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ABSTRACT

Full Name : Muhammad Faizan

Thesis Title  : The Effects of Composition and Heat Treatment on the Passivation
of Steel Rebar in Concrete Simulated Environment

Major Field  : Materials Science and Engineering

Date of Degree : May 2017

Corrosion resistance of steel rebars in concrete is strongly dependent on its
ability to passivate and the stability of the passive film in the presence of chlorides and
acidizing gases. This study investigates the effect of tempering temperature and copper
content on the corrosion resistance of two commercial rebars exposed to concrete
simulated alkaline solution. Electrochemical impedance spectroscopy (EIS), linear
polarization resistance (LPR) and potentiodynamic polarization (PDP) tests were
employed to examine the corrosion properties of M-1 rebar (no copper) and M-2 rebar
(0.2% Cu) samples heat treated in the as quenched condition and at various tempering
temperatures: 200°C, 300°C, 400°C, 500°C, and 600°C. Two alkaline solutions with
CI'/OH ratios of 0 and 1 were used to examine the effect of introducing chloride ions
in the pore solution. The chemistry of the oxide film was characterized by x-ray
photoelectron spectroscopy (XPS).

LPR, EIS, and PDP results indicated that quenching and tempering (Q&T) of
M-1 and M-2 rebars at 400°C produced microstructures with highest corrosion
resistance in simulated concrete pore environments (pH 13.5) with and without
chlorides. LPR and EIS results of both grades consistently revealed that the

polarization resistance of M-2 was higher than M-1 in alkaline solutions with and

Xvii



without chloride. Q&T M-1 and M-2 rebars at 300°C showed the lowest corrosion
resistance. M-1 rebar showed the lowest and highest passive current densities for
samples Q&T at 400°C and 300°C, respectively. The passive current density of M-2
sample Q&T at 400°C was lower than that Q&T at 300°C. The effect of chloride on
the PDP curves was characterized for both steels. The microstructures at 400°C for
both steels comprised of tempered martensite and ferrite.

The effects of tempering temperature and copper content on the corrosion
behavior of M-1 and M-2 rebars were related to the passive film composition and the
underlying microstructure. XPS spectrum of rebar M-1 Q&T at 400°C was consistent
with the formation of a double layer film structure comprised mainly of magnetite
(FesO4) and Waustite (FeO) as a mixed inner layer and an outer layer primarily
composed of hematite (y-Fe;O3). XPS spectrum for M-1 Q&T at 300°C indicated the
presence of goethite (a-FeOOH) in the outer layer. It is argued that the formation of
(a-FeOOH) in the outer layer might be responsible for the lower corrosion resistance
owing to its defective nature. It is proposed that higher ratio of (a-FeOOH) to (y-
Fe,O3) in the outer layer could compromise the protective nature of the outer layer and

lower rebar corrosion resistance.
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CHAPTER 1: Introduction

Carbon steel is the most demanding type of steel across the globe among steel family
because of its enduring strength, toughness, ductility and cost. This is the only materials
whose production is increasing day by day and it will not be wrong to claim that its
production reflects the development and progress of a certain country. Steel rebar is
extensively used as reinforcing material in concrete matrix for building infrastructures.
The most serious issue concerned while using steel rebar in concrete is its corrosion issue
which reduces the integrity and life of the structure. The losses are reported to be 22.1
billion $ per year in USA. In the gulf countries, the direct or indirect loss due to corrosion
IS more severe than the rest of the world because of the harsh environment. The amount is
reported more than 1000 million dollars per year (NACE 2016).

It is estimated that nearly 15-20% losses due to corrosion can be controlled by
corrosion preventing techniques. A significant amount of research has been directed to
enhance the steel rebar resistance against corrosion by a number of techniques. The most
common are;

(1) Hot dipped galvanizing

(i)  Changing the alloy composition

(iii)  Developing organic/inorganic coatings (epoxies, paints etc.)

(iv)  Heat treatment

(v) Cathodic protection

(vi)  Inhibitors



Although all of the above mentioned protection techniques are being used but
none of them is completely reliable and warrants continuation of extensive research in
order to combat this problem. Steel rebar has the tendency to passivate especially in
highly alkaline environment (pH>13) and the protective passive oxide layer prevents it
from further corrosion and deterioration. But this passive layer degrades with time by the
presence of chlorides, sulfides and carbon dioxide and thus does not offer the required
long term protection against the corrosion [1-2]. This phenomenon leads to slow
degradation of the structures.

Numerous studies [3-4] have shown that nitrites ions act as beneficial inhibitors in
concrete matrix and reduce corrosion. It is reported that these ions react with ferrous ions
and produce the Fe,O5 protective layer and ultimately reduce the corrosion rate by acting
as anodic corrosion inhibitors [6-7]. However, addition of inappropriate amount of these
inhibitors could lead to pitting if surface was already under passivation state [3,5,8]. In
addition to this, when concrete is surrounded by marine environment or concrete matrix
is prepared from the contaminated sand then chlorides can penetrate through the pores of
concrete matrix and depassivate the oxide layer on steel surface. As steel is embedded in
concrete, having high alkaline environment, so it develops the passive layer over it but
this passive state is challenged by the presence of chloride ions and ultimately corrosion
rate depends on the chlorides/hydroxyl ratio [9-10].

However, the electrochemical testing of steel in the solid concrete matrix is
difficult study because of the presence of high resistivity, porosity and difficult cell
design. Hence the alternate way to investigate the corrosion of steel rebar is to simulate

the concrete pore solution. Many researchers have conducted studies in just Ca(OH),



solution and simulated it as concrete solution but the fact is that concrete simulated
solution is much more complex [12,13] and a number of such solutions has been reported
[9,14-18].

There is a consensus that passivation tendency of steel rebar can be
enhanced by introducing it in highly alkaline solution simulating to the concrete
environment. However, still it is questionable that what is the effect of both heat
treatment and composition of copper on the passivation resistance of steel rebar when it is
introduced in concrete simulated environment and no research has been proposed on this
agenda so far. So, the objectives of the current research are to investigate the effect of
heat treatment and copper composition on the resistance of passive layer developed in

rebar/concrete environment to chloride induced corrosion.



CHAPTER 2: Literature Review

2.1. Steel Rebar Production

Steel rebar in this era is produced by a latest patent technology-THERMEX. The
important feature of this technique is the rapid quenching of outer surface of steel rebar
by water [19]. After passing through the last series of rollers, thermo-processed steel
rebar is passed through predetermined pressurized water. The outer surface of steel rebar
becomes harder because of the quenching mechanism and, subsequently, a thermal
gradient exists (from high temperature to room temperature) inside the bar. That thermal
gradient set the condition of tempering and hence the periphery, just after the hard
quenched surface, provide different microstructural properties compared to outer
quenched surface. Also because of the existence of this thermal gradient, the core
temperature of steel rebar becomes higher and hence the cooling mechanism is too slow
in that region which leads to totally different microstructural properties than the outer
discussed regions. This mechanism results in a composite structure where a peripheral
zone (a transition zone of perlite and bainite), on one side, is surrounded by an outer hard

martensitic case and by a soft core (a mixture of perlite and ferrite) on the other side.

Due to the combined mechanism of quenching and self-tempering, the rebar
produced by the THERMEX technology is also given the name of quenched and self-
tempered (QST) rebar [20]. This kind of treatment is applied to those industrial steels in
which the carbon content is less than 0.3% [20-22]. This is widely being used in

construction of bridges, buildings and dams. This is the highly demanding material for



concrete because of its high strength (above 450MPa), ductility and earthquake shocks

absorbability.

2.1.1. Production Mechanism

The THERMEX technology is installed in-line to the rolling milling process [21,24,25].
Once the rebar leaves the finishing rolling mill, its temperature is maintained to 1000°C
as can be seen in Fig.2.1. But as this rebar passes through the cooling THERMEX system
(Fig.2.2), the rapid water spray quenches the outer surface below the martensitic M; (start
of martensite) temperature (Fig.2.3) [21,24]. This phase of the process creates a hardened
martensite but the inner core of the material is still at higher temperature and as a result, it
remains as austenite. This residual heat moves from inside of the core to the outer hard
martensitic case and starts self-tempering mechanism in this region [20-24]. This
tempering/equalization temperature is the maximum temperature which is attained by a
rebar after the quenching mechanism. This tempering mechanism reduces the strength of
supersaturated martensitic structure by phase transformation. By this, the hardness is
reduced considerably. The temperature of the surface reaches approximately to 600-
700°C due to the flow of heat from inside to the outer surface. Finally it cools to ambient
temperature as shown in Fig.2.3 and the structure gained by this mechanism is somewhat

a composite rather than a single phase [20].



Figure 2.1: Layout of rolling mill and cooling zone in bar product line: (1) Reheating furnace, (2) Roughing mill, (3)
Rough cooling zone, (4-6) Intermediate rolling Mill, (7) Intermediate cooling zone, (8) Finish rolling mill, (9) Finish
rolling mill (SCFM), (10) Finish cooling zone, (11) Cooling bed [25]
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Figure 2.2: Rebar passes through the cooling THERMEX system [20].
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Figure 2.3: Cooling mechanism of steel rebar from outer quenched surface to core [20].



2.2. Corrosion Process

Steel rebar is basically an alloy of iron, as a major constituent, and carbon, as a
minor constituent. Iron is found in the nature as an oxide and most abundant ores of it are
magnetite (FesO4) and hematite (Fe,O3) [26]. For getting the pure iron from its oxides to
form a desired alloy, energy is provided from the external source as a combination of
many physio-chemical processes. However the pure iron is always in its unstable from
and it has tendency to form the oxides again to reduce its free energy. Typically for iron,

the corrosion products are usually iron oxides and/or hydroxides.

Corrosion is an electrochemical process or it is also called physio-chemical
process where the active part becomes an anode and release electrons due to the oxidation
process while its counter part acts as a cathode which accepts an electron due to reduction

phenomenon [27].

Reaction at the anode (Oxidation):
Fe = Fe®* + 2¢ 2.1
Reaction at the cathode (Reduction):

H,O +1/2 O, + 2e" = 20H" 2.2

For the corrosion reaction to occur, dissolved oxygen is required in water to form

the hydroxyl ions which in turns react with the iron ions and form the iron hydroxide.

Overall reaction:

Fe + H,0 + 1/20, = Fe(OH), 2.3



Iron hydroxide formed in reaction (2.3) undergoes to further oxidation reaction and forms

iron oxides i.e. magnetite (FesO,4) and hematite (Fe,O3).

2.2.1. Potential-pH Diagram (Pourbaix Diagram)

In an electrochemical process, the dissolution of hydrogen or oxygen affects the
pH of the electrolyte. The chemical equilibrium condition in the presence of these
substituents as well as the use of Nernst equation allow us to find the thermodynamic
stability region in the presence of aqueous medium. Stability for both cathode and anode
charge transfer reactions as well as of the pure chemical reaction can be a function of
electrode potential, pH and the metal ions concentration in the electrolyte. Such diagram

is known as Pourbaix diagram [28].
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Figure 2.4: Pourbaix diagram for iron in water (for ion concentration 10-6 mol/l at 25°C). Only Fe, Fe30,,
Fe,03 as solid products considered [28]



Figure (2.4) shows the stability regions of iron in the form of its oxides. The grey
region defines immunity region because in this region for a specific potential-pH

combination, iron remains stable [27].

The dotted lines in the diagram represent the hydrogen (lower) and oxygen
(upper) evolution and in between these lines the water is stable. However, water
dissociates into O, above the oxygen line and it dissociate in H, below the hydrogen line.
In a neutral or alkaline environment, the O, evolution occurs according to reaction (2.3)

but for H, evolution, the phenomenon is as following;

For lower pH (Acidic)

2H++2e = H, 2.4

Neutral or alkaline:

2H,0 +2e° = Hy+ 20H" 2.5

2.2.2. Passivation

From the pourbaix diagram, it is clear that both iron and water are not stable
simultaneously unless iron is provided more negative potential to bring it in immunity
region or it is provided an highly alkaline environment (pH>13.5) where it can develop
an oxide layer. In the later scenario, iron itself is not thermodynamically stable but a
passive film of few nanometers thickness is developed over its surface. That passive layer
is dense stable and transparent in its nature and stops further dissolution of iron and hence

reduces the corrosion rate to a lower extent.



2.2.3. Pitting Corrosion
Usually halides, and particularly chlorides present in the environment breaks the

protective passive layer of the iron and leads to localized corrosion [29-31]. Unlike the
homogenous corrosion or general corrosion, chlorides damage the protective passive
layer to a localized area. Once a localized pit is formed, the area inside the pit becomes
depleted in oxygen and thus acts as an anode because of oxidation phenomenon. While
the area adjacent to the pit is abundant it oxygen and hence reduction phenomenon takes
place and this area acts as a cathode. As chloride enriched electrolyte is already inside the
pit so the formation of localized cell keeps dissolving the iron under pitting area. The
dissolved iron ions form hydroxide and acidification of the electrolyte occurs inside the
pit [30]. The following chemical reaction occurs:

Fe + 2H,0 = Fe(OH); + 2H" 2.6
or by the electrochemical oxidation reactions [29]:

2Fe”* + 3H,0 = Fe,03 + 6H" + 2¢° 2.7

3Fe”* + 4H,0 = Fes0,+ 8H' + 2¢ 2.8

The schematic diagram of the pitting cell is shown Fig. 2.5
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Figure 2.5: Schematic illustration of chloride induced pitting corrosion and reaction steps: 1. Anodic iron
dissolution; 2. Flow of electrons through metal; 3. Cathodic reduction reaction; 4. lonic current flow
through the electrolyte [29-30]

2.3. Steel Rebar in Concrete
In this section, it will be discussed how steel rebar is affected in a special case when it is

placed in the concrete environment.

2.3.1. Passivation in Alkaline Environment

Owing to the high moisture content in the pore structure of concrete as well as the
presence of Ca(OH),, KOH and NaOH, the alkalinity of the concrete structure is
increased with a pH ranging in between 13.5-13.7. This pH value agrees with the
reported works in many literatures elsewhere [37-41].

Due to the highly alkaline environment, the steel rebar embedded in the concrete
structure gets passiavted and corrosion rate is decreased to many folds. However,
alkalinity of the concrete start to decrease as a result of carbonation when CO; and

moisture from the atmosphere penetrate inside the concrete pore structure and form
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carbonic acid there. As a result, from Potential-pH diagram, it is clear that the passivation
state of the steel is maintained as long as the pH of the system is above 9. Due to
carbonation, the pH is reduced from this critical limit and corrosion phenomenon gets

Severe.

2.3.2. Critical Chloride Content

Passive film of the steel in concrete under high alkaline environment suffers to
localized corrosion by the presence of chlorides in the concrete structure. The minimum
amount of chlorides required in the concrete to break the passive film of steel is termed
critical chloride content or chloride threshold value. Chloride threshold value depends on
many factors but the main factor is considered to be the pH of the system —more the pH,
more will be the OH" ions and hence more chloride ions will be needed to break the
passive film [76-77].

Another factor, which affects the chloride critical value, is the quality of
concrete/steel interface. Sometime the solid hydrates i.e. Ca(OH),, stick on the surface of
steel and buffer the pH of the system. These hydrates create the resistance in the path of
chloride ions to reach the passive layer and hence reduce the chances of localized
corrosion [32-33]. It is a general consensus that this is the reason for having the high
chloride threshold value in concrete [42-43]. The detailed study of this topic can be seen

elsewhere [36].
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2.4. Electrochemical Testing

2.4.1. Open Circuit Potential

Before conducting the electrochemical testing, the potential of working electrode
is always measured with the help of reference electrode under the condition that no
external current or voltage is applied to the working electrode. Once the system measures
the open circuit potential of the working electrode, then it applies the desired working

potential in addition to the open circuit potential which was already measured.

2.4.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is measured when a sinusoidal
voltage (AC voltage) is applied to the working electrode at varying frequencies. Usually
the frequency is ranged from MHz to pHz and the current is measured in response of
applied voltage. From the applied voltages, the responded current readings and from their
phase differences, many values of impedance (Z) can be recorded against each frequency.
The relationship between the applied voltages, current and the shift of phase angles are

shown in the below equation,

_£ E,sin{at) _z sin{e 1)

r

- I h !usin(mr+¢5)_ c'sin{n:ur+ ?)

2.9
Where
E= Potential at time t, I; = Current at time t
Eo= Amplitude of the signal, lo= Current at time 0
o = (2xnf) = Radial frequency ® = phase shift
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However, in a linear system, the response signal, I; is shifted in phase (®) and has a

different amplitude than Iy as it is shown in Fig. 2.6
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Figure 2.6: Sinusoidal current response in a linear system [46-49]

Let suppose, if a capacitors and a resistors are connected in a parallel way and at a very
low applied frequency, the capacitor will act as an insulator and it will keep on charging.
But once it will be fully charged, the current will be forced through the resistor. At this
stage, the impedance of both the capacitors and resistors will be equal. But on the other
hand, if the frequency of the applied voltage is too high, then the capacitor will be short
circuited and there will be no impedance. However, if the applied frequency will be
intermediate then both the capacitor and resistor will carry the AC current.

By using the equivalent circuit, the measurements can be calculated. By this
equivalent circuit, the charge transfer resistance, double layer capacitance and ohmic
resistance can be measured. This will provide information about corrosion rate and other

important electrical properties of steel in concrete.
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By utilizing complex natation, impedance is divided into a real, |Z|cos(®), and an
imaginary parts, |Z|sin(®).When real impedance is plotted against imaginary impedance,

the plot is obtained and is called Nyquist plot (Fig 2.7).
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Figure 2.7: Schematic diagram of nyquist plot [46-49]
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Figure 2.8: Schematic diagram of bode plot [46-49]
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However, if the relation is plotted in between changing frequency and
impedance/phase angle then the plot obtained is called as Bode plot. More detailed
descriptions on theory and application of EIS for steel in concrete or to characterize

concrete can be found elsewhere [46-49].

2.4.3. Linear Polarization Resistance (LPR)

LPR measurements are generally used to determine the instantaneous corrosion rate
of an electrode. The technique is based on the observation that within a small potential
range around Ecr, the E-I-relationship is approximately linear [44]. The linear
polarization resistance is defined as the slope of this curve (R, = dE/dI) at Ecorr. It can
experimentally be obtained in a conventional three-electrode configuration (WE, RE, CE)
by polarizing the working electrode a few millivolts (typically 10 mV) into anodic and
cathodic direction and recording the required current. The well-known Stern-Geary

equation allows calculation of the corrosion current [44]

_B__ BB

j'(h’JJ‘T_ - L
R, 23(8,+B.) R, 2.10

Constant B contains the anodic and cathodic Tafel slopes and is, in the case of
reinforcement steel in concrete, usually assumed in the range 26 mV (corroding steel) or
52 mV (passive steel) [45].

If R, is related to metal area, corrosion current density icorr (mA/cm?) instead of
corrosion current leor (MA) is obtained. While in laboratory setups, the area of polarized
steel is in general known, this is problematic in the case of field measurements where the
reinforcement surface area is practically infinite. Moreover, calculation of corrosion rate

from R, is, strictly speaking, only correct for uniform corrosion; for localized corrosion
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(chloride induced corrosion), the area of actively corroding metal is normally unknown.
In fact, the anodically acting surface area is variable over time. This is only one example
of reasons why the accuracy of corrosion rates (current densities) computed on the basis

of R, measurements is, in the case of localized corrosion, highly questionable.

2.4.4. Potentiodynamic Polarization (PDP)

Potentiodynamic anodic polarization is the characterization of a metal specimen by
its current potential relationship. The specimen potential is scanned slowly in the positive
direction and therefore acts as an anode such that it corrodes or forms an oxide coating.
These measurements are used to determine corrosion characteristics of metal specimens
in aqueous environments. A complete current-potential plot of a specimen can be
measured in a few hours or, in some cases, a few minutes.

Investigations such as passivation tendencies and effects of inhibitors or oxidizers
on specimens are easily performed with this technique. With this knowledge, the
corrosion characteristics of different metals and alloys can be compared on a rational
basis and compatible specimen-environment combinations secured for further long term
testing.

When a metal specimen is immersed in a corrosive medium, both reduction and
oxidation processes occur on its surface. Typically, the specimen oxidizes (corrodes) and
the medium (solvent) is reduced. In acidic media, hydrogen ions are reduced. The
specimen must function as both anode and cathode and both anodic and cathodic currents
occur on the specimen surface. Any corrosion processes that occur are usually a result of

anodic currents [52].
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When a specimen is in contact with a corrosive liquid and the specimen is not
connected to any instrumentation — as it would be “in service” — the specimen assumes a
potential (relative to a reference electrode) termed the corrosion potential, Ecorr. A
specimen at Ecorr has both anodic and cathodic currents present on its surface. However,
these currents are exactly equal in magnitude so there is no net current to be measured.
The specimen is at equilibrium with the environment (even though it may be visibly
corroding). Ecor can be defined as the potential at which the rate of oxidation (anodic
reaction) is exactly equal to the rate of reduction (cathodic reaction).

It is important to stress that when a specimen is at E¢or both polarities of current
are present. If the specimen is polarized slightly more positive than Ecor, then the anodic
current predominates at the expense of the cathodic current. As the specimen potential is
driven further positive, the cathodic current component becomes negligible with respect
to the anodic component. A mathematical relationship exists which relates anodic and
cathodic currents to the magnitude of the polarization [50-51], but a discussion of this
relationship is beyond the scope of this application note. Obviously, if the specimen is
polarized in the negative direction, the cathodic current predominates and the anodic
component becomes negligible [53].

Experimentally, one measures polarization characteristics by plotting the current
response as a function of the applied potential. Since the measured current can vary over
several orders of magnitude, usually the log current function is plotted vs. potential on a
semi-log chart. This plot is termed a potentiodynamic polarization plot. Note that the use

of a semi-log display prevents indication of polarity on such plots. Potentials negative
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with respect to Ecorr give rise to cathodic currents, while potentials positive to Ecorr
give rise to anodic currents.

Figure 2.9 shows the potentiodynamic anodic polarization plot of a sample of 430
stainless steel. The logarithm of the current is plotted (the abscissa) as a function of the

applied potential (the ordinate). This plot is described in the following paragraphs [53].
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Figure 2.9: Standard potentiodynamic anodic polarization plot of 430 stainless steel.
A = Active region; B = Primary passive potential (EPP); C = Onset of passivation
D = Passivation region; E = Transpassive region [53].

Region A in Figure 2.9 is the active region, in which the metal specimen corrodes
as the applied potential is made more positive. At B, further increase in the rate of
corrosion (as measured by the current) ceases and the onset of passivation begins. The
loss of chemical reactivity under certain environmental conditions, probably due to the
formation of a film on the surface of the metal, is referred to as specimen passivation.
This point is characterized by two coordinate values, the primary passive potential (EPP)
and the critical current density (ic). In region C, the current decreases rapidly as the

passivating film forms on the specimen. A small secondary peak is observed followed by
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region D, where there is little change in current as the potential is increased. The
passivating film begins to break down in region E, the trans-passive region.

A potentiodynamic anodic polarization plot such as Figure 2.9 can yield important
information such as:
1- The ability of the material to spontaneously passivate in the particular medium.
2- The potential region over which the specimen remains passive.

3- The corrosion rate in the passive region.
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2.5. Recent Research Work

Carbon steel rebar is used extensively for construction of concrete structures [54].
Rebar normally is air-cooled after hot rolling. There is an increasing trend to cool rebar
by water after hot rolling in order to improve its mechanical performance and reduce the
costs of production [55-56]. However, rebar produced with water-cooling tends to rust
during storage and transportation [57]. Therefore, it is important to keep the corrosion
resistance of water-cooled rebar unaffected by the cooling process. Considerable research
work has pointed out that the compositions and structure of the rebar scale, which are
closely related to the manufacturing process, play a major role in the corrosion resistance
of the rebar in service [54-57]. As it is well known, the scale of hot-rolled mild steel
consists of oxide phases, including wustite (FeO), magnetite/maghemite (Fes0,4/g-Fe,0s3)
and hematite (o-Fe,O3) [58-60] and even fayalite (2FeQ.SiOy) [61]. Fe,Os3 is the most
compact among FeO, Fe;04 and Fe,;03.Fe3O4 and has a compact inverse spinal structure,
compared to the loose and porous structure of FeO. Thus, Fe;O,4 and Fe,O3 are the two
main factors contributing to the corrosion resistance of the scale. The methodology of
producing a thick and compact scale has become the key to improve the corrosion
resistance of water-cooled rebar, and a suitable cooling process could tackle this problem
[62]. In addition to this, the passivation of reinforcing steel rebar achieved in highly
alkaline environment has been reported in a number of studies to improve the corrosion

resistance of low carbon steel [63-68].

In a recent study, a new type of low cost and non-toxic alkaline solution had been
employed to quench the rebar after water-cooling to develop the discussed passive layer

[69]. The results showed that the corrosion resistance of alkaline quenched rebar was
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significantly better than of water-cooled rebar, and the alkaline quenching agent did not
affect the phase constitution of atmospheric corrosion products. However, their relative
content varied the protective ability index (PAI) of rust layers [70-71]. The value of PAI
was about 0.23, 0.27 and 0.43 for water-cooled, air-cooled and alkaline-cooled rebar,
respectively. Hence, the cooling process could generate relatively stable and compact rust
layers that played a role in protecting the rebar from atmospheric corrosion. In order to
investigate the influence of the cooling process on the corrosion resistance of the rebar
scale, atmospheric exposure (AE) and wet/dry cyclic accelerated corrosion tests (CCTs),
especially electrochemical tests, were carried out to evaluate the corrosion resistance of
the rebar scale formed by water-cooling or alkaline-cooling. The compositions and
structure of the rebar scale were analyzed using XRD, scanning electronic microscope

(SEM) and FT-IR.

Bruna et al. [72] went through the passivation study of mild steel to investigate the
effect of pH on corrosion rates and they showed that 10-13pH is the most favorable
environment for the passivation of the low carbon steel. Similarly, Moreno et al. [73]
studied the effect of carbonates and chlorides on passivation of low carbon steel and
showed that in the presence of carbonates and bicarbonates, the corrosion resistance to

general corrosion was enhanced.

Jiabin et al. [74] studied the spontaneous passivation effect on mild steel during
scale formation in CO, concentrated sea water solution. They revealed that mild steel in
highly alkaline solution develop a passive layer by which the corrosion potential was

found to be shifted from negative to positive with low current density.
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Subramanian et al. [75] studied the anodic polarization of low carbon steel in
highly alkaline sodium hydroxide (NaOH) and sodium bicarbonate solution (Na,COz)
environment. They investigated the effect of molar concentration of both of the solution
in addition to the temperature. They found that active-passive transition peak behavior in
different environments and concluded that the passive nature of this peak’s transition is

attributed to the combination of optimum molar concentration and temperature.

Similarly, Valcarce et al. [76-77] went through the study on carbon steel passivity
in alkaline environment and investigated the effect of chlorides and nitrites ions. They
showed in their study that nitrite ions, in highly alkaline environment, acted as inhibitors
and reduced the corrosion rate by not only protecting the passive film but also assisting

the ferrous ion to form and maintain this layer.

Volpi et al. [78] recently carried out the electrochemical characterization of low
carbon steel in different alkaline solutions simulating the concrete environment. They
showed in their study that anodic polarization was achieved with the increase of
embedding time of steel in alkaline solution and charge transfer resistance was enhanced

on metal-solution interface.

It is inevitable that the industrial performance of a given metal will significantly
decrease by exhibiting anodic dissolution, when an electrochemical reaction occurs [79].
The corrosion behavior of steels, which are the most widely used metallic materials,
differs depending on their matrix and corrosive media [80-81]. Austenitic, ferritic,
pearlitic, bainitic and martensitic steels, formed as a function of transformation

conditions such as alloying and cooling rate, show different anodic dissolution in the
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same media. Ferritic steels having a softer matrix can be easily and rapidly corroded by
corrosion reactions depending on the time. On the other hand, hardness of the steel matrix
provides good chemical and mechanical properties. Bainitic and martensitic steels having
ceramic based hard precipitates, lath or plate shapes, are resistant to corrosion. Stainless
steels are very resistant to corrosion due to high chromium alloying which results in the

formation of a passive chromium oxide layer on the surface [82—88].

Many studies on the corrosion behavior of heat treated steels having different
carbon and other alloying element contents concluded that both composition and heat
treatment conditions in addition to corrosion media are very significant factor of their

corrosion resistance [89-93].

Je-Kyoung et al. [94] investigated the corrosion resistance of Fe-0.4%Cu and found
that there was significant improvement in the corrosion resistance by the addition of
copper. On the other side, Jang et al. [95] proposed in their research that presence of
copper in steel actually form the oxide of Cu,O and Cu(OH),. These developed
compounds hinder the attack of general corrosion on low carbon steel. Similarly, A.
Aloya et al. [96] reported in their work that the presence of Cu ions in the alkaline

solution promoted the passivation tendency of iron significantly.

On the other side, to notice the effect of heat treatment on the corrosion resistance
of steel rebar, Lundberg [97] studied the effect of heat treatment on the corrosion
resistance and reported that those steel which were quenched and followed by tempering
were found in improved corrosion resistance than those which were produced by

traditional method and left without any post heat treatment.
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In another study, Atapeka et al. [98] investigated the effect of different tempering
temperatures on the corrosion rate of low carbon steel in sea water solution. They also

concluded that tempering had significant effect in improving the corrosion resistance.
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CHAPTER 3: Proposed Work and Objectives

In concrete, steel rebar develops a protective passive layer over its surface due to
strong alkaline environment (pH>13) which protects it from further deterioration by
bringing it into the passive region according to Pourbiax diagram [99]. But steel rebar
corrodes badly when the pH of the concrete starts to decrease due to carbonation which
leads to general as well as localized corrosion. Chlorides also play a catastrophic role in
enhancing the corrosion rate as they penetrate through this passive layer and cause
localize attack [99-100]. From the literature review, it is cleared that alkaline exposure
plays a significant beneficial role in developing the passive oxide layer to reduce the
corrosion rate. Furthermore, many studies also revealed that both alloying addition, such
as 0.1-0.4% copper, and heat treatment (tempered at different temperature) also have a
significant effect on the corrosion resistance [89-93].

There is a consensus that passivation tendency of steel rebar can be enhanced by
introducing it in highly alkaline solution simulating the concrete environment. However,
still it is questionable that what is the effect of both heat treatment and composition of
copper on the passivation resistance of steel rebar when it is introduced in concrete
simulated environment and little research has been claimed out in this regard. The
objectives of the current research are:

1- To investigate the effect of heat treatment on the passive layer developed

in rebar exposed to concrete environment containing chloride.

2- To investigate the effect of copper-containing commercial steel rebar on

the passivation behavior in concrete pore simulated environment.
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CHAPTER 4: Experimental Work

4.1. Material Selection

Commercial steel rebar having two different compositions were utilized for
carrying out this research work. Both steel grades had the same carbon but differed in
copper content. The amount of copper was negligible (0.04%) in one grade while it was
significant up to 0.2% in the second one. The compositions of both the grades were
analyzed in the lab by spectrometry. Both the compositions are given acronyms to create

easiness throughout the thesis.

Table 4.1: Two commercial rebars having different composition of copper

Composition Name | Copper Composition
M-1 Negligible (0.04%)
M-2 0.2%

4.2. Sample Preparation

Both the above mentioned steel rebars (M-1 and M-2) of 15mm diameter were
used for sample preparation. For each composition of steel rebar, total six samples were

cut by precise cutter and the height of each sample was fixed to 8mm.

4.3. Heat Treatment

4.3.1. Austenization and Quenching
Steel rebar samples from both of the grades were austenized by placing them

inside the furnace at 870°C for 5 minutes. Once all the samples were fully austenized,

they were quenched in the water at room temperature to get martensitic structure.
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4.3.2. Tempering
After quenching, tempering of quenched steel samples was done at different

temperatures to study the effect of tempering.

For this purpose, every sample from each grade was tempered at different
temperature. Tempering of the samples was done at 200°C, 300°C, 400°C, 500°C and
600°C and the holding time of each sample in the furnace was fixed for 30 minutes. After
completing the tempering, the samples were quenched again in the water at room
temperature.

Fig. 4.1 represents the isothermal transformation diagram of 0.35% carbon steel

and Fig. 4.2 represents the schematic diagram of adopted heat treatment.
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Figure 4.1: Isothermal transformation diagram for eutectoid steel
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Asutenization

(at 870°C for 5 minute)

Quenching

(in water at room Temperature)

Tempering

(at 200°C, 300°C,400°C,500°C,600°C for 1800sec)

Figure 4.2: Schematic illustration for heat treatment
4.4. Metallography
After heat treatment, test samples were wet grinded with SiC grinding papers
having grit size ranging from 240-1000. The grinding process was continued as long as
all coarse scratches were removed. After that, grinded samples were wet polished with
0.3 micron alumina powder on rotating velvet cloth wheel. Finally the samples were
ultrasonically degreased for 5 min in detergent containing water and rinsed thoroughly in

distilled water and finally air dried.

4.5. Microhardness Testing

Microhardness testing of each sample, tempered at different temperature, was
done by Vickers hardness tester (Bruker) under the applied load of 300g to evaluate the
effect of heat treatment. Before moving towards tempering, each quenched sample was
evaluated by measuring the Vickers hardness. The values obtained were compared by

standard hardness values available already in the literature.
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Once the transformation of austenite to martensite was confirmed then hardness

was again evaluated for tempered samples.

4.6. Sample Preparation for Electrochemical Testing

After measuring the micro hardness, the next important step was to prepare the
samples for electrochemical testing. For this, each sample was spot welded with a
conducting wire by soldering. The welded samples were then cold mounted in epoxy
resin and a hardener in such a way that only tested area was exposed in the electrolytic
solution. Once all the samples were mounted, these were grinded up to 600 grit size. For
electrochemical testing, no polishing was adopted to provide roughness as it is on steel

rebar surface in real concrete environment.

4.7. Concrete Simulated Solution Preparation

It is not easy task to study the electrochemical behavior of steel rebar embedded
in real solid concrete because of high resistivity and complexity involved in cell design.
Although corrosion rate can be measured by making a cell through a real concrete but if
there is a need of deep study to investigate the materials surface, i.e. passive layer, then
scientist are agreed to make a concrete simulated solution. This solution should be the

representative of actual concrete.

Table 4.2: Concrete simulated pore solution composition [76-77]

Compound | Molar Composition (mol/lit.)
KOH 0.6
NaOH 0.2
Ca(OH); 0.01
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The composition of the concrete simulated solution, which is mentioned
somewhere else [76-77], was considered for this study too. The composition of the

solution is mentioned below in Table 4.3.

4.8. Sample Immersion in Concrete Solution

Sample coupons prepared for both electrochemical testing and surface analysis
were firstly immersed inside the concrete simulated solution for 72 hours. This was done
to allow the passive layer to be developed over the exposed surface of steel rabar. The pH

of the solution was continuously monitored to maintain it above 13.5.

4.9. Electrochemical Testing

Electrochemical testing of the samples immersed in concrete simulated solution was
conducted in two basic steps for both of the compositions of steel rebar. The two steps
are categorized on the basis of electrolyte in which electrochemical testing was going to

be conducted. The types of electrolyte used are:

i. Concrete Simulated Solution

il. Concrete Simulated Solution + 0.8M NaCl

For each solution, three basic types of electrochemical testing were conducted for all the

samples of both compositions. The conducted electrochemical tests are:

a. Electrochemical Impedance Spectroscopy (EIS)
b. Linear Polarization Resistance (LPR)
c. Potentiodynamic polarization (PDP)
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4.9.1. Electrochemical Testing in Alkaline Solution
After alkaline immersion, study of electrochemical behavior of tempered sample for

both grades (M-1 and M-2) was done by Gamry 3000 potentostat to evaluate the effect of
copper composition and tempering temperature on the electrochemical properties of
passive layer developed on steel surface in concrete solution free of chlorides. All the
tests were performed by using saturated calomel electrode (SCE). The types of conducted
experiments are:

i- Open Circuit potential (OCP)

ii- Electrochemical Impedance Spectroscopy (EIS)

iii- Linear Polarization Resistance (LPR)

iv- Potentiodynamic Polarization (PDP)

i- Open Circuit Potential (OCP)

First of all, open circuit potential of all the testing samples was measured for 30
minutes. After 30 minutes, when the open circuit potential was noted to be constant then
electrochemical testing was started.

ii- Electrochemical Impedance Spectroscopy (EIS)

After measuring open circuit potential (OCP), electrochemical Impedance
spectroscopy (EIS) was measured at first as this kind of technique is considered to be
non-destructive. The applied AC voltage was set to £10mV while the frequency range
was set from 30 KHz to 10 mHz.

ii- Linear Polarization Resistance (LPR)

LPR testing was performed according to ASTM standard by applying £15 mV of

Ecorr With a scan rate of 0.2 mV/s.

32



iv- Potentiodynamic Polarization (PDP)
After LPR, potentiodynamic polarization (PDP) was measured by setting the

applied voltage from -0.8mV to +1.2mV with a scan rate 0.5 mV/s.

4.9.2. Electrochemical Testing in Alkaline Solution + 0.8M NaCl Solution
After completing the electrochemical testing within alkaline solution

(representing concrete), the next set of experiments were repeated for the concrete

simulated solution with the addition of 0.8M NaCl. The CI'/JOH" ratio of the electrolyte

was set to 1.

4.10. Microscopy
The samples prepared by metallography were used for microscopy and surface

analysis. Optical microscope of “Infinity” company and scanning electron microscope

(JSM-6610LV) were used.

4.11. Surface Passive Film Analysis by XPS

The placement of the test coupons inside the concrete solution for 72 hours must
had developed a passive layer on the surface of steel rebar in highly pH solution. So,
X-ray photoelectron spectroscopy (XPS) technique was used to study the nature and

chemistry of that developed passive layer.
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CHAPTER 5: Results

5.1. Elemental Composition

The chemical compositions of the steel rebars were evaluated by spectrometer and

the elemental compositions of both the grades are provided in Table 5.1

Table 5.1: Elemental compositions of steel rebar M-1 and M-2

Composition (%)

Element M-1 M-2
C 0.294 0.308
Si 0.320 0.172

Mn 0.684 0.560
Co 0.0050 0.0106
Cr 0.0122 0.0708
Mo 0.0225 0.0441
Ni 0.0227 0.0110
Cu 0.0489 0.207
\Y 0.114 0.130
P 0.0027 0.0249
S 0.0061 0.0299
w 0.0627 0.0939
Al <0.0010 <0.0010
Nb <0.0020 <0.0020
Fe Balance Balance

5.2. Heat Treatment
Firstly, the steel samples were austenized at 870°C for 5 minutes followed by
guenching in water at room temperature. After that, each quenched sample was tempered

at 200°C, 300°C, 400° C, 500°C and 600°C. After tempering, microhardness of each
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sample was tested by a microhardness tester. Hardness variations with tempering
temperature are shown in Table 5.2. The trends of hardness variation are provided

graphically in Fig.5.1. Each reported hardness value is based on 5 measurements.

For M-1, it can be seen from the graph that the hardness of the quenched sample was
found to be highest. The hardness began to decrease with the increase in tempering

temperature and the lowest hardness was noted to be at 600°C tempering temperature.

Table 5.2: Variation of hardness with tempering temperatures for rebar M-1 and M-2

Hardness (Hv)

Specimen M-1 M-2
As Quenched 373 359
Tempered 200°C 330 295
Tempered 300°C 312 365
Tempered 400°C 291 326
Tempered 500°C 287 230
Tempered 600°C 221 246

On the other side, for M-2, initially the hardness decreased from quenched to 200°C
tempering temperature and then increased sharply at 300°C. The increase in hardness
with the increase of tempering temperature from 200°C to 300°C can be attributed to the
precipitation hardening due to the presence of copper as an alloying element in steel
rebar. However, with the increase of tempering temperature from 400°C to 600°C, the
hardness started to decrease and the lowest hardness was measured at 600°C tempering

temperature.
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Figure 5.1: Variation of hardness with tempering temperature for steel rebar M-1 and M-2

5.3. Microstructures

5.3.1. Rebar M-1
Martensitic structure contains maximum amount of carbon which was restricted to
be precipitated out of the solid solution due to the rapid cooling mechanism. So, the

tempering mechanism changes the microstructure of carbon steel in three stages;

1- During the first stage, the excess carbon in the solid solution segregates at the
defects or cluster inside the solid solution. It then precipitates out either as a
cementite in low carbon steel or as transition iron carbide in high carbon steel.

2- With the increased time or tempering temperature, complete carbon precipitates

out and transition iron carbide converts into stable cementite.
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3- Increased tempering temperature coarsens the carbide particle size and ferrite

recovery is achieved.

Optical micrographs of the samples tempered at different temperatures are provided in

Fig.5.2 to 5.7. All the rebar samples were etched with nital (2%).

It can be seen in Fig. 5.2 that truly lath martensitic structure was achieved for as-
quenched sample. There can be seen some of the retained austenite and ferrite in the
microstructure. When tempering temperature was raised to 200°C and 300°C then
tempered martensitic structure was obtained with some of the ferritic structure. It can be
seen in Fig.5.3 and Fig.5.4 that with the increase of temperature, the laths became finer
and hardness decreased. It reflects that increased tempering temperature reduced the
carbon content inside the martensitic laths and carbon precipitated out at the lath
interface. However, when tempering temperature was increased to 400°C (Fig. 5.5), then
in addition of getting tempered martensite, lower bainite is expected to form due to the
transformation of retained austenite. Drop in hardness at 400°C can be attributed due to
the combined effect of ferrite, bainite and higher amount of precipitation of carbon at the
laths interfaces. When tempering temperature was raised to 500°C and 600°C then further
decrease in hardness was noted. This reduction in hardness can be because of the higher
amount of carbon precipitation on the laths interfaces (Fig.5.6-5.7). In addition to this, the
ferrite recovery and transformation of retained austenite either into upper bainite (at

500°C) or into fine pearlite (at 600°C) can be the reason for reduced hardness.
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guenched martensite for steel rebar M-1 at 500x

Figure 5.2: Optical microstructure of as

martensite at 200°C for rebar M-1 at 500x

Figure 5.3: Optical microstructure of tempered
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Figure 5.5: Optical microstructure of tempered-martensite at 400°C for rebar M-1 at 500x
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martensite at 500°C for rebar M-1 at 500x

Figure 5.6: Optical microstructure of tempered

martensite at 600°C for rebar M-1 at X500

Figure 5.7: Optical microstructure of tempered
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5.3.2. Rebar M-2
Steel rebar M-2 provided the microstructure similar to rebar M-1 and can be seen from

Fig.5.8-5.13 that no significant change was observed in the phases. However, it can be
noted from the table 5.2 that tempered 300°C provided highest hardness even than as-
quenched sample. At 300°C, a sudden and dramatical increase in hardness might be
because of the participation hardening mechanism due to the presence of copper. For the
current composition of steel rebar, 300°C can be the optimum tempering temperature for
precipitation hardening. Immense amount of researches have been reported so far in order

to understand the precipitation hardening of copper and steel system [104-107].

Figure 5.8: Optical microstructure of as-quenched martensite for rebar M-2 at 500x
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Figure 5.10: Optical microstructure of tempered-martensite at 300°C for rebar M-2 at 500x
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Figure 5.12: Optical microstructure of tempered-martensite at 500°C for rebar M-2 at 500x
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Figure 5.13: Optical microstructure of tempered-martensite at 600°C for rebar M-2 at 500x

5.3.3. Scanning Electron Microscope
Scanning electron microscopic images of steel rebar M-1 and M-2 at different

tempering temperatures can also be seen in Fig.5.14-5.18

Figure 5.14: SEM image of as-quenched martensite for rebar M-1 at 1000x
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Figure 5.16: SEM image of tempered-martensite at 400°C for rebar M-1 at 1000x
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Figure 5.18: SEM image of tempered-martensite 400°C for rebar M-2 at 1000x

5.4. Electrochemical Testing

Electrochemical testing of both grades of steel rebar was conducted to study the
effect of heat treatment and copper composition on the passive layer’s composition and

resistance in highly alkaline solution (pH>13.5). The pH of the solution prepared with the
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described composition in experimental work was noted to be 13.5. All samples were
immersed in the alkaline solution for 72 hours and then introduced in the electrochemical
cell for conducting electrochemical testing. The composition and pH of the electrolyte

used for conducting experiments were set to be the same as used for immersion purpose.

5.4.1. Electrochemical Impedance Spectroscopy for M-1

54.1.1.  Testing in Alkaline Solution
Firstly, electrochemical impedance spectroscopy (EIS) was conducted on M-1

rebar in pure alkaline solution. All the samples i.e. as-quenched, tempered at 200°C,
300°C, 400°C, 500°C and 600°C were tested one by one in order to measure their
impedance. The frequency was set from 30KHz to 10mHz.

Nyquist plot in EIS compares the real and imaginary impedance with the change
of frequency. However, the change of frequency is invisible in the graph. If we compare
the results of each sample, i.e. as quenched, tempered 200°C, 300°C, 400°C, 500°C and
600°C, (by Nyquist plots) then it is very clear from the Fig.5.19 that, the sample which
was tempered at 400°C had provided the highest impedance with a value of
10500(Q.cm?) followed by the samples tempered at 500°C and 600°C with a values of
100250 Q.cm? and 10000 (Q.cm?), respectively. Overall resultant impedance is the
combination of real and imaginary impedance. Though the real impedance value of the
tempered 400°C is better and found more than the rest of the tempered samples, but its
imaginary impedance is significantly higher than its two main competitors i.e. tempered
500°C and 600°C. However, the impedance of as-quenched, tempered 200°C and 300°C

samples provided very low electrochemical impedance.
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Figure 5.19: Nyquist plot of M-1 rebar tempered at different temperatures in alkaline solution

If we are interested to observe the direct relation of the change of impedance with
the change of frequency then Bode plot is the most appropriate one. The resultant
impedance in Bode plot for the same tempered sample agrees with Nyquist plot and it can
be seen in Fig.5.20. The trend is very obvious and it can be seen that when the frequency
was very high then impedance was noted to be very low and vice versa. Initially,
downwarding from 30 KHz to 5 KHz, it is cleared that the impedance remained almost
constant in this frequency region. This region is at very high frequency and impedance
represented by the system at this frequency range is provided only by the solution.
However, with the decrease of frequency to 10mHz, the impedance started to increase

again which indicates the presence of charge transfer, film resistance and capacitance

contribution to the total impedance.
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Figure 5.20: Bode plot of M-1 rebar tempered at different temperatures in alkaline solution

Bode plot represents the relationship between change of frequency and phase shift
(angle). As the provided voltage is of alternating nature, thus, it reveals great information
by shifting its phase shift with the change of frequency. For instance, when frequency
was too high then it can be seen that phase shift was noted to be very small or near to
zero as shown in Fig.5.21. This reflects that, at very high frequency, the capacitor or
constant phase elements are under short circuit and no current is passing through the
resistors. That’s why there is no chance for the current to shift its phase at very high
frequency. However, with lowering of frequency, the change (shift) of phase becomes
prominent and it started to increase steeply from 30 KHz to 100 Hz with a mark of 75
degree. This shifting of phase at lower frequency indicates the presence of a passive layer

over the surface of steel and this newly formed film is acting as a capacitor or a constant
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phase element. So, at lower frequency, the capacitor acts as insulator and provides the
infinite resistance to the current. This current then passes through the alternate parallel
path occupied by the resistor. Furthermore, when the frequency was more reduced below
than 100 Hz then the decrease in phase angle was observed and finally, at 10 mHz, the

difference in phase shift was found different against each tempering temperatures.
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Figure 5.21: Bode plot representing phase shift of M-1 rebar tempered at different temperatures in alkaline
solution

5.4.1.2. Equivalent Circuit Model Fitting

Nyquist plot or Bode plot obtained by electrochemical impedance spectroscopy (EIS)
gives only the resultant impedance with the change of frequency and they lack the
information that how the material was behaving actually at a specific frequency. So the
arising questions not answered by Nyquist and Bode plot are:

i- What is the charge transfer resistance (corrosion resistance)?

ii- What is the passive film resistance?
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ii- What is the solution resistance?

iv- What is the nature of the passive film?

These are the questions in fact which are not answered by Nyquist and Bode plot. So
to know in depth, EIS data was fitted on the proposed model which should be the best
representative of the actual physical state at the metal-film interface and at the film-
electrolyte interface. But before knowing the actual physical state of the interfaces, we
have to know it first that how the passive film is formed when steel rebar is introduced in
the environment simulated to concrete system. The general passive film formation
mechanism of the tested system, irrespective of copper presence, is stated in equations

5.1-5.6 [101] and the proposed diagram is shown in Fig.5.22

Fe + OH =[Fe(OH)]ags+ € (5.1)
[Fe(OH)Jass = [Fe(OH)lass” + € (5.2)
[Fe(OH)Jags” + OH™ = Fe(OH), (5.3)
3Fe(OH), + 20H =Fe30, + 4H,0 + 2e (5.4)
Fes04+ OH + H,0 = 30-FeOOH + e (5.5)
2Fe;04+ 20H = 3y-Fe,03 4+ Ho0 + 2e (5.6)

Initially, the hydroxyl ions (OH") from the electrolyte moves towards the surface of
the steel rebar and adsorbs over the surface and form [Fe(OH)Jags - This [Fe(OH)]ags then
release an electron on the surface of the steel and form a positive charge (Equ.5.2). This
formed positive charged [Fe(OH)Jags' reacts further with the hydroxyl ions (OH") coming

from the electrolyte and forms Fe(OH), which is the first stable compound to be
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deposited over the steel surface to

form passive layer (Equ.5.3). In the next step, this

formed Fe(OH), is electro-oxidized and reacts further with the hydroxyl ions (OH)

(abundantly available in the solution) and forms the magnetite (FesO4) (Equ.5.4). The

newly formed Fes3O4 layer is subj

ected either to further chemical reaction with the

hydroxyl ions (OH") or there exists structural rearrangements in term of aging for

enhanced modification. The transformed product can be either the composite of goethite

(a-FeOOH), lepidocrocite (y-FeOOH), akagonite (B-FeOOH) or it can be y-Fe,O3 [101].

FeOOH

OH-

OH

Fe(OH2)

_/FeOH"

i Feo Hads

-

Figure 5.22: Proposed passive film formation mechanism [102]

After understanding this physiochemical interaction in between metal and electrolyte

interface, now we can propose the model simulating to concrete environment condition.

As the tempering temperature was

not fixed so a single model was not fitting the data

very accurately. In this scenario, two of proposed models are used to fit the data and both

of these models are provided below:
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Figure 5.24: Type B: Equivalent circuit model with two constant phase elements

The equivalent circuit used against each heat treatment tempering temperature is
provided in Table 5.3. Also when the data from EIS experiments was fitted to these

models, the values obtained are shown in Table 5.4.

In Table 5.4, R represents the solution (electrolyte) resistance, R represents the
charge transfer resistance and Ry represents the film resistance due to pores and defects in
the developed passive film. Also it can be seen that the two constant phase elements

(CPE) were used in equivalent circuits against all tempered temperature.
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Alkaline Solution Alkaline Solution + 0.8M NaCl

Heat Treatment | Model Type | Heat Treatment | Model Type
As-Quenched A As-Quenched A
Tempered 200°C A Tempered 200°C A
Tempered 300°C A Tempered 300°C A
Tempered 400°C B Tempered 400°C A
Tempered 500°C A Tempered 500°C A
Tempered 600°C A Tempered 600°C A

Table 5.3: Types of equivalent circuit model used against different tempered steel rebar M-1

Table 5.4: EIS parameters obtained after fitting data on equivalent circuit model for M-1 rebar in alkaline

Solution

Rs Ret R¢ CPEq | ng CPE; N W
Specimen | (Qcm?) | (Qcm?) | (Qem?) | (S.s"7cm?) (S.s"/cm?) (S.5"%)
As-Quenched 1.316 | 1.21x10* | 2.64x10° | 5.96x10* | 0.80 | 5.69x10° | 0.93 | 7.46x107
Tempered 200°C | 1.421 | 1.57x10* | 1.62x10° | 5.10x10* | 0.81 | 5.96x10™° | 0.92 | 1.21x107
Tempered 300°C | 1.501 | 2.92x10° | 8.57x10" | 6.62x10* | 0.78 | 1.39x10* | 0.84 | 6.67x107
Tempered 400°C | 1.409 | 5.59x10* | 1.41x10° | 2.78x10* | 0.87 | 3.29x10° | 0.95 --
Tempered 500°C | 1.319 | 4.43x10* | 2.57x10% | 3.17x10* | 0.84 | 3.69x10° | 0.92 | 4.76x107
Tempered 600°C | 1.454 | 3.44x10* | 4.06x10° | 3.6x10* | 0.85 | 3.50x10° | 0.91 | 3.3x10”

Capacitive element is used for the uniform or ideal film but in most of the films
formation, the layer is heterogeneous or non-ideal due to the surface roughness and that’s
why capacitive element is replaced with the CPE to get best fit. So one CPEy is used
parallel to charge transfer resistance and second CPE; is used parallel to the film passive

film resistance. Warburg element (W) was used for the diffusion mechanism.
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It can be seen that the charge transfer resistance (R and film resistance of the

sample tempered at 400°C were the highest and found to be 5.59x10* (Qcm?) and 1.41

x10® (Qcm?), respectively. Fig. 5.25 depicts the simulated model representing the

physical state of metal-layer and film-electrolyte interface with the superimposed

equivalent circuit.
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Figure 5.25: Proposed model representing the physical nature of metal-layer and film-electrolyte

interfaces by superimposing the equivalent circuit model A.

On the other side, except 400°C, other equivalent circuit used for different

tempering temperatures i.e. as-quenched, 200°C, 500°C and 600°C samples were under

diffusion mechanism at lower frequency. This represents that, at lower frequency,

chargers are still being transferred across the double layer. It can also be observed that,

with the increase of tempering temperature, both film resistance and charge transfer

resistance started to decrease.
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5.4.1.3.  Testing in Alkaline Solution + 0.8M NaCl

In the previous section, electrochemical impedance spectroscopy (EIS) was used
for measurement in alkaline solution free of chlorides. However, in true concrete
environment, chlorides are always present as they come with the sand which is a
necessary constituent for making the concrete mixture.

Chlorides were introduced in the alkaline solution by adding sodium chloride
(NaCl) in the test solution. The concentration of sodium chloride was used 0.8M/lit to
ensure the ratio of [(CI")/(OH")] tol[76-77].

The EIS experiment was conducted by using the same parameter i.e. from 30 kHz
to 10 mHz frequency of the applied volt which was set to 10mV. The obtained EIS
graphs of different samples are shown in Fig 5.26.

The Nyquist plot shows that the trend of the tested samples with the addition of
chlorides in the alkaline solution is very similar with the trend of those samples which
were tested in alkaline solution. Nevertheless, it can be seen that, even with the presence
chlorides in the test solution, 400°C is still the leading sample with highest impedance
followed by 500°C and 600°C tempering temperature.

Bode plot (Fig.5.27) also agrees with the Nyquist plot and again it is cleare that
the highest impedance was shown by tempered 400°C rebar sample followed by 500°C
and 600°C tempering temperature. Bode plot in Fig. 5.28 shows the phase shift with

change of frequency.
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5.4.1.4. Equivalent Circuit Model Fitting

Table 5.5 shows the EIS parameters obtained after fitting the experimental data on the
proposed equivalent circuit provided in Fig.5.23. Type of equivalent circuit used against
each tempering temperature is provided in Table 5.3.

It is clear from the parameters extracted by fitting the data on equivalent circuit
that, under the presence of chlorides, the charge transfer resistance and film resistance of
the tempered steel rebar were reduced remarkably. Though, the charge transfer resistance
and film resistance of the tempered 400°C steel rebar are still better compared to the
rebars tempered at other temperatures, but, overall decrease in film resistance and charge
transfer resistance was observed. The passive film may damage by chlorides and hence

its efficiency to protect the surface of the metal is reduced.

58



Table 5.5: EIS parameters obtained after fitting data on equivalent circuit for M-1 Rebar in alkaline + 0.8M

NacCl solution
RS Rct Rf CPEd| Nqi CPEf N w
Specimen | (Q.em?) | (Q.cm?) | (Q.cm?) | (S.s"/cm?) (S.s"/cm?) (S:s%)

As-Quenched 0.62 8.42x10° | 1.15x10° | 7.04x10* | 0.83 | 8.72x10®° | 0.92 | 8.85x10°

Tempered 200°C [ 0.85 1.55x10° | 1.10x10* | 7.46x10* | 0.81 | 8.79x10° | 0.91 | 3.77x10°

Tempered 300°C | 0.90 8.61x10" | 4.5410" | 7.84x10* | 0.82 | 2.39x10* | 0.81 | 8.67x10°

Tempered 400°C | 0.70 | 1.785x10* | 6.55x10* | 5.43x10* | 0.83 | 5.68x10° | 0.93 | 2.47x10™

Tempered 500°C | 0.65 6.29x10° | 5.57x10' | 6.15x10* | 0.80 | 6.54x10®° | 0.96 | 5.39x10™

Tempered 600°C |  0.69 6.35x10° | 3.53x10' | 6.03x10* | 0.81 | 6.98x10° | 0.94 | 4.2x10*

5.4.2. Electrochemical Impedance Spectroscopy (EIS) for M-2

5.4.2.1.  Testing in Alkaline Solution

EIS experiments were conducted on heat treated steel rebars, i.e. on as-
quenched and tempered at 200°C, 300°C, 400°C, 500°C and 600°C in alkaline solution.

The obtained EIS spectra are shown in Nyquist plot (Fig.5.29).

Bode plot (Fig. 5.30) is in agreement with the Nyquist plot, and it can be seen that
400°C is the tempering temperature over which most promising electrochemical
properties were achieved followed by 200°C tempered rebar. However, it can be
observed that, with the presence of copper as an alloying element, higher tempering
temperatures i.e. 500°C and 600°C provided lower impedances than tempered 400°C and
200°C. It can be said that higher tempering temperature is found detrimental if tested in

pure alkaline solution of high pH.
Bode plot in Fig.5.31 represents the change of phase shift with the frequency.
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Figure 5.29: Nyquist plot of M-2 rebar tempered at different temperatures in alkaline solution
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Figure 5.31: Bode plot representing phase shift of M-2 rebar tempered at different temperatures in alkaline
solution

5.4.2.2.  Equivalent Circuit Model Fitting

The proposed equivalent circuits are presented in Fig.5.23 and Fig.5.24. The type of
equivalent circuit used against each heat treatment is provided in Table 5.6 and the
extracted parameters after fitting EIS data on the equivalent circuit models are provided

in Table.5.7.

From Table 5.7, it can be seen that for M-2, the charge transfer resistances of all
samples are way higher than the rebar in M-1. This increase in charge transfer resistance
is attributed to the presence of copper in the steel rebar. It is worth noting that even
tempered 300°C steel rebar which has provided lowest charge transfer resistance in M-2

(5.77 x10* Q.cm?) is still competing the charge transfer resistance of the best standing

tempered 400°C steel rebar from M-1 which provided R of 1.64 x10° Q.cm® Tempered
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400°C sample provided the highest charge transfer resistance which is noted to be 1.64

x10° Q.cm? followed by tempered 200°C rebar (7.35 x10* Q.cm?).

Table 5.6: Types of equivalent circuits used against each tempering temperature condition for M-2 rebar

Alkaline Solution Alkaline Solution + 0.8M NacCl

Heat Treatment | Model Type | Heat Treatment Model Type
As-Quenched B As-Quenched B
Tempered 200°C B Tempered 200°C B
Tempered 300°C B Tempered 300°C B
Tempered 400°C B Tempered 400°C A
Tempered 500°C B Tempered 500°C A
Tempered 600°C A Tempered 600°C B

Table 5.7: EIS parameters obtained after fitting data on equivalent circuit for M-2 rebar in alkaline solution

Rs Ret R¢ CPEyq | ng CPE; Nt W
Specimen | (Q.cm?) | (Q.cm?) | (Q.cm?) | (S.s"/cm?) (S.s"7cm?) (S:s3
As-Quenched 1.6 5.94x10* | 2.17x10° | 6.39x10* | 0.83 | 7.76x10° | 0.93
Tempered 200°C 1.5 7.35x10* | 1.69x10° | 5.66x10* | 0.81 | 7.87x10° | 0.91
Tempered 300°C | 1.7 5.77x10* | 1.27x10° | 6.57x10* | 0.80 | 7.98x10™ | 0.92
Tempered 400°C 1.5 1.64x10° | 1.48x10° | 4.08x10° | 0.94 | 7.75x10° | 0.94
Tempered 500°C 1.4 4.14x10* | 1.37x10° | 7.28x10™ | 0.84 | 7.81x10° | 0.95
Tempered 600°C 1.6 3.64x10* | 1.08x10° | 7.77x10* | 0.82 | 8.0x10° | 0.93 | 2.14x10°

Compared to M-1, film resistance is noted to be reduced on all tempering

temperatures in M-2 rebar. Highest film resistance of 1.48 x10% Q.cm? is noted against
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400°C tempering temperature which is ten times less than M-1 rebar (1.41x10° Q.cm?) at

the same tempering temperature.

5.4.2.3. Testing in Alkaline Sol. + 0.8M NaCl

For steel rebar M-2, EIS was conducted by adding 0.8M NaCl in the alkaline

solution and the spectra obtained are provided in Fig.5.32.
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Figure 5.32: Nyquist plot of M-2 rebar tempered at different temperatures in alkaline + 0.8M NaCl
solution

Nyquist plot (Fig.5.32) and Bode plot (Fig.5.33) are in agreement with each other
and explain that impedance is improved of higher tempered temperature steel rebars
under the presence of chlorides. For instance, the impedance value increased for

tempered 400°C, 500°C and 600°C under chlorides presence compared to environment
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when they were tested in pure alkaline solution (free chloride solution). However, the
impedance of as-quenched 200°C and 300°C tempered samples remained unchanged.

Tempered 400°C is still the leading sample in term of impedance.
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Figure 5.33: Bode plot of M-2 rebar tempered at different temperatures in alkaline solution + 0.8M NaCl
5.4.2.4. Equivalent Circuit Model Fitting
After fitting the data obtained by EIS experiments on equivalent circuit, it can be
seen that the EIS parameters obtained after adding NaCl in concrete simulated solution
changed as compared to the parameters obtained in the absence of NaCl. It is clear from
Table 5.8 that the charge transfer resistance decreased under the presence of chlorides for
all sample and the film resistance improved for every tempered sample (except as-

guenced) under the same environment.
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The EIS parameters obtained from Table 5.8 revealed that chlorides played an
adverse role when they were introduced in the alkaline solution for carbon steel alloyed
with 0.2% copper. Charge transfer resistance is reduced due to chloride ingression and, as
a result, freely moved Fe* ions migrate towards metal-film interface. These migrated
Fe*? jons participate in film transformation mechanism and might be the cause of
increased passive film resistance. So, it can be assumed that reduced charge transfer
resistance in copper alloyed steel under the chlorides attack might be assisting to improve

passive film resistance.
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Table 5.8: EIS parameters obtained after fitting data on equivalent circuit for M-2 rebar in alkaline + 0.8M

NacCl solution
Rs Rct Rf CPEd| Nqi CPEf N w
Specimen | (Q.cm?) | (Q.cm?) | (Q.cm?) | (S.5"7cm?) (S.s"/cm?) (S:s%)

As-Quenched 0.46 | 1.32x10* | 3.56x10* | 8.99x10* | 0.83 | 6.99x10> | 0.93

Tempered 200°C [ 0.58 | 4.10x10* | 1.89x10° | 6.57x10* | 0.80 | 8.18x10™ | 0.94

Tempered 300°C [ 0.63 | 3.81x10* | 1.35x10° | 7.24x10* | 0.84 | 4.78x10* | 0.91

Tempered 400°C | 0.41 | 9.89x10* | 6.40x10* | 6.19x10° | 0.94 | 5.81x10™ | 0.96 | 2.48x10™

Tempered 500°C | 0.65 | 2.35x10* | 5.58x10° | 7.55x10* | 0.81 | 5.39x10®° | 0.90 | 5.39x10"

Tempered 600°C | 0.68 | 1.29x10* | 4.53x10° | 8.03x10™* | 0.83 | 4.06x10®° | 0.92

5.4.3. Linear Polarization Resistance

5.4.3.1. Linear Polarization Resistance of M-1
The linear polarization resistance (LPR) was conducted for M-1 in a pure concrete

simulated solution free of chloride. The corrosion rates are shown in Table 5.9 and

graphically can be seen in Fig.5.35

It can be observed that when there was no corrosive media in the test electrolyte
then corrosion rate was noted to be low. The lowest corrosion rate was found for
tempered 400°C tempered rebar with a value of 0.5 mpy and the highest rate was for the
tempered 300°C with 2.8 mpy. However, with the addition of chlorides, the corrosion rate

increased notably.
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Table 5.9: LPR corrosion rates of M-1 steel rebar tempered at different temperatures with and without

chlorides in alkaline test solution

Alk. Sol Alk. Sol. +0.8M NaCl
Specimen Polarization Corrosion Polarization Corrosion
Resistance (Rp) Rate Resistance (Rp) Rate
(KQ.cm?) (mpy) (KQ.cm?) (mpy)
As Quenched 5.1 1.3 4.5 1.8
Tempered 200°C 6.5 1.0 5.3 1.4
Tempered 300°C 2.4 2.8 1.9 3.3
Tempered 400°C 10.5 0.5 9 0.8
Tempered 500°C 10 0.8 8.5 11
Tempered 600°C 8.7 0.9 7.6 1.2
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Figure 5.35: Effect of tempering on corrosion rate in steel rebar M-1
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Moreover, if we compare the corrosion rate of M-1rebar, obtained by LPR, with
the charge transfer resistance (R¢;) of M-1 then it becomes clear that both are consistent.
For instance, tempered 400°C provided the highest R¢ with and without the presence of
chlorides and tempered 300°C was on the lowest side with poor charge transfer
resistance. Similarly, for the same steel rebar, tempered 400°C and tempered 300°C are
the best and worst, respectively, in term of corrosion rate (obtained by LPR) with and

without the presence of corrosive media.

5.4.3.2. Linear Polarization Resistance of M-2

Corrosion rates measured by LPR for the different tempered rebar in M-2 can be
seen in Table 5.10 and Figure 5.36. It can be seen through the table that the corrosion rate
was low when the test experiment was conducted in just concrete simulated solution. The
lowest corrosion rate was noted again at 400°C tempered sample and again the worst

corrosion rate was found to be for 300°C tempered sample.

Table 5.10: LPR corrosion rate of M-2 steel rebar tempered at different temperatures with and without

chlorides in alkaline test solution

Alk. Sol Alk. Sol. +0.8M NaCl
Specimen Polarization Corrosion Polarization Corrosion

Resistance (Rp) Rate Resistance (Rp) Rate

(KQ) (mpy) (KQ) (mpy)
As Quenched 8.9 0.7 7.0 0.9
Tempered 200°C 16.6 0.4 12.9 0.6
Tempered 300°C 7.3 1.1 6.26 1.6
Tempered 400°C 19.2 0.3 13.9 0.5
Tempered 500°C 9.7 0.7 12.8 0.6
Tempered 600°C 6.2 1 11.9 0.8
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However, when 0.8M NaCl solution was added in the alkaline solution, the
corrosion rate increased slightly. It is obvious that M-2 rebar provided the lower
corrosion rate at the optimized tempering temperature, i.e. at 400°C, compared to the
rebar M-1 at the same tempering temperature. This is already explained from EIS

parameters and can be attributed due to the higher charge transfer resistance.

However, at higher tempering temperature, i.e. 500°C and 600°C, it can be seen
that pure alkaline solution of very high pH was found detrimental by providing higher
corrosion rate compared to the environment when 0.8M NaCl was added in the test
solution. It can be seen in Table 5.10 that under the presence of chlorides, the polarization
resistance (Rp) increased and the corrosion rate reduced for both of the discussed
tempering temperature. This behavior of the material at higher tempering temperature
agrees with the EIS parameters where film resistance (Rf) was noted to be improved at
the expense of charge transfer resistance (R with the addition of chlorides and the
reason already has been defined in EIS discussion. Fig. 5.37 provides the comparison of

corrosion rate for both steel rebar M-1 and M-2.

69



B Alk.Sol

o o 9 e e e
P o ® M M o ®
1 1

Corrosion Rate (mpy)

©
N
|

o

As Quenched Tempered Tempered Tempered Tempered Tempered
200°C 300°C 400°C 500°C 600°C

Tempering Temperature °C
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5.4.4. Potentiodynamic Polarization (PDP) for M-1

5.4.4.1. Testing in Alkaline Solution
Potentiodynamic polarization (PDP) tests were conducted firstly for the M-1 in

alkaline solution representing true concrete mixture. PDP graphs obtained at different

temperatures are shown in Fig.5.38.
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Figure 5.38: Potentiodynamic polarization (PDP) of M-1 rebar tempered at different temperatures in

alkaline solution

It can be seen through the PDP graphs that tempered 400°C rebar provided lowest
passive film current density with a constant resistance to depassivation for over a long
range of change in the potential. For example, the passive film current density (ipass)
noted 4x10°A/cm? and it remained constant for the change of potential (Vsce) range from
-0.48V to 0.4V. However, upward to that potential, de-passivation started to occur with

the active transition.
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It can be seen in Fig. 5.38 that different tempering temperatures on rebar M-1 did not

alter the pitting potential and pitting started when potential was increased to 0.5V.

For as-quenched and tempered 600°C, it can be seen that they did not provide the
passive film with a constant resisting nature and, in fact, they were quite active. On the
other side, tempered 500°C acted actively in the start but it started to passivate itself when
potential (Vsce) reached to -0.1 but, unlike 400°C, the current density (ipass) Of the passive
film was noted higher and varied with the applied potential. Tempered 200°C and 300°C
samples were also linear in the start but they started to achieve the re-passivation after
crossing -0.2Vsce at very high current density. However, it can be seen that pitting started

at all tempering temperatures once the voltage exceeded beyond 0.5Vsce.

If we compare the obtained EIS parameters with the PDP, then it is in agreement
that tempered 400°C sample provided lowest corrosion rate with highest passive film

resistance.

5.4.4.2. Testing in Alkaline Solution + 0.8M NaCl
After the addition of 0.8M NaCl in the alkaline environment, the PDP experiment

was again conducted on rebar (M-1) and it can be seen in the Fig.5.39 that the presence
of chlorides disturbed the passive state of the film and constant current density was not
observed at any tempering temperature. Though, every tempered sample maintained its
trend just like the same way as it was achieved in chlorides free environment, but the
physical state of the film was not stable. It can also be seen that, in the presence of
chlorides, the current density of all the samples increased and, for tempered 400°C rebar,

it increased from 4x10°A/cm?to 6x10°A/cm?.
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Figure 5.39: Potentiodynamic polarization (PDP) of M-1 rebar tempered at different temperatures in
alkaline + 0.8M NaCl solution

5.4.5. Potentiodynamic Polarization (PDP) for M-2

5.4.5.1. Testing in Alkaline Solution
Potentiodynamic polarization (PDP) experiment was also evaluated for rebar M-2

to study the nature of passive film with and without the presence of chlorides.

The test was conducted for M-2 in alkaline solution and the PDP graphs are
shown in Fig.5.40. It is clear from the PDP graphs that, though, the tempered 200°C
started the passivation at a lower ips with a current density of 4x10°® Acm™ than 400°C
tempered rebar (1x10° Acm™) but after a very little change of potential, the current
density started to increase continuously. On the other side, tempered 400°C was noticed

active up to -0.3V but when the potential was increased from -0.3V to -0.2V then it
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started to passivate. The constant passive current density (7x10°Acm™) was achieved

when the potential was increased from -0.2V to 0V.
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Figure 5.40: Potentiodynamic polarization (PDP) of M-2 rebar tempered at different temperatures in
alkaline solution

It is notable that the presence of copper in M-2 rebar did not provide the film
formation tendency to that extent as M-1 provided. In addition to 400°C, as-quenched,
tempered 300°C and tempered 500°C also provided passivation but their re-passivation
was achieved at very high current density. On contrary, tempered 600°C and 200°C were
lacking the re-passivation tendency and remained active just like the same way as it was

observed in rebar free of copper (M-1).

5.4.5.2.  Testing in Alkaline Solution + 0.8M NaCl
In order to study the effect of chlorides, 0.8M NaCl solution was added in the

alkaline solution. Potentiodynamic polarization (PDP) tests were conducted for the same
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range of voltage and the graphs obtained for each tempering temperature are provided in

Fig.5.41.
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Figure 5.41: Potentiodynamic polarization (PDP) of M-2 rebar tempered at different temperatures in
alkaline + 0.8M NaCl solution

It can be seen that the presence of chlorides affected the passive behavior. For example,
PDP of tempered 400°C indicates that passive film resistance improved in the presence of
chlorides. It can be seen that, from the very start, a constant current density was achieved
of 7x10° Acm™ when the potential was changed from -0.5V to -0.1V. This constant
current density in fact represents the passive film resistance for tempered 400°C. But,
with the change of potential from -0.1V to 0.1V, the current density increased to 1x107
Acm™ due to chlorides ingression. However, it regained the constant current density
behavior at 1x10™ Acm™ when potential was increased from 0.1V to 0.4V.
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However, for all other tempering temperatures samples, no constant current
density was achieved for any other temperature against the change of voltage. Instead of
getting perpendicular linearity with the change of potential at a constant current density,
the trends were found active for tempered 600°C. Though, as-quenched and tempered

300°C provided the re-passivation tendency but their ip.ss was observed very high.

5.5. X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) was used to characterize the nature and
chemical composition of the passive film developed on the surface of steel rebar in the
concrete simulated mixture for both grades (M-1 and M-2) against the selective tempered
temperatures. The XPS spectra of selective samples are shown from Fig.5.42 to Fig.5.48.
5.5.1. XPS for M-1
The de-convolution of the XPS spectra helps us to understand the chemistry of the
passive film. The formation of the passive film has already been described in section

5.4.21.2.

From the XPS spectra of tempered 400°C steel rebar in M-1, it can be seen in Fig.
5.42 that the final film composition is composed of FeO, Fe3;O4 and y-Fe,0s. Initially,
after the formation of Fe(OH),, the first developed oxide was FeO which, on further
oxidation with OH’, turned into Fe3O4. The FeO/Fe30,4 transformation is a complex
mechanism and, on the final stage, a lamellar oxide layer of FeO/Fe;0, is formed and in
detail it can be seen somewhere else [110].

FeO and Fe30, are defect free oxide layers and that’s why their presence as a major

constituents increased the overall film resistance of the passive film in tempered 400°C
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Figure 5.42: XPS spectra representing chemical composition of passive film developed on M-1 rebar
tempered at 400°C in alkaline solution

steel rebar. However, when the outer exposed surface of Fe3O, is further oxidized in the
presence of OH" then Fe,O3 is formed which is considered a defective oxide layer. Fe,O3
has the same spinal structure like Fes0,4 and that’s why it is also called cation-deficient
Fes04. So the presence of Fe,Oz actually compromises the performance of the film
resistance and film resistance decreases with the increased number of cation vacancies.
Similarly, from the XPS spectra of tempered 300°C in Fig. 5.43, it can be observed
that significant amount of Fe;O4 was transformed into a-FeOOH or y-Fe,0s. Both of
these transformed oxides (a-FeOOH or y-Fe,O3) reduce the film resistance because of
larger number of defects and cation vacancies. So, despite of the formation of multi oxide
layer, the poor film resistance (Rf) and higher current density (ipass) in tempered 300°C
rebar is most probably due to the larger proportion of these defective oxides layers in the

developed passive film. So, these defective oxides layers are directly exposed to the
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electrolyte and continuous oxidation with OH™ makes them full of flaws. In addition to
these, another reason behind poor film resistance in tempered 300°C can be because of
the multilayer oxide structure. Since the most outer exposed oxide layers are very
defective and they are not resisting the OH" to diffuse, so they increase the susceptibility
of oxidation to the inner oxides layer at Fe,Os/Fe;04 and Fe3O4/FeO interfaces. The
results indicates that the presence of FeO and Fe3O4 has a remarkable impact in providing
most resistant film with higher film resistance (Rs) and lower current density (ipass). Also,

the increased ratio of FeOOH to Fe,O3 affects the film properties adversely.
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Figure 5.43: XPS spectra representing chemical composition of passive film developed on M-1 rebar
tempered at 300°C in alkaline solution

5.5.2. XPS for M-2
The de-convolution of the XPS spectra reveals the information about the

chemistry of the developed passive film on the surface of steel rebar M-2 (0.2%Cu) in

concrete simulated environment. The graphs are shown in Fig.5.44-5.47.
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It can be seen that for the tempered 400°C rebar in Fig. 5.44, the oxides layer are
composed of a-FeOOH and y-Fe,O3 with the absence of FeO and Fe;O,4 unlike in M-1 at
the same tempering temperature. In other words, both FeO and Fe;O, were fully
transformed into a-FeOOH or in y-Fe,0s. It is also visible that the area under the curve of
transformed a-FeOOH is very less compared to y-Fe,O3 and hence it reduced the ratio of
FeOOH/Fe,O3 which has increased the overall resistance of the tempered 400°C in M-2
since FeOOH is very defective than Fe,Os. It was noted while analyzing the EIS spectra
that the charge transfer resistance (Rc) increased considerably due to the presence of
copper and hence the film resistance (Rf) reduced due to the unavailability of the iron
ions for further transformation. That is why, in the start, Fe3O,4 layer was formed easily
because of the availability of iron ions on the surface of the steel. Once this layer was
fully transformed to a-FeOOH and y-Fe,O3; because of the oxidation of OH" ions then,
due to the very high charge transfer resistance, material resisted to provide more Fe*?ions
to develop new oxide layer of FeO and Fe3Oq4. This is the reason that the passive film
formed in the presence of copper had a less film resistance (Ryr) and current density (ipass)
compared to the material with negligible copper (M-1). So, from the XPS analysis, it can
be proposed that, the lower film resistance in M-2 is due to the full transformation of FeO

and Fe30, into a-FeOOH and y-Fe;0s.

79



800

M-02 Tempered 400°C
700 a-FeOOH
\ y-F9203
600
E)
- Fe(0)
£ 5004 /
@
S H |
E ! [, |
400 - e *"‘VUU
300 \
200 T T v T T T T T T T T T
718 716 714 712 710 708 706

Binding Energy (eV)

Figure 5.44: XPS spectra representing chemical composition of passive film developed on M-2 rebar
tempered at 400°C in alkaline solution

The de-convolution of XPS spectra for copper oxides, it is cleared in Fig.5.45 that the

passive film on copper alloyed carbon steel was free of any oxide of copper.

On the other side, for the tempered 300°C sample of M-2, it can be seen
(Fig.5.46) that again the oxide film composition was a composite of all oxides i.e. FeO,
Fe304, v-Fe;,03 and a-FeOOH just like the same way as it was in M-lat the same
tempering temperature. So the film resistance and electrochemical properties were found
to be decreased again with the increased ratio of FeOOH/Fe,O3. In addition to this, it can
be seen that the bare metal representing very high area under the peak Fe(0). It is true

clarification that the complete developed oxide layer is very highly defective.
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Figure 5.45: XPS spectra representing chemical composition of copper in passive film developed on M-2
rebar tempered at 400°C in alkaline solution
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Figure 5.46: XPS spectra representing chemical composition of passive film developed on M-2 rebar
tempered at 300°C in alkaline solution
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Figure 5.47: XPS spectra representing chemical composition of copper in passive film developed on M-2
rebar tempered at 300°C in alkaline solution

Again, the de-convoluted spectra of XPS for the passive film presented in Fig.5.47 show

that the passive film formed on copper alloyed tempered 300°C rebar is free of copper

oxides.
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CHAPTER 6: Discussion

6.1. Effect of Tempering Temperature
Steel rebar develops an oxide layer over its surface when it is introduced in highly

alkaline solution of very high pH (>13.5). However, when the steel rebar tempered at
different temperatures is introduced in highly alkaline solution then the composition of
the passive film seems to be dependent on the underlying microstructure and morphology
of the steel rebar. When tempered steel is immersed in alkaline solution, then OH" ions
are adsorbed on highly active regions such as laths interfaces. Generally, in the presence
of electrolyte, OH" ions attack on the interfaces around the martensitic laths [98]. As a
result, due to the number of reactions involved (5.1-5.6), OH" ions start developing the

passive oxide film over the surface of steel rebar in alkaline solution.

Tempering does not alter the basic grain boundaries but it changes the
morphology of the laths. In addition to morphology, the ferrite recovery is also attributed
to the change of tempering temperature. For instance, at 300°C tempering temperature,
little amount of ferrite can be seen in the microstructure (Fig.6.1a). This ferrite formed
due to the transformation of austenite during the quenching mechanism. However, when
tempering temperature was increased to 400°C, then recovery of the ferrite was achieved

due to the decomposition of martensite and it can be seen in (Fig.6.1b).
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Figure 6.1: Effect of tempering temperature on the composition of passive film in M-1 rebar

It can be seen in Fig.6.1 (a) and Fig.6.2 (a) that when tempering temperature was
set to 300°C then little ferrite amount was formed and major portion of the structure
consisted of tempered martensite matrix. From Fig.6.1 (c) and Fig.6.2 (c), it can be seen
that, at 300°C tempering temperature, the passive film chemistry developed on rebar
surface was a composite oxides i.e. FeO, y-Fe,03, Fes04 and a-FeOOH. It reflects that
martensite laths matrix providing high surface to volume ratio and, perhaps, larger
numbers of lath carbides are, subsequently, providing larger number of anchoring sites

for the growth of oxide film at the interfaces [119].
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Figure 6.2: Effect of tempering temperature on the composition of passive film in M-2 rebar

On contrary, when tempering was done at 400°C temperature then higher amount
of ferrite can be seen in both steel rebar regardless of the copper presence. The
microstructures Fig.6.1 (b) and Fig.6.2 (b) show that considerable amount of ferrite was
recovered at 400°C tempering temperature. The lowest corrosion rate at this tempering
temperature revealed that increased amount of ferrite is balancing the martensitic matrix
and, hence, corrosion rate was lower than the rest of tempering temperatures. It can be
seen in Fig.6.1 (d) the composition of the passive oxide film for M-1 rebar was mainly

composed of y-Fe,Oz and Fe30,, and partially of FeO. On the other side, for M-2 rebar, it
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can be seen from Fig.6.2 (d) that the film chemistry was mainly composed of y-Fe,Ozand

partially of a-FeOOH.

The chemistry of the passive film for tempered 300°C steel rebar exposed that the
increased ratio of a-FeOOH/y-Fe;O3 in steel rebar, regardless of the copper presence,
decreased the film resistance of steel rebar in alkaline solution. On the contrary, for
tempered 400°C steel rebar, the increased ratio of Fes04/Fe,Os in the film increased the
passive film resistance. From this, it can be easily extracted that the transformation of the
Fe304 either into y-Fe,O3 or a-FeOOH made the film defective and its resistance reduced.
So, the basic theme can be understood from the model given in Fig.6.3 that how the

change of tempering temperature affected the nature of passive film.
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OH OH OH OH- OH OH- OH- OH OH OH
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Figure 6.3: Model illustrating the effect of tempering temperature on the composition of passive film
developed on steel rebar in alkaline solution (a)-Tempered 300°C, (b)-Tempered 400°C [111]

The effect of tempering temperature on the composition of passive film is not understood
clearly but the change of open circuit potential (OCP) with tempering temperature might
explain this dependence. It can be seen from the Table.6.1 that open circuit potential of

tempered 300°C rebar was found more negative than the rebar which was tempered at
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400°C. The more negative OCP at 300°C tempering temperature seems to favor the

tendency for the formation of a-FeOOH.

Table 6.1: Open circuit potential of rebars M-1 and M-2 measured in concrete simulated solution:

(pH=13.5) at room temperature.

Specimen Open circuit potential (mV)

Rebar M-1 Rebar M-2

Tempered 300°C -390 -387

Tempered 400°C -284 -255

6.2. Effect of Copper

6.2.1. Passivity in Alkaline Solution
From Table 6.2, it can be seen that in pure alkaline solution, the steel rebar having

no copper (M-1) provided higher film resistance of 1.41x10° (Q.cm?) than the copper
alloyed rebar M-2 (1.48x10? Q.cm?) at 400°C (Fig.6.4). But at the same tempering
temperature, M-2 steel rebar provided higher charge transfer resistance of 1.64x10°
(Q.cm?) than M-1 rebar (5.59x10* Q.cm?) and can be seen in Fig.6.5. It supports the fact
that, tempering at 400°C of the rebar M-2, exposed to concrete environment enhanced the
charge transfer resistance to very high extent than the rebar M-1 at the same condition.
As a whole, film resistances of both rebars were found to be much less than the charge
transfer resistances. Compared to M-2 rebar, lower charge transfer resistance and higher
film resistance in M-1 rebar can be because of the increased charge transfer mechanism.
If more Fe** leaves the surface of steel, because of less charge transfer resistance, more
they will contribute to the mechanism of passive film formation and transformation.
Moreover, polarization also helps us to understand the effect of copper on the passivation

tendency in concrete pore solution. From Table (6.2), higher polarization resistance (Rp)
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of 1.92x10* (Q.cm?) in M-2 rebar, at 400°C, states that the presence of copper improved

the polarization resistance in concrete pore solution. However, tempering at 300°C for

both M-1 and M-2 provided lowest film resistance as well as charge transfer resistance.

Table 6.2: Comparison of charge transfers resistance, film resistance and polarization resistance (LPR)

with and without chlorides presence in alkaline solution

Alkaline Sol. Alkaline Sol.+ 0.8MNacCl

Ret Ry R, Ret Ry Rp
Specimen Rebar | (Q.em?) | (Q.cm?) | (Q.em?) | (Q.em?) | (Q.em?) | (Q.cm?)
Tempered 300°C | M-1 |2.92x10? | 8.57x10" | 2.4x10°® | 8.61x10" | 4.5410" | 1.9 x10°
Tempered 300°C | M-2 | 5.77x10* | 1.27x10% | 6.3x10° | 3.81x10* | 1.35x10* | 6.26 x10°
Tempered 400°C | M-1 | 5.59x10* | 1.41x10° | 1.05x10* | 1.785x10* | 6.55x10° | 9 x10°
Tempered 400°C | M-2 | 1.64x10° | 1.48x10% | 1.92x10* | 9.89x10* | 7.51x10% | 1.39 x10*

If we compare the passive film chemistry of both the grades at 400°C temperature, then it

is very clear from Fig.6.6 that the oxide layer in M-2 is mainly composed of y-Fe,O3 and,

partially, of a-FeOOH. It appears that initial formed Fe;O,4 was fully transformed into a-

FeOOH and y-Fe,O3. The reason behind lower film resistance of copper alloyed steel

rebar can be due to the absence of FeO and Fe3O4. On contrary, steel rebar having

negligible amount of copper (M-1) provided higher passive film resistance because of the

presence of FeO and Fe3O4 or due to the absence of a-FeOOH which is considered

defective in its nature.
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Figure 6.4: Effect of tempering temperature on film resistance in M-1 and M-2 steel rebar
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Figure 6.6: Comparison of the passive film chemistry with and without copper in steel rebar under
concrete pore solution

From the potentiodynamic polarization (PDP) graphs, the nature of the passive
film and its current density can be analyzed. For instance, from the Fig.6.7, it can be seen
that, at 400°C, a constant passive film of lowest current density (4x10°Acm™) was
achieved for M-1 rebar. The developed passive film was so resistant that even the change
of potential from -0.3V to +0.3V could not alter the current density. On the other side,
passive film developed over the surface of steel rebar M-2 was higher in current density
(8x10°Acm™) and the film was not resistant to the change of potential and its current

density kept on varying with the change of potential.

Fig.6.7 shows that copper has adverse effect on the pitting potential. It can be
seen that, steel rebar without copper (M-1) provided higher pitting resistance than the

rebar with copper M-2.
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Figure 6.7: Comparison of PDP graphs for M-1 and M-2 rebar tempered at 300°C and 400°C temperatures
and tested in alkaline solution

6.2.2. Alkaline Solution+0.8MNaCl
Recalling Table 6.2, it can be seen that the addition of 0.8M NaCl reduced the charge

transfer resistance, film resistance and polarization resistance of steel rebar M-1.
Reduction in all of these resistances reflects that chlorides play an adverse role by
attacking the passive film. However, regardless of copper presence, tempering 400°C was
found the temperature where highest charge transfer resistance and constant current
passive film with lowest current density was achieved. For instance, at 400°C tempering
temperature, charge transfer resistance of M-2 rebar reduced from 1.64x10° (Q.cm?) to
9.89x10” (€2.cm?) when chlorides were introduced in concrete pore solution. The decrease
in charge transfer resistance might have helped in film transformation and, hence, film
resistance increased from 1.48x10% (Q.cm?) to 7.51x10% (Q.cm?). So, from this behavior,

it can be assumed that, at 400°C tempering temperature, copper increased the passive film

91



resistance at the expense of charge transfer resistance. For M-1 rebar, when chlorides
were introduced in the alkaline solution, the charge transfer resistance (Table.6.2)
decreased from 5.59x10%(Q.cm?) to 1.785x10* (Q.cm?) but, unlike M-2, film resistance also

decreased.

Tempering 300°C remained still the worst tempering temperature with lowest charge

transfer resistance and film resistance.
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Figure 6.8: Comparison of PDP graphs for M-1 and M-2 rebar tempered at 400°C with and without the
presence of chlorides

From Fig.6.8, the effect of copper can be examined in both grades of steel rebar with
the help of PDP curves. It can be seen that M-1 steel rebar (with no copper) in alkaline

solution developed a passive film with lowest current density while M-2 rebar developed
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a passive film with higher and varying current density. However, with the addition of
chlorides, it can be seen that both M-1 and M-2 rebars are overlaying on each other. It
reflects that, under the chlorides attack, current density of M-1 rebar increased while it
reduced for copper alloyed steel (M-2). This trend is in agreement with EIS parameters
and reflects that, under the presence of chlorides, passive film resistance of copper
alloyed rebar improved by the self defense mechanism provided by the synergistic effect
of copper and true (400°C) tempering temperature. In other words, it can be assumed that,
tempering of copper alloyed steels is found detrimental when they are exposed to pure

alkaline environment of very high pH.
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CHAPTER 7: Conclusions and Recommendations for Future

7.1. Conclusions

Two commercial grades of carbon steel with different copper content were used to
investigate the effect of heat treatment on the corrosion resistance of rebars in concrete
simulated environment. Both steel grades were quenched and tempered (Q&T) at 200°C,
300°C, 400°C, 500°C and 600°C. Electrochemical testing of heat treated samples were
carried out in concrete pore solution with and without chloride addition. The main
conclusions of this study are:

« LPR results indicated that Q&T of M-1 and M-2 rebars at 400°C produced
microstructures with highest corrosion resistance in simulated concrete pore
environments (pH 13.5) with and without chloride. M-1 and M-2 rebars Q&T at 300°C

showed the lowest corrosion resistance.

«  M-1 rebar showed the lowest and highest passive current densities for samples
Q&T at 400°C and 300°C, respectively.

« EIS data for M-1 (Cu=0.04%) and M-2 (0.2%) rebars exposed to concrete pore
solution showed that Q&T samples at 400°C had the highest charge transfer
resistance while samples Q&T at 300°C had the lowest. M-2 sample Q&T at 400°C
showed increased charge transfer resistance (1.65x10° Q.cm?) as compared to M-1
rebar (5.59x10* Q.cm?) in alkaline solution.

« The presence of copper improved the charge transfer resistance significantly

even at 300°C for M-2 rebar (5.77x10* Q.cm?) and it was found much higher than M-
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1 rebar (2.92x10° Q.cm?®) at the same tempering temperature in concrete pore
environment.

» PDP results indicated that a constant passive film with lower current density
(4x10"® Acm™) was observed for M-1 rebar and the presence of copper increased the
current density to 7x10°Acm™ for M-2 rebar. Pitting resistance was decreased with
the presence of copper in M-2.

*  When chlorides were introduced in the test solution at a ratio of CI'/OH to 1
then charge transfer resistance, film resistance and polarization resistance decreased
for both tempered 300°C and 400°C rebars. PDP curve indicated that the film was
disturbed with chlorides by increasing the current density.

« The characterization of the passive film by XPS revealed that, at 400°C
tempering temperature, the film composition for M-1 rebar was mainly composed of
Fes04/FeO in the inner layer and y-Fe,O3 as an outer layer. At 300°C the outer layer
was composed a mixed oxides of y-Fe;Oz; and a-FeOOH. The presence of a-FeOOH

in the passive film might be responsible for reduced passivation resistance.
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7.2. Future Work

From the present research work, some questions are raised unanswered yet. There needs
to conduct separate research work in future to find their answers. So the recommended

research topics are as follows:

1- Optimization of heat treatment and copper composition to study the
passivation of steel rebar in concrete simulating solution.

2- Investigation of critical chloride limit against the passivation of steel rebar at
optimized tempering temperature and copper composition in concrete
simulating environment.

3- The effect of microstructural phases on the passivation tendency of steel rebar

in concrete/marine environment
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