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Abstract:

Introduction/purpose: The anticorrosion protection of steel reinforcement
bars in concrete is a critical concemn in civil engineering, particularly for the
construction of concrete structures intended for military applications.
Currently, the most important methods for achieving this protection include
the application of coatings on steel rebar (such as epoxy or hot-dip
galvanized zinc), the use of stainless-steel rebar, composite rebars, or high-
performance concrete that incorporates corrosion inhibitors, surface
sealers, silica fume, or fly ash admixtures.
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Methods: This study aims to determine whether an electroplated Zn-Ni
coating of sufficient thickness can offer better long-term corrosion
resistance to reinforcing steel in concrete compared to the traditional pure
Zn coating typically used for this purpose. The Zn-Ni coatings produced
were 40 um thick and contained approximately 13 mass.% Ni. Scanning
electron microscopy revealed a smooth and homogeneous surface
morphology, although microcracks extending through the entire coating
depth were observed. The protective effectiveness of the coatings was
evaluated using electrochemical impedance spectroscopy, with samples
immersed in various electrolytes that simulate the chemical environments
present in different types of concrete.

Results: The measurements indicated a significantly slower dissolution rate
of the corrosion product formed on the Zn-Ni coating in chloride-rich
environments, compared to pure Zn.

Conclusion: It can be concluded that Zn-Ni alloy presents a viable
alternative to pure Zn for protecting steel in concrete structures where high
chloride penetration is anticipated.

Key words: steel rebar corrosion, Zn-Ni coating, concrete pore solution,
electroplating.

Introduction

Corrosion of steel reinforcement in concrete structures remains a
significant challenge, particularly in military applications where durability
and long-term structural integrity are critical. The harsh environments to
which these structures are often exposed - such as marine, coastal, or
chemically aggressive conditions - accelerate corrosion processes,
necessitating the development of more effective protective measures.
Recent advances in corrosion prevention of steel rebar in concrete include
enhancing the compactness of concrete, application of protective coatings
to concrete surface, using epoxy and zinc-based coatings on steel, along
with cathodic protection systems, and novel admixtures like corrosion
inhibitors and nanomaterials which are mixed into concrete (Qiao et al,
2024). The steel corrosion in concrete is typically attributed to either the
presence of chloride salts, which can depassivate steel in an alkaline
environment, or carbonation, which lowers the alkalinity of concrete. Zinc
coatings produced through the batch hot-dip galvanizing process are
frequently employed as a preventative measure in reinforced concrete
structures exposed to carbonation or mild chloride contamination, as Zn
forms a sufficiently thick passive film (Short et al, 1996). However, the
protective mechanism of Zn evolves through several stages. In fresh
concrete, where Ca(OH), is present, the slightly soluble compound
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Ca[Zn(OH)3]2-2H20 (calcium hydroxyzincate) forms, which is primarily
responsible for Zn passivation (Tan & Hansson, 2008). Studies conducted
in solutions simulating carbonated concrete show that galvanized steel
remains passive even after carbonation, although the reaction of calcium
hydroxyzincate with CO. leads to the formation of CaCOsz; and
Zns(CO3)2(OH)s  (hydrozincite), which exhibits reduced protective
properties (Roventi et al, 2013). Ultimately, prolonged exposure to a
chloride-rich environment following concrete carbonation results in the
rapid corrosion of galvanized steel, producing Zns(OH)sCl'H2O (zinc
hydroxychloride) once the threshold concentration of chloride ions is
exceeded (Roventi et al, 2014).

Nickel alloying is a widely-used technique to enhance the protective
properties and hardness of zinc, and the demand for corrosion-resistant
Zn—Ni coatings is substantial, primarily encompassing applications in the
automotive and electronics industries (Mosavat et al, 2012). As a result,
most corrosion tests on this alloy have been conducted in environments
with approximately neutral solution pH. The superior corrosion resistance
of Zn—Ni compared to pure Zn in neutral conditions has been attributed to
several factors. One of these is the formation of complex corrosion
products on the Zn-Ni alloy, which act as a barrier against the diffusion of
corrosive agents. Additionally, it has been suggested that the fine cracked
structure of Zn—Ni coatings distributes anodic reactions across a larger
surface area, thereby reducing the likelihood of localized corrosion (Tian
et al, 2009). Some researchers also propose that nickel may slow down
the dehydration of Zn(OH),, a corrosion product, into ZnO, which, in turn,
delays the oxygen reduction process on the corroding surface (Wilcox &
Gabe, 1993). Lastly, there is considerable evidence that the dezincification
of the alloy surface results in a Ni-enriched layer, providing an improved
barrier against anodic dissolution (Short et al, 1996).

Building on this background, the present study aims to investigate
whether a sufficiently thick electroplated Zn-Ni coating can offer superior
long-term corrosion resistance compared to pure Zn, when both are
exposed to carbonation and chloride ions in an alkaline environment—
conditions that closely mimic those found in concrete pores. Over the past
20 years, this possibility has been the subject of extensive research,
yielding varied results depending on the experimental setup. Early studies
conducted in alkaline and chloride-rich solutions concluded that Zn-Ni
coatings did not demonstrate improved corrosion resistance compared to
pure Zn (Short et al, 1996), though the impact of concrete carbonation was
not accounted for, as the pH of the test solutions was 12.00 or higher. In
contrast, more recent literature suggests that in alkaline solutions, Ni




enhances Zn passivation, reduces its dissolution rate, and as a result, Zn-
Ni alloys have found widespread application in alkaline batteries (Hosseini
et al, 2012; El-Sayed et al, 2015).

There is no single electrolyte that can be used in laboratory settings
to universally replicate the conditions found in concrete, as many factors,
such as pH levels and the concentration of corrosive agents, change over
time in real concrete. However, extensive studies have been conducted to
compare results obtained from concrete and simulated solutions. Based
on these studies (Farina & Duffo, 2007; Moreno et al, 2004), this work
employs three different electrolytes to predict and compare the behavior
of Zn and Zn-Ni in three distinct environments: fresh concrete, concrete
exposed to CO,, and concrete containing CI ions. For the corrosion
testing, electrochemical impedance spectroscopy (EIS) and scanning
electron microscopy (SEM) were utilized.

Experimental section

Coating samples

To compare the corrosion performance of Zn-Ni alloy-coated steel
with that of galvanized steel, pure zinc was selected as a reference
material for the Zn-coated steel. This choice allowed for a consistent point
of comparison in all tests, eliminating the influence of various parameters
that may affect the quality of the zinc coating obtained through hot-dip
galvanizing.

The zinc specimens were cut from a pure Zn (99.99%) sheet with a
thickness of 2 mm. The Zn-Ni alloy coatings were produced via
electrochemical deposition on mild steel plates with an active surface area
of 2x2 cm?, using a chloride acidic bath containing 15 g/dm*®ZnO, 60 g/dm?
NiCl,-6H20, 250 g/dm*®* NH.CI, and 20 g/dm?® H3BOs3 (Bajat et al, 2001).
Direct current was supplied using a PAR M173 potentiostat/galvanostat in
galvanostatic mode, with a zinc plate serving as the counter electrode.
Prior to the deposition of the Zn-Ni alloy, the steel substrate underwent
several preparatory treatments: abrasion with emery papers of grades
600, 1000, and 1200, degreasing in a saturated NaOH solution in ethanol,
pickling with 2 mol/dm? HCI for 30 seconds, and finally rinsing with distilled
water.

The plating process was conducted at 40 °C without stirring, with
deposition times adjusted to achieve coating thicknesses of up to 40 pm,
as verified by a DUALSCOPE MPOR coating thickness measuring
instrument.
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Characterization techniques

The morphology and composition of the freshly prepared Zn-Ni
coatings were analyzed using a scanning electron microscope (SEM), a
Tescan VEGA TS 5130 MM, equipped with an energy-dispersive
spectroscopy (EDS) system (INCAPenta-FETex3, Oxford Instruments).
For the SEM images of the cross-section, the samples were embedded in
epoxy resin, then cut and mechanically polished using various grades of
emery paper.

To compare the corrosion behavior of the samples, pure Zn and Zn—
Ni alloy-coated steel were sequentially exposed to three different solutions
that simulated fresh, carbonated, and chloride-rich concrete environments,
as described in (Farina & Duffo, 2007; Moreno et al, 2004), i.e., the same
samples were exposed over a total period of 21 days, divided into three
cycles of 7 days each. The solutions were prepared using analytical grade
reagents and double-distilled water, with their compositions outlined in
Table 1.

Table 1 — Composition of the simulated concrete pore solutions

Composition Exposure time Corrosion media simulating
Saturated Ca(OH)2 7 days Fresh concrete

0.015 mol dm-3 NaHCOs + 7 days Carbonated concrete
0.005 mol dm? Na2COs, pH

9.50

0.015 mol dm NaHCOs + |7 days Carbonated concrete with
0.005 mol dm Na2COs + chloride penetration

0.5 mol dm NaCl

The corrosion processes in the solutions outlined in Table 1 were
monitored using electrochemical impedance spectroscopy (EIS). All
measurements were conducted at room temperature in a Pyrex glass
three-electrode cell, which included a platinum mesh counter electrode
and a saturated calomel reference electrode, with electrode potential
measured through a Luggin capillary. The EIS studies involved applying a
sinusoidal voltage of 10 mV amplitude at the open circuit potential of the
working electrode, utilizing a ZRA Reference 600 potentiostat from Gamry
Instruments. The frequency ranged from 100 kHz to 10 mHz. The working
electrode consisted of a coated sample placed in a Teflon holder, with an
exposed area of 1 cm?. Data fitting for the impedance was performed using
Gamry Instruments Echem Analyst software. The impedance spectrum
was recorded at 24-hour intervals over a total immersion period of 21 days.




Results and discussion

The electrodeposition of Zn-Ni coating of a sufficient
thickness

The first part of the results focuses on two key requirements for
producing a coating capable of withstanding the conditions in concrete: the
optimal chemical composition and a sufficient thickness of the
electroplated Zn—Ni coating. The Zn—Ni coatings were electrodeposited
using a constant current density of 20 mA/cm?, a parameter based on our
previous research (Bajat & Miskovi¢-Stankovi¢, 2004), to ensure the
production of non-dendritic deposits with a nickel content of 12—15 wt.%.
SEM images (both normal and cross-sectional views) of Zn—-Ni coatings
with two different thicknesses are shown in Figure 1, along with their
elemental compositions. The images reveal that the surface morphology
was smooth and uniform for both specimens, characterized by
hemispherical clusters. In the thinner sample, a fine-grained, smoother
morphology was observed, with clusters less than 1 ym in size (Figure 1a).
In contrast, the thicker coating exhibited larger clusters, approximately 10
pMm in size, with a more pronounced cauliflower-like morphology (Figure
1b). This type of surface appearance has been previously reported for Zn—
Ni electrodeposits containing a single y—Zn—Ni phase (Mosavat et al,
2012).

The cross-sectional SEM analysis confirms that the coatings exhibit
uniform thickness and homogeneity throughout their depth (Figures 1c, d).
However, both samples contained through-thickness microcracks. Defects
such as cracks and through-thickness pores are common in electroplated
Zn—Ni coatings with a nickel content exceeding 8-10 wt.% (Kwon et al,
2016). These cracks are attributed to the inherent lattice strain associated
with the formation of the y—Zn—Ni phase, making it challenging to achieve
a continuous coating layer (Kwon et al, 2016, Sriraman et al, 2013).
Despite this, studies have shown that cracked Zn—Ni coatings still offer
superior sacrificial corrosion protection compared to Zn and Cd coatings,
particularly in NaCl environments (Sriraman et al, 2013). Therefore, in this
work, the corrosion performance of 40 um thick Zn—Ni alloy coatings was
further compared with that of pure Zn coatings. The semiquantitative EDS
analysis (Figure 1e) confirms that the Zn—Ni coatings contain an average
of ~13 wt.% Ni throughout their depth.
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Figure 1 — SEM/EDS analysis of Zn—Ni coatings: a), b) surface morphology (scale bar
length is 50 um), (c, d) cross section, e) EDS line analysis through a coating cross
section. Coating thickness of 30 um (a, c¢) and 40 um (b,d)

The hot-dip galvanizing process, a standard method for coating
reinforcing steel, typically results in a Zn—Ni alloy containing a maximum
of 0.5 wt.% Ni, as higher nickel levels have been associated with
disadvantages such as a rough surface and insufficient coating thickness
(Emel'yanov et al, 2009). However, much of the literature on the corrosion
resistance of Zn—Ni alloy coatings in neutral and alkaline media suggests
that the best performance is achieved with a nickel content in the range of
11-15 wt.%, where the coating consists predominantly of the y—Zn,:Nis
phase (Mosavat et al, 2012; Short et al, 1996; Bajat et al, 2001).




Electrodeposition has been found to successfully achieve this optimal
composition, which is why it was selected as the coating method for
reinforcing steel in this study.

Most scientific studies on Zn—Ni electrodeposition have focused on
achieving a maximum coating thickness of around 30 ym. Furthermore,
standard specifications for atmospheric corrosion protection of steel
typically require Zn—Ni electroplated coatings to be only 10 um thick
(ASTM, 2019). In contrast, ASTM A767, the Standard Specification for
Zinc-Coated (Galvanized) Steel Bars for Concrete Reinforcement,
mandates a minimum zinc coating thickness of 85 ym (equivalent to 6.1
g/m? by mass) for concrete applications. Therefore, this study aimed to
investigate whether it is possible to produce an adherent and
homogeneous Zn-Ni coating of greater thickness (>30 um) through
electrodeposition, comparable to the commercial zinc layers used in
concrete reinforcement. Notably, "thick" Zn—Ni electrodeposits have been
reported in the past, with thicknesses of 40 um (Ravindran & Muralidharan,
2006) and 100 pym (El-Sayed et al, 2015). In both cases, smooth, semi-
bright, and homogeneous coatings were achieved by using additives such
as sodium lauryl sulfate (EI-Sayed et al, 2015) or substituted aldehydes
(Ravindran & Muralidharan, 2006).

Electrochemical impedance spectroscopy results

The EIS studies were conducted on a daily basis for both the Zn bulk
plate and the Zn-Ni coated samples, with each being successively
exposed to three different corrosion media simulating fresh concrete,
carbonated concrete, and carbonated concrete containing chloride salts.
The EIS Nyquist spectra for the Zn plate and the Zn—Ni coated samples,
recorded in these three different solutions, are presented in Figures 2, 3,
and 4, respectively.
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Figure 2 — Nyquist plots for the Zn plate and the Zn—Ni coated reinforcing steel in
saturated Ca(OH)2 during the first 7-day cycle of immersion
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Figure 3 — Nyquist plots for the Zn plate and the Zn—Ni coated reinforcing steel in
0.015 mol dm= NaHCOQOs + 0.005 mol dm3 Na2COs during the second 7-day cycle of
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Figure 4 — Nyquist plots for the Zn plate and the Zn—Ni coated reinforcing steel in
0.015 mol dm NaHCOs3 + 0.005 mol dm® Na2CQOs + 0.5 mol dm NaCl during the 3
7-day cycle of immersion. For Zn, the recorded data are presented as dot+line, so that

the inductive behaviour is clearly visible

Throughout the 21-day immersion in the three different solutions, the
EIS response for all the samples exhibited two distinct patterns: either a
depressed semicircular arc followed by a second arc or an ill-defined tail,
or a single depressed arc resulting from the superposition of two
semicircles. Based on equivalent circuit (EC) studies for corrosion
processes of metal coatings covered by protective corrosion products
(Hamlaoui et al, 2008), this system can be modeled using the equivalent
circuit shown in Figure 5. This circuit effectively accounts for the two time
constants observed in the impedance plots, whether they are well-
separated or merged. The first time constant, observed at high
frequencies, corresponds to the properties of the corrosion product layer,




while the second time constant at low frequencies characterizes the
corrosion process occurring at the interface between the corrosion product
and the metal.

In this model, R;s represents the electrolyte resistance between the
sample and the Luggin capillary. The R1/Q1 pair represents the electrolytic
resistance and capacitance within defects of the corrosion product layer,
while the R»/Q: pair refers to the charge transfer resistance and the
double-layer capacitance associated with the metal corrosion process in
the cavities of the protective layer (Hamlaoui et al, 2008). To account for
the non-ideal capacitive behavior at the interface between the sample and
the solution, which is responsible for the appearance of depressed Nyquist
semicircles, a constant phase element (CPE) was applied to replace pure
capacitance for fitting the spectra (Hsu & Mansfeld, 2001).

The model shown in Figure 5 assumes that the corrosion product film
does not completely cover the metal and should be considered a defective
layer rather than a homogeneous one. The fitting results of the
experimental data using this EC model are represented by the solid lines
in Figures 2, 3, and 4, which show a good agreement with the experimental
data. The calculated resistance parameters for the simulated diagrams are
presented in Table 2. Additionally, the overall corrosion resistance of the
samples was evaluated by calculating the total polarization resistance as
the sum of Ry and R (Cao et al, 2017; Wu et al, 2017), with the calculated
values depicted in Figure 6.

O
1
1
Rs [0))
T 11 =
R i
— R'_\
R

Figure 5 — Equivalent electrical circuit of the corroding Zn—Ni coated steel orthe pure
Zn plate in different electrolytes simulating concrete media
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Table 2 — The values of the resistance parameters R1 and R2 for different corroding

samples in three different media

Immersion period Pure Zn sample Zn-Ni coating, 40 pm thick
Saturated Ca(OH)2 | R1/kQ cm? R2/ kQ cm? R1/kQ cm? R2 1 kQ cm?
2h 5.201 1.037 10.16 7.416
1 day 5.409 2.447 12.72 4.557
3 days - - 19.80 3.933
5 days 6.770 2.332 43.74 8.511
7 days 6.413 2.667 40.47 19.26
0.015 mol dm-3 NaHCO3 + 0.005 mol dm-3 Na2COs
2h 0.21 0.009 3.322 5.441
3 days 32.78 12.19 32.28 79.49
7 days 39.38 5.757 37.26 131.8
0.015 mol dm NaHCOs3 + 0.005 mol dm-® Na2CO3 + 0.5 mol dm NaCl
2h 12.07 12.53 4.10 16.57
2 days 9.628 7.745 5.17 5.986
5 days 7111 4.802 4.003 3.654
7 days 2.355 1.974 2.213 1.010
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Figure 6 — The change of the total resistance with immersion time, for the pure Zn

plate and the Zn—Ni corroding samples

The fitted resistance values for both the Zn plate and the Zn—Ni coated
steel during the first seven days of testing exhibit high values, in the order
of several kQ cm?, which progressively increase over time. These elevated
R values indicate the formation of a protective film on both the pure Zn and
the Zn—Ni alloy surfaces in saturated Ca(OH),. This observation aligns




with the findings of Farina & Duffo (2007) who demonstrated that a stable
passive film can form on zinc in a fresh concrete environment within just
40 minutes. Similarly, earlier studies have confirmed the formation of a
passive layer on Zn—Ni alloys in alkaline corrosion media (El-Sayed et al,
2011). For pure Zn, the relatively stable resistance values suggest that the
characteristics of the passive layer remain largely unchanged throughout
the seven-day testing period. In contrast, the Zn—Ni coating shows a
marked increase in the diameter of the impedance semicircles over time,
indicating that the porosity of the protective layer decreases and its
thickness increases with prolonged exposure to Ca(OH),. The results
obtained from our measurements may be compared with those reported
by Wang et al. (2019), where the corrosion behavior of Zn-Al, Zn-Mg, and
Zn-Mg-Al coatings was monitored in an alkaline electrolyte designed to
simulate concrete pore conditions. In their study, after a 7-day immersion
period, the most favorable corrosion performance was observed for the
Zn-0.5Mg and Zn-0.5Mg-0.2Al alloys which exhibited a corrosion current
density of approximately 50 pA cm™, correlating to a polarization
resistance of around 500 Q cm?2. This comparison highlights that the Zn-Ni
coating employed in our investigation provides superior protective
characteristics in alkaline solutions.

Following the initial 7-day exposure in an alkaline medium, the
samples were transferred to a carbonate-rich electrolyte without any
cleaning procedures, ensuring that the corrosion products formed in the
alkaline environment remained on the surface. This step aimed to
investigate how concrete carbonation influences the modification of the
protective layer on Zn and Zn-Ni alloy coatings, previously formed in a
solution simulating fresh concrete. Figure 3 illustrates the Nyquist plot of
both Zn and Zn-Ni coatings, revealing a similar corrosion behavior in
carbonated media. The spectra recorded 2 hours after the immersion show
very low initial impedance values, likely due to rapid chemical changes in
the passive film formed earlier in the alkaline solution. This behavior
persists for up to 8 hours. However, after 8 hours, the corrosion resistance
of both coatings increases progressively with time, reaching a total
impedance of 140 kQ for Zn—Ni and 70 kQ for Zn after 7 days. The shape
of the impedance curves corroborates previous findings on Zn corrosion in
carbonated media where independent studies have demonstrated rapid
metal passivation. Nevertheless, the composition of the passive layer
varies depending on experimental conditions such as temperature,
carbonate/bicarbonate content, and pH, ranging from a thin ZnO film
(Kaesche, 1964) to hydrozincite which is specific to concrete pores

(Roventi et al, 2013).
2023
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Following the second exposure cycle, the experiment proceeded into
the final 7-day cycle where the samples were immersed in a solution
simulating chloride penetration into carbonated concrete. It is important to
note that, similarly to the second cycle, the impedance response was not
from the bare metal, but from the metal coated with the corrosion products
formed in the alkaline phase and later modified in the carbonate
electrolyte. The visual appearance of the two specimens differed at the
start of immersion in the chloride solution: the Zn surface appeared white
and smooth, while the Zn—Ni surface was flat and black. Over the 7-day
exposure period to the chloride-rich electrolyte, Zn—Ni retained its black
appearance, while the white product on Zn continued to grow in volume
and began peeling off the sample. It is likely that the white product was
zinc hydroxychloride, as it is known to occupy approximately 3.6 times the
volume of the original zinc (Sistonen et al, 2008).

Figure 4 presents the Nyquist plots recorded for the samples exposed
to the simultaneous action of carbonation and chloride ions (i.e., the 3™
immersion cycle) at four different immersion times. As immersion time
increases, the total impedance decreases in both diagrams, indicating the
degradation of the corrosion product layer on the coatings. Chloride ions,
known as strong anodic activators, create pores in the corrosion product
layer, allowing them to penetrate through and attack the underlying metal
(Padilla & Alfantazi, 2014). The Nyquist diagrams in Figures 4a and b
feature two irregularly shaped, overlapping semicircles. A key distinction
between the diagrams for the Zn and Zn—Ni specimens is the presence of
a low-frequency inductive loop observed throughout the immersion period
in the spectra related to Zn. This low-frequency inductive behavior has
been attributed to surface coverage changes by the adsorbed species
involved in the Zn dissolution process and is typical when bare Zn or Zn
under a poorly protective film is corroding (Padilla & Alfantazi, 2014).
Unfortunately, we were unable to identify an appropriate electrical
equivalent circuit to fit the low-frequency portion of the EIS spectra for Zn
in Figure 4. Therefore, the resistance data were obtained by fitting only the
high- and mid-frequency sections of the EIS spectra in this case.

It can be concluded from the diagrams in Figure 4 that the passive
layer formed on both Zn and Zn—Ni alloy in fresh concrete does not provide
adequate protection to the coatings when exposed to concrete containing
0.5 mol dm™ chloride ions. However, the corrosion patterns differ
significantly between Zn and Zn—Ni alloy. The voluminous corrosion
product on Zn poses a significant issue, as it leads to swelling of the Zn
coating, disrupts the bond between the metal and concrete, and causes
concrete cracking due to product expansion (Dong et al, 2012).




Additionally, the inductive behavior observed in Figure 4 indicates
that, despite its thickness, the corrosion product on Zn is discontinuous,
allowing for continual corrosion of the underlying metal. These findings
align with the research conducted by Roventi et al. (2014) regarding
concrete exposed to CI™ ions. In contrast, the corrosion layer formed on
the Zn—Ni alloy in both fresh and carbonated concrete is thin, smooth, and
black, maintaining its appearance over the 7-day exposure in chloride
media. Although the protective properties of this layer diminish over time,
as evidenced by the Nyquist plots, it can be asserted that significant
dissolution of the Zn—Ni coating is not observed in a chloride-contaminated
environment.

Conclusion

The corrosion of steel reinforcement in concrete is very important
issue in military applications, where highly durable concrete structures are
often required. Hot-dip galvanization with Zn is a common method used to
prevent corrosion, but it has its limitations. In this study, we propose using
a thick Zn-Ni alloy coating instead, as this alloy has already proven
successful as protective coating for steel bodies in the automotive industry.
The Zn-Ni alloy coating with a thicknesses of 30 and 40 ym was applied
to steel through electrochemical deposition. The SEM images revealed
that the coatings had a uniform, smooth surface with micro-cracks
characteristic of the Zn-Ni alloy.

The main goal of this research was to compare the behavior of pure
Zn and the Zn-Ni alloy in an environment simulating fresh concrete. For
this purpose, three types of electrolytes were used, and the samples were
sequentially exposed to each one. The first electrolyte simulated the
alkaline conditions present in fresh concrete, the second simulated the
penetration of CO; into the concrete, and the third represented the entry
of chloride ions into the concrete. After 21 days of testing, it was observed
that in the chloride-rich electrolyte, the corrosion resistance, as measured
by electrochemical impedance spectroscopy, was nearly identical for both
pure Zn and the Zn-Ni alloy. However, the corrosion product on pure Zn
was a bulky zinc oxide layer that tended to flake off, while on the Zn-Ni
alloy, the corrosion product was a thin, smooth black layer that retained its
protective properties for a longer time.

Therefore, the Zn-Ni alloy coating could be an excellent alternative for
protecting steel reinforcement from corrosion in concrete structures.
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Resumen:

Introduccion/objetivo: La proteccién anticorrosion de barras de refuerzo de
acero en concreto es una preocupacion critica en ingenieria civil,
particularmente para la construccion de estructuras de concreto destinadas
a aplicaciones militares. Actualmente, los métodos mas importantes para
lograr esta proteccion incluyen la aplicacion de recubrimientos sobre barras
de refuerzo de acero (como epoxi o zinc galvanizado en caliente), el uso
de barras de refuerzo de acero inoxidable, barras de refuerzo compuestas
o concreto de alto rendimiento que incorpore inhibidores de corrosion,
selladores de superficies, humo de silice o aditivos de cenizas volantes.




Métodos: Este estudio tiene como objetivo determinar si un recubrimiento
galvanizado de Zn-Ni de suficiente espesor puede ofrecer una mejor
resistencia a la corrosion a largo plazo al acero de refuerzo en concreto en
comparacion con el recubrimiento tradicional de Zn puro que se usa
tipicamente para este proposito. Los recubrimientos de Zn-Ni producidos
tenian un espesor de 40 um y contenian aproximadamente un 13% en
masa de Ni. La microscopia electrénica de barrido revel6 una morfologia
superficial suave y homogénea, aunque se observaron microfisuras que se
extendian por toda la profundidad del recubrimiento. La efectividad
protectora de los recubrimientos se evalué mediante espectroscopia de
impedancia electroquimica, con muestras sumergidas en diversos
electrolitos que simulan los ambientes quimicos presentes en diferentes
tipos de concreto.

Resultados: Las mediciones indicaron una velocidad de disolucion
significativamente mas lenta del producto de corrosion formado en el
recubrimiento de Zn-Ni en ambientes ricos en cloruro, en comparacion con
el Zn puro.

Conclusion: Se puede concluir que la aleacion Zn-Ni presenta una
alternativa viable al Zn puro para proteger el acero en estructuras de
concreto donde se prevé una alta penetracion de cloruro.

Palabras claves: corrosion de barras de acero, recubrimiento de Zn-Ni,
solucion de poros de hormigdn, galvanoplastia.

Kopposuns apmaTtypHoOn ctanu, 3almLLEeHHON NOKPbITUEM U3 CrnaBa
Zn-Ni, B anekTponutax, MMMTUPYIOLLMX NOpbl B 6eTOHE

Muxaen M. Byuko? , koppecnoHaeHT, /Tiobuua M. Panosny®,
Mapko H. Qumutpuesny?, PadosaH M. Kapkanuny?, EneHa b. baat®
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PYBEPUKA TPHTW: 67.01.97 Koppo3ausa n 3awwimTa OT Koppo3um
BWL CTATbW: opurmHanbHasa Hay4yHas ctaTbs

Pesrome:

BeedeHue/uenb: AHmuKoppo3uliHas 3aujuma cmarbHbIX apMamypHbIX
cmepxHel 8 bemoHe s.ensiemcs saxHeliwel 3adadyel 8 epax0aHCKOM
cmpoumeriscmae, 0COBeHHO npu cmpoumeriscmee  6emoHHbIX
KOHCcmpykyul, rnpedHasHaYeHHbIX Ol B80E€HH020 MpuMeHeHus. B
Hacmosuwee epems Hauboree BaxHbIMU Memodamu obecrieqyeHus
makol 3awumbl S8MSI0MCS HaHeceHUe MoKpbIMuUl Ha cmaribHyo
apmamypy (Hanpumep, 3MOKCUOHbIX MOKpbIMUL  unu  rMoKpsimul
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mMemodoM eopsiHe20 UUHKOBaHUSI), UCMOMb308aHUe apmamypbl U3
Hepxaserowel cmarnu, Komno3ummHou apmamypebl unu
8bICOKOKa4YecmeeHHo20 bemoHa, 8 cocmas Komopo2o 8xo0am
UHaubumopkl  KOpPo3uu, M0BEPXHOCMHbIE e2epMemuKku, OuoKcud
KpeMHus unu nemy4yasi 3ora.

Memooebi: Llenb daHHo20 uccriedosaHusi — ornpedenums, Moxem 1u
2anbeaHu4yeckoe mnokpbimue Zn-Ni  docmamoyHOU  mOnujuHbI
obecriequmb siydwyto U boree 00/120CPOYHYIO  KOPPOIUOHHYHO
cmolikocmb apmamypHold cmasiu 6 6emoHe 0 CpasHeHU C
mpaduyUOHHBLIM  MOKPbIMUEM U3 4ucmoz2o Zn, KOomopoe vauie
ucrionb3yemcs 8 amou uenu. TonwuHa nokpbimus Zn-Ni cocmasensna
40 um u codepxana npubnusumesnsHo 13 mac.%Ni.

Pesynbmamel: C nomowlbto Memoda ckaHupyrouwel 371eKmpOoHHOU
MUKPOCKOMUU 8bisierieHa 2anadkasd U OOHOpPOOHas Mopghosioausi
108epXHOCMU, HECMOMPS Ha MUKPOMPEeUUHbI, fpoxodsuwue no ecel
enybuHe MoKpbimus. 3awumHasi  3¢hghekmueHOCmb  MOKpbIMuUl
oyeHueanacb C [IOMOWMbIO  3/1eKmMpoxuMudeckol  umnedaHcHol
criekmpockonuu. [lpu amom o06pa3subl nospyxanucb 8 pasfuyHbIe
3/1€KMPOSIUMBI, umumupyrowjue XUMUYECKYH0 cpedy,
rpucymecmeyowyto 8 pasfudyHbIx munax bemoHa.

Bbi8od: Ha ocHosaHuu pe3yrbmamos uccriefogaHusi MOXHO coenamb
ebigod, uymo crnase Zn-Ni npedcmasnsgem cobold ycmoudusyto
anbmepHamugy 4ducmomy Zn O0nd 3awumsi cmanu 8 OemoHHbIX
KOHCMPYKUUSIX C 8bICOKOU CMerneHbIo NMPOHUKHOBEHUST X10pudos.

Knrowesbie crioga: koppoausi cmaribHoli apmamypsbl, Zn-Ni nokpsimue,
roposenbiti pacmeop 8 6emoHe, 2anb8aHOMNOKPbIMuUe.

Koposuja apmatypHor 4yenuka sawTtuheHor npesnakom nerype Zn-Niy
enekTponuTMMa Koju cumynupajy nope y 6eToHy
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OBNACT: maTtepujanu
KATETOPWUJA (TUIM) YITAHKA: opyriHantm Hay4YHu pag

Caxxemak:

Yeod/yurb: AHMuUKopo3usHa 3awmuma YesiudHe apmamype y 6emoHy
npedcmasrba KibyYHU U3a308 y e2paljeguHapcmay, HapoYumo y usepadru
6emoHCKUX KOHCMpyKuuja HaMereHUX 3a 80jHe cepxe. TpeHymHo,




HajeaxkHUje Memode 3a rnocmusare 08e 3auimume YKibydyjy rnpumeHy
€rnoKCUOHUX Unu mMornmoyuHKo8aHUX fpesraka, ynompeby apmamype 00
Hephajyhee yernuka unu KOMAO3UMHUX Mamepujana, unu bemoHa Koju
cadpxu uHxubumope Koposuje, MOBPLIUHCKe 3armueaye, CUnuyujyMcKy
npawuHy unu doGamak nemehee rernena.

Memode: Osa cmyduja uma 3a yusrb 0a ymepdu O0a fiu ripeenaka o0 riegype
Zn-Ni  odzoeapajyhe  OebrbuHe,  HaHema  €/IEKMPOXEeMUJCKUM
marnoxereM, Moxe 0amu 60sby u dy2ompajHujy OmnopHOCM Ha KOpo3ujy
apmamypHo2 4ernuka y 6emoHy, y ropehery ca mpaduyuoHarHoM
rpesnakom Zn Koja ce 0bU4YHO ripumerbyje y my cepxy. HaHeme npeenake
Zn-Ni 6ure cy debrbuHe 40 um u cadpxarne cy oko 13 mas. % Ni.

Pesynmamu: CHUMare er1ieKmpoHCKUM MUKPOCKOIMOM OmKpusio je da cy
rpesnake umarie arnamky U XoMoaeHy Mopghborioaujy, uako cy rnokasusearie
MUKPOMYyKOMUHe Koje cy ce rnpome3arie Kpo3 uery Huxosy OybuHy.
BawmumHa egbukacHocm rpeeriake OUEH-EHa je erieKmpOoXeMUjCKOM
umrnedaHyUjCKoM  CreKmMpPOCKOMNUjoM, pu 4Yemy cy y3opyu 6unu
OMOIN/bEeHU Yy pas3nuyume enekmpoaume Koju CuMysupajy Xxemujcke
ycrioge ripucymHe y pasnudumum epcmama bemoHa. Mepersa cy
rokasana 3HamHO Marby 6p3uHy pacmeapara MpodyKma Koposuje
gopmuparoz Ha ripeenayu Zn-Ni y enekmponumy 6o2amom xmopuduma,
y riopehersy ca yucmum Zn.

Sakrpyyqak: Moxe ce 3akrbyqumu Oa niecypa Zn-Ni npedcmasrba 00pxKusy
anmepHamusy 4ducmoMm Zn, 3a 3awmumy 4enuka y OemoHCKUM
KOHCmMpyKUujama 20e ce O4YeKyje sucoka neHempauuja xropuda.

KrbyuyHe pedu: Koposuja dernuyHe apmamype, rnpeenaka Zn-Ni,
efiekmponum y nopama bemora, es1eKmpoxXeMujCKO masoxXerse.
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