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Abstract—By the example of the study of AISI 1016 steel corrosion in the HCI solution, the potentialities of
various methods for determining the corrosion currents are studied. The corrosion rate of steel without polar-
ization is determined using the method of measuring ohmic resistance of test specimen. It is shown that the
iterative method used for the analysis of potentiodynamic curves in the vicinity of corrosion potential avoids
the complications that arise when the Tafel extrapolation method is used in the absence of pronounced Tafel

sections in these curves.
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INTRODUCTION

The Tafel extrapolation method is widely used in
the electrochemical practice for determining the cor-
rosion rate of metals [1—12]. Its main advantage is the
ability of rapid determination of corrosion current.
The possibility to investigate both actively corroding
and corrosion-resistant materials is also an undoubted
advantage of this method. At the same time, a number
of limitations of this method should be indicated. The
method assumes that only one reaction proceeds in
the potential range under consideration. Thus, strictly
speaking, the equations underlying the method may be
inapplicable to the study of alloys [1—3] and in the
case that the system under investigation contains sev-
eral depolarizers (for example, hydrogen ions and dis-
solved oxygen). In addition, for precise determination
of corrosion current, it is necessary that the linear sec-
tion in the experimental curve covers at least one order
of magnitude of current [2]. However, this require-
ment is not always met in practice. The Tafel extrapo-
lation method can be inapplicable due to the absence
of well defined linear section in the polarization
curves. In [3], the corrosion rates of several electro-
chemical systems, which were determined by the Tafel
extrapolation method and several independent meth-
ods, were compared, and the corrosion rates appeared
to be rather close. In [4], the corrosion rate of carbon
steel in the HCI solutions was determined by the Tafel
extrapolation method, the gravimetric method, and
the analysis of solution. It was shown that, in the given
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examples, the corrosion rates, which were determined
by the gravimetric method and the analysis of solu-
tion, were in good agreement. The corrosion rate,
which was determined by the Tafel extrapolation
method, turned out to be much higher in this case. For
the 1 M HCI solution, the rates differed by more than
5 times. The authors of [4] indicated the advantages of
the Tafel method for rapid determination of corrosion
rate; however, they believe that the results obtained by
the Tafel method should be simultaneously compared
with the data obtained by the gravimetric method.

When a pronounced Tafel section is observed only
in one, cathodic or anodic, branch of polarization
curve, only this curve section may be extrapolated
[3, 6]. In these cases, more frequently, the Tafel curve
sections are observed in the cathodic branch.

The Tafel sections characterize the kinetics of only
one, cathodic or anodic, reaction, because they lie at
such a distance from the corrosion potential E,,, that
the reaction, which is not the main one in the given
potential range, can be neglected. A large distance
from the Tafel curve section to £, can lead to an error
in the determined corrosion current due to a possible
difference in the surface state between this area and
that at E_,, [6, 11]. The polarization curve sections in

the vicinity of E_,, correspond to the concurrent
cathodic and anodic reactions.

The method of polarization resistance involves the
determination of the slope of linear sections of polar-



ESTIMATION OF CORROSION RATE OF AISI 1016 STEEL 17

ization curves adjacent to E,.,, in the potential range
within £10 mV [6]. However, the corrosion current
density can be determined from the polarization resis-
tance provided that the anodic and cathodic Tafel
slopes are known.

In some works [10, 11], the corrosion current den-
sity was determined by measuring simultaneously the
polarization resistance and the Tafel slopes in the
analysis of the sections of polarization curves in
the potential range, where the curves are linear, and a
certain initial nonlinear curve section. The results
were analyzed using the fitting method.

In this work, by the example of the study of corro-
sion behavior of AISI 1016 steel in the 0.1 M HCl solu-
tion, the potentialities of the Tafel extrapolation
method and an independent method for determining
the corrosion rate, the method of measuring ohmic
resistance of test specimen, are compared. The poten-
tialities of the iterative method, as an alternative to
the Tafel method in the cases that no Tafel sections
are observed in the polarization curves, are also con-
sidered.

EXPERIMENTAL PROCEDURE

The specimens of AISI 1016 steel wire 0.8 mm in
diameter were studied. Table 1 lists the chemical com-
position of steel.

All measurements were performed in the 0.1 M
HCI (ultra-high purity grade) solution in twice-dis-
tilled water with free air access at a temperature of
25°C. The test specimens were preliminarily kept in
the working solution for 48 h to stabilize their surface
conditions. The specimen potential was measured
against a saturated silver chloride electrode.

The potentiodynamic curves were recorded with a
potential scan rate of 1 mV/s. Both under the anodic
and cathodic polarization, the measurements started
from the corrosion potential. The polarization of wire
specimen was performed with an IPC2000 Pro poten-
tiostat (EKONIKS, Russia) both in the potentiody-
namic measurements and in the study by the method
of measuring ohmic resistance. In the latter case, the
test specimen was kept at a given potential and the cur-
rent was simultaneously recorded. Then, a charge Q
consumed during the polarization was determined by
integrating the current. Prior to the polarization and
after its completion, the specimen resistance was mea-
sured and a change in the wire radius under the anodic
polarization was calculated. Based on these data, tak-
ing into account the specimen density, the amount of
dissolved metal was determined.

When measuring the resistance of the test speci-
men, a preassigned current, which is generated by a
BP-49 dc power source, is divided into two equal parts
passing through identical resistors (their resistance is
by three orders of magnitude higher than that of the
test specimen). Both components of the current pass
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Table 1. Chemical composition of AISI 1016 steel
Mn P S Fe

0.60—0.90 >98

Element C

wt % 0.13—0.18 <0.040 | <0.050

through the test specimen, which is placed into the
vessel with the electrolyte, and through an auxiliary
resistor similar to the test specimen, which is located
on the outer surface of the vessel. The currents, which
pass through the test specimen and the auxiliary resis-
tor, are opposite in directions. As a result, the potential
differences across the test specimen and the auxiliary
resistor compensate each other. This allows one to
measure small changes in the resistance of the test
specimen, which are caused by a decrease in its diam-
eter in the course of corrosion. The potential differ-
ence is measured with a V7-21A universal voltmeter.
Knowing the change in the potential difference Au(?)
and the current /, it is easy to determine the variation
of the resistance of specimen immersed into the elec-
trolyte with time AR(¢) = Au(?)/i. The dependence of
wire radius r(¢) on the time it is kept in the electrolyte
is as follows:

1, tARWT"
r(t)=[r—02+—an(t)} , (1)

where r, is the initial wire radius, L is its length,
AR(?) is a change in its resistance due to corrosion, and
p is the specific resistance of steel. Knowing the change
in the wire radius, a decrease of the specimen weight
AM in this period of time can be easily calculated:

AM =1(ri’ — rl)Lg, ()

where 7, and r, are the wire radii at the beginning and
at the end of polarization, L is the specimen length,
and g is the metal density, 7.7 g/cm?. The procedure of
specimen resistance measurement and calculations
was described in detail earlier [13].

RESULTS AND DISCUSSION

Figure 1 shows the cathodic and anodic polariza-
tion curves measured in the 0.1 M HCI solution.

A well-defined linear section, which covers the
current changing by an order of magnitude, is
observed in the anodic curve. No linear section can be
recognized in the cathodic curve; such polarization
curves frequently occur in the electrochemical prac-
tice. This may be associated with the diffusion of
depolarizer [14] or with simultaneous reduction of dis-
solved oxygen and hydrogen ions at the electrode [15].

In this case, equation (3)
FE
ﬂ 3

i=i |:6Xp (E — Ecorrj —exp (Ecorr —
corr bc ba
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Fig. 1. (I) Cathodic and (2) anodic potentiodynamic
curves (the potential scan rate is 1 mV/s) measured on
AISI 1016 steel in 0.1 M HCl solution.
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Fig. 2. Dependences of (/) the weight of AISI 1016 steel
dissolved in 0.1 M HCl and (2) the charge on the potential.
At each potential, the polarization is performed for 1 h.
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Fig. 3. Dependence of experimentally determined electro-
chemical equivalent of AISI 1016 steel on the potential.

which underlies the Tafel extrapolation method for
determining the corrosion rate [6], is obviously inap-
plicable.

As follows from Fig. 1, the extrapolation of pro-
nounced linear section in the anodic curve to the
corrosion potential yields a corrosion current of 2.4 x
10~ A/cm?.

Simultaneously, the corrosion current was deter-
mined by an independent method, the method of
measuring ohmic resistance, which can be considered
as a kind of the gravimetric method for determining
the corrosion rate. At the same time, the method of
measuring ohmic resistance differs from the conven-
tional gravimetric method in that the reaction prod-
ucts, which are accumulated on the surface of the test
specimen, have no effect on the result, obviously, if
their conductivity is significantly lower than that of the
metal under investigation. This method enables one to
monitor the variation of the specimen corrosion rate
over a long period of time without removing it from
the solution.

Figure 2 shows the dependences of the weight of
dissolved AISI 1016 steel, which were obtained by the
method of measuring specimen ohmic resistance, and
the consumed charge on the potential.

The charge is calculated by integrating the i vs. ¢
curves that were measured under the polarization of
the specimen. In all cases, the polarization was per-
formed for 1 h.

The ratio between the weight AM of steel dissolved
under polarization at a prescribed potential and the
charge AQ consumed for its dissolution enables us to
determine the electrochemical equivalent of steel K =
AM/AQ. Figure 3 shows the dependence of electro-
chemical equivalent of steel on the potential. An
inflection near a potential of —435 mV, probably, is
associated with the fact that this is a transition region,
where the anodic and cathodic components of the
total current are close in magnitude; then, the
cathodic component decreases and the current
becomes completely anodic.

Thus determined electrochemical equivalent of
AISI 1016 steel (0.29 mg/C), which contains more
than 98% iron in its composition, agrees well with the
electrochemical equivalent for pure iron (0.289 mg/C)
[16]. The electrochemical equivalent is kept constant
for the potentials above —360 mV. At more negative
potentials, the electrochemical equivalent increases.
This is caused by the contribution of the cathodic
component of polarization current. As a result, the
charge AQ, by which the change in the weight AM
should be divided to determine the equivalent, is
underestimated and the electrochemical equivalent
obtained in this way does not correspond to the real
value.

Figure 4 shows the dependence of the dissolution
rate of AISI 1016 steel on the potential (including the
corrosion potential of —466 mV) that is determined by
the method of measuring resistance. It is seen that the
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Fig. 4. Dependence of AISI 1016 steel dissolution rate on
the potential.

steel dissolution rate at the corrosion potential is 7.1 X
107> mg cm™2 s~ In order to compare the results
obtained by this method with the corrosion current
determined from the data shown in Fig. 1, the anodic
dissolution rate (Fig. 4) is converted into the electrical
units using the electrochemical equivalent obtained
for the steel under investigation. Thus obtained corro-
sion current is 2.4 X 10~* A/cm?. The current deter-
mined by the method of measuring ohmic resistance is
independent of any assumptions about the mechanism
of the processes on the specimen surface.

The absence of a well-defined linear section in the
cathodic curve points to the inapplicability of equa-
tion (3) and, correspondingly, the Tafel extrapolation
method for determining the corrosion current. This
shape of the curve may be due to the effect of mass
transfer in the cathodic potential range. Equation (4)
enables calculating the corrosion current, when the
electrochemical process proceeds in the mixed mode,
taking into account the effect of the depolarizer diffu-
sion (ig) on the cathodic process [17]. Equation (4)
takes into consideration one cathodic reaction. In the
case of two cathodic reactions (the reduction of oxy-
gen dissolved in the electrolyte and hydroxonium
ions), as it was shown earlier [15], two pronounced lin-
ear sections are observed in the cathodic curve. In our
case, when a dilute acid solution is used, probably, the
oxygen reduction is the prevailing cathodic reaction.
This reaction is taken into account in equation (4):

i =i, exp (—E — E“""j
corr ba

feondy XD [%] @)
Ecorr -F '
b

C

Ig = leorr tlcor exp(
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Fig. 5. Dependence of current density in the polarization
of AISI 1016 steel electrode in 0.1 M HCI solution on the
potential: the experimental data are shown with open cir-
cles and the calculated data are shown with a dashed line.

Figure 5 shows the experimental cathodic curve
(Fig. 1, curve I) and the curve calculated by equation (4).
The parameters in the vicinity of corrosion potential
are calculated by the iterative method using the genfit
function of the MATHCAD software [14].

As follows from Fig. 5, the experimental and calcu-
lated curves completely coincide in the potential range
under consideration. The cathodic potential range
near the corrosion potential contains information on
both the cathodic process, which proceeds at the elec-
trode, and the anodic process of alloy dissolution.
The corrosion current density, which is determined
in this potential range by the iterative method, is
2.46 X 107* A/cm?, B, = 2.3b, = 44 mV/decade and
B. = 2.3b, = 52 mV/decade.

The corrosion current, which is determined by this
method, differs by less than 2% from that determined by
the method of measuring resistance (2.4 x 10~* A/cm?)
and by the method of extrapolation of anodic curve
(2.4 x 107 A/cm?).

The same value of corrosion current was obtained
taking into account equation (4) using the iterative
method in the potential range containing cathodic and
anodic curves (Fig. 6) in the vicinity of corrosion
potential (from —40 to 40 mV).

The corrosion current density, which is calculated
from the data presented on Fig. 6, is 2.46 X 10~* A/cm?,
B, is 91 mV/decade and B, is 52 mV/decade. The cor-
rosion currents and coefficients 8., which are calcu-
lated using only cathodic curve and both curves in the
vicinity of corrosion potential, coincide. The coeffi-
cient f3,, which is obtained from the data presented in
Fig. 6, appeared to be two times higher than that deter-
mined by only cathodic curve. This can be explained
by the fact that the analysis of only cathodic curve
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Table 2. Parameters of corrosion process determined by various methods
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Parameter

Method of ohmic
resistance

Tafel method,
anodic curve

Iterative method,
cathodic curve

Iterative method,
both curves

. 2
lcorr: A/Cm
B, mV

B, mV

2.4 %1074

2.4 %1074

78

2.46 x 107
52

44

2.46 x 1074
52

91
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Fig. 6. Dependence of current density in the polarization
of AISI 1016 steel electrode in 0.1 M HCI solution on the
potential: the experimental data are shown with open cir-
cles and the calculated data are shown with a dashed line.

gives insufficient information about the anodic pro-
cess for accurate determination of 3,. Table 2 lists the
calculated parameters of corrosion process.

The results show that, even in the absence of pro-
nounced linear sections in the polarization curve, tak-
ing into account the mass transfer of the depolarizer,
one can determine the corrosion current using the
iterative method.

CONCLUSIONS

The electrochemical equivalent of AISI 1016 steel
was determined experimentally (0.29 mg/C). It
appeared to be very close to the electrochemical equiv-
alent of iron dissolved in the form of Fe*" compound
(0.289 mg/C).

The corrosion rate of steel in the absence of speci-
men polarization was determined by the method of
measuring ohmic resistance; in the electric units, it is
2.4 x107*A/cm?.

The analysis of anodic and cathodic polarization
curves in a wide potential range shows that only

anodic curve contains the Tafel section. By extrapolat-
ing this curve section to the corrosion potential, the
corrosion current of 2.4 x 10~* A/cm? is obtained.

No Tafel section is observed in the cathodic polar-
ization curve. The cathodic polarization curve, which
is calculated using the equation for determining the
corrosion current under the conditions of mixed
kinetics in the vicinity of corrosion potential and the
iterative method, almost coincides with the experi-
mental cathodic polarization curve. Thus obtained
corrosion current density is 2.46 x 10~* A/cm?. It dif-
fers from the corrosion current density obtained by
extrapolating anodic Tafel curve section and using the
method of ohmic resistance by less than 2%.
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