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Microalloyed steels have been widely used in many applications, particularly in car bodies and other
engineering parts. This is because these steels are characterized by their high strength and high
ductility. The combination of strength and ductility for these steels are usually resulting from the very
fine grained microstructure. In the current work, the effects of grain refinement on the corrosion
resistance property of BSK 46 microalloyed steel in 1N H2SO4 solution under different microstructural
conditions were reported. The repeated quenching of the BSK 46 steels was found to increase the
refining in their microstructures. Effects of changing temperature on the corrosion properties of the
steel were also investigated at three different temperatures namely, 20 0C, 30 0C and 40 0C. The
corrosion behaviour of the steel was investigated using galvanostatic polarization. It was found that
repeating the quenching of steel, grains become finer and corrosion rate increases suggesting that a
compromise has to strike between high mechanical property and corrosion rate.

Keywords: corrosion behaviour; galvanostatic polarization; microalloyed steels; sulphuric acid;
quenching

1. INTRODUCTION
Microalloyed Steel has a ferritic matrix that of a mild steel but with an extremely fine grained
structure. Alloying additions of niobium and titanium of the order of micro additions brings this
refinement in the microstructure. The combination of high strength and ductility of this steel is due to
the very fine grain structure. Without change in other microconstitutional properties the grain
refinement of ferritic microalloyed steels is done by repeated quenching from a temperature just below
the lower critical temperature i.e. in the ferritic region as reported in literature [1,2]. The effects of
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microstructure on the corrosion behaviour of steel are still an open field for investigation to correlate
the metallurgical concept with the corrosion parameters. Only few authors [3-7] have investigated the
influence of heat treatment on corrosion behavior of steel in different solutions.
We have been studying corrosion and corrosion inhibition of iron [8-11], copper [12-29],
Monel-400 [30-32], aluminum [33-40], magnesium [41-44] and duplex stainless steels [45-49] in a
variety of media. In our previous studies [8-11], the corrosion and corrosion inhibition of iron in
aerated 3.5% NaCl solutions by 3-amino-5-mercapto-1,2,4-triazole, 5-(3-aminophenyl)-tetrazole, and
1,1'-thiocarbonyldiimidazole using in situ and ex situ Raman spectroscopy, cyclic voltammetry, opencircuit potential, potentiodynamic polarization, potentiostatic current-time and electrochemical
impedance spectroscopy have been reported. The effects of exposure time and elemental additives as
well as corrosion inhibitors on the mechanism of corrosion and corrosion inhibition of Monel-400,
magnesium, aluminum, copper and stainless steel [30-49] neutral and acidic solutions have been also
investigated.
In the present study, corrosion property of as rolled and repeatedly quenched microalloyed
steels in sulphuric acid solution has been studied by galvanostatic polarization techniques at three
different temperatures, namely 20 0C, 30 0C and 40 0C. One of the most important fields of application
for the steel in sulphuric acid is in acid pickling, industrial acid cleaning, acid descaling and oil well
acidizing. It is well known that the material that are used in heating and cooling systems such as steels
suffer from scale and corrosion products formation. Scale and corrosion products have a negative
effect on both heat and solution transfer, which causes a decrease in heating efficiencies of the
equipment and the quantity and velocity of the solution. This is why periodic de-scaling and cleaning
in sulphuric acid pickling solutions are necessary.

2. EXPERIMENTAL DETAILS
2.1. Materials
The material, which is commonly called Nb-bearing commercial microalloyed steel BSK 46
grade with chemical composition as fellows: 0.12 wt. %C, 1.0 wt. %Mn, 0.025 wt. % S, 0.025 wt. % P,
0.10 wt. % Si, 0.02-0.07 wt. % Al, and 0.08 wt. % Nb with the balance is Fe.

2.2. Heat Treatment
All heat treatment cycles were carried out in a Muffle Furnace coupled with a proportional
temperature controller with an accuracy level of ± 20 0C. The furnace atmosphere was not controlled.

2.3. Sample Preparation
One of the surfaces of the each metallographic specimens as received [designates as AR], first
quench (Q1), second quench (Q2), and third quench (Q3) of each grade were grounded mechanically
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on the silicon carbide abrasive papers sequentially on 60, 120, 240, 320, 400, 600 grit silicon carbide
papers and polished on a Selvyt cloth using coarse and fine Geosyn- Grade I slurry of Al2O3.
Specimens were cleaned, washed by water and then by alcohol and dried. All the polished specimens
were etched using 2.0  Nital (2.0  HNO3 in Methanol) solution. With these polished and etched
samples optical microscopy, grain size measurement and hardness testing were carried out.

2.4. Optical microscopy, grain size measurement and hardness testing
The etched specimens were tested one by one using an optical microscope. The photographs of
the microstructure were taken with help of a Camera fitted with a microscope.
The grain size of each specimen was measured by using a real image analysis with the help of
an image analyzing software, Biovis Material Plus- version 1.3.
Vickers hardness of the metallographic specimens were carried out in a standard Vickers
hardness testing machine using square-base diamond pyramid as the indenter and a load of 30kg as per
ASTM Standard E92-72. Tests were carried out at least in three different positions on the polished
surface of the specimens and the average Vickers hardness value was reported.

2.5. Corrosion tests
The test solution was 1N H2SO4 prepared from the laboratory grade of H2SO4 and distilled
water. Electrochemical experiments were performed in a conventional three-electrode electrochemical
cell containing 600ml solution. The microalloy steel strips were the working electrode (WE), graphite
rod was the counter electrode and saturated calomel electrode (SCE) was the reference electrode.
Steel specimens were machined into a cubical form with an exposed area 1 cm2. An insulated
copper wire was secured to one of the surface of each steel specimen with solder at low temperature.
The specimens were mounted with epoxy resin in such a way that only the other flat surface contacted
with the solution. This flat surface of each specimen was polished mechanically in graded emery paper
and final finish was given on a polishing wheel using alumina powder. The polished surface was then
thoroughly washed and digressed in ethanol before used and dried at room temperature.
Anodic and cathodic corrosion potentials were recorded in Volts vs. SCE for various current
values of current densities at three different temperature viz. 200C, 300C and 400C. For each individual
run the surface of the specimen was ground and polished freshly, washed and digressed in ethanol and
dried in warm air.

3. RESULTS AND DISCUSSION
3.1. Metallographic studies of the microalloyed steel
Figure 1 shows the microstructure of (a) as received, (b) first quench, (c) second quench, and
(d) third quenched BSK 46 (the magnifications for all specimens were 4x40 X). The variation of the
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grain size number with the change of the quenching temperature is also listed in Table 1. It is clearly
seen from Fig. 1 that the grain size is bigger for the as received sample and gets finer with quenching
and further with repeating the number of quenching up to the third time. The numerical values of the
grain size recorded in Table 1 in addition to the images shown in Fig. 1 confirm that the ferritic grain
size decreases with repeating the quench from first to third quench. Here, the ASTM grain size number
of the as received sample was reported to be 9.1, increased due to first quenching to 9.7, and further
increased to 10.5 for second quenching and finally recorded the highest value, 10.8, with repeating the
process to the third quenching. This is because the repeated quenching leads to repeated
recrystallization, which in turn leads to producing new grains at the expense of others and a coarse
grained material (as rolled) replaces the fine grained recrystallized structure. This concludes that
increasing the repeated quenching increases the ASTM grain size number and therefore decreases the
grain size.

(a)

(b)

(c)

(d)

Figure 1. The microstructure of (a) as received, (b) first quench, (c) second quench, and (d) third
quenched microalloyed BSK 46 steel; all magnifications were 4x40 X.
The variation of the Vickers hardness number (VHN) for the test specimens with the number of
the repeated quenching is listed in Table 2. It is shown from Table 2 that the hardness values for the as
received BSK 46 sample recorded 195 VHN. This value increased to 201 VHN, 210 VHN and 215
VHN when the repeated quenching for the tested specimen was increased from first quench to second
quench and further to third quench sample, respectively. This increase in the hardness values with
increasing the repeated quenching is attributed to the grain refinement of the ferritic microalloyed BSK
46 steel.
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Table 1. ASTM grain size number for the tested specimens
As Received

First Quench

Second Quench

Third Quench

9.1

9.7

10.5

10.8

Table 2. Vickers hardness number (VHN) for the test specimens
As Received

First Quench

Second Quench

Third Quench

195

201

210

215

3.2. Effect of temperature and grain refinement on corrosion behaviour
The linear polarization behaviour for the as received microalloy BSK 46 steel at 20 oC in 1N
H2SO4 solution was recorded in a potential range between -0.76 and -0.55 V vs. SCE and the curve is
shown in Fig. 2. It is clear from Fig. 2 that the best straight line through the linear polarization points
was drawn and the values of anodic, a, and cathodic, c, (values are not listed) were calculated from
the straight line in the anodic and cathodic branches, respectively [23-28]. As will as, the values of
corrosion current (jCorr) and corrosion potential (ECorr) for the as received BSK 46 steel were obtained
from the extrapolation of anodic and cathodic Tafel lines located next to the linearized current regions
and according to our previous studies [30-37]. It was found that the values of a and c were close to
each other but with different sign i.e. a was positive and c was negative.

Figure 2. Linear polarization behaviour of the as received microalloyed BSK 46 steel in 1N H 2SO4
solution at 20 0C.
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The galvanostatic anodic and cathodic polarization curves for the as received microalloyed
BSK 46 steel in 1N H2SO4 solution at 20 0C were carried out as shown in Fig. 3. The values of ECorr
and jCorr were calculated and listed in Table 3. The cathodic reaction for steel in acidic solution has
been reported to be the evolution of hydrogen as the electron consumption on steel happens by the
unloading of hydrogen ions as follows [42],
2H+ + 2e− = H2

(1)

Here, the source of the hydrogen ions (more exactly the hydronium ion H3O) is the dissociated
water, according to the following reaction;
H2O = H+ + OH−

(2)

On the other hand, the anodic reaction of steel at the same condition is the dissolution of iron as
fellows,
Fe = Fe2+ + 2e−

(3)

The electrons produced by the anodic reactions are consumed at the cathode. It has been
reported [50] that the formation of iron oxide, FeO, in the presence of water can be formed in sulphuric
acid solution at less negative potential than ECorr and in the anodic branch according to the following
reaction;
Fe + H2O = FeO + 2H+ + 2e−

(4)

The formation of higher iron oxide, Fe2O3 was also reported [50] to occur at much less negative
potential of steel in the acid solution,
2FeO + H2O = Fe2O3 + 2H+ + 2e−

(5)

It is seen from Fig. 3 that irons dissolves rapidly in the test solution as the current rapidly
increases with increasing the applied potential. The oxides formed via reactions shown in Eq. 4 and
Eq. 5 were not stable and not protective enough to enable iron to resist the severity of the sulphuric
acid solution. This is also because sulphuric acid attacks the iron surface in a way that does not allow
any corrosion products or oxide films to be developed and if formed not thickened and thus no
protection is provided for iron surface against corrosion. This agrees with the work reported by Wang
and Kido [51] that the corrosion occurred on the surface of iron in sulphuric acid is mostly general
with small corrosion dents appear on the surface by locally preferable corrosion.
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Figure 3. Galvanostatic polarization behaviour of as received BSK 46 steel in 1N H2SO4 at 200 C.

Figure 4. Galvanostatic polarization of as received microalloyed BSK 46 steel in 1N H2SO4 at 20 oC,
30 oC, and 40 oC.

In order to study the effect of temperature on the dissolution of the as received microalloy BSK
46 steel in 1N H2SO4, the galvanostatic polarization measurements were performed for steel at 20 0C,
300C, and 400C and the curves are shown in Fig. 4. The values of ECorr and jCorr obtained from the
polarization curves shown in Fig. 4 are listed in Table 3. It is seen from Fig. 4 and Table 3 that
increasing the temperature from 200C to 300C increase the rate anodic and cathodic reactions, which
increases the values of jCorr from 0.275mA/cm2 to 0.285mA/cm2; this effect highly increased the values
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of jCorr, 0.35mA/cm2, when the temperature was increased to 400C. This indicates that the increase of
solution temperature activates the corrosion of BSK 46 microalloyed steel through increasing both
cathodic (Eq. 1) and anodic (Eq. 3) reactions, shifting the corrosion potential slightly towards the less
negative values and increasing the corrosion currents and thus the corrosion rates.

Figure 5. Galvanostatic polarization behaviour after the first quench of the microalloyed BSK 46 steel
in 1N H2SO4 at 20 oC, 30 oC, and 40 oC, respectively.

The effects of both grain size and temperature on the corrosion current density of BSK 46
microalloyed steels in different microstructural viz. as rolled condition and three repeated quenched
conditions in 1N H2SO4 solution were studied. This was to see whether the repeated quench with
changing solution temperature would increase or decrease the corrosion process for the BSK 46
microalloyed steel in the sulphuric acid solution using the galvanostatic polarization measurements.
Fig. 5 shows the galvanostatic polarization curves obtained for the first quenched BSK 46
microalloyed steel after 20 oC, 30 oC, and 40 oC, respectively. The corrosion parameters obtained from
Fig. 5 is recorded in Table 3. It is obvious from Fig. 4, Fig. 5 and Table 3 that the corrosion reactions
of steel increased by its quenching at all the tested temperatures. Quenching the steel increased its
corrosion currents from 0.275, 0.285 and 0.35 mA/cm2 to 0.31, 0.33 and 0.37mA/cm2 at 20 oC, 30 oC,
and 40 oC, respectively. It is also seen that increasing the temperature for the quenched steel increased
the corrosion currents and thus increased the corrosion current due to increasing the steel anodic and
cathodic reactions. Unlike the as received steel, the corrosion potential was negatively shifted with
increasing the temperature, where the value of ECorr recorded -0.590 V at 20 oC, shifted to -0.596 V at
30 oC, and further to -0.613 V at 40 oC. This indicates that both quenching and temperature increase
the corrosion of BSK 46 steel in 1N H2SO4 solution.
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Table 3. The values of corrosion potential (ECorr, V vs. SCE) and corrosion current (jCorr, mA/cm2) of
BSK 46 steel before and after 1st, 2nd and 3rd quench in 1N H2SO4 solutions.
Temp.

20 oC
30 oC
40 oC

Treatment
As received
ECorr
jCorr
-0.608
0.275
-0.589
0.285
-0.603
0.35

First quench
ECorr
jCorr
-0.590
0.31
-0.596
0.33
-0.613
0.37

Second quench
ECorr
jCorr
-0.585
0.34
-0.606
0.41
-0.583
0.42

Third quench
ECorr
jCorr
-0.598
0.35
-0.605
0.41
-0.592
0.43

The galvanostatic polarization anodic and cathodic curves after the second quench for the BSK
46 microalloyed steel in 1N H2SO4 solution at 20 oC, 30 oC, and 40 oC are shown in Fig. 6. The same
curves for BSK 46 microalloyed steel in 1N H2SO4 solution at the same temperatures are also
represented in Fig. 7. The values for corrosion potential and current are also reported in Table 3.
Repeating the quench for the second time, Fig. 6, led to an increase in the value of the measured
corrosion current compared to the as received steel and further to the first quenched sample. The
increase of the H2SO4 solution temperature after the second quench for the steel was also found to
greatly increase the corrosion current; these jCorr values were higher than those recorded for the as
received and first quenched steel.

Figure 6. Galvanostatic polarization of the second quench of the microalloyed BSK 46 in 1N H2SO4 at
20 oC, 30 oC, and 40 oC.
It is seen from Fig. 7 and Table 3 that the highest corrosion current was recorded for the steel in
the test solution was after the third quench. This effect is highly increased with increasing the
temperature of the H2SO4 solution from 20 oC to 40 oC. This means that the achieved grain refinement
in repeated quenching up to the third greatly rendered the anodic area than coarser grained structure,
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which led to the increase of the corrosion current values and hence the corrosion rate. It is worth to
mention that there was no definite variation in the corrosion potential, ECorr, took place for the as
received and the increase of the quenching time number.

Figure 7. Galvanostatic polarization of the third quench of the microalloyed BSK 46 in 1N H2SO4 at
20 oC, 30 oC, and 40 oC.

4. CONCLUSION
The effects of grain refinement on the corrosion of BSK 46 microalloyed steel in 1N H2SO4
solutions after different microstructural conditions and temperatures have been investigated. Due to
repeated quenching from a temperature just below the lower critical temperature the grain refinement
of ferritic microalloyed steel has been achieved. Repeating the quenching up to three times led to
yielding new grains at the expense of others and a coarse grained material (as rolled) is replaced by the
fine grained recrystallized structure. Increasing the temperature of the sulphuric acid solutions from 20
o
C to 40 oC both for as received and quenched steel enhanced its corrosion current values and
accelerated its dissolution rate. The same effect was achieved by quenching the steel and repeating the
quenching number up to three times. The repeated quenching refines the grains, which renders greater
anodic areas than coarser grained structure and thus activates the corrosion of steel. It was also found
that the increase of the temperature of the solution as well as the quenching time number don’t have a
pronounced variation in the values of the corrosion potential of the BSK 46 microalloyed steel.
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