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Corrosion of steel rebar is a major and very costly form of durability problem that threatens
the performance of reinforced concrete structures, especially in an environment
characterized with severe environmental conditions such as in the Arabian Gulf. Corrosion
of reinforcing steel usually leads to spallation of the concrete layer which shortens the lifespan of structures. This type of deterioration is principally attributed to de-passivation of
the rebar steel due to chloride ions that might be contributed by the mix ingredients or
diffused from the service environment.
The focus of this study is to investigate and compare the corrosion resistance of quenched
steel rebar with air cooled steel rebar. The study was conducted in two parts. In the first
part, mechanical tensile properties and corrosion resistance of quenched and air-cooled
steel rebars obtained from various suppliers in the local market were characterized. The
second part focused on investigating the corrosion resistance of different steel rebars
microstructures that are produced by heat treatment encountered in steel rebar plants. The
results indicate that the corrosion resistance of quenched and tempered microstructure is
higher than bainite and perlite microstructures for the same steel composition. Tempering
rebar sample at 400°C showed higher corrosion resistance than tempering at 300°C.
.
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تآكل حديد التسللح ا البللح لم الة للرحي ال و س ل ي لاةك كحدي ام حديد التسللح ا للم التم تأدا حال ا آاا الة للآ
ال خ سللاة ي الةسللحويا ل ايللي ام ا يي ماس ل ي و ل وا لف وفنفا ام و يجي الخح  .الك امد تآكل حديد التسللح ا اا وا
يؤاي إلى سجفط طبجي الخ ساةي وةا يؤاي الى تجح ل ة الب ا د لوةا يسب ال يس ع لذا ال فع ون التآكل لف لنفا
آيفةا الرحفريد التم يةر أا آن تسالم اترس اليبجي الكازلي التم ترفةت وع ادايي التآكل.
ووفر لذه الدراسلللي لف وجارةي الةجالوي لحتآكل ا ن حديد التسلللح ا الةب ا االأفا لحديد التسلللح ا الةب ا االةا لوك اي
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د ش كا ام الةةحري الك ا ي السكفايي لاراسي ورفةاتأا ثم الوبفل حى وكحفوا

ا ون

ن ايأم وب ا االةا ال الأفا
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ا
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ا وختحدي الخفاك الةجأ يي ثم اراسي التآكل لرل ةفع.

تب ن ون لذه الةجارةي ان تب يد حديد التسح ا البح االةا يزيد ون وجالوي التآكل كةا لف وفضا ام ال تاو.د
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INTRODUCTION
1.1 Reinforced Concrete Structures
Steel rebar is widely utilized in the construction of most of the facilities in Kingdom of Saudi
Arabia. Concrete deterioration is noted in many of the structures since they are exposed to
severe service conditions. The reduction in service-life in concrete structures is primarily
due to corrosion of steel reinforcement. Concrete provides both chemical and physical
protection to reinforcing steel. The chemical protection is provided by the highly alkaline
nature of the fresh concrete pore solution (pH > 13), The physical protection to steel is
provided by the dense and impermeable structure of concrete that retards the diffusion of
aggressive species, like chlorides, carbon dioxide, oxygen, and moisture, to the steelconcrete interface. Reinforcement corrosion is caused by chloride ions that may be
contributed by the mix ingredients or they may diffuse into the hardened concrete from the
service environment. The extreme climatic conditions such as hot weather condition and the
marginal quality of the aggregates accelerate concrete deterioration processes [1-3].
To reduce reinforcement corrosion of steel rebar, we need to use innovative methods, which
are generally subdivided into two groups. First, deterioration or corrosion is slowed by
extending the time for the chloride ions to reach the steel rebar. The second method aims to
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spread the time between initiation of corrosion and the end of service life by using several
techniques [4].
Deterioration of reinforced concrete in the coastal areas of the Arabian Gulf is often noted
within a short span of 5 to 10 years. Field studies indicate that the deterioration of structures
in this region is mainly attributed to: (i) inappropriate materials specifications, (ii)
inadequate construction practices, and (iii) severe environment and geomorphic conditions.
The environmental conditions of Saudi Arabia are characterized by a large variation in the
daily and seasonal temperature. The ambient temperature in summer is as high as 45 to 55
°C and the relative humidity ranges between 40 to 95% over a period of 24 hours [5].
The temperature on the concrete surface at this ambient temperature may be as high as 70
°C due to solar radiation. The variation in the day to night temperature may be as much as
20 °C. This high variation in the day and night temperature leads to the formation of microcracks in the concrete that accelerate the diffusion of chlorides, moisture, oxygen and carbon
dioxide, to steel surface thereby promoting corrosion of reinforcing steel. This corrosion is
accompanied with substantial expansive force which leads to cracking in the concrete [6].
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1.2 Research Objectives
The general objective of this study is to assess the corrosion resistance of steel rebars in
concrete. The specific objectives are the following:
1. Study the corrosion resistance of various commercial rebars in the Saudi market.
2. Simulate the microstructure of Steel rebar by heat treatment experimentation.
3. Investigate the effect of microstructure on the corrosion resistance of steel rebars.
This thesis is divided into the following chapters. Chapter 1 is an introduction to the project
highlighting the motivation and objective for the work. Chapter 2 is a literature review
pertaining to the project. Chapter 3 details the experimental materials matrix and
experimental design approach in order to achieve the project objectives. Chapter 4 presents
the experimental results and discussion. Chapter 5 outlines the major conclusions from the
study.
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LITERATURE REVIEW
2.1

Steel Rebar Process overview

Steel production process can be subdivided into iron making, steel making, steel casting,
rolling (long products).
2.1.1

Iron Making

Direct Reduced Iron (DRI) is the primary raw material for steelmaking at the Electric Arc
Furnace ( EAF). The hot reducing gases, mainly Hydrogen and Carbon Monoxide (H2 and
CO), reduce iron oxide feed (Fe2O3), in form of pellets and/or lumps, in a vertical reactor
termed Shaft Furnace. These gases are generated by reforming natural gas (CH4) with
recycled furnace outlet gases (CO2 and H2O), inside a catalytic reformer as shown in Figure
2.1 [7].
Fe2O3 + CO → Fe + CO2………………………………………………………………………………….2.1
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Figure 2.1: Midrex Direct Reduction Process Flow Sheet with Oxygen & Transition

2.1.2

Steel Making

Steel plant is the most important plant in all steel industries. Steel can be made through
different processes. The steel can be produced in a basic oxygen furnace (BOF) where the
main raw material for steel is hot metal from blast furnace. Steel production at Saudi Arabia
is based on DRI, EAF and continuous casting route. Steel plant layout of is shown in Figure
2.2.
The electric Arc Furnace (EAF) is the units of steel making in which the electrical energy
is converted by various methods into thermal energy for heating and melting the metal by
heat radiated from three arcs according to the number of phases of alternating current.
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Figure 2.2: Steel Plant Layout

2.1.3

Steel Rolling

Steel rebar manufactures are divided into two processes based on the cooling methods.
which is either cooling or water Quenching “Quenched and Self-Tempered”. QST increases
the strength of rebar due to the hard layer of surface “tempered martensite”, as shown in
Figure 2.3 [8]. Also, it reduces the cost of production due to reduction in the alloying. This
technology has also been widely used to produce high strength rebar in Saudi Arabia.
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Figure 2.3: Microstructure of steel rebar (a) air cooling and (b) Water quenched.

The steel rebar is rolled at the continuous bar mill, where the heated billet is passed through
a series of roll stands which gradually reduces the billet cross section. The deformation while
reducing the cross section results in the elongation of the stock. The rolling stock can be
several kilometer long depending upon the final size. Finally, the bar is cut to the required
length for dispatch, as shown in Fig. [2.4].
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2.3

Figure 2.4: Steel bar rolling process

2.2

Corrosion Mechanism of Steel Rebar in Concrete

Corrosion of steel rebar in concrete is basically electrochemical process. Due to highly
alkaline environment of concrete, a passive film layer grows on the steel surface which will
protect steel rebar. On the other hand, the passive films gradually settle with the ingress of
carbon dioxide or chloride ions within concrete cover. That will generate a potential
difference between the active and passive regions at the steel surface. So, If the water and
oxygen are close to the steel surface, the corrosion of steel rebar will start as shown in Figure
2.5. [14-23]
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Figure 2.5: Corrosion of rebar inside the concrete [7].

The anodic reaction is given by:

……….…… ………………………………………...2.2
The cathodic reaction is given by

………………………….. ………………..2.3
Fe2+ and OH− react with each other and form Fe(OH)2 as shown in Equation (3).

…………………………………….....……....2.4
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If the oxygen supply is sufficient, Fe(OH)2 will transform into Fe(OH)3, which is large and
porous, Fe2O3 is formed after dehydration, as shown in below in equation(4) and (5):
…… …………………………2.5
…………………………..………………2.6
On the other hand, Fe(OH)2 will transform into Fe3O4, if the oxygen is insufficient.

…………………………………..2.7
Finally, corrosion of steel will cause expansion in the concrete due to volume expansion
which leads to cracking of concrete cover and bond-slip between concrete and steel, as
shown in Figure 2.6 [16].

Figure 2.6: Volume of various oxides formed due to corrosion of iron [17].
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2.2.1

Effect of treatment on steel Rebar

When carbon steel is quenched after heating, it will have martensite phase. It is a metasTable
phase and it has body centered tetragonal lattice. So, the corrosion rate is relatively low for
martensite in dilute acid. The carbon in interstitial position reacts with acid which will form
a hydrocarbon gas which is observed as a black scale on the, steel surface [26].
In addition, tempered martensite form after heating martensite below 727 °C, then air
cooling. The process called tempering which has cementite (iron carbide’ Fe3C) and α iron
ferrite. So, will have galvanic cells due to the two phase structure ferrite and iron carbide’
that will accelerate corrosion rate. Also, the pearlite microstructure is formed after slow
cooling of a carbon steel from 727 °C austenite which is face centered cubic lattice. Revie
and Uhlig [26] claimed that “Corrosion rate of pearlite structure increases as the size of iron
carbide particles decreases. Also, steels with fine pearlite structure corrode more rapidly
than coarse pearlite structure and pearlite structure corrode more than spheroidized structure
[27]. The importance of both the amount of cementite acting as cathode and its state of
subdivision supports the electrochemical mechanism of corrosion [28].
2.2.2

Previous Studies on The Corrosion of steel rebar

Several researchers investigated the corrosion behavior of steel rebar by using several
electrochemical methods. Mohamed et al 2013 and Evitts 2012 studied corrosion behaviour
of steel rebars under chloride ions attack. Multiple electrochemical techniques were used
with the aids of Gamry PC4 machine. A three-electrode corrosion cell was used for
determining the corrosion characteristics and rates of the tested steel as shown in Figure 2.7.
11

They studied corrosion behaviour of stainless steel, micro-composite steel and carbon steel
[26-27].

Figure 2.7: The electrodes used (a) reference electrode, (b) counter electrode,(c) working
electrode attached to its holder[26]

While, Ghods and Miller [31-33] have experimentally investigated the effect of pore
solution compositions on the protective properties of the oxide films of black reinforcing
steel by using electrochemical impedance spectroscopy ”EIS” and polarization as shown in
Figure 2.8.
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Figure 2.8: (a) Schematic for the setup of the test. (b) An illustration of the rebar samples
preparation. [31].

2.2.3

Cooling processes effect on the corrosion of steel rebar

There is limited information about the corrosion of rebar, which are done by different
cooling process. However, Wei and Dong [34-35] have experimentally investigated the
influence of cooling on the corrosion resistance of the rebar. They compared the corrosion
resistance of rebar cooled by Oil (FM), water quenching and air cooling. The results show
that cooling by FM had higher corrosion resistance of the rebar electrode than that cooled
by water or air as shown in Figure 2.9. Finally, the reason was that, the Fe3O4 content in the
scale was around 60% for FM cooling; however, the Fe3O4 content is only 40% for water
and air cooling [34-35].
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Figure 2.9: Tafel curves of rebar with water, FM and air cooling [34]
Zitrou and Nikolaou [36] evaluated the effect of reinforcing steel production method on the
atmospheric corrosion resistance. These methods are air cooling “hot roll”, air cooling with
micro alloyed addition, Quenching “Tempcore” and work-hardened rebar by drawing
process. The corrosion resistance was evaluated by measuring the thickness of the layer
formed due to corrosion on the surface of the bars by using SEM as shown in Figure 2.10.
They found that the work-hardened had the lower atmospheric corrosion resistance followed
by Quenched rebar steel [36-37].
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Figure 2.10: SEM micrographs of the layers due to rusting of steel after exposure
periods of (a) as received (b) 3 months, (c) 6 months and (d) 9 months.[37]

2.2.4

Effect of Microstructure of Steel on the Corrosion Behavior Quenched steel

Mohammad [38] studied the performance of duel phase steel embedded in concrete with
different volume fraction of martensite as compared to ordinary mild steel 0.161% C. The
specimens were reheated in the furnace at the following annealing temperatures: 725, 735,
750, 770, 795, 815, and 840 0C for 20 minutes and then quenched in water in order to
transform the austenite into martensite. The higher the intercritical annealing temperature,
the higher the percentage of volume fraction of the martensite in dual-phase steels. After
that, test specimens were initially cured in water for 14 days followed by accelerated
corrosion curing in 3.5% chloride solution and sea water. From the Electrochemical
15

Corrosion - Tafel Extrapolation result as shown in Figure 2.11, it was observed, that the
dual-phase steel rebar has better corrosion resistance if compared to the conventional steel
rebar And he claimed that due to the presence of pearlite phase in the microstructure of
conventional steel which contains the eutectoid carbide that is susceptible to pitting
corrosion. On the other hand, dual-phase steel rebar is more corrosion resistant than
conventional steel because it contains no carbide and most of the carbon atoms are trapped
in the martensite structure.

Figure 2.11: Tafel extrapolation curve of dual-phase steel and conventional steel in 3.5%
wt in CaCl [38].
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Paolinelli, Pérez and Simison [39] investigated pre-corrosion and steel microstructure in
CO2 corrosion with inhibitor performance. They used carbon steel with the following
composition (wt%): 0.38 C– 0.99 Mn– 0.33 Si–0.17 Cr–<0.01 P–<0.01 S. They conducted
two different heat treatments on the samples in a lab furnace. First, annealing (austenized at
890 C and furnace cooled – FP samples), and quenching and tempering (Q&T) (austenized
at 890 C, water Q&T 1 h at 700 C – TM samples), after corrosion test they found TM has
better corrosion resistance than FP as shown in the Figure 2.12 below. They claimed that
the differences between the tempered martensite and the ferritic–pearlitic specimens could
be related to their very different superficial iron carbide distribution.

Figure 2.12: Comparison between polarization curves of TM (–) and FP (….) [39].
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Bhagavathi, Chaudhari and Nath [40] studied corrosion behavior of plain low carbon steels
with different volume fractions of martensite. Potentiodynamic polarization tests and
immersion tests were conducted in 3.5% NaCl solution. These results are also compared
with the corrosion behavior of as received steel with ferrite and pearlite as micro
constituents. They found the corrosion rate which obtained from immersion test and
potentiodaynamic test of DP(increase volume fractions of martensite) steel was less than
SA(pearlite steel).The reason was the galvanic couple formed between ferrite and martensite
is weaker than the galvanic couple formed between ferrite and pearlite.
Ramirez-Arteaga et al. [41] reported that with increasing the martensite percentage in the
specimen and the ferrite percentage decreases the corrosion rate. For specimens quenched
in water, the susceptibility to localized type of corrosion decreased by increasing the
annealing temperature.
López et al. [42] described the influence of steel microstructure on CO2 corrosion; They
found tempered martensite samples to have a better corrosion resistance than the pearlite
without inhibitor. So, the morphology of the cementite in each microstructure determines if
such blockage is useful to reduce or to activate corrosion rate.
Clover1y et al. [43] investigated the influence of microstructure on the corrosion rate of
various carbon steels. The samples were categorized according to four groups banded
ferrite/pearlite

microstructure,

very

fine

predominantly

ferrite

microstructure,

ferrite/coarser, and somewhat acicular pearlite/pearlite Microstructure and tempered
martensite microstructure. It was found that steels with a banded ferrite/pearlite structure
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perform poorly in terms of localized corrosion and this was attributed to a segregated
distribution of the iron carbide phase cementite (Fe3C). So, the distribution of cementite is
responsible for the variation in corrosion performance.
Igwemezie and Ovri [44] contested in different corrosive ambience was carried out to study
the effects of microstructural changes on the Corrosion resistance of Medium Carbon Steel
.This has been done by heating the steel at 925 oC and cooling with various quench oil,
water, and air to obtain normalized, annealed and martensitic microstructures. They claimed
“the difference in corrosion rates due to precipitation of ferrite and carbide phases. So, these
phases lead to setting up of microgalvanic cells within the microstructure with the carbide
phase becoming cathodic and the ferrite anodic. Also, The result also tends to suggest that
the more ferrite is precipitated (anodic area) in the normalized structure, the more corrosion
rate increases. Furthermore, the higher corrosion rate in the martensitic structures was shown
due to the combining effect of ferrite precipitation, transformation stress and carbide
precipitation tends. This could be attributed to high metastability (non-equilibrum position)
of martensitic structure. In general, normalized structure showed the lowest susceptibility to
corrosion attack while the martensitic structure showed the highest susceptibility to
corrosion attack.

Houyi and Chen [45] studied the effect of nitrate ions on the electrochemical behavior of
iron (ferrite) and two carbon steels (martensite and pearlite) in sulphate solutions of different
pH values. They have found the martensite has lower corrosion resistance as shown in the
result below in Polarization curves and the charge-transfer resistance used to evaluate the
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ability of resist corrosion. The smaller the charge-transfer resistance, the more easily is the
material corroded. But, The samples used in this test has different chemical compositions.
Seikh [46] found the influence of heat treatment on the corrosion of microalloyed steel in
sodium chloride solution. Corrosion resistance property of microalloyed steel has been
studied with different microstructures conditions such as the three repeated quenched
conditions. He found that with repeated heating and quenching recrystallization grains
become finer, and corrosion rate increases. Samples heated to 600 OC just below the lower
critical temperature (A3) than quenched.
Lucio-Garcia and Rodriguez [47] performed electrochemical techniques to study the effect
of heat treatment on H2S corrosion of a micro-alloyed C–Mn steel and the Microstructures
was included martensite, ferrite, and ferrite plus bainite. All results showed that martensitic
microstructure has highest corrosion rate. Also, for longer immersion times, the steel with a
martensitic microstructure tended to exhibit a mixture of uniform and localized attack. They
claimed that due to “the grain size and number of precipitated particles for steel with a
martensitic microstructure was bigger than those for steels with a ferritic plus bainitic or
ferritic microstructures. Furthermore, due to the fact that martensite grain boundaries are
more reactive than ferrite or bainite, according to EIS results, the corrosion process was
under charge transfer control. EN results showed that during testing the three steels were
highly susceptible to a localized type of corrosion, with the exception of the steel with a
martensitic microstructure, which had a higher tendency towards a mixture of uniform +
localized types of corrosion at the end of the test.
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Keleştemur and Yıldız [48] studied the effect of various dual-phase heat treatments on the
corrosion behavior of reinforcing steel used in the reinforced concrete structures and
SAE1010 structural carbon steel. They found that corrosion rate of dual-phase steel has
increased with increase amount of martensite. So, they assumed this increase due to the
variation in the morphology and distribution of the phase constituents. Since quenched
treatment produces a very fine fibrous structure, it can be qualitatively said that the
interfacial area between ferrite (cathode) and martensite (anode) is much more for quenched
specimens compared to as received specimens resulting in higher corrosion rate for
quenched treated specimen.
Al-rubaiey et al. from University of Technology in Baghdad [49] investigated the Influence
of Microstructure on the Corrosion Rate of Carbon Steels. Four types of microstructures
were obtained to study corrosion resistance for each. These microstructures are banded
ferrite/pearlite microstructure, fine ferrite/pearlite microstructure, coarse ferrite/pearlite
microstructure and tempered martensite microstructure. Mass loss and Optical microscopy
used to study General corrosion and localized corrosion. Tempered martensite
microstructures have higher localized pitting corrosion properties. Coarse ferrite/pearlite
microstructures have better localized pitting corrosion resistances compared to others
investigated microstructures. They claimed that corrosion happened with following
mechanisms; (a) local anodes and cathodes may be formed due to electrochemical
differences between matrix and secondary phases, and/or (b) scale may adhere preferentially
to particular regions, due to factors such as carbide distribution, causing localized attack.
Presumably, galvanic couples form between carbon-rich phases and the bulk steel, noting
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that cementite is cathodic with respect to iron. This is consistent with suggestions made
elsewhere that the shape and distribution of ferrite/Fe3C plays an important role in
influencing the corrosion rate and pits shapes. Recent studies have shown that corrosion rate
increases as the size of iron carbide particles decreases.
2.2.5

Effect of cooling processes on microstructure of steel rebar

Several researchers investigated the microstructure of steel rebar and compare it with
mechanical properties. For example, Zaky and El-Bitar [50] have studied the effect of
cooling by air or water on the mechanical properties of rebar. They investigated the
microstructure by using SEM and optical microscopes. They found that water quenching to
600 0C and air cooling is the best regime showing the better mechanical properties [50].
On the other hand, Monideepa and Dutta [51] studied the hardness of the rim which is the
tempered martensite of steel rebar by calculating the hardness of the tempered martensite
as a function of temperature and the chemical composition [51].
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EXPERIMENTAL PROCEDURE
3.1 Experimental Approach
The assessment of steel rebar corrosion were evaluated by measuring the corrosion rate
using potentiodynamic scanning and linear polarization techniques on steel specimens
immersed in simulated concrete pore solution (SCPS). Furthermore, we simulate the
microstructure of steel rebar by heat treatment experimentation and investigate the effect of
microstructure on the corrosion resistance. This chapter gives information about the testing
method, the materials included in the study and the selected heat-treatment schedules.

3.2

Materials

Four sets of rebar steels from different companies were selected for conducting corrosion
test. Additionally, a set of rebar steel from one company was included in the study after heat
treatment. The reason for including the additional set of rebar steel is to get the effect of
microstructure on the corrosion resistance. Table 3.1 shows the chemical composition of
these samples. Sample A, C and D were quenched and self-tempered and sample B was air
cooled.
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Table 3.1: Chemical compositions for four rebar samples in Saudi Arabia.
SampleA
Elements

Conc.%

Sample B

Sample c

Sample D

Conc. %

Conc. %

Conc. %

C

0.2876

0.3659

0.2802

0.2701

Al

0.0177

Tracing

0.0186

0.0116

Si

0.1795

0.2405

0.1795

0.1770

P

0.0381

0.0373

0.0351

0.0366

S

0.0299

0.0293

0.0316

0.0223

Ti

0.0047

0.0046

0.0050

0.0063

V

0.0050

0.0040

0.0120

0.0057

Cr

0.0986

0.0529

0.1653

0.0351

Mn

0.6566

1.2541

0.6775

0.6243

Fe

Balance

Balance

Balance

Balance

Ni

0.0912

0.0428

0.0746

0.0247

Cu

0.2728

0.1358

0.0972

0.1070

Nb

0.0037

0.0078

0.0190

0.0073

Mo

0.0183

0.0072

0.0375

0.0073
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3.2.1

Steel Specimens Design

Steel specimens of 28 mm length and 16 mm diameter were prepared and the surface of
each sample was cleaned by using sand paper and acetone. Both ends of the steel samples
were coated with epoxy resin, as shown in Figure 3.1. The top side of steel specimen was
drilled to be fitted with coarse-thread stainless steel holder as shown in Figure 3.2 and Figure
3.3. The exposed area of the reinforcing steel was in the range of (14.50 to 14.75) cm2.

Figure 3.1: The steel sample coated with epoxy
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Epoxy

Steel specimen holder

A threaded hole of 6 mm

28 mm
diameter and 8 mm depth

Epoxy

16 mm

Figure 3.2: Schematic Representation of Steel Specimen preparation.

3.2.2

Simulated Concrete Pore Solution

The simulated concrete pore solution was prepared based on the analysis of concrete
specimens at KFUPM which indicates that one liter of concrete pore solution contains 974
g of distilled water, 14 g of potassium hydroxide (KOH), 10 g of sodium hydroxide (NaOH),
and 2 g of calcium hydroxide [Ca(OH)2]. The simulated concrete pore solution has a pH of
more than 13.4. Reagent grade chemicals of KOH, NaOH and Ca (OH)2 were utilized to
prepare the concrete pore solution. Figure 3.3 shows The simulated concrete pore solution.
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Figure 3.3: The simulated concrete pore solution.

3.2.3

Description of the Corrosion Cell Preparation and Curing of Specimens

A three electrodes cell was used for the potentio-dynamic measurement. It mainly consists
of three electrodes which are immersed in the solution as follows:


Stainless steel plate was used as counter electrode.



Saturated calomel electrode (SCE) used as the reference electrode.



Working electrode (the tested steel specimen itself).
27

The steel samples were prepared as described in 3.2.1. In order to attach the steel specimen
to the specimen holder, a threaded hole of 6 mm diameter and 8 mm deep was drilled in
each sample. The specimen holder was covered with a Teflon tube to prevent any possibility
of crevice corrosion. The electrolyte level was kept below the attaching point all the time.
Figure 3.4 shows the working electrode, reference and counter electrode.

Figure 3.4: The Electrodes Used (a) Reference (b) Counter (c) working electrodes
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3.2.4

Potentio-dynamic Testing

The potentio-dynamic method measures the current for a large potential sweep from the
cathodic to the anodic region of the corrosion potential. The potentio-dynamic studies were
conducted on bare steel exposed to electrolyte representing the concrete pore solution
admixed with the selected inhibitors, selected chloride concentration and selected
temperature. The potentio-dynamic potential-current curves were recorded by changing the
electrode potential from -900 to +900 mV with a scan rate of 15 mV/minute, as shown in
Figure 3.5. The schematic illustration in Figure 3.6 displays the main terminologies for a
typical potentio-dynamic polarization diagram (PDP), which is plotted in terms of applied
potential vs the logarithm of the measured corrosion current density. From this Figure, we
can notice many futures which can be used to interpret the behavior of steel specimens under
PDP test. The open circuit potential is located at Point (A) at which the sum of cathodic and
anodic reaction on the working electrode is zero (often this point equals to corrosion
potential). As the applied potential increases from A to B, anodic polarization moves to
region (B), which is the passive region (increase in the applied potential without increase in
the measured current). Point (C) is known as the active potential, and as the applied potential
increases above this value, the current moves to region (D), which is called active region.
At region (D), the current density increases with the increase in the applied potential and
steel oxidation is the dominant reaction taking place. The increase in current continues with
the increase in the applied potential till it reaches point (E), which is the limit point of anodic
scan. In some cases, sudden increase in the measured current may be noted without an
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increase in the potential, which indicates presence of pitting corrosion and the corresponding
potential called the pitting potential, as shown in Figure 3.7.

In the cathodic scan, the applied potential increased in the negative direction, as anodic scan
point (A) represents the open circuit potential. As the applied potential increases in the
negative direction the current moves into region (F), which represents the oxygen reduction
reaction (cathodic polarization). This increase continues till point (H), which is the limit
point for cathodic scan.

Figure 3.5: Potential Range and Scanning Rate as Appeared

30

1000

E

Potentiodynamic polarization curve

NOBLE (+)

Potential (mV)

800
General corrosion

600

D

400

C

200

Transpassive region

Anodic

0
-200

ACTIVE

-400

oxidation curve

B
Passive region

A

Cathodic
reduction curve

-600

F
-800

H

-1000

0.000001 0.00001

0.0001

0.001
0.01
0.1
Current (mA/cm2)

1

10

100

Figure 3.6: Schematic Illustration of Potentio-Dynamic Polarization with Various
Terminologies
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Figure 3.7: Schematic Illustration of Potentio-Dynamic Polarization with Pitting Corrosion
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Significant information can be obtained from the potentio-dynamic polarization scan, some
of which include the following:
i.

The potential area over which the metal remains in passive stage.

ii.

The corrosion rate of the metal sample in the passive area and the ability of the metal
sample to be passivated.

iii.

The localized corrosion of metal samples.

Passivity condition

3.2.5

Corrosion Current Density

For this test, ACM instrument with three electrodes was used to conduct the potentiodynamic scan. The steel specimen with 28 mm length and 16 mm diameter, as described
in Section 3.2.1, was connected to the working electrode terminal while reference electrode
and small steel plate were connected to the respective terminals of the potentiostat. This
specimen was polarized by applying a potential of ±900 mV of the corrosion potential with
scan rate of 15 mV/minute and the resulting current between the working and counter
electrodes is measured. Figure 3.8 shows a schematic representation of the set-up which
was used to measure the corrosion current density. Also, Figure 3.9 shows general view of
the experimental setup of corrosion current density test.
Figure 3.10 depicted the main terminologies in a polarization diagram which is plotted
between the applied potential and log measured current. The solid lines represent cathodic
and anodic reactions, whereas the dashed lines represent the linear part of each reaction. The
32

intersection of these dashed lines gives the open circuit potential (Ecorr) on the vertical excise
and corrosion current density on the horizontal axis. The anodic polarization curve is
predominant at positive direction (Nobel), while cathodic polarization curve is predominant
at negative direction (active). Then, the corrosion current density can be calculated using
the Stern-Geary formula [52]:
Icorr = B/Rp ………………………………………………………………………... (3.1)
Where:
Icorr = corrosion current density (μA/cm2);
Rp = polarization resistance, KOhms-cm2;
B = (βa*βc)/(2.3(βa+βc));
Where: βc and βa are the cathodic and anodic Tafel constants, respectively.
The Tafel constants can be determined either by polarizing the steel to ±250 mV of the
corrosion potential or polarizing the steel to ±900 mV of the corrosion potential (potentiodynamic). In case of the absence of sufficient data on tafel constants, "a value of 100 mV is
to be used for steel in a highly resistant medium" [53]. A good correlation between the linear
polarization technique and the weight loss determined by gravimetric methods was observed
by Gonzalez et al [54] by using a B value of 52 mV in the passive state and 26 mV for steel
in the active state. In our investigation, βc = βa = 120 mV was used throughout which
corresponds to B = 26 mV. These values have been found to be useful in the corrosion
experiments at KFUPM.
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Figure 3.8: Schematic Representation of the Experimental Setup Used
for Electro-Chemical Measurements
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Figure 3.9: General View of the Experimental Setup
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Figure 3.10: The Main Terminologies in Tafel Polarization Diagram
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3.3 Scanning Electron Microscopy (SEM)
The scanning electron microscope (SEM) uses beam of high-energy electrons instead of
light to generate variety of signals at the surface of solid samples. These signals reveal
information about the sample including its chemical composition, external morphology
(texture), and orientation of materials making up the sample, and crystalline structure. In
this research, the surface of mild steel samples exposed to simulated concrete pore solution
were evaluated using SEM to know the surface conditions. In order to conduct the proposed
SEM test procedures, specialized equipment (Philips XL 30 SEM instrument) was used. The
main components of this system includes: sample chamber, electron column, three visual
display monitors and EDS detector, as shown in Figure 3.11.

Figure 3.11: Photographic Documentation of SEM Instrument showing the main
Components
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3.4 Metallography and Material Characterization
The steel rebar samples were prepared by grinding, polishing and etching in a 2 pct nital
solution of as-received materials and heat-treated materials, As shown in Figure 3.12 . All
Vickers hardness data were obtained along the cross section of the rebar samples. A 500
gmf and 200 gmf load were used for all hardness data. All micrographs taken for material
characterization purposes were taken on the cross section sectioned of the rebar samples.

Figure 3.12: Steel rebar samples were prepared by grinding, polishing and etching for
Metallography
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3.5

Heat Treatment Procedure

The main objective of heat treatment is to simulate the microstructure of steel rebar to be
use for corrosion tests. Heat treaTable samples were rough-machined from rebar samples
as shown in Figure 3.13. These Samples were machined to this form to use it for heat
treatment in the Gleeble. Gleeble 3500 Figure 3.14 were used to carry out the heat treatments
with isothermally-transformed sets.

Figure 3.13: Rough-machined Rebar sample for heat treatment in the Gleeble.
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3.5.1

Heat Treatment Schedules

From TTT Diagram four different microstructures namely tempered martinsite, bainite, fine
pearlite and coarse pearlite were created. The heat treatment cycle by Gleeble is shown in
the Table 3.2.
Table 3.2: Heat Treatment Schedules in the Gleeble.

Desired Microstructure

Procedure

Tempered Martinsite

Heat to 870 C for 1 minutes.
Water quench.
Heat to 400 C for 2 minutes
Air cool.

Bainite

Heat to 870 C for 1minutes.
Rapid cool to 450C and hold for 40 Sec.
Air cool.

fine pearlite

Heat to 870 C for 1minutes.
Rapid cool to 600C and hold for 100 Sec.
Air cool.

coarse pearlite

Heat to 870 C for 1minutes.
Furnace cool to room Temp.
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RESULTS AND DISCUSSION
This chapter presents the experimental results and discussions for this study. First,
characterization of different steel rebar materials and comparing the corrosion resistance of
the quenched steel rebar with air cooled steel rebar. Secondly, the results of simulated
microstructures of steel rebar by various heat treatments and their corrosion resistances will
be presented and discussed.

4.1

The Corrosion Resistance of Different Steel Rebar

Four samples used in this study were obtained from different companies. The results show
that only one sample was produced by air cooling which is sample B, while the others were
produced by water quenching. So, the comparison will be done between water quenching
and air cooling samples.

4.1.1

Chemical Analysis by C/S & XRF Analyzer

Steel rebars were analyzed by using XRF technique to determine their elemental
compositions. The samples were collected from the local Saudi market and analyzed using
XRF and carbon silver analyzer as shown in Table 4.1. The carbon contents of sample A is
0.2876 %, sample B has 0.3659 %, sample C has 0.2802 % and sample D has 0.2701 %. It
can be seen that Sample B has the highest carbon content which will improve its strength,
while sample A has the lowest carbon content.
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The chromium contents of sample A is 0.0986 %, sample B has 0.0529 %, sample C has
0.1653 % and sample D has 0.0351 %, from these values, it can be seen that Sample C has
the highest chromium content.
Sample B has the highest manganese content of 1.2541% while sample D has the lowest
manganese content. Sample A has the highest copper content of 0.2728% while sample C
has the lowest manganese content.
Table 4.1: Chemical Analysis for rebar samples in Saudi Arabia.
Sample A

Sample B

Sample c

Sample D

Elements

Conc.%

Conc. %

Conc. %

Conc. %

C

0.2876

0.3659

0.2802

0.2701

Al

0.0177

Tracing

0.0186

0.0116

Si

0.1795

0.2405

0.1795

0.1770

P

0.0381

0.0373

0.0351

0.0366

S

0.0299

0.0293

0.0316

0.0223

Ti

0.0047

0.0046

0.0050

0.0063

V

0.0050

0.0040

0.0120

0.0057

Cr

0.0986

0.0529

0.1653

0.0351

Mn

0.6566

1.2541

0.6775

0.6243

Fe

Balance

Balance

Balance

Balance

Ni

0.0912

0.0428

0.0746

0.0247

Cu

0.2728

0.1358

0.0972

0.1070

Nb

0.0037

0.0078

0.0190

0.0073

Mo

0.0183

0.0072

0.0375

0.0073
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4.1.2

Metallography

The samples were cut from the cross section. Grinding and polishing were done according
to standard “Preparation of Metallographic Specimens - ASTM E 3”. The samples were
etched by using 2% Nital and examined under optical microscopy to identify the
microstructure of the cross section as shown in Table 4.2.
Table 4.2 shows the macrostructure and microstructure of the rebars at the center and the
outer surface for each sample. It can be seen a hardened layer appearing as show in sample
A, C and D. On the other hand, there is no hardened rim appearing in Sample B.
It is clearly shown in Table 4.2 that Samples A, C and D have tempered martinsite
microstructure in the outer surface layer that means cooled starting at the surface of the bar
and the center is soft. At the transition from martensite to ferrite by quenching, while sample
B has pearlite microstructure in outer surface layer due to cooling by air.
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Table 4.2: Metallography Analysis of rebar etched by 2% Nital
500x at Outer ring

4. Sample D

3. Sample C

2. Sample B

1.Sample A

Macro photo
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500x at Inner ring

4.1.3

Hardness Test

Table 4.3 and Figure 4.2 show typical micro hardness measured for Samples A, B, C and D
rebars. Test methods and procedures were conducted according to the following methods,
preparation of metallographic specimens - ASTM E 3, Micro indentation Hardness of
Materials - ASTM E384. Also, the load was 500Kg.
As shown in Table 4.3, It can be observed that sample A, C and D have hard layer in the
outer surface with a value of 300 HV, while, sample B has uniform hardness along the cross
section between 250HV and 200 HV.

Figure 4.1: Location of typical microhardness indentation
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Table 4.3: Micro indentation Hardness for Sample A, B, C and D.
Sample A(HV)
Sample
Sample
Sample D(HV)
Indentation
B(HV)
C(HV)
NO
1
312.1
222.1
316.7
289.9
2
303.7
207.1
306.5
290.4
3
219.4
213.5
265
227
4
222.8
221.1
232.5
224.2
5
216.7
216.1
220.1
189.7
6
212.5
214.8
213.8
204.1
7
206.2
236.2
205.6
197
8
204.7
220.4
207.1
191.6
9
209
215.4
222.8
206.5
10
219
218.4
229.9
209.9
11
220.8
223.5
241.5
225.6
12
236.9
216.7
296.1
283.8
13
309
222
307.6
301
From Figure 4.2, shows the surface hardness of samples A, C and D and decreased from the
surface to center as a result of quenching and tempering, while the hardness of sample B is
almost uniform from the surface to the center due to the air cooling.
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Figure 4.2: Hardness distribution For (A) Sample A (B) Sample B (C) Sample C
and (D) Sample D
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4.1.4

Mechanical properties characterization

The tensile strength data were obtained from four specimens tested on a universal testing
machine, and the yield strength, ultimate tensile strength (UTS) and elongation were
determined for each condition. The diameters of the samples were 16 mm and Gauge lengths
were 250 mm. And the test speed according to standard techniques were as following:
Rate 1: (To determine Yield properties): Strain rate to 0.015 mm/mm/min up to 2.0% of
tensile strain. Rate 2: (To determine tensile properties): Strain rate to 0.402 mm/mm/min
until complete fracture. The tensile tests were conducted at room temperature (23.3°C) on a
600kN Inston universal testing machine. Strain was calculated by 50 mm extensometer up
to 2% strain. See Table 4.4 and Figure 4.3.
Table 4.4: Mechanical Properties of Rebars A, B, C and D
N
o.

Specimen
Label

Proof Stress (Offset 0.2
%)

UltimateTensile
Strength

ElongationAuto

(MPa)

(MPa)

(%)

1

Sample A-1

570

710

12.3

2

Sample A-2

570

710

11.9

3

Sample B-1

437

690

17.4

4

Sample B-2

441

700

18.4

5

Sample B-3

440

700

16.8

6

Sample C-1

610

705

11.8

7

Sample C-2

605

705

12.0

8

Sample C-3

605

695

9.8

9

SampleD-1

545

685

12.9

10

Sample D-2

545

680

13.7

11

Sample D-3

535

680

13.8
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A) Tensile Test for Sample A

B) Tensile Test for Sample B

C) Tensile Test for Sample C

D) Tensile Test for Sample D

Figure 4.3: Stress-Strain Curves for Samples A, B, C and D.
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4.1.5

Corrosion Test

The steel samples were prepared by cutting 28 mm length with 16 mm diameter, both ends
of the specimen were coated with epoxy resin. Before the test, the specimens were degreased
with acetone, rinse in distil water and dried in air. Potentiodynamic and linear polarization
resistance studies were carried out on the exposed area of the bare steel exposed to
electrolyte representing the concrete pore solution admixed with the selected chloride. The
stimulated saturated concrete pore solution (SCPS) contains 10 g of NaOH, 14 g of KOH, 2
g of Ca(OH)2 contaminated with sodium chloride ions concentration.
The potentiodynamic method measures the current for a large potential sweep from the
cathodic to the anodic region of the corrosion potential. The potentiodynamic potentialcurrent curves were generated by using the ACM potentiostat, scanning was done on the
steel specimens using electrode potential from -900 to +900 mV with a scan rate of 15
mV/minute. Table 4.5 shows the result of the LPR tests, while the linear graphs are shown
in Figure 4.4.
Table 4.5: Linear polarization resistance with 1000PPM of ClEXP NO.

BARS

Rest Potential
(mV)

Icorr
(μA/cm2)

LPR value
(Ohm.cm2)

Corrosion rate
(mm/year)

LPR

Sample A

-272.94

0.1899

137340

0.0022014

LPR

Sample B

-353.99

0.7007

37228

0.0081214

LPR

Sample C

-339.61

0.4520

57710

0.005239

LPR

Sample D

-458.37

0.6501

40127

0.0075348
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Sample A

Sample
-343

-265
-270

-348

-275

sample A

-5.00E-02 5.00E-02
Current (μA/cm2)

1.50E-01

-358
-2.50E-01

-5.00E-02 1.50E-01
Current (μA/cm2)

3.50E-01

Sample D

Sample C

-430

Potential (mV)

-327
-332
-337

sample C

-342
-347

Potential (mV)

-322

-352
-0.25

sample B

-353

-280
-285
-1.50E-01

B

Potential (mV)

Potential (mV)

-260

-435
-440
sample D

-445
-450
-455

-0.05
0.15
Current (μA/cm2)

0.35

-0.4

-0.2
0
Current (μA/cm2)

0.2

Figure 4.4: LPR graphs for the steel rebar.
Figure 4.5 depicts the corrosion current density (Icorr) on the selected steel bars exposed to
saturated concrete pore solutions (SCPS) contaminated with 1000 ppm chloride ions. For
the sample A, the Icorr was 0.1899 μA/cm2, for the sample B, the Icorr was 0.7007 μA/cm2,
For the sample C, the Icorr was 0.452 μA/cm2, while for sample D, the Icorr was 0.6501
μA/cm2. This shows that the air cool sample has the highest Icorr while the quenched sample
A has the lowest Icorr as shown in Figure 4.5. Also, figure 4.6 shows the Tefel curves for
quenched sample A and the air cooled sample B.
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Figure 4.5: Bar Chart of LPR results.
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Figure 4.6: Potentiodynamic Tefel curves for sample A and Sample B steel
bars immersed in pore solutions with 1000ppm CL- .
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Both curves show that the two specimens have approximately similar cathodic and anodic
behaviour. However, the Tefel curve for sample B is slightly shifted to the right of smple A,
indicating higher Icorr for air cooled sample B, than quenched sample A.
4.1.6

Scanning Electron Microscopy of Steel Specimens

Figure 4.7 depicts the scanning electron micrographs of the sample after polarization.
General corrosion was observed on the specimens. The steel surface was rough and covered
with corrosion products. All specimens showed no evidence of localized corrosion on the
surface of the specimens tested.

Figure 4.7: Close up Picture of SEM for Control Specimen with 1000 ppm Cl at 25 ºC.
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The potentiodynamic and linear polarization resistance results revealed that an air cooled
specimen B has the highest corrosion rate. While, other steel rebars have lower corrosion
rates. Pearlite is a combination of two alternating phases, which are totally different in their
electrochemical properties; the first phase is a carbon solid solution in iron with the bcc
lattice, namely, ferrite (α iron) with a carbon concentration of no more than 0.02 wt % in an
equilibrium state and 0.06 wt % in a non-equilibrium state [57], the second is iron carbide
Fe3C with the orthorhombic lattice, namely, cementite with a carbon concentration of 6.67
wt %. This difference leads to the formation of microgalvanic couples (electrochemical
cells) with very different potentials, which promote gaivanic corrosion [58]. Since cementite
in this structure is the phase most resistant to corrosion [59], the anodic dissolution of ferrite
leads to the fact that the carbide phase that remains on the surface of the metal/medium
interface increases the steel surface potential.
In Conclusion for section 4.1, the result of the corrosion resistance of Quenched steel rebar
is higher than air cooling steel rebar. Also, as shown from the result of XRF, sample A has
the highest amount of Cu. This might explain the reason for lowest corrosion rate of sample
A.
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4.2 Effect of Microstructure On The Corrosion Resistance Of Steel Rebar
This section presents the results of the simulated microstructure of steel rebar by heat
treatment experimentation and its corrosion resistance. As shown in the previous section
4.1, Steel rebar quenched by water, such as sample A has three different layers or four
different layers. So, in this section I will investigate these layers and the corrosion resistance
of these layers.
4.2.1

As received Samples Hardness Test

. Steel rebar of 25 mm diameter was used in this study as shown in Table 4.6 and Figure 4.8.
The typical micro hardness measured for the rebar sample along the cross section as shown
in Figure 4.8. The tests samples were prepared according to the Preparation of
Metallographic Specimens - ASTM E 3, The tests were conducted using micro indentation
hardness of materials standard procedure - ASTM E384. The load used was 500 kg.

Hardness(HV)

Hardness(HV)

350
300
250
200
150
100
0

10

20

30

40

50

60

Figure 4.8: Hardness distribution along the cross section of steel rebar
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Table 4.6: Hardness distribution along the cross section of steel rebar Size 25mm.
Indentation
NO.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Hardness(HV)
287.2
285.3
285.3
278
277.5
222.1
221.1
217.1
214.8
213.8
207.7
203.5
202.3
193.9
196.1
200.5
196.4
195
188.4
197.6
193
197
199.9
170.2
184.9

indentation
NO.
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
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Hardness(HV)
165
172.3
200.2
200.8
191.4
196.4
187.8
200.5
197.8
196.4
197.6
197.6
199.3
199.9
210.2
208.7
211.5
215.7
223.2
225.6
252.4
278.4
283.8
291.4
291.4

4.2.2

As received sample metallography analyses

The samples were cut from the cross section. After that grinding and polishing were done
according to standard “Preparation of Metallographic Specimens - ASTM E 3”. The samples
were etched by using 2% nital and displayed to optical microscopy to identify the
microstructure of the cross section.
The microstructure of selective rebar samples have been investigated and the diameter of
all samples were 25 mm, Figure 4.9 shows the macrostructures and microstructures of the
rebar at the outer surface and the other layers. It can be seen that they have four different
layers which are tempered martensite, bainite, fine perlite, and coarse pearlite.

Figure 4.9: Macro photo for Steel Rebar size 25 mm
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4.2.3

Microstructure of Steel rebar

Figure 4.10 to 4.13 show the microstructures of the heat treated steel samples. Figure 4.10
depicts the microstructure of tempered martensite which is extremely fine and uniform
cementite in a continuous ferrite matrix. Also, tempered martensite is more rounded at the
edges and appears more uniform structure than martensite, still sharp but not as coarse,
while, untempered martensite appears coarse, sharp and harder.
Figure 4.11 depicts bainite as a plate-like microstructure or phase morphology (not an
equilibrium phase). Also, it has a fine non-lamellar structure which consists of cementite
and dislocation-rich ferrite. The high concentration of dislocations in the ferrite present in
bainite. Cementite is shown like discontinuous "stringers" or laths. So, Bainite consists of
very fine and parallel needle-shaped particles of cementite that are surrounded by α-ferrite
matrix.
Figure 4.12 depicts the fine pearlite microstructure which is a lamellar (layered or platelike) structure composed of alternating layers of ferrite and cementite. Also, fine pearlite is
harder and stronger than coarse pearlite because there is more phase boundary area.
Figure 4.13 depicts coarse pearlite microstructure which is a lamellar structure composed of
alternating layers of ferrite and cementite.
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Tempered martinsite 500X

Tempered martinsite 200X

Figure 4.10: Microstructure of steel rebar tempered martinsite layer

Bainite 500X

Bainite 200X

Figure 4.11: Microstructure of steel rebar bainite layer.
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Fine pearlite 200X

Fine pearlite 500X

Figure 4.12: Microstructure of steel rebar fine pearlite layer.

coarse pearlite 500X
Figure 4.13: Microstructure of steel rebar coarse pearlite layer.
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4.2.4

Heat treatment samples

This section will present the result of heat treatment cycle done by Gleeble on each sample
to produce the required microstructure and will show the hardness result and Metallography
Analyses for each heat treatment cycle.
4.2.5

Tempered martensite

The steel specimens are heated to a temperature 870 °C at holding time of 1 min by gleeble
furnace. Then cooled rapidly (quenching) by water nozzles inside the gleeble furnace to
room temperature. Carbon steel quenched from these temperatures has a structure called
martensite. The speed of quenching can affect the amount of marteniste formed. Martensite
plates are hard and brittle that its need to be modified for practical applications. To stabilize
the structure, alleviate the brittleness and develop useful mechanical properties, quenching
is always followed by tempering. This process allows carbon atoms to diffuse out of the
distorted lattice structure associated with martensite, and thus relieve some of the internal
stresses. In this study, tempering is done by heating the specimens to a temperature 400 C°
for 2 minutes and air cooling as shown in Figure 14. Tempering process results in the
formation of tempered martensite and the hardness of tempered martesite is shown in Table
4.7.
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Microstructure of TM heat Treatment cycle

Figure 4.14: Heat treatment cycle for tempered martensite.

Table 4.7: Hardness of Tempered Martensite heat Treatment cycle.
Indentation NO.

Hardness(HV)

1

278

2

286

3

280

Average

281

61

Figure 4.15: Microstructure of Steel rebar TM heat Treatment cycle 500x

4.2.6

Bainite microstructure

The steel specimens were heated to a temperature 870 °C at holding time of 1 min by gleeble
furnace. Then cooled rapidly to 450 °C and hold for 40 seconds as shown in Figure 4.16,
after that, they were air cooled.
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Figure 4.16: Heat treatment cycle for Bainite.
Table 4.8:Hardness of Bainite heat treatment cycle
Indentation

Hardness

1

224

2

219

3

223

Average

222
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Figure 4.17: Microstructure of Steel rebar Bainite heat Treatment cycle 500x.
4.2.7

Fine pearlite

The steel specimens are heated to a temperature of 870 °C at holding time of 1 min by
gleeble furnace. Then cooled rapidly to 600 °C and held for 100 Seconds, then air cooled.as
shown in Figure 4.18. Finer pearlite need to be cooled down faster than coarse pearlite. The
microstructure of fine pearlite is depicted in Figure 4.19. Also, the hardness value of fine
pearlite is between the hardness of bainite and coarse pearlite as shown in Table 4.9.
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Figure 4.18: Heat treatment cycle for fine pearlite.

Table 4.9: Hardness of fine pearlite heat Treatment cycle.
Indentation No

Hardness (HV)

1

206

2

204

3

205

Average

205
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Figure 4.19: Microstructure of Steel rebar fine pearlite heat Treatment cycle 500X.

4.2.8

Coarse pearlite

The steel specimens are heated to a temperature of 870 °C at holding time of 1 min. Then,
normal cooled inside gleeble furnace as shown in Figure 4.20. Coarse pearlite for which the
alternating ferrite and cementite layers are relatively thicker than fine pearlite as shown in
Figure 4.21. Also coarse pearlite has the lowest hardness value as shown in Table 4.10.
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Figure 4.20: Heat treatment cycle for coarse pearlite normal cooling.

Table 4.10: Hardness of coarse pearlite heat Treatment cycle.
Indentation No

Hardness (HV)

1

196

2

188

3

187

Average

187
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Figure 4.21: Microstructure of Steel rebar coarse pearlite heat Treatment cycle 500x.

4.3 Comparison of hardness and microstructures of as received rebar and heat
treated samples
Figure 4.22 and Table 4.11 show the comparison of hardness of as received sample and heat
treated samples. It shows the hardness range of tempered martensite (287 HV to 278HV),
bainite (222 HV to 217 HV), fine pearlite (207 HV to 202 HV), and coarse pearlite (190 HV
to 195 HV). The hardness values of heat treated samples are similar to the hardness range
of as received sample for tempered martensite, bainite, fine pearlite and course pearlite
range.
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Figure 4.22: Comparison of hardness for as received sample with heat treated samples.

Table 4.11: Average hardness of Steel Rebar and Average hardness of single phase
Sample.
Average hardness

Average hardness

of Steel Rebar

Single phase Sample

Tempered Martensite

283

281

Bainite

221

221

Fine Pearlite

205

205

Coarse Pearlite

193

190

Microstructure
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(A) Tempered Martensite Microstructure of As
received Steel Rebar sample

(B) Tempered Martensite Microstructure of single
phase Sample

Figure 4.23: Comparison of microstructures for tempered martensite (a) as received
sample (b) heat treated sample

B) Bainite Microstructure of single phase Sample

A) Bainite Microstructure of Steel Rebar

Figure 4.24: Comparison of Microstructures for Bainite (a) As received sample (b) heat
treated sample
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A) Fine Pearlite Microstructure single phase
Sample.

A) Fine Pearlite Microstructure of Steel Rebar sample

Figure 4.25: Comparison of Microstructures for Fine Pearlite (a) As received sample (b)
Heat treated sample.

(A) Coarse Microstructure of Steel Rebar sample

(B)Coarse Pearlite Microstructure single phase
Sample.

Figure 4.26: Comparison of Microstructures for coarse Pearlite (a) As received sample (b)
heat treated sample.
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As shown in Figure 4.25 and Figure 4.26, the hardness and microstructure of heat treated
samples by gleeble (single phase) are comparable to as received rebar sample. Thus, the
single phase samples can be used in the next section to study the corrosion resistance for
each microstructure.

4.4 Corrosion Test for Single Phase Samples
4.4.1

Electrochemical impedance spectroscopy (EIS)

The corrosion response of heat treated steel specimens in 3.5% NaCl solution has been
investigated using electrochemical impedance spectroscopy at room temperature, and
Nyquist plots are represented in Figure 4.27.
The arc represents the combined effects of Rs (the solution resistance) Qdl (the capacitance
of electrical double layer) and Rct (the charge transfer resistance). The results can be
interpreted in terms of the equivalent circuit models in the electrical double layer Rs(QdlRct)
[60] , as shown in Table 4.12.
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Bainite
TM
FP
CP

Figure 4.27: EIS curves (Nyquist) for heat treated steel samples in 3.5% NaCl
Table 4.12: Electrochemical impedance parameters of heat treated steel samples in 3.5%
NaCl at room temperature
RS Ω

C or
Qdl(F/cm2)

N

RCT Ohm

Tempered Martensite

17.67

5.26E-04

8.07E-01

1.08E+03

Bainite

16.95

5.38E-04

8.04E-01

631

Fine Pearlite

18.37

8.05E-04

7.85E-01

526.6

Coarse Pearlite

17.23

9.30E-04

7.92E-01

557.6
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4.4.2

Linear Polarization Resistance (LPR) and Potentiodynamic polarization
PDP Tests

Figure 4.28 shows the LPR graphs for the heat treated samples. Figure 4.38 shows the
polarization curves for heat treated steel Samples (Tempered martensite , Bainite, Fine
perlite, and coarse pearlite) in 3.5% NaCl at room temperature. All the examples exhibit
uniform corrosion without any sign of pitting corrosion.
Table 4.13 depicts the corrosion current density (Icorr) on the heat treated samples exposed
to 3.5 % NaCl using LPR. This shows that the TM has the highest corrosion resistance while
the fine pearlite has the least corrosion resistance.

A

B

C

D
Figure 4.28: LPR Results (A) Tempered Martensite (B) Bainite B (C) Fine pearlite (D) Coarse
pearlite
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Table 4.13: Linear Polarization Resistance(LPR) of heat treated steel samples in 3.5%
NaCl at room temperature.
Icorr
Ecorr(mV)
(μA/cm2)

Rp(ohms)

Corrosion
Rate(mpy)

TM

28

-700

930

16

Bainite

38

-716

679

22

fine pearlite

49

-689

528

28

course pearlite

43

-689

603

25

A

B

C

D
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Figure 4.29: The polarization curves for heat treated steel Samples (Tempered
martensite, Bainite, Fine perlite, and coarse pearlite) in 3.5% NaCl

So, the highest corrosion rates in terms of mpy were shown in all results fine pearlite the
corrosion rate was 27 mpy. However, the electrochemical corrosion rates were found to
decrease with Tempered martensite and the corrosion rate was 16 mpy. As mentioned earlier
in previous section 4.1, the performance of Quenched rebar (Tempered martensite) in terms
of corrosion rate was better than that of the Air cooling rebar in simulated solution concrete
environment.
Understanding and the explanation of the previous result is related to microstructural
observations. The explanation has been reported in the previous studies [26,38,39,40,41]
that pearlite set up galvanic cells where the ferrite acts as anode and carbide acts as cathode,
thus, the higher corrosion rates have been related to higher ferrite and carbide contents. In
general the corrosion rate increased according to the following order of structures: (1)
Tempered martensite, (2) Bainite Sample, (3) Coarse pearlite Sample and (4) Fine perlite
Sample.
Similar behavior was also reported by [61] that the tempered martensite acts as a single
phase. The presence of ferrite makes galvanic couple.
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4.4.3

Comparison of corrosion behavior for different tempering temperatures

The steel samples were quenched and tempered at different temperatures by using Gleeble.
The samples were tempered at 400 0C and 300 0C to see the effect of tempering temperatue
on the corrosion resistance of quenched steel rebar. At the final stage of steel rebar
production, the rebar moves inside a quench box. The quenching converts the rebar's surface
layer to martensite and the core remains hot. Thus, heat flows from the rebar's center to its
surface to form tempered martensite layer. Figure 4.30 shows the electrochemical
impedance spectroscopy results comparing the corrosion behavior at two tempering
temperatures after quenching
.

TM @400 C
TM@300C

Figure 4.30: The electrochemical impedance spectroscopy (a)
Tempered at 400 C and (b) Tempered at 300 C.
Figure 4.31 shows linear Polarization Resistance (LPR) comparison between the two
tempering temperatures. The test was conducted at room temperature in 3.5% NaCl in order
to study the corrosion behavior for two tempering temperatures after quenching.
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60
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Icorr(uA)

40
30
TM@400 C
20

TM @ 300C

10
0
TM@400 C

TM @ 300C

Figure 4.31: LPR for two different tempering temperature in 3.5%NaCl.
Figure 4.31 depicts corrosion current density for the two samples tempered at 400 0C and
300 0C. The corrosion current density (Icorr) of tempered martensite samples at 400 0C is
lower than (Icorr) of TM at 300 0C. This shows that the TM at 400 0C has the higher corrosion
resistance.

Table 4.14: Linear Polarization Resistance(LPR) of heat treated steel samples in 3.5%
NaCl at room temperature.
Sample

AVG
Icorr(uA)

Ecorr(mV)

Rp(ohms)

Corrosion
Rate(mpy)

TM@400 C

28

-700

930.3

16.29

TM @ 300C

45

-675.1

695.1

21.8
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CONCLUSINS AND RECOMMENDATIONS
The objective of this project was to evaluate the corrosion resistance of steel rebar
composition with different microstructures and to determine the relationships between
microstructures and corrosion resistance of different steel rebars. Based on the experimental
results developed in this investigation, The Important conclusions from this work are
summarized below.

I.

The corrosion resistance of different steel rebar

1. The corrosion resistance of Quenched and Tempered steel rebars (sample A, C, and D) is higher
than the air-cooled steel rebar (sample B).
2. Comparison of corrosion resistance of Quenched and Tempered steel rebars reveal that sample
A has the highest corrosion resistance, possibly due to high copper content

II.

Effect of microstructure on the corrosion resistance of steel rebar
1.

From Electrochemical impedance spectroscopy (EIS) results, it show that tempered
martensite has the highest charge transfer resistance (Rct) value which is 1080 Ohm. This
means tempered martensite has the highest corrosion resistance.

2.

LPR, PDP and EIS reveal that the corrosion rate increased as shown in the results in the
following order: (1) Tempered martensite, (2) Bainite Sample, (3) Coarse pearlite Sample
and (4) Fine perlite Sample.
3.

The corrosion current density Icorr of tempered martensite samples at 400 0C is lower than
Icorr of tempered martensite at 300 0C.
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