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The Corrosion Behavior of Ferrite Bainite Dual Phase Steel in 3.5% NaCl Solution
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ABSTRACT
The effect of bainite volume fraction on the corrosion resistance of dual phase steel in 3.5% wt.NaCl
solution was studied using open-circuit potential, potentiodynamic polarization and electrochemical
impedance spectroscopy. To create dual phase steel, two heat treatment cycles were performed. Corrosion
results showed that with increasing the bainite phase and consequently, decreasing the ferrite percentage
in the specimen, the corrosion resistance increased.
Keywords: Dual phase steel, Corrosion, Ferrite - bainite - martensite microstructures, Potentiodynamic
polarization, Electrochemical impedance spectroscopy.

Introduction
Since the beginning of the automobile history (early 18th century), steel has played a major role as one
of the main material used in the manufacturing process. Although in the automotive industry, mechanical,
corrosion properties. performance were the main issues to address in materials selection, corrosion has
always been an important factor affecting the durability and reliability of cars. The presence of steel, as
well as other metals, at atmospheric conditions and in the presence of fuels, oils, high temperatures,
pressure and friction was a perfect recipe for many kinds of corrosion uniform corrosion, galvanic
coupling, stress were typical features in all automobiles (Eckermann, 2001; Leslie, 1981; Remi, 2010;
Setright, 2004). Works concerning the corrosion resistance of dual phase steel are very limited (Jha et al.,
1996; Sarkar et al., 2008; Akumar et al., 2008; Akarpour and Ekrami, 2008) but most of the studies are
devoted to the corrosion resistance of mild steel (Akarpour and Ekrami, 2008; Ehteram and AlMoubaraki, 2008; Abdel Salam Hamdy et al., 2008; Hosseini and Arshadi, 2009; Sachin et al., 2009). For
this reason, the present is concerning with the effect of microstructure on the corrosion resistance of a
newly developed dual phase steel in a common environment found such as NaCl.

Experimental and Producers.
The dual phase steel used in this paper was obtained from casting department of Central Metallurgical
Research and Development Institute (CMRDI). This alloy has been cast, hot rolled and cold rolled until
approximately 50 to 60% reduction. The steel was received in the form of bars 5cm x 5cm x 40cm. The
Chemical composition of steel produced of this investigation is shown in Table1.
Table 1: Chemical composition of the alloy prepared (Wt .%).
Element
C
Si
Mn
As
W
Wt %
0.332
0.273
0.964
0.011
0.007

Cr
0.01

Mo
0.001

Ni
0.016

V
0.004

Fe
Balance

Heat treatment cycles
To create bainite dual phase steel , two heat treatment cycles were proposed and carried out Fig.1,2.
Corrosion rates were determined by electrochemical techniques employed included potentiodynamic
polarization, electrochemical impedance spectroscopy (EIS) and open-circuit potential measurements.
Measurements were obtained by using a conventional three electrodes glass cell, (working electrode),
platinum sheet (counter electrode) and saturated calomel electrode SCE (reference electrode) was used for
measurements. Polarization curves were recorded at a constant sweep rate of 5mV/s at the interval from Corresponding Author: Mona. M. Morad, MSc Student, Chemistry Department, Faculty of Science (Girls),
Al-Azhar University, Nasr City, Cairo, Egypt.
E-mail: monyam19@yahoo.com
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1000 to +1000 mVSCE respect to the open circuit potential, E corr. Electrochemical impedance
spectroscopy tests were carried out at E corr. by using a signal with amplitude of 10 mV SCE and a
frequency interval of 100kHz to 100mHz. The surface morphology of the different specimens after the
corrosion tests were observed and examined with a scanning electronic microscope , EDAX and XRD
analysis.

Fig.1: Heat treatment cycle 1

Fig. 2: Heat treatment cycle 2

Results and Discussion
Microstructure Of ferrite - Bainite dual phase steel samples.
For the as-received steel microstructure martensite and ferrite regions were observed while, different
amounts of ferrite and bainite were obtained with the different heat treatment cycles, the volume fraction
of the different phases were measured by using an image analyzer attached to an optical microscope. The
as received sample 1 consists of Ferrite- Martensite dual phase this behavior has been attributed to the fact
that ferrite, with more Fe contents than martensite, while martensite have more C content. Samples 2, 3, 4
and 5 consists of Ferrite - Bainite dual phase, this behavior has been attributed to the fact that ferrite, with
more C contents than bainite, while bainite have more Fe content Fig. 3.
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Sample 1 (as received 55% Martensite )

Sample 2 (58 % Bainite )

Sample 3 (63% Bainite )

Sample 4 (66 % coarse Bainite)
Fig. 3 : Show microstructure of dual phase steel samples by SEM

Sample 5 (66% fine Bainite)

Stereology
Estimation the volume fraction of phases present in the microstructure was measured by “Image J”
image analyzer software, Table 2.
The x-ray diffraction shows that the amount of retained austenite was not found and there was no
carbide aggregates and this is indication that the heat treatments were correctly performed see Fig. 4.
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Table 2: Phases percentage of samples (1-5).
Sample no.
Phases
1
Martensite - Ferrite
2
Bainite - Ferrite
3
Bainite -Ferrite4
Bainite -Ferrite
5
Bainite - Ferrite

Percentage %
55% M - 45% F
58% B- 42% F
63% B -37%F
66 % coarse B -34%F
66%fine B -34%F

Fig. 4 :XRD spectra of five samples before and after heat treatment.

Electrochemical measurements
Open- Circuit Potential (OCP) measurements
Fig. 5 represents the open circuit potential (OCP) for the five dual phase steel samples with
different percentage of ferrite- martensite and ferrite- bainite microstructure as a function of time in 3.5
%wt. NaCl solution. The values of immersion potential (Eim) and steady state potential (Es.s) are tabulated
in Table 4 .

Fig. 5: Potential - time curves of five dual phase steel samples (1-5) in 3.5 %NaCl solution.
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Table 4: Values of Eim and Es.s for samples in 3.5 %wt NaCl solution.
Conc. Wt %
Sample No.
1
2
3.5 % NaCl
3
4
5

Eim (V)
- 507
- 533.4
- 478.9
- 506
- 476.4

Es.s (V)
- 624.8
- 615.1
- 586.4
- 580.8
- 573.8

Analysis of the curve 5 shows that, the steady state potential of samples(2,3,4 and 5) after heat
treatment had tendency to shift to more positive direction, but the as reseved sample 1 was almost stable at
low negative value, this results indicating that, heat treatment improved the corrosion resistance of samples
2,3,4 and 5. It is clear from the results that, sample 5 which contains higher percentage of bainite with fine
grains showed the most positive potential values.
Potentiodynamic polarization measurements
Potentiodynamic curve, Fig.6 and corrosion parameters in table 5, indicate that the presence of
ferrite phase in sample 1 decrease dramatically its corrosion resistance. This trend is due to the fact that the
ferrite phase, which contain higher Fe content than martensite, acts as anode while martensite phase,
containing higher C content than ferrite, acts as a cathode leading to increasing in corrosion current
density, Icorr., and corrosion rate (Shaopeng et al., 2013). It is also noted that, increasing in bainite content
from sample 2 to 3 (from 58% to 63%) was accompanied with decrease in Icorr. and so the corrosion rate
was decreased. The incremental presence of bainite resists the penetration of Cl- ion into grains which
suppressed pitting corrosion (Yau and Streicher, 1988). Fine grains structure of sample 5 increased its
resistivity to Cl- ions penetration compared with coarse grains structure of sample 4 which having the same
bainite content, 66%. So, by increasing grain size distribution leads to lower the grain boundaries reaction,
so the highest bainite content and fining the grains structure have larger surface area leads to decreasing
Icorr. and corrosion rate for sample 5 (Wright, 2006).
Table 5 :The corrosion parameters of five samples in 3.5%wt NaCl
Sample No.
E corr.
Icorr
Conc. Wt. %
A/cm2
1
-660
172
2
-633
74
3
-605
50
3.5 % NaCl
4
-500
36
5
-476
27

βa
mv
261
466
242
175
24

βc
mv
-205
-249
-176
-148
-44

Corrosion rate
mm/y
2
0.9
0.7
0.4
0.3

Electrochemical impedance spectroscopy (EIS) measurements.
Impedance experiments were undertaken to afford insight into the characteristics and kinetics of
electrochemical processes occurring at dual phase steel in NaCl solution. From Fig.7 the obtained
impedance diagrams are almost in a semicircular appearance, indicating that the charge - transfer process
mainly controls the corrosion of dual phase steel (Ben Hmamou et al., 2012).Deviations of perfect circular
shape are often referred to the frequency dispersion of interfacial impedance. This anomalous phenomenon
may be attributed to the in homogeneity of the electrode surface arising from surface roughness or
interfacial phenomena (Ben Hmamou et al., 2012) . Furthermore, the increasing diameter of the semicircle
arc (Rct) is indicative of increasing polarization resistance and decreasing corrosion rate with time (Rout,
2007) . Fig.7and table 6 show the complex plane (Nyquist plot) of five dual phase steel sample in 3.5 %wt
of NaCl. The figure discloses samples with typical Randle cell-type semi-circular arc for all tested
samples. The increasing in diameter of the semi-circular arcs from sample 1 to 5 is indicative of increasing
polarization resistance and decreasing the corrosion rate. This observation is confirmed from EIS
parameters table 6, in which the values of charge transfer resistance, Rct, increase and double layer
capacitance, Cdl, decrease from sample 1 to 5, The decrease in double layer capacitance, Cdl, results from
decrease in local dielectric constant and / or an increase in the thickness of the double layer. For sample 1,
due to the ferrite phase which acts as anode with respect to martensite phase, the polarization resistance
was suppressed comparing with sample 2 to 5 . Increasing in bainite content from sample 2 to 4 in addition
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to the Fine grains structure of sample 5 leading to increase of Rct values in the order of Machnikova et al.
(2008) .

Fig. 6: Anodic and cathodic polarization curves for different dual phase steel samples (1-5) in 3.5 % NaCl
solution
Sample 1< Sample 2< Sample 3< Sample 4< Sample 5
Table 6: Shows EIS parameters of five samples in 3.5 % NaCl solution.
Conc. Wt %
Sample No.

3.5 % NaCl

1
2
3
4
5

Rct
ohm.cm2
19
32
55
95
120

Fig. 7 : Nyquist plots for dual phase steel samples(1-5) in 3.5 % NaCl solution.
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Cdl
mF/cm2
3.3
2.9
2.6
2.2
1.9
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Surface Examination Techniques after corrosion tests.
To confirm the results obtained from heat treatment and after potentiodynamic polarization
measurement, dual phase steel samples were observed under the scanning electron microscope (SEM) and
Energy dispersive X- ray analysis (EDAX). Fig. 8 and table7 illustrates the surface morphology of dual
phase steel samples after potentiodynamic polarization in 3.5%Nacl solution show that the as received
Sample1 has the highest corrosion rate and highest corrosion current density than the other samples ,due
to its ferrite - martensite content, This behavior has been attributed to the fact that ferrite, which contain
more Fe contents than martensite, acts as anode whereas martensite, which contain a higher C contents
than ferrite, acts as a cathode. By increasing in bainite content from sample 2 to 3 (from 58% to 63%) was
accompanied with decrease in Icorr. and so it possessed intermediate value of corrosion rate which resist
(Cl-) ions to penetrate into grains and pitting corrosion decreased than sample 1. The presence of fine
grains structure of sample 5 increased its resistivity to Cl- ions penetration compared with coarse grains
structure of sample 4 which having the same bainite content, 66%. So, by increasing grain size
distribution leads to lower the grain boundaries reaction, so the highest bainite content and fining the
grains structure have larger surface area leads to decreasing Icorr. and corrosion rate for sample 5 [16].The
(SEM) results and (EDAX) analysis are in a good agreement with the electrochemical measurement
results.

Sample 1 (as received 55% Martensite )

Sample 2 (58 % Bainite )

Sample 3 (63% Bainite )

Sample 4 (66 % coarse Bainite)
Sample 5 (66% fine bainite)
Fig. 8: SEM. of five dual phase steel samples corroded in 3.5 % NaCl solution
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Table 7: Elements percentage after corroded dual phase steel samples
Sample no.

Elements percentage of as
received sample1

Elements percentage of
heat treated sample 2

Elements percentage of
heat treated sample 3

Elements percentage of
heat treated sample 4
Elements percentage of
heat treated sample 5

Elements
C
O
Na
Cl
Fe
C
O
Na
Cl
Fe
O
Na
Cl
Fe
O
Na
Cl
Fe
O
Fe

Weight %
0.94
26.14
5.47
9.61
57.84
3.58
4.91
11.12
2.09
78.3
12.09
7.96
1.2
78.75
12.7
7.6
0.78
78.92
15.98
84.02

Atomic %
2.41
50.16
7.31
8.32
31.8
11.68
12.04
18.97
2.31
54.99
29.68
13.6
1.33
55.39
31.02
12.91
0.86
55.2
39.9
60.1

Conclusion
1. The present study aims to show the Influence of Microstructure mainly bainite ferrite on the
corrosion Performance of DP steels.
2. From electrochemical techniques of the obtained dual phase showed that heat treatments
improved corrosion resistance .
3. it's found that sample 1 which contain 55% martensite have the worest corrosion resistance by
comparison with other samples which contain different percentage of bainite phase .
4. As increasing in bainite percentage from 58% to 63% corrosion resistance increase .
5. Sample5 with 66 %fine bainite grains have the best corrosion resistance than sample 4 with 66 %
coarse grains .

Acknowledgment
This work was conducted and financially supported by academy of scientific research and technology
and central metallurgical research and Development Institute (CMRDI)‐ Egypt.

References
Abdel Salam Hamdy, M.A. Shoeib, A.G. Sa`eh and Y.Barakat, 2008. Int. J. Electrochemical. Sci., 3,1142.
Akarpour, M.R. and A. Ekrami, 2008. Mat. Sci. Eng 475A 293.
Akumar, A., S. B. Singh, and K.K. Ray, 2008. Mat. Sci. Eng 474A, 270.
Ben Hmamou, D., R. Salghi, A. Zarrouk,S. S. Al-Deyab,H. Zarrok, B. Hammouti and E. Errami, 2012.
Verbena Extract: An efficient Inhibitor of C38 Steel Corrosion in Hydrochloric Acid. Int. J.
Electrochem. Sci.,7: 6234-6246
Eckermann, E., 2001. World History of the Automobile, SAE International, 382,
Ehteram A. Noor and Aisha H. Al-Moubaraki, Int. J. Electrochemical. Sci., 3,806.
Hosseini, M. G. and M.R. Arshadi, 2009. Int. J. Electrochemical. Sci. 4,1339.
Jha, K. , R. Avtar and V. S. Dwivedi, 1996. Transactions of the Indian Institute of Metals 49/3 133.
Leslie, W.C., 1981. The physical metallurgy of steels, Hemisphere Publications, 96.
Machnikova, E., M. Pazderova, M.Bazzaoui, and N.Hackerman, 2008. Surf. Coat.Technol. 202.
Remi, G.P., 2010. L'historire de l'automobile des origines à (1900). [cited 20 May 2010], Available from
http:// users.skynet. be/tintinpassion/ VOIRSAVOIR/Auto /Pages_ auto/Auto_000.html
634

Middle East J. Appl. Sci., 6(3): 627-635, 2016
ISSN 2077-4613
Rout, T. K., 2007. Electrochemical Impedance Spectroscopy Study On Multi-Layered Coated Steel
Sheets'', corrosion science,Vol.49,No.2, pp.794- 817.
Sachin, H.P., M .H. Moinuddin Khan, and N.S. Bhujangaiah, 2009. Int. J. Electrochemical. Sci., 4,134.
Sarkar, P.P., P. Kumar, M. K.Manna, and P.C. Charkraborn, 2008. Mat. Sci. Eng 474A 256.
Setright, L.J.K.,2004. Drive on! A social history of the motor car Granta Publications, 406.
Shaopeng ,Q.U., Xiaolu pang, Yanbin wang and Keweigao, 2013. Corrosion science 75,p.67-77. Yau,
Y.H. and M. A. Streicher, 1988. STP978, ASTM international "Galvanic corrosion " 220- 234.
Wright, R., 2006. Idaho National Laboratory.
Zhang, C. Cai, D. Liao, B. Zhao, T. and Y. Fan,V., 2004. Materials Letters 58 ,1524.

635

