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ABSTRACT
This paper systematically investigated the effects of normalizing, annealing and water-quenching
heat treatments on corrosion of samples of the steel types in 0.5M H2SO4 containing 3.5%-Wt sodium
chloride at ambient temperature. Non-heat-treated (control) and heat-treated samples of low and medium
carbon steel with respective carbon contents of 0.207% C and 0.46% C were produced, cleaned,
weighted and immersed in pairs in the chloride medium for various durations of 72, 96 and 168 hours.
Thereupon, the samples were removed, re-cleaned, dried, and re-weighed. The respective average pair
weight losses were evaluated and used to determine the corrosion penetration rates of the samples in the
medium. Analysis of the entire obtained rates data showed that corrosion of the samples tended to
increasingly passivate with the exposure time in all cases. The low carbon steel samples generally
showed much less resistance to corrosion in the medium, compared to the medium carbon steel. The
experiment demonstrated that the control, annealed, normalized, and quenched low carbon steel samples
comparably resisted corrosion in the medium. Furthermore, the quenched medium carbon steel samples
exhibited much better corrosion resistance than their annealed and the annealed better than their
normalized. Correlative micro-structural analysis of the control, normalized, annealed, and quenched
steel types with the worst-case corrosion showed no appreciable changes in the case of low carbon steel
samples, but various levels of reduction and re-orientations in grain sizes and inter-granular boundaries
of the carbide, ferrite, pearlite, and martensite in the matrix structures of the medium carbon steel
samples, compared to the corroded control samples of the steel types.
Keywords: Steel structures, environmental corrosion, protective methods, mechanical properties,
enhancement, micro-structural changes
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1. INTRODUCTION
An engineered product must not only comply with the immediate strength, aesthetic, and
minimal cost requirements; it must also be ensured that these are maintained throughout its life.
One of the most common causes of product failure or impaired service performance in the long
term is due to its degradation in mechanical properties by corrosion [1]. Corrosion is a natural
destructive attack of a material through interaction with its environment. Corrosion directly or
indirectly affects everybody, community, organization, nation to various levels. It has been a
serious factor that jeopardizes safety and antagonizes optimal economic and technological
achievements. In spite of the much current known procedures for counteracting it, its yearly
costs world over remains huge and staggering. All environments other than vacuum are
corrosive to various levels to different materials. Specific metal-environment corrosions can
vary greatly so need various control skills to avert their consequences at the barest costs.
Corrosion control is achieved by recognizing and understanding corrosion mechanisms, by
using corrosion-resistant materials and designs, and by using protective systems, devices, and
treatments [2-4].
Corrosion of steel increases with decrease in its carbon contents and or alloy elements
and accounts to about 85% of all corrosion problems in the whole world. Continued failures of
carbon steel as a prime structural material in our annals of engineering technology from mere
farm and house to large industrial structures such as railways, road bridges, storage tanks,
aircrafts, automobiles and ocean liners as a result of its poor mechanical properties and
corrosion resistance have been worrisome to engineers. A lot of money equivalent to several
millions of American dollars is spent worldwide annually on researches on the science and
methods of negating corrosion of carbon steel, yet the up-to-date efforts and technological
sophistication on the subject are far from utopian achievement [2-4]. Corrosion of carbon steel
can be prevented or remediated in its various service environments by a number of methods.
One possible method where cheaper protective methods such as coatings, cathodic protection
and inhibitive treatments cannot be feasible or advantageous is by altering its compositional
structures or properties. A popular method of achieving this is through heat treatment [4-6].
Heat treatment is the process of enhancing the microstructures, physical and mechanical
properties and corrosion resistances of metals for various desired engineering applications
through controlled heating and cooling without changing the material shape. Heat treatment is
an important process in every steel and machinery manufacturing. Without heat treatment there
is no quality for tools, cog-wheels, shafts and at the end machines. Heat treatment is sometimes
done inadvertently due to manufacturing processes that either heat or cool metals such as
welding or forming. It is often associated with increasing the strength of material, but it can
also be used to alter certain manufacturability objectives such as improving machinability and
formability, and restoration of ductility after a cold working operation. It is therefore a very
enabling manufacturing process that does not only enhance other manufacturing processes, but
can also improve product performance by increasing strength and some desirable characteristics
[5, 6].
The products of this thermal treatment are intensively used in a number of industries such
as automotive industries, manufacturing and structural applications where a wide range of
mechanical properties such as hardness and wear resistance are very important. Heat treatment
is an advantageous way of achieving inbuilt corrosion control of a part or system to make them
less prone to corrosion inspections and maintenance in service where accessibility can be very
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difficult for other protective methods like coating, cathodic protection, and use of inhibitive
treatments. Although heat treatment is a more costly, time-consuming and laborious method for
mass corrosion control of structural steel works compared to most other protective methods
such as organic coatings, cathodic protection, and inhibitive treatment; it can be used to
supplement these methods in customized needs for greater corrosion protection. It can also be
used per se to improve corrosion resistance of steel in applications where the other methods are
not feasible such as farm hand tool blades, some machinery parts, gun barrels, etc. during their
productions [7-9]. Annealing, normalizing, hardening and tempering are the most important
heat treatments often used to modify the microstructure and mechanical properties of
engineering materials particularly steels that can always be exploited in various needs to control
corrosion of the alloy in its various service environments [10].
Low and medium carbon steel account to about 90% of all annual steel production and
availability world over [11]. Low carbon steel contains from 0.08 to 0.3% carbon. It is
essentially used for sheets, strips, structural steels, free cutting and case hardening steel. The
low carbon type is most corrodible but finds applications in the automobile, furniture, farm
tools and refrigeration industries. Its other applications are in tin cans, tin plates, galvanized
sheets etc. On the other hand, the amount of carbon content in medium carbon steel varies
between 0.3 and 0.7%. These steels are known to have higher strength and greater corrosion
resistance than low carbon steels. This category of steel is used for railway, coupling, driving
rings and flanges, hand tools, sockets, levers, cams; machinery parts such as nuts and bolts,
shafts and gears, connecting rods, laminated springs, etc. [2, 6, 8]. These make knowledge of
the levels to which heat treatment processes can enhance mechanical properties and corrosion
resistances of these steel types for applications in various environments highly desirable in our
technological strive to use the alloys at their best level of properties and corrosion resistances
[2, 4, 6].
Acidic and/or chloride environments are among the worst and widely encountered steelcorrosive environments in practice. Chlorides are common aggressive ions that cause corrosion
of steel with attacks that can even break down protective coating barriers. They naturally
abound in environments such as surf beaches and other maritime locations. They can also exist
inadvertently by contamination in association with industrial solutions containing various levels
of acid or as a result of incomplete reactions of acids with alkalis. Acidic environments can also
naturally be found in some soils, water and atmospheres. In engineering point of view, corrosion
in acid media is one of the important aspects for corrosion industry. Acid solutions are often
used in drilling operations in oil and gas exploration, as well as for cleaning, descaling and
pickling of steel structures.
These processes are normally accompanied by considerable dissolution of the metal and
it is very important to safeguard against this by using metals with better properties [2, 12, 13].
There are so many acid media but hydrochloric and sulphuric acid media are more commonly
used and notably very harmful to carbon steel. Sulphuric acid is a strong and basically nonoxidizing acid. It is used directly or indirectly in nearly all industries and is a vital commodity
in Nigerian and other national economies. Its maximum corrosion occurs at the concentration
of 60 to 70%. Increasing the temperature, concentration and velocity of acids, all tend to
accelerate the attack.
Materials that show good corrosion rates in other environments may not be economically
feasible in acidic chloride environments. Good judgment is required to obtain balance between
service life costs of equipment in all environments [12].
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The aim of this paper is to systematically separately carry out water-quench-hardening,
annealing and normalizing heat treatments of low and medium carbon steel samples and test
the capability levels of the heat-treated samples to resist corrosion in 0.5M H2SO4 containing
3.5%-Wt NaCl. The specific objectives are:
i.

ii.

To discriminate the test-obtained information to understand the ratings of the heat
treatment processes in improving corrosion resistance of the steel types in acidic
chloride environments.
To contribute to the total continual research efforts in improving mechanical properties
and corrosion resistance of carbon steel in all its various critical service environments.

1. 1. Literature Review
Daramola et al [14] conducted investigations to determine effects of heat treatment on
the mechanical properties of rolled medium carbon steel. They heated to 830 ºC-austenizing
temperature and water-quenched the steel and reheated it to the ferrite-austenite two-phase
region at a temperature of 745 ºC below the effective Ac3 point of the iron-carbon equilibrium
diagram. They thereupon took the steel and rapidly quenched it in water and tempered at 480OC.
This they found provided an alloy containing strong, tough, lath martensite (fibres) in a ductile
soft ferrite matrix. They also found that the steel developed had excellent tensile strength,
impact strength and ductility which were very attractive for structural use.
Khushal Khera et al [5] studied effect of annealing, tempering and oil quenching
(hardening) heat treatments on microstructure and mechanical properties of EN-31 and EN-8
carbon steel. They varied the hardening temperature for EN-31 from 820-860 ºC and the
hardening temperature for EN-8, from 750-900 ºC. They compared both carbon steels on the
basis of their mechanical properties as well as rate of corrosion. They found that the oil
quenching sample possessed the highest hardness and the annealed sample possessed the
highest elongation with improved corrosion resistance.
Amjad Hussein Jasim [15] investigated the effect of normalizing heat treatment on
corrosion resistance of carbon steel DIN CK45. Test specimens of dimensions 1.5 by 1.5 by 0.3
cm were manufactured according to ASTMG71-30. Quenching and normalizing were
performed by heating the specimens in electrical furnace to 850 ºC and cooling in water for
quenching and by air for normalizing. Their obtained results showed that the heat treatment
improved the corrosion resistance by increasing the combination of iron with carbon. They also
found that increasing velocity of the media (sea water) contributed in decreasing the corrosion
rate because that caused reduction of accumulation of ions on cathode pole.
Ayo Afolabi and Najeem Peleowo [16] studied effects of different tempering
temperatures and heat treatment time on the corrosion resistance of austenitic stainless Steel
(ASS) in different concentrations of oxalic acid using the conventional weight loss and
electrochemical measurements. In their study, samples of a typical 304 stainless steel were
tempered at 150, 250 and 350 ºC after being austenized at 1050 ºC for 10 minutes. The samples
were then immersed in 0.5 and 1.0 M of oxalic acid and their weight losses measured at every
five days interval for 30 days. Their obtained results showed that corrosion of all the ASS
samples increased with an increase in tempering temperature and time. They attributed the
behaviour to the precipitation of chromium carbide at the grain boundaries of these metals.
They also found that higher concentration of corrosion medium also produced more corrosion.
They further supported this behaviour by electrochemical scanning results of the samples in the
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same concentrations of the medium. The metallographic images of the corroded samples
showed non-uniform distribution of precipitated chromium carbide at the grain boundaries.
Ayodele and Nenuwa [6] studied effects of heat treatment on the corrosion behaviour of
welded low carbon steel in distilled water, hydrochloric acid and sodium chloride solution at
25 ºC ambient temperature. They used twenty 10×10×10 mm low carbon steel samples divided
into four groups (A, B, C and D) with five samples in each group. Group A samples were not
welded while group B, C and D were welded using electric arc welding techniques and then
subjected to stress relieving annealing. Samples in group B, C and D were thereafter heat–
treated by normalizing, annealing and quenching respectively. Samples in the four groups were
soaked in 0.3M and 0.5M HCl, 0.3M and 0.5M NaCl and distilled water for 21days and their
potential difference and weight losses measured after every 3 days. The corrosion rates were
calculated using the ASTM recommended relation.
Their result revealed that in distilled water and 0.3M NaCl, the annealed samples had
better corrosion resistance than the normalized and quenched samples, but in 0.5M NaCl, the
quenched sample had better corrosion resistance than the annealed and normalized samples.
They also found the normalized samples to have lower corrosion rate in both 0.3M and 0.5M
HCl when compared with the annealed and quenched samples.
M. R. Dodo et al [17] studied effect of post-weld heat treatment (PHWT) on the
microstructure and mechanical properties of arc welded medium carbon steel. They found that:
PWHT (especially normalizing) improved mechanical properties of weldment and was the best
heat treatment among the PWHT techniques, tensile strength of the weldment increased after
normalizing and quenching operations, full annealing modified the grain structure and
improved ductility and toughness with appreciable reduction in strength and hardness of the
weldment as compared to the as-welded samples, hardness of medium carbon steel increased
after welding and PWHT reduced hardness of weld joint. It can be appreciated from the
forgoing that that the search for optimal ways on how heat treatment processes can
quantitatively enhance mechanical properties and corrosion of carbon steel has been on but the
utopia is yet to be reached because the media where steel find applications are diverse, complex,
and generally unpredictable.
S.C. Ikpeseni and E.S. Ameh [18] assessed the impact of inter-critical annealing
temperature and microstructure on the corrosion performance of duplex microstructure steel
developed from 0.23% C steel in 0.1M HCl solution. After normalizing, they developed the
duplex microstructure through inter-critical annealing heat treatment at 730 ºC, 750 ºC, 770 ºC
and 790 ºC respectively for 30 minutes followed by quenching in water and prepared samples
for microscopic examination and corrosion rate measurements. They used optical microscope
to examine the microstructures of prepared samples and the point count method using
stereology to evaluate the martensite volume fraction in the developed duplex structure.
They also used weight loss method to determine the corrosion rate of the samples in 0.1M
HCl. Their obtained results reportedly showed that the microstructure of the normalized sample
was characterized by the presence of alternate layers of pearlite and ferrite, while that of the
inter-critical annealed samples revealed the presence of dispersed martensite in a ferrite matrix.
They equally observed that the relative amount of martensite in the developed duplex
structure increased with increase in annealing temperature.
They found that corrosion rate of the developed dual phase steels was slightly higher
than that of the dual phase steel, whereas the corrosion rate of the dual phase steels increased
as a function of martensite volume fraction.
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2. METHODOLOGY
2. 1. Materials
The following materials were procured and used for the study:
i.
ii.
iii.
iv.
v.

25.4mm-diameter low carbon steel rods
25.4mm-diameter medium carbon steel rods
Distilled water
Anal grade sulphuric acid
High purity sodium chloride

2. 1. 1. Procurement
The low and medium carbon steel rods were procured from a commercial dealer in
Nigeria in Kaduna metropolis. The sulphuric acid and sodium chloride were obtained from the
Chemistry Laboratory of Department of chemistry, Nigerian Defence Academy, Kaduna,
Nigeria.
2. 2. Procedure
2. 2. 1. Ascertainment of the procured low and medium carbon steel
The chemical compositions of the procured purported low and medium carbon steel
materials were analysed using the Japanese-made Shimadzu-model-PDA-7000 optical
emission spectrometer metal analyser at the R & D unit of Defence Industries Corporation of
Nigeria (DICON), Kaduna. The analyses confirmed the materials as low and medium carbon
steels with the average percentage (%) elemental weight (WT) chemical compositions as shown
in Tables 1and 2 respectively.
Table 1. Analyzed chemical composition of low carbon used for the study [19].
Element

Fe

Si

Cu

Ni

C

B

Mg

Al

Ti

Wt [%]

98.975

0.084

0.013

0.215

0.207

0.192

0.093

0.123

0.073

Table 2. Analyzed chemical composition of medium carbon steel used for the study [19].
Element

Fe

S

Mn

Cu

P

Mo

C

Mg

WT [%]

98.817

0.045

0.415

0.087

0.017

0.064

0.463

0.091

2. 3. Preparation and heat treatment of the steel samples
The ascertained mild and medium rods were appropriately marked into lengths of 40 mm
and mechanically sawn into equal-sized samples for the various heat treatment processes. A
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smooth file was used to scrip out machining burrs and smoothen the cut ends of the
samples.Rust and other visible contaminants on the samples were also brushed off with bristle
brush all to expose their surfaces for more uniform heat input during heating. 12 sample pairs
were produced from each of the steel type rods. Three of the 12 sample pairs were un-heattreated and used for control. Three pairs were normalized, three annealed and three quenchhardened. The heat treatments were conducted in accordance with the ASM international
standards for conducting heat treatments [2]. Samples were annealed by heating them to a
temperature of 900 ºC above Ac1 temperature in the furnace and holding them there for two
hours to homogenize them. Thereupon, the furnace was switched off so that the samples’
temperature decreased with the same rate as that of the furnace to room temperature. Specimens
were taken out of the furnace after 2 days when the furnace had already reached the room
temperature. Samples were normalized by heating them to the temperature of 900 ºC above
Ac1 in the furnace and keeping them there for two hours.
The furnace was then switched off and the samples taken out and allowed to air-cool from
900 ºC to room temperature. Samples were quench-heat-treated by heating them in the furnace
to a temperature of around 900 ºC above Ac1and allowing them to homogenize at that
temperature for two hours and taking them out of the furnace and directly quenching them in a
water bath at ambient room temperature for half an hour. The model EOF2 Vecstan electric
furnace available at the Department of Mechanical Engineering, Nigerian Defence Academy
Kaduna Nigeria, was used for the heat treatments in accordance to its manual for controlled
heating. The furnace’s maximum heating temperature capability was 1100 ºC. Plates Ia, and Ib
show side views of the furnace with samples inside it.

Plate Ia. A side view of the furnace
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Plate Ib. Another side view of the furnace

2. 4. Cleaning of the coupons

Plate II. Appearance of some of the steel coupons before heat treatment
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Plate III. Appearance of some the steel after water-quenching heat treatment

Plate IV. Appearance of some the steel coupons after procedurally cleaning them

Surface contaminants, scratches, corrosion and other products formed or remained on the
entire surfaces of the heat-treated samples were cleaned: firstly by polishing starting with the
rougher emery cloth of grit 200 to smoother cloth of grit 320. Thereupon, the samples were
cleaned with acetone, rinsed in distilled water, dried in air, stored in moisture-free desiccators
according to ASTM G-1 standard practice for preparing, cleaning, and evaluating corrosion test
specimens [2, 20].
The average diameter and length of each as-prepared coupon was then determined with a
very accurate hand-held micrometer and the obtained measurements used to evaluate average
surface areas of the coupons to the nearest 0.0001 mm2. All handlings of prepared coupons
were with clean hand gloves.Plates II and III, and IV show the surface appearances of some
coupons of the steel types before heat treatment, after heat treatment, and cleaning them.
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2. 5. Corrosion test
The test acidic chloride medium was prepared in the laboratory in the Department of
Chemistry, Nigerian Defence Academy (NDA) Kaduna by admixtures of 96.5%-Wt of 0.5 M
H2SO4 and 3.5%-Wt NaCl. The 0.5M H2SO4 acid was prepared using the procured anal grade
H2SO4 and distilled water by slowly adding 30 ml of the anal grade acid with stirring to 1000
ml of distilled water and allowing to cool to room temperature.
The chloride medium was divided in equal measures into eight similar clean dry openended 1.5-liter capacity plastic jars. All samples were each weighed to the nearest 0.1mg using
an accurate functional analytical balance in the Department of Mechanical Engineering, NDA
Kaduna.
The control, normalized, water-quenched, and annealed coupons of the steel types were
separately immerse-placed in the medium in the jars for various earmarked durations of 72, 96,
and 168 hours. Identification labels were inscribed on the jars to show the sample types exposed
therein. The jars were left in the laboratory at ambient temperature, undisturbed throughout the
test.
The sample pairs were removed from each jar immediately after 72, 96, and 168 hours of
exposure therein, rinsed to remove residual test solution and loose corrosion products and recleaned according to the ASTM G-1 standard practice [2, 20], dried in air for one hour and reweighted. The sample weight losses were determined as the differences between their
respective weights before and after the immersion exposure in the test acidic chloride medium.
Obtained weight losses were used to determine the respective corrosion penetration rate (CPR)
of each sample for its exposure duration according to [2, 21]:
CPR =

87.6𝑊
𝐷𝐴𝑇

……….. 1

where: W was weight loss in milligram, D was density of 7.75 g/cm3, A was the total exposed
surface area of the coupon in cm2, and T was the exposure time the coupon in hours [2, 26].
The corrosion rates were reported as the respective average pair values of the as-exposed
samples in the test medium. The average pair values were used to calculate the percentage level
of corrosion inhibition efficiency (IE) of the steel types by the heat treatment processes for the
exposure durations according to the equation [2, 21],
𝐼𝐸 = [

𝐶𝑅𝑂−𝐶𝑃𝑅
𝐶𝑅𝑂

] % ………. (2)

where: CRO and CPR were corrosion rates in the test medium with and without heat treatment
respectively.

3. RESULTS AND DISCUSSIONS
3. 1. Results
Results obtained for the corrosion tests of the heat treated samples of low and medium
carbon steels by Olayiwola [19] are shown Figs 1 to 4.
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Corrosion rates
Fig. 1. Corrosion rates of the un-heat-treated (control) and heat treated low carbon steel
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Fig. 2. Corrosion rates of the un-heat-treated (control) and heat treated medium carbon steel
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Fig. 3. Corrosion inhibition efficiency of the heat-treated low carbon steel samples for
the exposure time
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Fig. 4. Corrosion inhibition efficiencies of the heat-treated medium carbon steel samples for
the exposure time
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3. 2. Discussion
From Figs 1 and 2, it is observable that the heat-treated and non-heat-treated (control)
samples of both the low and medium carbon steel types had different corrosion rates for various
exposure durations in the acidic chloride medium. Corrosion rates of treated and un-heat-treated
(control) low carbon steel samples varied within the 72-168 hr exposure time from 0.587 to
0.751 mm/yr and 0.612 to 0.762 mm/yr respectively as can be observed from Fig 1. It can also
be observed from Fig 2, that the rates for the heat treated and control medium carbon steel
samples ranged from 0.021 to 0.098mm/yr and 0.187 to 0.293mm/yr for the same time range
respectively. From these it was clear that corrosion rates of the low carbon steel samples in the
medium were much greater than those of the medium carbon steel. Corrosion rates of the unheat-treated (control), annealed, normalized and quenched samples of low carbon steel were
comparable with one another as can be observed from Fig. 1.
This showed that none of the heat treatments effectuated meaningful change in corrosion
resistance of the steel. This was found to correlate well with results in Fig. 3 which exhibits
minimal corrosion inhibition efficiencies of the steel samples by the heat treatments as a
measure of their efficacies to remediate corrosion of the samples. From Fig 4, it was apparent
that quench hardening resulted in better corrosion resistance of the medium carbon steel
samples than annealing and normalizing the samples, and annealing better resistance than
normalizing them.
The differences in the results for the low and medium carbon steels is attributable to
differences in microstructures of the steels, their carbon contents, the nature and level to which
the heat treatment processes altered their microstructures. Low carbon steel is generally known
to be unresponsive to heat treatment especially quench-hardening process.
This is the reason why quench hardening is usually conducted with steel containing at
least 0.4% C [2, 3, 19]. Result herein also reflects this fact by the minimal differences in the
corrosion rates between the un-heat-treated, annealed, normalized, and quenched samples of
low carbon steel. Figs 1and 2 also show that within the sample exposure durations to the test
acidic chloride medium, corrosion rates decrease with the exposure durations for all cases of
the un-heat-treated and heat treated samples.
The highest corrosion rate (0.729 mm/yr) of the hear-treated samples was obtained from
quench-hardened low carbon steel samples exposed for 72 hours to the test medium while the
least rate of 0.021 mm/yr was from quench-hardened medium carbon steel samples exposed
for168 hours to the medium. This indicates that carbon content was a more critical variable in
water-quench-hardenability and corrosion resistance of the steel samples than annealing and
normalizing processes. This pattern of behavior is followed by the normalizing process
compared to annealing process. The decrease in corrosion rates of the heat-treated steel samples
with the exposure durations can be attributed to natural corrosion passivation ability of carbon
steel which tends to decrease its environmental corrosion rate to more or less constant value
within some exposure time [19].
To understand better, the corrosion resistance behavior of the heat treated steel samples,
microstructure examination of the samples with the worst-case corrosion scenarios was also
carried out. Each sample was carefully grounded progressively on emery paper in decreasing
coarseness. The grinding surface of the samples were polished using Al2O3 carried on a micro
clothe. The crystalline structure of the samples were made visible by etching using solution
containing 5% cupric chloride, 8% HCl acid and 87% methylated spirit on the polished surfaces.
Microscopic examination of the etched surface of the various samples was undertaken using a
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metallurgical microscope with an inbuilt camera through which the resulting microstructure of
the samples were all photographically recorded with magnification of 200 [10, 22]. The various
obtained microphotographs of the low carbon steel sample structures were as shown in Plates
Va-d while those of the medium carbon steel as in Plates VIa-d. From Plates Va-d, it is clear
that there is no clearly observable differences in the microstructures of the heat treated low
carbon steel samples compared to that of those of the corroded control samples. From Plates
VIa-d, it can be observed that micro-structurally, the heat treatments resulted in re-orientation
of the grain sizes of the carbides, ferrites in the medium carbon steel matrix with various levels
of reduction of the boundary lengths between them.
Annealing produced finer grains compared to the normalized and the quenched hardened
finest grains on average basis. These could have made the heat treated samples of the steel type
differently but less susceptible to corrosion attack compared to the control sample type and all
the low carbon steel samples.

200µm

200µm
m

(a) Un-heat-treated

(b) Quenched

200µm

200µm

(c) Annealed

(d) Normalized

Plates Va-d. Observed microstructures of the un-heat-treated and heat-treated
low carbon steel.
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200µm
(e) Un-heat-treated

200µm
(f) Annealed

200µm
(g) Quenched
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(h) Normalized

200µm
mm

Plates VIe-h. Observed microstructures of the un-heat-treated and heat-treated
medium carbon steel.

4. CONCLUDING REMARK
The extents to which normalizing, annealing and quench hardening heat treatments can
enhance corrosion resistance of low and medium carbon steel in 0.5M H2SO4 containing 3.5%
Wt sodium chloride has been procedurally investigated and documented. Obtained information
indicated that the un-heat-treated (control), annealed, normalized, and quenched low carbon
steel samples resisted corrosion in the medium on comparable basis. The heat treatment
processes minimally enhanced corrosion resistance (1.4 to 4.2%) of the low carbon steel
samples in the medium compared to 64.73 to 88.8% for the medium carbon steel samples.
Quenching hardening the medium carbon steel samples resulted in better corrosion resistance
of all the samples than annealing and normalizing them, and annealing better resistance than
normalizing them. Correlative microstructure analyses indicated insignificant ability of the heat
treatments to alter the microstructures of the low steel samples to enhance meaningful corrosion
resistance of the samples. On the other hand, the much corrosion resistance of the heat treated
medium carbon steel samples was correlated with appreciable levels of reductions and reorientations in grain sizes and inter-granular boundaries of the matrix micro-structures of the
heat treated steel samples compared to the un-heat-treated (control) samples.
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