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Abstract
English

The main purpose of the present work is the investigationnewaclass of inorganic concrete
corrosion inhibitos, identified by calcium nitrate, that may represent the replacement for the well
established nitrite inhibitor, affected by toxicity issuBse research focuseah the demonstration

of an eventual beneidial effect on chlorides and carkation-induced corrosion, that are the main
reasons ofconcrete degradation. The concrete environment was simulated through alkaline
synthetic pore solutia(pH 12.6), where calcium nitrate inhibitor was admixed in 0.¥lmand

0.3 mol/L concentrations; for comparison purposes, equivaelutions were developed by
adding calcium nitrite, in the same concentratiamsl without any inhibitors (as reference).

Periodic free corrosion potential measurements on immerseldssimples identified a delayed
effect on the metal passivation development induced by the presence of nitrate ions in the solution.
Indeed, an absent calcium nitrate inhibitive effectiveness was demonstrated through
potentiodynamic polarization tests arigionscontaminatedby chlorides ions (0.1 mol/L and 0.3
mol/L dosages). Lomterm potentiostatic polarization measurements confirmed and
demonstrated, in a more reliable way, the complete calcium nitrate inhibitive ineffectiveness on
chlorideinduced corosion: adecrease of 66% on the critical chloride threshold was observed with
0.1 mol/L nitrate concentratiorgomparedto the reference test. The absence of ahars
corrosion inhibition care related to the slow and feeble metal passivation develupmduced

by the presence dafitrate ions.Instead, calcium nitrite showed the wiktiown good inhibition

effect on chloridenduced corrosion: increased critical chloride threshold by 63% was observed
with 0.1 mol/L nitrite concentration.

A moderate daium nitrate delayed effect on the carbonation process diffusion through concrete
was assessed oinree different cement SerigS:E M 52. 5B5255BIMEM / BB
42.5 The nitrate compounddmixed tahe cement paste in 4% by weight of cement dgssegm

to be sufficient for &£0; diffusion reduction by at least 15%, especially regarding the first and the
third Series These results were obtained througle periodic carbonation depth monitoring on
concrete samples placed into a carbonation chamber (4%c€@Mentratioly to accelerate the
process. They are comparable with corresponding measurements on concrete esguogeelo

the aerated external atmosphere. The complete absence of calcium nitrate inhibitive effect on
rebars carbonatiemduced corrosion was finally demonstrated: linear polarization resistance
measurements showed comparable reinforcements corrosisnatarbonated concrete samples

compared tahe reference ones.



Abstract

ltaliano

Lo scopo principale di questo lavoro di tesi risiede nella ricerca di una nuova classe di inibitori di
corrosiongnorganici per il degrado del calcestruzzo. E possibiermtificare nel nitrato di calcio

un possibile candidato come sostituto al ben noto ed efficiente nitrito, colpito tuttavia da problemi
di tossicit™. La ricerca si  focalizzata ma
da parte del nitratsulla corrosione delle armatuneacciaio indotta da cloruri e da carbonatazione,
essendo queste | e principal:i cause di degr a
cemento e stato simulato con soluzioni alcaline artificiali (pH 12.6), acstiato aggiunto

l 6ini bitore nitrato in concentrazioni 0.1 m
soluzioni equival ent. con | 6aggiunta di ni tr
inibitore (come riferimento).

La misura peodica dei potenziali di libera corrosione sui campioni di armatura immersi nelle
diverse soluzioni alcaline ha permesso di individuare un effetto ritardante da parte del nitrato nello
sviluppo del film passivo di ossido sulla superficie metallica. Infaat seguito della
contaminazione da cloruri (in concentrazioni 0.1 mol/L e 0.3 mol/L), é stata riscontrata una totale
assenza di inibizione in questo tipo di soluzioni durante le prove di polarizzazione
potenziodinamica. Test a lungo termine di polarikna& potenziostatica hanno confermato e
dimostato, in modo piu affidabileal completa inefficacia del nitrato di calcio come inibitore di
corrosione da cloruri: un calo del 66% nella concentrazione critica di cloruri rispetto al riferimento

e stato osseato in presenza di ioni nitrato in dosaggio 0.1 mol/L. Questa assenza di efficacia
inibente puo essere ricondotta al lento e debole sviluppo di passivita indotto dalla presenza del
nitrato di calcio nelle soluzioni alcaline. Al contrario, la buona effecaello ione nitrito come

inibitore di corrosione é stata confermata, riscontrando un aumento del 63% nella concentrazione
critica di cloruri in presenza del composto inibente in dosaggio 0.1 mol/L.

Il nitrato di calcio ha dimostrato, invece, un effettnbfico nella diffusione del processo di
carbonatazione all éinterno del cement o. Sono
tre tipi di cement o-S( GEM5 e BMBIEDNRg séglite Mella / B
contaminazione da GQsia acceletta (in camera di carbonatazione al 4% di£L€he realistica

(con campioni esposti all 6at mosfera). Sono ¢
nitrato di calcio risulta indurre un def fett
cemento: aggiungendo alla pasta cementizia il composto al 4% rispetto al peso di cemento € stato

riscontrato un calo minimo del 15% nella diffusione del procdssarbonatazione, specialmente
I



nei cement i CEM -M 4552 InfiaeR peequa@ta iuarda 1B corrosione delle
armature, a seguito della completa carbonatazione del cemento, sono state effettuate misure di
velocita di corrosione su provini armae s p o st i a toh lé stesse mepdsieianiasopra
descritte C possibile di rdionitrato & caécio soh edudaldum gffpitou n t a
inibente: velocita di corrosione confrontabili o persino piu gravose rispetto ai campioni di
riferimento sono state riscontrateamite le misure ella resistaza di polarizzazione durante la

tecnica dipolarizzazione lineare
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Introduction

Reinforced concrete is a versatile, economical and successful construction material e
combination of high compression strength of concrete and highetgmeperties of reinforcing
steel gives an ideal composite material which offers, compared to other materials, a wide range

of applications i fll.structur al engineeringo

Worldwide, more concrete is uséldan any other man made materievery year, the global
consumpion of cement is on the risé;was estim#&ed a global market consumption of about 50
billion tons of cement in 20172]. The big demand of reinforced concrete in construction
engineering stays on its ability to be durable and stronty, kvgh performance throughout its
service life. However, in some casdsdoes not act adequately due to poor design, poor
constructionor inadequate material selectitmwithstandthe environmental conditions to which

it is subjected3]. An affected or limited state of servicealyilis thus consequenthe corrosion

of the steel reinforcements is globally the major problem of premiaifuastructurecollapses and

its study gained considerable importance at the end of 19B0Ehe economic loss and damage
caused by the corrosion of steel in concrete makes it presumably the largest single infrastructure
problem facing industrialized countries. Billi®of dollars are spent every year in protecting and

replacing corrosion damaggs.

The highly alkaline pore solution (pH around 13), formed during cement hydration, allowed to
protect the steel reinforcements exdded inside concrete, promoting their passivation
Neverthelessthe passivity condition can decdi.e. depassivatioreffec) with consequent
breakdown of the protecting mbe layer on the rebars surface. The two main reasons are attributed
to the presece of chlorides at the carbon steel surface, in a content higher than a critical threshold,
and to the concrete pore solution pH reduction, generated by the reaction with atmospheric carbon
dioxide @ 0). Once corrosion has initiated, the reductionerfiforcements cross sectiandthe
concrete cover cracking and spalling ariggading to structural complicationdleasures to
preventthe reinforcemats damager to keepit within tolerable limits are necessary during the
design lifetime of the stragre. For instance, using high quality concrete, adopting long curing
times and adequate cover dimensjamsntroducing new additional prevention methods that have
been developed and successfully exploited in the recent {flearblended cements, cosion

inhibitors, external coatings, corrosion resistant rebars, cathodic protdéiion)
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Among these methods, inhibitors have begately applied for preventing corrosion in many and
varied technical fields foyears, due to their low costs and easy handlbhgindeed, they can

delay the corrosion initiation time and reduce its propagation @agosion inhibitors can be

added to the concrete mixture as lgjaidditives to prevent corrosion, or they can be applied, as
repair technique, on the hardened concrete surface, enabling them to migrate toward the steel

reinforcements.

The effectiveness of corrosion inhibitors for reinforced concrete structures dffgciehloride

and carbonatioimducedcorrosion has been studied at PoliLapp, Laboratory of Corrosion of
materials AP. Pedeferri o, P oHesidesethe wekstablislied M
effective nitritebased inhibitor, new organic aimbrganic substances have been investigated as
alternative to overcome the safety and environmental issues related to rlotesrecently,

nitrate ions was suggested as possible alternative, by virtue of its harmless and compatibility with

the concretenatrix, enough to be commonly used as set acceldfjtor

In this work,the fundamental aspects of concrete degradation and reinforcements corrosion are
described, focusingn the preventative and repair techniques commonly adopted; significant
emphasis was given to inorganic corrosion inhibitors and in particular, to nitrite and-bésaie
compounds. A detailed state of the art regarding these two inhibitors was drafted.

Since considerable divergent opinions about reliable inhibition effectiveness on concrete corrosion
of nitrate ions were encountered in literature, the purpose of the present work was to demonstrate
an eventual inhibition effect of calcium nitrate as ceterdmixture inhibitor. ie experimental

section of the thesiconcerns the investigation of nitratect onchlorideinduced orrosion and
carbonation attack, that attee two main reasons of concrete degradation nowadlagsadopted
experimental metbds were selected according to previous researches present in literature; in this
way, it has been possible to make a comparison with the obtained regudtte-based inhibitor
effectivenessfor chlorideinduced corrosiorwas determined using simulatingpncrete pore
solutions and correlating the corresponding results in presence ofldtsiéel infbitor or without

any admixture; in additiorreinforcedandplain concrete samples were adopted to investigate the

inhibition effectiveness in carbonatidonduced corrosion.



Chapter 1.
Corrosion In concrete

Concrete is a composite matehhracterizetly aggregates and porous cement paste, the reaction
product of cement with additional mixing water. It is normally reinforced esttbeddedarbon

steel rebes: the renforcements introduction into the cement paste almaprotect the steel from
atmospheric aggressive specipseventing various type of degradation.

1.1 Concrete general aspects

The constitutive element of cement is a mixture of limestone and claynawvials calcium
silicates and aluminates are the me@mponentsin presence of water, the mineral powder forms
colloidalhydratedoroducts with very low solubility. Cement paste solidification is mainly induced

by thehydrationof aluminates that readitstly; silicateshydrationgives rise to calcium silicate
hydrates formation, a rigid gel, known asS@H gel. It is characterized by very small particles
with a layered structure of thin spacing, lower than 2 nm, and a big surface ar@®Q188g):

due to this conformation,-S-H gel can give considerbdbstrength to the cement paftg During
hydration, an aqueous solution of calcium, sodium and potassium hydroxides (&a{@eM,

KOH) is formed and accumulates inside the pores. The chemical composition of the pore solution
depends on concrete constitugmowever, because of the high alkalinity of the dissolved species,

the solution pH ranges from 12 to [B}.

In aerated, chloridé r e e, al kaline solutions, with pH
protedive oxide film forms[7]. This is what happened in rebars inside concrete: the alkalinity of
the pore solution is sufficient to guaranteeabl passivity condition andraetal corrosion rate
practically nil. Thepassivdayer isonly few nanometres thick and itjpgobably part metal oxide
hydroxide and part mineral coming from cement; it is a dense and impenetrable film that can
prevent corrosion instauratiofB]. However, the passivating environment net always
maintained: concrete carbonation and chloride attack are the two conditions that compromise the

protective layer integrity.
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An additional protective effect of cement on rebars consists of a physical barrier, called concrete
cover, that protectthe metal slowing down the aggressive species penetration. The diffusion of
oxygen, water or aggressive ions (like chlorides) from atmosphere to the carbon steel surface can
leads to metal corrosion instauration, so to concrete degradBfierticansporprocesses of fluids

and ions inside concrete are the crucial factor for its durability; the diffusion of these substances
is related to the concrete properties (porosity and presence of cracks), on their binding with the
cement paste, as well as on the immmental conditions at the surface of concrtg
Interconnected pores of different sizes are always created during cement paste hydration:

durability of concrete is strictly connected to the dimension and distributidmesévoids

Pores are classified into macropores, capillary pores and gel(ptge$1). Thelatter constitute
theinterlayer spacesf C-S-H geland theydo not affect cement permeability because they range

from few nm to several nm in dimension.

IRALILRRALL Entrapped
Hexagonal crystals of air voids 1
Ca(OH), or low sulfate Lk ]
in cement paste
|
' ey
Interparticle h ?O, }
spacing between Capillary voids Entrained air bubbles
C-S-H sheets —
eh et Maximum spacing of
7y entrained air for
durability to frost
Aggregation of action
C-S-H particles
| Illll! I B
0.001 um 0.01 pm 0.1 um 1T um 10 um 0.1 mm Tmm 10 mm
1nm 10 nm 100 nm 103 nm 104 nm 10% nm 108 nm 107 nm

Fig. 1.1 Dimensional range of solids and pores in hydrated cement [#ste

Bigger voids are characterized by capillary pores, not filfets by solid hydrate pidacts They

can have different sizes according to the water/cement vattpgdopted: low ratios are preferred
because they assweids of tens of ninot critical dimension for aggressive species penetration.
On the contrarymacropores are relevantfooncrete durability and rebars protectomtause they
can reach few mm of dimension; they &pically induced byentrapped air during mixing and
not removed by compaction of flresoncretd9]. Pores size and distribution is important as well
as the amount ofgeous solution contained intitye diffusion of aggressive species into concrete

depends on the transport properties of water.
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For concrete exposed to atmosphere, the water content inside pores is related to the relative
humidity of the environment, in absence of wetting and under equilibriumditions. Inside
capillary voids, water is firstly adsorbed on their surface and then,thgthelative humidity
increaseit fills up the pores, sting with the smallest anthen moving to the larger ones, as
illustrated in Figurel.2 Diffusion of aggresive species in gaseous phase is related to the water
content inside pores. In presence of complete wdled pores, interconnected with each other,

gas diffusion is hindered; contrary, it is facilitated by voids with water only adsorbed on surface.

Adsorbed
water

Pores filled
by water

Adsorbed
water

Fig. 1.2 Representation of water present in capillary pdigs

For what concerns ions diffusion kinetic, it is promoted by the presence of water freufface

capillarytensionsits transport properties are slarito those of a bulk solutida].

The main effectivemeasures to take for the improvement of concrete durability are based on a
good concrete cover dimensiagiandsuitable mix design selection: it includes the proper choice

of water/cement ratio, cement type, dimension and size distribution of aggredg@désonal
protective measures can be applied in the admixture to decrease concrete permeability, such as

fluidizers, plasticizers and inhibitof$0].

1.2 Mechanism of corrosion

In aggressive environments, concrete structures have a life expectancy which is strongly limited
by the corrogin of their steel reinforcemenithe spataneous protection of metallic rebars due to

the alkalinity of concrete matrix can decayer time because of two main caudé4d]:

1 Chloride contamination - It occurs when concrete is in contact with chloride containing

environments. The ions can diffuse inside the matrix and reach the reinforcentheis; if
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concentration at the surface of carbon steel exceeds a critical threshold, the protective layer

may be locally destroyed, inducing local corrosion.

1 Carbonation process- It isinduced byconcrete reaction with the carbon did(CO;)
contained inlie atmospher&he processauses thel@ange of pore solution pfiom pH
> 13 to pH < 9: in this condition, carbon steel loses its pasgiMtyl he reaction starts
from the concrete surfa@ndthen proceeds through the concrete cover until reaching the
reinforcementsinducing the passive layer breakdov@orrosion starts in gesence of

water and oxygen and affectse whole steel surface.

The service life of a concrete reinforced structure can be divided in two distinct pRigsds3:
corrosion initiation, which is the time required for carbonation orraés penetration to reach
thecarbon steel rebars apdodu@ passivity breakdown; corrosion progaign is the subsequent
phase starting fromorrosion attack onsgt2].

Corrosion
penetration

Maximum allowable penetration

Time
Initiation Propagation

Lifetime o

Fig.13Tuutt i 6 ssteam@nfbrdémert dorrosioin concretd12].

The kinetic of the two phases is variable and dependent on many factors: during initiation stage,
the velocity of processes is governed by aggressive spaduileg of diffusioninside concrete
Therate of ingress of carbon dioxide and chloride contaminants depends on the quality of concrete
cover and on the environmental condition at its surfageOnce the passive layer is destroyed,
corrosion phenomena occur if water and oxygen are prastrd rebars surfacpropagation rate

can vary considerably gending on temperature and humidity.
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Rebars corrosi on r at mlyandtcanbeaconsideeed negligibheafites! | y
bel ow 2 em/y: in this condition, no structur
with standard lifetimeg13]. When the corrosion rate exceeds this limit, corrosion products
accumulate at concreteinforcement interfagehey are mix of iron oxies that occupy a much
greater volume (even 6 times bigger) than that of iron they are derived from. Consequently, the
corrosion products can produce tensile strasséde concrete covetausingts cracking, spdihg

or complete delamination, as shomrHgure 1.4

Fig. 1.4Example of concrete delamination due to carbonation induced ¢ornr{&?2].

1.2.1Corrosion process

Once the passive layaf rebarsbreaks downbecause of both chloride contamination and
carbonationgorrosive process develops if water and oxygen are presentatiisurface When
steel in concrete corrodaspxidisesthe iron atoms producing a couple of electrons; this is the so

called anodic reaction:
O '0Q cQ D

The produced electrons are consumed at the surface of carbon steel by water and oxygen, giving

rise to the cathodic reaction:

cQ  0b %‘3 0 60 @
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The anodic adh cathodic reactions are only the first stémsthe creatiorof rust: the iron ions
produced in(1) are soluble in the pore solution and, in presence of hydroxidetiesreate the
iron hydroxides (Fe(OH) Fe(OH), FeOs-H20) that represent corrosion product, i.e. 3t

This mixture of products is the cause of concrete cracking and spalling becausgywoificant

volume increase at concrateinforcements inteafce

The complete electrochemicakocess is illustratesh Figure 1.5 the electrons migratiooccurs
from anodic to cathodic sideassingthrough the metal; the ions diffusion is possible inside the

concrete matridecause of water presence.

Fig. 1.5Electrochemical process of rebars corrosion in conc[883.

If any of the chemical reactions or transport mechanisms do not take place, the corrosive
phenomenon is completely blocked. Corrosion rate is thus determined by the slowest process

among the four partial ones.

1.2.2Polarization curves

The rate at which the anodicdpathodic process takes place depends on the potétidlhe
corrosion behaviour of the reinforcement can be described by means of polarization curves that

relate the potential and the anodic or cathodic current density.

In noncarbonated concrete wiadht chlorides, carbon steel is passive atsdbehaviour is
represented in Figurg.6, atypical anodic polarization curv@he potentials are measured with
respect to a saturated calomel reference electrode (SCE) (potential +244 mV with respect the

standad hydrogen electrode).
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A
Transpassivity zone
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Fig. 1.6 Anodic polarization curve of steel in nearbonated concrete without chloridgg.

Iron inside concrete is in condition of immunity for potentials beldw SCE metal disolution

is thermodynamically iprobable In the range of 800 mV and +60 mV potentials, the steel
creates gassive film that protectséompletely: in this condition, the corrosion rate is negligible.
Above the passivity range, the metal is in transpassivity condition: oxygen may be produced on its

surface according to the anodic reaction of oxygen evolution:
¢O0 © 0 1O 1Q (3

The kinetics of oxygen reduction is described by the cathodic polarization euaveky shown

in Figurel.7.
A
500
w
Q
(n .
> 0
E i
5 ®
=
5 ]
8 -500—_
] © Hydrogen
-1000 — \é \/ \< evolution
0.1 1 10 100

Current density (mA/m?2)

Fig. 1.7 Cathodic polarization curves in alkaline concrete: (a) aerated;
wet, (c) completely saturated with waj&}.
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Even if the equilibrium potential of the oxygen reduction inside concrete (pH about 13) is
approximately at H20 mV SCE, the reaction has significant rates only at potentials below 0 mV
SCE. This occurs because the rate of the cathodic process depends on the oxygen availability at
the surface of carbon steel; cathodic polarization curves are thus dependingbititthef the

gaseous speci® diffuseinside concreteAs the atmospheric relative humidity increases, the
oxygen diffusivity to rebars is limited by the progressive saturation of concrete: cathodic
polarization curves shift at lower potentials. If caete is completely saturated with water (RH
100%), the only cathodic procgssssible is hydrogen evolution becauséhef oxygen complete

absencécurvec) [1].

From cathodic and anodic polarization curves, it is possible to determine the cond st
corrosion in various situations: corrosion ratg) and corrosion potentiaE¢or) are identified
by the intersection of anodic and cathodic cur#gure 1.8 shows the corrosion condition af
carbon steel reinforcemerdmbedded in nonarbonated concrete in the three different

atmospheric conditions.

Ecorr and igorr in @erated concrete

— Econ and leorr
in concrete
submerged
in water

Potential (mV SCE)

Ecorr @and igor in
absence of oxygen

v

LRRRRY UL RRLL | UNLELRRRLY T T T TTIT

T
0.1 1 10 100
Current density (mA/m?2)

Fig. 1.8 Corrosion conditim of passive steel in concrete, under different
environmental conditiond].

Generally, with concrete exposed to atmosphere, the rebars condition has a corrosion potential
around 0 mV SCE; this potential value drops to lover value, be#®® mV SCE, for concrete
immersed in water because of the decreasing of oxygen suppby $tettl surfacéVhen oxygen

is totally lacking, the potential may even decrease to values b&oymV SCE and the cathodic
process will lead to hydrogen evolutiodnder theseconditions, the steel is subjected to a

corrosion rate that is practicallyl fil].
10
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1.3Chloride-induced corrosion

Chlorideinduced corrosio is the most severe reason of reinforcemedéterioration and
consequent concrete degradation according to the statistical ana[{gik Modern design codes

for reinforced concrete structures impose restrictions on the amount of chloride thaemay b
introduced fromraw materialsnside the concrete matrixn same structures built in the past,
chlorides have been added in the concrete mix because of their good settled accelerant properties,
causing premature extensive corrosion damaydp Today, the maximum allowed chloride
content is ruled by the European -OA%afchdoaded nE
ions by mass of binder for reinfaed concret¢l6].

The other main source of chloride in concrete is penetration from the environment; ths occur

mairly in marine environmentg=ig. 1.9) andin bridge slabs wén deicing salts are spread

Fig. 1.9 Chloride-induced corrosion in marine environmdg8d].

Corrosion of carbon steel reinforcements can only take mace the chloride content in the
surroundingconcrete has reached a threshold vaRae.(.3.1); the diffusion of chloride ions from

the external environment through the concrete matrix is characterizing the initiation phase
Subsequently, propagation of the corrosive phenomenon occurs once chlorides ledddal the
breakdown of the protective oxide film of the reinforcement in alkaline concrete: a consequent

localized corrosion attaclkalled pittingestablishe§l].

11
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1.3.1Critical chloride threshold

Initiation of pitting corrosion takes place when chloride content at the surface of reinforcement
reaches a threshold v, the critical chloride content. A certain time is requicedHfe breakdown

of the passive film: from a practical point of view, the initiation time can be considered as the time
when the carbon steel rebar is characterized by an average sustainsmbcoate higher than 2
mA/m?, i.e. when corrosion rate is no more negligible. The chloride threshold can be defined as
the chloride amount required to reach this corrosion conditiginFor this reason, the assessment

of the critical chloride content is a key element in predicting the service life of structures exposed
to chloride containing environmenisg;fact,one possile definition of concrete service life is the

time required for transport processes to reach this threshold1&yel

Chloride threshold value is usually represented by the ratio of chldefleedasthe percentage

of the total chloride content relative to theigig of cementto the concentration of hydroxyl ions

in the pore solutionThe probabilityof significant corrosion increases as the [AOH"] ratio in

the pore solution raises above a certain vil@¢ Because the critical chloride value can only be
defined on a statistical basis, [{ZJOH"] reported @alues cover an extremely wide range. The
reason for this variety of different results stays on the dependence of chloride penetration into
concrete on several parameters: they are related both on the concrete (e.g. type ofwgement,
ratio, moisture contd, etc.) and on the environment (e.g. chloride content, temperaturg¢lptc.)

But the mainfactors that have a remarkable influence on the chloride threshold are identified on
the concrete pH, related to the hydroxyl ions concentration, on the potential of the steel and on the

presence of voids at the rebar/cmte interface.

Over the yearsseveral studies about the assessment on the chloride threshold value for concrete
structured were performed: the obtained results range from 0.2% of chloride content by weight of
cement until a maximum value of 1.5% by glai of cementNevertheless, the European standard

limits the chloride content to less than 0.4% for reinforced concretes, properly because this

uncertainty[18].

12
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1.3.2Chloride penetration

The penetration of chloride ions from the environment producasneentratiorprdfile in the

concrete matrix characterized by a high chloride content in proximity to the external surface and

decreasing contents at deeper levels. This profile can be approximagederalwi t h t he
second law20]:

re 16

o 1o @

where C is the concentration of the diffusing spe¢® of chlorides by mass of cement or
concretg, x thedistance (m) from the concrete surfacelD thediffusion coefficien{m?/s)inside

concree. This relation theoreticallgescribes the kinetics of a netationary diffusion process;

Fi

however, this condition is rarely met in real structures: only into concrete complete saturated with

water, chloride ions can penetrate by pure diffudibp Analytically solving thg(4) equation, it is
possible to evaluate the concentratibof thediffusive speciet any deptlx, under the assumption
of constant superficial concentratic®y and constant diffusion coefficierl?. The analytical

equation(5) is thus obtained:

W
0 O Ql O ——
where:Cy is thetotal chloride content by mass of cement or concrete) at tings) and deptix

(m) from the concrete surfacB;ppis the apparent diffusion coefficient for chite (nm?/s) andCs
corresponds$o the surface chloride content (% by mass of cement or concrete).

The use of the apparent diffusion coefficidDiydy) is required to better describe the penetration of
chloride ions inside concrete: since it depends on dinerete permeability and cement type, it
considers also the penetration of specie due to capillary adsonptiap, andCsare known and

can be assumed asnstant in time, it is possible to evaluate the evolution of the chloride profile
in concrete anaestimate the timeé at which a pecisechloride threshold will be reached and

corrosion will initiate.

13
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1.3.3Pitting corrosion

Chlorideinduced corrosion initiation is characterized by a local breakdown of the protexititee
film on the remforcement in al&line concretesubsequent locakl corrosion attack takes place

and the morphology of the phenomenon is that typical of pitting shown in RidLGe

Concrete

C  H,0,0, OH
pH> 12,5

Fig. 1.10Schematic representation of pitting corrosion of steel in con§téte

The zones where the film fails behave as anodes (active zones), while the adjacent ones remain
passve and become cathodic (passive zone), hosting the oxygen reduction reaction. Current
circulation is established from the anodic side to the cathodic one: this flow both increases the
chloride content (chloride, being negatively charged ions, migrate emibdic region) and lowers

the alkalinity (acidity is produced by the hydrolysis of corrosion products inside th¢lpits)

this way, the aggressiveness of the anodic zones is enhanced and the cathodic side is strengthened
Therefore, corrosion propagation can be considered autocatalytic, reaching vergregiatmon

rates, up to 1 mml/y.

During chlorideinduced corrosion attack the anodic polarization curve of rebars modifies: as the
chloride content at the steel surface increases, the passivity range shortens because the upper limit,
which is calledfpitting potentiab (Epit), passes from aboub®0mV SCE toi 300 mV SCE(Fig.

1.17 [21]. Itis possible to note that the reduction of the anodic pitting potential does not constitute

a problem, since the intersection with the cathodic curve coincides to current density values no
more negligible. As thehdoride content increases, the rebars corrosion condition corresponds to
higher current densities, thus greater penetration rates. This can lead, in the short term, to

unacceptable reinforcements section reductions, compromising the concrete service life.
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Chapter 1. Corrosion in concrete
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Fig. 1.11Anodic and cathodic polarization curves with different chloride conter

To stop the propagation of the corrosion attack after initiation, it is necessary to decrease the rebar
potential to a value more negative than, call ed ndpr oBxd: theintervalop ot e n
potentials betweelk,it and Epro is characterizeé by the fact that it does not allow any attack
initiation, but, if the corrosion phenomena has already begun, it permits its propagasicaries,

like Epit, with chloride level, pH and temperatydg.

1.4 Carbonation-induced corrosion

CarbonatioAnduced corrosion is the second cause of concrete degradatordiag to the
AStatistical anal ysis of f act or d14]i Qodtrarpte nc i n

chlorideinduced corrosion, the attack is generalized, involving the whole rebars surface.

Carbonation is the result of the interaction of carbon dioxide gas (@@e atmosphere with the
alkaline hydraidesof the pore solution contained in concrete; the reaction can be schematized as

follow:

CO, +Ca(OH), ¥ Y99 CaCO,+H,0 (6)

Carbon dioxide content in the atmosphere varies from 0.04% in rural zones to 0.2% ingities; a
carbon dioxide preeeds to react with the calcium (and other) hydroxides, it induces the pH of the
pore solution to drop from its normal values around 13, to values approaching nej#}ality
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Chapter 1. Corrosion in concrete

this condition, the steel passivitydestroyed and the reinforcements corradésimid carbonated

concreteas if they were in direct contact with wafg].

1.4.1Penetration of carbonation

Carbonation reaction starts at the external pstec surface and penetrates inside concrete
producing a low pHrbnt. Its penetration rate tends to decrease in time according to the following

equation:

Q v (7)

whered is the depth of carbonation (mm) and time (yearg. often exponem is approximately
equal to two and, therefore, a parabolic trend can be considered: 0. The coefficient K
(mm/years’®) can be assumes as a measure of the carbonation rate for given concrete and

environmental conditions.

The rate of carbonation penetration is thus depending on both environmental factors and properties
related to the concrete. In particular, it varies with tbeccete humidity: diffusion of carbon
dioxide is made possibleylthe presence of aerated pores, so, not completely filled by water.
Consequently, the diffusion rate @0, decreases with an increase in concrete humidity; however,

the carbonation reactio(v) occurs only in presence of water, making it negligible with dry
concretd1]. Carbonation rate may be correlated to the environmental humidity as shown in Figure
1.12

Carbonation rate

T T T T I >
0 20 40 60 80 100

Relative humidity (%)

Fig. 1.12Rate of concrete carbonation as a function of relatiueidity of the environmefit2].
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Chapter 1. Corrosion in concrete

The interval of relative humidity most critical for promoting carbonation is frott 8070%.Wet
and dry cyclesvill accelerate carbonation attack by allowing the carbon dioxide penetration during

the dry condition (unsaturated pores with water) and supplying water in wet sif3tion

The concrete compositiois an additional factor that mainly affects carbonation penetration: the
permeability of concrete influences the diffusion of carbon dioxide through the cover. A decrease
in capillary porosity of the hydrated cement paste slows down the carbonatiorapengthis

can beproducedby reducing the water/cement ratio during the cashbined with a properly

concrete curingl].

1.4.2Corrosion in carbonated concrete

Theinitiation timeof carbonatioAinduced corrosion is the time required for the carbonation front

to reach the reinforcements, so to penetrate a dgptd o the thickness of the concrete cover. In
presence of oxygen and water the corrosion process can take place on the whole surface of carbon
steel in contact with the carbonated concrete, as a generalized d&tteckalmost neutral
environment of carbmated concrete compromises the passivity condition of steel, hindering the
formation of the passive filifl]. The change from passive to active behaviour due to pH decrease

is shown in Figurd.13 the anodic polarization curve progressively shifts to lower potentials/alue

with an almost linear trend.

Passive behaviour
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Fig. 1.13Corrosion condition of steel in carbonated coneret equilibrium with
environments of different relative humidity.
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Chapter 1. Corrosion in concrete

The catlodic polarization trend is similar to that obsed in alkaline concrete (Fid..7), with

different curves according to the environmental conditions.

The condition of corrosion (intersection between anodic and cathodic curves) changes with the
progressiveloss of passive condition stability: as the carbonation attack arises, decreasing the
concrete pHyrebarscorrosion current densitig increased until no more negligible valués.
presence of concrete in aerated or sémi environments, the corrosion ratition is more
aggressive because of thggnificant oxygen availability. It was demonstrated that the
reinforcementscorrosion ratein carbonated concrete reached maximum values in aerated
environments with relative humidiground 90%approaching td00% humidity value corrosion

rates droppe{P3].

1.5 Prevention and repairfor concretecorrosion

Thefirst requirement to achieve the godukrability of concrete structures must begin at the design
phaseijnvolving conceptionstructural details, and material selectiBnevention further emerges
during the concrete preparation, placement, compaction and curing; it will continue throughout the
entire service life with programmed inspections, monitoring and maintenéineevaliation of

the environmental aggressiveness is a key factor for a good design of concrete stiheture
environment is considered as the sum of chemical and physical actions to which the concrete is
exposed and that result in effects on the concrete andeibforcementgl]. For each
environmental conditonheEur opean standard AEN 2060 provi

properties of concret® assure 50 year lifetinjé6].

1.5.1 Concrete quality

The preventative measures taken firstly dur.
gualityo, which includes its c¢ompRd.sAmengthen and

concrete quality itemst is possible to emphasize

1 Water/cement ratio - It is a key factor in mixture proportion to determine the capillary

porosity of the cement paste and thus its resistance to aggressive species penetration.
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Chapter 1. Corrosion in concrete

Therefore, a low ratio ishe primary choice toobtain an impervious concrete to either

carbonation or chloride penetration.

1 Cement content- The increase in cement content, on one hand, leads to a higher amount
of water, which increases workability of the mixture, but, on other hand, also incileases

risk of cracking due to hydration heat or drying shrinkage.

1 Type of cement- Also the cement type affects the concrete poresitypermeabilityfor
example, athe same conditions, blended and blast furnace cements are most resistant to

chloride pengation.

9 Curing - Curing affects primarily durability and mechanical strength.

1 Cover thickness- As concrete covdrecomes thickethe barrier to the various aggressive
species movig toward the reinforcements increases. The time for corrosion imitiigtio

thus delayed.

1.5.2 Additional protection measures

In the special conditions of strong environmental aggressiveness or imposdibilitgve an
adequate concrete cover thickness, additional protection techniques are required to guarantee the
durability of concrete structure€One possible solution is the use of surface treatmdiies
coatingsapplied on new structures, as preventative measure, or to existing constructions, as repair.
The main action of surface treatments is to slow down the penetddtiaggressive species,

increasing the initiation time, especially for chlorideluced corrosiofi].

Acting directly on the corrosion resistance of rebars, it is possible to work on the material selection:
the choice of reinforcing bars with a higher corrosion resistance than carbon steel can be
advantageous wihdong service life is required in very aggressive environments. Stainless steel

and galvanizedteels are two examples.

One of the most effective measure for concrete service life promotion isséhefcathodic
protection(CPY). it is an electrochemicakchnique that induces a polarization of the carbon steel
rebars, through direct current input, to potential values lower to that typical of corrostbis

way, the metal corrosion rate is reduced until complete stop. This technique is widely used to
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Chapter 1. Corrosion in concrete

protect and repair structures affected by aggressive chlimddeed corrosion, even when the
critical threshold value is already reach&tie only drawbacks are the high costs related to the

continuous current supply and to the implant installation nreasu

To overcome these problems, since the 1990s, cathodic prevention (CPrev) was applied to new
structures that would presumably be contaminated by chlorides. It is performed with the same
features of CP, but from the beginning throughout the entirécselife of the structure. In this

way, the corrosion initiation is retarded and, in addition, costs related to the installation and the

current supply areeduced3].

Corrosion inhibitors are used primary to peat chlorideinduced corrosion: they are organic or
inorganic substances that in contact with dement matrix, they can inhibit the corrosion of the
rebars. They can be introduced in small quantity to the concrete paste before casting, or to mortars

usedfor restoration, or sprayed on the surface to migratedadinforcement.
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Corrosion inhibitors

Steel reinforced concrete structures are affected by several degradation phenomena, many of them
induce the trigger of rebars corrosion. It is necessatgite preventing measures to keep within
tolerable limits the damages thatn limit the design lifetime of the structureBesides
electrochemical techniques, the use of corrosion inhibitorsovgadayscontinuing to attract
attention[10]. They have been used successfully in steel pipelines and tanks for many decades;
howeve, their use in concrete is verycen and ofterimited [25]. Corrosion inhibitors may be a

good alternative to other protection methods or classical repair techniques due to their lower cost
and easy applicatiof25]. In this context, only corrosion inhibitors that prolong the service life

due to chemical or electrochemical interaction with thefoecements are considered.

According to the International standard Al ¢
Achemical substance that when present in th
concentration decreases the corrosion vaitbput significantly changing the concentration of any
corr os i J26]. Tlegebatances used as inhibitors can be both of organic and inorganic

nature; they can be classified according to the application mgthod

1 Admixed corrosion inhibitors (ACI) - They are added to the fresh cateras an additive.
According to the general service life model of Tuutti (Figird, these inhibitors can
extend the initiation time and/or reduce the corrosion rate during the propagation phase.
This type of substances is used as preventative technique

1 Migrating corrosion inhibitors (MCI) - They are applied on the surface of hardened
concrete during the initiation period; their penetration through the concrete cover is
required for the reinforcements protectigmomoting the reduction of the corrosicate.

In this case, they are considered as curative repair technique.
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Chapter 2Corrosion inhibitors

2.1 Effect on the service life

Corrosion inhibitors have the ability to increase the service life of a concrete structure working on
its initiation time and propagation rat€he servte life of a structure can be representedhay
Tuutti diagram that in presence of corrosion inhibitors is modified according to their action, as

shown in Figure.1

Corrosion |
penetration

Maximum allowable penetration

N . Propagation
Initiation time

\ rate

Service life without inhibitor

Service life with inhibitor

Fig. 2.1 Influence of the inhibitor on the service life.

The inhibitor can act firstly on theorrosioninitiation time:a barrier effectiduced by its presence
inside the concrete matrix, can limit the diffusion of aggressive species toward the reinforcements.
The delay on initiation time can also be related strengthening mechanism of the rebars passive

layer; the chloride threshold ke can be thus increased.

Corrosion inhibitor can furthemfluence the corrosion propagation phabg producing a
reduction in the rebars corrosion rate after its initiatidrerefore, the effect of corrosion inhibitors

is to ensure a service life dfé concrete structure equal or greatest then the one designed. To do
this, an effective inhibitor must satisfy the compatibility with the concrete matrix, without
affecting the properties of both fresh and hardened concrete, and with the enviromment

problems of toxicity and environmental impact must be prg&ént
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Chapter 2Corrosion inhibitors

2.2 Inhibition mechanism

The inhibition of steel reinforcements corrosion inside concrete structures is focused on the
hindrance of the electrochemicadrrosion process (Pab): if any of the chemical reaction or
transport mechanism do not take place, the corrosion phenomena is completely bibeked.
protection mechanism of corrosion inhibitors acts examtlythese processes; according to the

reaction that they hinder, they can be classified [

1 Anodic inhibitor s- They work on the anodic reaction of steel dissolution by maintaining
the passivity condition on the rebars surface. They modify the anodic polarization curve
increasing the corrosion potentaflmetal: its corrosion current densigythus decreased
as shown in Figurg.2

The most commonly used anodic inhibitor is nitrite, especially of calcium, but also of

sodium[25].
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Fig. 2.2 Effect of the anodic inhibitor.

9 Cathodic inhibitor s - They act on the cathodic reaction on the steel surface. In alkaline
environments, like in concrete, the cathodic reaction is characterized by oxygen reduction:
cathodic inhibitors increase e@hcathodic potential, decreasing the metal corrosion
condition (both the potential and the current denstyeg, as shown in Figur2.3.
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Chapter 2Corrosion inhibitors

The most commonly used are the hydroxide or carbonate of sodium, which are supposed
to increasehe pH near the steand reduce the oxygen transpdy accumulatingn the

metal surfac¢27].
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Fig. 2.3 Effect of the cathodic inhibitor.

1 Mixed inhibitors - Theywork at both theanodic and the cathodic side, reducing the
corrosion rate without significantly changing the corrosion potemtyathe adsorption of
these substances on the steel surface, it is possible to create a film that works as barrier for
oxygen reduction and iron dissolution. They are usually organic molecules with polar
groups (amine, hydroxyl or carboxylic groups) passible for the surface adsorpti@5].
The main problem withorganic materials is that they act asvere set retarded,

compromising the curing phase of conci@fe

2.2.1Effect on chloride-induced corrosion

The initiation of rebars corrosion process related to chloride contamination is trigger by the
overcomingof the thresholdhlorideconcentration able to breakdown the oxide passive film on
the steel surface. Localized corrosion (pitting) starts with a very rapid propagation rate, that can

be considered autocatalyt{Corrosion inhibitors for chloridenducedattackare thus acting on the
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initiation time only: once the steel passive layer is locally destroyed, no inhibition tan e

corrosion propagation.

According to Elsenefl10], the anodic potential at which localizedrimsion starts, pitting

potential, is related to chloride ions concentrations:
O 0 0 aEeQ (8
with C andB constants and chlorides activity.

Efficient corrosion inhibitorsincrease the pittap potential, reaching values higher than the
corrosion potential, avoiding pitting initiation. Therefore, they act decreasing the chloride
concentration at the steel surfaoelpreventinghe pit formatiorwith different mechanism4.0]:

for instance, they can adsorb on the steel surface avoiding the chlorides accumulation; in
alternative, they can increase or buffer the concrete pH in proximity to the reinforcements,

hindering the pit development.

2.2.2Effect on carbonation-induced corrosion

Carbonation is a concrete deterioration mechanism based on thee&@on with the concrete
components and the subsequent depassivation of the ftaeddee to a pH change. Carbonation
is primary a migration process; therefaa@, eficient inhibitor actson the concrete permeability

hindering the penetration tfis aggressive substanicethe reinforcements.

In carbonatiorinduced corrosion, inhibitors can act on both initiation time and propagation rate:
as binding onéi bibobeak$s$ ngo, ipome substances
delaying the complete concrete cover carbonatioalternative, after reached carbonation, anodic
and cathodic inhibitors can act on the rebars corrosion condition, decreasing the cotngsiain

density.
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2.2.3Inhibitor effectiveness

The effectiveness of a corrosion inhibit&kd;) is defined as the reduction of the corrosion rate

as follows:
36 o .
X 5 (©)
whereo is the corrosion rate in the absence of inhibitor@nd . is the corrosion rate

in presence of inhibitor.

Inhibitor effectiveness depends on a variety of factors such as the nature and concentration of the
chemical substance, the type and surface condition of the metallic reinforcements, the composition
of the aggressive environment, and the atmospheric tempeHtufer each inhibitor compound

it is possible tadentify the minimum effective concentration above which its inhibiting effect
appearsAccording to thempacton the corrosion rafen inhibitorcan be classified in safe and
unsafe a safe inhibitor is a substance that do not induce any corrosion rate increase if applied in
concentration lower than the minimum effective one; on the other hand, unsdifi¢onshcan

activate corrosion enhancement with inadequate dosages.

2.3 Nitrite -based inhibitors

Inorganic ritrite compounds (N@, Fig. 2.4) are anodic inhibitors amonghe most extensively
used admixed corrosion inhibitaheir effectivenessn chloride ggressive environmenisas
widely proved[3][10][28].

[O"'N‘*OI_

Fig. 2.4 Nitrite anion[85].

Nitrite-based compounds were primarily used to increased setting and hardening of concrete,

rather than to inhibit corrosid].
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The first literature reference regarding the investigation on nitrite as concrete inhibitor is dated in
the late 1950s ithe Soviet Unionwhere a miture of nitrite and nitrate (N@) of sodiumand
CaCb were used as protection strategy against corrosion caused bgidg saltg29][5]. Due to
loss in compressive strength and risk of ale@lgregate reactions, calcium nitrite (Ca@¥pwas

investigated?28].

Commercial calcium nitrite was irdduced only in the middle of the 1970s in Japan and United
States and it was used for yef88][31][32]; the firs patent was awarded in 1977 for commercial
application of nitritebased inhilior [25]. Over the 1980s and 1990s, the technique was enhanced:
nitrite-based inhibitors were used psotection strategy in large structures, like viaducts and
bridges, worldwidg33][34]. Even though calcium nitrite has proven to be an efficient corrosion
inhibitor, it has a big commercial disadvantagérites are toxic and environmentally hostile,
therefore, they are highly regulated in Eur¢p&][35].

2.3.1Inhibiting mechanism

Being an anodic inhibitor, nitritbased compound directly interferegiwihe anodic dissolution

reaction of steel during chloride or carbonatinduced attack.

Several hypotheses have been advanced considering a steel passivation effect induced by nitrite
presencg5][36]. Nitrite ions, dissolved in the alkaline pore solution, react with the ferrous ions of
the reinforcements forming stable iron oxides that preseevsulface passive layer. The redox

reactiong10) and(11) show the mechanism:
¢O0Q ¢0™O ¢ ¢OOY g-"OQ O (10
"OQ 00 00 00" g FeOOH (12)

Ferrous ions"OQ ) are oxidized to ferricons (OQ ), forming a passivating ferric oxide layer on
the steel surface because they are insoluble in the alkaline porersaluti block the transport of
ferrous ions into the concrete electrol{i®]. Nitrite (oxidation state +3) is reduced ridgrogen
monoxide (NOpoxidation state +2), a gaseous specie that evapaasesbient temperatureé

pressure.
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The nitrite inhibitory effect is based on its ability to reduce itself, oxidising the ferrous ions: nitrite

is not integrated into the passivity film, but it competes against chlf@eThe redox reactions

are much more rapid than the oxidation of ferrous ions through chloride ions complex formation;
nitrite ions induce thus the formation of a stable passive layer even in the presence of chlorides
[38]. The influence of the corrosion inhibitor on the oxidising reaction kinetic induces an increase

in the pitting potendl.

A second hypothesisuggested that the effectiveness of nitrite corrosion inhibitors staggeon
creation of a passive oxide layer on the reinforcement surface of different nature. The mechanism
is equivalent to the theory illustrated above: nitrites reduction to nitrogen monoxide and ferrous
ions oxidation to ferric hydroxide"@Q)"O ) [39][40]. The proposed nohanism may be
describedy the two haHreactions:

Reduction: 006 O0 QO GO cbo (12
Oxidation: OO 000 TOBO  Q (13

They are combined to give the total react
OO 0uv VOO OO 0L 0O (19

The @rrosion inhibiting effect of calcium nitrite is degenerative in nature: the unbound nitrite ions
decrease in concentration as they react with ferrous torstabilize the passivation of steel
reinforcementd28]. Another problem related to this type of inhibitors is their leaching from

concretehowever it only regards poor quality concretd®].

2.3.2 Effectiveness

The effectiveness of nitetbased inhibitors for chlorieleduced corrosion or carbonated concrete
strictly depends on the nitrite ions concentration in proxirto the steel reinforcementshe
dosage of the inhibitor is ruled by reasons of compatibility with concrete, both fresh and hardened,

but also by economimotivations

As illustratedin Paragrapt2.3.1, if chloride ions are presentihe concete pore solution, nitrites

will competewith them formingferritic ions and the passive layer on the reinforcementaceuf
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Hence, the inhibitor concentration requaifer protectionis determined by the level of chlorides

to which the concrete structure will be exposed, determined by the atmospheric aggressiveness
[28]. The effectiveness of nitrite corrosion inhibition in chloridduced attack can be evaluate
considering te molar ratio between the nitrite and chloride ions concentrations; IO ]. It

was reported in literature thatolar ratios higher than 06 are requiredo prevent corrosion
[10][41].

An experimental workconfirmed that after 5 years, concrete samples with nitrite concentrations
higher tharthe required one we still in passivity conditiof42]. In the plot of the work32], it

was reported theebars corrosion rates function of [NO2 J/[Cl"] molar ratio (Fig.2.5). The
results confirmed that a molar ratio higher than 0.8 is required to be far from the corrosion initiation

zone.
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Fig. 2.5 Corrosion ratetrendin function of [NQ"]/[CI ] ratio [32].

The inhibition effect of nitritdbased corrosion inhibitor was remarkable dtsowhat concerns
the chloride threshold value: the critical threshold was raised by an increase in the dosage of
corrosion inhibitor, ranging from 0.22% to 1.95% by weight of cement, considering that inthibitor

free specimens produced values ranging from 0®2®64%[32].

In carbonated and chlorideee concret® nitrites act as corrosion inhibitors as well: experimental
studies in synthetic pore solutions and carbonated concrete samples demonstrated that 3% of
calcium nitrite by weight of cement can protect the steel reinforcements against getheralize
corrosion[10]. Creating the passive layer by the oxidation of ferrous ions, it can induce the
repassivation of the rebars surface, limiting the corrosionlrepeesence of combined carbonated
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concrete and chloride hcenvironment, nitrite corrosion inhibitors were not able to achieve the
completesteel repassivatiorthe reinforcements corroded at a rate similar to when no inhibitors

were present in the mixevent withlow chloride concentrations (0.3%#3].

2.3.3 Effect on cancrete properties

Admixed corrosion inhibitors are introduced into the concrete mortar during the casting, therefore
they may influence the initial set, the strength development and other properties of concrete.
Calciumsalts of nitrite are one of the most common cbtoride setting acceleratathey took
over for calcium chloride, the classical hardening acceleraioce the late 1960gl4][45].
Nitrites may even increase the hardening,ratghout affecting the strength developmeit

concretewith an effecttomparable tohat obtained witltalcium chloridg46].

Sodium nitrite was previously useak accelerator of setting, however a moderate to severe
compressive strengtbss was encountered and, in addition, sodium compounds enhanced the risk
of alkaliaggregate reaction problerfd7][48]. Using calcium nitrite, no susceptibilitg alkalr

aggregate reaction was repor{éd].

Regarding the mechanical properties of the haaderoncrete, the addition of calcium nitrite as
corrosion inhibitor causes an increase in the compresserggtr. several recent research indicate
an increase of compressive strength for all mixes containing the inhibitorX8%2zhigher than
the correponding mixes without nitrite additiq5].

2.4 Nitrate -based inhibitors

The investigation of a newass of corrosion inhibitor® replace theffective calcium nitrate
inhibitor caught onin the late 1980s, when European regulationdestaio limit its application
because of toxic issues and environmental requirenji@bjsAs alternativeto overcome these
drawbacks, organic and inorganic inhibitors were studiéd requiremento incorporate into
concrete structures a ndoxic and environmeat-friendly inhibitor to prevent rebars corrosion

phenomena, leaded tioe study of nitratdbased compounds.
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Nitrate is a polyatomic ion with the molecular formola) (Fig. 2.6); it is mainly produced for
agriculturaluse as fertilizers becauseitsfhigh solubility and biodegradabilitffhe second major

application of nitrates is as food preservati9].

i

-N
o0~ o

Fig. 2.6 Nitrate ion[49].

Comparedto nitrite compounds, nitrates are cheaper and less harmful to the environment; in
addition, they are commonly usasd set accelerator, demonstrating their perfect compatibility with

concrete mixefb0][51].

Since calcium nitrite was the most common admixed corrosion inhibitor of inorganic nature, with
widely assessed efficiency, the research on an alternative +ttrs¢el inhibitor have been focused

on calcium nitrat§Ca(NG).. The first researchregardingtheseinhibitors goes back to 1987
Déyachenko et al . i nvestigated the inhi-bitir
induced corrosion of abanded concrete sampl¢S2]. The latter study was too primitive and
immature that t was necessary to wait the 19%@4have a complete study abaaicium nitrate

inhibitor [6]: Justnes et atrafted the first theory on the inhibition mechanism, collecting all the

former results as regards.

2.4.1Inhibiting mechanism

The inhibiting mechanism of calcium nitrate for the corrosion of steel in concreteuggssted
firstly by Justnes in 1994 and better clarified later, in 2[B3). Like nitrite, it is considered an
anodic corrosion inhibitor: the typical inhibition mechanism is characterized by the suppression of
the anodic reactions helping the spontaneous metal passivation or foriangeat deposition

compoundg54].

Nitrate behaviour as corrosion inhibitor can be understood through the mechanisnreiatbed

nitrite ion, which is well known Recalling the Paragraph3.], nitrite-based inhibitionwas
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characterized by thenodic behaviour of ferrous iongidationto form a protective oxide surface
layer, conpeting thus with the aggressive chloride iohgstnesexploitedthis mechanism and
extended it to the nitrate behaviour; in particular, he assumed that the oxidation action of nitrate is

the consequende its easy reduction to nitrite. The two he¢factons illustrate the mechanism:

Reduction: ¢0 0 ¢O0 T1TQ © ¢0O 100 (15)

Oxidation: 1T OQ O 10 0° OO0 1Q (16)

They are combined to give the total reaction:
¢COQ O 00 ™09 OO 00 a7

The comparison between the equati{tid) and the correspaling nitrite mechanism (Eq14))
suggests that nitraté (0 ) should be an even better inhibitor than nitriteY ), since theamount

of moles of ferrous oxide that reaatith one mol®f inhibitoris doubled with respect tahe nitrite
reaction.Therefore, theefficiency of nitrate as corrosion inhibitor would, leeoreticallytwice

as high as nitriteHowever, the experimental results obtained by Justnes did not confirm this
enhanced inhibition efficiencycalcium nitratedid not appear to work whesubjectedo rapid
solution tests as well as the corresponding nitrite comp{&Bjd This suggested that the kinetic

of the redox reactions regardimgrate may be slower thantmte. The delay in thignhibition
mechanismevolution was assessed bjustnes himself and other studies during the years
[61[55][56]-

An alternative and more recent hypothesis regarding the inhibiting mechanism of nitrate was
suggested by Saura et al. in 205X]; in particular the behaviour and the efficiency sddium

nitrate 0 w U fwas analyseth neutral and acidic environmenf&he starting point of this theory

was still referred to nitrite inhibition mechanism with the formatioarobxide layer insoluble in

pore water, that forms a precipitation baroerthe stelesurface However,in contrasto Justnes,

the authors considered a different ferrous oxide comporeation g- "'OQ) , so they referred to

the corresponding nitrite equatidt0). Thetwo half equatioa describe the mechanism

Reduction:. 00 ™OU0 ¢Q © 6u ¢0O (18)

Oxidation: ¢'OQ o0 0° g-'0Q) ¢Q c0O (19
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They are combined to give the total reaction:
¢ 00 W0 000 g-"0Q) 00 cO (20

Theabove mechanism was assessed in simulating concrete pore sahdatibag- "OQ) formed

layer was proved to be stable in alkaline envirents inducing astrongprotective effect on the
steel surfaceNevertheless, problems in the passive film stability were observed in neutralor low
pH solutions; as consequendewas assumed thalitrate protective effectould belimited in
carbonatiorinduced corrosiofb7].

It is important to highlight that these twgpothesesegarding the inhibiting mechanism of nitrate
compounds are not be entirely comparable, sincedbgye from different research conditions:
different irhibitors were studied (calcium nitrate and sodium nitrate) and different test methods
were adopted (Justnes worked mostly on concrete samples and Saura analysed simulating pore

solutions).

2.4.2Effectiveness

The investigation on the efficiency of nitrateasel compounds as concrete inhibitors is still today

an active topic in the corrosion research. Many casdiesare present in literature and most of

them show conflicting resultsbout the real inhibition effect of this sibnce: disagreements

about effedive performance and minimum dosagae commonThe absence of completely
shared and standardized results can be explained by the differences in the experimental procedures
adopted by the authofs5].

The most significant results present in literature about the nitrate inhibition effectiveness in
chlorideinduced corrosion and carbonation phenomena are presented in chronological order.

The first documented beneficial effect goes back to 1995, when Meland5]ahvestigated a
deterioratedreinforced concretestructuresubjected to 23/ears ofexternalcontamination by
calcium nitrate. They found that the steel rebars in severely Rrjtcditted areas (( 0

concentration higher than 1.5%re in perfect condition with only surface rust.

In the same years, multicycle linear ptdation studies were performed by Vogelsgbg] on

carbon steel samples immersed in alkaline solutions simulating the concrete enemaiment.
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He proved that calcium méte and nitrite had identical corrosion inhibiting properties in piting

induced corrosion by chlorides contamination.

Additional validationof nitrateinhibition behaviour similar to nitrite one come with Justnes and
Nygaard[6]: theymeasured thahibition eficienciesin chlorideinduced corrosion by lontgrm

macro cell studies in concrete samplaghis case, they worked witlidinary Portlandaeinforced
concrete sampe (0T T® L with calcium nitrateas admixed corrosion inhibitor. h&
substancelosage was chosen according to the maximum practical one for set acceleration: 3.86%
of 6 b U by weight of cemenftTo induce corrosion initiation by chloride atk, immersion

and drying cycles on 5% NaCl solution were performed on the concrete safifestate of
rebarscorrosion was revealed by linear polarization resistance tiestsindicated a retarded
inhibition action of calcium nitratenly after 14 maths,the measure revealeadtrate inhibition,

showing corrosiomate redation by a factor of 5 (Fig2.7).

Mix and terminus R, (Ohm) Ecorr (MV) [ lcoy (WA/CM?)
Calcium nitrate

0, before exposure | 19,000 -360 0.21

3.5 months 6,700+7,400 -600+30 1.3+1.1

5 months 3,200+250 -600+20 1.240.1

10.5 months 10,400+13,500 | -330+10 1.9+2.4

14.5 months 23,400+13,600 | -350+50 0.2+0.1

Fig. 2.7 Results of linear polarization resistance tg§is

This study allowed thus to obtain the first data aboutctiieal chloride threshold for calcium
nitrate admixed inhibitor: 3.86% af ¢cX) O by weight of cement seemed to be sufficient to

protect reinforcements by aggressive environment with chloride concentration of 5%.

Later, in 2000, [Bderomsteatethat B9 df caleigndnitrate by weyght of
cement was sufficient to retaddloride initiated corrosion of steel embedded in conciEte
experi ment al conditions corresponatedddd® o t he
dosages were adopté2Po and 4% by weight of cement) and the corrosion measurements lasted

more time (3 years).

Similar conclusions were achievatsoby Al-Almoudi et al.[30] in 2003: the corrosion of steel
reinforcements in concrete mortars was effective inhibited by calcium riift@atamirated by
0.8% of penetrating chloride iorRitting initiation was delayed and rebars corrosion rate reduced

by calcium nitrate in dosages higher than 3%rags
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Different results, in disagreement with Justnes, were obtained in a subsequent study of Dhouibi et
al. [60]: electrochemical impedance spectroscopy (Ed)concrete specimens with admixed
calcium nitrate (variable concentrations of 2%, 4%, 6% by weight of cement) showed that the
long-termcorrosion inhibitioreffectivenessvasnotachieved The experiment involved chloride
induced corrosion othesteel einforcementandto initiate the attack, the samphsre immersed

in salt solution $% NaCl). EIS tests demonstrated that inhibitor compound® yweesent at the

steel surface; however, they did not prevent corrosion process to occur, at any dosages, whe

chlorides were present.

More recent works seem to be in line with Justnes, confirthie@ffective inhibition mechanism

on chlorideinduce corrosion of calcium nitrate at concentrations higher than 3% by weight of
cement [61]. Ostnor and Justneg62] showed effective corrosion rate reductions of steel
reinforcements embedded in concrete structures exposed to marine tidal zones: adding 3% of

cement mass @f «) U , therebars were protected against chlotidduced corrosion.

The only research that followed standard test methods was performed in 2016, when Torabzadegan
etal.[63Jlappl i ed t h el A64]BTcohcrété Ar@ctures with admixed calcium nitrate.
They onfirmed 3% bymassas sufficient dosage for effective inhibiicof chlorideinduced
corrosion and no significant improvement was found when the inhibitor concentration was

increased to 4%.

The only drawback of calcium nitrate as inhibitor against chéanduced corrosion seems to be

its delay in the protecting mechanism activation: rapid tests (potentiodynamic polarization) in
simulating alkaline solutions did not show any trace of effective inhibiimte nitrateslo not

have enough time to exhililieir beneficial effecf55][50][56].

The evaluation of calcium nitrate as inhibitor against carbonatiduced corrosion is a more
recentresearch topic. Since it is a weltablished concrete admixture for set acceleration and the
reason was suspected to denodification in the porosity, calcium nitrate could give additional
benefits. For instance, some researchers thaagivaluate its impact agairtstrbonatiorAinduced

corrosion.

Franke et al[65] conducted acceleratddlevated C@exposure, 56 days) and nancelerated
teststo study the impact ofalcium nitrate on concrete: carbonation depth results in Portland
cement are reported in Figue8 and they show positive impaahen annhibitor dosagenigher

than2% by weight of cememas used
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[y
o

Carbonation depth in mm
O B N W & U1 OO N 0 W
//
//
>\/
>

Dosage of CN (% bwoc.)

—A—Accelerated /56 d / Avr.
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—a—Accelerated / 56 d / Max
—e—Standard / 182 d / Max

Fig. 2.8 Carbonation results in Franke et al. woé5].

2.4.3Effect on concrete properties

The ug of calcium rirate as concrete admixture setting accelerator developed since the 1980s,
when the formulation of chloridisee set accelerator was required to replace the widely used
calcium chloride compounfbl]. Calcium nitrate was proposed as a basic component for a set
accelerating admixture in 1981 and during ylears it was widely studiedh combinationwith

amine as technical calcium nitrat€he effect of calcium nitrate additions on the setfimgperties

of cementhas been studied by Justnes for long: the results showed thaint derserala good
efficiency between 7°C and 20°@Gpwever,the set accerating effects highly depend on the
cement typg6][66].

Additional side effect®n concrete propertidsave been documenteddathey seem to be related

to modificatiors ofthe concrete porosity after the addition of calcium nitrate: compressive strength
enhancements and freettew resistance improvements redound[67]. In particular, several
case studiesoncentrated on the compressive strength enhancecoaségent to the nitrate
admixture they agreed on a linear dependence of the early age compresswgth on the
concentration of calcium nitrate admixedowever, in the long term, its strengthening effect

becomes insufficient to consider it as a hardearxeleratof65][68].
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With reference to literature, it can be concluded that calcium nitrate meets énalgequirements
regarding setting time and compressive streagthc or di ng t o t he f6ASTM C
the inhibitor addition in the concrepastedoes not affect negatively the propertéshe hardead
structure[63].
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Chapter 3.
Experimental methods

Thepurpose of the experimental section of the work is #fifectiveness investigation of thaitrate

based compounds (NA)s corrosion inhibitors for concrete. To compare the obtained results, the

same studies were carried out with the nitrite based inhibitors (NIsemiftectiveness in alkaline

environments, as well as in concrete, is largely reported in literature. Reference tests were

performed with the same conditions but without any inhibitor, as control sample. The study was

focused on the assessment of calciutmate and nitrite efficiencies as inhibitors for both chloride

induced corrosion and carbonation.

The experimental work can be divided in two research sections:

T

T

Tests in alkaline solutions- The internal concrete environment was recreated with a
synthetic pore solution (pH 12.6) where the specimens of carbon steel rebars were
immersed. These tests were used to investigate the inhibition efficiencies in chloride
contamination conditions by adding the inhibitors to the alkaline solutions where a carbon
steel bar was immersed. Cyclic potentiodynamic polarization and potentiostatic
polarization were performed. The tests allow to gain anodic and cathodic characteristic
curves, useful to understand the corrosive behaviour of rebars. The determination of these
characteristic curves is more difficult in the case of real concrete specimens, because of
concrete properties contaminations during the test and problems of reference electrode
precision[11].

Tests in concrete The effectiveness of nitrite and nitrate compounds in the inhibition of
rebars corrosion afteoacrete complete carbonation was evaluated on reinforced and plain
specimens. Three series of different concrete compositions with dissolved inhibitors were
cast; they were subjected to measurements of permeability variation of carbonation front

(the plainsamples) and rebars corrosion velocity (the reinforced ones).
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3.1 Potentiodynamic tests in solution

The cyclic potentiodynamic polarization test is the common method used to evaluate the behaviour
of metals when localized corrosion takes pl§d@]. In this work, it was used to measure the
susceptibility to localised corrosion of the carbon steel rebar samples in chloride rich alkaline
environment. Performing cyclic polarization of the metal specimen immersed in the Eyptinet
solution, it was possible to identify the characteristic electrochemical parameters: pitting potential

(Epit), repassivation potential (&g and passivity range.

According to the Standard Test Met hoth bei AST N
considered as absolute values, because they do not describe quantitatively the rates of corrosion
propagation that might be observed in service during a real localized attack; the main limiting
aspects are the natationarity condition of the measment and the potential scan velocity.
However, potentiodynamic test can be useful as scre¢estdo rank different substand@®)].

For this reason, testing different inhibitor concentrations and chloride contesuisiiion, it was

possible to obtain the ratio of [@finhibitor] concentrations for which any compound results

efficient or not and compare nitrite and nitrate inhibition.

These tests are shdiine screening methods, in the order ef Bours, during wich the potential

of the metallic sample is varied with a constant scan rate: it stars from sufficiently low values,
usually lower than the hydrogen evolution potential, to a prefixed value of current, when the
potential is reversed in cathodic directiantilithe initial value is reached. Characteristic curves of
current density circulating between the sample and a reference electrode were obtained as a
function of the varying potential (E vs i); the plots are useful to identify the characteristic
electrohiemical parameters: an example is shown in FiguieT he first section can be interpreted

as the cathodic region (froril.2 V Ag/AgCl to about 0.8 V Ag/AgCI) where the reaction of
hydrogen evolution takes place. The passivity region can be identified thie current density
reaches an almost stable value, defines as anodic passive current density; during the passive
interval, t he met al can be considered in pa
usually marked by a rapid increase oféhea 0 d i ¢ [M)wamdithes defings the pitting potential:
localised corrosion starts above this value. After the reversion of potential, the scan continues until
the hysteresis loop closes; the repassivation potesititermined with the intersection between

the backward potential and the passive range: below this value locadizedion stops.
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Fig. 3.1 Example of potentiodynamic curve.

3.1.1Materials and instrumentation

The adopted instruments are described as follow:

1 Potentiostat - The cyclic polarizationof carbon steel specimen was performed with a
Potentiostat/ Gal vanostat APGSTAT 300 of Me

Nova software.

1 Electrodes - Saturated silver/silver chloride electrode (Ag/AgCl) was used as reference
electrode; it is chacterized by potential of +230 mV with respect to the standard hydrogen

reference electrode (SHE: Saturated Hydrog
el ectrodeo pol e (R) of -electrogle aptivated titaniumovar§ia t . F
MMO) were used; it wasl eonmedee@dpodloeth@) i c

1 Cell - The potentiodynamic polarization tests were carried out in standard ASTMHglls (
3.2and3.3). The aerated conditions for the tests were maintained during the totalreneasu

time, because no chemical variations (change in pH) or physical alterations (thermal changes)
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would take place in a such short experiments duration (form 2 h to 4 h). The carbon steel

speci men was connected to the Aworkingo po

G @

R W C

Potentiostat

Ti
counter-electrode

Ag/AgCl
reference electrode

Carbon steel
specimen

Fig. 3.2ASTM cell configuration.

& et e s 8 i, Spres & Bases bugnd

-
s e et baghe. e & Gt 4 samarvats Sl

Fig. 3.3 Picture of the ASTM cell configuratior

1 Carbon steel specimen The sample is characterized by a metallic rod, 50 mm long and with
8 mm diameter, obtained machining a commercial carbon steel reinforcement with improved
adhesion, complying with t h¢7l]Earloo gieelB8460CSt a n (
characteristic yield strength 450 MPa), 1 m long. On one of the two sections, a threaded hole
of 4 mm diameter was made to screw a stainless steel (AISI 304) saogde bar Fig. 3.9,

used for electricatontact.
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Fig. 3.4 Carbon steel specimen dustainless stedlolder

Synthetic pore solution- The internal environment of concrete was simulated with an
alkaline solution in agreement with several experiments in literature, making possible the
comparison of the obtained results with the ones historicallgaell. The solution consists

of saturated calcium hydroxide Ca(QH2 g/L) and 0.01 M of sodium hydroxide NaOH in 1

L of distilled water, to reach pH 12.6. Calcium hydroxide assures a stable solution pH because
it provides an alkalinity reserve even afifee addition of inorganic inhibitor compoundz].

Studied inhibitors - Different dosages of calcium nitrate Ca(jyOand calcium nitrite
Ca(NQ): inhibitors were added to the pore solution; the compounds concentrations were
selected in agreement with lot of experiments present in literature: 0.1 mol/L and 0.3 mol/L
both for nitrate (NA) and nitrite inhibitors (NI), quantities that do not affect the propefties o
settled concrete. Table 3.1 resumes the different solution compositions and, for comparison
purposes, first reference tests (REF) were carried out with control solutions, i.e. without any

inhibitor dissolved.

Tab. 31 Synthetigore solutions composition.

Solution code (Er?w((?llﬂ)) 2 ('?In%CI;B C(%(’;:/CI)_Z))Z C(er;((l;llﬁ)j)z
REF Saturated 0.01 0 0
NI 0.1 Saturated 0.01 0.1 0
NI 0.3 Saturated 0.01 0.3 0
NAO.1 Saturated 0.01 0 0.1
NA 0.3 Saturated 0.01 0 0.3
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3.1.2Test procedure

Potentiodynamic test, carried out at 20 °C (x2 °C), stars with the preparation of the carbon steel

specimen and the synthetic pore solution.

First, the rebar sample, mounted on the stainless steel sholgér, was sandblasted (air pressure
3-4 ba) with brownishred corundum to remove any surface impurity and trace of rust. As reported
in literature, critical chloride threshold is influenced by the sample surface preparation: the
polished condition may favour the increase in chlorides level redjfor pitting occurrence with
respect the nopolished surfacep31][73]. Therefore, the polished state was chosen for all the
samples to allow the relative comparisatvizeen obtained results in inhibited and not inhibited

solutions and to stay in the as conservative condition as possible.

The synthetic pore solution was prepared in a 1 L graduated beaker; here, the previously prepared
rebar specimen is immersed and,&aese of the alkaline pH environment, it gradually passivates,
forming an oxide passive film on the surface. The sample was maintained in free corrosion
condition, i.e. submerged in the solution, for different immersion times: 1 day, 3 days and 7 days;
three series of tests were performed as a function of these dwell times. This immersion time
variation was thought to evaluate the different nobility of the created passive film on carbon steel
as a function of the persisting time inside the alkaline envirotirtiee oxide surface layer is not
immediately produced after the dipping, but it gradually forms and stabilizes. In addition, this
technique was chosen to allow the nitrate inhibitor compound to exhibit its protective effect on the

rebar specimen, sloweiith respect to the corresponding nitrite actiég].

Free corrosion potentizvas measured daily on the specimens immersed in the solution; this was
necessary to evaluate the trend of rebar specimen passivation during time and estimate the
efficiency of inhibitor compounds in the enhancement of carbon steel nobility in alkaline
environments. Free corrosion potentials were measured with a voltmeter connected to the carbon

steel sample and to the Ag/AgClI reference electrode immersed in the same solution.

After the immersion period, the sample was subjected to cyclic potentiodyresnicarbon steel
specimen was extracted from the solution and let dried in air. AadBHsive tape was carefully
applied on both the ends of the metallic rod to insulate the contacts with stainless steel sample
holder and to protect the transversal imest; 5 mm of lateral surface were covered on both sides.

This procedure allowed to avoid any type of unwanted and uncontrolled corrosion behaviour
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different than the localized one (galvanic coupling and crevice corrosion) and to obtain a net

exposed surfze area of 10 cfn

To assure a safe watsealing during the measurement and avoid stainless steel daohgide
contact with the liquid, a drilled Teflon cylinder was mounted on the sahgbter between two
O-rings. The ASTM cell glass speciméolder wa stick into the stainless steel bar and finally,
the system was closed with a butterfly bolt in contact with the glass and screwed to ffig.bar (
3.5and3.6).

Teflon >
Stainless steel bar i Self-adhesive

\ \ tape
ASTM cell \ \

specimen-holder Bsting

Carbon steel
specimen

Fig. 3.5 Schematic vievof the pecimen assembly.

)

Fig. 3.6 Specimen assembly picture

During the carbon steel sample drying, the addition to the solution of sodium chiN@@lein
different quantities, were carried out under stirring. Chlorides concentrations were chosen in
agreement with several works in literature: 0.1 mol/L and 0.3 mol/L, corresponding to the critical
chloride threshold values of carbon steel in allagnvironment: from 0.4 % to 1 % by weight of
cement1]. A series of tests in alkaline solution without sodium chloride addition was performed

to measure the potential of oxygen evolution.

The solutions composition is reportedTiables 3.2, 3.3 and 3.4onsidering the three different
test series according theé immersion times; for each of the two inhibitors and for reference
solutions, three electrochemical tests were carried out to assure a good statistical reproducibility

of the obtained results.
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Tab. 32 Solutions composition oéges 1 day of immersion.

Solution code fﬁ(cff/fiz (Tn%%) c(;(g:%z C(ﬁrgclj%z (r';lgﬁl)
REF1 0.07 1d Saturated 0.01 0 0 0
REF1 0.17 1d Saturated 0.01 0 0 0.1
REFi 0.371 1d Saturated 0.01 0 0 0.3
NI 0.17 0.07 1d Sdurated 0.01 0.1 0 0
NI 0.17 0.17 1d Saturated 0.01 0.1 0 0.1
NI 0.17 0.371 1d Saturated 0.01 0.1 0 0.3
NI 0.37 0.01 1d Saturated 0.01 0.3 0 0
NI 0.37 0.17 1d Saturated 0.01 0.3 0 0.1
NI 0.37 0.37 1d Saturated 0.01 0.3 0 0.3
NAO0.17 0071 1d Saturated 0.01 0 0.1 0
NAO0.17 0.17 1d Saturated 0.01 0 0.1 0.1
NAO0.171 0.31 1d Saturated 0.01 0 0.1 0.3
NAO0.371 0.01 1d Saturated 0.01 0 0.3 0
NAO0.371 0.17 1d Saturated 0.01 0 0.3 0.1
NA0.371 0.371 1d Saturated 0.01 0 0.3 0.3

Tab. 33 Solutions composition of series 3 days of immersion.

Solution code fﬁ(cffﬂf m[') C(?n(g%z C(?n(g:%z (r';:gﬁ)
REFi 0.07 3d Saturated 0.01 0 0 0
REF1 0.17 3d Saturated 0.01 0 0 0.1
REFi 0.371 3d Saturated 0.01 0 0 0.3
NI 0.17 0.071 3d Saturated 0.01 0.1 0 0
NI 0.17 0.17 3d Saturated 0.01 0.1 0 0.1
NI 0.17 0.37 3d Saturated 0.01 0.1 0 0.3
NI 0.37 0.01 3d Saturated 0.01 0.3 0 0
NI 0.37 0.17 3d Saturated 0.01 0.3 0 0.1
NI 0.37 0.37 3d Saturated 0.01 0.3 0 0.3
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NA 0.17 0.07 3d Saturated 0.01 0 0.1 0
NA0.17 0.17 3d Saturated 0.01 0 0.1 0.1
NA 0.17 0.37 3d Saturated 0.01 0 0.1 0.3
NA 0.37 0.07 3d Saturated 0.01 0 0.3 0
NA 0.37 0.17 3d Saturated 0.01 0 0.3 0.1
NA 0.37 0.371 3d Saturated 0.01 0 0.3 0.3
Tab. 34 Solution compositions of series 7 days of immersion.
Solution code C(ri(ﬁx'fiz (Tni(ﬁ[') C(Erln(clzll%z C(?n(yl%z (rlr\wlgﬂ)
REFi 0.07 7d Saturated 0.01 0 0 0
REFi 0.17 7d Saturated 0.01 0 0 0.1
REFT 0.31 7d Saturated 0.01 0 0 0.3
NI 0.17 0.01 7d Saturated 0.01 0.1 0 0
NI 0.17 0.17 7d Saturated 0.01 0.1 0 0.1
NI 0.17 0.371 7 d Saturated 0.01 0.1 0 0.3
NI 0.37 0.07 7d Saturated 0.01 0.3 0 0
NI 0.37 0.17 7d Saturated 0.01 0.3 0 0.1
NI 0.37 0.37 7d Saturated 0.01 0.3 0 0.3
NA0.17 0.07 7d Saturated 0.01 0 0.1 0
NAO0.17 0.17 7d Saturated 0.01 0 0.1 0.1
NAO0.17 0.37 7d Saturated 0.01 0 0.1 0.3
NA0.371 0.01 7d Saturated 0.01 0 0.3 0
NAO0.371 0.17 7d Saturated 0.01 0 0.3 0.1
NAO0.371 0.31 7d Saturated 0.01 0 0.3 0.3

The solution pH was measured by visual inspection of litmus test to check if the alkalinity of the
solution is maintained before amdter the chlorides addition; the critical pH below which the

passive layer of reinforcing steel immersed in alkaline solution is no more stable is around 11.5

[7].
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Then, the solution is transferred from the beaker to the ASTM cell on which the spdwiiden
is mounted @; the liquid level was maintained in proximity of the Teflon cylinder to avoid any
liquid penetration inside the glass specirmetder. Titanium counteelectrode and Ag/AgCI

reference electrode were dipped in the solution and connected to the potentiosta

Cyclic potentiodynamic tests were carried out starting from potentiall@ V Ag/AgCl: this

value is definitely lower than the free corrosion potential of carbon steel in alkaline environment
that in passive condition is in the range 0f1-0 V SCE ¢230 mv of potential with respect to the
SHE)[7][1][74]; therdore, it was possible to evaluate the presence of eventual effects on the first
cathodic sectionwith scan rate of 1 V/h (0.277 mV/s), the potential was increased in the anodic
direction until reaching 10 mA of measured current, corresponding to a cdemsity of about

10 A/n?; at this point, the potential was reversed in the cathodic direction. The test finished when
the repassivation condition was achieved. At the end of the measure, visual inspection of the

carbon steel specimen confirmed the sucedddcalized corrosion.

3.2 Potentiostatic tests Iin solution

Potentiostatic polarization is a lotgrm measurement: anodic polarization with constant potential

in a quasistationary condition was performed on rebar samples immersed in a synthetic pore
soluion simulating the concrete environment. Different solution compositions were used to study
the inhibition efficiency of a nitrate compound for chloride contamination corrosion in concrete;
the obtained results were compared with corresponding tests wathpinhibitor and with nitrite
compound whose efficiency is well known in literature. The information obtained with this test is
the critical chloride threshold at which localised corrosion of carbon steel specimens takes place

at the fixed polarisatiopotential. The test can last from weeks to few months.

Potentiostatic tests give more reliable results with respect to the corresponding potentiodynamic
scan: measuring for a longer period the effect of imposed constant potential istqadyi state

condtion, the corrosive behaviour of concrete rebars can be better simulated. Therefore, these
measurements represent an important evaluation and eventual confirmation of the inhibitive action

of the examined compounds.
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3.2.1Materials and instrumentation

1 Potentiostat-The pol ari zation potential was | mposce

1 Cell - The tests were carried out in cylindrical cells of 19 cm diameter and 15 cm of height;
they are able to contain 3 L of solution. The cover of the cell, illustratéidime3.7, presents
13 equidistant holes placed on a circumference of 14 cm diameter: they are required for
corresponding 13 specimenso6 | ocation. Addi
cover: the central one allows the placement of thereeice electrode and the other is used to
withdrawn solution samples and introduce eventual substances. A small lateral hole is required

for the electrical connection of the counsdectrode.

Fig. 3.7 Cell cover.

1 Electrodesi Saturated silver/silver chloride electrodeg(AgCl) was used as reference
electrode; it is characterized by potential of +230 mV with respect to the standard hydrogen
reference electrode (SHE: Saturated Hydrogen Electrode).

As counterelectrode, on the bottom of the cell was placed an activaseuiih netwire (Ti-

MMO) considering the dimension of the cell and the number of specimens; the uniform
circulation of current into the solution was thus guaranteed. The overall cell assembly is
depicted inFigure3.8 and3.9.
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Carbon steel specimens
Ag/AgCl reference electrode

—Ti counter-electrode

B e i O e OO e SOOI ol
Fig. 3.8 Schematic view of theell assembly

A\ I

Fig. 3.9 Picture of the potentiostatic cell assembl

1 Carbon steel specimes - The preparation of the rebars samples is similar to the
potentiodynamic procedure (P&.1.1): 13 carbon steel (type B450C, characteristic yield
strength 450 MPa) specimens of 8 mm diameter and 50 mni)emag mounted on stainless

steel sampholder bars.

1 Synthetic pore solution- The internal environment of concrete was simulated by the same
alkaline solution used in potentiodynamic tests (Bak.1); caldum hydroxide Ca(OH)in
saturated concentration (2 g/L) and 0.01 M of sodium hydroxide NaOH were dissolved in 3 L
of distilled water, to reach pH 12.6. Additional inhibitors were used in the following reported

compositions.
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1 Studied inhibitors - Calcium ntrate Ca(N@). and calcium nitrite Ca(N£). inhibitors were
studied separately as inhibitor compounds; they were added to the pore solution both in 0.1
mol/L concentrations. In addition, also the inhibition efficiency of combined nitiitate was
studial to investigate an eventual synergistic behaviour: it was created a third alkaline solution
with components concentration of 0.05 mol/L in 1:1 molar ratio. For comparison purposes,
reference tests (REF) were firstly carried out with control solutionsyitbeout any inhibitor

dissolved. The four solutions composition is resumethinle 3.5.

Tab. 35 Potentiostatic tests solutions composition.

Solution code (Eri(gl)/t')) 2 ([?Inaoclill:; C(%g:/%)z C(%QII/?S)Z
REF Satuated 0.01 0 0
NI 0.1 Saturated 0.01 0.1 0
NA 0.1 Saturated 0.01 0 0.1
NA 0.057 NI 0.05 Saturated 0.01 0.05 0.05

3.2.2 Test procedure

The potentiostatic test starts with a jpassivation procedure during which a stable passive film
creation was inducednothe surfaces of all rebar specimens. The 13 sandblasted carbon steel
samples were immersed in the alkaline solution and electrically connected in parallel to the
potentiostat: a constant polarization potential of +200 mV Ag/AgCl was set for almost.2 days
During all the passivation time, the density of current was continuously measured with a voltmeter
through a set of four parallel shunts of 1 Y
2 days, when the measured current density was lovear thmA/n?, passive condition was
achieved: reaching this value, the complete creation of oxide passive layer can be assured.

The 13 samples were then removed from the solution and dried in aigdbelsive tape was
carefullyapplied on both the endstbfe metallic rod (5 mm for each side) to insulate the contacts
with stainless steel samgh®lder and to protect the transversal sections. Galvanic coupling and
crevice corrosion were thus avoided; in addition, the net exposed surface area at thispbint wa
cn?. Later, the samples were subjected to soft sandblasting (air pressure < 2 bar) in perpendicular
direction to the exposed surface: in this way, the previously formed passive film was removed

without affecting the tape and the below oxide filrhisprocedure was performed to avoid, during
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the test, any potential local corrosion attack below the protective tape, otherwise it would be
favoured by the presence of heterogeneity between the active carbon steel belovatiteesale

cover and the expodeassivated metal.

To completely insulate the stainless steel bars, avoiding the contact with the alkaline solution,
glass specimeholders were used. The assembly watmling was guaranteed by a Teflon
cylinder between two @ngs and by the blockingitth a butterfly bolt, as illustrated ifrigure
3.10and3.11 The 13 specimens were introduced in the alkaline solution without chlorides by the
immersion of the samplieolder assembly in the holes of the cell cover; they were let suspended

in the solutionsetting the liquid level in proximity to the Teflon cylinder avoid any liquid

penetration.
Glass specimen-holder C/)-rin{gs Specimen
N ;
Stainless steel Teflon /
sample-holder cylinder ~ Self-adhesive tape

Fig. 3.10Specimen assembly.

Fig. 3.11Picture of the specimen assembly.

Connecting in parallel all the samples to th
fixed to 0 mV Ag/AgCIl: this value was chosen consiadgrthat carbon steel reinforcement in
concrete environment usually shows free corrosion potential of 0 mV SCE (+230 mv of potential
with respect to the SHE) in passive condit[@f{7][74]. On one specimen, the passive current
density was recorded as a function of time througlotimeic dropmeasurement made with thet

of parallel shuntsl( Y, 10 Y, 100 Y, 1 arbod steél)passivhation wah i s
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assessed and the efficiency of inhibitor compounds in the enhancement of metal nobility in alkaline

environment was evaluated.

After a week, when the passive current density was Idhan 1 mA/nmd and the complete
passivation guaranteed, the first chlorides addition was performed. A small quantity of solution
(about 100 mL) was withdrawn from the cell and the fixed quantity of sodium chloride NaCl was
dissolved in it; then the liquid & reintroduced in the cell. Periodic additions of chlorides were
performed at constant intervals of-80 hours with increasing dosage (0.05 mol/L, 0.1 mol/L, 0.2

mol / Lé) . The concentration valwue of tha fir:
carbon steel shows a critical chloride threshold of 0.6 in terms QfffQH"] ratio, corresponding

to 0.024 mol/L chlorides concentration in a solution of pH 12.6. The pH of the solution was

measured through visual inspection of litmus test duringyesidorides addition.

The current density of each carbon steel specimen vemsured daily to verify if localised
corrosion event was taking pl ace. The ohmic
sample wire was recorded: local corrosion initiation was considered in correspondence to current
density values higher than A/m2. Visual inspection confirmed the corrosion attack and the
corresponding sample was disconnected from the circuit. The test finishes when all the 13 samples

show localized corrosion attack; the critical chloride threshold can be thus obtained.

3.3Testsin concrete

The aim of these tests was to evaluate the nitrate inhibitive effect on the carbonation diffusion
velocity in concrete and the rebars corrosion after complete carbonation of the concrete cover. For
the first type of assessment, plain concrpegxanens were fabricated with three different concrete
mixture proportions. The same mixes were used for the reinforced samples fabrication: they were

subjected to rebars corrosion measurements.

3.3.1Concrete compositions

The fabrication of reinforced and placoncrete samples was performed in a past thesis work
(2016)[75]: t hree different series of mixes were ¢
EN 1971 §76]:
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1 Ser i @MI525R:ordinary Portland cement
1 Ser ii EEMII/B-S 52.5 N: Portlandomposite cement
1 Ser iTe€€CEMII/B-M 42.5: Portlanecomposite cement

For each of the three series, four different concrete types were cast with the same aggregates and
workability class, but with different concentrations of inhibitors introduced into the concrete mix.
Nitrite compound in 2% by weight of cemefiiwoc) and nitrate compound in 2% and 4% by
weight of cement were selected as inhibitor concentrations because they dffecbtthe
properties of settled concrete. The fourth concrete type was cast without inhibitor as reference
sample. 12 different concrete compositions were thus obtained: the codes to identify them are

reported inTable 3.6.

Tab. 3.6 Concretespecimensode.

Inhibitor Seri e Seri e Seri e
No inhibitor T 00 II'i 00 7 00
Nitrite 2% bwoc [T NIT 2 T NIT 2 7 NIT 2
Nitrate 2% bwoc [T NAT 2 T NAT 2 T NAT 2
Nitrate 4% bwoc T NAT 4 1T NAT 4 T NAT 4

Water to cement ratio was maintained equal to 0.6 for all the specimens; in particular, for
compositions in presence of inhibitors, water concentration was calculated considering that

inhibitor compounds are dissolved in different amounts in aqusmugons.

Concrete specimens were cast in J20E6: the mix compositions are reported able 3.7 valid

for the three series of cements.

Tab. 37 Concrete compositions.

Composition 00 NIT 2 NAT 2 NAT 4
Water (L) 4.2 3.873 3.92 4.06
Cement (kg) 7 7 7 7
Plasticizer (kg) 0.07 0.07 0.07 0.07
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Inhibitor (kg) 0 0.467 0.28 0.56
Sand (kg) 14.05 14.05 14.05 14.05
Gravel (kg) 21.072 21.05 21.05 21.05

3.3.2Concrete samples

Two types of concrete samples were cast:

1 Plain concrete speimens- 36 prismatic concrete specimens of 15x6x6 cm dimensions were
fabricated without rebars: the first 12 samples were used for carbonation diffusion
measurements in accelerated condition; the other 24 prisms were placed to the external
atmosphere of M| a n, on the rooftop of ADi parti mer
Chimica AGiulio Nattabo, Politecnico di Mi |
latter were tested to measure the carbonation diffusion for a longer period in real aerate

conditions. An example is shown in Figlgd 2

Fig. 3.12 Plain concrete prism.

1 Reinforced concrete specimens24 reinforced cylindrical samples were cast and exposed to
the external atmosphere of Milan after the complete carbonation of the concrete cover.
Measurements of interhaebars corrosion were performed. An example of the reinforced

samples is shown iRigure3.13
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Fig. 3.13Reinforcedconcrete specimen.

The reinforcements are 15 cm in height and 6 cm in diameter; they present a single carbon
steel rebar with the same material of the specimens used foediseint solution (B450C,
characteristic yield strength 450 MPa). The rebar is 17 mm long and it has 10 mm of diameter;
an electric cable was connected at one side of the bar to allow the potential measurements.
Before the cast, the bars were subjectedmalblasting to remove any superficial impurity and
trace of rust. Through the application of a salhesive tape on both the ends, so that only a
length of 10 cm was exposed to the internal concrete; this insulation was also required to avoid
any contacof the bar with the external atmosphere. FigRutillustrates the section of the

reinforced specimen.

Self-adhesive tape Fixing strip Self-adhesive tape

/ Connecting
/ cable
=

Reference

electrode
3 cm 10 cm » 4 cm N
> 17 cm >

Fig. 3.14Reinforcedconcrete specimen section.

Inside the specimen, an activated titaniumNVO) reference electrode was placed in proximity
to the carbon steel rebar and a copper cable wasected to it allowing the external electrical
connection. Titanium reference electrode was required for the linear polarization resistance tests

used to monitor the metal corrosion (Fa8.4).
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3.3.3Carbonation monitoring

Carbonation process is directly related to carbon dioxidex)@{fusion inside concrete and
reaction with alkaline compounds. This phenomenon is very slow in common aerated conditions
because of the low concentration of £6@ atmosphere. For it reason, accelerated tests were
performed in addition to carbonation monitoring on concrete specimens exposed to external

atmosphere:

9 Accelerated carbonation monitoring- The tests were performed introducing 12 prismatic
plain samples into carbonationashber with controlled atmosphere (room temperature and
65% RH) and at high level of carbon dioxide concentration (4%). To avoid gas diffusion from
the ends of the specimens, the bases of the prism were spackled: carbon dioxide penetration
was thus possiblenly from lateral surfaces.

The progress of the carbonation front was measured by withdrawing the samples from the
chamber at regular intervals (every two months) and subjecting them to phenolphthalein test.
A transversal cut of the prisms was perforne@dbtain sections of few centimetres thick; the
test was carried out on every g4lnmaediatelyac c or
after the cut, a small quantity of phenolphthalein was sprayed on the sections. The carbonated
concrete does not modify its aspect; the concrete that is not yet reached by the carbonati
front, reacts with the substance because of its maintained alkaline pH, changing its colour to
the characteristic pink tone. In this way, for every periodic test, the evaluation of carbonation
diffusion inside concrete could be performed looking atuheoloured part dimensions, as

shown inFigure3.15

31/03/2017

Fig. 3.15Example of phenolphthalein test on concrete sec
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1 Real carbonation monitoring - Carbonation tests on the 24 prismatic samples exposed to the
external atmosphere were performed with the same procedure of the prisms in carbonation
chamber: transversakction cut and subsequent phenolphthalein test. The only difference is
that it was necessary to wait more time for the results, because of the low kinetic of carbonation
diffusion in real aerated conditions. The first measurement was taken about oateretie

cast.

3.3.4Corrosion monitoring

The evaluation of inhibitors effect on rebars corrosion after complete carbonation of the concrete
cover was performed through the monitoring of free corrosion potential and polarization resistance
of the carbon stedlars.

The tests were carried out on the reinforced concrete samples after the complete carbonation of
their concrete cover (2.5 cm). To accelerate the process, they are placed into carbonation chamber
(4% CQ concentration) together with the previousliustrated plain prismatic specimens.
Because reinforced and plain concrete samples were cast with the same compositions, the complete
carbonation of the first ones was assessed with the geé@etration monitoring on the
corresponding plain prisms, as deised in ParagrapB.3.3 Once phenolphthalein tests assured
concrete cover carbonation, the cylindric prisms were removed from the carbonation chamber and
exposed to the external atmosphere of Milan, on thé to@ p o f ADi parti men
Materi al i e Ingegneria Chimica nAGiulio Natta
part sheltered. With a variable periodicity, about every 10 days for the first two months of
atmosphere exposure and then leésguently, the free corrosion potentials and polarization

resistances were measured on carbon steel rebars:

1 Free corrosion potential measurement Accor ding to the s[f83§ndar
rebar corrosion probaliii can be estimated through its free corrosion potential, measured with
respect to copper sul fate reference el ect
numerical magnitude of the potential usually provides an indication of the presence or absence
of carrosion of steel embedded in concrete; the numeric magnitude does not indicate the
corrosi on r §r8leTheosfandarchstatedsthaeneebsared free corrosion potentials
higher than 200 mV CSE indicates low casion probability and with potentials lower than

- 350 mV CSE, the metal is in active corrosion condition.
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The metal potential was recorded by a voltmeter connected to the electrical wire of the
specimen and to the CSE reference electrode put in conthdhe concrete surface through

a wet sponge.

Polarization resistance measuremert Rebars corrosion rate was evaluated through linear
polarization resistance (LPR) methof¥9][80]. The test was performed with a
Potentiostat/Galvanost&iP GSTAT 300 of Metrohm Autol ab) .
used as reference electrode and a circular net of activated titanitMM@) was placed on
concrete surface over a wet sponge as cowhetrode.
Using the linear potentiodynamic technique, rebars corrosion rates measurements were carried
out: the metal potential was variated fortO mV to +10 mV with respect to the free corrosion
potential;the scan rate was set as 10 mV/min. Polarization resistance was calculated as the
slope of the final linear section of the resulting curve potential vs current density (B1f i)
Mean corrosion rate (mA/fpwas then obtained through the St&eary relation:

0

Qo (21)

whereR,i s t he measur ed p o2 anddorstarBis assumad egeidl te 26a n ¢ €
mV for active rebars and 52 mV for passive oj8£4.

Mean penetration rate (em/year) can be cal
carbon steeit is equal tdcorr multiplied by 1.17 factor. Since corrosion penetration lower than

1-2e m/ year can be dl9 pdarisdter resthnce af gbbut Hi0b 1¥Ys m

the threshold value below which corrosion is significant.

58



Chapter 4Experimental results

Chapter 4.
Experimental results

The research of a new class of fioric and environmentdtiendly corrosion inhibitors found in
calcium nitrate a promising candidate to repléite welestablished effective nitrite affected by
toxicity issues. The results obtained by the experimental section of the work are presented in this
chapter and they are divided according to the type of test performed. As illustrated in Chapter 3,
the effectiveness of nitratbased inhibitor can be investigated with different experimental

measurements to obtain distinct interpretations about the nitrate effect on concrete corrosion.

The obtained results are divided in:

1 Potentiodynamic tests in solution;
1 Potentiostatic tests in solution;

i Tests in concrete.

4.1 Potentiodynamic tests in solution

The cyclicpotentiodynamic polarization test was used to measure the steel rebar susceptibility to
localised chloridenduced corrosion in presence of nitrate intobitlt allowed to obtain the
characteristic electrochemical parameters of steel samples in alkaline environment (pH 12.6):

pitting potential (i), repassivation potential (&g and anodic passive current density.

Two different calcium nitrate concenti@ns .1 mol/L and 0.3 mol/L) were used in the synthetic
pore solution andhe obtained results were compared with corresponding tests without any
inhibitor and with nitrite compound (in the same two concentrations), whose efficiency is well
known in literature. Before the cyclic polarization tests, the steel samples were immersed in the
alkaline solutions for different residence times: 1 day, 3 days and 7 days. Two different amounts
of chloride ions Q.1 mol/L and 0.3 mol/L)were added to the solution sfu before the
potentiodynamic scan; in addition, a series of chlordes solutions was used to assess the steel
passive behaviour in the different inhibited conditions. As result, 45 different solutions settlements

were produced (5 different inhibitoeenfigurations, 3 chlorides concentrations and 3 immersion
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times). In all the following plots, these different configurations are identified with the

abbreviations:
1 REF- reference solutions without any inhibitor;
1 NI 0.1-inhibited solutions with calciumitrite (0 ¢X 0O ) in 0.1 mol/L concentration;
1 NI 0.3- inhibited solutions with calcium nitritéd(¢x0 0 ) in 0.3 mol/L concentration;
1 NA 0.1- inhibited solutions with calcium nitraté (<0 0 ) in 0.1 mol/L concentration;
1 NA 0.3-inhibited solutions with calcium nitraté (0 0 ) in 0.3 mol/L concentration.

The second number (after the dash) is referred to the chlorides dedasged0.3respectively for
0.1 mol/L and 0.3 mol/L concentrations. Additional ablagons were used to identify the
immersion time, e.dl dfor one day of immersior dfor three days and dfor seven days; the
symbolsA, B, Cwere used to identify the three identical test solutions for the triple multiplicity.

4.1.1Reproducibility

For each of the 45 different solutions settlements, three identical potentiodynamic tests were
performed to obtain a good statistical reproducibility of the results, for a total of 135 polarization

measurements.

All the potentiodynamic tests showed a good@dpcibility: the resulting characteristic curv&s

vs i) were always quite overlapping. Some examples of good reproducibility are reported in Figure
4.1: they depict different conditions, from reference solution to the most aggressive inhibited
situation(NA 0.17 0.3).

Considering the good reproducibility of all the multiple performed tests, only one curve for each
test condition is henceforth presented; all the characteristic polarization plots are presented in the

Appendix Al Cyclic polarization curves
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Fig. 4.1 Examples ofhe potentbdynamic curveseproducibility.

4.1.2Reference solution

The preparation of the reference alkaline solutions is described in Chapter 3.

Here, the characteristic polarization curves are presented in three different graphs, according to
the three different immersion times; for each graphee distinct curves, as a function of the
amount of chloride ions admixed to the solution, are shown. Polarization curves of one day, three

days and seven days are presented in Figure 4.2.

In absence of chloride (blue curve), it is possible to idenliéy passive behaviour of the steel
sample, for each immersion time: the potential trend shows a large passivity region with constant
anodic current density around 0.1 A/rin this condition, no hysteresis loops are present and the
passive trend ends withxygen evolution at potentials around 0.6 V Ag/AgCI. In presence of
chlorides, the typical pitting corrosion occutise anodic polarization curve of rebars modifies
shortening theassivity rangevith increasing chlorides content. The rapid increase@fihodic
current defines the onset of the localized attack, namely pitting potential{&e obtained pitting

potentials range from0.2 V Ag/AgCl to 0 V Ag/AgCl and they decrease with increasing chlorides
61



Chapter 4Experimental results

concentrations, since higher @ontent indae an increase in the alloy susceptibility to localized

corrosion[70].
08 08
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06 06
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i (AIm?)

Fig. 4.2 Patentiodynamic curves of referem solutions.

Potentiodynamic test ends with the inversion of the potential scan, closing the hysteresis loop. The
repassivation potentials g can be identied as thantersection between the backward potential
and the passive rangad the obtained values are quite constant for each condition, arOumnd

V Ag/AgCl, suggesting an independent repassivation trend on the chloride content.

The average values tife three pitting and repassivation potentials for each condition are reported
in Table 4.1; it is important to highlight that the pitting potentials in the conditions without chloride

are referred to the potentials of oxygen evolution (o.e.).

Tab. 41 Pitting and repassivation potentials of reference potentiodynamic tests.

Solution code NaCl Enpit Erep
(mol/L) (V Ag/AgCl) (V Ag/AgCl)
0 0.62 (o0.e.) -
REFi 1d 0.1 - 0.08 - 0.55
0.3 - 0.18 - 0.56
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0 0.6 (0.e.) -
REFi 3d 0.1 - 0.05 - 0.52
0.3 - 0.17 - 0.56
0 0.6 (0.e.) -
REFi 7d 0.1 - 0.08 - 0.52
0.3 - 0.25 - 0.57

The steel samples, after the end of the polarization measure, confirmed the localized corrosion
initiation: the visual inspection of the bars demonsttdbe presence of several localized pits al

over the metal surface (Fig.3).

Fig. 4.3 Visual inspection of pitting initiation

4.1.3 Nitrite inhibited solution

Calcium nitrite corrosion inhibitor was added to the alkaline solutions in two different
concentrations: 0.1 mol/L and 0.3 mol/L. Its inhibiteffiect in chlorideinduced corrosion is well

established; therefore, polarization tests were performed for comparison purposes.

The concentrations of the chlorides additions were maintained (O mol/L, 0.1 mol/L, 0.3 mol/L), as

well as the immersion time& @day, 3 days and 7 days).

9 Calcium Nitrite 0.1 mol/L - The obtained characteristic polarization curves were collected in
the three different plots (Figure 4.4) according to the immersion times and as a function of the

added chlorides dosages.
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The passivedhaviour is visible in all the curves without chlorides and the evolution of oxygen

still occurs at potentials around 0.6 V Ag/AgCI.

In presence of chlorides, the obtained pitting potentials become less noble with increasing salt
dosage. The corrosion ittition effect is highly evident comparing the pitting potentials with

the corresponding ones of the reference solutions: with 0.1 mol/L of nitrite inhibitor, localized
corrosion occurs at potentials ranging from 0.3 V to 0.5 V Ag/AgCl in presence ofoll1l m
chlorides concentration and around 0.1 V Ag/AgCl with 0.3 mol/L chlorides.

The potentials for the steel repassivation, in this case, seems to be dependent on the chloride
content: for all the immersion times, a small decrease in théskisible n the condition of

higher chlorides dosage.
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Fig. 4.4 Potentiodynamic curves oblsitionswith 0.1 mol/L nitrite concentration.

The obtained pitting and repassivation potentials are reported in the Table 4.2, considering the

average of the three identical tests for each solution settlements.
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Tab. 42 Pitting and repassivation potentials of potentiodynamic tests with 0.1 mol/L nitrite.

Solution code NacCl Epit Erep
(mol/L) (V Ag/AgCl) (V Ag/AgCl)
0 0.63(o.e.) -
NI0.17 1d 0.1 0.4 - 0.13
0.3 0.08 - 0.26
0 0.62(o.e.) -
NI 0.17 3d 0.1 0.42 - 0.13
0.3 0.15 - 0.2
0 0.64(o.e.) -
NI 0.17 7 d 0.1 0.38 - 0.16
0.3 0.12 -0.21

1 Calcium Nitrite 0.3 mol/L - A higher concentration of nitrite inhibitor is used to verify the
increasing inhibition effect. Cyclic polarization tests were performed in the sanditions (0
mol/L, 0.1 mol/L and 0.3 mol/L of chloride content) and the characteristic curves are shown
in the Figure 4.5 divided in the three variable immersion times.
The increased inhibition effect of calcium nitrate at 0.3 mol/L concentrationresfhect to
the previous lower amount is highly visible in presence of low chlorides dosage: pitting
potentials of very high nobility, around 0.6 V Ag/AgCl, were obtained at any immersion time.
These potential values are quite below the evolution oxygtnpal in absence of chloride,
suggesting that nitrite inhibitor in this concentration allows to expand the steel passive region
to nearly its maximum amplitude.
For higher dosages of chlorides, the inhibition improvement is less visible: pitting pistentia
in presence of 0.3 mol/L of chlorides range from 0.1 V Ag/AgCl to 0.3 V Ag/AgCI.
For what concerns the repassivation potentials, also in this case a small dependence on the
chlorides concentration is discernible; however, no considerable variationg afeEpresent
compared to the above 0.1 mol/L nitrite concentration.
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Fig. 4.5 Potentiodynamic curves of solutiowgh 0.3 mol/L nitrite concentration.

The average values of pitting and repassivation potentials are collected in Table 4.3.

Tab. 43 Pitting and repassivation potentials of potentiodynategts with 0.3 mol/L nitrite.

Solution code NacCl Epit Erep
(mol/L) (V Ag/AgCl) (V Ag/AgCl)
0 0.63(o.e.) -
NI0.37 1d 0.1 0.58 0.9
0.3 0.09 -0.1
0 0.62(o.e.) -
NI 0.37 3d 0.1 0.56 - 0.05
0.3 0.29 - 0.13
0 0.63(o.e.) -
NI 0.37 7 d 0.1 0.62 - 0.05
0.3 0.16 - 0.09
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4.1.4 Nitrate inhibited solution

Cyclic polarization tests were then performed on alkaline solutions with admixed calcium nitrate
inhibitor, with two different concentrations of 0.1 mol/L and 0.3 mol/L. The measurement
conditionswere maintained identical to the corresponding ones with reference and nitrite inhibited

solutions to ensure a good comparison.

9 Calcium Nitrate 0.1 mol/L - The characteristic curves of the performed potentiodynamic tests
were reported in Figure 4.6 dividén the three different immersion intervals.
It is easy to anticipate that the nitrate inhibition effect in this concentration is very limited:
characteristic pitting potentials are aroun0.1 V Ag/AgCl in presence of chlorides
concentration of 0.1 mol/and- 0.15 V Ag/AgCl with 0.3 mol/L chlorides. These results are
guite analogous to the ones obtained with the reference tests and they suggest that 0.1 mol/L
of calcium nitrate concentration is unable to inhibit steel chlendeced corrosion.
Repassivaon potentials in presence of nitrate seem to be independent on the chlorides dosage,

since almost constantdvalues (around 0.5 V Ag/AgCl) were collected.
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Fig. 4.6 Potentiodynamic curves of solutiowgh 0.1 mol/L nitrate con@ntration
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The average values of pitting and repassivation potentials derived from the characteristic

polarization curves are listed in the Table 4.4.

Tab. 44 Pitting and repassivation potentials of potentiodynamic tests with 0.1 mol/L nitrate.

T

E (VAg/AgCl)

Solution code NacCl Erep
(mol/L) (V Ag/AgCl) (V Ag/AgCl)
0 0.64(o.e.) -
NAO.1i 1d 0.1 - 05
0.3 - 049
0 0.63 (0.e.) -
NAO.17 3d 0.1 - 0.49
0.3 - 0.56
0 0.62(o.e.) -
NAO.17 7d 0.1 - 05
0.3 - 0.48

Calcium Nitrate 0.3 mol/L - The investigation of a higher concentratiohnitratebasted

inhibitor is presented in Figure 4.7, where the characteristic polarization curves of the alkaline

solutions with 0.3 mol/L calcium nitrate dosage are reported.
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Fig. 4.7 Potentiodynamic curves of solutiongh 0.3 mol/L nitrate concentration
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For all the immersion times, the inhibition effect is quite absent, e¥xm an increased calcium
nitrate concentration is adopted. The reported pitting potentials are quite identical to the
corresponding ones referred to 0.1 mol/L calcium nitrate and reference €e$t¥: Ag/AgCl and

-0.2 V Ag/AgCl with respectively 0.1 ml and 0.3 mol/L chlorides concentrations were
collected. Also in this case, repassivation potentials are independent on the chlorides dosage

adopted: constant& values, around 0.5 V Ag/AgCl, were identified.

The average values of the pitting and repagion potentials for each solution condition are

reported in Table 4.5.

Tab. 45Pitting and repassivation potentials of potentiodynamic tests with 0.3 mol/L nitrate.

Solution code NaCl Epit Erep
(mol/L) (V Ag/AgCl) (V Ag/AgCl)
0 0.64(o.e.) -
NAO0.3i1d 0.1 - 0.15 - 0.54
0.3 - 0.19 - 0.51
0 0.65 (0.e.) -
NA0.37 3d 0.1 - 0.13 - 0.52
0.3 - 0.16 - 0.52
0 0.64(o.e.) -
NAO0.371 7d 0.1 - 01 - 0.53
0.3 - 0.21 - 05

The discussion about the comparison of irtbits efficiencies and the effect of adopted
concentrations and immersion times is accomplished in Chapter 5. Potentiodynamic polarization
tests are shotime screening methods that allowed to obtain a ifidication of nitrate eventual
inhibition effectveness; therefore, loAgrm measurements were required for more accurate

results.

4.2 Potentiostatic tests in solution

Potentiostatic tests were used to obtain the passivation development rate eitccahehloride
threshold at which localised corrosiof steel specimens takes place. The evaluation of nitrate
inhibition effectiveness with this type of test is more accurate, since the steel samples are subjected
to a more realistic situation of stationary polarization, similar to the real reinforcecoskision
in concrete.
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The samples were immersed in different alkaline solutions simulating the concrete environment:
nitrite and nitrate compounds were admixed to investigate their effect as corrosion inhibitor on the
chloride threshold valu&our different synthetic pore solutions were produced; they are identified

with the abbreviations:

REF - reference solution without any inhibitor;
NI 0.1- inhibited solution with calcium nitrited(¢X) 0 ) in 0.1 mol/L concentration;
NA 0.1- inhibited sdution with calcium nitrated ¢X) 0 ) in 0.1 mol/L concentration;

NI 0.057 NA 0.05- inhibited solution with combinedalcium nitrite 6 <) 0 ) in 0.05

= =_ =_ =2

mol/L concentration andalcium nitrated ¢X 0 ) in 0.05 mol/L concetnation.

Inside each of these solutions, 13 carbon steel samples were immersed and poldrized
constant potential of 0 V Ag/AgCI, selected according to the usual free corrosion potential of
reinforcements embedded in concrete. Periodic additiondaidds were performed at constant
intervalsof83 0 hours with increasing dosage (0.05

localized corrosion initiation.

4.2.1Reference solution

The preparation of the reference alkaline solution and the carbdrsateples is described in
Chapter 3. The prepolarization phase (+200 mV Ag/AgCl) was maintained for 2 days; then, the
specimens were polarized at fixed potential (0 mV Ag/AgCl) for one week without chlorides.

During the early polarization phase, the cutrdgnsity of one sample was constantly recorded in
function of timethrough theohmic dropmeasurement made with a set of parallel shunts Y , 1 0
Y, 100 Y, 1000 Y). This procedure is importa
layer, correlating the obtained information with the corresponding ones proper of the inhibited

solutions.

The collected current densities are repbiteFigure4.8as a function of time: a double logarithmic
scale was selected to illustrate the current density drop for long fines. steel passive condition

is achieved when the measured current density reaches values lowkemtidam’, this situaibn

was achieved after 35 hours of static polarization at 0 V Ag/AgCl in alkaline solution without
inhibitor.
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Fig. 4.8 Current density dropf potentiostatic reference test.

After a week, the periodic chlorides additions were performed eve®)8urs until all the 13
samples developed localized corrosion initintias resumed in Table 4.6. The test lasted 19 days

and the maximum chlorides concentration for pitting initiation of all the specimens was 0.3 mol/L.

Tab. 46 Chlorides additions in potentiostatic reference solution.

Date of the 11/10/17 19/10/17 23/10/17 26/10/17 30/10/17
addition

Chlorides
concentration 0 0.05 0.1 0.2 0.3

(mol/L)

The current density of each carbon steel specimen was measured daily to verify if a localised
corrosion phenomenon was taking place: recorded mudensity higher than BA/m? indicates
corrosion initiation. The visual inspection of the initiated steel sample verified the position of the
attack, since other phenomena different than pitting corrosion could take place at the interface with
the selfadhesive tape, for instance crevice corrosion. Corrosion attacks on the lateral metal surface
indicate pitting events. Table 4.7 collects the corrosion times and positions for each of the 13

samples.
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Tab. 47 Initiation times othe potentiostatic reference solution.

Chlorides

Sample number Date Attack position
(mol/L)
1 21/10/17 0.05 Lateral
2 23/10/17 0.05 Lateral
3 23/10/17 0.1 Lateral
4 24/10/17 0.1 Lateral
5 24/10/17 0.1 Interface
6 25/10/17 0.1 Lateral
7 25/10/17 0.1 Lateral
8 25/10/17 0.1 Interface
9 27/10/17 0.2 Lateral
10 27/10/17 0.2 Lateral
11 28/10/17 0.2 Interface
12 29/10/17 0.2 Interface
13 30/10/17 0.3 Lateral

4.2.2 Nitrite solution

Potentiostatic test in alkaline simulating pore solution were perforrtadive addition of calcium
nitrite inhibitor in 0.1 mol/L concentration; its wedlstablished inhibition effectiveness was used

to compare the corresponding results regarding calcium nitrate inhibitor.

The test procedure was equivalent to the potentiostegasurement in the reference solution. The
current density decreasing trend was recorded during the early polarization phase to assess the
complete passivation of the steel samples; the current trend as a function of time is reported in
Figure4.9. Thesteel passive condition (current density lower thamA/m?), in this situation, was

reached after about 40 hours from the polarization beginning.
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Fig. 4.9 Currentdensity dropf potentiostatiqitrite test.

After a week, the periodic chlorides additions were performed eve®p8wurs until localized
corrosia initiation of all the 13 samples developed, as resumed in Table 4.8. The good inhibition
effect of calcium nitrate can be verified considering the delay on the pitting initiation of all the
specimens: in this condition, the maximum chlorides concemntrats 0.8 mol/L and the duration

of the tests was 36 days.

Tab. 48 Chlorides additions in potentiostatic nitrite solution.

Da;z_?f the  18/10 26/10 30/10 2/11 6/11 9/11 13/11 16/11 20/11 23/11
aadituon

Chlorides
concentration 0 0.05 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

(moal/L)

The initiation timesTab.4.9) are collected through the daily measurement of the current densities
for each sample. Recorded current densities higherimA/m? indicate pitting initiation; the
visual inspetion of the corroding specimen allowed to distinguish crevice corrosion from the

typical chlorideinduced attack on the metal lateral surface.
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Tab. 49 Initiation times of the potentiostatic nitrite solution.

Chlorides

Sample number Date Attack position
(mol/L)
1 6/11/17 0.3 Lateral
2 10/11/17 0.4 Lateral
3 14/11/17 0.5 Lateral
4 16/11/17 0.5 Interface
5 18/11/17 0.6 Lateral
6 19/11/17 0.6 Lateral
7 20/11/17 0.7 Lateral
8 20/11/17 0.7 Lateral
9 20/11/17 0.7 Lateral
10 22/10/17 0.7 Lateral
11 22/10/17 0.7 Lateral
12 26/11/17 0.8 Lateral
13 26/11/17 0.8 Lateral

4.2.3 Nitrate solution

The effectiveness of calcium nitrate as corrosion inhibitor for chlendeced corrosion was
investigated through the potentiostatic t¢esfter the rapid measure of potentiodynamic

polarization.

The test procedure was identical of the other previous ones; however, during the early polarization
step at 0 V Ag/AgCl, the recorded current density of the specimen showed an initial gradual
deaeasing, as expected, followed by an increase to higher values, as reported id.Ei@Ureis

rising in the current density continued during time and it came to the instauration of localized
corrosion on all the 13 specimens in the early 3 days, wieechtbrides were still absent. The test

was thus invalidated.
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Fig. 4.10Current densitydrop of potentiostatiaitrate test.

To overcome this problem and obtain the information about initiation times and nitrate effect on
corrosion inhibition, an alternative procedure for the first stage of polarization withautdelsl

was investigated. For the first week of passivation at 0 V Ag/AgCI potential, the solution was used
without inhibitor, to assure the formation of the passive layer without any corrosion initiations;
calcium nitrate was then added to the solutiontaedirst chlorides addition was performed after
80-90 hours. The subsequent salt additions were accomplished as usual: all the solution
modifications from the beginning of the polarization are reported in Table 4.10. With this method,
the information abuat possible effect on the current density drop during the early passivation phase

were lost, since the inhibitor were added only after the complete steel passivation.

Tab. 410 Inhibitor and chlorides additions in potentiostatitrate solution.

Date of the addition 13/2/18 19/2/18 22/2/18 26/2/18
Nitrate concentration 0 0.1 0.1 0.1
(mol/L)
Chlorides concentration 0 0 0.05 0.1
(mol/L)

During the test, the current densities for all the 13 specimens was recorded daily aitigtioa in
times were collected in Table 4.11, when the measured corrosion currents were higher than 5

mA/mZ.
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Tab. 411 Initiation times of the potentiostatic nitrate solution.

Sample number Date Chlorides Attack position
(mol/L)

1 24/2/18 0.05 Interface
2 24/2/18 0.05 Interface
3 24/2/18 0.05 Interface
4 24/2/18 0.05 Interface
5 24/2/18 0.05 Interface
6 25/2/18 0.05 Interface
7 26/2/18 0.05 Interface
8 26/2/18 0.05 Interface
9 26/2/18 0.05 Interface
10 26/2/18 0.05 Interface
11 26/2/18 0.05 Lateral

12 26/2/18 0.1 Interface
13 26/2/18 0.1 Lateral

Several crevice corrosion phenomena initiated at the metal interface with thelsetive tape,
they were not considered in the next statistical analysis; only two of ter@es showed lateral
attack, typical of pitting. In addition, the samples corrosion took place at the early days of chlorides
contamination in the lowest concentration; the test lasted thus just 13 days. The possible

explanations for this effect are givin Chapter 5.

4.2 .4Mixed nitrite -nitrate solution

The inhibition effect of combined calcium nitrite and nitrate was investigated with the fourth
potentiostatic test, in whichin eventual synergistic behaviour was researchieel. dosage of the

two compound was maintained in 1:1 molar ratio at a concentration of 0.05 mol/L.

To prevent the previous problems of premature corrosion instauration when nitrate was present in
solution, the mix of inhibitors was added only after the complete passivation at 0 \g@ig/A
potential of all the steel samples. Calcium nitrite and nitrate were added in 0.05 mol/L
concentration after a week from the polarization beginning; subsequently, afertgfurs, the

chlorides additions were performed with the usual periodicitilussrated in Table 4.12.
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Tab. 412 Inhibitors and chlorides additions in potentiostatic mixed nitriteate solution.

Date of the addition ~ 15/2/18  22/2/18  26/2/18  2/3/18  5/3/18  8/3/18

Nitrite -nitrate
concentration 0 0.05-0.05 0.050.05 0.050.05 0.050.05 0.050.05
(mol/L)
Chlorides concentration 0 0 0.05 0.1 0.2 0.3
(mol/L)

Also in this case, the measurement of the current density drop during the steel passivation was
impossible, since the inhibitors were admixed onlyrafies phase; the information about possible
effects on the passive layer formation in presence of these inhibitorsosereHe initiation times

(Tab.4.13) are collected, as usual, through the daily measure of the current densities for each

sample.
Tab. 413 Initiation times of the potentiostatic mixed nitritérate solution.
Sample number Date Chlorides Attack position
(mol/L)

1 5/3/18 0.1 Lateral
2 5/3/18 0.2 Lateral
3 6/3/18 0.2 Lateral
4 6/3/18 0.2 Interface
5 6/3/18 0.2 Lateral
6 6/3/18 0.2 Interface
7 7/3/18 0.2 Lateral
8 7/3/18 0.2 Interface
9 8/3/18 0.2 Lateral
10 8/3/18 0.2 Lateral
11 8/3/18 0.2 Interface
12 8/3/18 0.2 Lateral
13 9/3/18 0.3 Lateral

For this type of solution, premature crevice corrosibanpmena were less frequent than the NA

0.1 test. This suggests that the presence of calcium nitrite limits the instauration of corrosion events
localized on the interface with the salfihesive tape and assists calcium nitrate in the corrosion
inhibition. The test lasted 22 days: a small reduction of the steel susceptibility to chilohde

environment was thus observed.
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4.3 Carbonation monitoring on concrete samples

The effect of calcium nitrate on the diffusion of carbonation inside concrete was invessiogat
prismatic plain concrete samples. Carbonation process is directly relateddarioa dioxide

(COy) diffusion inside concrete and its reaction with alkaline compounds: this phenomenon is very
slow and, for this reason, accelerated tests were pstbin addition to carbonation monitoring

on concrete specimens exposed to external atmosphere.
Three different series of concrete specimens were fabricated according to the adopted cement type:

T Ser i @MI52.5R:ordinary Portland cement;
1 Ser it EEMII/B-S 52.5 N: Portlandomposite cement;
1 Ser iTe€€CEMII/B-M 42.5: Portlanecomposite cement.

For each of these cemertisur concrete types were cast with different concentrations of admixe
inhibitors: calcium nitrite in 2% by weight of cement and calcium nitrate in 2% and 4% by weight
of cement. The identification codes to distinguish the type of cement indicates the series number

« . , ), foll owed by the below abbreviatio

REF reference sample without any inhibitor admixed;
NIi 2: addition of calcium nitrited ¢X) O ) at 2% by weight of cement;

NAT 2: addition of calcium nitrated( X0 0 ) at 2% by weight of cement;

== == =2 =2

NAT 4: addition ofcalcium nitrated «0 0 ) at 4% by weight of cement.

The concrete specimens were cast in B0#6 in all the 12 different compositions: part of them
were used for accelerated carbonation monitoring and the remaining ones were exposed to the

external atmosphere of Milahoth in shielded from rain and exposed placement.

4.3.1Accelerated carbonation monitoring

The plain concrete samples in the 12 different compositions were placethent@arbonation
chamber with controlled atmosphere (room temperature and 65% RH) andbtddton dioxide
concentrationThe first carbonation depth measurement was performed in the previous thesis work
on all the three series after about one month form the ingress into the carbonation chamber: the

samples were subjected to phenolphthalestst as illustrated in Paragraph 3.3.3. Afterwards,
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every two months, the specimens were withdrawn from the chamber for the subsequent
measurements. The front of the carbonation reaction was visible through the change in the concrete
surface colour indicatg the still unreacted core. The carbonation depth was considered as the
average of the distances between the sample border and the limit of the reacted phenolphthalein,
for each of the four sides of the prism, as illustrated in Figut& Once the carmnation depth

has reached the core of the prism (30 mm of depth), the sample was considered completely
carbonated and the tests stopped.

Fig. 4.11 Example of carbonation depth measurement.

The carbonation depths averages measured from March 2017 are reported in Table 4.14.

Tab. 414 Carbonation depths (mm) measurements for accelerated tests.

Days after the ingress into the 127 142 229
chamber
i 00 20 21.8 28.5
[T NIT 2 19 21.1 30
I T NAT 2 16.5 18.3 30
I'i NAT 4 15 16.8 26.6
117 00 25 30
i NIT 2 27 30
7 NAT 2 26 28.3
i NAT 4 22.5 24.6
1l i 00 30
i NIi 2 30
Nl i NAT 2 30
Nl i NAT 4 30
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It is visible that with different series the penetration of the carbonation process was highly variable,
since different cements have differgmte r meabi | i t i es . Seri e rea
(depth of 30 mm) just after 127 dapesmeablitgr i e
completing the carbonation process after 22

residence timénto the carbonation chamber of 142 days.

4.3.2 Real carbonation monitoring

The monitoring of the realistic Genetration and reaction within concrete were performed on
24 plain concrete specimens exposed to the external atmosphere of Milan, they weremiaee
rooftop of nADipartimento di Chi mi ca, Materi a

di Mi |l anoo, half exposed to rain and half sh

Since the carbonation diffusion in aerated conditions has a slower kinetic, the first carbonation
depth measure on the samples was performed after more than one year from the atmospheric
exposure beginning. The procedure for the monitoring of the carbonation front with the
phenolphthalein test was equivalent to the previous one. Considering th@etmmens were

placed to atmosphere in September 2016, only one test for the carbonation depth was performed
to date. In Table 4.15, the measured carbonation penetrations (in mm) performed ohdahe 31
January 2018, after 498 days, are reported. The miszbe@lata are divided according to the

exposition state of the samples.

Tab. 415 Carbonation depths (mm) measurements for real monitoring tests.

Carbonation depths after 498 days Exposed to rain Sheltered

(mm)

i 00 2.7 3.5
[P NI 2 2.7 4.7
i NAT 2 2.5 4.7
i NAT 4 2.2 4.5

Il 00 3.7 7.2
i NIT 2 3.2 7.5
Il i NAT 2 3.2 7.2
i NAT 4 4.2 5.5

I i 00 5.5 8.5
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i NI 2 3.2 8

i NAT 2 3.7 8.2

Il i NAT 4 3 8
't is visible that the Serie i's the | ess |
the penetration depths of Serie are the hi

results seem to be in line with the corresponding catimmdepths of the accelerated tests.

The differences between carbonation depths into concrete samples exposed to rain and sheltered
are appreciable: since the repair from rain induces a more controlled atmosphere, preventing the
condition of relative humdity 100%, the penetration of carbon monoxide was more favoured.
Recalling Figure 1.12 (Par 1.4.1he interval of relative humidity most critical for carbonation
diffusion inside concrete is from 60% to 70%. The investigation on the effect of inhiaitdrs

their concentration on the carbonation process diffusion, both in accelerated and in real tests, is

performed in Chapter 5.

4.4 Rebars corrosion monitoring

The effectiveness of calcium nitrate as corrosion inhibitor was investigated also on its eventual
inhibition effect on the corrosion rate of the steel reinforcements embedded in concrete after the
complete carbonation of the cover. The analysis was performed through the monitoring of the free
corrosion potentials and polarization resistances of thalleebars inside 24 cylindric concrete

samples fabricated with the 12 different concrete compositions as usual.

The carbonation of the concrete covers was performed inside the carbonation chamber (4% CO
concentration) together with the plain prismsptirgh  t he | att eppéretraioo ni t o
depths, it was possible to assess the complete cover carbonation of the corresponding reinforced
cylinders. Afterward, the samples were placed at the external atmosphere of Milan, part exposed
to rain and pdrsheltered. The free corrosion potentials and polarization resistances of the steel
reinforcements were measured with a variable periodicity of about 10 days, for the first two months

of atmospheric exposure, and then less frequently.
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4.4.1Free corrosion poential

The monitoring of the reinforcements free corrosion potentials is important for the evaluation of

the steel rebars condition inside carbonated concrete: since the protection of the high alkalinity is

lost with the carbonation, the embedded metasgmérom passive to active corrosion condition,

with a consequent increase in the free corrosion potential. It was possible to recognize a steel low

corrosion probabilityvith measured free corrosion potentials higher th2@0 mV CSE; on the

contrary, wih potentials lower than350 mV CSE, high probability of reinforcements corrosion

could be assessed.

The trends of the measured potentials are reported in Hgl2ewhere three different graphs

show the collected values for the three series.
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Fig. 4.12 Freecorrosion potentials of theeinforcedconcrete samples.

The faur different concrete compositions are divided considering the exposure state: it is visible

that for all the series, the sheltered concretes showed higher free corrosion potentials values with

respect to the ones exposed to rain. These results were exkpsicice ti is accepted that the
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corrosion rate of reinforcements in carbonated concrete reaches maximum values in environments
with relative humidity around 90%. The samples exposed to rain, being subjected to higher relative

humidity, are thus affectdoly more relevant reinforcements corrosion.

In addition, a general trend of the free corrosion potentials decreasing with time is noticeable and
it indicates a comprehensive activation and aggravation of the progressive steel rebars corrosion.
Free corrogin potential measurements give thus an indication on the corrosion aggressiveness

condition and an evaluation of the oxygen content and different ohmic drop for each sample.

4.4.2Linear polarization resistance

The monitoring of the corrosion rates of the btemforcements embedded in the concrete samples
was performed through the linear polarization resistance tests (LPR). The measurement was
described in Paragraph 3.3.4 and the obtained polarization resistancesuld be related to the
mean corrasn ratemA/m?) through theSternGeary relation:
Q 0 22
v (22)
whereB is a constant assumed equal to 26 mV, considering that the steels were constantly in active

condition.

The measured polarization resistances r@ported as a function of time in Figwtd 3 where

three graphs were created for the three series. A decreasing trend along time is visible for all the
measured resistances, indicating an increasing in the comprehensive corrosion rat&3, since

has an inverse proportionality with . Differences in the results between sheltered and exposed
specimens were found: in the first case, all the steel polarization resistances were higher than the
corresponding uncovered ones. This trend isnagaagreement with the general consideration

that environments with high relative humidity induce huge corrosion rates.
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Fig. 4.13 Polarization resistances of tlieinforcedconcrete samples.

The effects of the inhibitors and their concentrations on the free corrosion potentials and on the

corrosion rates of carbonatedncrete specimens are evaluated in Chapter 5.
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Chapter 5.
Discussion

The effectiveness of calcium nitrate is herein critically discussed through the analysis and the
interpretation of the obtained experimental results regarding chloride and carbématioed

corrasion.
The effect of the inhibitor admixture in concrete is analysed considering three main aspects:

The effect on the steel reinforcements passivation
The effect on the steel passivity interval

The effect on the chlorideduced corrosion

= =2 A =

The effect on thearbonatiorinduced corrosion

5.1 Effect on the steel passivation

The effect of calcium nitrate as corrosion inhibitor was investigated through tests in simulating
concrete pore solutions, reproducing the alkaline concrete environment: potentiodynamic and
potentiostatic polarization measurements were performed. Accordingly, it was possible to monitor
the development of the passive layer on the steel surface once the metallic samples were immersed

into the inhibited solution.

Concerning potentiodynamic polaation tests, the measurement of the free corrosion potentials

of the rebar samples allowed to evaluate the trend of steel passivation during the immersion time
in the different alkaline solutions. Free corrosion potentials approachin@.2o0V Ag/AgCl

indicate a good steel passivation. Therefore, the reinforcement specimen was subjected to daily
free corrosion potential measurement with respect teaheated silver/silver chloride electrode
(Ag/AgCl). The recorded potentials as function of time arentepl in Figures.1, where different

trends indicate the different solutions adopted: without inhibitors (REF), with calcium nitrite (NI)

in its two concentrations (0.1 mol/L and 0.3 mol/L) and with calcium nitrate (NA) in the same two

concentrations.
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Fig. 5.1 Free corrosion potentialgend as function of time befopotentodynamic tests.

The increasing of all the recorded potentials indicates the development of the steel passive layer:
after seven days of immersion inside the alkaline solutions, in all the five different compositions,
the rebar samples can be considered in passive aomditi the early passivation phases, some
differences among the inhibitors were found; in particular, delayed development of the passive
layer is recorded for nitrate inhibited solutions, in both the concentrations, with respect to the

reference and thetite inhibited solutions.

A good protection of the steel specimens is formed after just one day of immersion for the tests
with NI in both the concentrations, indicating an induced fast development of the passive layer.
Calcium nitrite good action as passting anodic inhibitor was thus demonstrated: after seven
days of immersion, the achieved free corrosion potentials were higher with respect to the other
three solutions. However, in presence of calcium nitrate, the passivation of the steel was
appreciale after higher immersion times, from three to four days. These results agree with the
information present in literature: a delay in nitrate inhibition mechanism evolution, that was
commonly observed if6], [55] and[56], could be related to this slow steel passivity development

induced by NA presence.

Similar conclusions in presence of nitrate was encountered also in potentiostatic tests. Here, the
development of the steel passive layer could be monitored through the current density drop of the
steel samples during the early phaspadérization. As reported in Chapter 4 (RaR.3, problems

of premature localized corrosions were found using calcium nitrate admixture; however, few

information on the steel passivity development in thet flrour of polarization (before the
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corrosion instaurations) allowed to make a comparison with the results in the reference and nitrite
inhibited tests. The recorded current densities in the three test conditions are collected in Figure
5.2

100 g
] —o—REF
1 &=
€ 1 e *_?}’1“ —=—NI0.1
< o m —+—NA 0.1
E 10 e e R e e B e
2
n 4
&
2 o o
5 2 1
S i
< 1 o—m
0,1 T T rrTTT T T rrrrTTy T T 1 rrrrry T T T rrrrr
0,1 1 10 100 1000
Time (hours)

Fig. 5.2 Currentdensities in the potentiostatic tests.

The limited results of the nitrate solution allowed, nonetheless, to identify a slower initial passivity
evolution with respect to REF and NI tests: they showed lower current densities than NA of
respectively 10 mA/rhand 5 mA/ni after one hour of polarization aMOAg/AgCI.

5.2 Effect on the passivity range

Eventual modifications of the passivity region were investigated in the characteristic plots of
nitrate potentiodynamic polarization tests, after the evidence of a delayed effect on the steel
passivation during tnimmersion time into the alkaline solution. In particular, the analysis focused

on the potentiodynamic tests without any chlorides addition, where the passive interval has its

maximum extent until reaching the potential of oxygen evolution.

For all the mmersion times inside the alkaline nitratdibited solutions (in both concentrations),
the steel samples showed the characteristic trend of the passive behaviour, with a wide passive
region at low current density values, as shown in Fi§u8eFor boththe nitrate concentrations,
the three curves are quite overlapping and do not show any effect on the oxygen evolution potential

with different immersion times. This suggests that the slow steel passivation in presence of calcium
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nitrate does not affect thgassive behaviour of the metal, maintaining constant the passive interval

extent that is thus dependent only on the solution pH.
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Fig. 5.3 Potentiodynamic curves of nitratéloridesfree solutions with
different immersion times

A comparison with the extent of passive region in the reference and -mhibsted
potentiodynamic tests could be perfed considering the oxygen evolution in all the solutions
compositions, since the corresponding potential represents the upper limit of the passivity interval.
Figure 5.4 shows the values of oxygen evolution potentials in all the potentiodynamic tests
conditions: for each composition, three potential values are indicated considering the three
different immersion times.
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Fig. 5.4 Oxygen evolution potentials of potentiodynamic test
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It is visible that the obtained oxygen evolution potentials are indistinctly around 0.6 V Ag/AgClI
in all the tested solutions. No difences in the passivity intervals were thus recorded in the nritrate
inhibited solutions with respect to REF and NI solutions: the delay in the steel passivity evolution

does not affect the passive region in the potentiodynamic characteristic curves.

5.3 Effectiveness on chloridanduced corrosion

Since chloridanduced corrosion is the most severe reason of reinforcements deterioration, the
effectiveness of calcium nitrate as corrosion inhibitor was firstly assessed for this type of attack.
Two different test were performed to investigate the nitrate effect on the steel rebars in chloride
contaminated situations. The concrete environment was simulated through different alkaline
solutions; the reinforcements samples were immersed in these solutions andréheylyected

to polarization tests of cyclic potentiodynamic and potentiostatic type.

Characteristic electrochemical parameters of pitting potenta), (EEpassivation potential (&)

and anodic passive current density were obtained with the firstuneeaadeed, the critical
chloride threshold was determined with potentiostatic tests. In this way, it was possible to assess
the eventual corrosion inhibition effect of calcium nitrate on the steel concrete reinforcements,
indicating the inhibitor approfate concentration as a function of the chloride contamination

extent.

5.3.1Pitting potential

Cyclic potentiodynamic tests were performed to gain an initial investigation on the effectiveness
of calcium nitrate compared to tests without any inhibitor andesgnce of calcium nitrite. For
each condition, the analysis allowed to obtain the characteristic electrochemical parameter of

pitting potential as the onset of chloriteluced localized corrosion.

The comparison of the obtained pitting potentials ingbntiodynamic polarisations of nitrate
(NA), nitrite (NI) and reference solutions (REF) were reported in Fi§as a function of the
admixed chlorides concentrations; they are divided in three different plots according to the adopted

immersion times
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Fig. 5.5 Pitting potentials asunction of the chlorides concentration in potentiodynamic 1

The general decreasing of all the pitting potentials in function of the chlorides concentration is
highly visible: for each solution, the passivity interval reduction is proportional to the chlorides
content. As expected, the inhibitive effect ofcoam nitrite is highly demonstrated: the well
known effective compound, in 0.1 mol/L concentration, showed pitting potentials of 500 mV
higher with respect to the REF and NA solutions. This difference is further enhanced with
increased nitrite dosage, wiee700 mV of discrepancy was obtained using 0.3 mol/L inhibitor

concentration.

Concerning the effectiveness of calcium nitrate as corrosion inhibitor, a general weak effect is
highly noticeable; in particular, with the lowest chlorides concentrationhalbbtained pitting
potentials were below the corresponding REF results. This indicates that the presence of calcium
nitrate in the alkaline solution worsen the steel passive behaviour, inducing a shortening of its
passivity interval even greater than tre without inhibitor. The pejorative effect of NA solutions

is less visible after seven days of immersion in the alkaline solution: pitting potentials similar to
the REF ones were obtained. No effect is visible increasing the calcium nitrate conaefrvatio

0.1 mol/L (yellow trend) to 0.3 mol/L (red line).
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A small increasing in the obtained pitting potentials by extending the residence time of the steel
samples inside the NA solutions can be observed. Characteristic values passin@.fbrv

Ag/AgCl to - 0.12 V Ag/AgCl and to- 0.1 V Ag/AgCl were obtained respectively for 1 day, 3

days and 7 days of immersion, regardless the calcium nitrate concentration. The explanation for
this behaviour with short immersion times, can be related to the delay inatiseve layer
development on the sample surface in presence of calcium nitrate, as reported in literature and as

shown in the free corrosion potential measuremengs 51) to Paragraph 5.1.

The absence of any miéastation of the calcium nitrate inhibitive mechanism in these tests
demonstrated the Justnesd hypothesi s (2f sl c
responsible of the steel passive layer strengthening (Par. 2.4.1): widhnmmapsurements, e.g.
potentiodynamic polarization tests, the development of the protective oxide surface layer,
potentially capable to compete with the aggressive chloride ions, cannot takibplaée result,

the obtained characteristic pitting potentials were similar to the ones achieved without any

admixed inhibitor.

5.3.2Repassivation potential

The characteristic potentiodynamic curves allowed also to identifyléoérochemical parameter

of repassivation potential, determinetth the intersection between the backward potential and
the passive interval. Since this value identifies the condition for the initiated corrosion attacks
blocking, it is important for thevaluation of eventual calcium nitrate inhibition effect on chloeride
induced corrosion. By experience, repassivation potentials are always more negative than the
corresponding pitting potentials of at least 300 mV; all the obtained results confirmeeréialg

rule. They are reported in Figuke6 for all the test conditions as a function of the chlorides

concentrations; three plots are presented according to the three immersion times.

As expected, similar trends to the corresponding pitting potentiaks ol#ained: except for NA
0.1 solution after one day of immersion, decreasing repassivation potentials with increasing
chlorides concentration are visible in all the tests. This behaviour is related to the greater effort in

the limitation of the evolvingitting attacks with higher amount of chlorides.

Also in these plots, the absence of any trace of corrosion inhibition in nitrate tests is clear.
Compared to nitrite effect, that increases the characteristic potentials of at least 350 mV in each

conditionwith respect to the REF results, calcium nitrate confirms its ineffectiveness as chloride
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induced corrosion inhibitor with potentiodynamic teste.significant differences in the obtained

repassivation potentials were encountered in function of the elitfénmmersion times
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Fig. 5.6 Repassivation potentials as a fuoct of thechlorides concentration.

5.3.3Passive current density

The characteristic curves of the potentiodynamic polarization tests give information about the
anodic passive current density; this quantity indicates the current density characteristic of the
passivity inteval. It is important to clarify that this passive current density is not the corresponding
real value that would be measured on the concrete steel reinforcements in passive condition. Since
potentiodynamic scan is a rapid polarization test, the recordesive current densities are
referring to the polarizing anodic sample and they thus reach higher values with respect to the
corresponding real ones. However, the investigation of the obtained anodic passive current
densities through potentiodynamic testsild be useful for the complete analysis of the inhibitors
action on chloridenduced corrosion, since lower recorded current densities suggested a higher

induced steel protection during the passivity interval of the polarization test.
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The obtained curré densities for all the test conditions were collected in three plots according to

the adopted chlorides concentration; they are illustrated in Figidre
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Fig. 5.7 Anodic passive current densities of potentiodynamic tests.

The generic decreasing trend of the passive current density as a function of the immersibn time
the steel samples in all the solutions is clear: longer residence times into the alkaline environment
tend to promote a stronger steel passivation, evident with corresponding lower current density in
the characteristic passivity interval. This behavigundistinctly visible in the inhibited solutions

with both inhibitors, at any concentration, and in the reference tests.

Moreover, the effect of higher chlorides dosages on the passive current densities was investigated.
An increasing trend as a funati of the chlorides concentration was particularly visible in the REF
solutions: for each immersion time, the passive layer of the steel samples resulted less resistant
with increasing chlorides dosages. On the contrary, all the inhibited solutions didawotany
susceptibility to increasing chlorides concentration, showing a slight decrease in the recorded NI
and NA passive current densities. However, no beneficial effect of both the inhibitors can be
demonstrated through these results, since just fedmhéf discrepancy from the REF current

densities were found for instance with the highest chlorides concentration.
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5.3.4Critical chloride threshold

Longterm polarization tests were used to achieve the results about the steel susceptibility to
chlorideinduced corrosion in presence of calcium nitrate inhibitor with a more realistic test
condition comparable to the state of metallic reinforcements in concrete. Potentiostatic
polarization measurements were performed with REF, NA 0.1 mol/L, NI 0.1 mol/L s@aireh

a combined blend of NI 0.05 moliLNA 0.05 mol/L. Polarising 13 steel samples at 0 V Ag/AgCl,
with periodic chlorides addition, it was possible to obtain the critical chloride threshold for each
solution condition: this quantity is the key factor floe demonstration of calcium nitrate inhibition

effectiveness for chloridasduced corrosion.
The critical chloride threshold was calculated considering the minimum chlorides concentration at

which the first steel sample initiates local corrosion ofirgtinature and the maximum one at
which the last specimen corrodes. As a function of the increasing chlorides dosage, the percentage

of the corroded samples is reported in Figugfor all the four different test solutions.
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Fig. 5.8 Percentage of the corroded sample as a function of the chlorides concentr

Calcium nitrite demonstras its good inhibitive effectiveness compared to the reference test also
in this type of measurement: a delayed pitting corrosion initiation is visible considering that the

maximum sustained chlorides concentration was 0.8 mol/L and the test lasted amo@né¢h

month.

The effect of calcium nitrate was extremely different, since the trend of corroded samples

percentage is shifted to much lower chlorides concentrations; in addition, a worst behaviour with
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respect to REF solution was obtained. It is impdrtahighlight that several corrosion phenomena

of different nature with respect to pitting corrosion initiated in the NA 0.1 test during the early
contamination days: they were not considered in the plot. However, even if only two pitting
corrosion eventsvere observed on the steel samples and they took place at the first chlorides
additions, they could be considered in the final potentiostatic results comparison. The nitrate
ineffectiveness as corrosion inhibitor is thus visible correlating the trefe aftained corroded
samples percentage in the reference test; all the 13 specimens in NA solution failed in presence of
a maximum chlorides concentration of 0.1 mol/L, with respect to the 0.3 mol/L chlorides
maximum dosage in REF test.

The investigation w eventual synergistic behaviour of the two inhibitors, measured with the fourth
potentiostatic test, showed that the addition of calcium nitrite (1:1 molar ratio) in nitrate solution
reduces the steel susceptibility to chloridduced corrosion. A smadhift to higher chlorides
concentrations is visible in the plot of the corroded samples percentage, indicating a modest
improvement of the blend corrosion inhibition with respect to the NA solution. However, a
complete absent synergistic effect was obsgern&ssuming a hypothetic fifth solution with
calcium nitrite in 0.05 mol/L (NI 0.05 (hyp)) that could show a halved corroded samples trend
with respect to NI 0.1, as illustrated in Figir®, it can be demonstrate that the blend behaviour
(green line) iseven worst. The presence of calcium nitrate creates thus an antagonistic effect if
combined with nitrite ions, identified with the corroded samples anticipation as a function of the

chlorides concentration.
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Fig. 5.9 Corroded samples percentage with the hypothetic ni
0.05 mol/L concentration solution.
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For all the four solutions, it was possibtederive the critical chloride threshold at which the steel
samples showed pitting corrosion: it was identified with the minimum and maximum chlorides
concentration where respectively the first and the last corrosion attack took place on the steel
specimes. Since the periodically recorded pH was constantly higher than 12, it was possible to
compute the critical threshold values with §@&]/[OH"] ratio. The intervals of the critical

chloride concentrations are reported in FigbuE)

Critical chloride threshold ([CI-J/[OH-])

REF NI 0.1 NA 0.1 NI0.05 - NA 0.05
Fig. 5.10 Critical chloride threshold for the four potentiostatic test:

The corrosionnhibition behaviour of the four solutions is evident: comparing the results with the
REF test, it was possible to demonstrate the good inhibition efficiency of calcium nitrite solution
(0.1 mol/L concentration), with increased maximum chlorides thresHd@8%; calcium nitrate

(0.1 mol/L concentration) exhibits its complete ineffectiveness with decreased maximum critical
chlorides threshold of 67%. The use of combined nitrite and nitrate shows similar results to the

reference test, indicating nonetheledsd inhibition effectiveness.

At this point, a possible explanation of the calcium nitrate ineffectiveness as corrosion inhibitor
could be advanced. The presence of an unaltered steel susceptibility to chlorides may be related to
the delayed and feeble taé passivation development induced by the nitrate ions addition and
visible in the free corrosion potentials measurements at Paragraph 5.1. This delayed effect is absent
in the reference solutions, suggesting that the spontaneous formation of thesstiwel lpger in

the alkaline solution is compromised precisely by the nitrate ions.

The premature corrosion phenomena observed in the NA 0.1 potentiostatic solution, even in the

absence of chlorides, may be related to this inhomogeneous passive layeiofothatinduces
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a potential corrosion aggravation of the crevice zones, e.g. at the interface between the metal and
the protecting selddhesive tape. The polarization of the steel samples at 0 V Ag/AgCl was thus
sufficient to promote the corrosion instation in these positions; this would be impossible, as
observed, in the free corrosion condition during the immersion period before the potentiodynamic

scan.

5.4 Effectiveness on carbonatiosinduced corrosion

Calcium nitrate effectiveness as corrosion iitbibwas investigated also for what concerns
concrete degradation induced by £s@ntamination. Three series of concrete samples were cast
with admixed different inhibitors concentrations; the nitrate admixture effect (in dosage of 2% and
4% by weight of ement) was compared to the nitrite one (2% by weight of cement) and to concrete
samples without any inhibitors. The monitoring of the carbonation process diffusion inside the
concrete matrix was performed with accelerated tests in the carbonation chd¥begy and

exposing the specimens to the real aerated atmosphere of Milan.

5.4.1Accelerated carbonation monitoring

Since carbonaticinduced corrosion is related to the slow diffusion of the carbonation process
inside the concrete matrix, the plain concre@mples (cast with the different cement
compositions) were subjected to accelerated carbonation technique to monitop tren€iation

in a more rapid way. The diffusion of the carbonation process produces a low pH font that
gradually penetrates the carethe concrete samples; the penetration rate tends to decrease in time

according to the equatidid):

Q 0% (24)

whered is the depth of carbonation (mnk),(mm/years?) is a coefficient depending on concrete
type and avironmental conditions artds time (years). Usually the equation is approximated to a
parabolic trend:Q 0 /0. For these reason, the depths of carbonation measured with
phenolphthalein tests during the periodic withdrawals from the carbonatiomefrsawere plotted

as a function othe square root of time (Fi§.11); three different plots were built for the three

different concrete Series. For a broader view, the carbonation depths measurements of the previous
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thesis work were included into the plin this way, the complete carbonation diffusion progress

was illustrated.
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Fig. 5.11 Carbonationdepths as a function diirie)’?in accelerated carbonation monitoring

It is visible that the main differences of the carbonation diffusion trendsraomg different
cement t y p€@BEM: | 525eR, iordinary Poftland cemgrdhowed the lowest GO
permeability; on CEMIEB-SE5N, PoalanggmpoSite cementyas thé

|l ess resistant t o car b cCEMt/B-M 42.5pRomlamdcampaosite o n a
cement)showed medium results. This behaviour was predictable, since thali@@ion is

heavily dependent on the cement composition: in particular, in the previous thesis work, ordinary
Portland cements showed the highestimamical resistances with respect to the other series and
this concrete property was assessed to be highly controlled by the material porosity. In the same
way, Portlanec o mposi te cements of the Serie wer e
resistant oncrete, with consequent observed high @&meability{75]. Therefore, a controlled
porosity, that influences good mechanical properties, can limit also the carbonation process

diffusion.
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Concentrating on the individual cement compositions, no big differencesdarenation depth

trends were recorded with different inhibitors admixed; however, in all the three plots, the presence
of calcium nitrate in 4% by weight of cement dosage seems to reduce flgdsvity to a small
extent . Particu] aahyatvteraerdeffemaadce over
depth was observed with respect to the REF concrete. Approximately absent differences in the
Series trends were found, indicating that

nether calcium nitrite nor nitrate admixture in both dosages to this cement type.

For a broader view of the carbonation diffusion results, the coeffitiefthm/years?) was
determined with the slope of each carbonation depth trend; the obtained vakakeated in the

histogram in Figur®.12
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SinceK coefficient is highly dependent on the concrete type, the biggest differences are evident
with different Series. Nevertheless, a reduced carbonation permeability with the addition of
calcium nitratem 4 % by wei ght of cement dosage Kis pa
coefficient decreases of about 15% with respect to REF samples. A moderate nitrate beneficial
effect can be thus demonstrated in the carbonation diffusion process; on tleeyca@aticium

nitrite shows a total ineffectiveness.

TheseK coefficients should be compared to the corresponding ones related to the carbonation

depths measurements on the concrete samples exposed to the external atmosphere; in this way, it
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will be possibé to understand whether they are in line with the real carbonation process action,

corroborating thus the analysis.

5.4.2Real carbonation monitoring

The carbonation monitoring was performed also on plain concrete prisms exposed to the aerated
atmosphere of Man, part shielded from rain and part exposed, after more than one year from the
placing on the rooftop. A single carbonation depth measurement was accomplished with the usual
phenolphthalein test and the results were reported in FlgtB: divided in tke three different

Series according to the adopted cement type.
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Fig. 5.13 Carbonation depths measures of concrete samples exposed to atmo

NA-4

The results of real carbonation monitoring confirm that the diffusion inside concrete is mostly
dependent on the cement type: Seri e shows

other Series, proving the high dependence on the cement porosity.
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The K coefficients were calculated also for these resafisthe ratio between the measured
carbonation depths (mm) and the square root of time &RaThey were collected in Figubel4
where two histograms are presented according to the different samples exposure conditions.
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Fig. 5.14 K coefficientof the real carbonation depth measuremgntS e r i e :
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It is visible that a modate calcium nitrate inhibition effect is present in specific concretes: for

i nstance, concerning Serie , a carbonation
respect to REF samples was achieved respectively 124RAain and NA4-Rain; in the shedtred
condition this effect is further enhanced, with respectively 32% and 45% of reduction. The calcium
nitrate positive 1[I mpact I s 4-Bheltered thabsh@ved a i n
carbonation diffusion reduction of 24% with respecttoéhérer ence speci men. H
seems to be similar to the first Serie: concerning the rain condition, 32% and 45% of carbonation
depth decreases were observed admixing nitrate inhibitor respectively at 2% apdw9gti of

cement for the shieldedamples, limited reductions were achieved.

These results seem to demonstrate the presence of calcium nitrate delayed effect on the carbonation
process diffusion, especially since an enhanced beneficial action was encountered increasing the
admixture dosagen the cement mix. However, the waiting of longer time for additional

measurements is fundamental for a complete investigation.

To corroborate the analysis, the ab&veoefficients were compared to the corresponding ones
related to the accelerated carbtion process (Par. 5.4.1); in this way, it is possible to establish
whether the carbonation chamber atmosphere has accurately simulated an accelerated
carbonation process diffusion inside concrete. The scatter plot, collectiKg-thedfficients of

the two carbonation conditions, is reported in Figbrg5 where the real carbonation results
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(Kreat), related to the shielded from rain cements, were plotted as a function of the accelerated

carbonation coefficientgccelerated-

60

50 A

40

30

Kaccelerated (NM/yea rs'?)

20 A

0 1 2 3 4 5 6 7 8
K;eal (Mmlyears'?)

Fig. 5.15K coefficientscatter plot ofeal and accelerated carbonation depth monitori

All the points correspanto the different adopted cement compositions and they show a good

fitting with the trend line. This indicates that the accelerated carbonation results are in line with

the real carbonation process, demonstrating thus that the technique can simulateuraie

way an accelerated G@iffusion thowgh shielded from rain concrete. Therefore, the calcium

nitrate delayed effect for the carbonation process diffusion can be doubly assessed, especially
concerning the ordinary Portland cement ( Ser

5.5 Effectiveness on rebars corrosion

The effectivenessf calcium nitrate as inhibitor was finally assessed also monitoring the corrosion
induced by concrete carbonation of the reinforcements embedded in the cylindrical concrete
samples cast with the same compositions of the plain ones. The specimens weueenatinto

the carbonation chamber to promote the complete carbonation of the concrete cover, removing in
this way the alkaline protection for the metal. They were subsequently placed to the external
aerated atmosphere of Milan, part shielded from raihpamt exposed. The corrosion monitoring

of the rebars was performed periodically with free corrosion potential measurements and linear

polarization resistance (LPR) tests.
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5.5.1Free corrosion potential monitoring

The technique represents the primary ingzgton on the corrosion state of the reinforcements. It
was possible to assess the active corrosion condition of the metal if its recorded potential was
lower than- 350 mV CSE; on the other side, low corrosion probability can be demonstrated with
collectedpotentials higher than200 mV CSE. This analysis is presented in Figude& where

the two thresholds of potential with low and high probability of corrosion were displayed.

|t i's visible that for all/l the saBgplrees, edbo
sheltered and exposed to rain condition, the first measured free corrosion potential demonstrated
the reinforcements active corrosion condition, indicating the total loss of the alkaline concrete
cover protection after complete carbooati The subsequent results are spread over potentials
spacing from 200 mV CSE and 500 mV CSE, with some exceptions, indicating that the rebars
maintained the active corrosion condition over time. Nonetheless, a generic slow decreasing trend
of all the free corrosion potentials in all the specimens was identified, suggesting a progressive

worsening of the reinforcements corrosion state in time.
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Fig. 5.16 Free corrosion potentia of the rebars embedded in concrete sam|
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Considering the different concrete compositions, regarding the inhibitors dosages, a total
ineffectiveness ofalcium nitrate as rebars corrosion inhibitor can be established, since all the NA
specimens showed a generic comparable or even worst behaviour with respect to the
corresponding REF samples. Even calcium nitrite, whose effectiveness in cinoiuded
corrosion is welknown, revealed an ineffective inhibition on the rebars corrosion after complete

concrete carbonation.

5.5.2Penetration rate

A more accurate investigation on the effective corrosion state of the reinforcements inside
carbonated concrete wasrfmgmed with the linear polarization technique (LPR): it allows to
obtain, in a precise way, the actual mean corrosion@ate(mA/m?) of the metal through the

SternGeary relatiorusing the measured polarization resistaMc€Y n

Q= (29

whereB is a constant corresponding to 26 mV, since all the reinforcements were assumed to be in
an active condition. The corrosion evaluation was completed with the computation of the mean
penetrationrate6 e m/ year ), that through the F@rhbydayoés
1.17 factor. The collected penetration rates are reported in Fglifas a function of time in

three different plots according to the three different Series; cormr@&netrations equivalent to 1

em/ year were highlighted to indicate the thr

It is visible that the obtained results are coherent with the anticipated corrosion evaluation through
the free corrosion potentmimeasures: all the rebars immersed in different concretes showed an
active behaviour indicated by corrosion pene
of sporadic points that could be neglected. Since the reported quantities are irpreysaiyonal

to the obtained polarization resistances illustrated in Paragraph 4.4.2, opposite discrepancies with
exposed to rain and sheltered samples results are evident: lower corrosion rates were obtained for
the shielded from rain cements, demonstgabnce more that trenvironments with high relative

humidity induce huge corrosion rates.
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Fig. 5.17 Corrosion penetration rates of the rebars in carbonated concrete samples
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demonstrate a general ineffectiveness of both calcium nitrate aite im all the three cements

o

compositions, since evident similar or even higher corrosion rates with respect to REF samples

were collected. A generic slow increasing trend over time of the obtained penetration rates can be

identified, revealing a progrsise aggravation of the corrosive state of all reinforcements

embedded in the concrete specimens.
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Conclusions

The main purpose of the present work is the investigation of a new class of inorganic concrete
corrosion inhibitors, identified by calcium niteatthat may represent the replacement for the- well
established nitrite inhibitor, affected by toxicity issues. Since considerable divergent opinions
about reliable nitrate inhibition effectiveness are present in literature, the research focused on the
demamstration of eventual calaiw nitrate beneficial effects arhlorides and carbonatieanduced

corrosion, that are the main reasons for concrete degradation.

The experimental tests resorted to simulating concrete environments through the development of
alkdine synthetic pore solutions (pH 12.6) and concrete samples, both plain and reinforced, with
admixed nitrate compound. To compare the results, parallel tests were implemented without any
inhibitor and in presence of admixed calcium nitrite inhibitor. iflhébitors dosagewere selected

in agreement with many experiments present in literature and considering the suitable
concentrations that woul dndét affect the prop
simulating concrete pore solutions|atam nitrite and nitrate were admixed in 0.1 mol/L and 0.3
mol/L concentrations; the steel sample bars were immersed for different residence times in the
solutions to promote the surface passive layer development induced by the alkaline condition. It
wasdiscovered that the presence of calcium nitrate in the solution delayed the metal passivation,
indicated by a slower increase in the free corrosion potentials compared to reference tests. On the
contrary, faster passive layer development was observe iserme of calcium nitrite,
demonstrating thus its good action as passivating anodic inhibitor.

The cyclic potentiodynamic polarization allowed to investigate the steel susceptibility to localized
chloridesinduced corrosion; sodium chloride was added to pwee solutions in two
concentrations (0.1 mol/L and 0.3 mol/L) before the scanning start. By comparing the
characteristic electrochemical parameters, e.g. pitting potential and repassivation potential, it was
possible to demonstrate a poor calcium nitiatebitive effectiveness in both concentrations:
comparable or even worst pitting potentials with respect to the ones without inhibitor were
obtained, ranging from 0.1 V to-0.2 V Ag/AgCl. The absence of evident calcium nitrate
inhibitive effectivenessn r api d potentiodynamic tests pro
reaction kinetic related to the eventual nitrate strengthening effect on the steel surface passivation.

The use of longerm polarization tests, e.g. potentiostatic polarization, wastimaamental.
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Potentiostatic polarization technique analyses, in a more realistic way, the steel behaviour in
simulating concrete environments in presence of calcium nitrate. Polarizing 13 carbon steel
samples immersed in different solutions at 0 V Ag/AgGhas possible to obtain the characteristic
critical chloride thresholds. In presence of nitrate ions at @lILnsoncentration, @ecrease of

66% in the critical chloride threshold was obtaireesnparedo the reference test. This result
confirmed andlemonstratedvith a more reliable test conditiptine total calcium nitrate inhibitive

ineffectiveness in chloridenduced corrosion.

On the contrary, the good nitrite inhibitive effect was verified with corresponding polarization
tests of potentiodynamiand potentiostatic type, with the same calcium nitrate concentrations.
Typical pitting potentials, ranging from 0.1 V to 0.6 V Ag/AgCI, were obtained, with an increment
of at least 500 mV with respect to the reference results. The maximum chloride tcathmen
achieved in the potentiostatic polarization test with 0.1 mol/L inhibitor dosage &aadlL,

indicating a percentagacrease of 63%omparedo the reference result.

Furthermore, it was investigated an eventual synergistic behaviour of condailoadn nitrite

and nitrate inhibitors with a potentiostatic polarization test; the adopted compounds concentration
was 0.05 mol/Lin 1:1 molar ratio. The presence of nitrite ions in the blend increased the critical
chloride threshold with respect to thigrate test; however, complete absent synergistic effect was
observed, since the steel corrosion behaviour in the blend was even worse than a hypothetic
corresponding test with only calcium nitrite in 0.05 mol/L concentration. Therefore, calcium

nitratecreates an antagonistic effect if combined with nitrite ions.

Calcium nitrate effect as inhibitive admixtuveas inspected also concerning the carbonation
diffusion process and the induced corrosion. Concrete samples with different cement types (CEM

| 52.5R, CEM II/B-S 52.5 N and CEM II/BVI 42.5) were cast with admixed calcium nitrate at

2% and 4% by weight of cement. For comparison purposes, analogous concrete specimens were
fabricated without any inhibitor and admixing calcium nitrite in 2% by weiglaeaient dosage.

Part of the samples were placed into the carbonation chamber (42ot&@ntration in controlled
atmosphere) for accelerated tests and part were exposed to the external aerated atmosphere, bot!
in shielded and exposed to rain condition. Thebonation process diffusion inside concrete was
periodically monitored with phenolphthalein tests on the plain prismatic samples and it was found
that the main differences on the carbonation depths trends were among different cement types,
demonstratinghe heavy C®@ penetration dependence on the concrete porosity. Moreover, a

moderate beneficial effect of calcium nitrate in 4% by weight of cement is present, specifically on
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Conclusions

CEM a n d -M@E3Skanhpleg: Egarding the accelerated carbonation technique, the
coeficients showed a percentage decrease of about 15% with respect to REF samples. Coherent
results were obtained also in the carbonation monitoring on the exposed to atmosphere samples.
In particular, enhanced carbonation process delayed effect was vistbéasing the nitrate
admixture dosage; carbonation depth percentage reduction by 32% and 45% was observed on
CEM a n d -M@ZES9kanhpled a@mixing nitrate inhibitor respectively in 2% and 4% by
mass. This beneficial effect was completely absent onixadi cements with calcium nitrite.
However, the waiting of longer time for additional measurements is fundamental for a complete

investigation.

The general investigation on calcium nitrate inhibitive action concluded with the measurements of
the reinforcenents corrosion condition after complete concrete cover carbonation. The rebars
corrosion condition was assessed with free potential measurements that demonstrated an active
corrosion behaviour for all the concrete samples. Periodic linear polarizatistames tests
measured the actual corrosion rates, indicating a generioegligible corrosion situation in all

the specimens. Regarding the different inhibitors effects, it is possible to demonstrate a general
ineffectiveness of both calcium nitrate amittite in all the cements compositions, since similar or

even higher corrosion ratesmparedo the reference samples were collected.
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Appendix A - Cyclic polarization curves

In this appendix, are reported the characteristic curves E vs i of the cyclic potentiodynamic
polarization tests. They are divided according to the solutions compegsitiat are identified

with the followingabbreviations

REF- reference solutions without any inhibitor;
NI 0.1- inhibited solutions with calcium nitritéd(¢c@) O ) in 0.1 mol/L concentration;
NI 0.3- inhibited solutions with calcium nitritéd(¢c@) 0 ) in 0.3 mol/L concentration;

NA 0.1- inhibited solutions with calcium nitraté (W 0 ) in 0.1 mol/L concentration;

= =2 =2 =4 -

NA 0.3- inhibited solutions with calcium nitraté (<0 0 ) in 0.3 mol/L concentration.

The second number (after the dash) is referred to the chlorides dodzsged0.3respectively for
0.1 mol/L and 0.3 mol/L concentrations. Additional abbreviationsewsesed to identify the
immersion time, e.dl dfor one day of immersior dfor three days and dfor seven days; the
symbolsA, B, C were used to identify the three identical test solutions for the triple multiplicity.
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Fig. A.1 Potentiodynamic characteristic curvesreference solutions
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A.2 Nitrite inhibited solutions
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