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Abstract 

The use of hot-dip galvanized steel reinforcements is one of the most common methods 

used to prevent deterioration of reinforced concrete structures. Zinc active corrosion, which 

occurs just after the embedding of galvanized steel in concrete, is accompanied by gaseous 

hydrogen evolution, which causes the loss of adhesion between the zinc coating and the 

cement paste still not hardened.  

Chromium VI compounds are strong oxidants naturally present in the cements and reduce 

the passivation time and the amount of hydrogen developed. The EU Directive 2003/53/EC 

obliges to keep the content of soluble chromium VI in cement below 2 ppm on the total dry 

weight of the cement due to its toxicity and carcinogenic properties.  

The objectives of this research project were to find a replacement for chromium VI com-

pounds through study of galvanized steel passivation mechanism in concrete in presence of 

chromates and comparison of several inhibitors by their effectiveness as on zinc corrosion. 

The oxygen effect on the process of zinc passivation was also studied. The investigation was 

performed both in concrete and in saturated solution of calcium hydroxide, by means of 

corrosion potential and impedance measurements. To study the changes in the passivating 

layer, scanning electron microscopy, energy-dispersive X-ray spectroscopy and X-ray diffrac-

tion analysis were utilized.  

The results obtained indicate that the passivation of galvanized steel in concrete containing 

chromates occurs in several steps with different mechanisms and that dissolved oxygen plays 

an important role on the beginning of the passivation process. Among inhibitors studied in 

present work, nitrite seems to be the most promising, both in concrete and in Ca(OH)2 sat-

urated solution. The future development of this research could be a depth study of the nitrite 

impact and a further search for alternative environmentally friendly corrosion inhibitors of 

galvanized steel.
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Riassunto 

L’uso di barre d’acciaio zincate a caldo è uno dei metodi  più comuni per prevenire il 

deterioramento delle strutture in calcestruzzo armato. La corrosione attiva dello zinco, che 

avviene subito dopo l’immersione dell’acciaio galvanizzato nel calcestruzzo, è accompagnata 

dallo sviluppo di idrogeno, che causa la perdita di adesione tra il rivestimento di zinco e la 

pasta di cemento non ancora indurita.  

I composti di cromo VI sono forti ossidanti naturalmente presenti nei cementi che 

riducono il tempo della passivazione e la quantità d’idrogeno sviluppato. La Direttiva 

2003/53/ CE obbliga a mantenere il contenuto di cromo VI idrosolubile nel cemento al di 

sotto di 2 ppm sul peso totale a secco del cemento.  

Gli obiettivi di questo lavoro sono stati: trovare un sostituto per i composti di cromo VI 

attraverso lo studio del meccanismo di passivazione dell'acciaio zincato nel calcestruzzo in 

presenza di cromo VI e confrontare  diversi inibitori per la loro efficacia sulla corrosione 

dello zinco. E’ stato inoltre studiato l'effetto dell’ossigeno sulla passivazione dello zinco. 

L'indagine è stata effettuata nel calcestruzzo e in soluzione satura di idrossido di calcio, 

mediante misure del potenziale di corrosione e prove di impedenza. Per studiare gli strati di 

passivazione sono state utilizzate la microscopia SEM-EDX e la diffrattometria a raggi X.  

I risultati ottenuti indicano che la passivazione dell’acciaio zincato nel calcestruzzo in 

presenza di cromati avviene in più fasi con meccanismi diversi e che la presenza di ossigeno 

disciolto è importante per accelerare la passivazione. Tra gli inibitori studiati, il nitrito sembra 

quello più promettente, sia nel calcestruzzo che in soluzione satura di idrossido di calcio. Gli 

sviluppi futuri di questa ricerca potrebbero essere l’approfondimento dello studio dell'effetto 

dei nitriti e l'ulteriore ricerca di inibitori di corrosione a basso impatto ambientale.
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Introduction 

Reinforced concrete is well known as strong and durable construction material. However, in 

the presence of certain deleterious factors and agents, such as high humidity, contents of 

salts and diffusion of oxygen and carbon dioxide the steel can corrode, that may eventually 

result in splitting of the concrete by the force of the corrosion products. Corrosion-induced 

damage to reinforced concrete often necessitates early repair and occasionally complete re-

placement of the structure or element well before its design life is reached. Since the cost of 

repairing reinforced concrete structures is generally high, concrete technology is continuously 

developing methods to prevent the onset of deterioration in reinforced concrete structures. 

The application of hot-dip galvanized coating to steel reinforcement is one of the most 

common and widespread methods for providing corrosion protection in many types of con-

crete construction. The corrosion protection afforded by galvanizing is due to several bene-

ficial effects. Zinc-coated steel has the substantially higher chloride threshold compared with 

uncoated steel [1, 2]. It is resistant to the effects of carbonation of the concrete mass [3]. 

Furthermore, the zinc coating not only delays the initiation of the corrosion process and acts 

as a barrier against corrosive agents, but it also provides cathodic protection of exposed steel 

when the coating is already damaged, working as a sacrificial anode [1,4]. 

Just embedded in concrete, the galvanized steel actively corrodes with the formation of 

gaseous hydrogen, which causes the loss of adhesion between the zinc coating and the ce-

ment paste still not hardened [4-6]. After this stage, the pure zinc -phase, present on the 

rebar surface, passivates and forms a protective layer of calcium hydroxyzincate [4]. Some 

components of the cement matrix reduce the time of zinc active corrosion and, thus, the 

amount of hydrogen developed during the initial set of concrete [11, 12]. Depending on the 

origin of the raw materials used and the clinker production conditions, cement may contain 

up to 30 ppm hexavalent chromium [13]. The soluble chromates, naturally present in the 

cements in small amounts, determine an inhibition of the zinc active corrosion for a certain 

period [14, 15].  

However, chromium VI compounds are reported to be genotoxic carcinogens [16]. When 

dissolved, chromium VI can penetrate unprotected skin and cause an allergic reaction known 

as chromate dermatitis, depending on the intensity and duration of exposure.  Therefore, 

during recent years several countries have introduced measures to limit the amount of chro-

mium VI in cement products. In 2003 the European Commission introduced new legislation 

to restrict the marketing and use throughout the European Union of cement products con-

taining soluble chromium VI at a concentration of more than 0.0002 wt% (2 ppm) on the 

total dry weight of the cement. According to EU Directive 2003/53/EC, reducing agents, 

such as ferrous sulphate or antimony salts, should be added into the cements, originally con-

taining chromium VI, to keep its content below the allowed limit of 2 ppm during the mixing. 

In connection with the recent European Union policy for toxic materials and due to the 

interest of Construction and Building Materials industry, in the last decade numerous studies 

were devoted to the search for environmentally friendly chromium-free methods of corro-

sion protection applied on hot-dip galvanized steel reinforcement [16, 17]. Some of these 

studies are dedicated to the application of conversion chromium-free pre-treatments on gal-

vanized rebars with the most commonly used phosphates [7-10]. Another part of papers 

provides the data on the efficiency of different cement inhibiting admixtures on the corro-

sion protection of steel in concretes and mortars [18-28]. Some researchers investigated the 
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effect of various inhibitors on galvanized steel, zinc and zinc alloys in acid, neutral and slightly 

alkaline environments other than highly alkaline concrete pore solution [29-32]. Yet there are 

small number of works considering synergic effect of simultaneous application of hot-dip 

galvanized coating on rebars and of inhibitor admixtures in the cement matrix [12, 17, 35-

38]. Most of these works are dedicated to the use of nitrites [12, 37, 38]. The results presented 

by different researchers are quite contradictory and depend largely on the choice of materials 

and the experimental conditions. 
According to the existing state-of-the-art in the field of corrosion in concrete, following 

goals and objectives of the present research project were established:  

 Study the passivation mechanism of galvanized rebars embedded in concrete in presence 

of hexavalent chromium;  

 Study the oxygen effect on the process of zinc and galvanized steel passivation;   

 Study the relation between the passivation process and oxygen/oxidant amount in the 

medium; 

 Compare the power and effectiveness of different inhibitors as “passivating promoters” 

of zinc; 

 Find an appropriate replacement for chromium inhibitor of galvanized steel corrosion in 
concrete. 

In the present work, the efficiency of several generic oxidants and non-oxidizing inhibi-

tors, namely chromate, nitrite, oxygen peroxide, molybdate and diethanolamine, was studied. 

All of them were examined both in concrete and in calcium hydroxide saturated solution. 

Concrete samples were manufactured with ordinary Portland cements with different initial 

content of soluble chromium VI in the cement, in order to evaluate oxidants’ influence on 

the galvanized steel passivation in concrete mixes containing chromates or chromium-free. 

Ca(OH)2 saturated solution was used because it simulates the alkaline pore solution of con-

crete. During experiments both galvanized steel and pure zinc samples discs were used as 

pure zinc replicates the -phase present on the upper layer of galvanized steel.  

The study on the oxygen effect on the passivation process was carried out with a series 

of additional experiments in aerated and deaerated Ca(OH)2 saturated solutions with pure 

zinc and galvanized steel samples in the presence of chromate as oxidant. 

All tests included potential monitoring performed by means of the Agilent acquisition 

system mod. 34970A (multiplexer mod. 34901). The experiments in Ca(OH)2 saturated so-

lutions also comprised electrochemical impedance measurements, by means of Gamry In-

struments Reference 600 potentiostat. To study the changes in the passivating layer scanning 

electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) and X-ray diffrac-

tion analysis (XRD) were utilized by means of a Zeiss Supra 40 microscope, Bruker’s Quan-

tax series 5000 L device and Philips PW 1730 diffractometer with Cu K radiation (=0.154 

nm), respectively. 

The first part of the thesis contains theoretical considerations about the research and con-

sists of three chapters. The first chapter describes the current situation on the market of 

building materials, concrete mix-designs and their constituents, as well as the description of 

modern cements, their origin and production, chemical and physical properties. The focus 

of this chapter is on the chromium content and on the methods of its reduction in cementi-

tious materials. The second chapter contains information on the principles and mechanisms 

of iron, zinc and galvanized steel corrosion in alkaline media. The third chapter illustrates 

methods of corrosion protection for galvanized steel and zinc in alkaline environment, gives 
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the information on typology of inhibitors and mechanisms of their impact on the metals and 

provides detailed literature review in the field of corrosion protection in concrete.  

The second part of the thesis contains complete description of research experimental de-

sign. It includes information on materials used for sample preparations, specifications of 

manufactured specimens, inhibitor concentration calculations, experimental conditions, elec-

trochemical techniques and methods of visual and instrumental observations. Results ob-

tained in experiments are given in the Chapter 7 of the thesis, which includes electrochemical 

diagrams, digital photo images, SEM observation, X-ray diffractograms and data tables with 

detailed description of received information. The conclusive chapter of the thesis provides a 

qualitative and quantitative critical evaluation of the results achieved and those that eventu-

ally could not be reached and indicates possible future developments and promising research 

directions. 
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1 Concrete as a building material 

Concrete is the world's most versatile and most widely produced material. As of 2015, more 

than 10 billion cubic meters of concrete are manufactured each year, more than one cubic 

meter for every person on the planet [39]. The reasons for the popularity of concrete are 

multiple. First, the components are available in almost every comer of the world, enabling 

concrete to be produced worldwide for the local market and, thus, avoiding the transport 

costs necessary for most other materials. Second, the cost of production is low, compared 

with other engineered construction materials. Moreover, in recent years, additional "raw" 

materials in the form of waste products have been added to concrete, that further has reduced 

production costs. A third advantage of concrete is that it can be cast, at ambient temperature, 

to produce complex shapes with adequate strength. Its versatility is such that essentially the 

same material is used in engineering constructions such as a highway bridge or an offshore 

oil platform. Finally, a major factor in its universal usage is that concrete, unlike most other 

structural materials, exhibits excellent resistance to water, making it an ideal material for 

transportation and control of water, e.g., in pipelines and dams. 

According to a standard definition concrete is a composite material that consists essentially 

of a binding medium within which are embedded particles or fragments of aggregate; in 

hydraulic-cement concrete, the binder is formed from a mixture of hydraulic cement and 

water [40]. A wide variety of different types of concrete exists, created by changing the pro-

portions of the main ingredients. In this manner or by substitution for the cementitious and 

aggregate phases, the finished product can be fitted to its application with various density, 

strength, thermal resistance and chemical properties. 

1.1 Cement paste 

Among all the components of concrete, the cement paste phase is the most important as it 

determines the durability and the long-term performance of concrete. The properties of ce-

ment paste depend on the choice of cement type and on the water/cement ratio. 

The historical development of building materials led to appearance of variant of hydraulic 

cements. Many of these cements are used only for certain, limited purposes, others such as 

Portland cement or Portland cement blends have a wider application. The European stand-

ard EN 197-1 defines and gives the specifications of common cements, which are intended 

for use in any plain and reinforced concrete [41]. The standard divides common cements on 

five main types according to their composition: 

 CEM I  Portland cement, with at least 95 % of clinker (by total binder mass); 

 CEM II Portland-composite cement, with addition of up to 35 % single constituent; 

 CEM III  Blastfurnace cement, with addition of 36-95 % blast furnace slag; 

 CEM IV  Pozzolanic cement, with addition of 11-55 % pozzolanic materials; 

 CEM V   Composite cement, with simultaneous addition of slag and pozzolana. 

The second classification of common cements given in the standard is based on the strength 

performance at 28 days. The classification includes three classes of standard strength: class 

32,5, class 42,5 and class 52,5 (the number corresponds to a minimum compressive strength 

at 28 days).  
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Table 1-1. Strength classes of common cements according to EN 197-1 [41] 

Strength class Compressive strength 
MPa 

 Early strength Standard strength 

 2 days 7 days 28 days 

32,5 N - ≥ 16 ≥ 32,5 ≤ 52,5 

32,5 R ≥ 10 - ≥ 32,5 ≤ 52,5 

42,5 N ≥ 10 - ≥ 42,5 ≤ 62,5 

42,5 R ≥ 20 - ≥ 42,5 ≤ 62,5 

52,5 N ≥ 20  - ≥ 52,5 - 

52,5 R ≥ 30 - ≥ 52,5 - 

Each class of standard strength includes two classes of early strength: a class with ordinary 

early strength, indicated by N, and a class with high early strength, indicated by R (Tab. 1-1). 

Among cements not listed in EN 197-1, should be mentioned high alumina, geopolymer 

cements and gypsum plasters [42-45].  

High alumina cement (HAC) is obtained by heating until molten a suitable mixture of 

limestone and bauxite (mostly consisting of alumina) at about 1600 ºC. Its primary compo-

nent is CaO·Al2O3. It is characterized by a very rapid rate of development of strength and 

approaches closely to its final strength in 24 hours after gauging. HAC concrete has a high 

resistance against acids and high temperatures. The problem with this material can occur 

during the hydration, which in some cases accompanied by development of high porosity 

and thus a decrease in strength and resistance against attacks of aggressive agents. 

Gypsum plasters are produced by heating finely ground gypsum CaSO4·2H2O at different 

temperatures to obtain dehydrated or semi-hydrated forms of gypsum. On heating to 150 

°C, hemihydrate CaSO4·½H2O is produced, known as ordinary plaster of Paris; by increasing 

heating temperature up to 180 °C, the nearly water-free form called γ-anhydrite can be ob-

tained. The hydration of plasters relies on the reaction between water and partially hydrated 

CaSO4. The setting of hemihydrate plasters is characterized by overall expansion of the mass, 

caused by the manner of crystal growth. Thus, gypsum plasters require specific additions, 

when the low setting expansion of material is desirable. 

Over last decade numerous studies have been devoted to geopolymer cements [45-51]. 

Geopolymer cements consist of inorganic alumina-silicate polymers, synthesized from ma-

terials of geological origin or by-product materials such as fly ash which is rich in silicon and 

aluminum, and are considered environmentally friendly as their production consumes less 

energy and do not increase CO2 emission to the atmosphere comparatively to Portland ce-

ments. Despite many advantages, geopolymer building materials have certain drawbacks such 

as high scale porosity that decreased corrosion protection properties due to the high risk of 

aggressive species penetration in the bulk of the material, or mechanical properties that can 

be comparable to those of Portland concretes or lower depending on the choice of geopol-

ymer. Moreover, the geopolymerization process involves alkaline activation of aluminosili-

cate and thus requires the use of high alkaline corrosive user-hostile products [52].  
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1.1.1 Portland cement 

The Portland cement production consists in the mixing of limestone and clay, or other raw 

materials of similar bulk composition and sufficient reactivity, the burning of the mix at a 

fusion temperature of about 1450 ºC to form a clinker, and the grinding of the clinker with 

a few per cent of gypsum or other forms of calcium sulfate to fine powder.  The calcium 

sulfate quantity determines the rate of set and the rate of strength development [53].  

The Portland cement clinker normally contains about 67 % CaO, 22 % SiO2, 5 % Al2O3, 

3 % FeO and 3 % other components and consists of four major phases: tricalcium silicate, 

dicalcium silicate, tricalcium aluminate and tetracalcium aluminoferrite [53]. Table 1-2 shows 

the typical ranges of percentages by mass of these phases in Portland cement. Other com-

ponents, such as alkali sulfates and oxides, are present in minor amounts.  

Table 1-2. Content of Portland cement main phases [42] 

Phase* Compound name Actual formula CCN** Content 

% mass. 

Alite Tricalcium silicate 3CaO·SiO2 C3S 45 – 60  

Belite Dicalcium silicate  2CaO· SiO2 C2S 5 – 30  

Celite Tricalcium aluminate 3CaO·Al2O3 C3A 6 – 15  

Felite  Tetracalcium aluminoferrite 4CaO·Al2O3·Fe2O3 C4AF 6 – 8  

* According to Törnebohm’s classification 

** Cement chemist notation 

 The hydration of cement can be thought of as a two-step process. In the first step, called 

dissolution, the cement dissolves, releasing ions into the mix water. The mix water is thus no 

longer pure H2O, but an aqueous solution containing a variety of ionic species, called the 

pore solution. The gypsum and the cement minerals C3S and C3A are all highly soluble, 

meaning that they dissolve quickly. Therefore, the concentrations of ionic species in the pore 

solution increase rapidly as soon as the cement and water are combined. Eventually the con-

centrations increase to the point that the pore solution is supersaturated, meaning that it is 

energetically favourable for some of the ions to combine into new solid phases rather than 

remain dissolved. This second step of the hydration process is called precipitation. A key 

point, of course, is that these new precipitated solid phases, called hydration products, are 

different from the starting cement minerals. Precipitation relieves the supersaturation of the 

pore solution and allows dissolution of the cement minerals to continue. Thus, cement hy-

dration is a continuous process by which the cement minerals are replaced by new hydration 

products, with the pore solution acting as a necessary transition zone between the two solid 

states [54].  

 As noted above, some of the cement minerals and constituents are very soluble, and thus 

when cement and water are first combined there is a short period of fast reaction and heat 

output as the cement dissolves, lasting for less than one minute (Stage 1). Stage 1 is brief 

because of the rapid formation of an amorphous layer of hydration product around the ce-

ment particles, which separates them from the pore solution and prevents further rapid dis-

solution. This is followed by the induction period, during which almost no reaction occurs 

(Stage 2). The precise nature of the induction period, and in particular the reason for its end, 
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is not fully known, or perhaps it should be stated that it is not fully agreed upon, as there are 

strongly held but differing opinions among cement chemists.  

  During Stage 3, the rapid reaction period, the rate of reaction increases rapidly, reaching 

a maximum at a time that is usually less than 24 hours after initial mixing, and then decreases 

rapidly again to less than half of its maximum value. This behaviour is due almost entirely to 

the hydration of the C3S, and the rate of hydration is controlled by the rate at which the 

hydration products nucleate and grow. Both the maximum reaction rate and the time at 

which it occurs depend strongly on the temperature and on the average particle size of the 

cement. This reaction period is sometimes divided into two stages (before and after the max-

imum rate) but as the rate-controlling, mechanism is the same throughout (nucleation and 

growth); it is preferable to treat this as single stage.  

    At the end of Stage 3 about 30% of the initial cement has hydrated, and the paste has 

undergone both initial and final set. Stage 3 is characterized by a continuous and relatively 

rapid deposition of hydration products (primarily C-S-H gel and CH) into the capillary po-

rosity, which is the space originally occupied by the mix water. This causes a large decrease 

in the total pore volume and a concurrent increase in strength. The microstructure of the 

paste at this point consists of unreacted cores of the cement particles surrounded by a con-

tinuous layer of hydration product, which has a very fine internal porosity filled with pore 

solution, and larger pores called capillary pores [62].  

    In order for further hydration to take place, the dissolved ions from the cement must 

diffuse outward and precipitate into the capillary pores, or water must diffuse inward to reach 

the unreacted cement cores. These diffusion processes become slower and slower as the layer 

of hydration product around the cement particles becomes thicker and thicker. This final 

period (Stage 4) is called the diffusion-limited reaction period.  

1.1.2 Water/cement ratio 

The water to cement ratio, or w/c ratio, largely determines the strength and durability of the 

concrete when it is cured properly. The w/c ratio refers to the ratio of the weights of water 

and cement used in the concrete mix. A w/c ratio of 0.4 means that for every 100 kg of 

cement used in the concrete, 40 L of water is added [63]. 

For ordinary concrete, a w/c ratio of 0.6 to 0.7 is considered normal. A lower w/c ratio 

of 0.4 is generally specified if a higher quality concrete is desired. The practical range of the 

w/c ratio is from about 0.3 to over 0.8. A ratio of 0.3 is very stiff (unless superplasticizers 

are used), and a ratio of 0.8 makes a wet and fairly weak concrete. For reference, a 0.4 w/c 

ratio is generally expected to make a concrete with a compressive strength of about 385 bar 

when it is properly cured. On the other hand, a ratio of 0.8 will make a weak concrete of only 

about 140 bar. 

The simplest way to think about the w/c ratio is to think that the greater the amount of 

water in a concrete mix, the more dilute the cement paste will be. This not only affects the 

compressive strength, it also affects the tensile and flexural strengths, the porosity, the 

shrinkage and the colour. 

The more the w/c ratio is increased (that is, the more water that is added for a fixed 

amount of cement), the more the strength of the resulting concrete is reduced. This is mostly 

because adding more water creates a diluted paste that is weaker and more susceptible to 

cracking and shrinkage. Shrinkage leads to micro-cracks, which are zones of weakness. Once 

the fresh concrete is placed, excess water is squeezed out of the paste by the weight of the 
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aggregate and the cement paste itself. When there is a large excess of water, that water bleeds 

out onto the surface. The micro channels and passages that were created inside the concrete 

to allow that water to flow become weak zones and micro-cracks. 

Using a low w/c ratio is the usual way to achieve a high strength and high quality concrete, 

but it does not guarantee that the resulting concrete is always appropriate for countertops. 

Unless the aggregate gradation and proportion are balanced with the correct amount of ce-

ment paste, excessive shrinkage, cracking and curling can result. 

1.1.3 Hexavalent chromium content 

The content of trace elements in cement is of great importance as well, in accordance with 

the relevant European policy on environmental protection and human health and safety. 

Ordinary Portland cements contain trace amounts of several heavy metals such as lead, zinc, 

arsenic and chromium [53]. The final composition of a certain Portland cement equally de-

pends on the origin of raw materials, their physical and chemical properties, and the clinker-

ing process conditions, i.e. temperature and period of burning, since the burning consists of 

series of reactions between finely divided solids. 

The chromium content of cement usually applies to compounds containing chromium.  

An important factor is the oxidation state of chromium in these compounds.  The most often 

discussed forms in the building materials industry are Cr III and Cr VI.  Cr III because it is 

the major form of chromium in cement, and Cr VI because it has taken the most attention 

regarding health issues.  Chromium has also been detected in the form of Cr IV and Cr V 

although during cement hydration, these forms disproportionate to Cr III and Cr VI [13]. 

Trivalent chromium compounds comprise chromic oxide, chromic sulfate, chromic chlo-

ride, and chromic potassium sulfate and can be characterized as stable, stable, having low 

solubility and low reactivity.  Their influence on the environment and living creatures is low.   

 Hexavalent chromium compounds comprise chromium trioxide, chromic acid, ammo-

nium dichromate, barium chromate, calcium chromate, lead chromate, potassium dichro-

mate, sodium chromate, sodium dichromate, strontium chromate, and zinc chromate.  They 

can be characterized as unstable and strong oxidants.  It’s solubility in water is connected 

with stated health risks. When dissolved, Cr VI can penetrate unprotected skin and is trans-

formed into Cr III that reacts with epidermal proteins forming the allergen that causes sen-

sitivity to certain people [56].  

The amount of hexavalent chromium in cement can derive from: oxidation of total chro-

mium from the raw materials; fuel piercing the system during the burning of clinker; magne-

sia-chrome kiln refractory brick; wear metal from crushers and raw mill grinding process; 

and additions of gypsum, pozzolanic materials, slag and other mineral components. The pro-

cess of cement production, particularly the kiln, can influence how much hexavalent chro-

mium will develop. 

All raw materials for cement production comprise small or trace amounts of total chro-

mium. Total chromium from the primary raw materials varies with the type and origin. Lime-

stone contains from 2 ppm to 20 ppm of total chromium, clay contains from 50 ppm to 200 

ppm, fly ash contains from 200 ppm to 250 ppm of total Cr [13]. From the total amount of 

chromium in raw materials most accounts for trivalent chromium. Most raw materials does 

not contain water soluble hexavalent chromium.  The content of hexavalent chromium re-

ported for fly ashes is in the range of about 0.5 ppm. 
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The formation of soluble hexavalent chromium in the kiln system depends mostly on the 

oxygen concentration and alkalinity. The source of chromium input in the kiln feed is pri-

marily as Cr III, which in high-alkaline environment can be oxidized to Cr VI. The amount 

of Cr VI compounds formed is connected with level of oxygen and pressure of the system.  

The data on the amount of total and water soluble chromium in final products, i. e. clinker 

and cement, reported in papers differs a lot, depending from the area of manufacturing and 

the method chosen for the study. S. W. Chang et al. state 20.58 ± 1.53 mg/kg of total chro-

mium for grey Portland cement and 7.78 ± 0.54 mg/kg of total chromium for white Portland 

cement [53]. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used 

for quantification of matter. Both tested cements had Korean origin of production. 

M. Schembri et al. with the use of atomic absorption spectroscopy determined following 

amount of acid soluble chromium in cements: 169.32 mg/kg in grey Portland cement (Italy) 

and 90.20 mg/kg in white Portland cement (Denmark) [57]. The water soluble chromium 

content in Portland cements usually ranges from 1 ppm to 30 ppm [13]. 

 The use of materials to reduce the level of hexavalent chromium formation is prevalent in 

the cement industry due to the 2003 European Directive which declares that cement and 

cement-containing preparations may not be used or placed on the market, if they contain, 

when hydrated, more than 0.0002% (2 ppm) soluble chromium VI of the total dry weight of 

the cement. Cement companies are adding reducing agents to comply with this directive. 

Several substances are used for that purpose, among them are ferrous sulphate, stannous 

sulphate, manganese sulphate, stannous chloride and zinc salts. 

Two form of ferrous sulphate are mostly used nowadays in cement manufacturing indus-

try: heptahydrate (FeSO4·7H20) and monohydrate (FeSO4·H20). By adding a reducing agent, 

such as ferrous sulphate, the water-soluble Cr VI can be converted into a hardly soluble Cr 

III form that is not capable to penetrate the unprotected skin: 

 

332

22

4 )(3)(443 OHFeOHCrOHOHFeCrO                             (1.1) 

 

The chemical reaction does not start until immediately after the mixing of water. Due to the 

highly alkaline environment, the iron is exposed to competing reactions, such as hydrolysis 

and oxidation by dissolved atmospheric oxygen. Ferrous sulphate has shown its worth as a 

reliable chromate reducer in terms of practical application. However, ferrous sulphate addi-

tion may effect cement quality.  Excess sulphate may be followed by decrease in concrete 

strength, expansion, and possible internal sulphate attack.  At high dosages, there can be 

concerns of risen water demand, long setting time, and possible concrete staining or mottling. 

Stannous sulphate can withstand relatively high temperatures without degradation, ena-

bling addition to finish mill. It is more effective at low concentrations compared to ferrous 

sulphate [58]. Although low storage stability of the cement with the addition of stannous 

sulphates as chromate reducers can be observed as a result of chemical transformations tak-

ing place in the cement matrix. Oxygen, humidity, and high content of free lime can acceler-

ate the loss of reducing agent activity [59]. 

Antimony (III) compounds (Sb2O3, H3SbO3) are more resistant at high moisture, temper-

ature, high free lime content and they have high reducing efficiency (0.02 to 0.04% required 

to reduce 30 ppm Cr VI totally) than ferrous sulphate and stannous sulphate [60]. Beside 

these advantages, antimony salts have toxicological effect, which is suspected of being car-

cinogenic [61]. 
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1.2 Aggregates 

Aggregates are inert granular materials such as sand, gravel, or crushed stone that, along with 

water and Portland cement, are an essential ingredient in concrete. 

For a good concrete mix, aggregates need to be clean, hard, strong particles free of ab-

sorbed chemicals or coatings of clay and other fine materials that could cause the deteriora-

tion of concrete. Aggregates, which account for 60 to 75 percent of the total volume of 

concrete, are divided into two distinct categories--fine and coarse. Fine aggregates generally 

consist of natural sand or crushed stone with most particles passing through a 1 cm sieve. 

Coarse aggregates are any particles greater than 0.5 cm, but generally range between 1 and 4 

cm in diameter. Gravels constitute the majority of coarse aggregate used in concrete with 

crushed stone making up most of the remainder [64]. 

Natural gravel and sand are usually dug or dredged from a pit, river, lake, or seabed. 

Crushed aggregate is produced by crushing quarry rock, boulders, cobbles, or large-size 

gravel. Recycled concrete is a viable source of aggregate and has been satisfactorily used in 

granular subbases, soil-cement, and in new concrete. 

After harvesting, aggregate is processed:  crushed, screened, and washed to obtain proper 

cleanliness and gradation. If necessary, a benefaction process such as jigging or heavy media 

separation can be used to upgrade the quality. Once processed, the aggregates are handled 

and stored to minimize segregation and degradation and prevent contamination. 

Aggregates strongly influence concrete's freshly mixed and hardened properties, mixture 

proportions, and economy. Consequently, selection of aggregates is an important process.  

Grading refers to the determination of the particle-size distribution for aggregate. Grading 

limits and maximum aggregate size are specified because these properties affect the amount 

of aggregate used as well as cement and water requirements, workability, pump ability, and 

durability of concrete. In general, if the water-cement ratio is chosen correctly, a wide range 

in grading can be used without a major effect on strength. When gap-graded aggregate are 

specified, certain particle sizes of aggregate are omitted from the size continuum. Gap-graded 

aggregate are used to obtain uniform textures in exposed aggregate concrete. Close control 

of mix proportions is necessary to avoid segregation. 

Particle shape and surface texture influence the properties of freshly mixed concrete more 

than the properties of hardened concrete. Rough-textured, angular, and elongated particles 

require more water to produce workable concrete than smooth, rounded compact aggregate. 

Consequently, the cement content must also be increased to maintain the water-cement ratio. 

Generally, flat and elongated particles are avoided or are limited to about 15 percent by 

weight of the total aggregate. Unit-weight measures the volume that graded aggregate and 

the voids between them will occupy in concrete.  

The void content between particles affects the amount of cement paste required for the 

mix. Angular aggregates increase the void content. Larger sizes of well-graded aggregate and 

improved grading decrease the void content. Absorption and surface moisture of aggregate 

are measured when selecting aggregate because the internal structure of aggregate is made up 

of solid material and voids that may or may not contain water. The amount of water in the 

concrete mixture must be adjusted to include the moisture conditions of the aggregate.  

Abrasion and skid resistance of an aggregate are essential when the aggregate is to be used 

in concrete constantly subject to abrasion as in heavy-duty floors or pavements. Different 

minerals taken together wear and polish at different rates. Harder aggregate can be selected 

in highly abrasive conditions to minimize wear. 
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1.3 Porosity and pore solution in concrete 

 A typical pore size distribution for hardened cement encompasses a large range, extending 

from about 0.5 nm or less in diameter. The larger pores, ranging from 1 to 10 nm, are the 

residual unfilled spaces between cement grains, earlier defined as capillary pores. The finest 

pores, ranging from approximately 10 nm to 0.5 nm, are called gel pores since they constitute 

the internal porosity of the C-S-H gel phase. While this is certainly a useful distinction, it 

should be kept in mind that the sizes of capillary and gel pores overlap, and the spectrum of 

pore sizes in a cement paste is continuous. Internal features with dimensions of 0.5 nm or 

smaller are formed by the interlayer spaces of C-S-H gel. Water located in these features is 

not in the liquid, so these are not true pores as defined for cement paste. Voids greater than 

10 nm often exist in concrete, either from the unintentional entrapment of air during the 

mixing procedure, or from intentional air-entrainment, which purposefully disperses air 

voids of approximately 50 nm in diameter throughout the paste to relieve pressures induced 

from the freezing of water in pores [65]. 

 The process of hydration can be thought of as the progressive conversion of free (liquid) 

water in the capillary pores into bound water in the solid hydration products.  The binding 

of water ensures that the hydration products occupy a greater volume than the solid reactants 

(i.e. the cement minerals) that they replace.  The greater the volume fraction of the paste 

occupied by solid phases, the stronger and stiffer the cement paste or concrete.  

     If all of the hydration products were in the form of relatively large crystals, then to a good 

approximation the water could simply be divided into bulk liquid water and structural (chem-

ically bound) water.  However, the case for cement paste is much more complicated.  While 

all of the hydration products do contain chemically bound water, the C-S-H gel phase also 

contains significant amounts of free and adsorbed water in its gel pores, and holds more 

tightly bound water within its interlayer or interparticle spaces.  The water in cement paste 

that is not bound into the solid phases is an important phase in its own right that is involved 

in important properties such as ionic transport, drying shrinkage, and creep. 

The water within a few molecular distances of a pore surface has very different properties 

than bulk liquid water.  The first layer of molecules is physically adsorbed on the surface, 

while the next few layers are aligned in a non-random way due to the polar nature of the 

water molecule.  In the larger capillary pores the fraction of this “surface water” is negligible 

and on average the water maintains the properties of the bulk liquid.  As the pore size de-

creases to the order of nanometres (as with gel pores), the surface water becomes a significant 

fraction of the total water content.  As a result, the average physical properties of gel water 

such as density, viscosity, dielectric constant and conductivity often differ from those of bulk 

water.  Perhaps most importantly, the rate of diffusion of surface water is significantly lower 

than that of bulk water.  This reduced mobility has been postulated to play important roles 

in the mechanisms of creep and of drying shrinkage at low humidity.  The reduced mobility 

of the surface water in a paste can be measured directly using nuclear magnetic resonance 

(NMR), and this can be used to infer the fine pore size distribution and surface area. 

     The C-S-H gel contains a certain fraction of water that is more tightly bound than 

adsorbed water on a gel pore surface, but which is still in the form of an H2O molecule rather 

than a chemically bound hydroxyl (OH-) group.  To fully specify the physical location of this 

water requires a description of the nanometre-level structure of C-S-H gel, but this structure 

is not completely agreed on at present.  Traditional view of the C-S-H gel is based on a 

layered structure at the scale of tens of nanometres, because crystalline C-S-H minerals with 
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compositions similar to C-S-H gel have a layered structure.  The spaces between these layers 

can hold significant numbers of “interlayer” water molecules.  More recent analysis of C-S-

H gel has indicated that the structure is actually based on very small particles about 5 nm in 

size that are randomly agglomerated into larger structures.  Models based on these observa-

tions consider interlayers to be present within these particles but not at larger scales.  How-

ever, “interparticle” water held between closely packed 5 nm C-S-H particles would have the 

same physical characteristics as interlayer water.  Regardless of the details of the C-S-H struc-

ture, it is difficult to draw a sharp physical distinction between interlayer/interparticle water 

and water that is adsorbed on the smallest gel pores, because there is an overlap in the RH 

at which they will be removed. 
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2 Durability of reinforced concrete structures 

The exceptional durability of Portland cement concrete is a major reason why it is the world’s 

most widely used construction material. However, material limitations, design and construc-

tion practices, and severe exposure conditions can cause concrete to deteriorate, which may 

result in aesthetic, functional, or structural problems. Concrete can deteriorate for a variety 

of reasons, and concrete damage is often the result of a combination of factors. 

2.1 Deterioration due to chemical attack 

Concrete performs well when exposed to various atmospheric conditions, water, soil, and 

many other chemical exposures. However, some chemical environments can deteriorate even 

high-quality concrete. Solid dry chemicals rarely attack concrete. To produce significant at-

tack on concrete, aggressive chemicals must be in solution and above some minimum con-

centration. 

Acids react with the calcium hydroxide of the hydrated Portland cement. In most cases, 

the chemical reaction forms water-soluble calcium compounds, which are then leached away 

by aqueous solutions. The products of combustion of many fuels contain sulphurous gases, 

which combine with moisture to form sulfuric acid. In addition, certain bacteria convert 

sewage into sulfuric acid. Sulfuric acid is particularly aggressive to concrete because the cal-

cium sulphate formed from the acid reaction will also deteriorate concrete via sulphate attack. 

In addition to individual organic and mineral acids which may attack concrete, acid-contain-

ing or acid-producing substances, such as acidic industrial wastes, silage, fruit juices, and sour 

milk, will also cause damage. Animal wastes contain substances which may oxidize in air to 

form acids which attack concrete. The saponification reaction between animal fats and the 

hydration products of Portland cement consumes these hydration products, producing salts 

and alcohols, in a reaction analogous to that of acids. Acid rain, which often has a pH of 4 

to 4.5, can slightly etch concrete, usually without affecting the performance of the exposed 

surface [66].  

The chlorides and nitrates of ammonium, magnesium, aluminium, and iron all cause con-

crete deterioration, with those of ammonium producing the most damage. Most ammonium 

salts are destructive because, in the alkaline environment of concrete, they release ammonia 

gas and hydrogen ions. These are replaced by dissolving calcium hydroxide from the con-

crete. The result is a leaching action, much like acid attack. 

2.2 Alkali-aggregate reactivity 

In most concrete, aggregates are more or less chemically inert. However, some aggregates 

react with the alkali hydroxides in concrete, causing expansion and cracking over a period of 

years. This alkali-aggregate reactivity has two forms—alkali-silica reaction (ASR) and alkali-

carbonate reaction (ACR). ASR is of more concern than ACR because aggregates containing 

reactive silica materials are more common [67]. 

Aggregates containing certain forms of silica will react with alkali hydroxide in concrete to 

form a gel that swells as it draws water from the surrounding cement paste or the environ-

ment. 
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Reactions observed with certain dolomitic rocks are associated with alkali-carbonate reac-

tion (ACR). Dedolomitization, or the breaking down of dolomite, is normally associated with 

expansive alkali-carbonate reactivity. This reaction and subsequent crystallization of brucite 

may cause considerable expansion. The deterioration caused by alkali-carbonate reaction is 

similar to that caused by alkali-silica reaction; however, alkalicarbonate reaction is relatively 

rare because aggregates susceptible to this reaction are less common and are usually unsuit-

able for use in concrete for other reasons, such as strength potential. 

2.3 Erosion of concrete 

Abrasion damage occurs when the surface of concrete is unable to resist wear caused by 

rubbing and friction. As the outer paste of concrete wears, the fine and coarse aggregate are 

exposed and abrasion and impact will cause additional degradation that is related to aggre-

gate-to-paste bond strength and hardness of the aggregate. Although wind-borne particles 

can cause abrasion of concrete, the two most damaging forms of abrasion occur on vehicular 

traffic surfaces and in hydraulic structures, such as dams, spillways, and tunnels. 

In some areas, abrasive materials such as sand are applied to pavements to improve trac-

tion, but experience has shown that this causes little wear if the concrete is of good quality 

and the aggregates are wear resistant. Compressive strength is the most important factor 

controlling the abrasion resistance of concrete, with abrasion resistance increasing with in-

crease in compressive strength. The service life of some concrete, such as warehouse floors 

subjected to abrasion by steel or hard rubber wheels, may be greatly increased by the use of 

specially hard or tough aggregate. 

2.4 Corrosion of embedded metals 

2.4.1 Corrosion of steel reinforcement in concrete 

Corrosion of reinforcing steel and other embedded metals is the leading cause of deteriora-

tion in concrete. When steel corrodes, the resulting rust occupies a greater volume than the 

steel. This expansion creates tensile stresses in the concrete, which can eventually cause 

cracking, delamination, and spalling (Figs. 2-1).  

Figure 2-1. The expansion of corroding steel, causing formation of cracks, delamination, and 

spalling. 
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Steel corrodes because it is not a naturally occurring material. Rather, iron ore is smelted and 

refined to produce steel. The production steps that transform iron ore into steel add energy 

to the metal. Steel, like most metals except gold and platinum, is thermodynamically unstable 

under normal atmospheric conditions and will release energy and revert back to its natural 

state—iron oxide, or rust. For corrosion to occur, four elements must be present: there must 

be at least two metals (or two locations on a single metal) at different energy levels, an elec-

trolyte, and a metallic connection. In reinforced concrete, the rebar may have many separate 

areas at different energy levels. Concrete acts as the electrolyte, and the metallic connection 

is provided by wire ties, chair supports, or the rebar itself [68]. 

Figure 2-2 shows a corroding steel bar embedded in concrete. At active sites on the bar, 

called anodes, iron atoms lose electrons and move into the surrounding concrete as ferrous 

ions. This process is called a half-cell oxidation reaction, or the anodic reaction, and is rep-

resented as: 

-2 4e +2Fe  2Fe   (2.1) 

The electrons remain in the bar and flow to sites called cathodes, where they combine with 

water and oxygen in the concrete. The reaction at the cathode is called a reduction reaction. 

A common reduction reaction is: 

--

22 4OH 4e + O +O 2H   (2.2) 

To maintain electrical neutrality, the ferrous ions migrate through the concrete pore water 

to these cathodic sites where they combine to form iron hydroxides, or rust: 

2

-2 2Fe(OH) 4OH 2Fe   (2.3) 

This initial precipitated hydroxide tends to react further with oxygen to form higher oxides. 

The increases in volume as the reaction products react further with dissolved oxygen leads 

Figure 2-2. Scheme of the corrosion of reinforcing steel bar in concrete 
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to internal stress within the concrete that may be sufficient to cause cracking and spalling of 

the concrete cover. 

2.4.2 Corrosion thermodynamics 

Corrosion measurements are quantified by constructing a corrosion cell (an electrochemical 

cell, in which the oxidation and reduction reactions generally take place at separate electrodes 

in the cell, which develop an electrical potential difference between them. The (open circuit) 

cell potential is a measure of the tendency of a metal to corrode. When the two electrodes 

are in electrical contact, an electrical circuit is formed in which electron current flows through 

the electrical connection between the electrodes and a corresponding ion current flows 

through the electrolyte between the electrodes. The current flow is a measure of the corro-

sion, taking place at the anode [69]. 

One can assert the tendency of a metal to corrode from thermodynamic considerations. 

The change ΔG in Gibbs free energy for the corrosion reaction predicts whether a corrosion 

reaction occurs spontaneously; it does so spontaneously if ΔG < 0. The change in free energy 

can be calculated from a measurement of the cell potential E. The maximum amount of 

electrical energy (or work done) that can be delivered by an electrochemical cell in a given 

state is nFE, which is equivalent to the change in Gibbs free energy: 

ΔG = -nFE                                (2.4) 

where n is the number of moles of electrons exchanged in an electrochemical reaction, F is 

Faraday’s constant (96,485 C /mol), and E is the cell potential (in volts) for the cell in a given 

state. For cell conditions in a standard state: 

ΔG0 = -nFE0                                (2.5) 

where E0 represents the standard-state electrochemical cell potential, and ΔG0 represents the 

Gibbs free energy change for constituents in their standard states. The standard Electromo-

tive Force (emf) registers values for E0.  

How the cell potential varies with cell conditions is established by the Nernst equation. The 

Nernst equation codifies the fundamental relationship in electrochemical reactions that ex-

presses the electrochemical cell potential in terms of reactants and products of the reaction. 

It can be derived based on Gibbs free energy criterion for chemical reactions. For a general 

chemical reaction, the change in Gibbs free energy is related to the activities of the reactants 

and products of reaction, as follows: 

 

 ΔG – ΔG0 =  RT ln (aproducts / areactants )  or                 (2.6)  

ΔG – ΔG0  =  2.303 RT log10 (aproducts / areactants )        (2.7) 

where ΔG and ΔG0 represent changes in the free energy of products and reactants in non-

standard and standard states, respectively; R is the gas constant (8.314 J/mol•K), T is the 

temperature in Kelvins, and the quantities aproducts and areactants are the activities (roughly related 

to concentration) of products and reactants, respectively. Eqns (2.6) and (2.7) establish the 

Nernst equation (2.8, 2.9), which relates the cell potential, in any state, to the cell potential 

in a standard state and to the products and reactants of the electrochemical reaction. 

E – E0 = –(2.303 RT/nF) log10 (aproducts / areactants),  or  (2.8) 
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E  =  E0  – (2.303 RT/nF) log10 (aproducts / areactants)      (2.9) 

Though the thermodynamic aspect is useful in determining the relative tendencies of metal 

reactivity (or corrosion), in practical situations the kinetics of a corrosion reaction are im-

portant in governing the extent to which a metal corrodes, that is, the rate of corrosion. The 

corrosion rate is proportional to corrosion current. Thus, a definite way of knowing if a metal 

in a given environment is corroding is to make a current measurement.  

 

2.4.3 Corrosion rate 

The corrosion rate depends on the kinetics of both anodic (oxidation) and cathodic (reduc-

tion) reactions. According to Faraday's law, there is a linear relationship between the metal 

dissolution rate or corrosion rate, RM, and the corrosion current icorr: 

where M is the atomic weight of the metal, ρ is the density, n is the charge number which 

indicates the number of electrons exchanged in the dissolution reaction and F is the Faraday 

constant, (96.485 C/mol). The ratio M/n is also sometime referred to as equivalent weight 

[68].  

Calculation of corrosion rates requires the determination of corrosion currents. When 

reaction mechanisms for the corrosion reaction are known, the corrosion currents can be 

calculated using Tafel Slope Analysis. The relationship between current density and potential 

of anodic and cathodic electrode reactions under charge transfer control is given by the But-

ler-Volmer equation:  

In the above equation E is the applied potential and i the measured current density. The 

overpotential,, is defined as the difference between applied potential and the corrosion po-

tential Ecorr. The corrosion potential, Ecorr is the open circuit potential of a corroding metal. 

The corrosion current, icorr, and the Tafel constants ba, and bc can be measured from the 

experimental data.  

For large anodic overpotentials (/ba >> 1) the Butler-Volmer equation simplifies to the 

Tafel equation for the anodic reaction:  

 

2.10 

2.11 

2.12 

 

2.13 
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Analogously, for large cathodic overpotentials (/ba  << -1) the Tafel equation for the ca-

thodic reaction is given by:  

 

The Tafel equations predict a straight line for the variation of the logarithm of current density 

with potential. Therefore, currents are often shown in semilogarithmic plots known as Tafel 

plots. This type of analysis is referred to as Tafel Slope Analysis.  

2.4.4 Pourbaix diagrams 

Pourbaix Diagrams plot electrochemical stability for different redox states of an element as 

a function of pH. These diagrams are essentially phase diagrams that plot the map the con-

ditions of potential and pH (most typically in aqueous solutions) where different redox spe-

cies are stable. Typically, the water redox reactions are plotted as dotted lines on these more 

complicated diagrams for other elements. The lines in Pourbaix diagrams represent redox 

and acid-base reactions, and are the parts of the diagram where two species can exist in 

equilibrium. Pourbaix diagrams are usually plotted for lower ion concentrations (often 1 mM) 

that are more relevant to corrosion and electrochemical experiments [69]. 

Areas in the Pourbaix diagram mark regions where a single species (Fe2+(aq), Fe3O4(s), 

etc.) is stable. More stable species tend to occupy larger areas. Lines mark places where two 

species exist in equilibrium. Pure redox reactions are horizontal lines - these reactions are not 

pH-dependent. Pure acid-base reactions are vertical lines - these do not depend on potential. 

Reactions that are both acid-base and redox have a slope of -0.0592 V/pH x  H+⁄ e-) 

Examples of equilibria in the iron Pourbaix diagram (numbered on the plot): 

1. Fe2++2e−→Fe(s) (pure redox reaction - no pH dependence) 

Figure 2-3. Pourbaix diagram for iron at ionic concentrations of 1.0 mM 

2.14 
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2. Fe3++e−→Fe2+ (pure redox reaction - no pH dependence) 

3. 2Fe3++3H2O→Fe2O3(s)+6H+ (pure acid-base, no redox) 

4. 2Fe2++3H2O→Fe2O3(s)+6H++2e− (slope = -59.2 x 6/2 = -178 mV/pH) 

5. 2Fe3O4(s)+H2O→3Fe2O3(s)+2H++2e− (slope = -59.2 x 2/2 = -59.2 mV/pH) 

The water redox lines have special significance on a Pourbaix diagram for an element such 

as iron. Recall that liquid water is stable only in the region between the dotted lines. Below 

the H2 line, water is unstable relative to hydrogen gas, and above the O2 line, water is unstable 

with respect to oxygen. For active metals such as Fe, the region where the pure element is 

stable is typically below the H2 line. This means that iron metal is unstable in contact with 

water, undergoing reactions: 

Fe(s)+2H+→Fe2+(aq)+H2 (in acid) 

Fe(s)+2H2O→Fe(OH)2(s)+H2 (in base) 

Iron (and most other metals) are also thermodynamically unstable in air-saturated water, 

where the potential of the solution is close to the O2 line in the Pourbaix diagram. Here the 

spontaneous reactions are: 

4Fe(s)+3O2+12H+→4Fe3++6H2O (in acid)  

4Fe(s)+3O2→2Fe2O3(s) (in base) 

Unstable in water, no matter what the pH or potential. Given enough time, it will all turn 

into rust. However, iron (and other active metals) can corrode, or can be stabilized against 

corrosion, depending on the conditions.  

The corrosion of iron (and other active metals) is rapid in parts of the Pourbaix diagram 

where the element is oxidized to a soluble, ionic product such as Fe3+(aq). However, solids 

such as Fe2O3,, form a protective coating on the metal that greatly impedes the corrosion 

reaction. This phenomenon is called passivation. 

At slightly acidic pH, iron is quite unstable with respect to corrosion by the reaction: 

Fe(s)+2H+→Fe2+(aq)+H2 

but only in water that contains relatively little oxygen, i.e., in solutions where the potential 

is near the H2 line. Saturating the water with air or oxygen moves the system closer to the 

O2 line, where the most stable species is Fe2O3 and the corrosion reaction is: 

4Fe(s)+3O2→2Fe2O3(s)  
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This oxidation reaction is orders of magnitude slower because the oxide that is 

formed passivates the surface. Therefore, iron corrodes much more slowly in oxygenated 

solutions. More generally, iron (and other active metals) are passivated whenever they oxidize 

to produce a solid product, and corrode whenever the product is ionic and soluble. This 

behaviour can be summed up on the color-coded Pourbaix diagram on Figure 2-4. 

The “Protection” part of the diagram, an active metal such as iron can be protected by a 

second mechanism, which is to bias it so that its potential is below the oxidation potential of 

the metal. This cathodic protection strategy is most frequently carried out by connecting a 

more active metal such as Mg or Zn (Fig. 2-5) to the iron or steel object (e.g., the hull of a 

ship, or an underground gas pipeline) that is being protected. The active metal (which must 

be higher than Fe in the activity series) is also in contact with the solution and slowly cor-

rodes, so it must eventually be replaced. In some cases a battery - the anode of which oxidizes 

water to oxygen in the solution - is used instead to apply a negative bias. 

Figure 2-4. Pourbaix diagram for iron: areas of corrosion, passivation and protection 
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Another common mode of corrosion of iron and carbon steel is differential aeration. In 

this case, part of the iron object - e.g., the base of a bridge, or the drill in an oilrig - is under 

water or in an anoxic environment such as mud or soil. The potential of the solution is close 

to the H2 line in the Pourbaix diagram, where Fe can corrode to Fe2+ (aq). Another part of 

the iron object is in the air, or near the surface where water is well oxygenated. At that surface 

oxygen can be reduced to water, O2 + 4H+ + 4e- = 2H2O. The conductive iron object com-

pletes the circuit, carrying electrons from the anode (where Fe is oxidized) to the cathode 

(where O2 is reduced). Corrosion by differential aeration can be rapid because soluble ions 

are produced, and the reaction has a driving force of over 1 V.  

Figure 2-5. Pourbaix diagram for zinc at 25º C 
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Differential aeration is involved in the formation of a rust ring around wet areas of cast 

iron, e.g., an iron frying pan left partially submerged in water for a day or more. Under the 

water, Fe is oxidized to soluble Fe2+, and at the water line O2 is reduced to H2O. As Fe2+ ions 

diffuse towards the water surface, they encounter oxygen molecules and are oxidized to Fe3+. 

However Fe3+ is insoluble at neutral pH and deposits as rust, typically just below the water 

line, forming the rust ring. Table 2-1 demonstrates reactions typical for zinc in aqueous so-

lutions. 

 

2.4.5 Concrete and the passivating layer 

Although steel’s natural tendency is to undergo corrosion reactions, the alkaline environment 

of concrete (pH of 12 to 13) provides steel with corrosion protection. At the high pH, a thin 

oxide layer forms on the steel and prevents metal atoms from dissolving. This passive film 

does not actually stop corrosion; it reduces the corrosion rate to an insignificant level. For 

steel in concrete, the passive corrosion rate is typically 0.1 µm per year. Without the passive 

film, the steel would corrode at rates at least 1,000 times higher. Because of concrete’s inher-

ent protection, reinforcing steel does not corrode in the majority of concrete elements and 

structures. Corrosion can occur when the passivating layer is destroyed. The destruction of 

the passivating layer occurs when the alkalinity of the concrete is reduced or when the chlo-

ride concentration in concrete is increased to a certain level. 

2.4.6 The role of chloride ions 

Exposure of reinforced concrete to chloride ions is the primary cause of premature corrosion 

of steel reinforcement. The intrusion of chloride ions, present in de-icing salts and seawater, 

Table 2-1. Reactions of zinc in aqueous solutions and equilibrium conditions 
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into reinforced concrete can cause steel corrosion if oxygen and moisture are also available 

to sustain the reaction. Chlorides dissolved in water can permeate through sound concrete 

or reach the steel through cracks. Chloride-containing admixtures can also cause corrosion. 

No other contaminant is documented as extensively in the literature as a cause of corrosion 

of metals in concrete than chloride ions. The mechanism by which chlorides promote cor-

rosion is not entirely understood, but the most popular theory is that chloride ions penetrate 

the protective oxide film easier than do other ions, leaving the steel vulnerable to corrosion. 

The risk of corrosion increases as the chloride content of concrete increases. When the chlo-

ride content at the surface of the steel exceeds a certain limit, called the threshold value, 

corrosion will occur if water and oxygen are also available. However, only water-soluble 

chlorides promote corrosion; some acid-soluble chlorides may be bound within aggregates 

and, therefore, unavailable to promote corrosion. Although chlorides are directly responsible 

for the initiation of corrosion, they appear to play only an indirect role in the rate of corrosion 

after initiation. The primary rate-controlling factors are the availability of oxygen, the electri-

cal resistivity and relative humidity of the concrete, and the pH and temperature. 

2.4.7 The role of the carbonation process 

Carbonation occurs when carbon dioxide from the air penetrates the concrete and reacts 

with hydroxides, such as calcium hydroxide, to form carbonates. This reaction reduces the 

pH of the pore solution to as low as 8.5, at which level the passive film on the steel be not 

stable. Carbonation is generally a slow process. In high-quality concrete, it has been estimated 

that carbonation will proceed at a rate up to 1.0 mm per year. The amount of carbonation is 

significantly increased in concrete with a high water/cement ratio, low cement content, short 

curing period, low strength, and highly permeable or porous paste. Carbonation is highly 

dependent on the relative humidity of the concrete. The highest rates of carbonation occur 

when the relative humidity is maintained between 50% and 75%. Below 25% relative humid-

ity, the degree of carbonation that takes place is considered insignificant. Carbonation-in-

duced corrosion often occurs on areas of building facades that are exposed to rainfall, shaded 

from sunlight, and have low concrete cover over the reinforcing steel. 
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3 Prevention of corrosion in concrete 

Corrosion-induced damage to reinforced concrete often necessitates early repair and oc-

casionally complete replacement of the structure or element well before its design life is 

reached. Since the cost of repairing reinforced concrete structures is generally high, concrete 

technology is continuously developing methods to prevent the onset of deterioration in re-

inforced concrete structures. These methods include: 

― The impregnation of concrete body with hydrophobic materials, e.g. silanes or silicates, 
intended to reduce its permeability  

― The application of waterproofing concrete surface coatings such as the acrylic based, 
epoxy resin, polyurethane, cementitious based, etc. The addition of organic or inorganic 
corrosion inhibitors to concrete  

― The use of corrosion-resisting materials, e. g. stainless steel, as replacement for conven-
tional steel reinforcement  

― Cathodic protection of the reinforcement  

― The application of metallic (e.g. zinc, copper, stainless steel, etc.) and non-metallic (e. g. 
epoxy, silicate polymer-based, etc.) coatings to the reinforcement  

All of the above methods may be used separately or in conjunction. Among them, the use 
of coated steel reinforcement in particular has been widely accepted as an economical and 
convenient means of providing corrosion protection in many types of concrete construction.  

3.1 Coatings of reinforcement 

3.1.1 Metallic coatings 

Metallic coating serves two functions: it acts as a barrier to the environment, with greater 

corrosion resistance than the substrate metal and it provides cathodic protection at breaks 

of the coating due to galvanic corrosion as the coating is usually selected with a more-active 

corrosion potential than the substrate. Metal coatings are applied by immersion, electroplat-

ing, cladding, flame-spraying, chemical deposition, and vapour deposition [70]. For metal-

coated steel reinforcement, numerous coating systems, containing aluminium, nickel, zinc, 

copper, and stainless steel have been used in concrete. 

Practically the most important application of metallic coatings is zinc-coated steel. Single 

construction elements are zinc-coated by electroplating or by dipping in molten zinc. Larger 

object, such as whole constructions may be zinc-coated by spraying with molten zinc or by 

painting with zinc-rich paint. The last mentioned two methods are considerably more expen-

sive than the first two [71]. 

Hot-dip galvanizing is known as the major method used to apply zinc-based coating on 

steel in order to provide sacrificial protection against corrosion. According to the Fe–Zn 

phase diagram, when iron is immersed in molten zinc at the typical galvanizing temperature 
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(450–490 °C), the following layers should form: zinc saturated α-iron, γ phase layer, δ phase 

layer, ζ phase layer and η phase layer (Fig. 3-1). However, the sequential nucleation of the 

Fe–Zn phases occurs at the interface beginning with ζ phase layer, followed by δ phase layer, 

then the γ phase layer after some incubation time [72].  

In order to these intermetallic layer to form properly, the steel must be prepared and pro-

cessed in a specific way. The galvanizing process comprises three basic stages: surface prep-

aration, fluxing and galvanizing. 

Surface preparation is usually performed in a sequence of alkane cleaning, water rinsing, 

acid pickling and water rinsing. The alkaline cleaner is used to clean the metal of organic 

contaminants such as oil, grease or paints, which are not readily removed by acid pickling. 

Surface preparation can be also accomplished using abrasive cleaning. 

The method of applying the flux to the steel depends upon whether the wet or dry galva-

nizing process is used. Dry galvanizing requires that the steel be dipped in an aqueous zinc 

ammonium chloride solution and then thoroughly dried. This pre-fluxing prevents oxides 

from forming on metal prior to the actual galvanizing stage. In the wet galvanizing process, 

a layer of liquid zinc ammonium chloride is floated on the top of the bath of molten zinc. 

The final cleaning occurs as the element being galvanized passes through this flux layer be-

fore entering the galvanizing bath. 

The element to be coated is immersed in a bath of molten zinc maintained at a temperature 

of 435-460 ºC. Typical bath chemistry used in hot-dip galvanizing contains a minimum 98 % 

pure zinc along with a variety trace elements or alloy additions. These additions could include 

tin, aluminium, lead, nickel, and bismuth, can be made to the bath to enhance the appearance 

of the final product. The time of immersion in the bath varies depending on the thickness 

and the chemical composition of the steel being coated. 

The presence of silicon at certain levels (0.1 - 0.4 wt%) in steel ("reactive" steels) can result 

in rapid alloy layer growth, producing a coating of excessive thickness. For the 0.06 wt. % Si 

steel, the coating is characterized by a thick and discontinuous ζ -phases for this reactive steel 

is similar to that which occurs in silicon-free steel that has been hot dipped at about 500 ºC 

in the regime of rapid reaction with zinc. This rapid growth also results in a dull coating 

appearance because the intermetallic phases reach the coating surface after withdrawal from 

the zinc melt. For the 0.38 wt% Si steel, the coating is also characterized by the thick and 

Figure 3-1. Microstructure of galvanized coating on steel (200 x) [1] 
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discontinuous ζ layer and a layer consisting of  and δ phases. Like galvanizing of 0.1 wt. % 

Si steel, the discontinuity of the alloy layer is the basic cause for the rapid growth [73]. 

The addition of aluminium to molten zinc reduces the reactivity of steels containing sili-

con. In the early stages of dipping, a thin layer of 01 is formed but grows very slowly. After 

a certain time, outbursts of δ phase are formed; these later coalesce into a continuous layer. 

It can therefore be assumed that the delay in the formation of the ζ phase is responsible for 

the lower reaction rate when steel containing silicon is dipped in the Polygalva process. How-

ever, dipping time must be controlled very carefully, as the required coating thickness may 

not be obtained after normal dipping times. The addition of 0.06 wt. % Al also adds com-

plexity to the galvanizing process because it causes the conventional zinc ammonium chlo-

ride flux to lose effectiveness.  

Bonding between reinforcing bars and concrete is essential for reliable performance of 

concrete structures. The bond strengths for reinforcements in concrete are usually examined 

by either a pull-out test or a bending test [71]. Many factors, such as concrete mix and addi-

tives, curing conditions, and age, may affect the bonding between the galvanized steel and 

concrete. The bond strength of galvanized steel is similar to that of black steel. Particularly, 

for deformed rebars the bond strength for black steel and galvanized steel is essentially the 

same because the strength is mainly provided by the mechanical interlocking between the 

ridges of the deformed bars and the concrete. It has been noted that hydrogen evolution may 

occur during curing, resulting in a more porous interface between the galvanized steel and 

the concrete; this may affect the bond strength.  

3.1.2 Organic and duplex coatings 

Coating of metal surface with organic materials is by far one of important methods for cor-

rosion prevention. Organic coatings are conveniently applied as a liquid, primarily by brush-

ing, rolling and spraying. The liquid consists of solvent, resin, and pigment. Organic coatings 

are classified according to the resin binder, which controls protectiveness and resistance to 

degradation.  

The lifetime of organic coatings usually depends on the ability of the protective film to 

reduce the transport of corrosive species through it. During an organic coatings lifetime, the 

protective ability of the coating diminishes in the process known as aging. The protective 

coating then becomes permeable to water, and some ions. This enables corrosion reactions 

at the metal-coating interface. The rate of corrosion depends on the transport of corrosive 

species through the coating: water diffusion through the film and, its accumulation on the 

coating/metal-phase boundary (water uptake), ion diffusion and conduction through the 

protective film and finally through the nature of corrosion reactions. The main causes for 

the protective properties of organic coatings are the result of a barrier (reduction of the cor-

rosive species transport through the film) and chemical (coating influence on the mechanism 

of corrosion reaction on the steel-coating interface) mechanism. The commercial qualities of 

protective coating systems often incorporate both mechanisms to achieve optimal protection 

of steel surfaces. The most important factors, which contribute to the barrier properties of 

the protective coating, are the type of resin (chemical composition of film), and the dry film 

thickness. The barrier properties of the coating can be improved by the use of leafy barrier 

pigments, such as aluminium or micaceous iron oxide, which lengthen the paths of the cor-

rosive species through the film. The chemical influence of organic coatings, to the mecha-

nism of the corrosion reaction, is the result of using active anticorrosive pigments [74]. 
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Nowadays is huge number of studies are devoted to the use of anticorrosive systems. An 

anticorrosive coating system usually consists of multiple layers of different coatings with 

different properties and purposes. Depending on the required properties of the coating sys-

tem, the individual coats can be metallic, inorganic, or organic. A typical anticorrosive system 

for highly corrosive marine environments usually consists of a primer, one or several inter-

mediate coats, and a topcoat. The function of the primer is to protect the substrate from 

corrosion and ensure good adhesion to the substrate. For this reason, metallic zinc or inhib-

itive pigments are often formulated into coatings applied as primers for structures situated 

in the splash zone or in an atmospheric environment. The function of the intermediate coat 

is generally to build up the thickness of the coating system and impede transport of aggressive 

species to the substrate surface. The intermediate coat must also ensure good adhesion be-

tween the primer and the topcoat. The topcoat is exposed to the external environment and 

must provide the surface with the required colour and gloss [75]. 

The use of anticorrosive, e.g. duplex metallic/epoxy, systems has several advantages. The 

epoxy coating is able to provide a good barrier protection to rebar in concrete, but only if 

there is no obvious mechanical damages in the organic coating. Once the epoxy coating is 

damaged, the corrosion of steel rebar become seriously. The galvanized coating is able to 

provide cathodic protection to rebar, but it is too active in very strong alkaline environment 

to remain a long-term protection. While epoxy/zinc duplex coating provides the major pro-

tection for a construction in corrosive environment. Galvanized coating is able to supply an 

effective protection when the epoxy coating is suffered any mechanical damage, and the 

epoxy coating is helpful to last the galvanic protection of galvanized coating for steel [76-78]. 

Nevertheless, duplex systems have disadvantages and difficulties in operation marked by 

other authors, such as swelling, blistering and peeling of the epoxy layer as a result of rough-

ness and irregularities of galvanized coating surface or not carefully carried out the zinc sur-

face preparation prior to applying the epoxy layer [79-81]. 

3.2 Reinforcement surface treatments 

Surface treatments are applied to new structures as a preventive measure, to existing struc-

tures where the need of future protection is anticipated. 

To protect the galvanized steel reinforcement against corrosion during transportation and 

storage, a passivation treatment is generally adopted, such as hexavalent chromium-base pas-

sivation treatment. Several non-chromate passivation treatments have been developed such 

as phosphate-based, cerium-based, molybdate-based, and tungstate-based treatments. Unlike 

hexavalent chromium, they are less harmful to the environment and is an effective corrosion 

inhibitor for zinc [82]. Phosphate  conversion  coatings  are  used  by  industries  as  a  surface  

pre-treatment of  metals  before  painting,  promoting  the  paint  adherence  and  protecting  

the  substrate  against  corrosion.  This  type  of  coating can  be  applied  on  steel,  galvanized  

steel,  iron,  as  well  as  on  other metal  materials [83]. 

Conversion coatings are protective surface layers on a metal that is produced in chemical 

reaction between the metal and a chemical solution. Examples of conversion coatings are 

phosphate, chromate, and black oxide. A conversion coating is growing into the part as it is 

designed but is also of bigger volume than the original element.  

Conversion coating may be produced by several methods, which can be categorized mainly 

into two types, immersion and electroplating. The former comprises direct immersion, spray-

ing, rolling, whilst the latter requires the use of impressed currents. 
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Chromate conversion coatings have received wide spread and have been used extensively. 

After immersion, different films have been considered to develop, including Al2O3 and 

Cr2O3; with the additional presence of PO4
3- species in the coating bath, CrPO4 also develops. 

This type of immersion treatment, operating at temperatures up to 70º C, produces markedly 

different films from the variously hydrated aluminas formed in the first category.  

In order to reduce contact of chromium compounds with environment, alternative con-

version coating have been developed, such as zirconium or titanium conversion coating. The 

final corrosion resistance of the coatings is not considered to be equal to that of chromate 

coatings, limiting their widespread use. The most used chromate-free pre-treatments of gal-

vanized steel in concrete are phosphate-containing and organic pre-treatments [18]. 

3.3 Corrosion inhibitors in concrete 

Inhibitors are substances that react with, or precipitate at, the metal surface, thus significantly 

reducing the corrosion rate of metal. An ideal corrosion inhibitor not only prevents corrosion 

of reinforcing bars, but also has no adverse effect on the properties of concrete. The factors 

that could be affected by the inhibitor are: the rate of ingress of chlorides from the environ-

ment; the degree to which these chlorides are chemically bound or physically trapped in the 

concrete cover; the rate of ingress of dissolved oxygen to sustain the cathodic half-cell reac-

tion; the electrical resistance of the concrete; and the chemical composition of the electrolyte 

(i.e., the cement paste pore solution) [84]. 

Some inhibitors act with precipitation of almost insoluble compounds at the metal surface 

(adsorption inhibitors). Other inhibitors act to passivate the surface of metal due to produc-

tion of dense and adherent protective layers as a result of some corrosion of the metal sur-

face. In this case corrosion can occur quite rapidly, but the rate of corrosion diminishes to 

very low levels once the passivating film has developed [1]. 

3.3.1 Anodic inhibitors 

Anodic inhibitors usually act by forming a protective oxide film on the surface of the metal 

causing a large anodic shift of the corrosion potential. This shift forces the metallic surface 

into the passivation region. They are also sometimes referred to as passivating agents. Chro-

mates, nitrates, nitrites, molybdates are some examples of anodic inhibitors. 

Chromates are oxidizing inhibitors whose action partly consists in an oxidation of corro-

sion products to less soluble form. In addition, these inhibitors form a constituent part of 

the passivating films, which contain chromates as well as chromium oxides. In aqueous so-

lution, chromate and dichromate anions exist in a chemical equilibrium. 

2 CrO4
2- + 2 H+ ⇔ Cr2O7

2- + H2O                                              (3.1) 

The equilibrium depends on pH and the concentration of chromium. The chromate ion 

is the prevalent species in alkaline solutions, but dichromate can become the prevalent ion 

in acidic solutions. 

 Chromates are very effective inhibitors which afford good protection to many metals in-

cluding steel and zinc [85]. However, due to its toxicity, its application is trying to cut and 

replaced by other environmentally friendly inhibitors. The inhibiting effect of chromate de-

pends on the pH. Studies of chromium VI in acidic solution showed that passivating layer 

development on zinc in an acidic solution containing Cr VI was achieved by relatively fast 

impedance measurements in the pre-stationary state of the system [86]. 
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Sodium molybdate, Na2MoO4, is a non-toxic, environment-friendly corrosion inhibitor. 

Like chromate, molybdate is classified as an anodic inhibitor. Inhibition by molybdate re-

quires the presence of a definite concentration, depending on environment. However, dis-

similar from chromate, the molybdate ion is non-oxidizing; its effective use requires the 

needs the presence of oxygen or other oxidizing agent.  

Aramaki explored the inhibiting effect of molybdate on zinc in an aerated 0.5 M NaCl with 

10-2 – 3·10-2 M of sodium molybdate by means of polarization measurements. Molybdate ion 

was not markedly efficient inhibitor for zinc corrosion [31]. According to Panagopoulos et 

al. study the use of Na2MoO4·2H2O as corrosion inhibitor significantly improved the corro-

sion resistance of zinc, as the absorption of MoO4
2- ions and subsequent formation of a 

molybdenum oxide film onto the surface of zinc hindered the corrosion process. Inhibition 

efficiencies above 90% can be obtained for sodium molybdate concentrations equal or higher 

than 0.05 M. Though the use of molybdate in the 0.01 M NaCl solution did not improve the 

corrosive behaviour of zinc, possibly due to the low adhesion of absorbed molybdenum 

oxide film onto the surface of zinc [33].  

The study of Verbruggen et al. for steel in simulated pore concrete solution showed that 

molybdate concentration 10-4 M is not enough for complete counteract with the metal sur-

face, nevertheless sodium molybdate is still able to inhibit partly — and does not increase 

corrosion — when it is present in low concentration. Inhibitor mechanism of molybdate 

observed in that study is that molybdate adsorbs on the already formed porous oxide layer 

and stabilizes it [29]. Shkirskiy et al. studied the effect of molybdate 10-2 M on hot-dip galva-

nized steel in 0.5 M NaCl at pH 4–13. In strong alkaline electrolyte (pH 13) no film was 

formed which on galvanized steel that correlates with low oxidizing capacity of Mo VI at this 

pH. In acid solutions (pH 4 and lower), the formed films were rich in Mo IV and their 

inhibition efficiencies were less than 30% [87]. To summarize, molybdate as a soluble inhib-

itor was reported to have a performance comparable to Cr VI on Al and Fe based substrates 

while its performance on Zn based substrates in neutral and acid electrolytes was lower than 

the performance of Cr VI. The mechanism of molybdate action at neutral and acid pH in-

cluded the formation of Mo-rich protective film. The films with good performance were 

formed in the presence of phosphates which are known to affect the reactivity of Zn them-

selves.  

Nitrite is one of the most commonly used anodic inhibitors and has, when applied accord-

ing to the specifications together with high-quality concrete and sufficient cover, a long and 

proven protective effect. Calcium nitrite first saw use in Japan, where it was used at compar-

atively small doses to counter the salt present in sea sand used in construction of reinforced 

concrete. Sodium nitrite had been used for corrosion inhibition in non-concrete applications 

before, but the addition of such an alkali salt was not advantageous in concrete. In the pres-

ence of an alkali-metal salt admixture alkali-aggregate reactions become more prominent. 

The first study of commercial calcium nitrite to be published detailed its ability to increase 

28-day strength by over 6% for each per cent of calcium nitrite added (by weight of cement), 

starting with a large increase at the 24 h test. Its acceleration of initial set was more than 2 h 

at 2% addition, and final set was accelerated by more than 3 h.  

Sodium nitrite (NaNO2) is classified as an anodic inhibitor and requires a critical concen-

tration for the protection of steel. At low concentrations, the nitrite may create imperfect 

passivity and subsequently the corrosion will be increased. The chloride concentration is 

equally important since when the chloride/nitrite ratio is high, the passivity effect is lost. 
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Calcium nitrite (Ca(NO2)2) acts as a moderate set accelerator of concrete and normally re-

quires the additional use of water reducing and retarding admixtures. 

Nitrite acts as passivator due to its oxidizing properties. The passive film formed in pres-

ence of nitrite is very thin and typically 2·10-3 µm, and it is possibly formed through the 

adsorption of the nitrite ions followed by an oxidation step. All investigations reported in 

the literature revealed a critical concentration ratio (threshold value) between nitrite and chlo-

ride of about 0.6 (with some variations from 0.5 to 1) in order to prevent the onset of cor-

rosion. This indicates that nitrite has to be in sufficiently high concentration in order to be 

effective. The delay in time to corrosion initiation is distributed around a mean value and 

depends on the inhibitor dosage. However, nitrite is not allowed to use in reinforced concrete 

structures permanently immersed in water for environmental and health reasons [41]. 

Fayala et al. studied the effect of sodium nitrite n the corrosion of galvanized steel and on 

mortar properties. The study showed that the corrosion was accelerated in mortar with 2 % 

sodium nitrite [17]. According to Ngala et al.,  nitrite causes partial reduction in the corrosion 

rate of moderately pre-corroding steel in non-carbonated concrete with modest levels of 

chloride contamination and in carbonated concrete without chloride. In the case of non-

carbonated concrete with higher levels of chloride contamination and the inhibitor was 

ineffective [89]. In neutral and acid solutions NaNO2 shows a limited inhibiting effect on the 

corrosion of steels in the propagation period when the chloride and proton concentrations 

is not very high; in case when the corrosion process is very developed, with high chloride 

and proton concentrations, NaNO2 cannot reduce the corrosion levels [90]. In fact, the effect 

of nitrite in concrete depends on pH. The study of Garces et al. demonstrated that the pres-

ence of nitrites in quantities up to 0.1 M effects an important decrease in the corrosion rate 

of steels in solutions from pH 11 to 7. These solutions could be related to beginning of the 

corrosion process, when chlorides are increasing their concentration at the steel surface and 

therefore, the passive layer is becoming weaker, although pits are not yet developed. Increas-

ing of concentration of nitrites up to 0.5 M provides a similar decrease in the corrosion rate 

of steels to that observed for nitrite concentration of 0.1 M in solutions with pH ranging 

from 11 to 9. For solution of pH 7, high concentration of nitrite causes increase of corrosion 

rate [91]. Okeniyi et al. make comparative study for nitrite and chromate in concrete exposed 

to sulphate and saline media, where NaNO2 admixtures performed poorly inhibiting effect 

on steel-rebar corrosion in the acidic medium [92].  

A major advantage to the use of calcium nitrite corrosion inhibitor is that the engineer can 

use rational procedures based on chloride exposure, concrete quality, and quantity of calcium 

nitrite to design for service life on the basis of expected chloride-to-nitrite ratios [25]. 

3.3.2 Adsorption inhibitors  

The most common adsorption inhibitors are the silicates and the phosphates. Protection 

efficiency of adsorption inhibitors strongly correlates with pH. Phosphates also need oxygen 

for effective inhibition. Silicates and phosphates do not afford the level of protection pro-

vided by chromates and nitrites, however, they are very useful in situations where eco-

friendly admixtures are required. Sodium silicates act partly as alkalizers, partly as anodic 

inhibitors. Their inhibitor effect seems to be connected with colloidal anions, formed by 

hydrolysis. This anions probably migrate electrophoretically towards anode surfaces. As with 

phosphates, good protective films are formed only with given content of soluble calcium 

salts in solution. 
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Phosphates are one such alternative and are usually classified as non-oxidising anodic in-

hibitors effective only in the presence of oxygen or other oxidant. However, under certain 

conditions, phosphates may also act as cathodic inhibitors. The phosphate ions in solution 

react with metal ions released due to corrosion and precipitate a surface film. The quality of 

such a film defines the inhibition efficiency.  Phosphates are classified as non-oxidising an-

odic inhibitors for zinc, although their action as cathodic inhibitors has also been reported. 

The mechanism by which phosphate acts is not totally understood but it is generally accepted 

that phosphate ions in solution react with metal cations released from the surface and pre-

cipitate a film with barrier properties at anodic areas. Enhanced cathodic inhibition may oc-

cur in the presence of Ca2+ or Zn2+ ions in solution, due to precipitation of calcium phosphate 

on the alkaline cathodic areas [93]. The addition of orthophosphates to solution raises alka-

linity but also contributes in the formation of protective films, especially in presence of cal-

cium-ions. These protective films seem to consist mainly of metal oxides and only a small 

proportion of phosphates. 

Monofluorophosphate (MFP) has been used as a corrosion inhibitor for concrete rein-

forcements over the last 20 years. It is applied at the concrete surface in the form of an 

aqueous solution with a mass percentage ranging between 10% and 20%. The effectiveness 

of MFP, applied to the surface of a concrete structure, is based on both its diffusion into the 

concrete pore network and its action on steel reinforcement surface. Accordingly, the fun-

damental stage herein is the ease of access of MFP to the reinforcements. In early-age con-

crete, the penetration of an aqueous MFP solution is insufficient or impossible and, as a 

consequence, the PO3F
2- ions, which actually perform the inhibiting action, are not present 

in sufficient quantities within the interstitial solution to successfully inhibit corrosion. By 

forming apatites with Ca-containing compounds when the concrete has not been carbonated, 

PO3F
2- ions are trapped but reaction products may accumulate in some parts of the porous 

network, thus blocking the penetration of aggressive species. In a carbonated concrete, aque-

ous MFP solutions are better able to penetrate. MFP penetration should occur by means of 

a pure diffusion process whenever the concrete is saturated. Other types of penetrations 

could also arise depending on the amount of water in the concrete pore network [94]. 

Though the study of Ngala et al. showed low effectiveness of MFP on the corrosion protec-

tion of steel in both non-carbonated and carbonated concretes under the conditions studied 

[95]. Other authors declare good inhibiting effect of monofluorophosphate [41]. Laboratory 

studies of steel in mortar showed that by applying several intense flushing before ingress of 

chlorides, the onset of corrosion during the test duration of 90 days could be prevented 

ceevn at chloride concentrations about 2 % to the weight of cement. A critical concentration 

ratio MFP/chloride greater than 1 had to be achieved, otherwise the reduction in corrosion 

rate was not significant. The inhibition mechanism of the MFP is not clear, it may be anodic, 

cathodic or mixed. Na2PO3F hydrolyses in aqueous and neutral media to form orthophos-

phate and fluoride. The inhibiting action of Na2PO3F may be attributed to the formation of 

phosphates, and so the anodic formation of a passive layer of Fe3O4, γFe2O3 and 

FePO4·H2O. However, as PO3F
2- , PO4

3- and OH- are all potential corrosion inhibitors, it is 

difficult to say which, if any, of these ions may be responsible for corrosion inhibition effects 

induced by MFP [96].  
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3.3.3 Organic inhibitor 

Organic compounds used as inhibitors, occasionally, they act as cathodic, anodic or together, 

as cathodic and anodic inhibitors, nevertheless, as a general rule, act through a process of 

surface adsorption, designated as a film-forming. Naturally, the occurrence of molecules ex-

hibiting a strong affinity for metal surfaces compounds showing good inhibition efficiency 

and low environmental risk. These inhibitors build up a protective hydrophobic film ad-

sorbed molecules on the metal surface, which provides a barrier to the dissolution of the 

metal in the electrolyte. They must be soluble or dispersible in the medium surrounding the 

metal [97]. 

The efficiency of an organic inhibitor depends of the:  

― chemical structure, like the size of the organic molecule;  

― aromaticity and/or conjugated bonding, as the carbon chain length;  

― type and number of bonding atoms or groups in the molecule (either π or σ);  

― nature and the charges of the metal surface of adsorption mode like bonding strength 

to metal substrate;  

― ability for a layer to become compact or cross-linked,  

― capability to form a complex with the atom as a solid within the metal lattice;  

― type of the electrolyte solution like adequate solubility in the environment.  

The efficiency of these organic corrosion inhibitors is related to the presence of polar 

functional groups with S, O or N atoms in the molecule, heterocyclic compounds and pi 

electrons, generally have hydrophilic or hydrophobic parts ionisable. The polar function is 

usually regarded as the reaction centre for the establishment of the adsorption process. The 

organic acid inhibitor that contains oxygen, nitrogen and/or sulphur is adsorbed on the me-

tallic surface blocking the active corrosion sites. Although the most effective and efficient 

organic inhibitors are compounds that have π-bonds, it present biological toxicity and envi-

ronmental harmful characteristics. Due to the metal surface covered is proportional to the 

inhibitor concentrates, the concentrations of the inhibitor in the medium is critical. Some 

examples are amines, urea, mercaptobenzothiazole (MBT), benzotriazole e toliotriazol, alde-

hydes, heterocyclic nitrogen compounds, sulphur-containing compounds and acetylenic 

compounds and also ascorbic acid, succinic acid, tryptamine, caffeine and extracts of natural 

substances. 

Since about 25 years a group of organic molecules, especially alkanolamines and amines 

and their salts with organic and inorganic acids are used as components in corrosion inhibitor 

blends. Several studies indicate the the blends are effective in solutions whereas pure solvents 

as dimethylethanolamine are not [41]. The adsorption of amines depends on the strength of 

the bond amine-metal and on the solubility of amine. The strength of the amine-metal bond 

is due to the high density of electrons of the nitrogen atom and the capacity of these electrons 

to form coordinate bonds.  

Inhibitors containing sulphur are usually more effective than nitrogen compounds since 

sulphur is a still better electron donor than nitrogen, thus it has a greater tendency to form 

coordinate bonds, leading to adsorption. 

Aminoalcohols such as ethanolamine and dimethylethanolamine control corrosion by at-

tacking cathodic activity, blocking sites where oxygen picks up electrons and is reduced to 

hydroxyl ion. They may adsorb at anodic sites as well. N,N-dimethylethanolamine (DMEA) 

is used to protect rebar in concrete in commercial corrosion inhibitors. X-ray photoelectron 

spectroscopy was used to examine steel surfaces which were first cut, polished and oxidized 
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and then immersed in solutions of sodium chloride and DMEA. Electrons ejected from the 

1s levels of carbon, nitrogen and oxygen, and from the 2p levels of iron and chlorine, were 

analysed to estimate surface concentrations of these species. Below 1 M (about 9% by 

weight), DMEA adsorbed on the steel oxide surface in slightly more than monolayer thick-

ness (between 0.75 and 0.9 nm). Higher concentrations (>2 M) cause more adsorption, but 

only up to a bilayer thickness. DMEA is strongly and irreversibly adsorbed and cannot be 

completely rinsed off the iron oxide surface. Immersion of steel in solutions containing both 

DMEA and NaCl for 5 min was sufficient to reach equilibrium; DMEA was found to par-

tially displace chloride from the iron oxide surface. These observations suggest that inhibition 

of corrosion occurs through a mechanism whereby DMEA displaces chloride ion and forms 

a durable passivating film. In this view, although the aminoalcohols adsorb on non-corroding 

sites which may seem more cathodic than anodic, they can just as easily be said to adsorb on 

potentially anodic sites [88]. 

Diethanolamine (DEA) improves the corrosion resistance of galvanized rebars in con-

crete, decrease of the total porosity of concrete according to results obtained by Fayala et al. 

[17]. 

Benzoic acid in the form of sodium benzoate has proved to be one of the most suitable 

organic acid for corrosion inhibition. Benzoate is not an oxidizer. In accordance with its 

character of anion, it is usually classed among the anodic inhibitors. Despite this, it is not 

considered as dangerous, since too small concentration has detrimental effect. However, rel-

atively high concentrations of this inhibitor are necessary to obtain substantial effect.  

The effects of sodium benzoate (NaBz), sodium N-dodecanoylsarcosinate (NaDS), so-

dium S-octyl-3-thiopropionate (NaOTP), 8-quinolinol (8-QOH) and 1,2,3-benzotriazole 

(BTAH) on corrosion of zinc in an aerated 0.5 M NaCl solution were investigated by Ara-

maki. These inhibitors formed precipitate films of zinc (II) salts or complexes on the zinc 

surface together with zinc hydroxide and oxide to prevent corrosion in the solution. High 

inhibition efficiencies of NaOTP were acquired at concentrations c = 1·10-6 - 3·10-5 M, 

BTAH at c =1·10-4 - 1·10-3 M, 8-QOH at c = 1·10-3 - 3·10-3 M and NaBz at c = 3·10-3±1·10-

2 M. NaOTP formed a protective film composed of zinc hydroxide and oxide and a small 

quantity of the Zn2+ chelate compound with OTP-, [Zn(OTP)2]. BTAH formed a film of the 

complex polymer, [Zn(BTA)2]n on the zinc surface, and showed high inhibition efficiencies. 

8-QOH was also effective on zinc corrosion in 0.5 M NaCl by forming a film of yellow 

chelate, [Zn(8-QO)2]·2H2O on the zinc surface. NaBz formed a thick film of zinc hydroxide 

and salt or complex of Bz- on the surface. NaDS did not markedly suppress zinc corrosion 

in 0.5 M NaCl [98]. 

Benzotriazole (BTAH) showed his efficiency on zinc and  copper-zinc alloy in chloride 

solution. The surface layers formed on alloys in BTAH-inhibited solution comprised both 

polymer and oxide components, namely Cu(I)BTA and Zn(II)BTA polymers and Cu2O and 

ZnO oxides [99]. The inhibiting effect of BTAH was also proved for corrosion protection 

of galvanized steel cut edges in sodium chloride solution. The inhibition involves a change 

of rate control, from cathodic diffusion control to activation control at both metals, due to 

the formation of a surface film on both steel and zinc, which causes anodic polarization on 

both materials, particularly on zinc. The film, which grows very fast on zinc in the cut edge, 

undergoes local dissolution and re-healing events [100].  

Polyethylene glycol (PEG), with a molecular weight of 600, and polyoxyethylen alkyl phos-

phate ester acid form (GAFAC RA600) were studied as inhibitors of zinc in strong alkaline 

solutions. The optimal concentrations of the organic inhibitors studies were found to be in 
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the range of 2000 ppm. The electrochemical studies point out that the inhibition properties 

of PEG, in the strong alkaline solution, are by far much more efficient than the inhibition 

capability of GAFAC RA600 [101]. 

Volatile Corrosion Inhibitors (VCI), also called Vapour Phase Inhibitors (VPI), are com-

pounds transported in a closed environment to the site of corrosion by volatilization from a 

source. In boilers, volatile basic compounds, such as morpholine or hydrazine, are trans-

ported with steam to prevent corrosion in the condenser tubes by neutralizing acidic carbon 

dioxide or by shifting surface pH towards less acidic and corrosive values. In closed vapor 

spaces, such as shipping containers, volatile solids such as salts of dicyclo-hexylamine, cyclo-

hexylamine and hexamethyleneamine are used. When these inhibitors are exposed to the 

metal surface, the vapour of these salts condenses and is hydrolysed by any moisture to lib-

erate protective ions. It is desirable, for an efficient VCI, to provide inhibition rapidly while 

lasting for long periods. Both qualities depend on the volatility of these compounds; fast 

action wanting high volatility while enduring protection requires low volatility. 

Various organic inhibitors have been studied for inhibition of zinc and galvanized steel 

corrosion in neutral, weak acid and alkaline solutions. They are, for example, 2-quinolinecar-

boxylic acid, 8-quinolinol (8-QOH), salicyl alcohol, mercaptobenzothiazole, mercaptoben-

zoxazole, benzotriazole, 3-amino-5-heptyl-1,2,4-triazole, polythioglycolates  and 2-hydra-

zone-3-bornane-methylenedithiol. Most of these inhibitors suppress zinc corrosion by 

covering the surface with layers of their complex or chelate precipitates with Zn2+. Most of 

these compounds are mildly or moderately toxic, being considered to be environmentally 

acceptable in uses for surface treatments. 
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4 General description of experimental design 

The second part of the thesis contains full description of experimental design developed for 

the present study. 

The study was performed in two different environments: concrete and saturated solution 

of calcium hydroxide. Comparison of the corrosion behaviour of galvanized steel in concrete 

prepared with different types of Portland cement: white and grey, was made in the presence 

of several inhibitors. Potential monitoring was performed for galvanized steel bars embedded 

in concrete cubic specimens, while galvanized steel sheets were applied for specimens of the 

same structure when potential monitoring was followed by EDX-analysis and SEM-obser-

vation. 

For a clear understanding of the passivation mechanism a series of experiments was carried 

out in Ca(OH)2 saturated solution simulating the alkaline pore fluid of concrete. Both galva-

nized steel sheets and pure zinc discs were used as samples because pure zinc replicates the 

 phase present on the upper layer of galvanized steel. Potential monitoring was performed 

in all tests; electrochemical impedance measurements were made if a tested inhibitor showed 

good results and relative efficiency. Certain samples were also analysed with SEM and EDX 

techniques.  

The research was logically divided into two parts in terms of selection and evaluation of 

corrosion inhibitors. The first part was devoted to thorough investigation of inhibiting effect 

of chromate and identification of passivation mechanism of galvanized steel in concrete in 

presence of chromium VI, followed by the clarifying tests in Ca(OH)2 saturated solution. 

The second part contained approbation of other inhibitors - whether inorganic or organic – 

and consisted of preliminary experiments in Ca(OH)2 saturated solution and the main exper-

iment in concrete environment. For the second part the following substances were chosen 

for the experiments in Ca(OH)2 saturated solution on the base of literature review: chromate, 

nitrite, molybdate and diethanolamine (see Chapter 3). 

The study on the oxygen effect on the passivation process was carried out with a series of 

additional experiments in Ca(OH)2 saturated solution with pure zinc and galvanized steel 

samples in the presence of chromate or permanganate as the oxidant. Potential monitoring, 

EIS analysis were performed before and after continuous bubbling of nitrogen gas through 

electrochemical cell solution in order to relate corrosion behaviour to the degree of aeration. 

Detailed description of the sample preparation procedure, materials and methods used for 

the experimentation are given below in the following chapters 

.
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5 Tests performed in concrete 

5.1 Preparation of the concrete specimens 

For the tests performed in concrete, cubic specimens with an edge length of 100 mm were 

manufactured with the concrete mix-design given in Table 5-1. Three different types of ce-

ment were used for concrete preparation: 

 CEM I 52.5 R, grey ordinary Portland cement (OPC) without reducing agents; 

 CEM I 52.5 R, grey ordinary Portland cement (OPC) with FeSO4 admixture; 

 CEM I 52.5 R, white ordinary Portland cement (WOPC). 

The chemical composition of cements used is reported in Table 5-2, components’ appear-

ance is shown in Figure 5-1. 

Table 5-1. Concrete mix-design 

Material Type Content*  

  kg/m3  

Cement OPC/WOPC 420  

Water  Tap  230  

Sand Dmax = 6 mm 920  

Medium aggregate  Dmax = 12 mm 640  

* Saturated surface dry condition, w/c = 0.6 

a b 

c d 

 Figure 5-1. Concrete mix components: a – WOPC, b – OPC, c – sand, d – medium aggregate 
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Table 5-2. Chemical composition of cements* 

Type LOI SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O IR Cr VI pH 

 % % % % % % % % % % ppm**  

WOPC 2.4 22.2 3.2 0.2 65.7 1.0 3.7 0.14 0.87 0.3 <2 13.03 

OPC 1.8 21.9 3.3 5.1 62.5 2.7 2.1 0.30 0.40 0.9 11 13.17 

* LOI – loss on ignition, IR – insoluble residue 

** Water-soluble hexavalent chromium content on the total dry weight of the cement 

Note – Cr VI amount indicated for OPC is total: reduced and unreduced 

Each specimen was reinforced with two or three galvanized steel bars, 130 mm long and 
8 mm in diameter, positioned in order to have a concrete cover of 15 mm (Fig. 5-2). Several 
concrete specimens were also provided with galvanized steel sheets 100 x 25 x 1 mm for the 
post exposure characterization of the passivating layer by means of X-ray diffractometry.  

Before galvanizing bars and sheets were degreased by immersion in 15% solution of 
NaOH for 30 minutes and pickled by immersion in 15 % solution of HCl for another 30 
minutes. Then a flux of zinc ammonium chloride was applied to them, followed by drying in 
an oven at 120 °C for 10 minutes. After pre-treatment bars were hot-dip galvanized in a pure 
zinc bath at 444 ± 1 ºC for 5 minutes. The thickness of the coating obtained on bars was 240 
± 10 μm with the external  -layer of pure zinc about 75 μm thick, the coating obtained on 
sheets was 55 ± 5 μm with the external  -layer of pure zinc about 10 μm thick. Figures 5-3 
and 5-4 show the microstructure of the coating obtained on the surface of steel bars and 
steel sheets, respectively. The ends of rebars were covered with bicomponent epoxy resin 
(Fig. 5-5). The reference electrode was placed in fresh concrete equidistant from the embed-
ded bars at the centre of the top of each specimen. 

Figure 5-2. Concrete specimens produced from white (a) and grey (b) cement, withdrawn from molds 

a b 
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a b 

 Figure 5-4. Microstructure of the galvanized coating on the steel sheet: working surface, original 

magnification x 20 (a) and corner protection, original magnification x 50 (b) 

a 
 

b 

 

 

Figure 5-5. Steel bar samples: before (a) and after (b) galvanization  

 

Figure 5-3. SEM image of cross-sectional area of the hot-dip galvanized coating on the steel bar 
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5.2 Addition of inhibitors to the concrete specimens 

First preliminary tests with galvanized bars in concrete specimens produced with three dif-
ferent types of cement were performed without additions of inhibitors. Then several series 
of experiments in concrete with additions of inhibitors were made.  

5.2.1 Addition of chromium VI 

For the study of relation between corrosion behaviour of galvanized steel and amount of 
Cr VI in concrete mix, six cubic specimens with white cement were produced as described 
above. Different amount of K2Cr2O7 was added to each specimen to obtain concentrations 
of Cr VI from 0 to 15 ppm on the total dry weight of the cement. Table 5-3 contains infor-
mation on the amounts of K2Cr2O7 used in each concrete mix.  

In order to study changes induced by the immersion in concrete on the coating surface 

some experiments were performed using galvanized sheets instead of the bars. For that, three 

concrete specimens were produced with white Portland cement as described above. Certain 

amount of K2Cr2O7 was added to concrete mix to obtain concentration of Cr VI 15 ppm on 

the total dry weight of the cement (Tab. 5-3). Two galvanized steel sheets were embedded in 

each concrete specimen. Steel sheets were used instead of steel bars in this experiment for 

the convenience of further observations by SEM, EDX and RDX analysis. Immediately after 

embedding of galvanized steel sheets in concrete, potential monitoring started. Then, after a 

certain time one of the specimens was demolished and the two sheets were removed for 

SEM, EDX and RDX analysis. For the other samples potential monitoring continued until 

the next time point. The first specimen was destroyed after 3 hours, the second – after 12 

hours, and the last – after 25 hours.  

Table 5-3. K2Cr2O7 mass needed to produce 1 m3 of concrete with given concentration of Cr VI 

Cr VI  

ppm on the total dry weight of cement  

0 3 6 9 12 15 

K2Cr2O7 

g/m3 of concrete 

0 3.57 7.13 10.70 14.26 17.83 

 

5.2.2 Additions of peroxide and nitrite 

Concrete specimens were produced with white Portland cement and grey Portland cement 

with FeSO4 additive using the above mix design (Tab. 5-1) Certain amount of H2O2 and 

NaNO2 was added to a concrete mix to obtain the concentration indicated in the Table 5-4. 

Each specimen was reinforced with two galvanized steel bars and one rod of pure zinc. The 

appropriateness of replacing one of three galvanized bars in the specimen with a zinc rod 

consisted in the need to compare corrosion behaviour of galvanized steel and pure zinc in 

concrete. Theoretically, pure zinc simulates -phase present on the upper layer of galvanized 

steel. Thus, comparability of results, along with the previous microscope observation (Fig. 

5-3), could revalidate the quality of galvanized coating and, thereby, allow to use pure zinc 

samples instead of galvanized steel ones in further tests with Ca(OH)2 saturated solution.  

Steel bars were pre-treated and galvanized according the procedure described above, the 

characteristics of the coating obtained were similar to the ones previously stated.  

In order to study changes induced by the immersion in concrete on the coating surface 

another experiment was performed using galvanized sheets instead of the bars. For that, two 
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concrete specimens were produced with grey Portland cement with FeSO4 additive as de-

scribed above. Certain amount of NaNO2 was added to concrete mix to obtain concentration 

of 3% and 6 % of nitrite on the total dry weight of the cement. One galvanized steel sheet 

was embedded in each concrete specimen. As for the experiments described previously, steel 

sheets were used instead of the bars for the convenience of further observations by SEM, 

EDX and RDX analysis. Immediately after embedding of galvanized steel sheets in concrete, 

potential monitoring started. Specimens were demolished and sheets were removed after 1 

week from the concrete pouring. 

Table 5-4. Additions of oxidants in concrete specimens tested 

Oxidant Concentration 

 by the total dry weight of cement 

NaNO2 3 % 6 % 10 % 

H2O2 1,2 % 2,4 % - 

5.2.3 Additions of diethanolamine and molybdate 

Concrete specimens were produced with white Portland cement and grey Portland cement 

with FeSO4 additive using the above mix design (Tab. 5-1). Certain amounts of diethanola-

mine and sodium molybdate were added to a concrete mix to obtain the concentration indi-

cated in the Table 5-5. Specimens manufactured with white concrete were reinforced with 

two galvanized steel bars, specimens manufactured with grey concrete were reinforced with 

two galvanized steel bars and one galvanized steel sheet. Sheets were used in the experiment 

for the convenience of further observations by SEM, EDX and RDX analysis.  

Immediately after embedding of galvanized steel samples in concrete, potential monitoring 

started. After 1 week from the concrete pouring, the concrete specimens were broken me-

chanically at the metal–cement paste interface and the galvanized steel sheets were submitted 

to SEM, EDX and RDX analysis. 

Table 5-5. Concrete specimens with additions of inhibitors 

Specimen type Sample label* Concentration on the dry 
weight of cement 

Specimens with white concrete 

Specimen with DEA  BB(T1, T2) 8.3 mL/kg 

Specimens with grey concrete   

Control specimen  G(T1, T2, L) - 

Specimen with DEA GB(T1, T2, L) 8.3 mL/kg 

Specimen with MoO4
2- BC(T1, T2, L) 0.1 mM 

* T – galvanized steel bar, L – galvanized steel sheet  
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5.3 Methods and techniques of experimental investigation in concrete 

Immediately after immersion of galvanized steel samples, bars and sheets, potential mon-

itoring started for each concrete specimen (Fig.5-6). Corrosion potential of the galvanized 

steel samples was measured continuously, using the Agilent acquisition system mod. 34970A 

(multiplexer mod. 34901). Silver-silver chloride electrode (E = +0.197 vs. NHE) and copper-

copper sulphate electrode (E = +0.316 vs. NHE) were used as reference. For the conven-

ience of presentation, all data were recalculated respect to saturated calomel electrode (E = 

+0.241 vs. NHE).  

Visual observation of demolished specimens and removed bars was made to reveal the 

surface changes and gaseous hydrogen evolution marks on the concrete/bar interface. To 

study the changes in the passivating layer on the surface of galvanized steel sheets scanning 

electron microscopic, energy-dispersive X-ray spectroscopic and X-ray diffraction analysis 

were utilized. SEM observations, EDX and XRD analysis were performed by means of a 

Zeiss Supra 40 microscope, Bruker’s Quantax series 5000 L device and Philips PW 1730 

diffractometer with Cu Kα radiation (λ=0.154 nm), respectively. 

Figure 5-6. Potential monitoring of galvanized steel samples embedded in concrete by means of   Ag-

ilent acquisition system 
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6 Tests performed in simulated concrete pore solution 

6.1 Preparation of samples and solutions 

To simulate concrete pore solution the saturated calcium hydroxide solution was prepared 

by stirring calcium hydroxide 2 g Ca(OH)2 in 1 L of distilled water. Two types of samples 

were used in the series of experiments in solution: 

 Commercial grade (pure, 98%) zinc plates (30 mm diameter, 1 mm thick) were inserted 

inside hard-rock type epoxy resin curable at room temperature to form a sample. After 

resin solidification samples were polished with emery paper by decreasing the grade to 

1200 mesh. The border between zinc plate and epoxy resin was shielded with bicompo-

nent epoxy resin glue. Then samples were used working electrodes with a surface of about 

3.80 cm2 exposed to the test solution (Fig. 6-1a);  

 Galvanized steel sheets were shielded with epoxy resin to obtain a working exposed sur-

face of about 3.50 cm2. The electric contact was obtained by tin soldering a conductive 

wire with the sheet; this contact was masked by an epoxy resin. Before the explosion to 

the test solution, samples were degreased with acetone and rinsed with distilled water (Fig. 

6-1b). 

 

 

a b 

Figure 6-1. Pure zinc (a) and galvanized steel (b) samples for tests in solution 
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6.2 Additions of inhibitors in solution 

First preliminary tests with galvanized steel sheets and pure zinc plates in saturated calcium 
hydroxide solution without additions of inhibitors were performed. Then several series of 
experiments in Ca(OH)2 saturated solution with additions of inhibitors were carried out.  

6.2.1 Additions of chromium VI 

Test 1: Preliminary. Initial test in saturated calcium hydroxide solution with addition of chro-

mium VI consisted in potential monitoring of zinc samples in Ca(OH)2 saturated solution by 

using a three electrode cell. After one hour of immersion of sample in solution, 70 µl of 

0.05M K2Cr2O7 solution were added to the solution every 5 minutes until the passivation of 

zinc occurred. The test was repeated several times to calculated an average amount of addi-

tions of 0.05M K2Cr2O7 solution needed to obtain the zinc passivation. 

Test 2: Influence of oxidant concentration. The second test included potential monitoring of zinc 

samples immersed in Ca(OH)2 saturated solutions with different concentration of chromium 

VI. Different amount of K2Cr2O7 was added to the solution to obtain concentrations of Cr 

VI from 0 to 6.2 ppm. After potential monitoring some samples from the series were ana-

lyzed by means of SEM-EDX analyses. 

Test 3: Passive layer formation. A series of experiments in Ca(OH)2 saturated solution was 

made to investigate the mechanism of zinc passivation. For the experiment 3 samples of pure 

zinc, SCE reference electrode and Pt counter electrode were used. The program of the ex-

periments included continuous potential monitoring and EIS measurements after 30 min, 3 

h, 7.5 h and 24 h from the instant of zinc immersion in the solution. These experiments were 

repeated in solutions without addition of Cr VI and with different Cr VI additions (1.6 ppm, 

2.3 ppm, 3.1 ppm and 6.2 ppm).  

Test 4: Effect of dilution. In another experiment corrosion potential of galvanized steel was 

measured in Ca(OH)2 saturated solution on changing Cr VI concentration. Corrosion poten-

tial was registered continuously, whereas impedance and potentiodynamic polarization meas-

urements were carried out at regular intervals. Galvanized steel sample was immersed in Cr 

VI free solution; then 6.2 ppm Cr VI was added and then concentration of Cr VI was de-

creasing by dilution of working solution with Ca(OH)2 saturated solution until it reached 0.6 

ppm. 

Test 5: Oxygen effect on the passivation process. The study on the oxygen effect on the pas-

sivation process was carried out with a series of additional experiments in Ca(OH)2 saturated 

solution by using pure zinc and galvanized steel samples in the presence of chromate as 

oxidant. Experiment included two types of test. During the test of first type, the calcium 

saturated solution was bubbled with nitrogen gas for one hour to deaerate it. After bubbling 

a portion of 0.05 M K2Cr2O7 solution was added to obtain 6.2 ppm Cr VI concentration; 

then a sample was immersed in the deaerated solution with chromium VI addition and po-

tential monitoring started. During the test of second type, a sample was immersed in the 

Ca(OH)2 saturated solution; then the addition of Cr VI was made and deaeration with N2 

bubbling initiated. Impedance and potentiodynamic polarization measurements were carried 

out for several samples in this series of experiments. 
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6.2.2 Addition of other inhibitors 

Experiments in Ca(OH)2 saturated solution with addition of inhibitors other than hexa-

valent chromium were performed with the use of galvanized steel samples (Fig. 6-1b) Initially 

each the sample was immersed in beaker with calcium hydroxide saturates solution. After 

activation of galvanized steel sample occurred, it was moved to another vessel containing 

Ca(OH)2 saturated solution with admixture of a certain inhibitor. Immediately after immer-

sion potential monitoring started. After 30 minutes the first impedance measurement was 

done and was repeated every 2 hours alternating with potential monitoring. 

Three substances were studied in the present experiment: sodium nitrite, sodium molyb-

date and diethanolamine. Table 6-1 contains the concentrations of inhibitors used in 

Ca(OH)2 saturated solution. 

Table 6-1. Concentration of inhibitors in Ca(OH)2 saturated solution 

Inhibitor  Concentration  

Nitrite NO2
- 3 wt% 

Molybdate MoO4
2- 0.01 M 

Diethanolamine DEA  3.5 L/m3 

 

6.3 Methods and techniques of experimental investigation in solution 

 
Corrosion potential of the galvanized steel sheet, with an exposed area of 3.5 cm2, or pure 

zinc plate, with an exposed area of 3.8 cm2, acting as working electrode was measured con-

tinuously, using the Agilent acquisition system mod. 34970A (multiplexer mod. 34901) with 

a saturated calomel electrode (E = +0.241 vs. NHE) as reference and a platinum electrode 

as a counter.  

Electrochemical impedance (EIS) measurements were performed by means of a Gamry 

Instruments Reference 600 potentiostat. The tests were performed at 251 °C using a three-

electrode-cell (Fig. 6-2). Impedance measurements were performed in potentiostatic config-

uration. The amplitude and the frequency range for AC signal were respectively 5 mV rms 

and 100kHz-10mHz. For this range, 5 measurements per decade were done.  

The analysis of the corrosion products was performed on samples removed from the so-

lution after different immersion time, washed accurately with bi-distilled water and dried with 

cold air to avoid the signal of the compounds formed in the solution.  

XRD analysis was performed by means of a Philips PW 1730 X-Ray diffractometer, using 

Cu Kα (λ=0.154 nm) radiation. Scanning electron microscopy (SEM) observations were per-

formed using a Zeiss Supra 40 microscope and EDX analysis were obtained by means of a 

Bruker’s Quantax series 5000 L device. 
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Figure 6-2. Three-electrode electrochemical cell used for the EIS measurements 



   

Chapter 7   Results and discussions 

 Doctoral School on Industrial Engineering  53 

7  Results and Discussions 

7.1 Tests with additions of chromium VI 

7.1.1 Potential monitoring of galvanized rebars in concrete specimens 

As a preliminary test the study of galvanized steel corrosion behaviour in different types of 

cement was performed. Figure 7-1 shows corrosion potential change in time of three groups 

of three different galvanized bars embedded in concrete specimens produced from three 

types of cements containing no additional inhibitors except for those naturally present.  

 Corrosion potential of the galvanized steel just immersed in concrete mix made with grey 

cement, naturally containing 11 ppm of Cr VI, is about -800 mV vs SCE and it stays relatively 

stable even after 24 hours of measurement (Fig. 7-1a). On the contrary, galvanized bars em-

bedded in white concrete and grey concrete with an admixture of reducing agent corrode 

actively in the beginning of immersion, but after several hours of corrosion potential quickly 

rises above -700 mV vs SCE indicating the passivation of zinc (Fig. 7-1b and 7-1c). 

 The test demonstrates that Cr VI naturally present in grey cement causes immediate pas-

sivation of galvanized steel. The small amount of Cr VI, present in two other types of cement, 

does not affect the passivation of embedded bars. The reducing effect of iron sulphate in 

grey concrete last over time and allows to maintain the low level of soluble chromium VI 

during the casting stage.  

At the end of potential monitoring concrete specimens were demolished and bars were 

removed for visual observation. A strong development of pores was observed on the surface 

of grey concrete with original and reduced amount of Cr VI. This reveals evolution of hy-

drogen on the bar-concrete interface during the initial set, when concrete is not yet hardened. 

Withal, hydrogen evolution effect was not detected in the OPC concrete specimen, which 

agrees with the fact that potential of the embedded bars remained constantly above -900 mV 

vs SCE. Thus, the presence of Cr VI in the concrete mix promotes the passivation of galva-

nized steel and suppresses undesirable development of hydrogen.  

Figures 7-2 and 7-3 demonstrate the results of scanning electron microscopy and x-ray 

microanalysis of the galvanized steel sheet removed from the concrete specimen, made with 

grey cement with reduced chromium VI, after one week of immersion. SEM image of the 

sheet shows a surface covered with grey crystals. EDX indicates the presence of about 3.8 

wt% of Ca, thus the passivation of galvanized steel is correlated to the formation of calcium 

hydroxyzincate layer. 
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Figure 7-1. Corrosion potential change in time of galvanized bars embedded in          

concrete specimens manufactured with the following types of cement: a) OPC, b) OPC 

with FeSO4 admixture, c) WOPC 

a 

b 

c 
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Figure 7-2. X-ray patterns of the galvanized steel surface after 24 hours of immersion 

in grey concrete with reduced Cr VI 

Figure 7-3. SEM image of the galvanized steel surface after 24 hours of immersion 

in grey concrete with reduced Cr VI 
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7.1.2 Tests with galvanized steel in white concrete with additions of chromium VI 

Corrosion potential of galvanized bars was measured continuously during 48 hours. Figures 

7-4 and 7-5 show corrosion potentials change in time during the immersion of bars in con-

crete specimens made with cements containing different Cr VI concentrations.  

Corrosion potential of the galvanized steel just after the embedding in concrete without 

Cr VI is about -1400 mV vs SCE (Fig. 7-4a); after 8 hours it rapidly grows up to about -700 

mV indicating the passivation of zinc. On adding 3 ppm Cr VI to the cement, similar results 

have been obtained (Fig. 7-4b). With 6 ppm Cr VI in the cement, the passivation of the 

galvanized steel occurs after about 2 hours (Fig. 7-4c). With 9-12 ppm the passivation occurs 

after about half an hour only (Fig. 7-5a and 7-5b). Cr VI concentration of 15 ppm determines 

the immediate passivation of galvanized steel rebars just embedded in concrete mix (Fig. 7-

5c).  

With Cr VI concentrations  6 ppm, after 6-7 hours of immersion a reactivation of zinc 

was always observed, followed by a new passivation after 11-18 hours. Table 7-1 summarizes 

the passivation and activation average times of the bars. It is noteworthy that the delayed 

active corrosion of zinc (“reactivation”) is not dangerous because the associated hydrogen 

development occurs when the concrete is partially hardened and cannot lead to the adhesion 

loss between the rebars and the concrete. It is also noteworthy that high Cr VI concentration 

favours the first passivation, but delays the second one, indicating that they occur with dif-

ferent mechanisms. The reactivation time is almost constant and does not depend on Cr VI 

concentration (Tab. 7-1); the most probable explanation is that it is related to the aging of 

the concrete. 

 

Table 7-1. Passivation and reactivation average times of galvanized steel rebars embedded in concrete 

specimens containing different concentrations of Cr VI 

Cr VI concentration First passivation time Reactivation time Second passivation time 

ppm in the cement h h h 

0 8.6 - - 

3 7.8 - - 

6 2.7 5.8 11.2 

9 0.6 6.5 14.1 

12 0.5 7.0 16.7 

15 0 6.1 18.1 
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a 

b 

c 

Figure 7-4. Potential change in time of bars embedded in concrete specimens, made with 

cements containing 0 ppm (a), 3 ppm (b) and 6 ppm (c) Cr VI 
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a 

b 

c 

Figure 7-5. Potential change in time of bars embedded in concrete specimens made with 

cements containing 9 ppm (a), 12 ppm (b) and 15 ppm (c) Cr VI 



   

Chapter 7   Results and discussions 

 Doctoral School on Industrial Engineering  59 

 

Figure 7-6 shows potential change in time of galvanized steel sheets embedded in white 

concrete specimens manufactured with cement containing 15 ppm Cr VI; sings (I), (II) and 

(III) indicate the time of the specimens’ demolition and removal of galvanized samples for 

SEM, EDX and RDX analysis. Figures 7-7 and 7-8 show SEM images and X-ray patterns of 

galvanized steel sheets, respectively. Figure 7-9 reports the results of EDX analysis per-

formed on the zones of galvanized steel sheets marked in Figure 7-7.  

SEM image of the sheet removed from the concrete after 3 h of immersion (Fig. 7-7a), 

corresponding to the first passive state (Fig.7-6), shows a not corroded surface covered by 

different products; EDX analysis indicated that they are due to the cement paste not yet 

hardened. X-ray diffraction pattern performed on the same sample (Fig. 7-8a) does not show 

any peak related to zinc corrosion products, but only two small peaks at 15.6 and 29.3 de-

grees, which are due to the cement paste. SEM image of the sheet removed from the concrete 

after 12 h of immersion (Fig. 7-7b), corresponding to the active corrosion (Fig. 7-8b), shows 

a corroded surface with small white crystals; EDX analysis indicated that also these products 

are due to the cement paste (Fig.7-9b). As found for the previous galvanized steel sheet, X-

ray diffraction pattern does not show any peak related to zinc corrosion products (Fig. 7-8b). 

SEM image of the sheet removed from the concrete after 25 h of immersion (Fig. 7-7c), 

corresponding to the second passivation (Fig. 7-6), shows a corroded surface with small 

white crystals which are prevalently localized inside or next to the most corroded areas. Both 

EDX analysis and X-ray diffraction pattern indicate that they are calcium hydroxyzincate. 

 

I II III 

Figure 7-6. Potential change in time of galvanized steel sheets embedded in concrete specimens, 

manufactured with cement containing 15 ppm Cr VI, with indication of time points, when sheets 

were removed for SEM and EDX analysis: specimen I – after 3 h, specimen II– after 12 h and 

specimen III – after 25 h of embedding 
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EDX 

EDX 

EDX 

a 

b 

c 

Figure 7-7. SEM images of galvanized steel sheets surface after the immersion in concrete 

made with cement containing 15 ppm Cr VI for: 3 h (a), 12 h (b) and 25 h (c) 
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a 

b 

c 

Figure 7-8. X-ray patterns of galvanized steel sheets after the immersion in concrete    

specimens made with cement containing 15 ppm Cr VI for: 3 h (a), 12 h (b) and 25 h (c) 
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a 

b 

c 

 

Figure 7-9. EDX analysis performed on zones of galvanized steel sheets marked in Figure 8: a) 3h, 

b) 12 h and c) 25 hours of immersion 
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The present results indicate that the two passivations occur with different mechanism, be-

cause only the second is due to the formation of calcium hydroxyzincate. Instead, a metasta-

ble passivation film determines the first passivation, related to the presence of Cr VI. It seems 

that an active corrosion period is necessary to produce the amount of zinc ions required for 

the formation of a calcium hydroxyzincate protective layer. 

7.1.3 Tests performed in Ca(OH)2 saturated solution with addition of chromium VI 

A preliminary test was performed in order to select the Cr VI concentration able to pas-

sivate zinc. Figure 7-10 shows the potential changes in time for pure zinc sample immersed 

in 3oo mL Ca(OH)2 saturated solution. After one hour of immersion 70 µl of 0,05M K2Cr2O7 

solution were added to a working cell every 5 minutes until the passivation occurred. The 

small picks on the plot line are related to the additions of chromate solution, the last addition 

is accompanied with a sharp increase of potential from about -1400 mV vs SCE to about -

700 mV vs SCE, corresponding to the passive state. The passive potential of zinc stayed 

stable after 24 hours of immersion. The test was repeated five times and the average amount 

of additions was calculated. e total amount of chromate added in the test, 350 µl of 0.05M 

K2Cr2O7 solution in 300 mL Ca(OH)2 saturated solution, corresponds to 6.07 ppm Cr VI.  

The test was repeated in Ca(OH)2 saturated solution with the addition of 6.07 ppm Cr VI 

immediately after immersion of the pure zinc sample to a working cell. The result of potential 

monitoring is given in Figure 7-11. The initial potential of zinc immersed in Ca(OH)2 satu-

rated solution is about -1200 mV vs SCE and it rises rapidly up to about -700 mV vs SCE. 

Figures 7-12 and 7-13 show results of SEM and EDX analysis performed on zinc sample 

after 20 hours of immersion indicating the presence of some calcium hydroxyzincate crystals, 

which do not cover the entire surface; no chromium peaks appears on the EDX pattern. 

 

 

 

 

 

Figure 7-10. Corrosion potential change in time of pure zinc sample immersed in Ca(OH)2 

saturated solution with additions of 0.05M K2Cr2O7 solution 
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Figure 7-11. Corrosion potential change in time of pure zinc sample immersed in Ca(OH)2        

saturated solution with one-time addition of chromate 

Figure 7-12. SEM image of zinc sample surface after 20 hours of immersion in Ca(OH)2 saturated 

solution with addition of 6.07 ppm Cr VI 
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To better understand mechanism of Cr VI effect on galvanized steel passivation in concrete, 

corrosion potentials of pure zinc samples were monitored in Ca(OH)2 saturated solution. 

Fig. 7-14 shows potential change in time for zinc sample immersed in Ca(OH)2 saturated 

solutions with different content of Cr VI. Table 7-2 demonstrates that zinc becomes imme-

diately passive after the immersion for Cr VI concentration ≥ 5.0 ppm. Contrarily to what 

occurred for galvanized steel in concrete, zinc reactivation was not observed in Ca(OH)2 

solution. 

Table 7-2. Passivation times of zinc in Ca(OH)2 saturated solution containing different Cr VI    con-

centrations 

Cr VI 
ppm 

Passivation time 
h 

0 28.0 
1.2 16.5 
2.5 1.4 
3.7 0.2 
5.0 0 
6.2 0 

 

 

 

 

 

 

 

Figure 7-13. EDX patterns of zinc sample after 20 h the immersion in Ca(OH)2 saturated 

solution with addition of 6.07 ppm Cr VI 
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  Figure 7-15. Corrosion potentials of galvanized steel sheet in Ca(OH)2 saturated solution              

containing the Cr VI concentrations indicated by the dotted line 

Figure 7-14. Corrosion potential of pure zinc samples in Ca(OH)2 saturated solution        

containing different Cr VI concentrations 
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Corrosion potential of galvanized steel was measured then in Ca(OH)2 saturated solution on 

changing Cr VI concentration (Fig. 7-15). Galvanized steel immersed in Cr VI free solution 

corrodes actively; when 6.2 ppm Cr VI is added, it immediately becomes passive. On de-

creasing Cr VI concentration down to 1.3 ppm, by diluting the solution, galvanized steel 

remains passive, but when the Cr VI concentration is further decreased down to 0.6 ppm 

corrosion potential starts to decrease and the values typical of the active state are reached. 

Impedance measurements performed on different stages of dilution confirm the presence of 

activation and reactivation processes with the changing Cr VI concentration (Fig. 7-16). The 

present results indicate that the reactivation process is determined by the depletion of Cr VI 

on the galvanized steel surface. 

Figure 7-17 shows the change of polarisation resistance in time of pure zinc samples im-

mersed in calcium hydroxide saturated solutions with different concentrations of Cr VI: from 

0 to 6.2 ppm. The higher the concentration of Cr VI the higher the maximum impedance 

value reached for each period of time. Based on the plot observation, it can be assumed that 

there is a concentration limit of hexavalent chromium, below which the inhibiting protection 

provided by Cr VI is small. As it is visible from the plot, the polarisation resistance value 

increases in time for all Cr VI concentration, no reactivation is observed. The sample sur-

faces, after 24 hours of immersion, had no visual evidence of corrosion or calcium hydroxyz-

incate crystals growth (Fig. 7-18). Thus EIS analysis of pure zinc indicate that the passivation 

is determined by the formation of a protective film invisible to the naked eye. 

 
 

 

Figure 7-16. Nyquist plots of galvanized steel sheet in Ca(OH)2 saturated solution with changing Cr 

VI concentration 
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Figure 7-17. Change of polarization resistance in time for pure zinc samples immersed in 

Ca(OH)2 saturated solutions without addition of Cr VI (♦) and with different Cr VI concentra-

tions: ■ – 1.6 ppm, □ – 2.3 ppm, ▲ – 3.1 ppm, Δ – 6.2 ppm 

 

Figure 7-18. Microscope observation of pure zinc sample after 24 hours of immersion in 

Ca(OH)2 saturated solution with 6.2 ppm Cr VI, original magnification x 100 
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Figures 7-19 and 7-20 show the potential change in time for zinc and galvanized steel samples 
immersed in Ca(OH)2 saturated solution and the effect of dissolved oxygen concentration 
on the passivation process. In the first test, zinc sample was immersed in Ca(OH)2 saturated 
solution deaerated through N2 bubbling, then K2Cr2O7 solution was added to obtain 6.2 ppm 
concentration of Cr VI (Fig. 7-16). The initial corrosion potential of zinc sample was about 
-1400 mV and it changed slightly after oxidant addition. In the second test, galvanized steel 
sample was immersed in aerated Ca(OH)2 saturated solution and had corrosion potential 
about -1400 mV after immersion; after addition of K2Cr2O7 solution and achieving 6.2 ppm 

deaeration 

Figure 7-20. Potential change in time of galvanized steel sample with progressive deaeration 

of Ca(OH)2 saturated solution 

Figure 7-19. Potential change in time of zinc sample in deaerated Ca(OH)2 saturated 

solution 
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concentration of Cr VI, potential abruptly rose to about -800 mV and passive state was ob-
tained. With decreasing the oxygen present in the solution through N2 bubbling, but main-
taining Cr VI concentration at 6.2 ppm, the passive state was maintained. The addition of 
chromium VI with concentration 6.2 ppm, which gave the best and fastest inhibiting effect 
during previous experiments both in concrete and in Ca(OH)2 saturated solution, without 
oxygen was not sufficient to achieve passive state and to provide appropriate protection of 
zinc in alkaline medium. Though when the passive state is already obtained, the decreasing 
of oxygen does not cause reactivation of zinc. Presents results reveal the important role of 
dissolved oxygen in initiation of passivation in Ca(OH)2 saturated solution in presence of 
oxidizing inhibitors.  

7.2 Tests performed with additions of other inhibitors 

7.2.1 Tests performed in Ca(OH)2 saturated solution 

Figure 7-21 shows the trends of open circuit potential in time of galvanized steel sheets 

immersed in Ca(OH)2 saturated solution with additions of diethanolamine, sodium molyb-

date or sodium nitrite in concentrations given in Table 6-1. To highlight and compare inhib-

iting efficiency of the different substances, the trends of galvanized steel immersed in 

Ca(OH)2 saturated solution without inhibitors and with addition of 6.2 ppm chromium VI 

were also added to the plot. As visible in the plot, among the three tested inhibitors, nitrite 

shows the most promising result; in fact, it causes a sharp increase of potential from -1340 

mV to about -1100 mV vs SCE already after 30 min of immersion, with the maximum po-

tential of -970 mV vs SCE reached in 24 hours. Although the inhibiting effect provided by 

nitrite is less than the effect of chromium VI with 6.2 ppm concentration, it can be consid-

ered enough to decrease negative corrosion effects during the early periods of immersion.  

Figure 7-21. Open circuit potential change in time of galvanized steel sheets immersed 

in Ca(OH)2 saturated solution without inhibitors and with addition of inhibitors:               

3 wt% NO2
-, 0.01M MoO4

2-, 3.5 L/m3 DEA and 6.2 ppm Cr VI 
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Galvanized steel immersed in Ca(OH)2 saturated solution with molybdate demonstrates the 

lower initial potential (about -1450 mV) compared to that of galvanized steel immersed in 

same solution but with nitrides addition and the smooth growth of potential in time up to 

about -1050 mV vs SCE.  

Diethanolamine shows no inhibiting effect, in fact the curve related to DEA overlaps that 

obtained without inhibitor. In both cases, the initial potential of galvanized steel is very low 

and it remains stable active during all the experiment. 

Figure 7-22 displays polarization resistance change in time of the same samples received 

as a result of impedance measurements made contemporarily with potential monitoring. Rp 

was calculated as difference between the magnitude of impedance modulus at low frequen-

cies and the solution resistance Rsol at high frequencies:  Rp = |Z|max – Rsol, knowing that 

the surface of all tested samples was equal. The plot confirms the trends obtained for inhib-

itors during potential monitoring. Nitrite demonstrates the highest values of polarization 

resistance among three tasted inhibitors – about 1 kΩ – that is however by two order smaller 

than the polarization resistance for galvanized steel immersed in Ca(OH)2 saturated solution 

with addition of 6.2 ppm chromium VI (Fig 7-22, grey line, secondary vertical axis). 

7.2.2 Tests performed in concrete with additions of hydrogen peroxide 

Tests in concrete with additions of hydrogen peroxide were performed to demonstrate the 

chemical transformation in different cement pastes that can be caused by some oxidants.  

Figure 7-23 shows potential change in time of galvanized steel bars and pure zinc rods 

embedded in white concrete specimens manufactured with cements containing 1.2 % and 

2.4 % of H2O2. In both cases, corrosion potential of the galvanized steel bars and zinc rods 

just after the embedding in concrete is about -1400 mV vs SCE. After 5 hours potential 

quickly increases up to about -800 mV vs SCE for the concrete with 1.2 % of H2O2 and -

 Figure 7-22. Polarization resistance change in time of galvanized steel sheets immersed in 

Ca(OH)2 saturated solution without inhibitors (Δ) and with addition of inhibitors:                       

□ – 3 wt% NO2
-, ■ – 0.01M MoO4

2-, ▲ – 3.5 L/m3 DEA. Secondary vertical axis:                   

x – 6.2 ppm Cr VI 
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700 mV for the concrete with 2.4 % of H2O2. There is a quite good similarity in corrosion 

behavior of galvanized steel and pure zinc. The only noticeable difference is in the speed of 

passivation: with 1.2 % the passivation of zinc occurs after about 2 hours, means 3 hours 

earlier than that of galvanized steel; with 2.4 % the difference in passivation speed is not 

significant.  

 According to the present results, H2O2 in a concentration 2.4 % or less has no inhibiting 

effect on galvanized steel in concrete produced with white Portland cement and cannot be 

used for prevention of hydrogen evolution on the zinc-concrete interface at the early stage 

of concrete setting. 

Figure 7-24 shows potential change in time of galvanized steel bars and pure zinc rods 

embedded in concrete specimens made with grey cement (with FeSO4 admixture) containing 

b 

a 

Figure 7-23. Corrosion potential change in time of galvanized steel bars (GS) and pure zinc 

rod (Zn) embedded in concrete specimens made with white cements, containing 1.2 % (a) and 

2.4 % (b) H2O2 
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1.2 % and 2.4 % of H2O2. As can be seen in the graphs, the data obtained in grey and white 

concrete with the same amount of H2O2 are completely different: with grey cement the im-

mediate passivation of all sample occurs just after embedding. Initially corrosion potential of 

all six samples is higher than -900 mV vs SCE and it does not drop below -850 mV through-

out the experiment, staying at about -700 mV vs SCE on the average.  

 The explanation of this discrepancy in peroxide effect on corrosion behaviour of galva-

nized steel and zinc in concrete produced with different types of cement may be as follows. 

 

Grey Portland cement used in the experiment contains as additive the reducing agent 

FeSO4, which can convert water-soluble chromate into hardly soluble, trivalent form by the 

following reaction: 

a 

b 

Figure 7-24. Corrosion potential change in time of galvanized steel bars (GS) and pure zinc rod 

(Zn) embedded in concrete specimens made with grey cements, containing 1.2 % (a) and 2.4 % 

(b) H2O2 
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332

22

4 )(3)(443 OHFeOHCrOHOHFeCrO    (7.1) 

The chemical reaction (7.1) does not start immediately after mixing cement with water. 

Owing the highly alkaline environment, the iron is subject to competing reaction, such as 

oxidation. Addition of hydrogen peroxide in grey cement causes the reactivation of ferrous 

sulphate due to following reactions: 

322

2 )(242 OHFeOHOHFe    (7.2) 

 OHCrOOHOHOHCr 2

2

4223 8234)(2    (7.3) 

Released in such way Cr VI inhibits the corrosion of galvanized steel and zinc (Fig. 7-24). 

Thus, H2O2 has no direct inhibitory effect, but acts as a neutralizer of the reducing agent. 

White Portland cement originally contains very low amount of Cr VI (below 2 ppm). There-

fore, H2O2 added in white concrete does not show the same result (Fig. 7-23). This fact 

reveals impossibility of using hydrogen peroxide for corrosion protection of galvanized steel 

in concrete. 

7.2.3 Tests performed in concrete with additions of nitrite 

Figure 7-25 shows potential change in time of galvanized steel bars and pure zinc rods em-

bedded in white concrete specimens containing different amounts of NaNO2. Corrosion 

potential of the galvanized steel and zinc just after the embedding in concrete made with the 

cement containing 3% of NO2
- is about -1400 mV vs SCE; within 6 hours, it slowly increases 

up to about -850 mV for galvanized steel; it takes more time for pure zinc sample to arrive 

at the same potential level (about 11 hours) (Fig. 7-25a). On adding 6 % of NO2
- to the white 

cement, initial corrosion potential is similarly about -1400 mV vs SCE for both galvanized 

steel and pure zinc; then it grows stepwise: after 1 hour it quickly increases up to -1200 mV 

and in subsequent 5 hours it slowly rises to about -800 mV vs SCE (Fig. 7-25b). With 10 % 

of NO2
-, initial potential is about -1100 mV vs SCE; it also grows stepwise: first rapidly after 

half an hour up to -950 mV (after 1.5 hour up to -1000 mV for the zinc rod), then after next 

6 hours again rapidly up to about -700 mV (Fig. 7-25c).  

Figure 7-26 shows potential change in time of galvanized steel bars and pure zinc rods 

embedded in grey concrete specimens (with FeSO4 admixture) containing different amounts 

of NaNO2. Corrosion potential of the galvanized steel and zinc just after the embedding in 

concrete made with cement containing 3% of NO2
- is about -1200 mV vs SCE; within 6 

hours, it slowly increases up to about -800 mV that indicates the passivation (Fig. 7-26a). On 

adding 6 % of NO2
- to the grey cement, initial corrosion potential is similarly about -1200 

mV vs SCE for both galvanized steel and pure zinc; potential grows stepwise: after 30 

minutes it quickly increases up to -1050 mV (after 1 hour for the zinc rod), then it slowly 

rises up to about -700 mV vs SCE (Fig. 7-26b). With 10 % of NO2
-, initial potential is about 

-1100 mV vs SCE; it increases gradually up to about -700 mV vs SCE within 8 hours (Fig. 

7-26c).  

Corrosion behaviour of galvanized steel and pure zinc has small differences: in active state 

zinc has a slightly low corrosion potential and a less tendency to passivation with respect to 

galvanized steel, though, when the passive state is reached, zinc leads to more positive po-

tentials than galvanized steel. However, discrepancies are insignificant and can be neglected 

within experimentation. 
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a 

b 

c 

Figure 7-25. Corrosion potential change in time of galvanized steel bars (GS) and pure 

zinc rod (Zn) embedded in concrete specimens made with white cement, containing 3 % 

(a), 6 % (b) and 10 % (c) of NO2
- 
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c 

b 

a 

Figure 7-26. Corrosion potential change in time of galvanized steel bars (GS) and pure 

zinc rod (Zn) embedded in concrete specimens made with grey cement, containing 3 % 

(a), 6 % (b) and 10 % (c) of NO2
- 
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The difference in oxidant activity, previously observed for hydrogen peroxide in experiments 

with white and grey concrete, does not appear in the case of nitrite additive. Corrosion be-

haviour of galvanized steel and pure zinc is similar in grey and white concretes in presence 

of nitrite, indicating that it does not react with FeSO4 additive.  

Nitrite exhibits a weaker inhibitory effect compared to chromate (Fig. 7-5). Nevertheless, 

galvanized steel potential reaches -950 mV vs SCE in about 40 minutes, which lowers the 

risk of hydrogen gas evolution, although does not prevent it completely as the effect is not 

immediate. The SEM observation and X-ray patterns shown on Figures 7-27 – 7-28 reveal 

that the passivation of galvanized steel in presence of nitrite is stable because it is due to the 

formation of a thick calcium hydroxyzincate layer. EDX analysis reveals the high content of 

Ca – about 5.5 %. It seems that the nitrite somehow promotes the formation of calcium 

hydroxyzincate layer and, thus, the mechanism of inhibition significantly differs from that 

one of chromate. 

Visual observation of the cross-section of grey concrete specimens after break indicates a 

reduction of number and size of the pores in concrete made with addition of 3 % NO2
- 

compared to grey concrete with reduced chromium VI without additions of inhibitors that 

furthermore validates the protective capacity of nitrite due to diminution of hydrogen evo-

lution on the early stage of concrete cast (Fig. 7-29). 

Figure 7-27. SEM images of galvanized steel surface after the test performed in grey          

cement containing 3 % NO2
- 
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a b 

Figure 7-29. Cross-section through separated test specimens made of grey concrete without 

inhibitor (a) and with 3 % NO2
- (b) after removal of the galvanized steel bars 

Figure 7-28. X-ray pattern of galvanized steel surface after the test performed in grey 

cement containing 3 % NO2
- 



   

Chapter 7   Results and discussions 

 Doctoral School on Industrial Engineering  79 

7.2.4 Tests performed in concrete with diethanolamine  

Figure 7-30 shows potential change in time of galvanized steel bars embedded in white and 

grey concrete specimens containing diethanolamine (DEA). Indications on the plots corre-

spond to those given in Table 5-6.  

Corrosion potential for galvanized steel bars just after the embedding in concrete is about 

-1400 mV vs SCE in all cases, regardless concrete type or inhibitor addition. After 7-9 hours, 

potential quickly rises up to about -800 mV vs SCE for white concrete specimen. The in-

crease in corrosion potential in grey concrete occurs about 3-4 hours early for specimens 

with addition of DEA (Fig. 7-30).  

DEA is an adsorption type inhibitor. DEA concentration (3.5 L/m3) was chosen on the 

base of literature data. The tests performed in concrete (Fig. 7-30) do not demonstrate the 

acceleration of the passivation of galvanized steel due to DEA presence (compare Fig. 7-30 

with Fig. 7-1). The only observed effect is a slight reduction of the passivation time in grey 

cement.  

SEM image and X-ray pattern obtained on the galvanized steel surface after the test per-

formed in grey cement containing DEA (Fig. 7-31, 7-32) indicate that the galvanized steel 

passivation cannot be related to the formation of calcium hydroxyzincate; in particular, SEM 

image shows a corroded surface, without the characteristic calcium hydroxyzincate crystals. 

Other authors reported that the corrosion behaviour of galvanized steel in reinforced mor-

tar specimens is greatly improved by the addition of DEA, which acted as an efficient cor-

rosion inhibitor in chloride environment by influencing the microstructure of the mortar 

[17]. 

 

 

Figure 7-30. Corrosion potential change in time of galvanized steel bars embedded in 

white (B) and grey (G) concrete specimens with addition of DEA, 3.5 L/m3 
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Figure 7-31. X-ray pattern of galvanized steel surface after the test performed in grey 

cement containing DEA 

 

 

 
Figure 7-32. SEM image of galvanized steel surface after the test performed in grey 

cement containing DEA 
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The effect of the DEA as a corrosion inhibitor for steel in concrete is twofold: direct and 

indirect. The direct action concerns the faradaic process that is hindered in presence of the 

amine, as the polarization results reveal. The indirect action concerns the barrier-forming 

effect because it decreases the porosity of the concrete and increases resistivity. Present 

results indicate that the the effect of DEA on the concrete microstructure is not significative 

during the early period of aging. 

7.2.5 Tests performed in concrete with molybdate 

The corrosion potential curves of galvanized steel imbedded in grey concrete with ferrous 

phosphate in presence of molybdate, 0.1 mM, are given in Figure 7-33. The trends of poten-

tial change in time of galvanized steel sheets in grey concrete with reduced chromium VI 

without inhibitors were added to show the lack of molybdate effects on the passivation pro-

cess.  The corrosion behaviour of galvanized steel in grey concrete with and without addition 

of molybdate is equal: the passivation occurs in about 7 hours from immersion and it is 

characterized by a sharp increase in potential up to about -800 mV vs SCE, which indicates 

the absence of inhibition efficiency of molybdate, at the studied concentration, on galvanized 

steel corrosion in concrete.   

Even if other researchers found that MoO4
2- inhibit hot-dip galvanized steel corrosion, the 

tests performed in the present research indicate that they do not have any significant inhibi-

tion effect during the first period of embedding in concrete [32]. SEM images and X-ray 

patterns indicate that the passivation is due to the formation of calcium hydroxyzincate (Fig. 

7-34 and 7-35). However, the comparison between Fig. 7-34 and Fig. 7-27 indicates that the 

formation of calcium hydroxyzincate is more difficult in presence of molybdate than in pres-

ence of nitrite; in fact in the first case only a thin layer of this compound was observed. 

Figure 7-33. Corrosion potential change in time of galvanized steel bars embedded in 

grey concrete specimens without inhibitor (G) and with addition of MoO4
2-, 0.1 mM (GC) 
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Figure 7-34. SEM images of galvanized steel sheets after the immersion in concrete 

specimens obtained by adding to the grey cement 0.1 mM Na2MoO4·2H2O 

Figure 7-35. X-ray patterns of galvanized steel sheets after the immersion in concrete 

specimens obtained by adding to the grey cement 0.1 mM Na2MoO4·2H2O 
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8 Conclusions 

The effect of the presence of several inhibitors on the corrosion behaviour of galvanized 

steel was studied both in concrete and in Ca(OH)2 saturated solution.  

The inhibiting mechanism of hexavalent chromium on galvanized steel and zinc in alkaline 

environment was studied. Chromium VI promotes the passivation of zinc and galvanized 

steel both in concrete and in Ca(OH)2 saturated solution due to its inhibitor effect on the 

zinc corrosion.  
The higher is the concentration of Cr VI, the shorter is the time required for the pas-

sivation of zinc. To passivate galvanized steel immediately after the embedding in concrete 
and to avoid the hydrogen development, which causes the adhesion loss between the rebars 
and the concrete, 15 ppm Cr VI with respect to the cement weight are necessary. 

Passivation of galvanized steel in concrete occurs in three steps: first passivation, reacti-
vation and second passivation. 

The first passivation of GS in concrete is related to the presence of chromium VI and is 
determined by a metastable passivation film. 

Reactivation of galvanized steel, followed by a new passivation, was observed for con-
centrations of Cr VI ≥ 6 ppm in the cement; this behaviour does not occur in Ca(OH)2 
saturated solution. The reactivation process is due to the depletion of Cr VI on the galvanized 
steel surface, caused probably by the aging of concrete, which consumes the pore solution. 

The second passivation is stable and is due to the formation of calcium hydroxyzincate. 
The maximum content of Cr VI in cement allowed by EU directive 53/2003/EEC (2 

ppm) is not sufficient for accelerating the passivation of galvanized steel. 
The study of oxygen effect on the process of zinc and galvanized steel passivation re-

vealed the importance of dissolved oxygen concentration in the initiation of passivation pro-
cess. 

Among generic oxidants and non-oxidizing inhibitors studied in present work, nitrite 

showed satisfactory results, even if its inhibiting effect is less efficient than that of chromate. 

Therefore, further research on the prevention of corrosion of galvanized steel in concrete at 

the early casting stage can proceed along two parallel tracks; namely, a depth study of the 

nitrite effect, and a search for alternative “green” inhibitors.  
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