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Abstract

The effect of bainite and tempered martensite on the passivation and corro-
sion behaviour of a steel with composition 0.70C, 0.22Si, 0.60Mn, 0.017P,
0.012S (wt%) is investigated in aerated borate buffer solution, pH = 9.2, and
with addition of 100 mM KCI. In the absence of chloride ions, free corrosion
potential measurements and impedance spectroscopy tests have shown lower
barrier properties of passive film grown on tempered martensitic microstruc-
ture as compared to the one formed on bainitic microstructure. Moreover, the
electrochemical measurements highlight superior corrosion resistance dis-
played by the bainitic steel in the presence of chloride ions with respect to the
tempered martensitic steel. The observed behaviour is ascribed to the shape,
size, and distribution of the ferrite and cementite.

Keywords

Carbon Steel, Bainite, Tempered Martensite, Passive Film, Electrochemical
Impedance Spectroscopy (EIS)

1. Introduction

Corrosion of steel is a major problem in the petroleum, chemical, automotive and
construction industries. Corrosion of steel depends on several factors, such as en-
vironment, material composition, and microstructure. These factors are also cru-
cial in deciding the life of the components [1]. Microstructure and composition
play a very important role in deciding the corrosion susceptibility of steel, as re-
ported by several researchers [2]-[8].

A wide range of industries such as aerospace, automotive, oil and gas employ
high-strength steels due to their mechanical properties in efforts to reduce weight
in structures and save energy in transportation applications. The exceptional me-

chanical properties of these steels (an advantageous combination of strength, duc-
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tility and plasticity) often result from a particular microstructure created through
a precise balance between kinetic processes and thermodynamics [9]. Martensitic
and bainitic transformations have been used in the development of high-strength
and/or high-ductility steels [10]-[13]. Improving the properties of steel by con-
trolling these transformations requires an in-depth understanding of the relation-
ship between the properties and microstructures.

Clover et al. [14] showed that tempered martensite has a higher corrosion rate
than the ferrite/pearlite microstructure in the stirred autoclave operating with a
CO; environment. Kazum ef al. [7] reported a higher corrosion rate for a marten-
sitic steel than that of a nanostructured bainitic steel in 3.5% NaCl. The nanostruc-
tured bainitic steel shows only general corrosion, whereas the martensitic steel
reveals a high rate of localized corrosion. Moon et al [4] showed that, in 3.5%
NaCl solution, conventional C-Mn pearlitic steel exhibits lower corrosion current
density than does bainitic steel.

The steel with 0.7 wt% carbon is predominantly used in making rail, spring and
cutting tools. The electrochemical properties of high carbon steel depend heavily
on the morphology of cementite (Fe;C) in the ferrite matrix [8]. On the other
hand, for the same composition of steel, the microstructure and, subsequently,
size and distribution of different phases can be altered by various heat treatment
practices, such as normalizing, isothermal transformation, oil quenching and tem-
pering [14]-[16]. Hence, it would be interesting to see the effect of different mi-
crostructures made from a single composition of steel on the electrochemical be-
haviour.

Despite recognizing the importance of the morphology of microstructure on
the corrosion susceptibility of steel [2]-[8] [13] [17]-[19], not much work is re-
ported in the literature where, for a given composition of steel the influence of
constituent microstructures, namely, bainite and tempered martensite, was re-
searched.

In the present study, specimens composed of bainite and tempered martensite
were prepared using Fe-0.70C-0.22Si-0.60Mn steel. The corrosion behaviour of
each microstructure was assessed with the help of open circuit potential and elec-
trochemical impedance spectroscopy techniques in borate buffer solution, pH =

9.2, and in borate buffer solution containing KCL.

2. Experimental Details

The chemical composition of the high carbon steel used in the present work is
reported in Table 1. The sheet was cut into approximately 15 x 12 x 1.5 mm cou-

pons.

Table 1. Chemical composition of the investigated steel in wt%.

C Si Mn P S

0.70 0.22 0.60 0.017 0.012
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To obtain specimens with bainitic microstructure, one set of coupons was aus-
tenitized at 950°C for 0.5 h in a tube furnace, followed by isothermal transfor-
mation (0.5 h) at 300°C using a high temperature salt bath of composition BaCl,
+ 25% KCl + 20% NacCl followed by water quenching. Another set of coupons was
austenitized at 950°C for 0.5 h, followed by oil quenching. The oil quenched sam-
ples were heated in a muffle furnace at 400°C for 0.5 h to obtain a tempered mar-
tensite microstructure.

For the microstructure analysis and hardness measurement, the steel specimens
were ground on silicon carbide papers up to 1200 grit size followed by cloth pol-
ishing with suspension alumina powder of size up to 0.05 pm. The hardness meas-
urements of the steel samples were performed in a Tinius Olsen digital machine.
All the Rockwell hardness (HRC) tests of the selected steel specimens were carried
out with the help of a spheroconical diamond indenter at a load of 150 kg.

The etching of the polished samples was done using 3% Nital solution to reveal
the microstructures. Microstructural observations were carried out using a Leica
Microsystem optical microscope and field emission-scanning electron micro-
scope (Nova Nano FE-SEM 450).

For electrochemical measurements, all the samples were abraded with 1200 grit
SiC emery paper followed by diamond paste (down to 0.05 pm), then degreased
in isopropyl alcohol in an ultrasonic bath, dried in air and stored in a desiccator.
Specimens were electrochemically studied in a three-electrode cell at 25°C + 1°C
using a saturated calomel electrode (SCE) as reference electrode and a platinum
wire as counter electrode. The electrochemical experiments were carried out in
0.075 M Na,B,O7 + 0.5 M H3BO; (pH = 9.2) and with the addition of 100 mM KCI.
All reagents, in analytical grade, were provided by Sigma-Aldrich. The electrolytic
medium was naturally aerated and the experiments were conducted without stir-
ring.

Open circuit potential, Foc, was measured with respect to the SCE every 60 s
for a period of 2 h.

Electrochemical impedance spectroscopy (EIS) measurements were carried out
at open circuit potential using an EG & G PAR system Model 2263 driven by a
computer. The impedance spectra were acquired in the frequency range from 100
kHz to 10 mHz with a perturbation signal of 10 mV at seven points per decade.
EIS plots were obtained after 2 h exposure to the test solution. Experimental data
were stored in the computer and processed according to the EQUIVCRT program
(B. A. Boukamp, University of Twente).

3. Results and Discussion

The optical micrographs of the steel samples after Nital etching are reported in
Figure 1. Figure 1(a) shows the bainitic microstructure, which is a mixture of ferrite
and cementite, but in non-lamellar form. The tempered martensite microstruc-
ture is displayed in Figure 1(b), where carbide particles are located at the plate
boundaries of the needle-shaped ferrite morphology.
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(b)

Figure 1. Optical micrographs of the: (a) bainitic steel and (b) tempered martensitic steel
(needles) after Nital etching.

FE-SEM micrographs obtained from the preceding specimens are reported in
Figure 2. White colored cementite (Fe;C) phase with a different morphology and
grey colored ferrite phase are clearly observed in these micrographs. The bainitic
structure is shown in Figure 2(a) with a featherlike morphology. The tempered

martensite morphology is displayed in Figure 2(b).

(b)

Figure 2. Fe-SEM micrographs of the: (a) bainitic steel and (b) tempered martensitic steel

after Nital etching. The white color in the micrographs represents the cementite phase with
different morphologies, and the gray color shows the ferrite phase.
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The hardness values of the steel specimens are listed in Table 2. As can be seen,
bainitc steel has a higher hardness value than tempered martensitic steel. The
hardness values ensure the uniformity of the developed microstructures of the
steel specimens after two different heat treatment processes. The obtained hard-
ness results match with the published literature on similar microstructures [15]
[20].

Table 2. Rockwell C hardness of the steel specimens.

Specimen Hardness (HRC)
Bainitic steel 52.05 +0.44
Tempered martensitic steel 45.22 +£0.19

The open circuit potential, Foc, of bainitic and tempered martensitic steels in
borate buffer solution was monitored for a period of 2 h. As can be seen in Figure
3, the open circuit transients measured for both steels have similar trend, where
Eoc from the instant of exposure shifts with time in the positive direction, indi-
cating a spontaneous passivation due to development of an oxide film [21]. This
continues as a result of the predominance of the cathodic processes over the an-
odic ones until the film acquires a stable thickness. The necessary electrons of the
cathodic reaction are provided by the ionization of metal atoms (Fe atoms) enter-
ing the oxide phase. For the bainitic steel the initial open circuit potential is —350
mV (SCE), then it gradually changes towards more positive values and after 2 h
of exposure a potential of —290 mV (SCE) is reached. The time profiles of Eoc
obtained for the tempered martensitic steel is similar. The initial Foc is —415 mV
(SCE), then it progressively increases to nobler potentials reaching after 2 h a
steady value of about —350 mV (SCE).
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Figure 3. Open circuit potential vs. time profile of the steel specimens after 2 h exposure
to 0.075 M Na;B4O7 + 0.05 H3BOj3 solution (pH = 9.2).
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The initial Eoc increase observed for both the investigated steels can be ascribed
to the thickening of the passive film formed at the specimen surface, thereby im-
proving its protection ability in borate buffer solution [22]. The open circuit po-
tential increases until the oxide layer reaches its limiting protective capacity, thus
resulting in stabilization of Eoc [23] [24]. As can be seen in Figure 1, the tempered
martensitic specimen exhibits lower Eoc values with respect to the bainitic sample,
suggesting inferior barrier capabilities for the passive film formed at its surface.

Figure 4 reports the EIS spectra, in the form of Nyquist diagrams, of bainitic
and tempered martensitic steels at open circuit potential, after 2 h exposure to
borate buffer solution. Both Nyquist diagrams present a single depressed and in-
complete capacitive semicircle, however the bainitic specimen exhibits a higher
impedance value as compared with the tempered martensitic sample, thereby con-
firming the better barrier properties of its surface oxide layer in agreement with

the results obtained from open circuit potential measurements.
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Figure 4. Experimental and simulated Nyquist diagrams for the steel specimens after 2 h
exposure 0.075 M Na;B4O7 + 0.05 HsBO; solution (pH = 9.2).

The impedance spectra obtained have been interpreted in terms of an equiva-
lent circuit, with the circuit elements representing electrochemical properties of
the alloy and its surface passive film. Both the steel specimens characterized by
EIS at their open circuit potential can be described by an equivalent circuit model
with one time constant, and good agreement between experimental data and fitted
data is obtained. The proposed equivalent circuit, shown in Figure 5, assumes the
presence of a surface oxide film that acts as a barrier-type single compact layer
[25] [26]. The equivalent circuit consists of a series combination of the electrolytic
solution resistance, R, and a single parallel constant phase element/resistor pair,
Qox/ Rox, describing the properties of the passive film formed on the investigate

materials, respectively the capacitance and resistance of the oxide layer.
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Figure 5. Proposed equivalent circuit for modeling experimental impedance data.

A constant phase element, CPE, was used for fitting the impedance spectra in-
stead of a pure capacitance owing to the non-ideal capacitive response due to the
distributed relaxation feature of the oxide film, which is observed as a depressed
semicircle in the Nyquist diagrams. The impedance of the CPE is given by:

-1
Zepe :[Yo(ja))q (1
where Y, is a constant, j®>=-1 is the imaginary number, @ is the angular
frequency and —1 < n < 1. The value of n seems to be associated with the non-
uniform distribution of current as a result of roughness and surface defects [27].

Analysis of the EIS spectra in terms of the equivalent circuit shown in Figure 4
allows the parameter Qu and R, to be determined, and their values are reported
in Table 3. The agreement between experimental and simulated data indicates
that the experimental impedance spectra are well fitted to the proposed equivalent
circuit. The fitting quality was evaluated by chi-squared (}*) values of about 107,
with a relative error less than 5%. On the Nyquist plots in Figure 3, the experi-
mental data are shown as individual points, while the fitted spectra are presented

as continuous lines.

Table 3. Electrical parameters of the equivalent circuit for bainitic and tempered marten-
sitic steels in borate buffer solution, pH = 9.2, at 25°C.

Specimen Qor n Rox Cox d
P (10° S-cm.s") (Qcm?)  (Fcm?)  (nm)
Bainitic 1.9 0.91 1.62 x 10*  2.06 x 1075 2.23
Tempered martensitic 2.5 0.89 9.51x10® 3.78x10° 1.14

Capacitance values of the passive oxide film can be extracted from the CPE pa-

rameter, Qux, using [28]:
IR
COX = (R;X QOX ) (2)

and are given in Table 3.

Comparing the capacitances for bainitic and tempered martensitic steels, it is
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possible to observe that the tempered martensitic specimen has a higher capaci-
tance value (about 38 uF-cm™2) with respect to the bainitic sample. This indicates
a better capacitive effect of the oxide layer formed on the bainitic steel, thereby
confirming the previous Eoc measurements.

By considering the oxide film to act as a parallel plate dielectric, the passive

layer thickness can be calculated according to [29]:
C=eg,Ad™" (3)

where ¢is the dielectric constant of the oxide, & the vacuum permittivity, 4 the
geometric area and d'is the thickness. From the capacitance, G, values extracted
from the CPE parameter, Qo the thickness of the oxide film formed on the stud-
ied steels can be estimated. To that end, £=12.0 is assumed, which is the value for
the oxide layer formed on carbon steels [30]. The thickness of the passive film
grown on the investigated materials during exposure to borate buffer solution is
reported in Table 3. As can be seen, the oxide layer on bainitic steel shows higher
values of resistance and thickness than the tempered martensitic steel, which in-
dicates a more compact passive film with better barrier properties. The observed
behaviour can be ascribed to the particular microstructure morphology of tem-
pered martensitic specimen that would lead to the formation of a more defective
oxide layer [31] [32].

Figure 6 shows the evolution of the open-circuit potential, Eoc, of bainitic and
tempered martensitic steels as a function of exposure time in borate buffer + 100
mM KCl solution. As can be seen, the Eoc drops in the negative direction and tend
to stabilizes for long exposure times. This indicates breakdown of the protective
oxide film and subsequent surface activation. The Eoc curve of bainitic steel ex-
hibits a negative shift at a steady state potential of approximately —425 mV (SCE)
while tempered martensitic steel has a negative shift with a steady state potential
of —480 mV (SCE). The higher Eoc of banitic specimen is indicative of its nobler

character with respect to tempered martensitic sample.
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Figure 6. Open circuit potential vs. time profile of the steel specimens after 2 h exposure
to borate buffer + 100 mM KCl solution.
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Figure 7 reports the EIS spectra, in the form of Nyquist diagrams, of bainitic
and tempered martensitic steels at open circuit potential, after 2 h exposure to
borate buffer + 100 mM KCI solution. The impedance spectra are characterized
by a depressed semicircle with a capacitive arc. Compared with tempered marten-
sitic specimen, the bainitic sample exhibits a higher impedance value, indicating

better corrosion behaviour in the presence of chloride ions.
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Figure 7. Experimental and simulated Nyquist diagrams for the steel specimens after 2 h
exposure to borate buffer + 100 mM KCl solution.

Based on the impedance responses of the investigated alloys, an appropriate
equivalent circuit was proposed as shown in Figure 8. Experimental EIS data were
best fitted using proposed equivalent circuit. The accuracy of fitting results, shown
as solid lines in Figure 6, was evaluated by the chi-squared (y*) values, which were
in the order of 107 for both specimens. The equivalent circuit includes the solu-
tion resistance, R, in series with one RC (time constant), 7= RCPE, representing
the faradaic charge transfer process. The elements R.: and Qu can be attributed to
the metal/electrolyte interface in which R is the charge transfer resistance related
to the rate of corrosion reactions at the open circuit potential, and Qu represents
the double layer capacitance [33] [34]. A constant phase element (CPE), defined
as @, is introduced in the equivalent circuit instead of a pure capacitance. The
values of fitted parameters are reported in Table 4. As can be seen, the charge
transfer resistance of bainitic specimen exhibits a fourfold higher value than the
tempered martensitic sample, indicating better corrosion behaviour. Since the
corrosion rate is inversely related to R.—the higher the value of R, the higher the
corrosion resistance (lesser corrosion rate) [35] [36], the larger R value showed
by the bainitic specimen with respect to the tempered martensitic sample high-

lights its higher stability in the presence of chloride ions.

Table 4. Electrical parameters of the equivalent circuit for bainitic and tempered marten-
sitic steels in borate buffer + 100 mM KCl at 25°C.

Specimen Qa (10° S-cm™2.s™) na R (Q-cm?)
Bainitic 2.8 0.89 13.51 x 103
Tempered martensitic 3.5 0.87 3.34 x 10°
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Figure 8. Equivalent electrical circuit used for EIS modeling.

Figure 9 reports the SEM-FE micrographs of the surface of bainitic and tem-
pered martensitic steels after 2 h exposure to borate buffer + 0.1 M KCl solution.
These micrographs are not taken after etching, suggesting that the dissolution of
the ferritic region in the ferrite-cementite microgalvanic couple enables the mi-
crostructure to become resolved. The corrosion morphology of bainitic steel, Fig-
ure 9(a), reveals the presence of white fine flaky particles with thickness less than
20 nm covering almost homogeneously the surface. Flaky white regions are also
seen in the etched sample of the bainitic steel (Figure 2(a)). However, after 2 h
exposure to chloride ions, these flaky particles have evolved clearly. The protruded
nature of these particles also confirms that cementite acts as a cathode in the mi-
crogalvanic cell formed between the overall ferritic portion and cementite flaky

particles.

(b)

Figure 9. Fe-SEM micrographs of the: (a) bainitic steel and (b) tempered martensitic steel
after 2 h exposure to borate buffer + 100 mM KCI solution.
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On the other hand, the corrosion morphology of the tempered martensitic steel
after 2 h exposure to chloride ions is shown in Figure 9(b). A significant corrosion
attack is visible since the cementite particles are interconnected (white network),
and this allows a very large cathodic area leading to higher ferrite dissolution.

The basic mechanism for corrosion in bainitic and tempered martensitic steels
is similar, where cementite and ferrite are a cathode and anode, respectively, in
the galvanic couple. However, the size, shape, and distribution of constituents in
the microstructures lead to a change in the length scales of the galvanic couples.
In both alloys, a distributed galvanic couple exists due to the non-lamellar shape
of cementite. In bainitic steel (Figure 9(a)), the dissolution mode is on a very fine
length scale (=100 to 200 nm) since the carbides are very thin here. By contrast,
in the case of tempered martensitic steel (Figure 9(b)), there is a network of ce-
mentite that actually leads to the formation of interconnected cathodes, enabling
the surrounding ferrite to dissolve more quickly as a result of the high interfacial
contact area between the two phases.

The present results corroborate with some of the literature reports. Kazum et
al. reported better corrosion resistance of the bainitic steel as compared to the
tempered martensitic steel, and the same was observed in the present study [7].
However, the steel compositions, as mentioned in the work of Kazum et al, are
different. The present study clearly brought out the effects of the morphologies of
bainite and tempered martensite on their electrochemical responses, since both
steels are made from the same composition. Hence, it is clear that the present
study analyzes both the microstructures and compares their corrosion properties
convincingly, since they are made from a single composition.

The novelty in the present work is the effect of two microstructures on the cor-
rosion behavior of steel via electrochemical techniques and both the microstruc-
tures being generated from a single composition. It is well understood that com-
position and microstructures both have a strong influence on the corrosion be-
havior of metals and alloys, specifically of steel. Now, the present work avoided
complications from different compositions of the steels and studied only the effect
of microstructures on the corrosion behavior of steel. One can also see the influ-
ence of cementite and ferrite phases having various morphologies for steels with
different compositions. However, in that case, it is not possible, with certainty, to
understand the separate effects of microstructures and composition on the corro-

sion behavior of steel.

4. Conclusions

In this paper, the role of microstructure on the passivation and corrosion behav-
iour of a high carbon steel low alloy steels is investigated in borate buffer solution
and with addition of 100 mM KCI. The effect of bainite and tempered martensite
phases is analysed by means of free corrosion potential and electrochemical im-
pedance spectroscopy measurements.

In the absence of chloride ions, tempered martensitic steel exhibits lower bar-
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rier properties of its passive film with respect to bainitic steel, as a consequence of
the particular microstructure morphology that would lead to the formation of a
more defective oxide layer.

In the presence of chloride ions, the bainitic specimen displays higher corrosion
resistance as compared to the tempered martensitic sample. Though the corrosion
starts and continues with the creation of galvanic cell between cathodic carbide
and anodic ferrite phases, corrosion mechanism differs for both the steels with
different microstructure, attributing to the size, shape, and distribution of gal-

vanic couple.
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