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The effect of nitrate ions on the electrochemical behaviour of iron (ferrite) and two carbon
steels (martensite and pearlite) in sulphate solutions of different pH values was investigated by
cyclic voltammetry, polarization and electrochemical impedance spectroscopy. The pitting inhib-
iting effect of nitrate ions on ferrite in sulphate media is pH dependent. Nitrate ions were unable
to inhibit the pitting on ferrite in neutral sulphate solutions, but did effectively protect passivated
ferrite from pitting in acidic sulphate solutions. No pitting occurred on the surface of the
martensite and pearlite specimens in sulphate solutions, regardless of the pH of the solutions. At
the open-circuit corrosion potentials, the three materials underwent general corrosion. The im-
pedance spectra for the three materials measured in neutral sulphate solutions containing nitrates
and chlorides at the corrosion potentials all showed a capacitive loop, while in acidic sulphate so-
lutions their impedance spectra were greatly reduced in size and displayed at least a low fre-
quency impedance loop (inductive or capacitive loop) besides the well-known high frequency
capacitive loop. The variation of the impedance behaviour with pH is explained.
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INTRODUCTION

Pitting corrosion is one of the most destructive forms of corrosion among the various
types of corrosions. In the mid 1980 s, Smialowska summed up five types of pitting and
characterized the features of each type.! The most common and most important type of pit-
ting occurs on passivated iron-based alloys in contact with halide-containing aggressive
solutions, which involves breakdown of the passive film on iron and its alloys.

It is well known that iron and iron-based alloys are used most widely in industry. Con-
sequently, great attention has been paid to studies on the pitting of iron and its alloys, in-
cluding carbon steels and stainless steels. Recently, our investigations?3 have shown that,
among the ferrite, martensite and pearlite, the passivated ferrite is the most susceptible to
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pitting in the Na,SO,4 + NaCl mixed solutions, followed by passivated pearlite and
martensite carbon steels; however, in dilute sulphuric acid, martensite suffers the general
corrosion most easily, followed by pearlite and ferrite. These properties are closely related
to composition and microstructure of these materials.

It is of important value to study the pitting prevention of metals since pitting does
much greater damage to metal products than general corrosion. Newman and Ajjawi’s re-
sults* have shown that nitrate has a strong inhibition effect on the pitting of stainless steels
in neutral chloride solutions. According to Uhlig and Gilman,> nitrate ions can shift the pit-
ting corrosion of Fe—Cr stainless steels to more positive potentials, but some other authors
claim that NO3~ ions scarcely affect the pitting corrosion.®’ Obviously, the pitting inhibi-
tion of nitrates has not been interpreted very well. The pitting corrosion inhibition by nitrate
ions probably involves competitive adsorption, redox reactions or electroreduction of the
nitrate ions,# but none of these could be tested systematically using electrochemical meth-
ods. Also, to the best of our knowledge, only a few reports about the effect of nitrate ions on
the general corrosion and pitting of iron and carbon steels exist in the literature.

In this study the effect of NO3~ ions on the general corrosion and pitting of the
above-mentioned materials in sulphate solutions of different pH values were investigated
using electrochemical methods.

EXPERIMENTAL

The test materials used were 99.98 % pure iron (Aldrich Chem. Co.) and two kinds of carbon steels,
martensite and pearlite. The compositions of the two carbon steels are listed in Table 1. For the sake of conve-
nience, the ythree materials are described in this paper as ferrite, martensite and pearlite, respectively.

TABLE I. Chemical compositions of tailings pipe (martensite) and 1080 carbon steel (pearlite) (wt %)

C Mn Si P S Cu Ni Mo \Y
Martensite ~ 0.47 1.2 0.15 0.05 0.06 0.40 0.40 0.15 0.19

C Mn Prax Smmax

Pearlite 0.75-0.88 0.60-0.90 0.040 0.050

The ferrite electrode was made from a pure iron rod of 0.63 cm diameter, and the martensite and pearlite
specimens were cut from the corresponding sheets. These specimens were embedded in an epoxy resin
mould, and only their test surfaces were allowed to contact the electrolyte. The edges of each sample were
coated with an acrylic paint in order to avoid probable crevice corrosion. The area of the test surface of the fer-
rite, martensite and pearlite electrodes were, respectively, 0.31 cm?, 0.41 cm? and 0.45 cm?. Prior to each
measurement, each test surface was ground with #600 emery paper, subsequently polished with #2000 emery
paper, and then rinsed with deionized water and acetone.

All electrolyte solutions were prepared with analytical grade chemicals and triply distilled water.

Electrochemical measurements were performed at room temperature (=22 °C) in a three-electrode cell using
a Zahner IM6 electrochemical workstation. A platinum black counter electrode of 4 cm? surface area was used as
the counter electrode and a saturated calomel electroce (SCE) as the reference electrode to which all the potentials
in this paper are referred. The SCE was led to the surface of the working electrode through a Luggin capillary.

The polarization curves were obtained at a potential sweep rate of 0.2 mV sl going from the cathodic to
the anodic side. The cyclic voltammograms for the three materials in different corrosive solutions were obtained
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at a linear potential sweep rate of 5 mV s™! upward from the corrosion potential and then backward to the given
potentials. EIS measurements were performed at the corrosion potentials in the frequency range between 60 kHz
and 10 mHz with ten points per decade under excitation of a sinusoidal wave of £5 mV amplitude.

RESULTS AND DISCUSSIONS

The effect of solution acidity on the pitting of iron and iron-based alloy has been stud-
ied by several investigators.8-10 However, the influence of the pH of the solution on the in-
hibition of pitting by nitrate ions was not clear up to now. Systems composed of iron (or
iron-based alloys) and sulphate are not self-passivating systems, and the passivation pro-
cess must be realized by the application of a potential. In addition, the passive state of the
metals has to be maintained by applying an anodic potential over the passivating potential.
In the presence of chloride ions, the passive films formed on iron or its alloys suffer the at-
tack of pitting, which leads to the breakdown of the passive film and the appearance of pits
on the test surfaces. Sulphate ions are unable to effectively inhibit the occurrence of pitting
although they may shift, to a certain extent, the pitting potential to more positive values.!!
We will first focus on the effect of pH on the inhibition of pitting by nitrate ions in sulplhate
solutions of different acidity in terms of cyclic voltammetry.

Cyclic voltammetric study

0.1 mol dm=3 NaSO4 + 0.1 mol dm=3 NaNO3 + 0.01 mol dm=3 NaCl solutions
(pH 7.1). The cyclic voltammograms obtained for the ferrite, martensite and pearlite elec-
trodes in NaySO4 + NaNOj3 + NaCl mixed solutions are shown in Fig. 1. It is observed
from the cyclic voltammogram of ferrite that the current increased slowly with increasing
potential until reaching positively 0.05 V and then it was greatly enhanced by further in-
creasing of the potential during the anodic scan. The anodic voltammogram did not show
obvious anodic peaks and passivating behaviour. At potentials higher than 0.05 V, the elec-
trode surface was found to have suffered serious pitting and the rapid increase in current
density is probably associated with the occurrence of pitting. This indicates that nitrate can-
not protect the ferrite surface from pitting in neutral sulphate solutions. When the potential
was scanned negatively, although the current decreased with decreasing potential, the cur-
rent shown by the reverse scan curve was higher than that shown by the forward scan
curve. This phenomenon could be due to the following two causes: (i) the pitting formed
on the iron surface during the anodic scan results in a higher surface roughness and (ii) the
pits formed were not repassivated during the reverse scan. The latter may be proved by the
fact that no common hysteresis appeared in the voltammogram. 12

The voltammogram of the martensite electrode is similar to that of the pearlite elec-
trode, and both of them are distinctly different in shape to the voltammogram for the ferrite
electrode. The two voltammograms did not display any anodic or cathodic peaks and the
currents monotonously increased or decreased depending on whether the potential was in-
creasing or decreasing; particularly, their anodic scan curves are almost the same as the
cathodic scan curves. This kind of cyclic voltammogram can explain why the polarization
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behaviour and surface state of the martensite or pearlite at the same anodic potential are
similar regardless of whether the potential was scanned postively or negatively to this po-
tential. It can be inferred from the potential dependence of the current that the surface of the
martensite or pearlite remained in the active state; theoretically, pitting should not accur in
this case. In fact, no pits were observed on the surface of either of these materials. This
means that nitrate ions prevent pitting of martensite and pearlite in neutral sulphate solu-
tions, although they do not render the martensite or pearlite surface passive.

Further comparison of the three cyclic voltammograms shows that, at relatively high po-
tentials, the anodic dissolution rate of martensite is the highest, followed by pearlite and ferrite.

0.095 mol dm3 NaySO,4+ 0.005 mol dm3 HySO4+ 0.1 mol dm3 NaNO3 + 0.01 mol
dm3 NaCl solutions (pH 2.2). The anodic dissolution current and the shape of the cyclic
voltammogram for ferrite were strongly dependent on the pH of the solution, as shown by the
solid line in Fig. 2. However, compared with ferrite, the shape of the cyclic voltammograms
for both martensite and pearlite exhibited little change only their anodic dissolution current
densities were enhanced with decreasing pH. The pH decrease made the anodic current den-
sity of ferrite the highest, martensite next and pearlite the lowest, among these three materials.

Here focus is mainly on the cyclic volatammetric result of the ferrite. During the anodic
scan, the anodic current increased rapidly with potential until it reached a maximum at 0.78
V, and further increase of the potential led to a steep drop in the current, as well as passivation
of the ferrite surface. From 0.94 V to more positive potentials, the current density remained at
a magnitude of approximately 104 A cm2. This indicates that the passivation of the ferrite
surface was not destroyed by the chloride ions in the presence of nitrate ions. In other words,
NO;5~ions are able to inhibit pitting of the iron caused by chloride ions in acidic sulphate so-
lutions. When the potential was scanned back to the corrosion potential, the cathodic scan
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curve showed a current maximum in the potential range between 0.42 V and 0.13 V. The
passive film on ferrite in acidic sulphate solutions is known to be a bilayer film composed of
an inner Fe30, layer and an outer Fe,Os layer.!3 With decreasing applied potential, the outer
layer is reduced and dissolved first, follow by the inner layer. The current maximum is there-
fore associated with the dissolution of the inner Fe;O4 layer. At 0.13 V, the current density
increased sharply since the passive film dissolved completely.

Itis of interest that no pits were observed on the surface of the ferrite, martensite or pearlite
in acidic solutions. This indicates that none of the materials underwent pitting corrosion.

0.2 mol dm=3 H,SOy4 + 0.1 mol dm=3 NaNO3 + 0.01 mol dm= NaCl solutions
(pH 1.2). The anodic current densities of ferrite, martensite and pearlite were promoted
more significantly in strong acidic solutions and the shape of their cyclic voltammograms
changed greatly as can be seen in Fig. 3, as opposed to those displayed by Figs. 1 and 2.
The voltammogram for the ferrite shows that, when the potential was scanned positively,
the anodic current increased with the potential until strong periodic current oscillations oc-
curred. This was followed by a sharp drop until, finally, a constant magnitude of approxi-
mately 104 A cm2 was maintained over a wide potential region due to the formation of a
passive film. Oxygen evolution on the electrode commenced at potentials over 1.57 V,
causing an increase in the current. When the potential was swept from the positive vertex to
the corrosion potential, the curve of the reverse scan coincided almost exactly with the for-
ward scan curve in the potential range when oxygen evolution occurred. The oxygen evo-
lution reaction stopped when the potential had been reduced to 1.57 V. The passivity held
until the potential had been reduced to 0.360 V. The reverse curve did not display a current
peak like the maximum shown by solid line in Fig. 2 since the dissolution process of the
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passive film was faster in the lower pH solutions.

The cyclic voltammograms for martensite and pearlite were similar to that of ferrite
except no current oscillations were observed, involving the current increase with potential,
the oxygen evolution, passivation as well as the breakdown of the passive films.

By comparing Figs. 1 through 3, it can be concluded that nitrate is able to inhibit the
pitting on ferrite only in acidic solutions, but that its inhibition of pitting on martensite and
pearlite is pH independent.

Polarization curves

Steady-state polarization measurements for ferrite, martensite and pearlite were car-
ried out in the three above-mentioned sulphate solutions of different pH in order to investi-
gate the effect of pH on the corrosion behaviour of the three materials. At potentials near
the corrosion potentials, the three materials undergo general corrosion rather than pitting.

In the neutral sulphate solution, the polarization curve of ferrite (solid line in Fig. 4)
had a linear anodic region between — 0.51 V and — 0.36 V whose Tafel slope was about
0.086 V/decade, as well as a very wide cathodic plateau from—0.80 V to—0.60 V resulting
from the reduction of oxygen dissolved in the solution. The cathodic polarization curves
for both martensite and pearlite (see dashed line and dotted line in Fig. 4) were quite differ-
ent from that of ferrite, not showing the cathodic plateau. The anodic polarization curve for
pearlite displayed an approximate linear region of 0.076 V/decade in the potential range
from — 0.67 V to — 0.52V. No obvious anodic Tafel region was observed from the anodic
polarization curve of martensite.
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In the 0.095 mol dm3 Na,SO, + 0.005 mol dm=3 H,SOy4 + 0.1 mol dm— NaNOs +
0.01 mol dm3 NaCl solutions, the cathodic and anodic current densities for the three test
materials were promoted simultaneously to varying degrees, thereby accelerating their cor-
rosion rate (see Fig. 5). In the acidic solution, the whole cathodic reaction of the three mate-
rials is comprised of the oxygen reduction and hydrogen evolution reactions. The anodic
dissolution rate of ferrite was enhanced the most by the pH decrease, followed by
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martensite, and then pearlite, the dissolution rate of which was increased slightly. The cath-
odic curve of ferrite can be divided into two parts: one begins at the corrosion potential and
ends at—0.76 V, corresponding to cathodic oxygen reduction; and the other starts at—0.76
V up to more negative potentials, giving a slope of 0.130 V/decade, which is ascribed to
cathodic hydrogen evolution. The anodic curve of ferrite exhibits a 0.078 V/decade Tafel
slope in the potential range between — 0.63 V and — 0.54 V, deviating from the result of
Bockris, Drazi¢ and Despi¢ (about 0.040 V/decade)!4 and of Heusler (0.030 V/decade) in
pure sulphuric acid.!> The difference between the Tafel slopes reveals a change of the fer-
rite dissolution mechanism. The cathodic polarization curves of martensite and pearlite
were similar to that of ferrite, while the anodic curves of both materials presented no appar-
ent linear region.

In the lower pH acidic solution (0.2 mol dm=3 H,SOy + 0.1 mol dm=3 NaNO3 +0.01
mol dm=3 NaCl solution), the anodic and cathodic reaction rates of ferrite, martensite and
pearlite were further accelerated. The polarization curves of the three materials in 0.2 mol
dm3 H,SO4 + 0.1 mol dm3 NaNOs +0.01 mol dm= NaCl solutions are shown in Fig. 6.
In order to investigate the influence of NO5~ ions on the general corrosion, the polarization
curves of ferrite, martensite and pearlite in 0.2 mol dm3 H,SO, +0.01 mol dm 3 NaCl so-
lution were drawn as reference curves in this plot. Obviously, the presence of NaNOs has a
different influence on the polarization behaviour of the three materials. NO5~ greatly accel-
erates both the anodic dissolution current and the cathodic current of ferrite. However, the
effect of NO3~ on the corrosion behaviour of martensite seems to be less than on ferrite.
Particularly, NO5™ has little influence on the polarization behaviour of pearlite.
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Impedance spectra

The Nyquist impedance spectra for ferrite, martensite and pearlite in 0.1 mol dm™3
Na,SOy + 0.1 mol dm3 NaNOs +0.01 mol dm3 NaCl solutions are shown in Fig. 7. The im-
pedance display of pearlite was a near perfect semicircle. It was calculated from the semicircle
that the charge-transfer resistance of the pearlite corrosion reaction is 1466.9 Q cm? and the
double-layer capacitance of the iron surface is 1.01x10-3 F cm2 by fitting the impedance spec-
trum. The impedance diagrams of both ferrite and martensite presented somewhat distorted
semicircles that converted into tails in the low frequency range. It was estimated from the two
irregular semicircles that the charge-transfer resistance of ferrite is 1777.3 Q cm? and that of
martensite is 882.4 Q cm?. The charge-transfer resistance may be used to evaluate the ability of
one material to resist corrosion. The smaller the charge-transfer resistance, the more easily is the
material corroded. It follows from the values of the charge-transfer resistance that the suscepti-
bility of the three materials to general corrosion follows the orders martensite > pearlite > ferrite.
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Fig. 7. Nyquist impedance diagrams for ferrite, martensite and pearlite electrodes at their corrosion poten-
tials in 0.1 mol dm™ Na,SO, + 0.1 mol dm™> NaNO; + 0.01 mol dm™ NaCl solutions.

Nitrate ions greatly stimulated the general corrosion of ferrite, martensite and pearlite in
acidic sulphate solutions, as shown by the impedance plots of the three materials (Figs. 8 and
9). The indepedance plot of ferrite shown in Fig. 8 gave three loops, two capacitive loops and
one inductive loop; moreover, the shape of the impedance plot is almost independent of the
immersion time. The diameter of the high frequency semicircle decreased by 71.7 Q cm?.
The impedance spectra for martensite and pearlite are dependent on the immersion time.
However, the variation trend of the impedance spectra for the two materials with the immer-
sion times is exactly opposite. For martensite, the impedance plot obtained after 5-minute im-
mersion was a near perfect semicircle; the impedance spectrum developed into one plot with
a high frequency capacitive loop and a low frequency inductive loop in 0.5 h, reducing in size
and greatly changing in shape. Subsequently, the shape and size of the impedance spectrum
did not change with increasing the immersion time (see "O" and "A" symbols in Fig. 8). For
pearlite, the impedance plot displayed a high frequency capacitive loop and a low frequency
inductive one after short immersion (5 min) and a larger capacitive loop after long immersion
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Fig. 8. Nyquist impedance spectra for ferrite, martensite and pearlite electrodes exposed to 0.095 mol dm>

Na,S0,4+0.005 mol dm™ H,S0,4+0.1 mol dm™ NaNOs + 0.01 mol dm™ NaCl solutions for different
times at the open circuit potentials. (m) Ferrite, S-minute immersion; (00) martensite, 5S-minute immersion;
(A) martensite, 0.5-hour immersion; (O) martensite, 1-hour immersion; (+) pearlite, 5-minute immersion;

(x) pearlite, 1-hour immersion.

(1 h). By comparing the impedance spectra of the three materials, it can be concluded that in
acidic sulphate solutions containing both nitrate and chloride ions, the order that the three ma-
terials undergo general corrosion is martensite, ferrite and pearlite. This conclusion is sup-
ported by the results shown in Fig. 9.

Although nitrate ions accelerate the general corrosion of the three materials in acidic
solutions, the impedance behaviour of the three materials is somewhat different. Many fac-
tors, such as the composition of a material, changes of the surface state, surface roughness
or defects, can influence the impedance display of one material. It was observed that the
surface of martensite and pearlite gradually became black with increasing immersion time.
This could be attributed to the fact that iron and other active metals dissolve in the acidic
solutions (see Table I), leaving the carbon on the surface. This phenomenon was particu-
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Fig. 9. Nyquist impedance plots for ferrite, martensite and pearlite electrodes in 0.2 mol dm™> H,SO4+ 0.1
mol dm™ NaNOj; +0.01 mol dm™ NaCl solutions at their corrosion potentials.
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larly evident with the martensite electrode. It was observed that more carbon powder was
deposited on the martensite surface than on the pearlite surface after identical immersion
times in the acidic solution. According to thermodynamic theories, pearlite is an equilib-
rium phase, whereas martensite is a non-equilibrium phase in which the supersaturated
carbon is dissolved in the ferrite phase. The supersaturated carbon has a tendency to sepa-
rate from the martensite. Consequently, much more carbon appeared on the martensite sur-
face during the immersion in acidic solutions compared with the pearlite one, although the
carbon content of the martensite was lower than that of the pearlite, as shown in Table L.

CONCLUSIONS

1. The inhibition of pitting on ferrite by nitrate ions strongly depends on the pH of the
solution. Nitrate ions were unable to prevent ferrite from pitting attack in neutral CI™-conta-
inig Na,SO, solution, whereas in acidic Na,SOy solutions or in H,SO4 solutions, nitrate
ions completely inhibited pitting on passivated ferrite.

2. Martensite and pearlite were not passivated in neutral 0.1 mol dm= Na,SOy, + 0.1
mol dm3 NaNOj3 + 0.01 mol dm3 NaCl solution or in 0.095 mol dm3 Na,SO,4 + 0.005
mol dm3 H,SOy + 0.1 mol dm3 NaNOs + 0.01 mol dm3 NaCl acidic solution. Particu-
larly, their anodic scan curves were almost the same as the cathodic scan ones. In the lower
pH solution (0.2 mol dm— H,SO, + 0.1 mol dm3 NaNO; + 0.01 mol dm= NaCl), the
two materials can be passivated. Pitting did not occur on the surface of these two materials
in sulphate solutions, irrespective of the pH values.

3. In different pH sulphase solutions, the polarization measurements and impedance spec-
tra obtained at the corrosion potentials show that the pH strongly affected the rate of general
corrosion of ferrite, martensite and pearlite. In neutral solutions, the corrosion rate of martensite
is the highest, followed by that of pearlite and ferrite. However, in acidic sulphate solutions, the

corrosion rate of the three materials is in the order martensite, ferrite and pearlite.
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YIIOPELEE YTULAJA HUTPATHOT JOHA HA EJIEKTPOXEMMJCKO
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YTHIaj HUTPATHOT jOHA Ha €JIEKTPOXEMHJCKO MOHAIIIakhe TBOXKba ((heputa) u Ba yribeHNUHa
Yesuka (MapTeH3HT U MEPITAT) UCIIUTHBAH je Y Cy(haTHIM PaCTBOPHMA Pa3MUIuTOr pH IUKITIHOM
BOJITAMETPHjOM, OfipehiBameM TOTapU3alMOHUX KPUBHX M MMIIEJAHCHOM CHIEKTpocKonujoM. VIH-
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XuOUIOHN epeKaT HUTPATHOT jOHA Ha MojaBy MUTHHTA KofI ¢epuTa je 3aBucan o pH. Hurpatan
jOHM HE clipeyaBajy MOjaBy MUTUHTA Ha (DEPUTY y HEYTPAIHIM PACTBOPHMA, allil BPIIO e(PHKACHO
LITUTE NacuBUpaH (PEpUT Of MUTHHra y KHUCEIMM cyiadaTHUM pactBopuma. Ha mospimHama
MapTeH3UTa W TepiuTa HeMa IojaBe NUTUHTA y CyldaTHIM pacTBopuMa, Oe3 o6smpa Ha pH
pactBopa. Ha moreHupjammma oTBOpEeHOr Kona (KOpPO3MOHM TOTEHIMjall) cBa TPH MaTepujaia
TOJIEKY OIIITOj KOpo3uju. VIMIenaHcHN CIEKTpH CBa TpHM MaTepujaiia onpebenn 3a HeyTpasiHe
cynaTHe pacTBOpe KOjU cafpke HUTpaTe M XJIOpHfe MOKa3yjy KamalyuTHBHE INETIbe, 0K CY
CIIEKTPHU Y KHCENMM CYJI(aTHIM pacTBOPHMa 3HAYajHO CMAICHH IO BENMUYMHA W TIOKa3yjy HHU-
CKO(PpEKBEHTHE MMIIC/IAHCHE NeTIbe (MHAYKTHBHE MM KaNalUTHBHE METIbe) MOpef J00pO MO3Ha-
THX KaNalUTHBHMX NET/bU Y 00acTy BUIIIMX (ppekBeHnyja. [laTo je objalmemhe IpoMeHe umIie-
JIaHce ca mpoMeHoM pH.
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