y eprints@NML
<\

CCRGAN
COATINGS

www.elsevier.com/locate/porgcoat

ELSEVIER Progress in Organic Coatings 45 (2002) 323-330
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Abstract

This work involves the development of a novel siliconized epoxy interpenetrating coating system using epoxy resin as base, hydroxyl-
terminated polydimethylsiloxane (HTPDMS) as modifigraminopropyltriethoxysilaney-APS) as crosslinking agent and dibutyltindi-
laurate (DBTDL) as catalyst. Polyamidoamine and aromatic polyamine adduct were used as curing agents for the above coating systems.
The thermal behaviour, glass transition temperatlig &nd morphological characteristics of unmodified epoxy and siliconized epoxy
coating systems cured by polyamidoamine (B) and aromatic polyamine adduct (D) were studied using thermogravimetric analysis, differ-
ential scanning calorimetry and scanning electron microscopy, respectively, and the results are discussed. From the study, it is observed
that the thermal stability of epoxy coating systems is enhanced when siloxane is incorporated to them. There is a slight decrease in the
glass transition temperature observed for silicone-modified epoxy coatings and SEM analyses reveal that siliconized epoxy coating systems
show heterogeneous morphology.
© 2002 Published by Elsevier Science B.V.
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1. Introduction partial ionic nature, free rotation about bonds, and high
compressivity and dampening actifi,15]
The modern technology focuses on the development of
reliable high performance coating materials having supe- 5 Experimental
rior thermal and mechanical properties ideally suitable for

adverse environmental conditions. Epoxy resin has been Egpoxy resin (diglycidy! ethers of bis phenol-A, DGEBA)
chosen for our present study owing to its exceptional com- Gy 250 with epoxy equivalent of 180-190, viscosity about
bination of properties such as excellent toughness, adhe-10 000cP was used as base, hydroxyl-terminated poly-
sion and chemical resistan¢&-3]. However, it does not  gimethylsiloxane (HTPDMS) as modifieg-aminopropyl-
posses adequate thermal and mechanical properties to megfiethoxysilane ¢-APS) as crosslinking agent and dibutyltin-
the requirements of high performance structural products. gjlaurate (DBTDL) as catalyst. Polyamidoamine and

Hence, modification of epoxy resins with flexible poly- aromatic polyamine adduct were used as curing agents for

(CTBN) rubber, amine-terminated butadiene nitrile (ATBN)

rubber, hydroxyl-terminated butadiene nitrile (HTBN) rub- 2 1. Synthesis of hydroxyl-terminated polydimethyl

ber, polyurethanes and silicones is mandatpy13] as siloxane

these modifiers when incorporated with epoxy resin have

been proved to improve its thermal and mechanical prop- HTPDMS used for the development of siliconized epoxy

erties. Hydroxyl-terminated polydimethyl siloxane (fall coatings was derived from octamethylcyclotetrasiloxane

under the category of silicones) is considered to be one of (wacker-Chemie, Germany). Experimental set up used for

the best modifiers for epoxy resin among the other modi- the synthesis of HTPDMS is given ifig. 1 One litre of

fiers mentioned above, owing to its superior thermal and octamethylcyclotetrasiloxane and potassium hydroxide cat-

thermo-oxidative Stability, excellent moisture resistance, a|yst (022% on the We|ght of Octamethy|cyc|otetrasi|0xane)
were taken in a four-necked round bottom glass reactor. The

" Corresponding author. reaction was carried out in an inert atmosphere by purging

E-mail address:anandakumas@lycos.com (S. Ananda Kumar). nitrogen. The temperature of the mixture was gradually
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Fig. 1. Experimental set up used for the synthesis of HTPDMS.

raised to 90t 1°C for 4 h in a thermostatically controlled increasing the temperature to 18D. The HTPDMS re-

oil bath. The reaction mixture was cooled to about 6o sulted from the reaction was cooled to room temperature.
avoid frothing. After degassing, the unreacted octamethyl- The percentage conversion of octamethylcyclotetrasilox-
cyclotetrasiloxane was removed by distillation, gradually ane to polymer is calculated based on the recovery of

;?:(I)ir?t of curatives, crosslinking agent and catalyst used in siliconized epoxy coating systems

Siloxane/epoxy ratio (w/w) Amount of curative (g) Crosslinking ageyyAPS) (9) Catalyst (DBTDL) (g)
Polyamido amine Aromatic polyamine adduct

10/90 45 60 0.1 0.01

Table 2

Nomenclature for siliconized epoxy coating systems

Curatives Siloxane/epoxy ratio, 0/100 (w/w) Siloxane/epoxy ratio, 10/90 (w/w)

Polyamidoamine BX@ BX3P

Aromatic polyamine adduct DX DX3¢

2Unmodified epoxy coating system cured by B.
b Siliconized (10%) epoxy coating system cured by B.
¢Unmodified epoxy coating system cured by D.
d Siliconized (10%) epoxy coating system cured by D.
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Table 3
Percentage weight losses of unmodified epoxy and siliconized epoxy coating systems by thermogravimetric analysis
Weight loss Temperature required to attain different weight Temperature required to attain different weight
(in %) losses of unmodified epoxy coating systemg)( losses of siliconized epoxy coating systefiS)(
BX1 DX1 BX3 DX3
10 365 374 376 390
20 379 392 388 402
30 392 402 402 411
50 404 415 414 421
unreacted octamethylcyclotetrasiloxarigield = 65%). my = 24,000, refractive index= 1.3968, density =

(Yield = w2/w1 x 100, wherew1 is the weight of the
polymer obtained in the reaction amg the weight of the
unreacted octamethylcyclotetrasiloxane.)

2.2. Viscosity

fie

The viscosity of the HTPDMS was determined by Brook-
Id digital viscometer. Molecular weight of the polymer

0.956 g cnT2 and viscosity= 800-900 cP at 25C).

2.3. Preparation of siliconized epoxy prepolymer mix

Calculated percentage (w/w) of HTPDMS prepolymer,
calculated percentage of epoxy resin, stoichiometric equiva-
lent of y-APS and DBTDL catalyst were thoroughly mixed
at 90°C for 20 min with constant stirring. Prior to character-

was determined using viscosity values (molecular weight, ization, the prepolymer mix was subjected to vacuum with
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Fig. 2. Thermograms of epoxy and siliconized epoxy coating systems.
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the help of vacuum pump to remove the trapped air inside the 2.5. Siloxane introduction into epoxy coating system

blend and also to accelerate the condensation reaction be-

tweeny-APS and HTPDMS by removal of ethanol formed To obtain reasonable improvement in impact, and hy-

during degassing process. drophobic behaviour of the coating system without sac-

rificing other characteristics, the tentative requirement of

HTPDMS component was taken as 10% (w/w). This has

been ascertained from the data obtained from physicochem-

ical, thermal, mechanical, electrical and ageing characteris-
Siloxane-modified epoxy IPN coating system was devel- tics of cured siligonized epoxy maFrix systems with varied

oped using epoxy resin (DGEBA, GY 250, Ciba-Geigy) and Percentages of siloxane content (viz. 10, 20 and 3[1%).

is referred to as system X. The curatives polyamidoamine

and aromatic polyamine adduct are referred to as systems

B and D, respectively. Based on stoichiometric equivalent 3. Test methods

(Table 1), calculated amount of curatives was sequentially

added to the siliconized epoxy prepolymer blend. The result- The corrosion-resistant behaviour of siliconized epoxy

ing products were coated over mild steel specimens &30 coatings studied by electrochemical methods has already

after the removal of entrapped air and ethanol by-product been reported by the authojk7,18] The thermal stabil-

formed during the curing reactions and post-cured &t@0 ity of unmodified epoxy and siliconized epoxy coating

for 24 h. The nomenclature of epoxy resin, curatives, and the systems cured by B and D was studied using thermogravi-

siloxane content in the IPN coating systems are presentedmetric analyzer (TGA-Mettler TA 3000) at the heating rate

2.4. Preparation of siloxane-modified epoxy
coating system

in Table 2 of 10°C/min in an inert atmosphere. Thermogravimetric
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Fig. 3. Infrared spectra of epoxy (a);APS cured epoxy resin (b) angtAPS (c).
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technique is the most important method to assess the therepoxy band at 913 cnt and appearance of hydroxyl band
mal stability of polymeric materials. The percentage weight at 3420 cnm. Absorption peaks appeared at 2980, and 2850
loss of the cured coating materials is presentedahle 3 and 1370 cm? confirm the presence of Si-O-G8Hs and
and the thermograms are presentedéFig. 2. —Si—(CH)s, respectively.
Glass transition temperaturgg) of the coating systems In the second step, the alkoxy groups present inthéS
was determined by differential scanning calorimetry (DSC react with hydroxyl groups of HTPDMS.
2910, TA Instruments, USA) with a temperature range be-
tween 50 and 25€C at a heating rate of I@/min. The ther- 4.2. Thermogravimetric analysis
mal stability of the cured coating systems was assessed by
thermogravimetric analysis (TGA) using Thermal Analyst  |ncorporation of HTPDMS into epoxy resin improves
2000 (TA Instruments, USA) at a heating rate of’@min thermal stability and enhances thermal degradation temper-
in an inert atmosphere. ature. The presence of siloxane skeleton in the unmodified
Surface morphological characteristics of the cured coat- epoxy systems delays the degradatidiig( 2) and high
ing systems was analysed by scanning electron microscopeamount of thermal energy is required to attain the same
(SEM, Leica Cambridge, stereo scan model 440). The SEM weight losses when compared with that of unmodified
micrographs were used to study the plain strain fractured epoxy coating systems=ig. 2). The delay in degradation
surfaces of specimens. caused by the siloxane moiety may be attributed to the sta-
bility of inorganic nature (-Si—O-Si-) of siloxane structure,
which may stabilize the epoxy resin from the heat. The

4. Resultsand discussion high energy of siloxane bond and its partial ionic nature
_ are clearly responsible for its substantial thermal stability.
4.1. Spectral analysis The siloxane bond energy is significantly greater than those

of carbon—carbon and carbon—oxygen bofi. For ex-
Infrared spectral results suggest that formation of sili- ample, the temperatures required for 10, 20, 30 and 50%
conized epoxy interpenetrating network structure proceedsweight losses of unmodified epoxy resin cured with aro-
in two steps Eig. 3andScheme )1 The first step involves  matic polyamine adduct (curative D) are 374, 392, 402 and
the reaction between epoxide ring of epoxy resin and amino 415°C, respectively. Whereas, the temperatures required for
group ofy-APS that was confirmed by the disappearance of attaining the same weight losses of siliconized epoxy coat-

epoxy resn v CHy—CH—CHz  + THz - F&%—'{CH—CF&“‘""" epoxy resin
(‘|3H2)a
SHOEYs
¥ - aminopropyitricthoxysilanc

|

epoxy resin MCHTCH_Hzc\N/CHT?H-_CHzm epoxy resin
HO | OH

("IJHz)a
SHOE),

J Siloxane prepolymer

opoxy resin e CHz—CH—HC_ | ~CHz — C})Hﬁ CHgww»  €pOXy resin
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Scheme 1.
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Fig. 4. DSC thermograms of unmodified epoxy and (10%) siliconized epoxy coating systems.

ing systems (epoxy modified with HTPDMS) having 10% glass transition temperatures of unmodified epoxy and sili-
siloxane content are enhanced to 390, 402, 411 and@21 conized epoxy coating systems cured by B and D are pre-
Further, it is also observed that the type of curative and per- sented inTable 4

centage concentration of siloxane in the unmodified epoxy

coatings have specific influence on thermal degradation.4 4. Morphological studies by SEM

Among the curatives studied in the present investigation (B

and D),_the siliconjzed epoxy IPN coat?ng sys_tem curedwith M was used to investigate the morphology of unmod-
aromatic polyamine adduct (D) exhibits highest thermal fiaq epoxy coating system and siliconized epoxy coating
stability due to the thermally stable aromatic structure and systemsfig. 5). SEM micrograph of fractured surface of the
formation of inter-crosslinking network structure with epoxy ;nmodified epoxy coating system reveals a smooth, glassy

resin. and homogeneous microstructure without any plastic defor-
) ) ) ) mation. Whereas, the fractured surfaces of the siliconized
4.3. Results of differential scanning calorimetry epoxy coating systems show the presence of heterogenous

-~ ~morphology and the heterogeneity increases with increasing
DSC thermograms of unmodified epoxy and (10%) sili-

conized epoxy coating systems are presentdeign4. All

siliconized epoxy coating systems exhibit single glass tran- Tale 4 - -

sition temperature which in turn confirm the presence Glass transition temperaturdg) of unmodified epoxy and siliconized
. p ) T@)’ ! p_ epoxy coating systems

of inter-crosslinked network structure. The variationTgf :

values of siliconized epoxy coating systems is insignificant, ©°ating systems

since siloxane incorporation does not alter Tgevalues due  BX; 97.0

to chain entanglement and its ablative charaf2é}. How- BXs 95.91

ever, a slight decreasing trend is observed when siloxane isgil 106.0

incorporated into the epoxy coating systems. The values of __°

Glass transition temperatdfe) (

103.06
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Fig. 5. SEM micrographs of fractured surface of the unmodified epoxy (a) and siliconized epoxy coating systems having 5% (b), 10% (c) and 15% (d)
siloxane content.

siloxane content (5-15%). This observation also confirms The SEM micrographs reveal that siliconized epoxy coat-
the existence of inter-crosslinking network structure in sili- ings exhibit heterogeneous morphology and heterogeneity
conized epoxy coating systerf0]. increases with increasing percentage of siloxane content,
which in turn confirm the formation of inter-crosslinking
i network with epoxy resin. Hence, siliconized epoxy coat-
5. Conclusions ings developed in this investigation can be effectively used

N . . . as thermal barrier coatings.
Epoxy and siliconized epoxy interpenetrating coating sys-

tems were developed. The thermal stability, glass transition
temperature Tg) and morphological characteristics of un-
modified epoxy and siliconized epoxy coating systems cured
by polyamidoamine (B) and aromatic polyamine adduct (D)
were studied using thermogravimetric analysis, differential
scanning calorimetry and scanning electron microscopy, re-
spectively. The thermal stability, glass transition temperature
(Tg) and morphological characteristics of unmodified epoxy References
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