, ES became crosslinked.
These factors contributed to an increased molar
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mass and crosslink density of the resin, and this
may be responsible for the lowering of the DTT and
DTH times in ES-AH and ES-AP in comparison
with the E-AH and E-AP paint systems.>’ > How-
ever, without HPDMS, the drying times (DTT and
DTH) of the E-amine paint systems (E-AH and
E-AP) varied comparably among themselves (Table
I), the drying times of E-AH being lower than those
of E-AP, whereas the ES-amine (ES-AH and ES-
AP) paint systems showed a contrary trend, as ex-
plained later. The gloss at 45° increased upon the
incorporation of siloxane. The scratch hardness and
impact resistance along with the bending test values
increased markedly upon the incorporation of HP-
DMS into E. This result was also in contrast to our
expectations because siloxanes have unusual flexi-
bility”*'*?? on account of the flexible Si—O linkages
and mobile silicone chains; they possess poor me-
chanical characteristics.® HPDMS was expected to
behave as a flexibilizer.>®'® However, in this case,
anomalous behavior was observed (Table I); HP-
DMS incorporation actually enhanced the physico-
mechanical properties (Table I). It is assumed that in
these paint systems, the siloxane behaves as chain
entanglements rather than as a flexibilizer.'"> The
long, mobile siloxane chains assist in the formation
of a highly crosslinked network between two ES
molecular units (Scheme 1) through either of the
amine curatives. As discussed earlier, the free amino
groups may further react with the free pendant and
terminal hydroxyls as well as a terminal epoxide
ring (Scheme 1), leading to the formation of a highly
crosslinked network and resulting in a tremendous
increase in the scratch hardness, impact resistance,
and bending test values (Table I). The gloss values
were higher for ES-AH and ES-AP than for E-AH
and E-AP for similar reasons; the highest value was
achieved for ES-AP because of a highly crosslinked
and dense structure. The systems were subjected to
an anticorrosive performance evaluation under the
influence of various corrosive chemicals. The ES
paint (ES-AH and ES-AP) coated specimens
showed a fair-to-satisfactory performance when im-
mersed in HCI (5 wt %, 10 days), NaCl (3.5 wt %, 10
days) ethyl methyl ketone (60 h), and xylene (60 h)
in comparison with E-AH and E-AP. ES-AP
showed an outstanding performance under alkaline
media; the coated panels remained unaffected in the
presence of NaOH (10 wt %) for 10 days. The silox-
ane-incorporated systems remained unaffected in
water for 45 days. This can be attributed to the
hydrophobic nature of the silicones as well as the
hydrophobic nature of the methyl groups, which
hindered the ingress of water molecules.®!" The
highly crosslinked network of ES hindered the easy
penetration of chemicals into the paint system and
thus enhanced the anticorrosive performance of the
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TABLE 1V
Nomenclature for the Coating Systems
Curative E ES
AH E-AH ES-AH
AP E-AP ES-AP

ES-amine paints over plain E-amine paints, partic-
ularly the ES-AP system (as explained in the previ-
ous paragraph).

Interestingly, the ES-AH and ES-AP paint sys-
tems were highly antidust in nature. This inherent
characteristic could be attributed to the low surface
tension of siloxanes and outstanding surface prop-
erties of siloxane-containing polymers.*”*” The
E-AH system showed improved physicomechanical
performance over the E-AP system. E-AH showed a
scratch hardness of 1.5 kg, an impact resistance of
150 Ib/in, and a bending test values of 1/8 in.,
whereas E-AP showed a scratch hardness of 1.4 kg
and failed the aforementioned values of the impact
resistance and bending test. The ES-AP system
showed better results than ES-AH (Table IV). The
better properties of E-AH in comparison with E-AP
can be correlated to its higher molar mass; AP (three
carbons of propane) had a shorter chain length than
AH (six carbons of hexane). In the case of ES cured
with AH, the two ES molecular units were separated
by six carbon atoms (AH), whereas in the case of ES
cured with AP, the two ES units were three carbons
(AP) apart (Scheme 1). In other words, in ES-AP, the
two ES molecular units were in close proximity to
each other in comparison with ES-AH. Thus, the
number of crosslinks per unit of chain length, that
is, the crosslink density, was presumably higher in
ES-AP than ES-AH. As a result, the ES-AP system
showed improved overall performance.* > The
proximity of two ES molecular chains due to the
small chain length of AP (Scheme 1) may also have
been responsible for restricting the free mobility of
siloxane chains because of the steric hindrance'?
retarding its flexibilizing nature further; the silox-
ane units behaved only as chain entanglements, pro-
viding better properties to ES-AP than its counter-
parts (E-AH, E-AP, and ES-AH). The ES systems
were keenly observed for 6 months. No phase sep-
aration and no signs of depigmentation or leaching
were observed, as is common for ES; no yellowing
or shrinkage was noticed for the ES paint systems,
as mentioned earlier. This highlights that our paint
systems have overcome some of the common draw-
backs of ES systems, which have restricted their
wide applications in paints and coatings. These re-
markable inherent characteristics of ES-AH and
ES-AP may be well attributed to the role of siloxane
and amine curatives.

AHMAD ET AL.

CONCLUSIONS

ES—amine paint systems showed a considerable im-
provement in the drying time (DTT and DTH) in
comparison with that of plain E-amine paint sys-
tems. Contrary to our expectations, fairly good
physicomechanical properties were achieved for ES
paints, and this indicated that here the siloxane
moiety provided chain entanglements instead of
acting as a flexibilizer. An anticorrosive perfor-
mance evaluation showed that ES-AP gave a satis-
factory performance under the influence of the
aforementioned corrosive media and, particularly,
an outstanding performance in alkaline environ-
ments (10 wt % NaOH, 10 days), being unaffected.
The thermal analysis through TGA confirmed that
the incorporation of Si—O—Si units into the E back-
bone had a synergistic effect on its thermal stability.
The curing agents AH and AP had a positive influ-
ence on the physicomechanical, anticorrosive, and
thermal properties of the ES paints in comparison
with those of plain E-amine paints. Our studies
conclusively confirm that ES—-amine systems may be
well recommended to be used as anticorrosive paint
systems for high-temperature applications.
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