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Abstract

The objective of this study is to assess the corrosion resistance of zinc-coated and coating effect on the bond strength between
concrete and reinforcing steel. Potentiodynamic polarization method was utilized to determine the corrosion rates of carbon steel
and zinc in both pH 12 solution and 3.5 wt% NaCl solution. In addition, cylindrical specimens were cast and exposed to 3.5% NaCl
solution and a direct current density (0.5 mA/cm?) was applied to accelerate the corrosion process. Open circuit potential (OCP),
direct current polarization resistance were obtained to evaluate the rebar corrosion.

Potentiodynamic polarization curves show that the corrosion rate of zinc is higher than carbon steel in pH 12 solution but lower
in 3.5% NaCl solution. The bond strength of uncoated rebar is 5-10% less than zinc-coated rebar before aqueous immersion test.
The bond strength decreases with an increase in corrosion rate for uncoated rebar and zinc-coated rebar. After 14-days accelerating

corrosion process, the reduction ratio of bond strength for zinc-coated rebar is less than uncoated rebar.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Corrosion of reinforcing steel in concrete may reduce
bond strength and steel cross section area and thus af-
fects the serviceability and durability of concrete struc-
tures [1-3]. The most widely used measures for
avoiding corrosion of rebar includes hot-dip galvanizing
and epoxy-coated systems. Both coating systems can
minimize the corrosion risk in most exposure conditions
[4-7]. Zinc-coated steel has been widely used for over
100 years. Zinc acts as sacrificial anode in the corrosion
cell and generates much less volume change of corrosion
products than carbon steel, so it can diminish the dete-
rioration of reinforced concrete. According to Ramirez’s
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results [8], galvanized steel has a higher critical chloride
threshold than bare steel. However, Unz [9] indicated
that in high chloride ion solution, pitting corrosion oc-
curs in the zinc substrate regardless of any existing pass-
ivation films. Therefore, whether zinc is stable in highly
alkaline medium such as concrete pore solution, and
whether bond strength of zinc-coated steel is diminished
should be deliberated.

2. Experimental program

2.1. Corrosion of zinc specimens and carbon steel spec-
imens

The zinc used in this study was composed of 99.7%
Zn and 0.3% Al and the carbon content of steel was
0.36%. The zinc specimens and carbon steel specimens
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Nichia model NP-G1001 potentiostat.
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Fig. 1. Schematic representation of the potentiodynamic polarization
measurement system.

were metallographically ground. Test specimens with an
area of 1 x 1 cm were immersed in 3.5% NaCl and pH 12
soluitons, respectively. Potentiodynamic polarization
measurement set-up is illustrated in Fig. 1. The corro-
sion was evaluated by potentiodynamic polarization
and open circuit potential (OCP) measurement using a
Nichia (model NP-G1001) potentiostat. The potential
scan range was from —200 mV below OCP to 1000
mV above OCP and the scan rate was 1 mV/s. The cor-
rosion current density (i.o,) can be estimated from
Stern—Geary equation

. _ ﬂaﬁc 1 _ B
forr = Lsoswa T ﬁcﬂ “R, Ry M

where i ., 1s the corrosion current density, and S, , 5. are
the anodic and cathodic Tafel slopes, respectively. R, is
the polarization resistance (Q cm?). For iron, the con-
stant, B, is assumed to be 26 mV in evaluating corrosion
rate of steel for actively corroding system and 52 mV for
passively system. In addition, for galvanized coating val-
ues of B were used 52 and 6 mV under passive and active
corrosion condition, respectively [10]. To calculate cor-
rosion current density, the total surface area of rebar
embedded in concrete is considered. After the corrosion
current density is obtained, the instantaneous corrosion
rate (r) can be calculated from Faraday’s law as follows:

3. Corrosion of reinforced concrete
3.1. Materials and specimen preparation

Concrete mixtures with a maximum aggregate size of
9 mm and a slump of 150 mm were used. The cement
content was 405 kg/m> and the water cement ratio was
0.6. Concrete mix design was listed in Table 1. The com-
pressive strength of concrete at 28 days was 32 MPa.
The chemical compositions of reinforcing steel were
listed in Table 2.

The dimension of concrete cylinder was 10 cm diam-
eter and 20 cm height. A 12.7 mm diameter rebar was
embedded in the center of the cylindrical specimen. In
order to control consistent failure mode, the embedded
length of 100 mm was kept. Hot-dip zinc coating is a
process in which metal is immersed in a liquid bath of
zinc to obtain a protective coating. Based on the previ-
ous study [11], the temperature of liquid bath was kept
at 468 °C. Rebar was dipped in the bath for 1 min
(Z1), 2 min (Z2) and 3 min (Z3), respectively, to obtain
various coating thickness.

After demolding, the specimen was cured in water for
7 days, then stored at 25 °C and 70% RH until the age of
56 days.

3.2. Testing method

For accelerating corrosion process, the specimens
were immersed in 3.5% NaCl solution and impressed
current was applied. Corrosion measurement set-up is
illustrated in Fig. 2. The rebar was used as a working
electrode. Saturated calomel electrode was used as a ref-
erence electrode and the titanium mesh as counter elec-
trode. A current density of 0.5 mA/cm? was applied to
the uncoated rebar and zinc-coated rebars. Every 24 h,
the impressed current was cut-off, and OCP and linear
polarization resistance were measured using a Nichia
model NP-G100/ED potentiostat.

Table 1
Mix design for concrete (w/c = 0.6)

i a

= 7 (2) Materials Mix proportions (kg/m?)

n

Water 243
where Fis Faraday’s constant (96,500 C/equivalent), n is Cement 405
the number of equivalent exchange, and « is the atomic Sand 7
weight. Aggregate 843
Table 2
Chemical compositions of reinforcing steel
Element wt% C0.36 Cu 0.23 Si 0.20 Mn 0.61 P 0.04 S 0.03
Ni 0.36 Cr 0.23 Mo 0.20 Sn 0.61 Fe balance
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Fig. 2. Schematic representation of the electrochemical system.

4. Pull-out test

After finishing the electrochemical measurements, the
specimens were removed from the tanks for pullout test
that was conducted following the specification of ASTM
C 234-91a [12]. The pullout test was carried out using
universal testing machine. Two linear variable displace-
ment transducers (LVDTs) were used to measure the
slips at both ends, and the stroke rate was kept at 1.27
mm/min. Pull-out test set-up is illustrated in Fig. 3.

5. Results and discussion
5.1. Zinc coating observation

There were four thin layers formed in the coating: the
Ist layer (outside layer) is zinc, the 2nd layer is zeta ()
phase, the 3rd layer is delta (0) phase, and the 4th layer
(inside layer) is steel substrate, as illustrated in Fig. 4(a).
The zinc and iron contents of each layer were using by
EDS and tabulated in Table 3. The hot-dip coating
was mainly an iron-zinc alloy and iron content de-

Specimen — |
LVDT T LvVDT
Ball-Bearing Plate

-r-
i

Reinforcing Bars >

Universal Testing Machine Data logger

Fig. 3. Schematic representation of the pull-out test system.
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Fig. 4. Microstructure of hot-dip galvanized coating: (a) scanning
electron micrograph of hot-dip coating; (b) X-ray map showing Zn on
the coating.

Table 3

Composition of coating layer (wt%)

Layer Zinc Iron
Zinc 99.70 0

¢ 93.76 6.24
1 89.77 10.23

creased from inner layer to outer layer. X-ray mapping
shows that the zinc was uniformly distributed in the
coating as shown in Fig. 4(b). Fig. 5 shows the change
of coating thickness with hot-dip time. With an increase
of hot-dip time, there was no significant change in the
thickness of zeta ({) and delta (J) layer, and total thick-
ness was about 100 Im. The zinc thickness increased with
increasing hot-dip time. According to ASTM A90-01
[13], the specimens were immersed in hydrochloric
acid—antimony trichloride solution and the coating was
stripped out. Based on weight loss and exposure area,
the zinc weight per unit area was 891, 925, and 1090
g/m? (or zinc coating thickness was 127, 132, and 156
Im) for 1, 2, and 3-min hot-dip time, respectively.

6. Galvanized materials’ inhibit behavior

The polarization curves of zinc and carbon steel are
represented in Fig. 6. The values of the corrosion cur-
rent density and the corrosion potential for carbon steel
and galvanized materials in pH 12 solution and 3.5%
NaCl water solution are listed in Table 4. The test result
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Fig. 5. Effect of hot-dip time on coating thickness: (a) 1 min; (b) 2 min;
(¢) 3 min.

shows that the corrosion potential of the zinc is obvi-
ously lower than that of the carbon steel in both kinds
of solutions. From the viewpoint of electrochemistry,
this means that galvanized materials are more active
than carbon steel. The test result shows that when the
galvanized material is put in an environment where
pH 12, its corrosion rate is about 2.63 times that of car-
bon steel in the same environment. Because carbon steel
can be passivated in an alkali environment and causes
lower corrosion rate. In 3.5% NaCl, corrosion rate of
carbon steel is slightly higher than that of galvanized
materials. The passive film of steel is easier to damage
in chloride-containing solution.

7. Electrochemical measurements

7.1. Open circuit potential

Fig. 7 show the potential-time behavior of zinc-
coated rebar and rebar, respectively. Initially, the open

circuit potential value of the zinc-coated rebar is be-
tween —373 and —465 (mV, SCE), obviously lower than
the uncoated rebar’s open circuit potential —70 (mV,
SCE). The hot-dip time has no significant effect in
OCP in all acceleration tests.

The result shows that within 6 days of the accelerated
corrosion, the open circuit potential of the rebar drops
rapidly from —70 to —483 (mV, SCE). When the open
circuit potential reaches about —600 (mV, SCE), cracks
on the surface of the concrete can be found.

The open circuit potential of zinc-coated rebar is
approximately between —400 and —900 (mV, SCE);
the hot-dip time does not reflect much in the value of
the open circuit potential, when the open circuit poten-
tial is about —850 (mV, SCE), the tensile stress of the
resulting zinc-coated rebar corrosion will create cracks
on the surface of the concrete. The potential reaches
steady value after 16 days test for all specimens.

7.2. Corrosion rate measurement

The relationship between corrosion rate and acceler-
ated corrosion time are shown in Figs. 8(a)-(d). After 1
day of accelerated corrosion test, the corrosion rate of
the zinc-coated rebar is 2.4 times that of the uncoated re-
bar in the concrete pore solution. The corrosion rate of
rebar in concrete pore solution is measured by linear
polarization resistance method and calculated from
Stern—Geary equation. Before 6 days of accelerated cor-
rosion, the corrosion rate of the rebar is about 12 um/
year. Within 12 days after the 6 days of accelerated cor-
rosion, the corrosion rate increases distinctly from 12 to
56 um/year abruptly, and causes cracks that can be ob-
served visually. This may be because within 6 days of
accelerated corrosion, the amount of chloride ions has
not reached to the critical value, therefore only a part
of the passive protective film on the rebar has been dam-
age, thereafter, the amount of chloride ions has reached
to the critical value. This means that the passive protec-
tive film on the rebar has been totally spoiled, and thus
the corrosion rate of the rebar increases abruptly.

The corrosion rate of the zinc-coated rebar increased
linearly with the time elapsed. The slope could be
Z3>72>71, which means that the thicker the zinc
layer, the greater the corrosion rate is increased as time
elapses. However, different from the uncoated rebar,
zinc-coated rebar does not show distinct two stage cor-
rosion rates. This indicates that zinc-coated rebar is uni-
form corrosion and allows a larger amount of chloride
ions than the uncoated rebar.

7.3. Characteristics of the interface between rebar and
concrete

The aim of this test is to accelerate the chloride
ions’ penetration into the surface of the rebar. As the
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Fig. 6. The potentiodynamic polarization curves: (a) in pH 12 solution; (b) in 3.5% NaCl solution.

Table 4
The values of OCP and corrosion rate using potentiodynamic
polarization method

3.5% NaCl solution

pH 12 solution

Carbon steel ~ Zinc Carbon steel  Zinc

OCP (V,SCE) —0.56 —-1.04 —-0.43 —0.77
Corrosion rate 50 32 3.0 7.8
(um/year)

rebar (diameter 1.27 c¢cm) is imbedded in the center of
the test cylinder (diameter 10 cm), the thickness of
the protective coating can be deemed as 4.4 cm, with
a fixed current (0.5 mA/cm?), an accelerated corrosion
test is carried out for 6, 14 and 18 days, respectively.
Next, chloride ion titration tests are carried out with
concrete powder samples taken from the surface of
steel bars, this sampling method avoids the test data

to be effected by coarse aggregate. The result of the
electric field acceleration test on concrete powder
shows that the chloride ion content at the surface of
the steel bar reaches 0.11% (in sample wt%) after 6
days.

The correlation between corrosion rate and chloride
content at rebar/concrete interface is plotted in Fig. 9.
In this test, within the first 6 days of accelerated corro-
sion, chloride ions do not increase rapidly on the surface
of the rebar. After 6 days of accelerated corrosion, the
chloride ion content on the surface of the rebar starts
to increase rapidly, and the corrosion rate has the same
tendency as that of the ion content. Hence, it can be
judged that after 6 days of accelerated corrosion, the
chloride ion on surface of the rebar exceeds a certain
critical value, thereby the passive protective film on
the surface of the rebar is damaged. Consequently, the
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Fig. 8. Corrosion rate as a function of hot-dip time for the reinforcing steel in concrete.

rate of the rebar. The critical value obtained in this re-

search is 0.07% (expressed in sample wt%) and can be
considered as the threshold for active corrosion.

7.4. Bond strength

22

Test results show that galvanized reinforcement has
higher interfacial bond strength (about 5-15%) than
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uncoated rebar as shown in Fig. 10. The coating thick-
ness has little effect on interlock force and friction force
between concrete and rebar.

It was found during concrete hydration, ZnO and
Zn(OH), elements in the zinc-coated rebar reacts with
hydration compound to produce calcium zincate salt
which passivates the rebar, and the calcium zincate
salts may retard the hydration process and thus re-
duce the bond strength at early age (7-14 days). How-
ever, at age of 56 days, SiO, and Ca,SO, were found
in the uncoated rebar/concrete interface and ZnSiOy4
and Ca,Zn,Si,O; were found in the zinc-coated re-
bar/concrete interface as shown in Fig. 11. It indicates
that the chemical adhesion improvement may increase
the bond strength between zinc-coated rebar and
concrete.

7.5. Corrosion affects on bond strength

The bond strength is also affected by corrosion as
shown in Fig. 12. After 14 days of accelerated corrosion,
the reduction ratios of bond strength are 25.8% for un-
coated rebar and 18.0% for zinc-coated rebar. The cor-
rosion rates are 37.6 pm/year for zinc-coated rebar and
34.0 pm/year for uncoated rebar. The corrosion prod-
ucts in the rebar/concrete interface reduce the interlock
and friction effects and thus decrease the bond strength.
It is more prominent in uncoated rebar/concrete inter-
face due to the volume increase of corrosion product
than in zinc-coated rebar/concrete interface where zinc
coating acts as a sacrificial anode and a barrier to pre-
vent steel from corrosion. The volume change of zinc
corrosion product is slightly to affect the interlock force
between rebar and concrete, and thus the reduction of
bond strength is minimized.

7.6. Compound analysis with the X-ray diffraction

The chemical compounds in the rebar/concrete
interface were observed by X-ray diffraction. Before
corrosion test, SiO, and 2CaOSiO, were detected in
the uncoated rebar/concrete interface and Ca,ZnSiO,
and ZnSiO,4 were found in the zinc-coated rebar/con-
crete interface. In zinc coating surface, ZnO reacts
with SiO, and Ca®*' to form ZnSiO, and Ca,SiOs,
which is a insoluble white powder. ZnSiO4 and Ca,.
SiOs;may combine to form Ca,ZnSiO;. After chloride
ions penetrate into concrete cover, CaCl, and ZnCl,
were observed in the rebar/concrete interface as shown
in Fig. 13. CaCl, is a highly soluble material, which
could cause a loose structure in the interface between
the rebar and the concrete, thus it reduces the bond
strength.

8. Conclusions

From results of potentiodynamic polarization results,
the corrosion rate of zinc coating material is higher in
pH 12 solution and lower in 3.5% NaCl solution than
that of carbon steel. After 6-days accelerated corrosion
process, the chloride ion concentration in the rebar/con-
crete interface is about 0.07 wt% which considered as the
threshold value for the significant increase of corrosion
rate. Before corrosion test, the bond strength of zinc-
coated rebar is 5-10% higher than uncoated rebar. The
zincates compound analyzed by the X-ray diffraction
can increase the chemical adhesive force of the interface.
The bond strength of rebar/concrete interface decreases
as the corrosion rate increases. After 14-days accelerated
corrosion process, the reduction ratio of bond strength
for uncoated rebar is higher than zinc-coated rebar
although the corrosion rate of uncoated rebar is less
than zinc-coated rebar. Insignificant volume change of
zinc corrosion product does not affect the interlock force
between zinc-coated rebar and concrete.
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