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Efficiency of coatings applied on rebars
In concrete
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The performance of three reinforcing steel bars (rebars) coatings is analyzed by means of
electrochemical methods. The coatings are representative of those commonly used during
the repair of concrete structures affected by corrosion in the coastal regions of Argentina:
an epoxy rust conversion coating, a zinc-rich epoxy, and a sprayed zinc coating. Two
exposure conditions were investigated: immersed in a saline solution (wet) and exposed to
an indoors atmosphere (dry). The rebar corrosion potential (E.,), the corrosion rate (CR)
and the electrical resistance (R) between bars were measured during approximately 800
days. In the dry condition the three coatings presented a satisfactory performance
characterized by passive E.or values and CR values lower than 1 um/year. On the other
hand, the performance of the coatings in the wet condition depended on their formulations.
The rust conversion coating showed active E.,, values and CR values higher than those
measured on the uncoated bars. The zinc-rich epoxy and the sprayed zinc coatings
presented E.q,, values typical of active zinc. This indicates a certain degree of cathodic
protection provided to the reinforcing steel. Besides, R values showed that in this condition,
coatings do not provide a barrier type of protection. © 2000 Kluwer Academic Publishers

1. Introduction chosen when repairing reinforced concrete buildings
Reinforced concrete is one of the most important strucexposed to marine environment, that are affected by re-
tural materials used in the construction industry world-bar corrosion [6, 7]. However, the efficiency of many
wide. This is primarily due to its low cost, availability, of these coatings applied to reinforcing steel bars un-
formability, and its excellent structural and durability dergoing corrosion is still not well known. A recent
properties. Nevertheless, certain physical and chemicahvestigation presenting short term results of the per-
factors in the service environment can contribute to itformance of several concrete and rebar coatings show
deterioration and failure. One of the most significantthat under certain exposure conditions the application
factors is the reinforcing steel bar (rebar) corrosion. of some of these products did not affect at all, or even
The high alkalinity of the concrete pore solution thatworse, increased the corrosion rate of rebars in con-
surrounds the steel reinforcement develops a protecrete [8]. Extensive research performed by &esgénd
tive layer that protects the rebar from active corrosioncoworkers [9] has shown that epoxy coated rebar used
This state is known as passivity and is characterized bin reinforced concrete structures exposed to marine en-
a very low corrosion rate. Unfortunately, under certainvironment may exhibit severe localized corrosion prob-
conditions, the passive state of steel may be lost and thems on the coatings defects. Thus, we present below a
rebar corrosion rate can become significant. Rebar cocomparative study on the performance of three different
rosion may occur as a result of concrete alkalinity losscoatings: an epoxy rust conversion, a zinc-rich epoxy
attack on the steel by aggressive ions, or a combinatioand a sprayed zinc coating, related to bare, uncoated
of both of these factors [1, 2]. rebars.
Some of the most important variables that influence
the rebar corrosion rate are: the structure exposure con-
ditions, the moisture content of concrete, the chemica2. Experimental
composition of the pore solution, the concrete porosity2.1. Concrete specimen preparation
and the concrete cover thickness, among others [3-5]The samples used in this study consisted of cylindri-
In an attempt to minimize the effect of rebar corro- cal concrete specimens containing 8 rebar segments (4
sion, various techniques are frequently employed, sucHuplicated conditions, see Fig. 1). The rebars have a di-
as cathodic protection, inhibitors, and the applicationameter of 1 cm and present an exposed area of 40 cm
of coatings to the external concrete surface or to thé&ach specimen contains an internal reference electrode
reinforcing steel bars. This last option is commonly (IRE) used to perform the electrochemical experiments.
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i Rust conversion coatings are commercially available
connection to

internal reference T leetsmg products, promoted as able to react directly with a
Elecode ﬂ‘ rusted surface to form an inert complex than can be
top-coated [11]. The rust conversion coating selected

- :::1‘0.01 m |045m for this study is a one-component epoxy paint contain-

ing inhibiting additives based on barium metaborate.

This type of coating is representative of the ones com-
monly used in Argentina during repair procedures of
buildings affected by corrosion problems. Following
the manufacturer specifications, the coating was manu-
ally applied using a brush up to a thickness of 2580.
el B B | I Zinc-rich epoxy coatings are extensively used to pro-
internal reference . .
electrode ) i — - tect metallic surfaces directly exposed to the atmo-
\ sphere. The use of this type of coating is becoming
N quite common during building repair to prevent fur-
ther rebar corrosion. However, there is no documented
information of its long-term behavior in this kind of
application. It has been shown that the zinc content in
the paint should be above 90% to guarantee appropri-
““““““ ated functioning [12]. Surface preparation and prod-
~~~~~ uct application followed the instructions provided by
Figure 1 Schematic representation (top view and side view) of the con—the r_nanUfaCturer‘ TW,O_ hands of paint were manually
crete specimen containing the reinforcing bars. applied by brush, waiting three days between hands,
achieving a thickness of approximately 2060.

The electrode consisted of an activated titanium rod The sprayed zinc coating was applied on the rebar

(0.38 cm of diameter and 5 cm of length) which had itsuSing & thermal spraying equipment. The rebar surface

ends isolated with an epoxy resin. This type of refer-Was previously sandblasted. The coating thickness was

ence electrode shows excellent short-term and reasoAPProximately 10qum. This technique is being ex-

ably good long-term stability in concrete exposed totensively used to provide cathodic protection to rein-

wet and dry conditions [10]. forced concrete structures exposed to marine environ-
After curing, the samples were exposed to two dif-ment [13].

ferent conditions: an indoors atmosphere (approxC20

and 60% RH), and partially immersed in aerated 3.5%2 3. Electrochemical measurements

sodium chloride solution. These two cond|t|.o.ns will The corrosion progress was monitored in time follow-

be referred below as the dry and wet conditions re-

spectively. Duplicate specimens were prepared for eacl the variations of the main electrochemical param-
P Y. oup b prep eters: the corrosion potenti&c., the electrical re-

condition. Those labeled 1 and 2 were kept in the dry, istanceR, and the polarization resistance Rp. This

condition, while those labeled 3 and 4 were immerse . ;
. ; . . ast parameter was used to estimate the rebar corrosion
in the saline solution 25 days after demolding. rate CR

The concrete mix was prepared using a water to . . . .
cement ratio (w/c) of 0.60 and a cement content of The corrosion potential was measured using a high

300 kg/n?. Crushed stone with a maximum aggregate'mpedance voltmeter (HP E2378A) connected to the
size (MAS) of 1.27 cm’{, inch), and river sand were internal reference electrode (IRE). The readings were

used as coarse and fine aggregate respectively. The raf: 8 rrected against a standard Cu/CySeturated refer-

by weight between coarse and fine aggregate was 1. nce electrode (CSE).

The compressive strength after 28 days of curing wa%' The electrical resistanc&] was measured between
22.5 MPa (ASTM C-617). ars that presented the same type of coating using a

Nilsson 400 soil resistivity meter (see Fig. 1). This in-
strument uses a square wave of 97 Hz, preventing polar-
. L ization of the electrodes. The electrical resistance was
2.2. Coating characteristics , measured to evaluate the degree of barrier protection
Coating characteristics and the corresponding bar la5:ovided by each coating and to estimate the electrical
beling are presented in Table I. resistivity of concrete) [14]. The values ofp were
calculated asp =k. R(S), wherek=7.5 and 12 cm
TABLE | Specimen and rebar coating identification for the dry and wet condition respectively, and R(S) is
the value of the electrical resistance measured on the

Eﬁiﬂiﬁgg”'”g tii"c";‘:r']”eis ,uncoated bars expressedin
in each sample) Type of coating um Polarization resistance (Rp) was evaluated as
AV/Ai, from potential sweeps up t0.01 V from
S Uncoated steel — Ecoratascanrate of 1@V s~1. Experiments were per-
E Epoi" zinc-rich ’ 2220 formed using a CMS100 from Gamry Instruments Inc.
us: conversion coating potentiostat. The results were corrected to compensate
V4 Sprayed zinc 100

the IR drop error. Rp values where used to calculate the
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rebar corrosion rates in terms of corrosion penetratior 0
(wmyear?). Corrosionrate (CR), interms of corrosion  -o,1
current density, can be evaluated through polarizatiol o }
resistance according to the Stearn-Geary relationshi”gJ 03

[15] as: £ 04
i _ lgaﬁc i _ E (l) 2§ 0,5 K
™ 2.303(Ba+ Bo) R, Ry Yook

whereB,; andf; are the anodic and cathodic Tafel slopes  -07 ¥
respectively, which are kinetic parameters characteric 05 © ' : : ) . . : .
tic of each metal-solution system. Due to its depen- 0 100 200 300 400 500 600 700 800 900
dence on the Tafel slope8, values should take into time / days

account whether the metal is in the active or passive. . . ) o
state. Based on polarization resistance and gravime%;'?ure 2 Bvolution of the corrosion potentiaFior) in fime for sPeoC_
g ens exposed to the dry condition (indoors approX.C@nd 60%
ric measurements, Andrade and coworkers [16, 17] rerH environment). ) uncoated rebars:() sprayed zinc coatings)
ported typical values oB for plain and galvanized zinc-rich epoxy and4) rust conversion coating.

steel embedded in mortar. According to them, the
value of B for bare steel in the passive state (typically -0.2
Ecorr> —0.2V)is0.052 V. The same value Bfwas ob-

tained for galvanized steel in the passive state (typicalll -0.4
Ecorr > —0.6 V). On the other hand, for bare and galva-w

nized steel in the active state (typicalforr < —0.3 V % -0.6

for bare steel anéor < —0.8 V for galvanized steel), 2

the corresponding values & are 0.026 and 0.013 VvV 7§ -0.8

respectively. i
Therefore B values of 0.026 and 0.052 V were con- -1

sidered for coatings C (rust conversion coating) anc

S (uncoated steel) in the active and passive state rc 12

spectively. Likewise, B values of 0.013 and 0.052 V

were considered for coatings E (zinc-rich epoxy)

and Z (_Sprayed zinc) in the active and passive Sta-tiaigure 3 Evolution of the corrosion potentiaEtor) in time for speci-

respectively. mens exposed to the wet condition (partially immersed in aerated 3.5%
Assuming uniform corrosion on the entire bar sur-chloride solution). ) uncoated rebars:() sprayed zinc coating(()

face, the nominal value of CR iﬂm yearsl can be zinc-rich epoxy andA) rust conversion coating.

calculated using Faraday’s law as:

Kay. _ characteristic of steel in the active state. As observed
R= —=5icor = aicor (2) in the figures, the bars labeled as C (rust conversion
) ) ) ) coatings) present a similar behavior than that observed
whereK = 315360 is a units conversion factéris the i the uncoated bars (S) for both, the dry and the wet
Faraday constanf{(=96485 C mot"), nis the num-  condition. After approximately 600 days of exposure,
ber of moles of electrons transferrey, is the atomic coatings E and Z achieved average value€gj, of
weightin gramss is the density of the metaling cmM,  _ 240,02 V and—0.36+0.02 VV vs. CSE in the dry
andicor is the current density ipA cm~2. Therefore,  ¢ongition. In the wet condition both coatings present
the \(alues of the constaatfor steel and %lnc are ap- sjmilar trends, achievingcor values of approximately
promrrla_ltelyape: 116 andazn =15 uA~ ,sz #M- _0.940.04 V. Comparable results have been previ-
years "~ in each case. This approach considers that corgsly reported for passive and active bare steel and for

rosion takes place on the entire surface of both, the Unyajvanized steel in contact with dry and wet concrete
coated and coated bars. However, this assumption M&¥spectively [16, 18].

underestimate the real corrosion rate on coated bars Figs 4 and 5 show the evolution in time of the electri-

undergoing localized corrosion on coating defects. g resistanceR) for specimens exposed to the dry and
wet condition respectively. In the dry condition (Fig. 4)
3. Results two distinctive tendencies are evident. Coatings C (rust
Figs 2 and 3 present the evolution of the corrosion po€onversion) and E (zinc-rich epoxy) shé&®walues one
tential in time (average of quadruplicate values), fororder of magnitude higher than those measured on un-
samples exposed to the dry and wet condition respeaoated bars and on coating Z (sprayed zinc). Instead, no
tively. Values for the wet conditions are reported only significant difference is observed between healues
after immersion. The three coatings and the uncoatetheasured on coated and uncoated bars when exposed
bars present a clear tendency that becomes evident afterthe wet condition (Fig. 5). The values Bimeasured
the first 200 days of exposure. on bars S and Z in the dry condition are approximately
As could be expected, the uncoated rebars in conene order of magnitude higher than the corresponding
tact with dry concrete preseifi.o values typical of values obtained on the wet condition.
steel in the passive state, while when concrete is par- At almost 900 days of exposure, the electrical re-
tially immersed in the saline solutiolo,r values are  sistivity of concrete achieved values of approximately
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10000022-cm and 420@-cm for the dry and wet condi-

tion respectively. These values are consistent with thos
reported in the literature for similar concrete mixtures

exposed to dry and wet environments [18, 19].

Figs 6 and 7 show the evolution of the corrosion

currentdensityigorr) and the corrosionrate (CR) intime

calculated as indicated in Equation 2, for specimens.
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Figure 4 Evolution of the resistanceR) in time for specimens exposed
to the dry condition (indoors approx. 20 and 60% RH environment).
Concrete resistivity = R x 7.5 cm. @) uncoated rebars:;() sprayed

zinc coating, ©) zinc-rich epoxy and4) rust conversion coating.
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Figure 5 Evolution of the resistanceR) in time for specimens exposed

to the wet condition (partially immersed in aerated 3.5% chloride solu-

tion). Concrete resistivityp = R x 12cm. @) uncoated rebars,)
sprayed zinc coating,) zinc-rich epoxy and 4) rust conversion

coating.
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Figure 7 Evolution of the corrosion current densityd;;) and the corro-
sion rate (CR) in time for specimens exposed to the wet condition (par-
tially immersed in aerated 3.5% chloride solutiom) (incoated rebars,
() sprayed zinc coating(X) zinc-rich epoxy and4) rust conversion
coating.

exposed to the dry and wet condition respectively. As
indicated by Andradet al.[17] and discussed later by
Sagieset al.[18] the accuracy of the nominal corrosion
rate calculations obtained from polarization resistance
measurements may range a factor of 2.

Taking this fact into account, the valuesigf;; and
CR are represented in a double axis plot even when
the conversion factakz, used on Equation 5 for bars
E and Z (zinc-rich epoxy and sprayed zinc coatings)
differs from the value ofte used for bars C and S (rust
conversion coating and uncoated bars) in a factor of 1.3.

As shown in Fig. 6, the.o values present a de-
creasing trend in time for all coated bars in specimens
exposed to the dry environment. The uncoated bars pre-
sented values ofo; ~ 0.1 wA-cm~2, that remained rel-
atively constant in time. This value is consistent with
those expected for passive steel in contact with dry con-
crete [20].

On the other hand, all the specimens immersed in the
saline solution, presented an increasing trend in their
icorr Values, regardless of the type of coating applied
on the rebars (see Fig. 7). Furthermore, coating type C
(rust conversion) and Z (sprayed zinc) presented higher
icorr Values than those observed on the uncoated bars.
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Figure 6 Evolution of the corrosion current densiti.d;y) and the corrosion rate (CR) in time for specimens exposed to the dry condition (indoors
~20°C and 60% RH environment)®j uncoated rebarsx( sprayed zinc coating¢X) zinc-rich epoxy andA) rust conversion coating.
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As can be seen in these figures, the corrosion rates aff the coatings varies considerably depending on the
both, coated and uncoated bars in contact with wet cortype of protection each one provides.
taminated concrete is between 1 and 3 orders of magni- Bars E and Z (coated with epoxy zinc-rich and spayed
tude higher than the corresponding values measured atrinc) presented a similar behavior in terms of the cor-
specimens exposed to the dry condition. The most notarosion potential values. As indicated above, these val-
rious change was observed on bars coated with the rusies are typical of zinc in the active state. Comparing
conversion, that presented a shift of more than 3 orderto the E¢qr values measured on uncoated bars, poten-
of magnitude, achieving CR values of approximatelytial shifts greater thar-0.30 V were always measured.
1A cm—2. This would indicate that coatings E and Z provide a
substantial cathodic polarization to protect the steel re-
inforcement [21].

Conversely to what was observed on coatings C and

Coatings may protect reinforcing steel against Corro-E. in 'c_ontact'with dry concrete, in _the wet condition no
sion by several ways. Most coatings act by providing_s"gn'f'cam difference in the electrical resistance vaI_ues
a barrier that isolates the rebar from the environmentS 00Sérved between coated and uncoated bars. This be-

Other coatings contain inhibitor products that modify havior clearly shows that under this exposure condition

the environment in contact with the rebar so that steel i§01ings C and E no longer provide a barrier type of

passivated or remains in the passive state. A third grouprotection to the rebar. )

of coatings includes those that, in addition to providing AS oPserved in Fig. 7, coating type C (rust conver-
a barrier type of protection, also contribute in protect-S1on) and Z (sprayed zinc) presegd, values that are

ing the rebar by means of a sacrificial type of cathodidigner or atleast equal than those of the uncoated bars.
protection. The performance and effectiveness of thes his behavior would indicate that the corrosion rate of

different types of protection mechanisms can be evalu1€S€ bars is never lower than the CR values of the un-

ated in terms of electrochemical parameters. coated ones. The(efore, a rust conversion coating does
As described in the previous section, the performanc&©t S€ém appropriated for wet concrete.

of the different coatings here tested is strongly depen-

dent on the exposure condition of concrete. The dif6. Conclusions

ference of almost one order of magnitude between th&he performance of rebar coatings used during repair

resistivity values of concrete exposed to the dry and weprocedures of reinforced concrete structures affected

condition evidences the increase on the aggressivenebg corrosion is strongly dependent on the aggressive-

of the concrete when immersed in a saline solution. ness of concrete, which can be evaluated in terms of its

electrical resistivity.

4.2. Performance of rebar coatings All coatings showed a satisfactory performance on

on dry concrete the concrete specimens exposed to the dry environment.

On the basis of the results presented above, all coatMoreover, the corrosion potentials and the corrosion
ings showed a satisfactory performance on the concret@tes measured on the uncoated bars reveal that rebars
specimens exposed to the dry environment. Results ofggmain in the passive state, without needing additional
carbonatation study, performed on concrete specimerating protection.
prepared with the same mix design than that of this When concrete is immersed in a saline solution the
study, show that the carbonatation front reaches the re2erformance of the coatings varies considerably, de-
bar surface after 800 days of exposure. However, th@ending on the type of protection each one provides.
corrosion rates measured on the uncoated bars revednder this exposure condition, no significant barrier
that rebars continue to show very low CR values, and déype of protection was provided to the rebar by any of
not seem to need additional coating protection. Morethe coatings tested.
over, the higtRand low CR values recorded on coatings When concrete is exposed to a wet environment, the
C and E evidence that these coatings provide an extrdist conversion coating increased the corrosion rate of
barrier type of protection to the already passive steelhe reinforcing steel. Therefore, the application of this
bars. type of coating cannot be recommended during repair
As indicated later, bars with coatings E and Z in con-procedures of reinforced concrete structures exposed
tact with concrete exposed to the dry condition achievdo Wet environment. On the other hand, bars coated
corrosion potentials values typical of zinc in the pas-With epoxy zinc-rich and spayed zinc presented cor-
sive state. The more positive valuestf,, of coating ~ rosion potential values typical of zinc in the active
E may be influenced by the continuous dehydratiorstate, which gives some indication that coatings E and
in time of the epoxy matrix that disrupts the contactZ provide a sacrificial type of cathodic protection to
between the zinc particles. Therefore, thg, values the rebar. Further investigations will be necessary to
approach those of bare steel. address other aspects such as the protective-ability in
the interface coated/uncoated area and the working life
of the coatings.

4. Discussion
4.1. General aspects

4.3. Performance of rebar coatings
on wet concrete

When concrete is immersed in a saline solution, unAcknowledgements
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