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The present work evaluated the ability of zinc phosphate coating, obtained by cathodic electrochemical
treatment, to protect mild steel rebar against the localized attack generated by chloride ions in alkaline
medium. The corrosion behaviour of coated steel was assessed by open circuit potential, potentiodynam-
ic polarization and electrochemical impedance spectroscopy. The chemical composition and the mor-
phology of the coated surfaces were evaluated by X-ray diffraction and scanning electron microscopy.
Cathodically phosphated mild steel rebar have been studied in alkaline solution with and without chlo-
ride simulating the concrete pore solution. For these conditions, the results showed that the slow disso-
lution of the coating generates the formation of calcium hydroxyzincate (Ca(Zn(OH)3)2�2H2O). After a
long immersion time in alkaline solution with and without Cl�, the coating is dense and provides an
effective corrosion resistance compared to mild steel rebar.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Steel in concrete structures is normally protected from corro-
sion by passive film due to the alkalinity of the concrete. However,
in presence of water and oxygen with a sufficient amount of chlo-
ride and/or carbon dioxide, this film can be destroyed and corro-
sion occurs. The corrosion products cause structures damages as
cracks, accelerating the corrosion process. The influence of the
Cl� ions in depassivating the steel surface even at high pH levels
can be seen as a function of the net balance between two compet-
ing processes: stabilization (and repair) of the film by OH� ions and
damage of the film by Cl� ions [1].

For this reason, many studies have been performed to find out
the best method of preventing corrosion in reinforcing bars [2,3].
Among the possible anti-corrosion methods, phosphated reinforc-
ing bars are employed to extend the life-time of the rebars in con-
crete structures [2,4]. The literature shows that the alkaline
stability of phosphate coatings depends on their chemical compo-
sition and their crystal structure [5]. These phosphate coatings [6]
are generally composed of hopeite (Zn3(PO4)2�4H2O and phospho-
phyllite (Zn2Fe(PO4)2�4H2O). The alkaline solubility of hopeite is
higher than that of phosphophyllite [7–10]. Thus, the alkaline solu-
tion dissolves firstly the coating composed of hopeite. Then, the
dissolution reaction continues with the layers rich in iron and
mainly composed of phosphophyllite [11].
ll rights reserved.
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rissi).
There are few published fundamental studies concerning the
alkaline stability of the phosphate coating and particularly in
Ca2+ saturated solution.

The aim of this work is to develop zinc phosphate coatings on
reinforcing bars to study its stability and corrosion behaviour in
an alkaline solution. Synthetic media, saturated in Ca2+ ions,
were used to simulate the aqueous solution existing in concrete
pores at early stages and chloride ions were added to simulate
degraded concrete. These tests in simulated concrete pore solu-
tions are necessary to understand the protection ability of the
phosphate coating, prior to its use on reinforcing bars embedded
in concrete.

2. Experimental

2.1. Substrate and coating

Experiments are realized on mild steel bars (with 0.2 wt.% C,
and with a diameter of 8 mm), noted MS. The phosphated surface
(noted PMS) is approximated as a cylinder with a length of 2 cm
corresponding to a surface of 5.5 cm2. Surfaces are chemically pick-
led with 36.5% HCl during one minute, and then rinsed several
times with deionized water. After rinsing, samples are immersed
in the phosphating bath. Cathodic electrochemical treatment
(noted CET) is performed at an applied potential of �1800 mV vs
saturated calomel electrode (SCE), for 10 min at room temperature.
The bath composition is given in Table 1. After the cathodic phos-
phating process, the samples are rinsed with deionised water and
dried in ambient air.
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Table 2
Description of the various electrolytes used.

Solution Ca(OH)2 (mol/L) NaOH (mol/L) KOH (mol/L) NaCl (g/L) pH

S Saturation 0.001 0.001 0 12.6
SC Saturation 0.001 0.001 35 12.5

Table 1
Composition and pH of the phosphating bath.

Composition pH

Zn2+ (0.17 M) + PO4
3� (0.34 M) + Ni2+ (0.005 M) +NO3

� (0.08 M) 2.1

Table 3
PMS composition.

Elements (wt.%) O P Fe Zn

PMS composition 34.3 ± 1.0 20.4 ± 1.0 2.3 ± 1.0 43 ± 1.0
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2.2. Electrolytes

The PMS and MS samples were immersed in alkaline solutions
simulating the concrete interstitial electrolyte at ambient temper-
ature (Table 2). A saturated calcium hydroxide solution (noted S)
has been used to simulate the aqueous alkaline content of the con-
crete pore solutions, with an approximate pH of 12.6. To simulate
the aqueous phase of a concrete contaminated with chloride, 35
g/L NaCl was introduced in the S solution to obtain an electrolyte
designated by SC. The pH of the solution containing chloride was
12.5.

2.3. Electrochemical measurements

Different electrochemical techniques were used to evaluate the
corrosion behaviour of the PMS and MS samples: open circuit po-
tential (noted Ecorr), potentiodynamic polarization and electro-
chemical impedance spectroscopy (EIS) measurements. Ecorr was
monitored during 8 days. Polarization curves (I = f(E)) were plotted
with a scan rate of 0.1 mV/s from �100 to 1000 mV vs Ecorr in the
anodic direction. EIS measurements were carried out at corrosion
potential with a frequency variation between 100 kHz and
0.01 Hz and a potential sine signal of 10 mV. Impedance data were
fitted using ZImp software.
Fig. 1. SEM micrographs of mild steel coated surface: (a) overview
2.4. Surface analysis

The morphology and the coating compositions were studied by
scanning electron microscopy (SEM) in secondary electron imaging
(SEI) and energy dispersive X-ray spectroscopy (EDS) modes. Coat-
ing crystallographic structure was analyzed by X-ray diffraction
measurement (XRD) using CuK–L(2,3) radiation. The phases formed
where identified from the peaks obtained by XRD analyses, this
identification being founded on the elements determined by EDX
analyses.

3. Results and discussion

3.1. Morphology and composition of the coating

The SEM observations show that the coating is compact, well
crystallized and covers completely the steel surface (Fig. 1a). The
structure is, in a few small areas, characterized by nodules (diam-
eter around 1 lm, Fig. 1b) and majorities of sand roses (Fig. 1c),
which have lamellar shapes with higher sizes (up to 30 lm,
Fig. 1d). The nodules are uniformly mixed with the sand roses.
They also present many pores formed by the dihydrogen bubbles
released during the coating elaboration. The thickness of the phos-
phate coating obtained by this treatment is �30 lm. By EDS anal-
ysis, the coating composition exhibits 43 wt.% of zinc and 20 wt.%
of phosphorus (Table 3).

X-ray diffraction measurement performed on this steel coated
indicates the presence of three phases: hopeite (Zn3(PO4)2�4H2O),
phosphophyllite (Zn2Fe(PO4)2�4H2O) and metallic zinc (Fig. 2).
According to Kouisni et al. [12], these phosphate coatings contain
only ‘‘hopeite” phase. Indeed, at the imposed potential, the phos-
picture, (b) nodules, (c) sand roses and (d) lamellar structure.



Fig. 2. X-ray pattern of PMS.
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Fig. 4. Polarization curves for MS and PMS after 8 days of immersion in S solution.
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phophyllite formation may not take place [13]. But, the presence of
phosphophyllite phase is related to the MS dissolution in the acid
bath (pH = 2.2) before applying the potential [14]. According to
this, the possible reactions for cathodic electrochemical treatment
are:

– hopeite and phosphophyllite formation
3Zn2þ þ2H2PO4
� þ4H2O!Zn3ðPO4Þ2 �4H2Oþ4Hþ ð1Þ

2Zn2þ þFe2þ þ2H2PO4
� þ4H2O! Zn2FeðPO4Þ2 �4H2Oþ4Hþ; ð2Þ
– the zinc deposition and the hydrogen evolution
Zn2þ þ 2e� ! Zn ð3Þ
2Hþ þ 2e� ! H2" : ð4Þ
3.2. Corrosion behaviour

3.2.1. Alkaline medium (pH = 12.6)
3.2.1.1. Corrosion potential evolution. The Ecorr monitoring, for PMS
and MS, shows a trend to higher values than those recorded at
the immersion. For the MS sample (Fig. 3a), the corrosion potential
after passivation is around �250/�300 mV/SCE. Thus, after 3 days
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Fig. 3. Ecorr evolution for (a) MS and (b) PMS in S solution.
of immersion in S solution, the Ecorr is stabilized in the passive re-
gion during all the test period. For the coated steel, more cathodic
potential values are observed with an increase up to �500 mV/SCE,
after 8 days of immersion. A similar behaviour is reported by And-
rade et al. [15] for steel rebars and by Belaid et al. [16] for galva-
nized reinforcing steel at the same pH value.

Zinc is an amphoteric metal, stable over a wide range of pH (6–
12.5). At a pH above 12.5, zinc dissolution and hydrogen evolution
produce a continuous dissolution of the metal. This is possible be-
cause the nodules are uniformly mixed with the sand roses and
this distribution gives for PMS sample a similar behaviour to that
of galvanized steel.

However, in the concrete interstitial electrolyte, the presence of
Ca2+ induces further passivation of the metal surface. In these con-
ditions, a slow dissolution of the metallic zinc presented in this
coating is observed.

3.2.1.2. Polarization curves. Fig. 4 shows the polarization curves of
PMS and MS specimens after 8 days of immersion in S solution. It
is shown that an extended passive region exists on the anodic
polarization part for the uncontaminated chloride solution. This re-
gion starts immediately after Ecorr and continues up to the pitting
potential (Epit) at 560 mV/SCE (for MS specimen) and �600 mV/
SCE (for PMS specimen). PMS exhibits lower passive current den-
sity, �0.3 lA/cm2 than MS, �8 lA/cm2 (Table 4). PMS presents a
lower current density that MS which can be related to the different
nature of the passive layer, as zinc phosphate coating is present on
the surface.

As obtained from the corrosion potential measurements (Fig. 3),
the Ecorr of the PMS electrode (�500 mV/SCE) is more negative that
of the MS electrode (�240 mV/SCE). The phosphate coating is a
mixture of hopeite, phosphophyllite and zinc, the presence of zinc
conferring to the PMS electrode a similar behaviour with that of
galvanized reinforcing steel at the same pH value.

It can be concluded that PMS in Ca2+ saturated solution pre-
sents higher stability than MS and that zinc phosphate coating
offers an extra corrosion resistance to MS after 8 days of
immersion.
Table 4
Corrosion potential, current density (at corrosion potential) and pitting potential for
MS and PMS specimens after 8 days of immersion in S solution.

Sample Ecorr (mV/SCE) i (lA/cm2) Epit (mV/ECS)

MS �240 8 560
PMS �500 0.3 600
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Fig. 5. (a) Nyquist diagram and (b) Bode diagram of MS from 2 h to 8 days of immersion in S solution (experimental values (dots) and fitted values (full line)).
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Table 5
Electrical parameters for MS immersed in S solution obtained through fitting EIS data.

Time (day) Rt (kX cm2) a Cdl (lF/cm2) v2 (error factor)

0.08 44.5 0.93 66.9 5 � 10�3

1 81.5 0.93 57.7 1 � 10�3

4 109 0.93 55.2 1 � 10�3

6 142 0.93 53.3 8 � 10�3

8 223 0.93 50.6 2 � 10�3

0 300 600 900
0

300

600

a b
 2 h
 1 day
 4 days
 6 days
 8 days
 Fitting

0,1 Hz

-Z
i[k

o
h

m
.c

m
2 ]

Z
r
[kohm.cm2]

Fig. 7. Nyquist (a) and Bode (b) diagrams of PMS from 2 h to 8 days of immers
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3.2.1.3. EIS measurements. The electrochemical impedance dia-
grams obtained at corrosion potential were carried out after 2 h,
1 day, 4, 6 and 8 days of immersion. For non-treated-steel, the Ny-
quist plots and the Bode diagrams are presented in Fig. 5a and b. A
proposed R(QR) electric equivalent circuit is given in Fig. 6 where
Re � 190 X cm2 corresponds to the electrolyte resistance, while
Cdl and Rt present the double layer capacitance and the charge
transfer resistance of the steel/solution interface. The electrical
parameters (Cdl,Rt) obtained through fitting EIS data, using the
electric equivalent circuit R(QR), are listed in Table 5.
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Table 6
Electrical parameters for PMS immersed in S solution obtained through fitting EIS data.

Time (day) RF (X cm2) aF CF (lF/cm2) Rt (kX cm2) adl Cdl (lF/cm2) v2 (error factor)

0.08 493 0.73 0.21 188 0.92 3.4 1.8 � 10�3

1 567 0.72 0.21 313 0.93 2.11 4.3 � 10�3

4 496 0.77 0.19 412 0.89 1.17 3.9 � 10�3

6 500 0.71 0.15 712 0.82 0.94 2.2 � 10�3

8 440 0.82 0.16 883 0.86 0.76 4 � 10�3

Fig. 9. SEM micrographs for PMS after 8 immersion days in S solution.
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Fig. 11. X-ray pattern of coated steel after 8 days of immersion in S medium.
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These representations show one capacitive loop with a diame-
ter increasing with the time of immersion. Thus, Rt increases
simultaneously with the decrease of Cdl. These evolutions charac-
terized the increase of charge transfer blocking at the steel surface
and the decrease of the active area that is related to the passive
film formation.

Fig. 7a and b show the Nyquist plot and Bode diagram of coated
steel. Quantitative analysis of the EIS data was conducted by pro-
posing an electric equivalent circuit where each element is repre-
sentative of physical processes at the PMS surface. The proposed
electric equivalent circuit is given in Fig. 8 where CF and RF repre-
sent the capacitance and resistance of the phosphate coating.

The Bode representations show two time constants (one at high
frequency HF and another at low frequency LF) for coated steel,
and thus the capacitive loop observed in the Nyquist plots is con-
sisted of two non-decoupled capacitive loops. From these diagrams
low values of CF and Cdl are recorded (Table 6). The double layer
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Fig. 12. Ecorr evolution for (a) MS and (b) PMS in SC medium.
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Table 7
Corrosion potential, current density (at corrosion potential) and pitting potential for
MS and PMS specimens after 8 days of immersion in SC solution.

Sample Ecorr (mV/SCE) i (lA/cm2) Epit (mV/SCE)

MS �570 20 �180
PMS �550 0.6 �120

Table 8
Electrical parameters for MS and PMS immersed in SC solution obtained through
fitting EIS data.

Sample Time
(day)

RF

(kX cm2)
aF CF (lF/

cm2)
Rt

(kX cm2)
adl Cdl (lF/

cm2)
v2 (error
factor)

MS 1 – – – 7.9 0.92 60.6 4.4 � 10�3

4 – – – 3.8 0.88 60 9 � 10�3

8 – – – 3.4 0.89 62.5 6.6 � 10�3

PMS 1 51.4 0.8 1.8 52.7 0.7 23 1.5 � 10�3

4 14.2 0.8 2.4 41.5 0.98 33 2 � 10�3

8 7.5 0.8 1.8 39 0.88 35 4 � 10�3
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capacitance Cdl < 2.5 lF/cm2 shows that a small part Rt of the
coated steel surface is involved in the electrochemical reactions
at steel/solution interface [17–21]. The corrosion reaction occurs
only on a very small fraction of the total coated steel area. These
results indicate that this coating provides efficient protection of
steel at pH 12.6 (in S solution).

SEM micrographs (Fig. 9) and surface analysis (EDS and XRD) on
the coated steel, after 8 immersion days at pH 12.6, reveal a differ-
ent morphology for this protective coating.

The crystals size (sand roses and nodules) decreases consider-
ably during 8 immersion days at pH 12.6. EDS analysis shows that
this coating is composed of P, Ca, Zn and Fe (Fig. 10).

The XRD analysis (Fig. 11) confirmed the presence of calcium
and peaks associated with phosphate coating are also obtained.
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New peaks related to the calcium hydroxyzincate formation (Ca(Z-
n(OH)3)2�2H2O) are detected.

Belaid et al. [16] have shown that this compound is the main
corrosion product of galvanized steel in chloride contaminated
concrete. The calcium hydroxyzincate was also identified during
the galvanized steel corrosion [17,22].

Thus, at immersion of the PMS in alkaline solutions, in presence
of Ca2+ ions, the precipitation of calcium hydroxyzincate (CaHZn)
takes place. Sanchez [17] proposed the following mechanism to ex-
plain the formation of CaHZn crystals:

Znþ 2H2O! ZnðOHÞ2 þH2 ð5Þ
ZnðOHÞ2 þH2 þ CaðOHÞ2 ! CaðZnðOHÞ3Þ2 � 2H2O: ð6Þ
3.2.2. Alkaline medium contaminated by chloride (SC)
3.2.2.1. Corrosion potential evolution. Fig. 12 presents the Ecorr evo-
lution, for PMS and MS samples, during the immersion in alkaline
medium contaminated by chloride. The Ecorr of MS decreases
(Fig. 12a) and stabilizes to �550 mV/SCE after 8 days of immersion.
This evolution corresponds to an active state of the steel. For the
coated steel, Ecorr increases and stabilizes after 5 days at a value
similar to that measured for steel after 8 days of immersion
(��550 mV/SCE).

Contrary evolution is obtained in time for the MS and PMS elec-
trode because the PMS sample is first subject to a coating deterio-
ration by the medium alkalinity, and secondly to the steel
corrosion through the open pores of the coating. In comparison
with the Ecorr evolution measured in S medium (Fig. 3) PMS sample
shows the same behaviour. Similar results are reported by Andrade
et al. [15] and by Arenas et al. [22].
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Fig. 15. SEM micrographs for PMS after 8 immersion days in SC solution.
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3.2.2.2. Polarization curves. The polarization curves of both PMS and
MS samples after 8 days of immersion in SC solution are presented
in Fig. 13. No significant potential shift is observed between the
coated and the uncoated steels. The increase of the passive current
density with the modified pitting potential from 560 to �180 mV/
SCE (for MS specimen) and from 600 to �120 mV/SCE (for PMS)
was observed. The drop of two decades of the current density at
corrosion potential of PMS with respect to the MS shows the ben-
eficial role of the zinc phosphate coating obtained by CET. The
measured current density (at corrosion potential) reaches a repro-
ducible value of 0.6 lA/cm2 (Table 7).

In conclusion, after 8 days of immersion in SC solution, PMS is
characterized by a lower current density and a higher pitting po-
tential. This demonstrates that the surface treatment decreases
the pitting susceptibility by increasing the pitting potential in
about 60 mV compared to MS.

3.2.2.3. EIS measurements. The electrochemical impedance dia-
grams (Nyquist and Bode) of steel and coated steel, obtained at cor-
rosion potential after 1 day and 8 days of immersion in SC solution
are presented in Fig. 14. These diagrams present one capacitive
loop for steel and two non-decoupled capacitive loops for coated
steel. The equivalent electrical circuit describing all detected phe-
nomena during 8 immersion days has a one time constant for steel
(Fig. 6), and two time constants for coated steel (Fig. 8). The elec-
trical parameters obtained after modelling EIS data are listed in
Table 8.

The impedance diagrams evolution (Fig. 14) with the immer-
sion time shows that the chloride presence in SC solution gives
simultaneously a competition between the formation and local
destruction of the film obtained by the slow coating dissolution.
This classical corrosion mechanism leads to the diminution of Rt

and to the increase of the double layer capacitance Cdl. It can be
noticed that during immersion, for PMS, the Rt value remains
higher than for MS. RF is the electrical resistance of ion transfer
through the open coating pores. It decreases with time: this evo-
lution corresponds to the electrolyte diffusion into the coating
pores.

In the case of PMS, the film morphology is similar to that ob-
served in the absence of chloride ions (Fig. 9) and the X-ray pattern
shows the presence of calcium hydroxyzincate (Ca(Zn(OH)3)2�2H2O.
Thus, the calcium hydroxyzincate formation occurs even in the pres-
ence of chloride ions (Fig. 15). Compared with the MS, the formation
of this film due to the slow dissolution of the coating deposited be-
fore, leads to a better protection of the steel as it is shown by the EIS
diagrams (Fig. 14).
4. Conclusion

New protective coatings have been developed by cathodic elec-
trochemical treatment (CET) on reinforcing bars to prevent its cor-
rosion in concrete. The coatings obtained with the cathodic
phosphating process are composed of three phases: hopeite, phos-
phophyllite and metallic zinc. The presence of these phases
(including metallic zinc) is confirmed directly by XRD analyses
and by the phosphate coating behaviour in the different exposed
media.

In alkaline solution with or without chloride, the phosphated
mild steel sample (PMS) is more resistant than mild steel (MS)
alone. Indeed, this study showed, during the first immersion
days in the alkaline media (pH = 12.6) a slow dissolution of the
hopeite and phosphophyllite and a strong dissolution of metal
zinc. This latter, in the presence of calcium, forms a complex
hydroxyzincate that is followed by the precipitation of calcium
hydroxyzincate (Ca(Zn(OH)3)2�2H2O). Thus, a dense and protec-
tive layer is formed.

With a chloride ions solution, at very high concentrations
exceeding the chloride threshold tolerated for the start of steel cor-
rosion in alkaline media ([Cl�]/[OH�] > 0.6), the calcium hydroxy-
zincate film formed by this treatment contributes to the decrease
of chloride aggressiveness and provides an effective protection
against the corrosion of steel reinforcements.
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