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AI> tract 

A cost-effecli ve better performing epoxy/ phen(llic interpLnelrating polymer network ( IPN ) coat ing fur the protection o f s!Le l rein ­

forcemcnl in co nc rete exposed to aggressive environment (marinc a nd indust rial ) has been developed. Physicomcehanica l properties 

along with chem ical rcsislan ce aga in st som c acid s, alkalies. rcrlili/.crs, and waleI' have been dct e rmined. To asse ss the corros io n prote c­

tion erlicaey from end use application, [loint or vicw chemica l res islance. ild hesioTl bv bend tcst. bond stre ngth by pull-out test metho d , 

a nd acce lerated corros ion cyclin g tcst by weight c ha nge method have bee n performed On the basis or th e d'lta. it ma y be conc lu cled th a t 

the lPN-coa ted reinforci ng reba rs have acceptable bond stren gth wilh concrete, ancl ha ve betkr corrosi ol1 res is tan ce liJ<l1l other commer­

c ia ll y <Ivai lable trealme nt used [or similar a[lp li catio ns. The eco nomics o f the Ireatm e nl is qui te allracli ve s ince trea tmcnt CO '. l ': about 1-; 
to 2()O/" of Ihe cos t of Sled H c nc(: il may be said tllM lPN-coated reinforc in g stee l bars fulrill the minimum requireJ11elllS laid d own in val'­

iOlls standard specifi Gltioos. © Illll,) E lsevie r Science Ltd. A U rights I("crve cl. 

!<n·l\·orc!.,: lnte rpencl riltillg: Reinforce lil e nl : Cor rosion : Polymcr: Acce lerated 

1. Introduction case of unserviceab le factory buildings and hazards to hu ­
man li ves as a result of co llapse of residentia l and publi c 

From the beginning of twentie th century, I'einforced co n­
buildings.

crete has become one of the most I,vide ly used material of 
Concrete normally provides a high degree of protection

constructi on due to its inlll::f'eot propert ies , especial ly its 
to embedded stee l against corrosi on This is due to highly

strength to slIstain imposed loading conditions. It is be­
alkaline environment provided by concrete at the concrcll: ­

li eved that reinforced concrete struc[Ures are dlll'able and 
maintenance-fl'ee for the whol e of its design li fe, dPproxi­
mately more than 60 years ll -3 J. Jlowevet', the corrosion of 
reinforcing stee l in concrete exposed to aggressive environ ­
menL affect ~ the li fe of the concrete and thus has rapi dly be ­
come a seriolls problem throughout Llle world. l':Jt-king 
structures, bridges, buildings, and other reinforced concrete 
structures exposed to marine and industrial env ironments 
are being severe ly damaged due to co rrosion of reinforcing 
steel within peri ods as short as 10 to 20 years [4,5 1. From 
these instances, it ca n be realised th at the free life of con­
crete s tructure~ is far h;.. \ in comparison to tile clesign life 
unless some effecti ve protective measures are taken at the 
initial stages. Protection of steel reinforcement in marine 
ancl industrial environments is essen tial, since lack of pro­
tection may cause direct loss due LO loss of production in 
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T ab le I 

P ilysico ill ec hilni ca l properti e s of the coating 

Epoxy 

"y ... tc rll 

Epoxy/phenolic 
(lPN) 

Standards 

foll owed 

'1 t' llsik strength ( (/ 111 111 1) 


Elongati o ll (ie) 


Modulus 01 c laqic ity (N/l11m") 


Specific p-onn-o"biJity (lll g/clll ~!mm/24 hI') 


G la" transition te mperature (OC) 


CoeffiClcllI of linear ex p:.ns ioT) , °C X I () 


Shear stre ng th (Kg/cm2) 


Bond stren ~t l l (K £!k m2 ). steel substrate 


fmpact re ,islance (fa lling we i ~ ht method) 


Sc ru b re s istanc e ( 10.000 cycle) 


Salt fog (720 h ) 


Scratch hardness (J 500 £! lo ad) 


22 .4 244 ASTM 0-2370-7 

8.0 21 .0 ASTM 0-2370-7 

12-14.4 103 1 0 ASTM 0-2370-7 

0.2043 0 .LlS4 ASTM D-1 653-74 

107.0 940 DSC M ethod 
'(30- 80)OC 1.7 14 (J.S85 AST M 0 -696-7 

5800 7700 ASTM D 1002-64 

2500 30.00 BS :l900 -C- I 0-79 

No failure No fail ure BS 3900-E-7- 7-1 
No failul'e No fai lure ASTM 0-2468-79 

No fa ilure No fa ilure AST'v1 B-1 )7-73 

No failure No fa ilure BS 3900-E-2-70 

steel interface resulting in the formation of a protec live film 
on the steel [61. This protective film is stable when pH is 
more than 12.0 and becomes unstabl e when pH is less than 
11.0 [7] The pH may become lowered if the concrete con­
ta ins chlorides, su Iphales , and other deleterious chemicals. 
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These chemica ls diffu se through the concrete and lower the 
pH value of the water in the pores o f concrete. As a result, 
prolective oxide film is pierced by these chemicals, which 
will theo attack the reinforcement 12,8 ]. 

Normal precautions such as ensuring proper mi x propor­
tion, com paction of concrete, adequate thi ck ness of the COll ­

crete cover, and curing may not be suffi cient to give proper 
protection to concrete and adequate reinforcement when uscd 
in an aggressive environment. Such structures need some 
protecti ve measures like addilion of inhibitor or admi xture in 
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F ig. 3. Pe rcent ab sorpti o n ot' c hemica ls in epoxy phenolic system. Fig . 4. De wils of placellle nt of rei nforcin g ba rs in concrete cubes. 
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Tab le 2 

C he mical resistance leS I as per IS: 13620 

C he mi c als 

Coating __ 3 M CaU: 3 M N aO H Sa turate d Ca(OH), Dis till edwatcr 

IP No fail ure up to 6 1110nlh s o fa ilure up to 6 111 0111hs o fa ilure up to 6 month s One bl.isre r after 6 months 

Epo xy No failure up to 6 mo nth s No fai lure up to 6 l11 0 nth s No failure up to 6 months So me blisters & Discolollrati o n 

afte r 4 mo nths 

PU No fa ilure COil ting filil e d w ithin 7 days No failure up to 6 lllOnth s Some b li s te rs debondin g w ith 

s ubst rate a fte r 5 mo nth s 

Z in c -ri c h epoxy coa lin g D iscolo llration a ft e r 2 mo nths Some bli s te rs after 15 da ys No fa ilure up 10 6 mo nths Som e bli, tc rs after 5 1110 mhs 

and blisters after 5 month~ 

concrete, sud'ace coating of concrete, or coating of the rein­
forcement stee l [9-15] , Surface coating of the concrete re­

duces the ingress of oxygen, wate r, gases, and che mica ls 
present in the atmosphe ric and industrial environments and 
coating of re inforce ment is an effective method of inc reasi ng 
the life of reinfo rcement steeL But the corrosio n protection 
efficiency of the coating system depends upon a number of 
factors, such as choice of polymer, composition of the coat­
ing, method of ap plication, and, moreover, the environment 
in which it is go ing to be used, Therefo re, a detailed study 
was needed for the development of a su itable coating system 
for the protection o f re inforcing bars , 

Central Building Resea rch Institute in Roorkee has de­
velo ped an "interpene trating pol ymer ne twork system (lPN 
polymer)"-based coating for the protection of concrete 
structures that are ex posed to an aggress ive envi ronment. 
The basic coating sys tem has been modifi ed to make it suit ­
able for the protection of reinforcing stee l in concrete, The 
salient features of the developed two-component coating 
designated as " IPN-R," along with its corros ion protection 
efficacy fo r the p ro tec tion o f re inforc ing stee l, are hi gh­
li g hted in thi s pape r. 

2. De,'elopment of coating system 

A cost-effective better perform ing epoxy/phenolic IPN 
coating t'or the protection of stee l reinforcement in concre te 
exposed to aggress ive environment (marine and industrial ) 
has been developed, In the present deve lopment a prepolymer 
of e poxy res in (based o n diglycid yl ethe r of bisphenol A) and 

Table :\ 


Bond , trengtl1 of coa te d and uncoated reba rs wi tll concre te 


Diame te r o f tile Bond stress 3t 

rebar, (mill) Condition of rebar ' I-upture (k ~lcml ) 

12 Che mical rc;istan ce >Ice I 11 4 
12 Mild ;teel I I .) 
12 lPN-coated MS rebars 11 0 
12 Fus io n-bo nded ~ poxy-coa t ed re ba I'; 109 

12 E poxy-coated MS rebars 109 

12 Poly ure thane -coa ted MS re bars 106 
12 Zi nc-ri c h ep oxy-coa te d re baI'; I 10 

phenolic resin (based on cashew nut she ll liquid, a by-product 
of the cashew industry and a renewable resource) are made to 
polyrneri le wi th their respec tive harde ners in such a manner 
that the prepolymers cross-links s imul taneous ly with the ir re ­

specti ve harde ners by a separate noninte tfering mechani sm 
(Fig, 1)_ The IPN system thus deve loped has been eva lu ated 
for its physicomechanical properties and chemical resistance 
(aga inst saturated urea so lution , diammonium phosphate. 
30% sulphuric acid, 30% phosphoric acid. 30% sodium hy­
droxide solution, and distilled water) as per the relevant stan­

dard s and has been compared w ith epoxy coating und el' a 
s imilar set of conditions (T able 1, Figs, 2 and 3)_ A coating 
for the protection of stee l re in fo rce me nt was de veloped by in­
corpo rat ing ce rtain additives, such as reactive dilue nts, pig­
ments, fillers, tlow contro lling agents, wettin g agents, and 
thicken ing agents, among others, 

3. Experimental 

3, J, Co rrosio/1 protectio/1 efficacy of' deveLoped 
('oa ling srstell1 

To assess the efficacy of the developed IPN-R coa ting 
fo r corrosion protection of steel reinforcement in concrete , 
fo llowing te sts were conducted, 
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I. Cl1emical tes i ~lam ._' 

2. ad hesion by bend k "l 
3. bond SlCt;llgth wi th CO llCTl'le by pull uut method 
4, acce lerated corro.,ion test by 'v\cight loss measurements 

3.2. Chl'lI'I imf /'('.I/.IIOllce II'SI 

Samples for the chemica l resistance test were prepared by 
applying two coah of the coatings selt:cted fOl' study on thor­
oughl y cleaned I-e in i'urcing bars. After curing the coati ng for 
3 days at room temperature, these sa mples were sl!hj 'J' ted for 
che l1lic,li res istance test as pcr IS 13620-1993 116J . In thi s 
test. coated rein forcing bars we re immersed in disti I.led water, 
saturated so lution PI' calcium hydroxide, 3-M so lu tion of so­
cliu m hydrox ide. and 3-M solution of calcium chloride fOt' Cl 

peri od of 180 days, Visual ubservations were reco rded after 
different intervals and arc reported in Tab le 2. 

3,3. Adhesion hI' /J l' lId In! 

The ad hes ion tl:st was carried out by bend tL'l as de­
~cribcJ in IS 13620-1993 11 61. The reinforcing bars were 
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Nos . of Accele rated Corrosion Cycle 

Fig. ~. \Vei g hl loss ( '7i) vs. Il llill be r of "cce lerati on corros io n cye le \\ i1cn 

rebars ;He embedded ill iVJ-20 con cre te at 25- Il1Jll cove r. 

thol'Oughl y ck ,\l1cd and two coats oi IP. coati ng were ap­
plieci. The coa ted bars were cured at room tcmpernture fo r 3 
days and then tl:sted for adhesi on by bending thc bars 1200 

around the IOO-mm diamder ma ndrel, Then the bars were 
inspected for any signs of failure, such as cracki ng or debond­
ing of the coating. 

3.4, Bond Slrl'lIg lh br puff-ow fl'SllIIl' f/wd 

A pull-out test as described ill lS 2770 Part J -1 976 11 7 1 
was llsed for dete rmining the bo nd strength of reinforcing 
bars with concrete, ~ J )~cime n s for the pull-out test wne pre­
pared in such a way that coaku and uncoated ddurmed bars 
were placed centrall y in concrete cubes. A Conc rl:te mi x of 

Fig. 9. Concre iL' c ube ha ving Ullco;lIcd iVl S reb;ll' , (-1-5 cycles ). 
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Fig. 10 . Concre le Cline having uncm,led CRS rebar., (50 evck, ;. 

1-25 grade (comprcssi ve strcngth. 270 Kg/~' 1ll 2 ) was used 
to Pi' pare the ~pec imens, After casting, the cubes were de­
moulded ancr 24 h and then cured in water for 28 days and 
dried . Bond strength after 28 days wus determi ned lI sing a 
univer. al te<;ting mach ine , Load at break was de tcrmined 
and results are reponed in Table l . The bond ~ trc ngth at 
rup ture was calculated by dividing the load at break with the 
surface area of th e mbedded length of the bar, 

'. 

r ig . 12, Concrele cul lL' h;1\ illl! lIllwaleu CRS reb,,,', { ~() cycle,,, 

3.5. Acce/emted C() 'T(),li ()n lesl hr weighl 

loss /111!(/SIt relllellis 

Loss of we ight of coated and uncoated ~ t ce l reinfmce­
ment bars embedded ill concrete specime ns was c1 ' t rmined 

Fig , 11. COIlUe l1'! cube h:1\ i n~ unc";Jled MS rch" rs (80 cyc les ), 

Fi g, 13 . Concre le cube ha ving I. inc-rich epoxy-coaled MS rebar, (X{l 
eyck, ), 

http:541-15.18
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Fig. 14. COIlU..:t ..: cube having po lyuretlwne-coated \IS re ba r,; (lW cycles). 

before and a ft e r ex posin g the conc re le sp c ime ns ( 0 acceler­
ated corrosion (est. The following me thod for the prepara­
lion or s[1ccimens. their ,.:xposur> 10 acce le ra ted corrosion 
test [i .e .. I d ;ty of il11 nll' r:;ion in 3Cj'r sod iu m chloride so lu ­
tion fo ll owed by 3 day at room temperalure (27 := 2°(,) and 

Fig. 16. Concretc cube hav ing epoxy-coated ," IS rebars (80 C) cil'sl. 

3 cl 3yS at 60"C in an a ir-c ircul at ing ovenl was used. Fus ion­
bonded epoxy-coa ted ..cbars were also used in our studies. 
Only visual ob. c rvat io l1s were recorded becau (' the initial 
we igl1t of the reinforcing b3fs could nol he determi ned s ince 
the~c are fac tory made . 

Fii! . 15 . Concrete cube having lPN-coated lVI S rebars (SO cycles!. 
Fig . 17. Concre te cube ha ving rusion- bonded cpoxy-coated rebars (80 
cycle!. 
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"'g. I t\ . Cond lti on or MS lU lcoatcu re har' " rk r 60 cyc les . 

3. 6. PrepaUll io ll (I f Il's l .l jJnim ols 

For weight loss lll e:;tSUI"{'l11ents. rcinfprcement bars of re­
quir~d siLes were thoroughly cleaned ::mJ the initial \veight of 
each bar was rc ·orded. Two coalS of tlle: coatings under .:tudy 
were: applied on the cleaned bars. In this study two types of 
sleel bars. corros ion resistant ~lec l (CRS) and ordinary mild 
steel (MS ) hars, along with fusion-bonded epo xy-coated bars 
were u. ed. After curing the coated bars for 7 days at 27 ::: 
2°C, the bars were embedded in concrete cubes in such a way 
that concrete covers of IS and 25 mm were obUl ined. Two 
type of conCl't' te t' li xes. M-25 ( compressive ~ tn: ng th of the 
concrde cube is 270 Kg/c m2) and t -20 (compressi ve 
sircng: th is 230 K g/cm2 ), \-\·..:re used. Concrete specimens for 
G; rrying out tbc accelerated corrosion tests were cast in a 
100-mm ;, teel mould and pl aced on the vibrating table , using 
each type of above-men tioned concrete mi x. Detail s of the 
placement of the re inforcement bars arc sho wn in Fig. 4 . All 
the ~e ts 01 concrete c' l)cc imens for accelerated corro. ion lest 
were cast and cured in the same way. After dry ing, the ~pecj­
mens \-vcre su bjected fo r accelerated corrosion cycling test. 
On completion of rc ~pective cycles, rebars were removed 
from the concrete. After the r': l11oval of ad hered co ncrete, the 

, amples were lh 'ustecl and fi nall y w;J"hed with di stil led wa­
l eI'. Change in weight along with vis lial ohservati on afll:r 20, 
40, (l0. and 80 cycles were recorded and p rcent change in 
weight a tel' differellt inten'al" is ~h()wl1 in Fi g~. 5, 6. 7, and 8. 
Conditions of the cub s aftcr difk rcnl cycles ar..: shown in 
Figs . 9. 10. I I, 12, 13. I-t 15. 16. and 17 and rebars after 60 
cycle, arc shown in Fi g~ . 18, 1Y, and 20. 

~. Results ancl discussion 

Table I shows that the propert ies of the epoxy/phenol ic 
IP "ystem is belt I' than the ep xy re~i Jt alone . Permeabil ­
ity of IPN is reduced. whi ch show~ the reduction in ingress 
of detrimcntal ions, an I p rcent e longati on is al so betler 
than the epoxy system. This sho ws the ret enti on of adbes ion 
e ve tl at higher fatigue limits is bell er. Bond strength of the 
lP. sy ~ t~m , botb in shear as well as p rpendiclI];lr to sur­
face. is better than epoxy. From Figs. 2 and 3 it is obse rved 
that the chemical resistance again!-. t ac id\. <JlkaJi es, and fer­
tili 7.ers is bette r than epoxy alone . The abo ve-mentioned 
propCrli e~ combined with exce llent chemical resistance 
make the IP system ideal for the protection of stee l rein ­
forcement in concre te. 

The chemical resistance of the de vel opL'd coating was 
determined hy exposing the coated panels to \ arious chcmi ­
cals as descrihed in IS 13620-1 993 116]. IPN and epoxy 
coating passes the chemical resi stance les t. Polyure tha ne 
and zinC-rich epoxy-coated sample s f<l iled in 3 M 1 aOll 
soluti on, but p<.l ssed in three other chemical s, :I .M calcium 
chloride solution , saturated calcium hydrox ide solution. and 
distill ed wa ter. Thus, IPN and epoxy-coated ~arnple s satisfy 
the requirements laid do wn in IS J 3620- J 993 . 

Bond streng tll of the coated and uncoated bars were deter­
mined as per IS 2770 Part r- 1976. Bond s tr~n gth data given 
in Tahle 3 show that tbere is slight fe(l uction in the case of 
coated specimens. Reduction in bond strength in the case of 
coated rebars vari s fro m 90-95% in compar ison to uncoated 
bars. As per IS 1362( 1993 the critica l bond 5trength of tbe 
coated rebars should be 80% of the mean bond strellgth for 

Fig . 19 . Cond iti on o f l PN-coated rebars ~ fter 60 cyc les . F ig. 2U. Conditi on of fusion-bonded epox y-coated reba rs a fter- flO cyc les. 
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uncoated bars. Tllere f(J, c the reduction in bonO ',trc'llgth in 
this case is \' ilh i.llJi.',.li1iss ihk limits.j ·mln thi:;, clata it may be 
concludcd that IPN-coaied l" illforcing bars have acceptable 
bond f. trenglh with conn·etc and hence the coating can be 
L!' .:·o for the protcction of :: ic, 1 reinfol'cement in concrete to 
Ix useJ in a highly c'!:,gressi vc ~,l\ i'·onillent. 

R"sults of ~lc('dcTdlCcl corrosion test by weight chang.t: 
method has bel'll shown ill j ·i,gs. 5, 6, 7. and R. From tl" 
curv,' ; shown. it is observed that the di fCcrcnce in 10' ". of 
\vt:ight of coated and uncoated bars is very small afl c:r 20 
cyck .·.. However, it continues to increa <: c with all increase in 
the numl,..-r or cycles. Loss of weight of uncoated bars be ­
comes excessively high with the increase in number of ac­
celerated cyc les for both the cover thicknes of 15 mm and 
25 mm, indicating loca li zeu corros ion. In contrast, in the 
case of IPN- and epoxy-coated rebar samples. the weight 
losses are small for both the cover thickn sses. ill compari­
son to uncoated rebars. However, in the case of Line-rich 
epoxy and poly urethane coatings. weight loss afwr 40 cy­
cles is quite high and match uncoated rebar'; , and hence are 
unsafe as protective coating ror steel re inforcement in an 
aggressivc environment, while IPN and epoxy coating are 
fou nd to be safe as steel reinforcement in concrete . T hc 
tr':lld shown in l.' igs. S, 6. 7, and 8 ind icates that the JPl\: 
coati ng is better than tbe epoxy coating. In comparison to 
mild <,lcd-re inforcing b , l' ~, CRS rebars me found to be su­
perior up to 60 cycle: , but ali ,,')' 80 cyc le: bo th arc found to 
be almost saLlK·. General condition of the concrete cubes 
and rein fOI'l.:f1 tlent after 20. 40. 60. ancl RO cycles of acceler­
ated corrosion test was also recorded. All the cubes were in­
tact up to 40 cyclcs but in case of cubes of M-20 concrete 
having MS ' teel reinforcement. a hair crack was scen after 
-1-5 cycles (Fig. 9). while with CRS a very ~Jl1all hair crack 
v. as , en after 50 cycles (Fig. 10). In the casc of M-25 con­
crete cube that had MS rei nforcement , a hair crack was see n 
aft ' r 50 cycles, while in the case of CRS a very small hair 
crack was seen after 55 cycles . All th e~e cracks were further 
wick-ned ,l fte r 80 cycles (Figs. II and 12). A similar crack­
ing pattei'll was also seen in the case of cubes that had poly ­
urethane-coated rebars and zinc-rich epoxy-coated rebars 
(F i g ~ . I. and 14). and hence are not suitable for the protec­
tion of sicel reinforce ment in a highly aggressive condition. 
All the cubes having lPN-coated (Fig. 15) aod epoxy-coated 
(Fi .!..: . 16 ) rebars were intact and hence can be used as a pro­
tectiVe' coating. Tn the conerel cubes that had fusion­
bonded epoxy-coated bars, a small hair crack was seen in 
the concre te surface after 80 cycles of accelera ted corrosion 
cycles (Fig . (7). The condition of coated and uncoated I l' · 

bars after 60 cycles is shown in Figs. 18. 19, and 20. 

5. Field applications 

The laboratory studies carried out have generated consid­
erab le interest and therefore the work was carried out in the 
fielcl. ma inl y for marine structures in the west coast. Somc 
of the work included use of IPN coat ings in bridge:;, cu l­

verb. and marine structu res in Maharashtra and Andhra 
Pradesh pile cage oj' transmission towers located in marshy 
cree k ~ in omhay. A rec ' nt deve lopment that points to the 
promi~inh prospects for thi s techno logy is that olls- oyce 
Industrial Power (I ndia ) Ltd ., a multinational company, ha:-; 
se lec ted this material for usc in the prestigious Godavari 
Gas Power Project near Kaki ada . 

6. Conclusiolls 

It can he concluded from the above stud ies thar the IPN­
coated stee l reinforcement rebars would have a more ex­
tended life in comparison to uncoated reinforcement. In JPN 
coating, part of the epoxy resin has be ' n rcplaced by low­
cost lc<;in. and hence is less costly than epoxy. Moreover, 
the economics of the treat l1l l:nt is quite alt ractive "ince treat­
ment costs abo ut J 5 to 200k of the cost of steel. 
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