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Abstract

Electrochemical noise (EN) sensors have been developed to measure the corrosion rate of
Type 304 stainless steel (SS) in subcritical and supercritical environments. The EN sensors
were tested in flowing aqueous solutions containing NaCl and HCI at temperatures from
150°C to 390°C, a pressure of 25 MPa, and flow rates from 0.375 to 1.00 ml/min. The potential
and coupling current noise were recorded simultaneously and the noise resistance (R,) was
calculated from the standard deviations in the potential and current records. We found that
the inverse noise resistance correlated very well with the corrosion rate evaluated from sep-
arate mass loss experiments, and that both the inverse noise resistance and the average cor-
rosion rate were functions of temperature and flow rate. In the temperature range from 200°C
to 390°C, the corrosion rate was found to be proportional to the inverse noise resistance and
hence the Stern-Geary relationship can be used to evaluate the corrosion rate. However, at
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150°C, the relation between inverse noise resistance and corrosion rate significantly deviated
from the Stern—Geary relationship. It was found that the deviation was related to the low

corrosion rate of Type 304 SS and 150°C. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Spontaneous fluctuations of electrode potential and current in an electrochemical
system are known as electrochemical noise (EN). Electrochemical noise analysis
(ENA) is a unique technique among all electrochemical methods that have been used
in corrosion research, because: (1) it can be conducted under open circuit conditions;
(2) it needs no externally imposed perturbation of the system that could lead to
changes in system-specific properties; (3) the spontaneous fluctuations in current and
voltage are normally sufficiently small that the constraints of linear system theory are
satisfied. The acquisition of EN data requires a comparatively simple experimental
setup that can be conveniently used for in situ monitoring.

Ever since EN in corrosion processes was first reported in the sixties [1,2], the
application of ENA has developed rapidly. Early studies focussed on exploring the
correlation between corrosion rate and potential, current, and other characteristics
of EN [3-5]. These approaches proved to be suitable for studying localized corro-
sion, such as pitting and stress corrosion cracking. However, potential or current
monitoring can only provide a qualitative assessment of the corrosion processes.
Later work was directed towards simultaneously monitoring the potential and
coupling current from two coupled identical electrodes [6—13]. The results of these
studies show that this method can be used to quantitatively evaluate corrosion rate.
The most important step of the method is the determination of the noise resistance
(Ry), which is defined as the ratio of the standard deviations of the potential noise
(og) and coupling current fluctuations (oy):

O
R, =— 1
: (1
Eden et al. [6] and Chen and Skerry [7] suggested that R, should be related to the
polarization resistance (R,,) that was commonly determined by linear polarization
techniques or electrochemical impedance spectroscopy (EIS). Initially, R, was

thought to be equivalent to R, and hence the corrosion current density (icorr) Was
evaluated using the Stern—Geary relationship [6,7]:

usz(é) )

where B is a constant. It was found later that, in reality, R, was not always equal to
R, but rather that R, was related to R, indirectly. Bertocci et al. [14] derived the
relationship between R, and the spectral resistance, Ry,:
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fmax 5 1/2
R, = [ o WL ()RS () df ] 5

() df
where W;(f) is the power spectrum density (PSD) of the coupling current, f'is the
frequency in Hertz, fi,;, is the lower limit of the frequency (equal to two times the

inverse measurement time), fu.x 1S the higher limit frequency (equal to one-half of
the sampling frequency). The spectral resistance itself is defined by

k=[50

where Pv(f) is the PSD of the potential. If f,;, is sufficiently low (i.e., the acquisition
time is sufficiently long), R, can be expressed by

Rn = Rsn(f - 0) (5)

(4)

Through theoretical analysis with a minimum of assumptions, Bertocci et al. [14,15]
found that for the case in which: (1) the EN sensor consisted of two identical,
coupled electrodes and a noiseless reference electrode; (2) instrumentation noise was
negligible in comparison to the “true” EN, and; (3) the solution resistance was
negligible in comparison to the electrode impedance, the following equalities existed:

Ry = Ra(f — 0) = Z(f =0) =R, (6)

In Eq. (6), Z(f = 0) is the electrochemical impedance at zero frequency. These re-
lationships were verified experimentally [11,12] for the cases of bare electrodes and
coated electrodes with defects. Note that there were other cases in which Eq. (6)
cannot be applied [8-13], because the conditions for the relations were not com-
pletely satisfied.

Previously, only a few attempts have been made to explore the possibility of using
ENA for monitoring corrosion at high temperatures. Thus, Liu et al. [16] and
Macdonald et al. [17] measured the coupling current between two identical steel
electrodes and, using a band-pass filter and a root-mean-square (rms) converter,
defined the ““corrosion activity” (CA) as the amplitude of the resulting signal over a
pre-selected bandwidth in frequency. The CA was found to change sensibly with
variations in important parameters, such as pressure and flow rate. In particular, the
CAs for carbon steel and Type 304 stainless steel (SS) in oxygenated water and dilute
HCl solutions, respectively, were found to pass through maxima at temperatures that
are slightly below the critical temperature of water (376.15°C). These measurements
were carried out at unprecedented temperatures of up to 498°C.

Manahan et al. [18] measured the noise in the coupling current between an in-
sulated (PTFE coated), sensitized Type 304 (SS) fracture mechanics specimen con-
taining an active corrosion crack and external (platinized Ni) cathodes in water at
250°C. The coupling current was found to contain periodic noise that occurred in
packages of 4-13 fluctuations. These pulses were attributed to brittle microfracture
events occurring at the crack tip. Later work [19] has shown similar fracture induced
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pulses during caustic cracking in AISI 4340 steel at 70°C. Still other work has
demonstrated that a linear relationship exists between crack growth rate and the
mean coupling current for intergranular fracture in sensitized Type 304 SS in water
at 250°C [20]. This linear relationship has been proposed to be a sensitive method for
measuring very low crack growth rates, because of the ease with which small currents
can be measured.

Due to their unusual properties, high subcritical and supercritical aqueous solu-
tions have many important industrial applications. However, high subcritical and
supercritical aqueous solutions are extremely corrosive environments for many
metallic materials. Corrosion problems hinder the use of high subcritical and
supercritical aqueous solutions in many applications. Thus, the development of an in
situ technique for monitoring electrochemical and corrosion processes in high sub-
critical and supercritical environments will not only benefit technical areas, such as
power generating, chemical, geothermal, oil refining, and supercritical water oxi-
dation industries in terms of corrosion control, but will also offer an unique and
powerful tool for elucidating the mechanisms of metallic corrosion under such ex-
treme environments.

The present paper is concerned with the use of ENA to quantitatively evaluate the
general corrosion rate of Type 304 SS in high subcritical and supercritical (7' >
374.15°C) aqueous systems. To date, it has not been demonstrated in any of the
previous studies that the measured noise resistance correlates with general corrosion
rate over this extended range in temperature, which includes the transition from the
subcritical to the supercritical states.

2. Experimental approach
2.1. Electrochemical noise sensors

There were two major challenges in developing the electrochemical sensors suit-
able for use in high temperature, high pressure environments. The first one is the
sealing problem. The sensing electrodes should be exposed to the high temperature
solution in which these electrodes are supposed to work, but all other parts of the
electrodes should not be in contact with the solution. Furthermore, the sealing
system should be such so as to avoid crevice corrosion. Secondly, there exists the
problem of contamination of the working solution, due to the dissolution of the
metallic components of the experimental system under the high temperature aqueous
conditions. In the worst case, the composition could change dramatically during
data acquisition and an electrochemical steady state may never be achieved. We have
employed a number of techniques to solve these problems in the study.

The EN sensor used here consisted of three electrodes. As shown in Fig. 1, two of
the electrodes were Type 304 SS wires with a diameter of 0.50 mm made from the
same roll of virgin material. The third electrode was a platinum wire with a diameter
of 0.50 mm. The wires were inserted into a three-hole ceramic tube and initially both
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Fig. 1. Schematics of the EN sensor and data acquisition system.

ends of the wires were exposed. The distance between the holes was 1.5 mm. The
extra space in the holes was filled with high temperature zirconia (ZrO,) cement,
which was also used as the sealant for the ends of the tube. When the cement had
dried under ambient conditions, the entire assembly of the ceramic tube was heat-
treated in vacuum at 800°C for 24 h.

After being heat-treated, each of the exposed wires was cut to assure that a length
of 10 mm protruded from one end of the tube. These wires were slightly polished,
washed with acetone and deionized water, and then dried. This part of the assembly
was prepared for exposure to high temperature solutions.

The other exposed parts of the wires were first covered with shrinkable PTFE
tubing. The ends of the PTFE tubes were pre-etched using an oxidizing solution. An
epoxy cement was used to fill the small gaps between the PTFE tube and the ceramic
tube. The PTFE-shielded wires were then installed in a standard CONAX gland.
This part of the assembly was maintained at ambient temperature in our experiment.
In addition to the wires, a PEEK capillary, which served as the solution inlet, was
also installed in the CONAX glands.
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Finally, the entire assembly was placed inside a flow channel made from a YSZ
tube in the high temperature zone and a heat-shrinkable PTFE tube in the low
temperature zone. Thus, the test solution coming from the PEEK capillary was not
in contact with any metallic surface before reaching the electrodes. The ends of the
electrodes were located at a distance of 10 mm from the end of the outer zirconia
tube, so that any contamination from outside of the channel was impossible when
flow existed in the channel.

The flow channel was placed in a stainless steel tube for maintaining the sensor in
the high pressure/temperature solution. The stainless steel tube was connected to the
CONAX gland at one end and to a hydrothermal cell on the other end.

During the course of the present experiments, a test solution was fed in from the
PEEK inlet using a metal-free HPLC pump. Since the test solution contacted either
plastic or ceramic surfaces, and because the solution was constantly renewed, con-
tamination of the high temperature solution inside the flow channel was minimized.

2.2. High temperature electrochemical cell
A flow-through electrochemical cell (Fig. 2), similar to the one described in Refs.
[21-24], was used in the present experiments. The body of the cell was made from a

stainless steel union cross with four ports occupied with the following electrodes or
sensors: (1) a flow-through external reference electrode [23]; (2) the EN sensor; (3) a
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flow-through hydrogen (Pt) electrode [23]; and (4) a solution outlet and a thermo-
couple. The reference and Pt electrodes were placed in zirconia channels and were
employed for monitoring the pH in the hydrogenated solution.

Heating of the electrochemical cell was effected by band heaters, and a pressure of
25 MPa was maintained using a pressure relief valve. The temperature and pressure
were controlled to £0.2°C and £0.35 MPa, respectively.

2.3. Data acquisition system

The coupling current between the two identical stainless steel wires of the EN
sensor was measured using a zero resistance ammeter (ZRA) (Fig. 1). The Pt wire of
the EN sensor was employed as a reference electrode. The potential of the coupled
stainless steel electrodes against the Pt electrode was measured using a program-
mable Keithley electrometer. The analog outputs of the electrometer and the ZRA
were first transferred to an amplifier and then were converted into digital signals via
a National Instrument A/D board operated by a LABVIEW program. As a com-
promise between accuracy, bandwidth, and acquisition rate of the data acquisition
system, we chose a sampling frequency of 4 Hz and a sampling time of 512 s. In other
words, each acquired data set consisted of 2048 readings.

To evaluate the noise level of the instrument, a dummy cell, comprising a resistor
of 100 Q or 10 kQ, was connected to the data acquisition system. We found that the
noise level of the potential was less than 0.1 mV and that of the current was less than
2 nA. In other words, the instrument noise levels were much lower than the noise
levels we detected from the EN sensors.

2.4. Experimental procedure

The first task of the experimental procedure was to verify the reliability and ac-
curacy of the pH monitoring system, which consisted of the flow-through reference
and Pt electrodes. The procedure has been fully described in Refs. [23,24]. Briefly,
two hydrogen-saturated solutions ([H,]=7.84 x 10~* molkg™'), 0.1 molkg™!
NaCl + 0.01 molkg~! HCI (Solution 1) and 0.1 molkg~! NaCl + 0.001 molkg~' HCl
(Solution 2), were consecutively pumped into the flow-through Pt electrode. The
solution that was pumped through the external reference electrode was always 0.1
molkg~! NaCl from a reservoir purged with helium gas. The potentials of the Pt
electrode for both solutions were measured against the same external reference
electrode. The difference in the potentials for the two solutions was compared to the
calculated value, as described in Refs. [24,25]:

AE — AE, 1
_AE-AEy L (maaS) = —ApH (7)
where AE is the calculated potential difference, AEj is the residual diffusion potential,
muci(S1) and myc(S2) are the analytical concentrations of HCl in solutions 1 and 2,
respectively, and ApH is the pH difference of the two solutions at the experiment
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temperature. As an example, we found that the potential difference measured at
150°C was 75 =2 mV, while the calculated value was 78 mV. Thus, the pH moni-
toring system is able to measure a pH difference with a precision of +0.05 units.

The second step in this study was to acquire EN signals from the EN sensor in 0.1
molkg~!, NaCl + 0.01 molkg~! HCl+ H, molkg~!, while the pH was monitored
using the Pt electrode and external reference electrode. The test solution was directed
to the EN sensor and to the Pt electrode from a reservoir that was purged with high
purity hydrogen gas. All solutions used in the experiment were prepared gravimet-
rically from Millipore deionized water and reagent grade chemicals using Pyrex
glassware and a high precision balance (£0.0001 g). We conducted five tests at
150°C, 200°C, 250°C, 300°C, 350°C, and 390°C. The variation in temperature was
found to be +0.2°C. For each of these experiments, we used four different flow rates:
0.375, 0.5, 0.75 and 1.0 ml/min. The precision of flow rate control was 2% of the set
flow rate. For all of the experiments, the pressure in the electrochemical cell was
25 £+ 0.35 MPa. We made a number of identical EN sensors. Each of them was used
in only one test.

2.5. Mass loss tests

The mass loss tests were conducted in the same electrochemical cell, but not co-
incidentally with the noise experiments. Instead of an EN sensor, a stainless steel coil
cut from the same roll of stainless steel wire that was used to fabricate the noise
sensors was placed inside the ceramic channels. The coil was weighed prior to each
test. After a test, the wire was cleaned in acetone using an ultrasonic cleaner, washed
with acetone and deoinized water, dried, and reweighed. The corrosion current
density (rate), icorr, in units of A/cm?, was evaluated from the equation

AM

fcorr = T~ F 8
o = Modt 8)

where ¢ is the time of exposure (in seconds) to the high temperature solution, 4 is the
average of the initial and final surface areas of the coil (in cm?), AM is the mass loss
(in grams), M, is the composition averaged atomic mass of the steel, z is the oxi-
dation number, and F is Faraday’s constant.

2.6. Scanning electron microscopy and energy dispersive spectrometer studies

Scanning electron microscopy (SEM) was conducted to determine the changes in
surface morphology and thickness of the wires prior to and following the corrosion
experiments. An SEM energy dispersive spectrometer (EDS) was used to determine
the ratios between chromium, iron, and nickel in the surfaces of the fresh (un-cor-
roded) and corroded samples. The ratios were quantified by setting an 8-10 channel
window centered on the main channel for each element and subsequently calculating
the ratios between the integrated surfaces.



X.Y. Zhou et al. | Corrosion Science 44 (2002) 841-860 849
3. Results and discussion
3.1. Noise levels of potential and coupling current

As shown in Fig. 3, the potential and coupling current, (Ey(¢) and Iy(¢)) display
drifts as well as fluctuations in their time records. Thus, linear regression functions
were generated for the potential and current over pre-selected periods. Then, the
drifts were eliminated by

SE(t) = Eo(t) — Ereg(t) ©)
and
S1(t) = In(t) — Ly (1) (10)

where Ey.,(#) and I, () are the linear regression functions generated from Eo(¢) and
Io(¢), respectively, and SE(¢) and d/(¢) are the potential and current without drift
(Fig. 4). The standard deviations for both potential and current, o and o;, were then

272
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264
262 1
(a)
260 T
0 100 200 300 400 500
-0.68
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Fig. 3. Original records of potential (a) and coupling current (b) acquired from an EN sensor at a tem-
perature of 350°C, pressure of 25 MPa, and flow rate of 0.5 ml/min in hydrogenated, 0.01 molkg™
HCI+ 0.1 molkg™' NaCl.
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Fig. 4. Potential (a) and coupling current (b) records after removing drifts and DC components.

calculated from SE(¢) and d8/(¢) using statistical software. Finally, the noise resistance
(R,) was calculated using Eq. (1).

3.2. Corrosion of Type 304 SS in subcritical and supercritical aqueous solutions

The surfaces of the Type 304 SS steel wires tested at 150°C were still bright after
the tests. SEM examination of the surface (Fig. 5a) revealed that at 150°C, localized
corrosion occurred, but that the corrosion features are not characteristic of typical
pitting corrosion nor of active dissolution. After a one-week long test, no significant
reduction in wire diameter was observed (Table 1). EDS results (Table 1) show that
Fe was depleted and Cr was enriched on the surface or near sub-surface, presumably
because of selective dissolution. At higher temperatures, Type 304 SS suffered from
general corrosion (Fig. 5b) that resulted in a considerable reduction in wire diameter
(Table 1). The ratio of Cr to Fe was less than that for 150°C.

By quantitatively analyzing Fe-Cr alloys using ESCA, Olefjord and Brox [26]
found that the extent of enrichment of Cr and depletion of Fe on the surface and in
the near sub-surface were functions of potential. The maximum enrichment of Cr
was found at a potential in the region close to the active—passive transition. There
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Fig. 5. SEM micrographs: (a) sample tested at 150°C for 168 h; (b) sample tested at 390°C for 1 h.

was some enrichment of Cr in the active region, but the enrichment was much less
than that in the passive region. Thus, for 150°C, the corrosion state seems to be
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Table 1
Summary of the results of SEM and EDS studies
Average wire diameter (pum) Cr:Fe Cr:Ni Fe:Ni
Uncorroded 490 £ 5 0.46:1 4.7:1 10.0:1
150°C (1 week) 480+ 5 15.5:1 48.7:1 3.1:1
390°C (1 h) 350+ 5 8.6:1 19.9:1 2.3:1

The diameter was measured directly under SEM. The ratio of elements was obtained from EDS analysis.

between active dissolution and complete passivity. At higher temperatures, Type 304
SS is in the active dissolution state.

The corrosion rate, which was found to be a function of temperature and flow rate
(Fig. 6), is observed to pass through a maximum at about 350°C. Other investigators
[16,27] have reported that the corrosion rate passes through a maximum at a near-
critical temperature. The origin of the maximum in the corrosion rate has been
previously explained using a phenomenological model that postulates competing
effects of increasing temperature on the reaction rate constant and on the properties
of the corrosive medium [27]. Thus, increasing temperature causes the reaction rate
constant to increase via an Arrhenius relationship, but simultaneously results in a
reduction in the dielectric constant of the medium, a decrease in the density of the
solution and hence a reduction in volume-based concentrations, and in enhanced ion
association, particularly as the system transitions from the subcritical to supercritical
state. This model [27] predicts that the corrosion rate will pass through a maximum
at a high subcritical temperature (330-370°C), depending upon the exact conditions,
which is in good agreement with the present observations.

3.3. Corrosion rate and electrochemical noise resistance

As shown in Fig. 7a and b, under subcritical conditions, the corrosion rate of
Type 304 SS is a linear function of flow rate, whereas, under supercritical conditions
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Fig. 6. Corrosion rate (current) evaluated using mass loss tests plotted as a function of temperature.
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(Fig. 8) at the highest flow rate, the dependence of corrosion rate on flow rate is
found to deviate from this relationship. However, in both cases, the inverse noise
resistance was in good correlation with the measured average corrosion rate.
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or H,O, or both. If so, then much, if not all, of the noise might be attributed to the
detachment of hydrogen bubbles from the surface, as has been suggested by others
for ambient temperature systems [5]. Thus, at high flow rates, hydrogen bubbles are
expected to be more readily detached from the surface and hence the cathodic re-
action and the whole corrosion process are presumably accelerated.

The relationship between the corrosion rate and the inverse noise resistance is
exhibited in Fig. 9, in which the data are plotted on dual logarithmic scales. The
results reveal that the corrosion rate is proportional to the inverse noise resistance at
temperatures higher than 200°C.

3.4. Stern—Geary relationship

Stern and Geary [28] proposed that if the corrosion potential and current is de-
termined by the intersection of the anodic and cathodic Tafel-type polarization
curves, the Stern—Geary relationship (Eq. (2)) is valid and the Stern—Geary constant
is given by

babe
_ 11
2.303(b, + be) (1)

where b, and b, are, respectively, the Tafel parameters for the anodic and cathodic
reactions. However, Stern’s work [28-31] also shows that Eq. (11) is not always valid
for other situations. In a review, Gabrielli and Keddam [32] considered five different
corrosion scenarios: (1) the anodic and cathodic reactions are one step processes and
are Tafelian electron transfer controlled; (2) the anodic reaction is a one step process
and Tafelian electron transfer controlled, but the cathodic reaction is purely diffu-
sion controlled; (3) the anodic reaction is a one step process and Tafelian electron
transfer controlled, but the cathodic reaction is partly charge transfer and partly
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Fig. 9. Relation between corrosion rate and inverse noise resistance.
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diffusion controlled; (4) both anodic and cathodic reactions are irreversible multiple
step Tafelian processes, and; (5) the electrode is in the passive state. The authors
concluded that only for the first mechanism, could the Stern—Geary constant be
expressed by Eq. (11).

Actually, the relation between the corrosion rate and the inverse polarization
resistance or the inverse noise resistance can be derived by considering the Butler—
Volmer expression [33]. Thus, for the anodic reaction (dissolution of metal) the
following applies:

e(2303(E~Eqq))/ba

= (U ioa) + (1/irg)e@305EEva)) /b (12)
and for the cathodic reaction (hydrogen evolution):
(~2303(E—Eq)) /b
(13)

T U ige) — (1/ire)el2305EFoo)

where iy, and i are, respectively, the exchange current densities for the anodic and
cathodic reactions. Ey, and Ej. are, respectively, the equilibrium potentials of the
anodic and cathodic reactions, E is the electrode potential, and i, and i, are, re-
spectively, the limiting anodic and cathodic current densities. Since, at realistic
corrosion potentials, normally, i1, > ip,, Eq. (12) can be simplified as

iy = ig 4@ 230EE0a)/ba 14

which is a Tafelian type equation.
The total external current density (i) is an algebraic sum of the anodic and
cathodic current and hence

i = 04y — Oce (15)

where 0, and 0. are respectively surface coverage, of the anodic and cathodic regions,
which may be functions of potential, pH, and flow rate.
For free corrosion conditions (i = 0), we have

(2303 (Ecorr—Eo,c)) /be

F 0 — ) . a(2303(Ecorr—E0q))/ba _
i=0=0,0,¢ O (1/ige) — (1/iy)e(=2303(Eeor—Eoc)) /e (16)

where E.,, is the corrosion potential. Thus, from this above relation, we can derive
the corrosion current (icorr) by

(2303 (Econr—Eo,c))/be

Oc
(l/l’o’c) (1/11 ) —2.303(Ecorr—Ep.c))/be

The definition of the linear polarization resistance is

1 Ai
— === 1
o lael, . ®

Taking into account Eqgs. (15), (17), and (18), R, can be expressed as

2,303(Ec0rr *EO‘a))/b'd =

leorr = Ha iOAae(

(17)
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2.303
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As can be seen from Eq. (19), the inverse polarization resistance (1/R,) or inverse
noise resistance (1/R,) is not proportional to the corrosion current and the re-
lationship between 1/R, and i depends on potential, pH, and flow rate, especially
when 0, and 6. are not constants with respect to potential. However, when the first
term on the right side of Eq. (19) is negligible, there are a number of cases where the
inverse polarization resistance is proportional to the corrosion current. Below, three
of the possible cases are considered:
(1) If the cathodic reaction is charge transfer controlled, i.e. ij¢ >> icorr, then

1. 2303(b, +b)
Rp - tcorr babc

OE babc ~ Leorr

1 {GQC} . 2.303(by +b.)
- lcorr - 1 .
E=Ecorr

E=Ecorr ()C

X

(19)

(20)

which is exactly the Stern—Geary relationship.
(2) If, however, the cathodic reaction is purely mass transport controlled, i.e.
leorr = il,c’ then

1 2303

=~ = leorr
R b,

(1)

(3) If the entire surface of the electrode is in the passive state and the anodic
current is a constant with respect to potential, Eq. (19) is converted into:
1 . 2303

=~ = leorr
R, be

(22)

For the above three cases, the ratio of the corrosion rate to the inverse noise re-
sistance is a constant with respect to potential and flow rate.

Macdonald et al. [34] and Biswas [35] studied the polarization characteristics of
hydrogen evolution/oxidation in basic solutions at elevated temperatures. Their
experimental results showed that the cathodic limiting current was greater than 1072
A/cm?. Comparison between the limiting cathodic current and corrosion current
evaluated via mass loss tests carried out in the present study suggests that the
cathodic reaction under free corrosion conditions is not mass transport controlled.
Because, at temperatures higher than 200°C, the corrosion state was not passive, but
instead is one of active dissolution, Eq. (20), rather than Egs. (21) and (22), should be
the appropriate relationship between R, and icor.

Fig. 9 clearly shows the proportionality between the corrosion rate and inverse
noise resistance at temperatures higher than 200°C, whereas at 150°C the relation
between the corrosion rate and inverse noise resistance significantly deviates from
this relationship (i.e., slope in log—log space is less than 45°). The proportionality will
not exist when the coverage of the anodic areas is a function of potential and flow
rate, as shown by Eq. (19). However, there may be other reasons for the deviation of
the proportionality at 150°C.
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3.5. Sources of errors

Major complications are experienced with all polarization resistance measure-
ments [36-43] as recently summarized by Scully [44]. They are: (1) anodic reaction of
some other electroactive species (e.g. H, and Fe?"), besides the corroding metal
under investigation; (2) a change in the corrosion potential; (3) non-linear /-E de-
pendence due to large AE; and (4) ohmic solution resistance. Other minor sources of
errors were also examined [36,37], including the uses of an inaccurate oxidation
number, z, average atomic mass, My, and Tafel parameters in determining the cor-
rosion rate.

Indig and Groot [36,37] measured the corrosion rate of stainless steels and nickel-
based alloys in lithiated water (basic) at 288°C via the linear polarization method
and compared the results with the data generated using mass loss method. They
found that the corrosion potentials of these alloys were within 50 mV of the equi-
llibrium hydrogen electrode potential, and that the rate of dissolution of metals
evaluated using the mass loss method was one-tenth of the total anodic current.
Based on these observations, they concluded that the major source of error was that
the hydrogen oxidation reaction, rather than the assumed dissolution of the metal,
was the dominant anodic reaction.

One of the major differences between the present experiments and those of Indig
and Groot was that the present experiments were conducted in corrosive acidic and
chloride-containing aqueous solutions, while Indig and Groot’s tests were conducted
in non-corrosive aqueous solutions (i.e., in which the rate of the anodic partial re-
action is small). We found that the corrosion rate at temperatures above 200°C was
greater than 10~* A/cm? (Fig. 9) while in Indig and Groot’s experiment, the corro-
sion rate was about 107 A/cm? and the hydrogen oxidation rate was about 1073
AJ/cm?. Thus, in the case of the acidic solution, the dissolution of the metal, rather
than the oxidation of hydrogen, was the dominant partial anodic reaction. We also
found that, although the corrosion potential of Type 304 SS shifted in the noble
direction and became closer to the equilibrium potential of the hydrogen electrode
as the temperature increased, the potential difference between the Type 304 SS
electrode and equilibrium hydrogen electrode ranged from —350 to —250 mV,
while Indig and Groot observed in their tests that the potential difference between
the SS electrodes and equilibrium hydrogen electrode was only 35-50 mV. Ac-
cordingly, the rate of hydrogen oxidation on the Type 304 SS electrodes in our ex-
periments at temperatures above 200°C should be negligible with respect to the
corrosion rate.

During the acquisition of the EN data, the ECP changed by about 10 mV (Fig. 3)
and AE (the amplitude in the potential fluctuations) was about 2 mV (Fig. 4). Thus,
the errors due to any change in the ECP during the measurements and due to the
magnitude of AE are negligible. The conductance data for NaCl and HCI solutions
have been summarized in one of our previous publication [45]. The calculated
conductivity for 390°C was 1.87 S/cm. Noting that the cross-section of the path
between the two EN electrodes was 0.5 mm by 10 mm, the resistance of the channel
was found to be 1.6 Q. The current flowing between the two electrodes shown in
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Table 2
Stern—Geary constant, B* (I.or = B*/Ry), evaluated via ENA and B {B = b,b. (b, + b.)} evaluated via
polarization measurements

Temperature (°C) B* (ENA) (V) b, (V) b, (V) B (polarization) (V)
150 0.007 0.07 0.17 0.022

200 0.02 0.17 0.19 0.039

250 0.07 0.60 0.21 0.068

300 0.04 0.40 0.23 0.063

350 0.045 No data No data No data

390 0.008 No data No data No data

Fig. 31is 0.78 pA. This gives a solution IR drop of 1.25 x 1073 mV. Thus, the IR drop
is negligible.

For the case of Type 304 SS, z could have any value between 2 and 3, depending
on the oxidation state of each component metal, while M, could have a value be-
tween 51.996 and 58.71, depending on the composition of the steel. Thus, the errors
due to inaccuracy of z and M, are relatively insignificant.

Because, the Tafel parameters appear in both numerator and denominator of Eq.
(11), the evaluation based on Stern—Geary’s equation is insensitive to changes of the
Tafel parameters. However, large uncertainty in Tafel parameters could result in
significant error in corrosion rate evaluation.

Tafel constants for both metal dissolution and hydrogen evolution at elevated
temperatures up to 300°C were determined by Huang et al. [46], Macdonald et al.
[34] and Biswas [35] using polarization measurements. We used the data in Refs.
[34,35,46] to compare the ENA and mass loss methods. The Stern—Geary constants
evaluated using the Tafel constants taken from Refs. [34,35,46] and employing Eq.
(11), are presented in Table 2, together with values generated from the EN data. The
discrepancy between the Stern—Geary constants evaluated by these two methods is
68% at 150°C, as a maximum, but is 3% at 250°C, as the minimum. No comparison
was made at 350°C and 390°C, because no data for the Tafel constants are available.
It is not surprising that there was significant error in the corrosion rate evaluated
using ENA at 150°C. Firstly, the dependence of the corrosion rate on the inverse
noise resistance was not linear. For this case, an equation other than Stern—Geary’s
equation should be used. Secondly, the corrosion rate at 150°C was from 107¢ to
107 A/cm?. In this case, the corrosion rate might be comparable to the rate of
hydrogen oxidation. Accordingly, the corrosion rate cannot be evaluated using the
ENA method without knowing the rate of hydrogen oxidation.

4. Summary
The following conclusions can be drawn based on the study:
1. EN sensors have been developed for measuring corrosion rate in subcritical and

supercritical aqueous systems, and the sensors have been evaluated in a contam-
ination-free, flow-through electrochemical cell.
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2. Mass loss tests were performed, and it was found that the corrosion rate of Type
304 SS is a function of temperature and flow rate. The corrosion rate of Type
304 SS was found to pass through a maximum at about 350°C, in agreement with
theory.

3. The Stern—Geary relationship is a reasonable approximation for temperatures
higher than 200°C. The corrosion rate can be quantitatively assessed from the in-
verse noise resistance using a Stern—Geary constant calculated from the Tafel con-
stants for the anodic and cathodic reactions. However, the relationship between
the corrosion rate and the inverse EN resistance deviates from proportionality
at 150°C.

4. Tt is postulated that the deviation from the Stern—Geary relationship observed at
150°C is caused principally by the rate of hydrogen oxidation being comparable
with the dissolution rate of the steel and because the steel was between the passive
and active corrosion states.
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