@

AWARDS - 2000

Research Section: 1st Prize Winning Paper

Studies on characterization of high performance
coatings based on polymer alloys of interpenetrating

polymer networks

T. Anandaraj, P.S. Mohan,

Sm. Krishnan, K. Balakrishnan & M. Raghavan

Corrosion Science and Engineering Division
Central Flectrachamical Research Institute

Karaikudi 630 006, India

Abstract

Organic coatings are valued after the polymeric binder material out of which it is made for the reason
that it only decides the extent of protection and the life of a coating.

Of a few ways to obtain better performing polymeric binders, alloying the incompatible polymers
through 'compatibilization' is fast-emerging with a number of promises. Interpenetrating polymer
networks are one of its kinds.

In this study, two polymer alloys of Interpenetrating Polymer Network (IPN) based on epoxy-acryiic-
polyurethane polymers have been developed in the laboratory and subjected to different laboratory
accelerated tests as pigmented coatings. They have been found to possess far superior physical
and chemical and corrosion resistance properties compared to crossiinked acrylates, polyamide
cured epoxies and polyurethanes.

The IPNs as clear coatings were also characterized by various physico-chemical antl surface
analytical techniques. The thermo-analyticai techniques, FTIR and SEM confirmed the formation of
IPN. The improved corrosion resistance properties were established by water permeation tests and
electrochemical impedance spectroscopy.

intreduction

HE search for polymers provid-
ing betier and better properiies
is ever lasting. In this aspact,
merpenerating Polymst Networks,
shortly IPNs, a class of polymer alloys
Promises a number of advaniagsous
Cpating properties like corrosion re-
Sistance, chemical resistance and im-
Proved mechanical properties. |PNs

are the resuliant producis of an at-
tempt at compatibilization of two or
more immiscible polymers to achieve
a compatibilized polymer alloy 'V,

| These networks of various chemical

natures constitute a new appreach tc
the problem of mutual incompatibility
of polymers, as both components are
intimately combined in their network
forrn during the synthesis itself. In this
case, the morphology is somewhat

fixed' {reporied often as physical en-
tanglement) as soon as all the chemi-
cal reactions have taken place ®9.

The main advantages ofthese IPNs
are inai they are iciadvely 1o easily
affected by external stresses {which
happens to polymer blends made of
simple physical mixing where the com-
ponent polvmers are not
compatibilized). The IPNs also pos-
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sess improved properties than
two chemically dissimilar
homo/neat polymers out of
which they are made. An in-
teresting property is that the
end properties of the IPNs can
be tailor made to suit any an-

i AnHitiane B-11]
ticipated conditions ™'Y,

in this study, two such IPNs
have been, in semi-macro
level, synthesized in the labo-
ratory and their pigmented
coatings were subjected vari-
ous laboratory accelerated
tests which convincingly
brought cut the better perform-
ing nature of the IPNs than
the conventional systems
such as crosslinked acrylics,

Mr. T. Anandraj being felicitated by Prof. M.M. Sharma
at the iPA Conference held on Feb. 9-11, 2001 in Chennai

(IPA 1ist Prize for his Research Paper)

polyamide cured epoxiés and
polyurethanes.

In this paper, the extensive charac-
terization of the IPNs using different
modern techniques such as scanning
electron microscopy, FT-IR, gel per-
meation chromatography and thermal
measurements has been exiensively
dealt with. The nature of IPNs as-
sessed from their characterization has
helped much in formulating them and
making them as coatings for aggres-
sive conditions.

Experimental studies

Synthesis of epoxy-acrylate
precursors

In order to optimize the physico-
chemical properties of the IPNs, ep-
oxy-acrylaie precursors with three dif-
ferent ratios, viz. 50:50, 65:35 and
35:65 of epoxy-urethane to acrylate
were designed. The epoxy-acrylate
precursors were synthesized using se-
quential polymerization processes.
One set of epoxy-acrylate precursors,
named as EA-F1, F2 and F3, were
used to prepare Full-IPNs and another
set of epoxy-acrylate precursors,
named EA-G1, G2 and G3 were used
to prepare the Grafted-iPNs. Likewise,
the urethane crosslinker prepolymer
was also synthesized in the laboratory
using conventional methods with tolu-

ene diisocyanate and trimethylol pro--

pane/polyethylene glycols as the
monomers. )
Synthesis of IPNs

Two types of IPNs, viz. Full-IPNs
(FIPN series) and Grafied-[PNs (GIPN

series) with three different composi-
tional ratios were synthesized. This
was done by mixing a calculated quan-
fity of the epoxy-acrylate precursor res-
ins (epoxy-acrylate precursors EA-F1,
-F2 and -F3 for full-IPNs of three dif-
ferent ratios and epoxy-acrylate pre-
cursors EA-G1, -G2 and -G3 for
grafted-IPNs of

lected, viz. crosslinked acrylic
copolymer system, polya-
mide cured epoxy system and
acrylic polyol based aromatic
poliyurethane system.

Crosslinked acivlic -
copolymer system

A copolymer of buty! meth-
acrylate/methyl methacry-
late, butyl acrylate and 2-
ethyl hexyl acrylate was pre-
pared with ethylene glycol
dimethacrylate as
crosslinker. The cross- linked
copolymer as 50% solution
in xylene/toluene was used
for NS-1C coatings.

—~ _ Polyamide ca:aiyzes
epoxy sysiem

To prepare the cold cured epoxy
based neat system (NS-2C), commer-
cial epoxy resin (Araldite GT6071-
diglycidyl ether bisphenol-A based
epoxy resin and epoxy equivalent 450-
465) and polyamide crosslinker
(Synpol-125 - polyamine reacted

three different
ratios) with a TABLE 1: NOMENCLATURE OF COATINGS
';?owgre“tll'?'agnhé Coating Description
prepolymer | NS-1C Neat system- Crosslinked acrylic copolymer
crosslinkel: U- | Ns-2C Neat system - Polyamide cured epoxy
PP §o|ut|on. NS-3C Neat system - Acrylic polyol - aromatic polyurethane
:or:em::,mzv";’frs FIPN-IC  Full IPN (Two component) Ratio 50:50
PTFE cloth / FIPN-2C Full IPN (Two component) Ratio 65:35
mild steel pan- FIPN-3C Full IPN (Two component) Ratio 35:65
els by afilm ap- | GIPN-1C Grafted- IPN (Twa cnomponent)  Ratic 50:5C
plicator/spray | GIPN-2C Grafted- IPN  (Two component) Ratio 65:35
and left to cure | GIPN-3C Grafted- IPN (Two component) Ratio 35:65
at ambient con-
ditions for one
week. The films COUNTER BRIDGE AR
were then tested ELECTRODE ELECTRODE
for physical and
chemical resis-
tance properties. |
Neat systems v FH <
Tocompare the %gé———’ 3 B
performance be- g
havior of the IPN i
systems with the s
neat polymer sys-
tems, th};ee po\iy- METi?A-IvEgC! S~
mer  systems, h WORKING
which were used T ELECTRODE
to form the IPN CONNECTION
structural back- Fig. 1: Electrochemical Test Cell Arrangement
bones, were se- —
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Fig. 2: FT-IR Spectrum of Cpoxy-Aciyiais Tiscursor ZA-T

dimerized tung Oil based crosslinker
with amine value 280-320 mgm KOH)
were used.

Acrylic polyol based
aromatic polyurethane system

To prepare the acrylic polyol based
aromatic polyurethane system (NS-
3C), a commercial product of acrylic
polyol (acrylic type with hydroxyl value
67-75) and aromatic isocyanate based
urethane crosslinker (aromatic TDI
based with NCO content 13% appr.)
were used.

Nomenclature of coatings

Table-1 shows the various clear

coatings used along with their descrip-
tion.

Specimen preparation

While for all studies on character-
ization, free films of the polymer alloys
were used, for the AC-electrochemi-
cal impedance spectroscopic (EIS)
studies, coatings applied over sand-
blasted cold rolled cold annealed mild

steel panels were used as working
electrode.

Free-ﬁiming of IPNs

Fiee films of all the coatings have
been prepared by applying the liquid
coatings over a reinforced PTFE cloth
using a film applicator and cured for
Seven days, after which the free film

was slowly and carefully stripped/.

Peeled off and used for the studies of

polymer characterization. No release
agents like silicones were used for
free-filming. The free films had a dry
film thickness in the range of 40-50
microns with other optimum proper-
ties required for coatings.

Characterization methods

FT-IR Spectroscopy

For IR measurements, all the poly-
mers in liquid form and in clear free
film form were used by placing themin

a cell formed by two sodium chloride
windows separated by a PTFE gasket
around 20 microns "', A Bruker IFS-
66V software controlled FT-IR spec-
trometer was used wherein KBr pellet
and neat techniques were employed.

Gel permeation chromatography

The number average molecular
weight and polydispersity of all the
polymer precursors and other resins
8l were determined using a software
coniiolled GPC of Shimatzu C-R4 A
Chromatopac, Japan make. The GPC
made use of polystyrene as standard
and the measurements were made at
ambient conditions, with tetrahydro-
furan as carrier solventin a Carbowax
column.

Scanning electron microscopy

For SEM studies, a software con-
trolled scanning electron microscope,
Stereoscan 400 Version-2.02 supplied
by Leica Cambridge Ltd, England was
used. The energy of the electron beam
was adjusted from 300 V to 30 KV in
10 V steps and the electron beam
current was continuously adjustable
from 1 pA to 1 pA to suit the type of
examination in progress. The SEM
micrographs were obtained for the free
films of IPNs and other neat systems.
The circular free film of respective test
polymer with 1 cm diameter was
mounted vertically on a SEM stub by
silver adhesive paste. The specimen
was coated with a thin layer of gold
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Fig. 3: FT-IR Spectrum of Epoxy-Acrylate Precursor EA-G1
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Flg. 4: FT-IR Spectrum of Urethane Prepolymer Crosslinker

(about 200 angstrom thickness ) using
a high vacuum gold sputterer (like the
system EPS/Carl Zeiss) at about 10+
to 10 torr and then scanned for sur-
face properties.

Thermal measurements

For thermal measurements, STA
1500 Simultaneous Thermal Analyser
System supplied by the Polymer Labo-
ratories, UK was used. The entire sys-
tem was software-controlied (V400)
for data processing and analysis. The
output data for the samples were fed
into the computer through analog/digi-
tal converter in the form of mV. The
thermo-gravimetric and differential
thermal analysis curves were recorded
simultaneously.

The samples in the form of fine
powder of clear free films of all the
coatings ranging from 4-8 mgm in
weight (size) were placed in the plati-
num sample pans under a continuous
nitrogen flow of 25 ml../minute (pro-
vided by a N, generator supplied by
Peak Scientific Company, India). The
sample and the reference (a-alumina)
were heated at the rate of 10°C/minute.

The glass transition temperatures
were measured on a Perkin- Elmer
Differential Scanning Calorimeter,
DSC-2. Measurements were carried
out from -120°C to +120°C under he-
lium at a scanning rate of 10°C/minute.
Specimen sizes were in the order of
20 mgm.

Gel-time measurements

To study the gel time, one gram of
each sample of clear coating material
without pigments was poured into a
glass tube (12 cmlong, 8 mm dia.) and
the tubes were sealed subsequently.
These capsules were then placed in

an oil bath at about 110°C. The"

samples were taken out at different
time intervals and were quenched in a
dry ice- acetone bath and examined
for flowability. The time at which the
polymerizing mass does not flow at

room temperature was reported as 'Gel
Time'.

Moisture vapor transmission rate
measurements

The populai 'Payne Cup' was used
for this'test Ul The free films of the
coatings were cut to size and placed
in between the cup and its lid. The
bottom portion of the cup contained
water. After the film was placed, the
lid was placed and tightly sealed. The
cup with the film and water was then
weighed in an electronic balance to an
accuracy of 1 mgm and placed in a
desiccater containing a powerful des-
iccant, silica gel. After every 24 hrs.,
the cup was taken and weighed accu-
rately. The loss of water was noted.
After the loss per day reached a steady
state, the MVT rate was calculated as
loss of water in mgms./day/25 micron
film thickness/ cm2.

Electrochemical AC Impedance
Spectroscopy (EIS})

For the electrochemical AC imped-
ance spectroscopic studies an elec-
trochemical impedance system of
Model 6310 EC Electrochemical Im-
pedance Analyzer supplied by the
EG & G Princeton Applied Research
Corporation was used.

The electrochemical test cell ar-
rangement used "' in this study is
shown in Figure-1. The coated speci-
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Fig. 6: FT-IR Spectrum of GiFi-iC

men was fixed with a glass tube verti-
cally using an M-Seal type adhesive in
which a 3% w/v aqueous NaCl solu-
tion as corrosive electrolyte was filled
with ambient aeration. The area of the
working electrode was 1 cm? in all
cases. The electrochemical set-up was
arranged in such a way that the coated
metal was the working electrode, along
with a reference electrode (saturated
calomel electrode) and a counter elec-
trode (platinum electrode). Impedance
data were obtained over the range of

0.1 to 10,000 Hz at a small excitation
amplitude of 10 mV peak to peak. The
measurements were made at regular
intervals at ambient conditions. The
Rpo and C_ were calculated and pre-
sented.

Results and discussion

FT-IR spectra

Figures 2 to 4 show the FT-IR
spectra of each of the synthesized
representative ep-

* PEAK PROC CALC ERROR © CH=1. 11:lnsufflcient SLICES. PEAKS Deflned
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Fig. 7: Gel Permeation Chromatogram of EA-Fi

oxy-acrylate pre-

©0,09.00 ©0:03:41

cursors with urethane crosslinker and
Figures 5to 5 show the FT-IR spectra
of each of the representative IPN
coatings.

The epoxy group shows three char-
acteristic absorption bands. The re-
gion of the first band is small and it lies
mostly at about 1250 cm™. The re-
gions of the two other bands are
broader, the position of the maximum
depending on the structure of the ep-
oxide. These absorption bands appear
between 950- and 860 cm™ (generally
at 916cm™) and between 865 and 785
cm? (generally at 830 cm™) 2022,
Henbest et al. proposed absorption
bands at about 3000 cm™ as a means
of detecting epoxides ®®. These bands
are due to stretching vibrations of CH
and CH, groups contained in epoxide
rings. Bands in the far-infrared region
at 570 cm™ and 370 cm™ have also
been reported by Hummel 24,

From the infrared spectra, itcanbe
seen that the bands at 916 cm™ and
863 cm™ are also due to epoxy groups,
the latter being overlapped by an out-
of-plane vibration of hydrogen in the
p-di substituted ring. A carbon-oxy-
gen single bond stretching of phenyl
ether overlaps the 1250 cm™-epoxide
band. The phenyl absorbance is con-
firmed at 15682 cm™.

ltcan also be seen from the specira
of the IPN films (Figures 1710 22) that
the IPN polymers showed the charac-
teristic polyurethane group frequen-
cies indicating the formation of ure-
thane linkages.

o PEAK PROC CALC ERROR o CHel. I1:lpsuffliclent SLICES. PEAKS Deflned
C-R4A CHROMATOPAC  CHel  REPORT Mo.=2  CHROMATOGRAMe2:VINDL.CO1

Fig. 8: Gel Permeation Chromatogram of EA-F2
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Fig. 9: Gel Permeation Chromatogram of EA-F3
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Fig. 10: Gel Permeation Chromatogram of EA-G1
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Fig. 11: Gel Permeation Chromatogram of EA-G2
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Fig. 12: Gel Permeation Chromatogram of EA-G3

From the spectra, the isocyanate,
NCO-, absorption band found at 2270
cm?, as the N=C=0 stretching band,
is confirmed. Appearance of band at
about 1520 cm™ and about 1740 cm™!
are due to the formation of urethane
linkage. The band observed at 1242
cm™ is due to the ester C=0 of the
solvent used in the system and is also
used to monitor the solvent loss. The
absorption at 1147 c¢m™ confirms the
presence of C-O-C band. The bands
at 1420 and at 1710 cm™ observed in
a few samples may be due to the
isocyanurate formed by a trimerisation
reaction of isocyanate.

The IR spectra
clearly indicate
the presence of
the reactive
groups inthe case
of the precursors
and in the fully
cured films, and
confirm the forma-
tion of urethane
linkages.

Glass Transition Temperature

B 1g-1
B Tg-2

Q Q
¥ 9
= -
& o
O o

Coating System
Fig. 13: Glass Transition Temperatures of IPNs

| - number average molecuiar weight and

Gel permeation chromatograms

Figures 7 to 12 depict the gel per-
meation chromatograms obtained for
all the epoxy-acrylate precursors. The

the polydispersity of the correspond-
ing epoxy-acrylate precursors and the
urethane crosslinkers obtained from
the figures are summarized in Table-2.
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Fig. 14: Thermogram of FIPN-1C

This implies that the formation of
interpenetration between epoxy-ure-
thane/ crosslinked acrylic polymer
componenis were by complete seg-
mental mixing resulting in a single

~glass transition temperature. As a re-

sult. NS-1 wiih hiah crasslink density
(due to the many double bonds in the
side chain) and rigid acrylic structure
gave high Tg values and the NS-2 and
NS-3 with relatively high crosslink
density but with more and flexible ure-
thane elastomeric structure gave low
Tg values. The Tg values of IPN coat-
ings shifted inwardly towards the di-
rection of the NG-2 and NS-3 with in-
creasing concentration of epoxy and
urethane.

In the case of grafted-IPNs twan
distinct Tgs for each composition that
were also between the Tgs of the com-
ponent polymers were obtained. This
type of behavior has been

TABLE 2: GEL PERMEATION CHROMATOGRAPHY TABLE 3: noticed by many authors.

(Number and Weight Average Molecular Weights of i i e T results- WO

Neat Polymers & Precursors) ° phase separation had oc-

» System Tg (°K) curred to some extent in

System Mn (g/mole) Mw Dispersity NS-1C 300 grafted-IPNs due to the fact

NS-2C 281 that_the free energy of mix-

EA-F1 6384 16222 2.541 ing in the systems may be

EA-F2 5807 35372 2.762 NS-3C ~RaD either positive or zero be-

EA-F3 12807 21829 1.704 FIPN-1C 297 cause of the lack of any kind

EA-G1 9260 31197 3.364 FIPN-2C 290 of physical interactions be-

EA-G2 4307 12866 2.986 FIPN-3C 304 tween the polymer compo-

EA-G3 12015 40548 3.375 GIPN-1C 301 282.6 nents and also due to the

GIPN-2C 304.5 284.7 grafting induced, whereupon

From Table-2, it can be seen that GIPN-3C 305 285.5 | Partially newer covalent

the weight average molecular weights bonds are formed between

of all the synthesized samples are

reater than the number average mo- K ST

Igecu|ar weights, indicating thgat the STA 1500 awm : saws T R
PL Thermal Boiesncese B8IZE 2,480 mo BA8 2

synthesized polymers are inhomoge-

OPERATORs @D

COMMENT : 8.M.K

neous . (Homogeneity in molecular
sizes where Mw = Mn can not happen
in the case of synthetic polymers.).
The polydispersities of the synthesized
polymers using the free-radical poly-
merization are well within the limits,
indicating the synthetic procedures
with optimum conditions 2627,

104

Percent

Thermal measurements

From the glass transition tempera-
ture measurements (Table-3 and Fig-
ure-13) obtained by differential scan-
ning calorimetric analysis, it was found
that the full-IPN based coatings with

T
"
Microvolts

- o
S
- -2
L -3

varying amounts of epoxy-urethane /
crosslinked acrylic polymer exhibiied .
only one Tg value, which was between
the Tgs of the component polymeric

VERSION: V4.30

Fig. 15: Thermogram of FIPN-2C

systems P&29,
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TABLE 4: CHARACTERISTIC THERMAL DATA

System

50-55°C is attributed to moisture re-
tained in the sample. In a few cases,
there is a slight increase in the weight,
which may be explained as the ther-
mal expansion of the segments in the
networks. The second weight loss oc-
curs between 60-70°C in all IPNs,
possibly due to decomposition of the
acrylic polymers in the network form-
ing free radicals. The third weight loss
occurs during the range of 100-120°C,
indicating the decrosslinking of the
IPNs as well as further decomposi-
tion. The third weight loss for the full-
IPNs lies between 100-110°C and for
the grafted-IPNs; it is between 110-
120°C (around 114°C) showing that

“the covalent bonds due to the graft-

ing occurring within the networks.
These covalent bonds decrosslink at
higher temperatures than the full-1PNs,
in which such graftings were almost
absent.

As the weight loss in all the IPNs is .
not uniform to show any systematic

Decomposition Range % Wt. Loss (t2%) upto trend of thermal stability in the series,
(°C) various temperatures it is difficult to arrive at any conclusion
. . regarding the structural variations in
2 3 o ° °
First' Second Third 80°C 100°C 120°C the IPNs, except the usual
FIPN-1C 83.21 87.66 92.64 1.8 4.2 7.0 decrosslinking phases. In DTA mea-
FIPN-3C 89.74 101.25 114.0 1.1 3.6 5.3 the case of full-IPNs, an endothermic
GIPN-1C 89.40 101.25 114.0 1.0 3.5 5.9 peak is observed, whereas this peak
GIPN-2C 81.86 99.91 113.41 0.9 3.6 5.6 is almost absent in the cases of
GIPN-3C 76.7 96.98 114.74 0.8 3.0 4.8 grafted-IPNs.
. Weight Loss due to retained moisture 2, Major decomposition stage The comparison between the full-
*. Secondary decomposition stage and grafted-IPNs indicates that there
the component polymers within the
& /
networks. STA 1500 3! fhe o
Pl. Thermel 8cisnces 81Z8 8,480 mo BAB 2 H
OPERATOR: @D COMMENT : B.M.K

The results of the thermo-analysis
bv TGA and DTA of full- and grafied-
IPNs are shown in Figures 14 to 19.
The IPNs exhibit higher weight reten-
tion compared to the weight retention
of the neat systems NS-1C, NS-2C
and NS-3C.

The TGA and DTA thermograms of
ali the IPNs presented in the figures
give a comparative picture regarding
the thermal stability of the IPNs. The
characteristic thermal data are pre-
sented in Table-4 along with the weight
loss at different temperature ranges.
A cursory glance at the table and fig-
ures shows that all the IPNs under
study decompose in different distinct
temperature ranges 3",

The initial slow weight loss around
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Fig. 17: Thermogram of GIPN-1C
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is no significant difference in the deg-
radation behaviour and that the en-
hancement is not related to the inter-
penetration. The higher weight reten-
tion of the IPNs can be explained by
the fact that the thermal degradation
behaviour of crosslinked acrylic poly-
mer in the polymer alloys is known to
yield almost 100% monomer by
stepwise unzipping process, and the
unzipped monomers act as radical
scavengers for the radicals produced
from the degradation of epoxy-ure-
thane, thus delaying further reaction
of radical into thermo-degradative
products of epoxy and urethane 2.

Thus the degree of intermix-
ing of epoxy-urethane with
crosslinked acrylic polymer
networks may play an impor-
tant role in the enhancement
of thermal stability of the
IPNs.

Morphology of IPNs
by SEM

Micrographs obtained
from the SEM provide vital
information about not only
the surface characteristics,
but also information about
the networks with the phase

domains sizes. SEM Micrographs as
Figures 20 to 31, show that the vari-
ous IPN compositions exhibit only one
phase at a magnification of roughly
1000x and 10 Kx. The presence of
only one phase is indicative of good
motecular mixing die to nlerp=nelia-

tion between the component networks
[33-36) ;

No visible white particles are .

“seenin the dark urethane matrix. Itis

possible that in the absence of cova-
lent bond formation, the network for-
mation might have provided a better
opportunity for interpenetration be-
tween the network of epoxy-ure-
thane and acrylate.

As the dispersicn of the whiie ep-
oxy-polyurethane particles in the dark
acrylate matrix is observed and also
since no phase domain between the
networks could be detected in the full-
IPNs, it is concluded that interpen-
etration has occurred between the two
polymer networks.

From the SEM micrographs of the
full-IPNs (Figures-20to 25), it can also
be seen that full-IPNs with different

“compositions exhibit only one phase

at a magnification of about 1000x. It
can also be seen that some small par-
ticles of the epoxy-polyurethane dis-
persed in the dark acrylic matrix. The
size of the small particles may be in
the range of 10 to 100 angstrom, indi-
cating the molecular mixing resulting
from interpenetration between the net-
works having finer to intermediate
structures. From the micrographs,
an improvement in molecular mixing
can be seen because of the perma-
nent interpenetration of the two
networks 13436,

TABLE 5:
GEL-TIME AND MVT RATES MEASUREMENTS
System Gel Time MVTR
(Mins) (mgms/cm?/day/25:m)

NS-1P 13.5 -

NS-2P 8.1 5.45

NS-3P 7.6 5.15
FIPN-1P 5.6 4.0

FIPN-2P 5.9 4.15
FIPN-3P 6.5 4.0
GIPN-1P 5.8 4.15
GIPN-2P 6.1 4.15
GIPN-3P 74 4.15
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Fig. 22 & 23: SEM Micrographs of FIPN-2C

Fig. 24 & 25: SEM Micrographs of FIPN-3C
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Fig. 26 & 27: SEM Micrographs of GIPN-1C

Fig. 30 & 31: SEM Micrographs of GIPN-3C
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Moisture Vapour Transmission Rates

trixandthe époxy-
polyurethane
phase inclusion

seem to be clear

and distinct. How-
ever, an enlarge-

MVTR - mg/s.cm/24 hr./25um

NS-1P
sar
Ns3P |
IPN-1P
FIPN-2P §
FIPN-3P

E

Coating System

Fig. 32: Moisture Vapor Transmission Rates

ment of these
boundaries re-
veals gray regions
that are not well
defined and may
be due to an en-
largement of ep-
oxy-polyurethane
network within the
acrylate, resulting

GIPN-1P
GIPN-2P §
GIPN-3P

While the acrylate network is
present initially and the interpenetra-
_tion of epoxy-polyurethane component

“ - geeurs during the IPN synthesis, the

acrylate is a continuous phase in which
the second component epoxy-polyure-
thane is entangled. SEM micrographs
of the grafted-IPNs (Figures-26 to 31)
show that there are two distinct phase
domains due to phase separation of
the two component networks and they
exhibit obvious phase separation in
which the white epoxy-polyurethane
particles are dispersed in the dark
matrix of the acrylate polymer.

Epoxy-polyurethane, with an aver-
age phase domain size 100 nm, is
dispersed throughout the acrylate ma-
trix. The boundaries between the ma-

in a minimal de-
gree of mixing 1¥5-3¢1,

Increasing the concentration of ep-

oxy-polyurethane conient, ihe area of
dispersed phase of epoxy-polyure-
thane polymer was increased with the
epoxy-polyurethane particles in close
proximity to each other. However, the
minimal degree of molecular mixing
observed in the case of these IPNs is
due to the covalent bonding between
the two networks, which makes the
graft a semi-rigid structure with an
improved morphology over the other
polymer blends #42],

Gel-time measurements

Gel-time measurements form an
important aspect of IPNs as they de-
cide the optimum conditions of curing

and obtaining reasonable pot life. The
results of the gel-time measurements
are shown in Table-5. These results
were employed for manipulating the
optimum concentration of the catalyst
and NCO/OH ratio for forming films of
full- and grafted-iPNs satisfaciorily 2t
ambient conditions without any film

-defects. In this study, the NCO/OH

ratio of 1.05 was found to be highly
suitable to provide the required film
properties in equivalent ratios.

Moisture-vapor transmission rates

The MVT rates shown in Table-5
and Figure-32 are true reflections of
the permeability of all coatings. The
neat system NS-1P gives the highest
MVT rates indicating its pervious na-
lwre ieading to poor corrosion resis-
tance 7% This may be attributed to
the possible dissolution (wash off) of
the low molecular weight fractions of
the crosslinked acrylic polymer and to
the presence of any inclusion of sol-
vent trapping due to its faster drying
time. The full- and grafted-IPNs have
shown appreciably lower MVT rates

"than the other neat systems like NS-

]
1
j
1
2P and NS-3P, indicating the superior
protective merits. Full-IPNs have 1
shown lower rates than the grafted-

IPNs. However, the difference between ;1
them is not much. This is due to the

difference in crosslink densities be-
tween the two chains. The FIPN-1P &
2P and GIPN-1P & 2P series have

|1zl (ohm)

10"

10
FIPN=-1P

0-0 day
® -1 day &

O-2days 9 8%03
4-20days
A~ 40 days
©-80days

Frequency (Hz)
Flg. 33: Impedance Bode Plots for FIPN-iP

1zl (ohm)

FIPN~2P
o~ 0 day
® - 1day
0 - 2days

8 8 - 20 days
o A& - 40days
g&°o & — 80days

"Frequency (Hz)
Fig. 34: Impedance Bode Plois for FIPN-2P
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shown lower rates among the vafious
|PN ratios, probably due to the higher
epoxy-urethane content presentin the
respective IPNs.

it can also be seen from the MVT
rates, that the IPNs with lower rates
can be effective corrosion resistant
materials, as the interlocking of the
polymer segments inhibits the process

of permeation.

Electrochemical AC
impedance spectroscopy

From the electrochemical AC im-
pedance responses of the painted steel
electrodes in 3% NACI solution, the
variations of R and C_ have been
calculated and the results are pre-
sented in Table-6.

AC impedance spectroscopic re-
sponses, obtained from all the painted
electrodes after various periods (viz.,
0,1,2,20,40 & 80 days) of immersion
in the NaCl electrolyte are shown in
Figures-33 to 38. From the figures, it
can be seen that the high frequency
part of each curve in all systems ex-
hibits a linear increase of log /Z/ Vs.
log f values. The log /Z/ is invariant
with frequency which is an indicative
of the response of a pure resistor.
- Overall, the plots can be considered
representative of the response owing
to the coating and can be modeled in
terms of simple, parallel, resistance-
capacitance (RC) equivalent electri-
cal circuits (4143,

It may be seen from Table-6 that
the resistance of the various types of
the coatings initially lies above 10 Q
cm?  In the case of NS-1P system,
there is a gradual decrease in resis-

tance with time, which achieves a value °

of 10° Q cm? corresponding to the
condition of failure. In all the other
systems, the resistance values lie
above 10°Q cm?even after 80 days of
exposure.

F(om the impedance data, it is also
possible to calculate capacitance value
according to the following relationship:

Co=1/@ntz"

where 7" i< the imaginary compo-

nent of impedance in a region of
t:;;a Spectrum when 2" ~Zand 2" o

Increasing capacitance value is in-

dicative of an in-
creased water up-
take (electrolyte),
leading to the onset
of corrosion at the
interface.

In practice, as
the coatings de-
grade, the coating
capacitance in-
creases and the
paintfilm resistance
decreases due to
the transport of
electrolyte through
the coating to the
metal substrate and
the formation of
ionically conducting
paths (pores).

From Table-6, it
can also be seen
that the capaci-
tance of the FIPN
and GIPN series
has initially shown
lower values and as
exposure time in-
creases, an in-
creased capaci-
tance value is ob-
tained. Almostin all
cases of FIPNs and
GIPNs, the capaci-
tance values have
shown a gradual
decrease (except a
few anomalies) in-
dicating the forma-
tion of pores in the
coating and leading
to the passage of
electrolytes through
the film (43-48),

Conclusions

1. The results con-
vincingly
brought out that
the full-IPNs and
the grafted-1PNs
synthesized
from the homo-
polymers of poly-
urethane, epoxy
and acrylics had

~far  superior
properties when
compared to
their constituent-
polymers and

TABLE 6: VARIATIONS OF R,,ANDC_IN
PAINTED STEEL ELECTRODES

System Exposure Period R, C,
(in days) (Ohms) (Farad / cm?)

NS-1C- 0 6.4 x10°8 5.0 x10?
] 1.2 x10° 20010717

2 4.8 x10° 5.0 xion

20 2.8 x108 9.0ix10i%

40 7.6 x107 2.5 x1o

80 1.9 x10°® 1.0 x3107

NS-2C 0 2.1 x108 504012
1 1.8 x10°8 1.11 x40

2 8.1 x108 1. 41102

20 1.5 x10° 1.25 %162

40 1.2 x10° 1.43 x10"!

80 9.0 x108 1.43:x10"!

NS-3C 0 3.1.x10° 1.25 x 10"
1 4.1 x108 1.28 x10

2 6.0 x108 143 x30"

20 1.5:¢107 2:0:x 100

40 1.5 x10° 1.25 x 102"

80 1.5 x10° 2.00 x10"

FIPN-1C 0 7.0 x108 3.33 x107?
1 1.5 x10° 1.1 x10

2 1.5%10° 1.67 10

20 2:6:x10° 1.43Ix101!

40 5.0 x108 1: 430"

80 2.0 x108 1.25' %10

FIPN-2C 0 8.0 x10® 5.0:x1072
1 8.5 x10° T lxiot

2 5.0 x10° 144101

20 1.0 x10° 1.25  x10:"

40 9.0 x10° 1.25:%x10:!

80 7.0 x108 1.9 0

FIPN-3C 0 9.0 x108 6.67 x102
1 4.0 x108 3.33 . x107%

2 4.0 x10° 1.11 %10

20 5.2 x10° 141 %101

40 5.0 x10° 1.25% 10"
80 7.0/ x10% 1.43 x10:1

GIPN-1C 0 8.0 x108 3.33:x107®
4 7.0 x108 1.00:x10M

2 1.5x10° 1744 x1o"

20 9.0 x108 1.67 x10"

40 9.0 x108 2.50 x1o"

80 2.5 x108 5.0 %10

GIPN-2C 0 1.5 x16° 1.9 x10:"
1 1.5 x10° 5010

2 2.5 x10% = 10X

20 1.5 %10 1.0 x. 109
40 . 6.0 x108 141 x40

80 3.0 x10° 2.0 x16

GIPN-3C 0 7.0 x108 5.0 x 10°
s 1 i.5 x10° . 1.25 164

2 1.0 x10° 1.25 x40

20 2.5 x10° 1. 25 % 10"

40 7.0 x10° e 0 o e

80 5.0 x108 1,67 %10
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that they formed excellent vehicles
for the preparation of organic coat-
ings for corrosion protection in ag-
gressive environments.

. The SEM studies show the IPNs
have morphological properties re-
flecting good molecular mixing

among the components. Their-

phase domain sizes are so fine in
the case of the full-IPNs that sepa-
rate phases are not observed even
under 10,000 x magnification.

3. In the thermal analysis of the IPNs,
only one glass transition tempera-
ture is observed in the case of Full-
IPNs, confirming the good interpen-
etration (molecular mixing) and ab-
sence of separate phases, whereas
two transition temperatures are ob-
served in the case of Grafted-IPNs,
indicating the presence of two dis-
tinct phases.

. AC impedance measurements also
indicated that the coating imped-

ance remains above 10 ohm-cm?
during the period of test, which con-
firms the excellent condition of the
coating throughout the testing pe-
riod.

. The present study has, thus, led to

the development of polymer alloys
based on full- and grafted-iPiNs with
good physical properties and ex-
cellent corrosion resistance prop-
erties. They have the promise of
becoming good candidates for coat-
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ings in highly corrosive environ-
ments with long-standing perfor-
mance. The results of other labora-
tory accelerated tests such as salt
spray, humidity, immersion in dif-
ferent media, accelerated weather-
ing test, etc. conducted by the au-
thors on these polymer alloy pig-
mented coatings also confirm this
conclusion.
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