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Abstract The corrosion and corrosion inhibition of bulk
nanocrystalline ingot iron (BNII) fabricated from conven-
tional polycrystalline ingot iron (CPII) by severe rolling
was studied in 0.5 M H,SOy, solution using electrochemical
impedance spectroscopy and potentiodynamic polarization
techniques. The results indicate that BNII was more
susceptible to corrosion in the acidic environment essen-
tially because of an increase in the kinetics of the anodic
reaction. An amino acid cysteine (cys) was employed as a
corrosion inhibitor at concentrations of 0.001 and 0.005 M.
Tests in inhibited solutions revealed that cys reduced the
corrosion rates of both metal specimens by different
mechanisms. For CPII cys inhibited the cathodic reaction
but had a stimulating effect on the anodic process at low
concentration and a trivial effect at higher concentration.
For BNII, cys inhibited both the cathodic and the anodic
reactions, although the former effect was more pronounced.
lodide ions improved the inhibitive effect of cys without
altering the inhibition mechanism.
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Introduction

Iron and its alloys find extensive applications in industry,
where they are used in a variety of service environments. In
aqueous solutions, the major cause of metallic material
degradation and failure is electrochemical corrosion. The
corrosion resistance of iron can be considerably upgraded
by alloying with other metals as well as reduction in the
structural defects and impurity content [1]. These days,
nanocrystallization and development of nanocrystalline
materials is generating a lot of interest as a means of
improving materials performance. Nanocrystalline metals
and alloys have been extensively investigated because of
the need for better understanding of the nanostructure, vis-
a-vis the structural and chemical stability as well as for
potential technological applications. A number of studies
have examined the corrosion behavior of nanocrystalline
materials with contradictory results. Vinogradov et al. [2]
found no significant difference in the polarization behavior
of ultrafine-grained copper and that of its coarse-grained
counterpart. Ye et al. [3] did not observe any noteworthy
influence of nanocrystallization on the corrosion behavior
of 309 stainless steel in Na,SO, solution, whereas a
significant improvement in corrosion resistance was ob-
served in NaCl solution. Previous studies in this laboratory
revealed that bulk nanocrystalline ingot iron possessed
superior corrosion resistance compared to the conventional
polycrystalline analogue in HCI as well as 0.05 M H,SO4+
0.25 M Na,SOy solution [4, 5]. Wang and Li [6] reported
that the corrosion resistance of 304 stainless steel in NaCl
solution was better than the coarse grained counterpart.
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Similar observation was reported for a nanocrystalline
surface layer on 316L stainless steel [7] and nanocrystalline
zinc coatings [8]. On the other hand, Li et al. reported that
the corrosion rate of surface nanocrystallized low carbon
steel in acid sulphate solution was higher than that of the
bulk steel [9]. In addition, the corrosion resistance of
nanocrystalline nickel in sulfuric acid solution was found to
be lower than that of the coarse grained nickel [10]. All of
the above suggest that the effect of nanocrystallization on
corrosion performance is quite sensitive to the nature of the
metal system and the environment.

A practical method to protect metallic surfaces deployed
in service in aqueous aggressive environments is addition
of species to the solution in contact with the surface to
inhibit the corrosion reaction and reduce the corrosion rate.
The inhibitors hinder the corrosion process by increasing
either or both the cathodic and anodic polarization
behavior, retarding the transport of ions to the metal/
solution interface, or increasing the electrical resistance of
the metal surface. Owing to increasing ecological aware-
ness and strict environmental regulations, attention is now
focused on the development of substitute nontoxic alter-
natives, to inorganic inhibitors applied earlier. Amino acids
are attractive as corrosion inhibitors because they are
nontoxic, relatively easy to produce with high purity at
low cost, and are soluble in aqueous media. A number of
studies involving amino acids and their derivatives on the
corrosion inhibition of iron and its alloys [11, 12], including
the corrosion inhibition synergism with other additives
[13], can be found in the literature. On the other hand,
despite the fact that metal surface conditions and micro-
structure can influence the efficiency of an applied
inhibitor, only little information is available on the
corrosion inhibition of their nanocrystalline counterparts.
Prior studies in this laboratory revealed that allyl thiourea
has a protective effect on conventional polycrystalline ingot
iron and an activating effect on the nanocrystalline
counterpart in acidic sulfate solution and hydrochloric acid
[14, 15]. To extend the investigation to other service
conditions, the present study is the first to report on the
effect of nanocrystallization on the corrosion and corrosion
inhibition of ingot iron in sulfuric acid solution. The test
inhibitor chosen for this study is cysteine (HSCH,CH[NH;]
CO,H; cys), a sulfur-containing amino acid. The influence
of iodide ions on the inhibition process was also assessed.

Experimental section
The test specimens used in this study were a conventional

polycrystalline ingot iron (CPII) and bulk nanocrystalline
ingot iron (BNII). BNII was prepared from CPII by severe
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rolling technique. The details of the severe rolling tech-
nique and subsequent microstructure characterization of
CPII and BNII have been described elsewhere [4]. The
specimens were machined into test coupons of dimension
1.2x1.2 cm, which were wet polished with silicon carbide
abrasive paper (from grade #400 to #1,000), degreased in
acetone, rinsed with distilled water, and dried in warm air.

Electrochemical experiments were performed using an
AUTOLAB PGSTAT 30 potentiostat/galvanostat (Eco
Chemie BV, The Netherlands) equipped with General
Purpose Electrochemical System 4.9 and Frequency Re-
sponse Analysis 4.9 software. A conventional three-
electrode Pyrex glass cell was used for the experiments.
Test coupons with exposed surface area 1 cm” were used as
the working electrode and a platinum foil as the counter
electrode. The reference electrode was a saturated calomel
electrode, which was connected via a Luggin’s capillary.
The aggressive solution was 0.5 M H,SO,, prepared from
analytical reagent grade concentrated acid using distilled
water. Corrosion tests were also carried out in 0.001 and
0.005 mol dm ™ solutions of the test inhibitor, cys, prepared
by dissolving appropriate amounts of the solid compound
in 0.5 M H,SO,4. The influence of iodide ions on the
inhibition process was assessed by introducing 0.005 mol
dm KI into inhibited solutions containing 0.005 M cys.
All experiments were undertaken in stagnant aerated
solutions at 30+1 °C. The working electrode was immersed
in a test solution for 30 min or until a stable open circuit
potential was attained (usually about 40 min in the blank
acid). Potentiodynamic polarization studies were carried out
in the potential range £250 mV vs corrosion potential
(Eeory) at a scan rate of 0.333 mV s '. Electrochemical
impedance spectroscopy (EIS) measurements were made at
corrosion potentials (E.,,) over a frequency range of
10 kHz—10 mHz, with a signal amplitude perturbation of
5 mV. Spectra analyses were performed using Zsimpwin
software.

Results and discussion
Open-circuit potential measurements

The evolution of the open-circuit potential (OCP) with time
for the two iron specimen in 0.5 M H,SO,4 without and with
addition of 0.005 M cys are shown in Fig. 1. The OCP
variations in the pure acid solution show some distinguish-
able characteristics. CPII displays an instantaneous shift of
potential toward positive (noble) values, which corresponds
to the growth of a surface film on the electrode. For BNII,
the displacement of OCP toward more positive values is not
immediate, rather an initial slight decay of potential to
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Fig. 1 Variation of open circuit potential (OCP) with time for CPII
and BNII in 0.5 M H,SO,4 without and with 0.005 M cys

negative (active) values is observed for BNII, after which
the potential stabilizes for a brief period before shifting
toward noble values. In addition, the attained OCP values
(at £>200 s) were always more positive for CPII.

On introduction of cys into the acid solution, the
potential shift and attainment of a stable OCP becomes
more rapid and the potentials reach more noble values than
those observed in the blank acid for both specimens (about
10-15 mV). This can be attributed to the formation of a
protective layer of cys on the electrode surfaces.

Electrochemical impedance spectroscopy measurements

The key objective of EIS experiments is to provide insight
into the characteristics and kinetics of electrochemical
processes, which occur at the CPII/0.5 M H,SO, and
BNII/0.5 M H,S0O, interfaces. The impedance response of
these systems is presented in Fig. 2a,b,c, which exemplify,
respectively, the Nyquist, Bode, and phase angle plots. It is
obvious that nanocrystallization resulted in a decrease in
the size of the semicircle in Fig. 2a, in the impedance of the
interface in Fig. 2b, and in the maximum phase angle in
Fig. 2c, indicating a decline in the corrosion resistance. The
impedance plots for CPII and BNII after 2 h of immersion
are presented in Fig. 3. Compared to the results in Fig. 2a,
the impedance and hence corrosion resistance of both
samples increased with time. This can be attributed to the
slow adsorption of reaction products at dissolution sites and
a consequent decrease in corrosion rate [16]. The Nyquist
plots for all systems generally have the form of only one
depressed semicircle, which corresponds to one time
constant in the Bode plots. The single time constant may
be attributed to the short exposure time in the corrodent,
which is insufficient to reveal degradation of the substrate.
The depression of the Nyquist semicircle with the center
under the real axis is typical for solid metal electrodes that
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Fig. 2 Electrochemical impedance plots of CPII and BNII in 0.5 M
H,SO, without inhibitor after 30 min immersion; a Nyquist, b Bode,
and ¢ phase angle plots

show frequency dispersion of the impedance data. The
transfer function can be represented by a solution resistance
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2 = CPIl ‘ Table 1 Impedance parameters for CPII and BNII in 0.5 M H,SO,
—CO— BNII|
30 T System Re (Qcm?) O uQ's" ecm?x107™*) Number
25 CPII
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= Blank (2 h) 332 2.07 0.94
5 209 BNII
E Blank (0.5h)  15.1 1.98 0.92
Q 15+ . Blank (2 h) 26.6 1.70 0.94
o 2. \'\l.
10 o
5 Experiments were also undertaken to assess the influ-
ence of the microstructure of ingot iron on the efficiency of
0 — a corrosion inhibitor (0.005 M cys). The impedance spectra
0 15 20 25 30 35

Z (Ohm-cm?)
Fig. 3 EIS Nyquist plots of CPII and BNII in 0.5 M H,SO,4 without
inhibitor after 2 h immersion

R, shorted by a capacitor (C) that is placed in parallel to the
charge transfer resistance R [17]:

-1
ct

This transfer function is, however, only applicable for
homogeneous systems with one time constant when the
center of the semicircle lies on the abscissa and cannot
account for the depression of the capacitive semicircle.
When a nonideal frequency response is present, the
capacitor is replaced by a constant phase element (CPE).
The use of such a CPE has been extensively described in
the literature [17, 18]. The impedance, Z of the CPE is:

Zepe = Q7' (jo) " (2)
where QO and n stand for the CPE constant and exponent,
respectively, j=(—1)"? is an imaginary number, w is the
angular frequency in rad s ', (w=27f) when f is the
frequency in hertz. The parameter n is generally accepted
to be a measure of surface inhomogeneity.

The impedance spectra for the Nyquist plots were
appropriately analyzed by fitting to the equivalent circuit
model Ry(QqR.1), which has been previously used to model
the Fe/acid interface [17—19]. The corresponding electro-
chemical parameters are given in Table 1. It can be seen
that the charge transfer resistance of BNII (15.1 Q cm?) is
lower than that of CPII (19 © cm?), indicating a higher
corrosion susceptibility of the former. The proportionality
factor Q of CPE does not show significant variation for the
two samples. O values are associated with the surface area
available for the cathodic reaction [19]. In addition, n
values are about the same, probably because for the short
immersion periods the density of the corrosion products
was low.
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of CPII and BNII in 0.5 M H,SO, solution containing
0.005 M cys are given in Fig. 4 and shows that the
impedance responses of both metal specimens do not differ
significantly. The Nyquist plots again correspond to a
single depressed semicircle as observed in the blank acid,
and as such, the same equivalent circuit was thus used to fit
the experimental data. Compared to Fig. 2, an increase in
the impedance parameters of both CPII and BNII can be
seen in the presence of cys, which is associated with the
corrosion-inhibiting effect of the additive. R values
increased to 29.7 and 27.5 Q-cm? for CPII and BNII,
respectively, while the corresponding values of the propor-
tionality factor O of CPE reduced to 159 and 149 pQ "' s”
cm 2. Such decrease in O values normally results from a
decrease in the dielectric constant and an increase in the
double layer thickness, which suggests that cys molecules
are adsorbed on the metal/electrolyte interface [17, 18].
This can be rationalized by considering the Helmholtz
model; Cyg = e£,4/0, where € is the dielectric constant of
the medium, &, the vacuum permittivity, 4 the electrode
area, and 0 the thickness of the protective layer. The smaller
dielectric constant of the organic molecule compared to
water as well as the increase in the thickness of the double
layer because of cys adsorption act to reduce the interfacial
capacitance. Inhibition efficiency was calculated from
[nR% = (1 —Rct/R'ct) X 100], where R and R’ are the
values of the charge transfer resistance in absence and
presence of cys. The obtained values were 36% for CPII
and 45% for BNII, which indicates that the nanocrystalline
microstructure of BNII provides a more favorable surface
for cys adsorption in the 0.5 M H,SO, solution.

Polarization measurements

Polarization experiments were particularly undertaken to
distinguish the effect of nanocrystallization on the anodic
and cathodic corrosion reactions of ingot iron in sulfuric
acid. Typical anodic and cathodic polarization curves of
CPII and BNII in the 0.5 M H,SO,4 solution are illustrated
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in Fig. 5, and the corresponding electrochemical parameters
given in Table 2. Both samples exhibit active dissolution
without any distinctive transition to passivation within the
studied potential range. It is, however, obvious that bulk
nanocrystallization led to an increase in the kinetics of the
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Fig. 4 Electrochemical impedance plots of CPII and BNII in 0.5 M
H,S0O, solution containing 0.005 M cys after 30 min immersion;
a Nyquist, b Bode, and ¢ phase angle plots
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Fig. 5 Polarization curves of CPII and BNII in 0.5 M H,SO, without

inhibitor

anodic metal dissolution, whereas the cathodic process was
not markedly affected. The value of the corrosion potential
(Ecorr) Was also slightly lowered from —523 mV for CPII to
=534 mV in the case of BNII, while the corrosion current
(fcorr) increased from 628 to 841 pA cm 2. This is again
indicative of a higher corrosion susceptibility of BNIIL
Microstructure characterization revealed identical com-
position for CPII and BNII*, and considering the Fe anodic
dissolution reaction ( Fe() — Fe%;v + Ze), it can be rightly
implied that the discrepancy in their corrosion behavior is
mainly due to the differences in grain size and the
subsequent structural modification. BNII with mean grain
size 38.9 nm (compared to 50 um for CPII) provides a
greater surface area as well as a high population of active
sites, which could accelerate the kinetics of the anodic
reaction (Eq. 3) by forming several microelectrochemical
corrosion cells. In addition, the considerable volume of
grain boundaries, which for passive metals and alloys is

Table 2 Polarization data for CPII and BNII in 0.5 M H,SO, with cys

Be B

System E o leorr

(mV) (MAcm?) (mVdec!) (mVdec)

CPlI

Blank —523 628 109 77

1 mM cys -524 1022 166 68

5 mM cys =509 559 153 59

Cyst5mM KI  —521 190 114 58
BNII

Blank —534 841 125 76

1 mM cys =522 717 160 62

5 mM cys —516 483 151 53

Cys+t5mM KI  —532 215 133 56
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often advantageous for outward diffusion of film-forming
elements, in the present case serve as fast diffusion conduits
for the corrosive medium. All of these could contribute to
the higher dissolution kinetics of BNII compared to CPII.
A number of mechanistic studies on the anodic dissolu-
tion of Fe in aqueous solutions have been undertaken, and
the hydroxyl-accelerated mechanism proposed initially by
Bockris et al. [20] and Heusler [21] has gained overwhelm-
ing acceptance. The mechanism postulates the initial forma-
tion of the adsorbed intermediate (FeOH),qs. According
Heusler, the dissolution mechanism corresponds to:

Fe + (FeOH),,— Fe(FeOH), (3)

ads

Fe(FeOH),,, + OH™ — FeOH" + (FeOH),, +2¢  (4)

FeOH' 4+ H'" — Fe*" + H,0 (5)

Equations 4 and 5 represent the slow stage and the rapid
stage, respectively. Reduction in the number of defects has
been shown to shift the equilibrium of Eq. 3 to the left [1],
which corresponds to an overall reduction in the Fe
dissolution rate. Intercrystaline constituents, grain bound-
aries, and triple junctions are considered to be distinct
defects that provide active dissolution sites [S]. The
increase in their population as a result of nanocrystallization
can thus be correlated to increased population of defects in
BNII. The higher dissolution kinetics of BNII could then be
related to a shift of the equilibrium of Eq. 5 to the right.
Rofagha et al. [22] are also of the opinion that the increased
volume fraction of grain boundaries and triple junctions
account for the higher dissolution kinetics of nanocrystal-
line Ni-P compared to its polycrystalline counterpart in
0.1 M H,SO,4. The enhanced corrosion rate of BNII in
0.5 M H,SOy4 could also be attributed to the presence of
high stored energy and residual stress as well as extensive
plastic deformation resulting from the severe rolling
process [23]. The effects of plastic deformation are
generated by an increase in the number and activity of
surface sites, and subsequent corrosion acceleration for iron
is due essentially to an increase in the rate of the anodic
dissolution reaction, as the cathodic hydrogen evolution
reaction is not significantly affected by plastic deformation
[4, 5]. This in fact corroborates our findings in the present
study (Fig. 5), where severe rolling led to an increase in the
kinetics of the anodic dissolution of ingot iron in the
sulfuric acid solution, whereas the cathodic reaction was
scarcely affected.

It is obvious that the results of the present study in the
0.5 M H,SO, solution, vis-a-vis the higher corrosion
susceptibility of BNII compared to CPII, is opposed to the
results from an earlier study in 0.05 M H,S04+0.25 M
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Na,SO, solution, where BNII exhibited a much higher
corrosion resistance than CPII [5]. Several factors could be
responsible for this observation, including the very corro-
sive nature of the sulfuric acid solution, which mitigates the
formation of a protective passive layer on BNII. This is
another demonstration of the wide-ranging variation in the
corrosion performance and properties of nanocrystalline
materials in different environments.

Polarization experiments were also undertaken to deter-
mine the effect of cys on the anodic and cathodic reactions
of CPII and BNII. The polarization curves obtained for both
specimens in 0.5 M H,SO,4 containing 0.001 and 0.005 M
cys are illustrated in Fig. 6, and the electrochemical para-
meters also given in Table 2. E,,,, values were only slightly
shifted by addition of cys, while the Tafel region in the
cathodic branch of the polarization curves becomes wider
in the presence of cys. For CPII (Fig. 6a), cys is observed to
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Fig. 6 Polarization curves of a CPII and b BNII in 0.5 M H,SO,
containing 0.001 and 0.005 M cys
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exert an inhibiting effect on the cathodic reaction at both
concentrations but had insignificant effect on the anodic
reaction at higher concentration (0.005 M) and an activating
effect at lower concentration. Thus cys functioned essentially
as a cathodic inhibitor for CPII at the studied concentrations.
For BNII (Fig. 6b), cys is again seen to significantly inhibit
the cathodic reaction, but in this case, the anodic reaction is
inhibited as well, although to a lesser extent. Thus, cys
herein functioned as a mixed-type inhibitor, with a predom-
inant cathodic action. The anodic-inhibiting effect, which
was not observed for CPII, may suggest that the higher
anodic reaction kinetics of BNII in 0.5 M H,SO,4 with the
increased number of active corrosion sites probably becomes
beneficial for inhibitor adsorption. This is because the
population of active adsorption sites also increases corre-
spondingly, which effect would reduce the adsorption
equilibrium period. Inhibition efficiency was calculated from
the polarization data by [m% = (1 — il /icorr) % 100],
where 7' and i, are the corrosion current densities in
the presence and absence of cys. The calculated values show
that cys, at a lower concentration, stimulated the corrosion of
CPIl (n%=—61%) at 0.001 M concentration but had a
protective effect (n%=11%) at 0.005 M. On the other hand,
1% values for BNII were 15 and 43% at [cys]=0.001 and
0.005 M, respectively. Although the 1% values obtained
from polarization experiments are somewhat different from
those from the EIS technique, both show the same trend.
Lower values from the polarization data implies predominant
influence of the anodic dissolution process is in determining
the corrosion rate. The fact that cys exerted a greater
inhibiting effect on BNII is again in contrast to earlier
findings [14, 15]. This disparity could be attributed to
difference in the nature of the corrosive media and the
applied inhibitors. Moreover, BNII exhibited superior corro-
sion resistance in other environments, and as pointed out by
Oblonsky et al. [24], the more stable passive film could
prevent optimal inhibitor adsorption.

The polarization curves obtained for CPII and BNII in
the presence of 0.005 M KI added to 0.5 M H,SO,
inhibited by 0.005 M cys are presented in Fig. 7. The plots
obtained in the presence of cys alone have been included
for comparison. The introduction of iodide ions is seen to
further improve the ability of cys in inhibiting the corrosion
reaction. Consequently, protection efficiency attained val-
ues of 69.7 and 74.4%, respectively, for CPII and BNIIL.
The mechanism of this synergistic effect has been described
in detail in earlier reports [25-27]. Briefly, the iodide ions,
which are strongly chemisorbed on the corroding metal
surface, facilitate cys adsorption by acting as intermediate
bridges between the positively charged metal surface and cys
cations, formed by protonation of the cys molecule in the
acid solution. This stabilizes the adsorption of cys on the
metal surface, leading to higher surface coverage. Figure 7
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clearly shows that the iodide ion effect did not alter the
inhibition mechanism of cys on both CPII and BNIIL.

Conclusions

Bulk nanocrystallization effected by severe rolling tech-
nique diminished the corrosion resistance of ingot iron in
the 0.5 M H,SO, solution by accelerating the kinetics of the
anodic metal dissolution process. Cys functioned as a
corrosion inhibitor for both the polycrystalline (CPII) and
the nanocrystalline (BNII) iron samples, exerting a greater
inhibiting effect on the latter. The inhibition mechanism
was affected by the microstructure of the sample. For CPII,
cys functioned strictly as a cathodic inhibitor, whereas for
BNII, both the cathodic and the anodic reactions were
inhibited in the presence of cys. Although iodide ions
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increased the protective efficiency of cys, the inhibition
mechanism remained unaffected.
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