International Journal of Engineering & Technology, 7 (3.20) (2018) 188-197

International Journal of Engineering & Technology

Website: www.sciencepubco.com/index.php/IJET

SPC

Research paper

To Investigate the Effect of Heat Treatment on Low Carbon
Steel Corrosion Behavior

Azhar Wahab Abdalrhem?, Ali Jaber Naecemah?® and Makki Noori jawad®

13 Directorate of vocational education in Babylon Iraq
Ministry of Housing, Construction and Public Municipalities Irag

Abstract

This work was to investigating the corrosion behavior of low carbon steel in a salt solution of 3.5wt% NaCl after undergoing two
different types of heat treatment at 960 °C in a furnace. The material of low carbon steel was cut into nine small pieces under three
groups A, B and C, without heated annealing and hardening heat treatment respectively. The heat treatment was at temperature 960°C.
The hardness of the sample as received will be 203 kg/mm2 while after hardening the hardness was increased. The sample was mounted
using hot and cold mounting. The microstructure and surface morphology was observed by using Scanning Electron Microscope (SEM)
and Optical Microscope (OM) after grinding, polishing and etching on the sample. In group A cementite can be observed clearly on
pearlite on the surface before corrosion test. After four days soaking in 3.5 wt% NaCl solution was observed all cementite and pearlite
will be transformed to austenite with the remnants of cementite make the surface unstable hence increases the initial corrosion. After four
days soaking when the cementite is oxidized and a thick film of corrosion product covers the material surface. The formation of
Martensite due to quenching and rapid cooling in group C sample increases the corrosion rate from 0.072 mpy to 0.302 due to decreased
of corrosion potential from -572 mV to -639 mV after four days soaking. The corrosion rate of each sample was measured by using
electrochemical polarization measurement and Tafel extrapolation technique. From previous result, it was observed that samples which

had undergone annealing mode of heat treatment turned out to be the ones with the best corrosion resistance.

Keywords: Cloud computing * Infrastructure as a service (IaaS) * Platform as a service (PaaS) * Software as a Service (SaaS)

1. Introduction

The mainly accepted definition for corrosion is the damage of
material due to chemical reaction of the material with its
environment. Generally, this destruction takes place on its
surface in the form of material dissolution or redeposit ion in
some other forms. Metallic systems are the predominant
materials of construction, and as a class, are generally
susceptible to corrosion. Therefore, the bulk of corrosion
science focuses upon metals and alloys (Guthrie and Gretchen,
2002). Usually it"s beginning at the surface of the material and
occurs because of the natural tendency of the materials to
return to their thermodynamic stable state or to one of the
forms in which they were originally found. Metals are
generally prone to corrosion because most of them occur
naturally as ores, which is the most stable state of low energy
and there is a net decrease in free energy, AG from metallic to
oxidized state (Ogunleye et al.,, 2011). The corrosion is
happening extensively in carbon steel because the resistance of
its relatively limited, despite from this

most widely used engineering material, accounts for
approximately 85% of the annual steel production worldwide,
carbon steel is used in large tonnages in marine applications,
chemical processing, petroleum production and refining,
construction and metal processing equipment (Fouda et al.,
2011). The corrosion of carbon steel in natural environments is
of practical importance, therefore it is considered by many
studies. It is widely recognized that the corrosion of carbon

steel 2 may be accounted for by the anodic reaction as in Equation
1.1 and cathodic reaction in the presence of oxygen Equation 1.2,
Fe(s) Fe +2 + 2e- Material dissolution (1.1) and % O2 +H20 + 2e-
—20H- Oxygen dissolution (1.2). In many corrosion problems, there
is strong evidence that the rate of uniform corrosion is controlled by
mass transfer rate. This is true whether the corrosion fluid remains
static or in fast motion with respect to the metal surface. However,
molecular diffusion is not the only factor which influences the rate of
corrosion

. In addition, in turbulent fluids, the rate of transport of eddy
diffusion appears to participate in the control of the overall transfer
rate (Brodkey and Hershey, 1989). Seawater is one of the most
corroded and most plentiful naturally happening electrolytes. The
corrosively of the seawater is reflected by the fact that most of the
common structural metals and alloys are attacked by this liquid or its
surrounding environments (Johnsirani et al., 2013)

2. Related Work

The corrosion characteristic of low carbon steel in natural seawater is
the formation and growth of compact and thick layers composed of
oxides, insoluble salts and organic materials. The result of
surrounding environmental conditions water oxygen supply; ionic
species; bacteria and organic matter, these layers are formed. The
exchange of various species (ions, molecules, gas) between seawater
and the rust layers or the metal depends both on the kinetics of the
Faradaic reactions of the entities with either the oxides or the metal,
as well as on their transport properties through the different strata of
the rust layers (Memet et al., 2002). Salts dissolved in water have a
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marked influence on the corrosivity of water. At extremely low
concentrations of dissolved salts, different anions and cations
show various degrees of influence on the corrosivity of the
water. So there are many investigations for corrosion of 3
carbon steel in neutral aerated salt solutions, especially sodium
chloride (NaCl) solution. Some investigation has been found
for corrosion of carbon steel in Na2SO4 salt solution. For
example corrosion of turbine caused by a thin film deposit of
fused salt (sodium sulphate) on alloy surface (carbon steel) is
an example of corrosion in sodium sulphate (Bornstein and
Decrescente, 1971; Goebel et. al., 1973). During combustion in
the gas turbine, sulfur from the fuel reacts with sodium chloride
from the ingested air at elevated temperatures to form sodium
sulphate. The sodium sulphate then deposits in the hotsection
components, such as nozzle guide vanes and rotor blades,
resulting in an accelerated oxidation attack. This is commonly
referred to as “hot corrosion” (Stringer, 2007). Generally, the
corrosivity of waters containing dissolved salts increases with
increasing salt concentration until a maximum is reached, and
then the corrosivity decreases. This may be attributed to
increased electro-conductivity because of the increased salt
content, until the salt concentration is great enough to cause an
appreciable decrease in the oxygen solubility, resulting in a
decreased rate of depolarization (Revie and Uhlig, 2008). It is
accepted that the corrosion of mild steel in aerated water is
controlled by the rate of cathodic reduction of oxygen and
hence by the oxygen transport from the mainstream solution to
the reacting surface, generally if a metal is corroding under
cathodic control it is apparent that the velocity of the solution
will be more significant when diffusion of the cathode reactant
is rate controlling, although the temperature may still have an
effect. On the other hand if the cathodic process requires high
activation energy, temperature will have the most significant
effect. The effects of concentration, velocity and temperature
are complex and it will become evident that these factors can
frequently outweigh the thermodynamic and Kinetic
considerations (Shreir et al., 2000). Also the temperature
representing one of the critical environmental parameters in
corrosion studies because of its severe effects on
physicochemical and electrochemical reaction rates. 4
Accordingly, passive film stability and solubility, pitting and
crevice corrosion behavior is known to be closely related to
temperature (Samuel et al., 2011).

3. Methodology

In this work will be carried out to determine the corrosion rate
of carbon steel specimens under static concentration, and
different type of heat treatment of media using electrochemical
polarization methods then all the above tests were carried out in
aerated multimedia. Heat treatment was chosen because of its
practical importance. The experimental work will be dived into
main parts as shown in Figure 1.1:

i Heat treatment of metals hardening and annealing

ii.  Microstructure test of the metal by using scanning
electron microscope (SEM)

iii.  Optical microscope (OM) observation of the metal

iv.  Electrochemical polarization measurements of the
potential corrosion

3.1 Raw Materials

The selection of metal be according to special criteria, for
example, is based on the corrosion effect on the metal in

chloride, a saline environment. In addition to consideration to the
economic factor which is considered the backbone of industry as in
low carbon steel that is one of the most commonly used metals and
cheapest price and at the same time the most susceptible to corrosion.
Which is leads to a large loss as we pointed out in earlier. In this
research low carbon steel samples were brought from the General
Company for Mechanical Industries in Alexandria, one of the
Ministry Formations of Industry and Minerals in Irag. Where is used
of this type of metal and are widely used in the manufacture of some
parts of pumps and sprinkler irrigation systems as well as
manufacturing heat boilers and oil pipeline. These industries face the
risk of corrosion and here we will see the effect two types heat of
treatment on the corrosion rate. The samples shown in Figure 3.1a of
low-carbon steel were used in this study.
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Figure 3.1 Samples shape and dimension (a) before cutting (b) after cutting

The type of material identifying by optical emission spectrometer

(OES) material analysis first step doing the grinding of the surface

that will be focused the optical, put the sample inside the device,

using argon as a gas Assistant as shown in Figure3.2
g -

/

2

Figure 3.2 sample analysis by (OES) material analysis

The second method was used the (XRD) materials analysis. Put the
sample in the (XRD) devise. In X-Ray Diffraction (XRD), an x-ray
beam is incident onto the sample and the diffracted beam is detected.
The intensity of the diffracted radiation is dependent on the
interaction of the beam with the sample Figure 3.3 shown XRD
device.

Figure 3.3 X-Ray Diffraction (XRD)
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3.2 Sample Preparation

The steel sample selected for the work was a diameter 18 mm
and 40 mm length, nine samples of 15 mm long pieces of the
pipe were cut using a hacksaw and the samples as shown in
Figure 3.1b grinding on one face using the pressure sensitive
abrasive papers of grades 240,400, 600, 800 and 1200 silicon
carbide. The dimensions of the pieces are 10mm length, 5mm
width the cross-sectional area of the parts to be exposed to the
corrosive medium (Insulating tape is placed to confirm the
accuracy of area). the Samples were placed inside the mold The
molding be on the two forms either Hot mounting press that use
the heat to melt the resin as in Figure 3.4 that show the sample
already pouring

Figure 3.4 sample inside the poured by hot mounting

Cool mounting is often used with epoxy to mount samples
by simply mixing the epoxy and pouring it over a sample that is
positioned face down in a cold-mounting ring. When the epoxy
cures the specimen can be prepared. Caution must be exercised
when cold mounting due to relatively poor adhesion between
the specimen edges and the epoxy Figures 3.5 (a), 3.5 (b) that
illustrates how to pouring samples in pattern and the sample
after pouring with wire connection respectively all mounting
process after heat treatment.

Group A consisting of three test samples marked as-received
(without heat treatment) symbolized by the (RWO0O0x), group B
consists of three test samples marked ,,annealed symbolized by the
(RAOOx), group C consisting of three test samples marked
,hardened” symbolized by the (RH00x), where (x) is (1, 2 and 3)
without soaking time, 96 hours soaking time and 240 hours soaking
time.

3.3 Heat Treatment

The process of heat treatment is carried out first by heating the
material then cooling it in the brine, water or oil. The purpose of heat
treatment is to soften the metal, to change the grain size, to modify
the structure of the material and to relieve the stress set up in the
material after hot and cold working. The various heat treatment
processes in this study is:

a) Annealing

The process consists of heating the samples (RA00x) by raising the
heat with 16 °C per Minutes to high temperature 960 °C It is held at
this temperature one hour (3600 second) to ensure complete
homogenization then cooled inside the furnace 24 hours to room
temperature the purpose is to soften higher carbon steel and allow
more formability as shown in Figure 3.6.
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Figure 3.6 Schematic diagram of annealing process

b) Hardening

Samples heated to austenitic temperature of 960 °C and held for one
hour to ensure complete homogenization, without excessive grain
growth and then cooled (rapid cooling) inside the cold solution
(water), the purposes of hardening are to improve the corrosion
resistant of the metal.

@ ®)

Figures 3.5 cold mounting (a) pouring sample in pattern (b) sample
after pouring

The samples were divided into three groups; A, B and C as
shown in Table 3.1.

Table 3.1 Classifying the samples according codes

Group
Code Details
name
A RW00x Samples without heat treatment
B RA00x Szmples after amealing process
C RH00x Samples after hardened process

.4 Corrosion Experiment

he corrosion medium is a 3.5wWt% Sodium Chloride (NaCl) was
pbtained from dissolved 35 g NaCl depending on weigh where the

1 olecular weight of NaCl 58.44 g/mol2 on one liter of distilled
-“ ater. The samples (RW002, RH002, RA002) were immersed in

orrosion medium 96 hours and others samples (RW003, RH003,
RA003) 240 hours while the samples (RW001, RH001, RA001) will
pe without soaking in solution medium.

3.5 Method of Experiment

a) Working Electrode (cathode)

The working electrode was piece of low carbon steel pipe, the
cathode was placed length 10mm width 5mm dimensions. The metal
specimen was immersed in the glass Container (beaker) in the 3.5
NaCl

b) Auxiliary Electrode (anode)

In polarization experiments, the auxiliary electrode was a rod made
of high conductivity graphite, 1cm outside diameter, the length of the
anode was 30 cm, and located vertically opposite to the cathode at
the same level.



International Journal of Engineering & Technology

191

c) Reference Electrode

The cathodic potential was determined with respect to
Saturated Calomel Electrode (SCE). A lugging capillary bridge
leading to the reference electrode was mounted near the center
along the cathode length to within (/1 Imm) from the side of
the cathode. The opening of the capillary tube near the sample
metal (cathode) was equal to ([J 1mm) in diameter.

d) Gamry Machine

Conducted all ABC previous with Gamry Machine by Cable
were analyzed polarization results and Tafel plot. As shown in
Figure 3.7
experience.

illustrates the components diagram of the

NaCl

solution

_Auxiliary
" Electrode
(anode)

GAMRY machine

Auxilary electrode

Reference
electrode
(SCE)

3.5 wt% NaCl solution

Sample ( Working electrode)
Figure 3.7 Diagram of electrochemical measurement cell

4. Analyzing and Testing

i.  Etching Process

Three pieces were cut, grinding by silicon carbide paper (240,
400, 600, 800 and 1200) , polished and etched using Nital as
etchant containing The samples were etched for 3s in Nital
containing of alcohol and 3% nitric acid.

ii. Scanning Electron Microscope (SEM)

A scanning electron microscope (SEM) is a type of electron
microscope that produces images of a sample by scanning it
with a focused beam of electrons the sample is tested before the
heat treatment to obtain the microstructure, the thermal effect
of the transactions on the micro structure and surface
morphology to see the layers formed on the metal surface
before and after the occurrence of corrosion device is shown in
Figure 3.8 (Oxford, Model 7636).

Figure 3.8 A Scanning Electron Microscope (SEM) (oxford,
model7636)

iii. Optical Microscope (OM)
Optical microscope is used to characterize structure by revealing
grain boundaries, phase boundaries, inclusion distribution, and
evidence of mechanical deformation. Scanning electron microscopy
is also used to characterize fracture surfaces, integrated circuits,
corrosion of materials, and other rough surfaces, especially when
elemental microanalysis of small features is desired. Transmission
electron microscopy is used to examine dislocation arrangements or
structures and other small defects in metals and alloys. In this study
tested to characterize revealed the structure and mechanical
distortions border before and after heat treatment of the sample and
the occurrence of corrosion. Device shown in Figure (3.9)

Figure 3.9 Optical Microscope Devices

iv. Polarization Measurements

In polarization measurements, by using Gamry machine, for saline
solutions anodic and cathodic polarization curves were needed to
measure the icorr. In the anodic polarization, at the end of cathodic
polarization curve and arrived to corrosion potential were the current
was zero by reversing the connection to the power supply, i.e.
connected the working electrode to (+) and the auxiliary electrode
standard calomel electrode (SCE) to the (-) of the power supply. The
specimen was anodically polarized starting from the corrosion
potential obtained from cathodic polarization measurements for clean
surface. In the anodic polarization, each experiment was carried out
in duplicate and each specimen was often used once. Figure 3.10
shows the anodic and cathodic polarization curves and the way used
to measure the corrosion current (icorr) and the potential polarization
(Ecorr) from Tafel slopes, empirical correlations for the corrosion
rate.
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Anodic Current
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Absolute Current
Figure 3.10 Classic Tafel extrapolation (Getting Started with
Electrochemical Corrosion Measurement).

Results and Discussion

This part will be discuss the type of raw material, Effect of heat
treatment (annealing and hardening) at 960 °C of low carbon
steel, the microstructure and surface morphology before and
after heat treatment by using the optical microscope (OM) and
scanning electron microscope (SEM) and corrosion behavior by
corrosion polarization and Tafel Extrapolation.

i. Analysis of Raw Material
Figure 4.1 shown the certificate test result of analysis sample
low carbon steel (%C 0.14 - 0.22), (%Mn 0.4 - 0.60), all
components see Appendix Al, A2

Certificate test
%P % MO % S % Cr % Mn Y% SI Y% C Material

| _©0.a0-0.60 0.14 —0.22

v
w
-

o/ /x]o/alswolwl €

Head Department

Figure 4.1 certificate of raw material test

Figure 4.2 was shown the result by using X-Ray Diffraction
(XRD), which serves to give proportions of metal components
obtained low carbon steel the chemical formula of the metal (C
Mn5Si).
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Figure 4.2 X-ray diffraction (XRD) }.ihalys-is' of low
carbon steel

ii. Effect Of Heat Treatment On Mechanical
Properties

a) Hardness Test

From observation from Table 4.1 hardness experiments by
applying a load of 2 kg for 15 seconds and taking the average
of 5 individual readings, all reading see Appendix C1, C2 and
C3. Shows decrease the hardness of sample from group B and
increase back to group C compare with as resaved group A.
The hardness reduced on group B, due to refinement of both
Cementite particles and grains, the softening had been achieved

by annealing treatment. The hardness was increase at group C after
hardening, due to the low carbon, rapid cooling or quenching resulted
in one or more structures intermediate between austenite and pearlite
(Wu and Xia 2008) Figure 4.3 illustrates hardness plot .

Table 4.1 Vickers hardness value of the sample before corrode

A B c
Samples group
Average Hv }qg,mm2 203.9 131.2 4793
o RWO001
206. 0 —
w4 0
02 0
. 0
RWOO1
158 0
156, 0
2]
1 2 3 4 5
Number of individual readings
(@
1. 0 RA001
140. 0
135 0
130. 0 —_—
125 0
120. 0
RADO1
115 0
10. 0
1 2 3 4 5 0
Number of individual readings
®)
5200 RHOO01
5000 -
4800 -
4600 -
RHOO1
4400 -
4200 4 - : - :
1 2 3 4 5
Number of individual readings
©

Figure 4. Individual.3lllustrationreadinghardness plot (a) group A (b) group
B (c) group C

iii. Physical Properties

a) Surface Color

From Figure 4.4 shows change the color of the material due to heat
treatment observed by naked eyes observed from, Figure 4.4 (a)
shown the color as—received that lighting color consisted of pearlite,
Figure 4.4(b) and (c) shows the dark color consisted of ferrite this
result is the same on (Dong et al.,2003)
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Figure 4.4 Un-corroded samples surface (a) Sample as-received (b)
Sample annealed (c) Sample hardened

b) Optical Microscope Observation

Figure 4.5 shows the microstructure of low carbon steel using
OM, Figure 4.5 (a) shows the sample as received observed dark
pearlite on surface Figure 4.5 (b) shows the sample after
annealing without corrode, the annealed structure consists of
dark pearlite phases in a ferrite. Figure 4.5 (¢) shows non-
corroded hardened sample consists of structures intermediate
between austenite and pearlite (Atanda et al., 2012). Because
the sample is (pipe) not flat Image features appear deformed so
will focus on SEM

@

Figure 4.5 Microstructure of low carbon steel without heat treatment
by using OM of material (a) As received (b) after annealing (c) after
hardening

c) Scanning Electron Microscope (SEM)
Observation

Figure 4.6 shows the microstructures of the as-received of low
carbon steel without heat treatment by using SEM with
different magnification aligned lamellar cementite can be
clearly observed in the pearlite colonies this observation same
as result by Wu and Xia 2008.

Figure 4.6 Microstructure of low carbon steel without heat treatment (group
A) by using SEM (a) 500 x (b) 1000x (c) 2000x magnification

Figures 4.7 and 4.8 shows the microstructure of low carbon steel

after heat treatment (annealing and hardening) respectively by using

SEM the microstructures of the material which was annealed at

960°C for 60 minutes are shown in Figure 4.7. Most cementite

became fully austenite with the remnants of cementite after annealing

this observation same as repainted by (Gas, 2008).
7 = s

Figure 4.7 Microstructure of low carbon steel after annealing heat treatment
(group B) by using SEM (a) 500 x (b) 1000x (c) 2000x magnification

Due to the rapid quench after hardening at temperature at 960°C for
60 minutes of the low-carbon steel (group C) note change the
microscopic structure of the composition of metal layer the
Martensite (The austenite will transform upon quenching to the
hard microstructure Martensite if the quenching rate is fast enough)
(Gas,2008) as shown in Figure 4.8.
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Figure 4.8 Microstructure of low carbon steel after hardening heat
treatment (group C) by using SEM (a) 500 x (b) 1000x (c) 2000x
magnification

5. Corrosion Test

Experimental work was carried out to determine the corrosion
rate of a low carbon steel specimen under static salt solution
with NaCl by using an electrochemical polarization method.
Tafel curves recorded for low carbon steel electrode in 3.5 wt%
NaCl solution without and with various heat treatments Figure
4.9. It is shown tafel plot as observation from group (C) other
groups see appendix (D, D1) both cathodic and anodic
reactions of low carbon steel corrosion in 3.5 wt% NaCl
solution.

RHO001

VICVva.Ref)
8
H
]

ey

RHO003

e
H

Figure 4.9 Anodic and cathodic polarization curves recorded for (grope
C) low carbon steel after hardening in 3.5wt% NaCl solution

a) Tafel Extrapolation

Based on the corrosion current determined from Tafel plot for,
the corrosion rates on group A samples (RW001, RW002,
RWO003) in 3.5wt% NaCl solution can be represent from current
density (icor) . The results of calculations are tabulated in Table

4.2. The corrosion rate can be determined by the following Equation
25

CR= Kleor(Ew)
o

Where CR is corrosion rate in millimeters per year, EW is equivalent
weight in grams, p is the density of the metal or alloy in g/cm?®, and
icorr is corrosion current density in pA/cm? (Arenas and Reddy
2003).The equivalent weight for low carbon steel is 27.92 and the
density is 7.85 g/cm® corrosion rate of samples without heat treatment
from (0.0528) to (0.269) mpy at 240th hour. To get the value of
corrosion current density (icorr , pA/cm? ) the Equation of 2.6. In the
RWO001 result as an example of calculation, we have a value of Icorr =
8.26 WA and the area of the specimen is 0.5 cm?.

Table 4.2 corrosion rate of the group A (RW001, RW002, RWO003) in
3.5wt%NaCl solution

Sample Total anodic Corrosion Corrosion Corrosion
current (Toppp, current density  potential (Egy,,, penetration
na) (icorr, nA/cn?)  mV) rate (mpy)

RWO001 227 4.54 -461 0.0528
RW002 9.33 18.66 -387 0.217
RW003 11.6 232 -602 0.269

From Table 4.2 observed the corrosion rate will be 0.0528 as the reference
rate and the corrosion potential is the larger (-461) the corrosion rate
increased with soaking time and when the corrosion potential is smaller (-
602) the corrosion rate is higher. Figure 4.10 shown corrosion rate chart of
group A
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Figure 4.10 Tafel corrosion rate plot of group A in 3.5wt%NaCl solution

The group B the samples under annealing heat treatment also obtained from
tafel plot the corrosion rate of samples after annealing without soaking , 96
hours and 240 hours soaking time in 3.5wt%NaCl solution respectively. The
results obtained are shown in Table 4.3.

Table 4.3 Corrosion rate of Group B samples (RA001, RA002 and RA003) in
3.5wt%NacCl solution

Sample Total anodic Corrosion Corrosion Corrosion
current (I;y;,  current density = potential (E,,,,. penetration
nd) Georr, pAem®) | mV) rate (mpy)

RA001 0.799 1.598 -314 0.018
RA002 7.67 15.34 -602 0.178
RA003 121 .42 -422 0.028

From Table 4.3 initial corrosion rate after 96 hours was 0.178 mpy
observed increase the corrosion rate of RA002 because of remnants
of cementite also the corrosion potential (Ecorr) -602 is lowest at this
group. A drop in the corrosion rate and increased the corrosion
potential (Ecorr) -422 mV between the 96th hour and the 240th hours
was observed (Ecorr) of (RA003) still lower than reference sample
(RA001) sample but higher than RA002 this indicates that the
(RA002) sample was unstable because when the finish of the remains
become more stable forms a protective layer of austenite (Berduque
et al., 2009)The corrosion rate decreased due to the thicker corrosion
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products covering the surface of the sample, thus it formed a
kind of protective film on the surface which retarded the
corrosion rate towards the end of the experiment ( Atanda et al.,
2012). Figure 4.11 shown the corrosion rate of group B.
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~igure 4.13 Comparison between three group’s corrosion rates after 96 hour
soaking in 3.5wt%NaCl solution

Figure 4.11 Tafel corrosion rate plot of group B in 3.5wt%NaCl
solution

From figure 4.11 shows the oxidation on (RA001) and
(RA002) probably due to the small bubbles on the surface of
the metal during the experiment that make the curved is not
smooth. While from tafel plot of group C has hardening heat
treatment as shown in Figure 4.12 Tafel corrosion plot samples
after hardening without soaking, 96hours soaking time in
3.5wt%NaCl solution and 240hours respectively. The results
obtained are shown in Table

Table 4.4 Corrosion rate of group C (RH001, RH002 and RHO003) in
3.5wt%NaCl solution

] Sample Total anodic Corrosion Corrosion Corrosion
current (Tppep current density = potential (Er,, penetration
) (icorr, pA/em®) | mV) rate (mpy)
RH001 330 6.60 -572 0.076
RHO002 13.00 26.00 -639 0.302
RHO003 41 3.2 =577 0.095
0.00E+00
-1.00E-01
8 o0
=]
4 -3.00E-01
=
‘_:, -4.00E-01 RHOOL
7] -5.00E-01 =
g ____/ = RHODZ
- -6.00E-01
= * 'a_
'E -7.00E-01
S sooEOL

1.00E-08 1.00E-06 1.00E-04 1.00E-02 1.00E+00

current icor A

Figufe 4.12 Tafel corrosion rate plot of group C in 3.5wt% NaCl
solution

From the Table 4.4 and Figure 4.12, the current density of the
(RHO01) sample without soaking is 6.60pA/cm2, the initial
corrosion rate notice at the 96th hour was the highest (RH002)
and the lowest corrosion potential Ecorr -639mV. the corrosion
rate was decreases with increase Ecorr from 96th to the 240th
hour (RHO003). This initial rise in corrosion rate could be
because of the residual stresses containing surface of the two
layers perlite and Martensite in the steel which may have
occurs due to rapid cooling .The corrosive product film on the
metal sample became thicker after the 96th hour, that will
reduced corrosion rates. Figure 4.13 shown the relations
between three groups corrosion rate after 96 hour soaking
(RW002, RA002 and RH002)

RHOO3

~rom Figure 4.13 can be observed the corrosion rate of RH002
highest compare to other and also have lowest corrosion potential
Ecorr due to lower stability of this sample. However the corrosion
rate of RA002 was higher than RW002 the reason for the low of
corrosion rate in RWO002 to higher stability from other samples.
Figure 4.14 shows the relations between three groups after 240 hour
soaking (RW003, RA003 and RH003).
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.
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Figure 4.14 Comparison between three group’s corrosion rates after 240 hour
soaking in 3.5wt%NaCl solution

It was observed that the sample RA003 corrosion rate reduced that
indicates the arrival to the austenite stability state also decreased the
corrosion rate on RH003 while RW003 continuing to rise due to lack
of protective layer

b) Surface Morphology After Corrosion

The scanning electron microscope of all groups™ low carbon steel
samples is shown in Figure 4.15. The SEM surface micrograph of
group A without heat treatment .The SEM micrograph of carbon
steel (RWO002) after 96 hours immersed in 3.5wt% NaCl solution is
shown in Figure 4.15 (a) observed the roughness of the metal surface
by the corrosive environment and the porous layer of corrosion
product is present, growth of corrosion on the metal surface. This
indicates a clear increase in the corrosion rate, Figure 4.15 (b) shows
are the thin layers indicating the corrosion occurred inside the metal
and dissolved layer by layer out that the full removed the metal of
(RWO003) surface

@ ®)

Figure 4.15 The SEM surface morphology of low carbon steel sample
without heat treatment after soaking in 3.5 wt% NaCl solution (a) RW002 (b)
RWO003
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Figure 4.16 is shown SEM micrograph of low carbon steel
surface of group B with Annealing heat treatment. An initial
corrosion rate raise was observed after 96 hours. This corrosion
rate could be attributed to the larger portion of pearlite formed
from cooling austenite. After 96 hours of soaking, a thick film
of corrosion products was observed to over material surface
Figure 4. 16(a) sample RA002. This is due to the depletion of
both pro-eutectoid ferrite and pearlite in the structure. A drop in
the corrosion rate was observed in Figure 4.16(b) sample
RAO003, between the 96th hour and the 240th hour. The
corrosion rate decreased due to the thicker corrosion products
covering the surface of the sample, thus it formed protective
film on the surface which retarded the corrosion rate towards
the end of the experiment the images with 1000x magnification
other image with higher magnification

@ ®
Figure 4.16 The SEM surfaces morphology of low carbon steel
samples after annealing after soaking in3.5 wt% NaCl solution (a)
RA002 (b) RA003

Figure 4.17 is shown SEM micrograph of low carbon steel
surface with hardening heat treatment corrosion behavior of the
hardened sample had the most pronounced behavior of all the
different modes of heat treatment. This sample showed the
initial corrosion rate notice at the 96th hour Figure 4.17(a)
sample (RH002) was the highest after which it took a dive from
the 96th to the 240th hour Figure 4.17(b) sample (RH003). This
initial rise in corrosion rate could be because of the residual
stresses in the steel which may have arisen due to rapid cooling
as explained previously

(a) . - ®)
Figure 4.17 The SEM surface morphology of low carbon steel samples
after hardening after soaking in 3.5 wt% NaCl solution (a) RH002 (b)
RH003

Figure 4.18 could be illustrated the relationship of corrosion
behavior between three groups clear the highest initial
corrosion at hardening phase, that is not mean the hardened has
greatest corrosion resistance. The annealed sample is better
than other treatment because it provide protection from
corrosion.

03

—— without heat treatment

—— annealed

“hardened

Corrosionrate (mpy)

0 50 100 150 200 250 300
Exposure time (Hrs)

Figure 4.18 Relationship of corrosion behavior between three groups after
soaking.

ccording to ( Atanda et al., 2012) from the 240th to the 288th hour
rise in the corrosion rate was noticed. This sample so far revealed
he poorest corrosion resistance. From a thermodynamic point of

fhe study conducted has yielded some conclusion based on the
gindings that were summarized in the previous suction. These

~conclusions are the following. This study is focused on effect of

different heat treatment (annealing and hardening) on low carbon steel
(%C 0.14 - 0.22), (%Mn 0.4 - 0.60) corrosion behavior by using Tafel
Extrapolation with soaking on salt solution for four days and ten days
. The research also amid to study effect of heat treatment on the
mechanical properties of material and the physical properties by using
optical microscope (OM) and scanning electron microscope (SEM).
From the results, it can be concluded that the best heat treatment
method to improve steel corrosion resistance in (3.5wt% NaCl
solution) is annealing due to increased corrosion potential Ecorr
passive film formation. Other hand based on results of this work, it
could be concluded that the hardened sample gave the poorest
resistance to corrosion with the most significant corrosion rate, and
should be avoided in practice. However the hardness will be increased
in hardening heat treatment due to rapid cooling or quenching. The
eat treatment formed the different layer depend on the method of
pample’s cooling this layers was not stable at primary this instability
‘of metal makes the loss of corrosion protection. From result annealing
;)rotect layer is best of anther because all austenite phase keep protect
urface.

uture Work

Some suggestions are recommended in order to improve this
ethod in further study. The recommended that suggested as shown
below:

i. Study the effect of other heat treatment ( Tempering
,Normalizing) and comparing between the results

ii. Study the corrosion rate with different solution for
example ( NaSO4, HCL, H2S04)

iii. Studying the effect of heat treatment on the corrosion
rate and used inhibitor under static conditions.

iv. Using the weight losses technique to find corrosion rate.

v. Increase soaking time and study the corrosion behavior.
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