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Abstract

The increasing use of galvanized steel reinforcements in concrete structures submitted to aggressive environments induces research
into innovative zinc coatings with higher corrosion resistance. In this work, several cylindrical concrete specimens were manufactured
with two cements of different alkalinity and reinforced with different hot-dip galvanized bars obtained from the ‘‘traditional’’ Zn–Pb bath
and from two ‘‘modified baths’’: Zn–Ni–Bi and Zn–Ni–Sn–Bi. The corrosion rate and corrosion potential of the bars were monitored
during the air curing period and during wet–dry exposure both in tap water and in a 5% sodium chloride solution. The results showed
that the coatings obtained from Zn–Ni–Sn–Bi bath have the highest corrosion rates, when the aggressiveness of the concrete matrix is
determined mainly by its alkalinity. On the contrary, when the corrosion process is determined mainly by the penetration of chlorides
(concrete manufactured with cement having a low alkali content) Zn–Ni–Sn–Bi was attacked only when the chloride concentration at the
concrete cover depth reached the threshold of 4.02% (by weight of cement), which is higher than those necessary for the attack of the
other coatings studied (1.36% for Zn–Ni–Bi, 1.73% for Zn–Pb).
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The production of zinc coatings with a good ‘‘quality-
cost’’ ratio [1] means a low zinc consumption during the
process and the obtainment of coatings with controlled
thickness and good corrosion resistance. Coating quality
and zinc consumption in hot-dip galvanizing strongly
depend on the zinc–iron reactivity and on the drainage of
zinc from workpieces during their withdrawal. The zinc–
iron reactivity is mainly influenced by the silicon and
phosphorus steel content [2]; zinc drainage, instead, is influ-
enced by bath fluidity [3]. Therefore, some alloying
elements are added to the molten zinc bath in order to limit
the zinc–iron reactivity and to improve the bath fluidity. In
particular, lead additions (usually, about 1%) were exten-
sively used because it gives a more fluid molten zinc bath;
however, this metal is considered hazardous to the environ-
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ment, so new baths with different alloying elements have
been proposed, such as Zn–Ni–Bi [1] or Zn–Ni–Sn–Bi.
Nickel additions to the molten bath reduces zinc–iron reac-
tivity while maintaining the specification minima for coat-
ing thickness [4]. Tin also reduces zinc–iron reactivity and
is commonly used in combination with nickel [5]. All these
‘‘modified baths’’ with respect to the Zn–Pb ‘‘traditional
bath’’ have been mainly developed in order to decrease
zinc–iron reactivity and to reduce the coating thickness.
Furthermore, the corrosion resistance in the concrete
matrix of the coatings obtained with these baths is gaining
interest [4] because the initial cost for galvanizing could be
lower than that of restoring during the service life [6]. In
Italy, the use of galvanized steel is becoming important
because a recent technical normative on constructions rec-
ommends the use of these reinforcements in particularly
aggressive environments, as in the presence of chloride con-
tamination, especially when the concrete cover is cracked.
The interaction between galvanized steel and various alka-
line solutions, with and without Ca(OH)2 has been widely
studied [7–11]; the interaction between galvanized bars
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Table 2
Mix design relative to 1 m3 of concrete (water–cement ratio = 0.55)

Water 3.02 kg
Cement 5.48 kg
Sand (Dmax = 4 mm) 7.88 kg
Gravel (Dmax = 8 mm) 11.81 kg

Table 3
Composition of the baths used for hot-dip galvanizing of the bars

Bath Label Pb (%) Bi (%) Sn (%) Ni (%) Al (%)

Zn–Pb A 1 (Saturated) – – – –
Zn–Ni–Bi B – 0.15 – 0.05 0.004
Zn–Ni–Sn–Bi C – 0.1 1.1 0.05 0.007
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and concrete matrixes obtained with different cements has
been studied in the past by other researchers [4,12] and
by the present authors [13,14].

The aim of this work was to study the corrosion resis-
tance of reinforcements galvanized with Zn–Ni–Bi and
with Zn–Ni–Sn–Bi ‘‘modified baths’’, with respect to rein-
forcements galvanized with the Zn–Pb ‘‘traditional bath’’
and to a pure zinc rod, where the effect of the alloying ele-
ments and of the zinc–iron alloys, typical of the galvanized
coatings is absent. Cylindrical concrete specimens were
manufactured and reinforced with galvanized bars and
with a pure zinc rod; two cements with a different alkali
content were used to study the effect of alkalinity of the
concrete matrix on the behaviour of the reinforcements.
After the air curing period, the concrete specimens were
submitted to wet–dry exposure both in tap water and in
a 5% sodium chloride solution. The corrosion rate and
the corrosion potential of the bars were monitored during
the air curing period and during the wet–dry exposure.

2. Experimental details

Several cylindrical specimens (/ = 16 cm; height =
12.5 cm) (Fig. 1) similar to those used in a previous work
Fig. 1. Concrete reinforced specimen: (A) bar galvanized in the Zn–Pb
bath; (B) bar galvanized in the Zn–Ni–Bi bath; (C) bars galvanized in the
Zn–Ni–Sn–Bi bath; (D) pure Zn rod; (E) counter electrode; (F) pits for
placing the reference electrode.

Table 1
Chemical composition of the cements used

Cement type Loss on
ignition

SiO2 Al2O3 Fe2O3 CaO MgO

L 1.80 21.90 3.30 5.10 62.50 2.70
P 3.26 21.83 3.41 0.23 65.41 1.67
[15] were manufactured. Two 52.5 R Portland cements
(Table 1) were used: the first one, labelled ‘‘L’’, develops
less alkalinity than the second one, labelled ‘‘P’’, in the con-
crete matrix in wet conditions. Both for L and P cement the
mix design reported in Table 2 was used.

Each specimen was reinforced with four galvanized
ribbed steel bars (/ = 10 mm; length = 12 cm) and one
pure zinc rod (/ = 5 mm; length = 12 cm), used for com-
parison (Fig. 1). Considering the silicon and the phospho-
rous content of the steel used, which was respectively 0.14%
and 0.0015 wt%, it can be classified as a ‘‘hyper-Sandelin’’
steel [2]: its reactivity with respect to molten zinc during the
hot-dip galvanizing may be considered high. Before hot-dip
galvanizing, each bar sample was pretreated as described
previously [1]. After the pretreatments, the bars were galva-
nized (T = 444 ± 1 �C, time = 6 min, air cooling) in three
different baths having the composition reported in Table
3. For all the bars and the zinc rods, the concrete cover
was 1.5 cm. In the centre of each concrete specimen, a
stainless steel rod was embedded and used as counter elec-
trode during polarization resistance measurements. The
pits visible in Fig. 1 on the top of the concrete specimens
were produced for placing the saturated calomel electrode
(SCE) used as reference electrode. An epoxy resin was
applied on the top and on the bottom of the concrete cyl-
inders (Fig. 1) to limit the penetration of aqueous solutions
from the only lateral surface. The epoxy resin was not
applied on the pits described above in order to keep the
electric contact for the reference electrode during the elec-
trochemical measurements free. During wetting tests, the
solution level was maintained slightly under the top of
the concrete specimen to avoid the penetration of the solu-
tion in the pits. Each bar sample, before embedding in the
concrete specimen, was suitably shielded with an epoxy
SO3 Na2O K2O Insoluble
residue

Free lime C3A C4AF

2.10 0.30 0.40 0.90 1.40 0.20 15.50
2.70 0.69 0.37 0.54 1.01 8.64 0.70



Table 4
Summary of the bars embedded in the different concrete specimens and submitted to the different exposure conditions

Reinforcements for each concrete specimen Labels (28 days of air curing) Wetting conditions
(wet–dry cycles exposure (22 cycles))

Labels

Cement type L (two concrete specimens)

One bar obtained from bath A AL Tap water (W) ALW
One bar obtained from bath B BL BLW
Two bars obtained from bath C CL CLW
One pure zinc rod D DL DLW

Cement type L (two concrete specimens)

One bar obtained from bath A AL NaCl 5% solution (Cl) ALCl
One bar obtained from bath B BL BLCl
Two bars obtained from bath C CL CLCl
One pure zinc rod D DL DLCl

Cement type P (two concrete specimens)

One bar obtained from bath A AP Tap water (W) APW
One bar obtained from bath B BP BPW
Two bars obtained from bath C CP CPW
One pure zinc rod D DP DPW

Cement type P (two concrete specimens)

One bar obtained from bath A AP NaCl 5% solution (Cl) APCl
One bar obtained from bath B BP BPCl
Two bars obtained from bath C CP CPCl
One pure zinc rod D DP DPCl

The labels shown are those used in the plots.
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resin in order to expose a defined surface area equal to
22 cm2. In the case of the pure zinc rod, the exposed surface
was 11 cm2.

Table 4 summarizes all the bar samples and the zinc rods
embedded in the different concrete specimens with their
corresponding labels.

Concrete specimens were demoulded after 1 day and
subsequently, after 28 days of air curing (R.H. = 60%),
submitted to wet-cycles with tap water or in a 5% NaCl
solution; a wet–dry cycle consisted in 1 day of wetting
and 6 days of drying.

Corrosion potential (Ecorr) was measured with a high
impedance digital multimeter, while the polarization resis-
tance (Rp) measurement was performed by means of a
three-electrode configuration using an Amel workstation
(566 function generator; 549 potentiostat; 621 differential
electrometer) managed by a software suitably developed
using Lab Windows and the Acquisition Board NI AT-
MIO-16 (12 bit, 100 ksample/s). Rp was measured with
the following method: starting from Ecorr, a galvanody-
namic polarization (0.5 lA/s) was begun in the cathodic
direction and interrupted when a value of 5 mV more
cathodic than Ecorr was reached. After polarization, the
sample was allowed to stabilise again at the initial Ecorr

value; an anodic scan (0.5 lA/s) was then performed from
Ecorr until a value of 5 mV more positive was reached. Rp

was obtained by calculating the average value of the slopes
of the two potential/current curves. From the Rp value, the
corrosion current icorr was calculated using the classical
Stern–Geary equation [16], considering B = 26 mV [17,18];
then, according to Faraday’s first law, the corrosion rate
vcorr (lm/year) was calculated. The data were obtained by
calculating the average of the Ecorr and vcorr values related
to the bars tested in the same experimental conditions
(Table 4). The dispersion of the data was controlled by
calculation of the standard deviation which resulted fairly
reduced, except during the transition of the galvanized bars
and pure zinc rods from active to passive state just after the
cast, as described in the next section. The experimentation
went on up to the 22nd wet–dry cycle.

To characterize the coatings and to study the morphol-
ogy of the corrosive attack, metallographic analysis was
performed on some galvanized bars before embedding in
the concrete and on those removed from the concrete spec-
imens after the exposure tests. The bars were cross-
sectioned, polished and submitted to a chemical attack
performed with Nital 2 (2% of 69% HNO3 in ethyl alco-
hol); an optical microscope Leitz Laborlux 12 POL S was
used.

The chloride concentration at concrete cover depth was
obtained by means of powder analysis on some non rein-
forced specimens, manufactured with the same procedure
as the reinforced ones, submitted to the same exposure con-
ditions. Every three wet–dry cycles, the non-reinforced
specimens were drilled with a 16 mm diameter bit in the lat-
eral surface up to 1 cm of depth, the powder produced was
discarded and the specimen drilled again from 1 to 2 cm of
depth, this time accurately collecting the powder produced.
The powder (about 5 g) was mixed with 40 ml of distilled
water and stirred for 24 h with a magnetic stirrer. After
the filtration, the water was analyzed by means of Ionic
Chromatograph Dionex Mod. DX120 and the percentage



Fig. 2. Microstructure of the zinc coatings on the hot-dip galvanized bars
obtained with the following baths: (a) Zn–Pb; (b) Zn–Ni–Bi; (c) Zn–Ni–
Sn–Bi.
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of chlorides by weight of cement was calculated. This value
was assumed as the chlorides content in correspondence of
the concrete cover (1.5 cm).

At the end of wet–dry exposure, in order to obtain the
chlorides penetration depth, the following technique was
used. The reinforced and non-reinforced concrete speci-
mens were broken in two halves and each internal surface
was submitted to spraying once with a 6% NaOH solution,
then to spraying five times with 1 g dm�3 of fluorescein
alcoholic solution and finally to spraying twice with a
0.1 M AgNO3 solution. After each spraying, complete dry-
ing of the specimens was assured. After this procedure, on
the internal surface of each half, it was possible to measure
the distance between the external specimen surface and the
border between the dark middle area (absence of chlorides)
and the two lighter external areas (presence of chlorides).
The average of the distances measured for the specimens
in the same experimental conditions was calculated.

3. Results

3.1. Microstructure analysis of the non-corroded zinc
coatings

Fig. 2 shows the microstructure of the zinc coatings
studied. The average thickness for the Zn–Pb, Zn–Ni–Bi
and Zn–Ni–Sn–Bi coatings is 215, 151 and 130 lm, respec-
tively. Considering that the steel is hyper-Sandelin, these
values indicate that the Zn–Fe reaction during hot-dip gal-
vanizing is kinetically controlled in the two ‘‘modified
baths’’ B (Zn–Ni–Bi, Fig. 2b) and C (Zn–Ni–Sn–Bi,
Fig. 2c) with respect to the ‘‘traditional bath’’ A (Zn–Pb,
Fig. 2a). The coating obtained with Zn–Pb bath could be
considered quite anomalous because some zones typical
of non-reactive steel (presence of d phase) are visible. For
the coating obtained from Zn–Ni–Sn–Bi bath, the g phase
was not well defined as that of the coating obtained with
Zn–Ni–Bi bath, because the f phase is dispersed in g phase.

3.2. Electrochemical measurements

From now on, the specimens manufactured with
cement ‘‘L’’ and those manufactured with cement ‘‘P’’ will
be briefly indicated ‘‘specimens L’’ and ‘‘specimens P’’,
respectively.

Just after the cast, the bars embedded in the specimens L
assume a typical active potential (�1350 to �1450 mV vs
SCE, Fig. 3a) which starts to move slowly toward passive
values after about 6 h. At the same time, the corrosion
rates are very high (150–300 lm/year) for all samples
(Fig. 3b). After 1 day from the cast, all the bars became
passive and the potentials reach values around �650 mV;
contemporarily, the corrosion rate decreases under
20 lm/year. During the whole air curing period, the poten-
tials continue to become more positive (from �700/
�600 mV to �500/�400 mV vs SCE) and the corrosion
rates decrease below 6 lm/year (data not shown). During
this period, the pure zinc rod showed the lowest corrosion
rate with respect to the galvanized bars.

Just after the cast, only part of the bars embedded in the
specimens P are in the active state (Fig. 4a), while the oth-
ers assume a potential close to �900 mV vs SCE and
become active after 1 day (potential close to �1350 mV).
After two days from the cast, the bars embedded in the
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Fig. 3. Corrosion potential (a) and corrosion rate (b) trends relative to the
bars embedded in specimens L during the first period after the cast.
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Fig. 4. Corrosion potential (a) and corrosion rate (b) trends relative to the
bars embedded in specimens P during the first period after the cast.
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specimens P reach a corrosion rate around 50 lm/year
(Fig. 4b). On prolonging the air curing period, as observed
for the bars embedded in the specimens L, even the corro-
sion potentials of the bars embedded in the specimens P
become more positive, from �750/�700 mV to �550/
�450 mV vs SCE; during the same period, the corrosion
rates decrease from around 50 lm/year to around 12 lm/
year (data not shown). The pure zinc rod showed the low-
est corrosion rate with respect to the galvanized bars.

It is noteworthy that, just after the cast, the bars galva-
nized in the Zn–Ni–Sn–Bi bath appear particularly affected
by the alkalinity of the concrete matrix and therefore they
are the ones with the highest corrosion rate (Figs. 3b and
4b, curves CL and CP).

Figs. 5 and 6 show the corrosion rate values related to
the bars embedded in the L and P concrete specimens
respectively, during the wet–dry exposure. The ‘‘positive
peaks’’ in Figs. 5 and 6 correspond to the values of corro-
sion rates obtained during the wetting periods, indicated by
the horizontal dotted line on the top of each plot. The
increase in the corrosion rates of the bars galvanized in
the Zn–Ni–Bi bath, embedded in the specimens L and sub-
mitted to wet–dry cycles with 5% NaCl solution (Fig. 5a,
curve BLCl), indicate that the localized corrosion attack
starts from the 3rd wet–dry cycle. The initiation of the
localized attack is caused by the damage of the passive film,
due to the chloride ions [12], which reach a critical percent-
age (1.36% by weight of cement) in correspondence of the
concrete cover depth. The same corrosion initiation is
slightly delayed for the bars galvanized in the traditional
Zn–Pb bath: their corrosion rate starts to increase after
the 6th cycle when the chlorides concentration reaches
the value of 1.73% (Fig. 5a, curve ALCl). The bars galva-
nized in the Zn–Ni–Sn–Bi bath show the best corrosion
resistance because the chloride level necessary for the
increase in the corrosion rate is very high: 4.02% after the
12th cycle (Fig. 5a, curve CLCl). For the same specimens
L during the wet–dry exposure with tap water (Fig. 5b),
the ‘‘positive peaks’’ related to corrosion in wetting condi-
tions are subjected to a ‘‘damping phenomenon’’ toward
the end of the exposure: higher corrosion rates can be
observed during the early cycles, while lower corrosion
rates are obtained on increasing the cycles number. On
approaching the end of the wet–dry cycles in tap water,
the corrosion rates range around 5 lm/year.

Both during wet–dry cycles in NaCl solution, before the
chlorides attack, and during wet–dry cycles in tap water,
the bars galvanized with the Zn–Ni–Sn–Bi bath showed
the highest corrosion rate (Fig. 5, curves CLCl and
CLW). The results obtained also show that the corrosion
rates of the pure zinc rod are lower than those of the galva-
nized bars. The corrosion potential during the wet–dry
exposure (results not shown) ranged between �500 and
�700 mV vs SCE, when the coatings were in the passive
state, while values around �800 mV were reached when
the attack promoted by chloride ions initiated.
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Fig. 5. Corrosion rate (vcorr) of the bars embedded in the concrete
specimens manufactured with cement L during the exposure to wet–dry
cycles in 5% NaCl solution (a) and in tap water (b). The percentage of
chloride ions by weight of cement are indicated in the diagram (a) in
correspondence of the concrete cover depth (1.5 cm) and in correspon-
dence of the 3rd, 6th, 9th and 12th cycle.
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Fig. 6. Corrosion rate (vcorr) of the bars embedded in the concrete
specimens manufactured with the cement P during the exposure to wet–
dry cycles in 5% NaCl solution (a) and in tap water (b). The percentage of
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Fig. 6 shows the corrosion rate values related to the bars
embedded in the specimens P. The percentages of chlorides
found in correspondence of the concrete cover for speci-
mens P (Fig. 6a) were lower than those relative to speci-
mens L (Fig. 5a) at the same number of cycles, while the
increase in the corrosion rates due to the localized corro-
sion promoted by chlorides attack was not observed. It is
noteworthy that the corrosion rates related to the galva-
nized bars embedded in the specimens P are higher than
those of the bars embedded in the specimens L, before
the achievement of the critical threshold of chlorides con-
centration for these last ones. In particular, the Zn–Ni–
Sn–Bi galvanized bars in the specimens P show the highest
corrosion rates (Fig. 6a, curve CPCl). Instead, for the
whole exposure period during wet–dry cycles with tap
water, the corrosion rates of all bars embedded in the spec-
imens P (Fig. 6b) were higher than those of the correspon-
dent bars embedded in the specimens L (Fig. 5b); even in
this case the Zn–Ni–Sn–Bi bars show the highest corrosion
rates (Fig. 6b, curve CPW). The pure zinc rod shows the
lowest corrosion rates in specimens P as too. During the
wet–dry exposure, the corrosion potential of the galvanized
bars in specimens P ranged in the common passive regions
(�500 to �700 mV).
3.3. Chlorides penetration depth obtained by the AgNO3

spraying test

Fig. 7 shows an histogram with the results obtained
from the AgNO3 spraying test performed as described
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previously in Section 2. The average values of the chlorides
penetration depth indicate that they penetrate more deeply
in specimens L with respect to specimens P. This result
confirms the higher penetration of chlorides in the less
alkaline concrete matrix, as demonstrated by the concen-
tration values reported in Figs. 5a and 6a.
(a)

(b)

(c)

Fig. 8. Metallographic characterization of the zinc coatings after wet–dry expo
Ni–Sn–Bi, specimens L; (d) Zn–Pb, specimens P; (e) Zn–Ni–Bi, specimens P;
3.4. Microstructure analysis of the zinc coatings after

wet–dry exposure

The microstructure of the galvanized bars after wet–dry
exposure in NaCl solution (Fig. 8) shows that the chlorides
attack was more severe in the bars embedded in specimens
(d)

(e)

(f)

sure in NaCl: (a) Zn–Pb, specimens L; (b) Zn–Ni–Bi, specimens L; (c) Zn–
(f) Zn–Ni–Sn–Bi, specimens P.
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L (Fig. 8a–c) with respect to that observed on the bars
embedded in specimens P (Fig. 8d–f).

After the wet–dry exposure in tap water (images not
shown), a corrosion attack less severe than that obtained
in chloride solution was observed; in particular, the corro-
sion attack was not severe for the bars embedded in speci-
mens L, while a higher and uniform corrosion was
observed for galvanized bars embedded in specimens P.
In all cases the g phase was not completely consumed.

4. Discussion

The behaviour of galvanized steel in alkaline aqueous
solutions [4,7–12,17] and in concrete matrix [4,12–15,17]
is fairly known and, in particular, the corrosion potentials
corresponding to ‘‘active state’’ and ‘‘passive state’’ of the
zinc coatings with reference to the ‘‘decomposition line of
water’’ in the zinc Pourbaix’s diagram are known [9].

In the early contact of galvanized bars and zinc rod with
the alkaline concrete matrix, corrosion potentials under
�1000 mV vs SCE and very high corrosion rates, due to
the active corrosion of zinc (Figs. 3a,b, and 4a,b), were
found. The difference in the activation of the bars embed-
ded in the two types of concrete specimens could be
explained with the different solubility of the alkali present
in the two cements used. This could be in agreement with
the delay of the complete activation of the bars embedded
in specimens P (after about 20 h; see Fig. 4). After about
1 day, the corrosion rates decreased to very low values
(Figs. 3b and 4b) indicating the passivation of the zinc
coatings in concrete matrix [4,6–15,17]. In particular,
Fig. 4b shows a delay in the attainment of a passive corro-
sion potential for the bars embedded in specimens P, indi-
cating a lower protection of the passive layer on the zinc
coatings in contact with the more alkaline matrix.

Figs. 5 and 6 show that all the bars embedded in
specimens P have corrosion rates higher than those related
to specimens L both in tap water and in NaCl solution
before the attack promoted by the chloride ions. This
different behaviour must be attributed to the different
passive layers formed on the coatings in the two concrete
matrixes. Other authors [9,11] found that in aqueous
solutions of Ca(OH)2 the composition and the structure
of the passive layer formed on galvanized steel depend on
the pH of the alkaline environment in contact with the
galvanized bars and on the concentration of Ca2+ ions.
In particular, a passive layer composed of calcium
hydroxyzincate, Ca(Zn(OH)3)2 Æ 2H2O (CaHZn) was found
to be formed in the pH range 11.5–13.2, while outside this
range a less protective layer of ZnO and Zn(OH)2 was
observed [4]. Considering that the pH of the solution
within the concrete pores is lower than 13.3, other authors
[12] indicated that the corrosion product on galvanized
bars are mainly formed of CaHZn, protective in the pH
range 12–12.8 and less protective in the range 12.8–13.3.
As a consequence of these remarks, very low corrosion
rates can be expected if the interaction between the con-
crete matrix and the galvanized reinforcements produces
with time a compact and continuous layer of CaHZn on
the zinc coatings; on the contrary, in the presence of a dis-
continuous layer of CaHZn and/or in the presence of
Zn(OH)2 and ZnO, the corrosion rates could be signifi-
cantly high. The pH in the pores of the more alkaline spec-
imens P is higher than that of specimens L and thus
probably leads to the formation of a less protective layer,
which explains the higher corrosion rates found for the
bars embedded in specimens P.

Independently from the nature of the concrete matrix,
the presence of the ‘‘positive peaks’’ in correspondence
of the wetting periods during wet–dry exposure, indicates
that the passive layer formed on the galvanized reinforce-
ments and on the pure zinc rods, during the air curing per-
iod, is not completely protective. This is probably due to
the presence of ZnO and Zn(OH)2 corrosion products in
some zones of the reinforcements. The ‘‘damping phenom-
enon’’, observed in particular during wet–dry exposure
with tap water, can be explained with the transformation
of ZnO or Zn(OH)2 into CaHZn, which becomes more
and more compact and protective with the increasing num-
ber of wet–dry cycles, which slows down the corrosion
rates (Figs. 5b and 6b). This transformation is in agreement
with the results of other authors [19–21] who characterized
the interfacial transition zone (ITZ) between the cement
paste and the galvanized steel after 28 days of curing: they
found the presence of the crystalline CaHZn, produced
from the transformation of the Zn(OH)2, that was not
observed during the initial interaction between the two
materials.

When the alkalinity of the concrete matrix is the only
factor determining the corrosion of the galvanized bars
(in the absence of chloride ions), the coatings obtained in
the Zn–Ni–Sn–Bi bath are those with the highest corrosion
rates, while the bars coated in the Zn–Pb and Zn–Ni–Bi
baths showed similar behaviour and lower corrosion rates
(Figs. 3–6). On the contrary, when the aggressiveness of
the concrete matrix is determined mainly by the critical
penetration of chlorides (in specimens L obtained with a
low alkali cement), Zn–Ni–Sn–Bi coating was attacked
only when the chloride concentration at the concrete cover
depth reached the threshold of 4.02% (by weight of
cement), which is higher than those necessary for the attack
of the other two coatings studied (1.36% for Zn–Ni–Bi,
1.73% for Zn–Pb, Fig. 5a). Therefore, the bars obtained
from Zn–Ni–Sn–Bi bath can be used in an environment
contaminated by chlorides, for example on the sea front
if they are embedded in a concrete manufactured with a
low alkali cement.

It is noteworthy that the chlorides concentration thresh-
old necessary for the attack initiation on the galvanized bar
embedded in specimens L was in all cases significantly
higher than that reported in the literature [6,22,23]. In the
case of specimens P, the corrosion initiation on the different
galvanized bars was not observed (Fig. 6a), even if the
chloride content reached values for which the localized
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corrosion initiated on the bars in specimens L (Fig. 5a).
These results indicate that in a high alkali concrete, the
chlorides concentration threshold for the localized corro-
sion initiation is higher than that of a low alkali concrete,
in accordance with other authors [12,17]. Furthermore,
the powder analysis and the AgNO3 spraying test showed
that the high alkali concrete is subjected to a lower chlo-
rides penetration.

In all experimental conditions examined, the pure zinc
rod showed the best corrosion resistance, even with a high
contamination of chlorides (Fig. 5a). This result is in agree-
ment with those of other authors in alkaline environments
[12,17] and can be attributed to the presence of the alloying
elements on the zinc coatings. This indicates that the pres-
ence of a uniform g phase on the top of the coatings leads
to an improvement of the corrosion resistance in concrete.

The metallographic observations on the galvanized bars
after wet–dry exposure in sodium chloride solution confirm
the results of the corrosion tests: the chlorides attack was
more severe and penetrating on the zinc coatings of the
bars embedded in specimens L (Fig. 8a–c) with respect to
that on the galvanized bars embedded in specimens P
(Fig. 8d–f). On the contrary, considering the different bars
in the same specimens type, L or P, the metallographic
analysis is not always in agreement with the results of the
corrosion tests. In fact, the coating obtained from Zn–
Ni–Bi bath and embedded in specimens P appears the least
attacked (Fig. 8e), as indicated also by corrosion rates mea-
surements (Fig. 6a), while the coating obtained from Zn–
Ni–Sn–Bi bath and embedded in specimens L does not
appear the most resistant (Fig. 8c), as expected from the
corrosion data (Fig. 5a). However, it is noteworthy that
the initial thicknesses of the different coatings was not the
same; in particular, the thicknesses of Zn–Ni–Sn–Bi coat-
ing was the lowest (Fig. 2). The microstructure of the gal-
vanized bars after wet–dry exposure in tap water showed a
less severe attack. Furthermore, these observations confirm
the higher corrosion rates found for the bars in specimens
P, with respect to those of the bars in specimens L. In this
case, the high alkalinity of the concrete matrix obtained
with cement P can be considered the only factor determin-
ing the corrosion of the galvanized bars.

5. Conclusions

The corrosion resistance of two different galvanized bars
obtained respectively with a Zn–Ni–Bi and Zn–Ni–Sn–Bi
‘‘modified’’ baths was studied in comparison with the cor-
rosion resistance of a bar galvanized with the ‘‘traditional’’
Zn–Pb bath and in comparison with the corrosion behav-
iour of a pure zinc rod. This study was performed in con-
crete specimens obtained with two cements of different
alkalinity, by measuring the corrosion potential and by
determining the corrosion rates during the air curing per-
iod and during wet–dry exposure both in tap water and
in a 5% NaCl solution. At the end of the experimentation,
the metallographic analysis was performed.
From this work, the following conclusions can be
drawn:

• all galvanized bars always showed higher corrosion rates
with respect to the pure zinc rod, due to the presence of
alloying elements on the zinc coatings;

• the bars galvanized in the Zn–Ni–Sn–Bi bath are not
suitable for high alkaline concrete matrix, while they
showed a good corrosion behaviour when the dominant
corrosion factor was the presence of chlorides: in the low
alkali concrete matrix, localized corrosion initiation was
observed only when 4.02% Cl� by weight of cement at
the concrete cover was reached;

• quite an opposite behaviour was observed for the bars
galvanized in the Zn–Ni–Bi bath and in the Zn–Pb bath:
in particular, in the low alkali concrete matrix the % Cl�

at concrete cover for localized corrosion initiation was
1.36 and 1.73 respectively;

• for the same or higher concentration of chlorides in cor-
respondence of the concrete depth, the localized corro-
sion starts earlier in low alkali concrete matrix;

• the chlorides penetration was higher in the low alkali
concrete matrix with respect to the high alkali concrete
matrix;

• there was quite a good agreement with the corrosion test
results and the metallographic observations of the coat-
ings at the end of wet–dry exposure.
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