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Accelerated estimation of corrosion rate in supercritical and
ultra-supercritical water
David Rodriguez1 and Dev Chidambaram1,2

This study explores a methodology for the determination of the accelerated corrosion rate of candidate materials to be used in
advanced supercritical and ultra-supercritical water-based thermal reactors. Electrochemical impedance spectroscopy and
electrochemical frequency modulation were used to evaluate the corrosion rates of SAE 316 stainless steel, Nitronic 50, Inconel 718,
and Inconel 625 in supercritical water at 530 °C and in ultra-supercritical water at 600 °C. The results were compared to the results of
gravimetric studies that were performed to determine the viability of the utilization of electrochemical analyses in supercritical and
ultra-supercritical water. For all of the conditions that were tested, results showed that the corrosion rates during electrochemical
testing had trends that were similar to the long-term gravimetric results. Thus, the hybrid methodology described in this
manuscript can reduce testing times from >1000 h to ~ 10 h.
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INTRODUCTION
Both nuclear and coal-fired thermal power plants are capable of
using supercritical water (SCW) and ultra-supercritical water
(USCW). The former is defined as water at an operating
temperature and pressure above 375 °C and 22.1 MPa, respec-
tively, and the latter is defined as water at an operating
temperature and pressure above 590 °C and 25 MPa, respectively.1

The benefit of designing power plants that operate with SCW and
USCW as the heat transfer media is an increase in the Carnot
efficiency. Coal-fired power plants can reach efficiencies of ~ 50%
with USCW, while the nuclear industry’s proposed reactors that
utilize SCW can reach efficiencies of ~ 45%, which is ~ 135% the
efficiency of traditional reactors.2–4

The properties of SCW necessitate additional evaluations of the
structural materials prior to their inclusion in the design of the
reactor. An example of the complex nature of SCW is that this fluid
behaves as both a gas and a liquid simultaneously.5 Thus, SCW is
characterized as a dense gas, and its corrosion behavior differs
from that of liquid water. Due to the complex nature of the
environment and the system, studies performed using SCW only
have included observations before and after exposure.6 Since no
in situ measurements have been made during typical operating
conditions, long-term exposure tests, i.e., months to years, have
been required to estimate corrosion rates.4, 7, 8

Electrochemical analyses performed by other authors have
demonstrated the viability of accelerated corrosion tests, but, to
allow such testing, they used conditions that were significantly
different from the actual operating conditions of power plants.9

Botella et al. demonstrated that potentiodynamic polarization
scans can be used to evaluate corrosion within a static, 80-mL
autoclave that contains SCW.9 While polarization curves were
obtained, various additives were used to improve conductivity,
including KCl, HCl, H2SO4, and K2SO4. Also, this method was
limited to a maximum temperature of 400 °C, which does not
allow the materials to be tested at the service conditions proposed

for supercritical water reactors. Research performed by Beck et al.
using supercritical CO2 as the test environment indicated that the
results obtained using direct current were inconsistent and that
the use of alternating current produced more reliable results.10, 11

When electrochemical frequency modulation (EFM) and electro-
chemical impedance spectroscopy (EIS) were used, the results were
more consistent with the values reported in the literature.10, 11

SAE stainless steel 316 (SS316), Nitronic 50 (N50), Inconel
625 (I625), and Inconel 718 (I718) were chosen for the tests
because they are used extensively in high-temperature power
plants.4, 7, 8, 12–24 This research aims to establish a method for
evaluating corrosion rates in pure SCW and to reduce the test
time to less than 24 h.

RESULTS
Gravimetric studies
Gravimetric studies were conducted using SS316, N50, I718, and
I625 to establish a set of control corrosion rates for comparison
with the results obtained from the electrochemical methods used
for accelerated corrosion testing. Coupons of SS316 and N50 were
exposed to 530 °C SCW and 600 °C USCW for 24 and 96 h to
determine the corrosion rate based on the change in mass taken
from Rodriguez et al.21 The corrosion rates of SS316 and N50 were
observed to decrease from the time points of 24 and 96 h, so the
corrosion rates between these two time points were compared to
the electrochemical tests. Table 1 provides the corrosion rates
calculated for the steady state conditions of SS316 and N50. In
order to determine corrosion rates for I718 and I625, samples were
exposed to 530 °C SCW and 600 °C USCW for 24, 96 and 200 h. The
average corrosion rate was used for I718 and I625 after 200 h of
exposure, because both have been observed to exhibit mass loss
and mass gain. Longer exposure times were necessary to obtain
accurate results because the rates of mass gain for I718 and I625
were slower than those for N50 and SS316. Based on the values for
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the corrosion rates presented in Table 1, it is apparent that the
most corrosion resistant material under these testing conditions
was I625, and it was followed by I718, SS316, and N50 in that
order. The mass gain data for the Inconel samples compared
favorably with data reported by other authors for tests conducted
longer than 400 h in SCW.4, 25

Electrochemical frequency modulation
While EFM is a relatively new technique, it has been utilized
successfully to determine corrosion rates for materials in various
environments.10, 11, 26–28 EFM applies an alternating current that
allows non-destructive electrochemical analysis, making it possible
to monitor corrosion as a function of time. The perturbation
signals, i.e., two base frequencies applied simultaneously, result in
current readings at additional harmonic and intermodulation
frequencies.28 The two base frequencies are referred to as ω1 and
ω2. On the basis of the constructive interference of these signals, it
has been observed that harmonic frequencies will occur at
multiples of 1, 2, and 3 of each base frequency (i.e., ω1, ω2, 2ω1,
2ω2, 3ω1, and 3ω2).

21 As a result of the constructive and
destructive interference of the base signals, intermodulation
frequencies are known to occur at the values of ω2 ±ω1, 2ω2

±ω1, and ω2 ± 2ω1.
28 In this study, the base frequencies applied to

the samples were 20 and 50mHz, which created harmonics and
intermodulation frequencies at 10, 30, 40, 60, 70, 80, 90, 100, 120
and 150mHz. Using the values of the current at these frequencies,

an overall corrosion current was calculated using Eq. (1).28

icorr ¼
i2ω1;ω2

2 ´
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8 ´ iω1;ω2 ´ i2ω1 ±ω2 � 3 ´ i2ω2 ±ω1

p ; (1)

where iω1,ω2 is the average of the current densities at frequencies
of 20 and 50mHz, i2ω2±ω1is the average of the current densities at
frequencies of 10, 80, 90, and 120mHz, and iω2±ω1 is the average
of the current densities at frequencies of 30 and 70mHz. By using
the average values of the harmonic current densities in Eq. (1), a
corrosion current value can be calculated and used with Faraday’s
Law to calculate the corresponding corrosion rate.28 Surfaces of
materials exposed to SCW and USCW have been previously
studied using SEM, EBSD, Raman, XRD and XPS and results have
shown the formation of a uniform oxide layer on the surface.
Therefore, it is reasonable to assume that the exposure of these
materials to SCW and USCWwill result in uniform corrosion.4, 21, 22, 29

The values of atomic mass and equivalents exchanged for
austenitic alloys were 55.85 and 2, respectively. These values
correspond to Fe, which has been reported in literature to be the
main corroding species in SS316.4, 7, 8, 12–20 Calculations of the
corrosion rates of Inconel alloys were performed using the values
of 58.69 for a and 2 for n since Ni has been identified as the
primary corroding element.4, 6, 15, 29–32

The intermodulation spectra obtained from SS316 exposed to
SCW at 530 °C and USCW at 600 °C are shown in Fig. 1a and 1b,
respectively. An example of the procedure used in the calculation
of the corrosion rates of SS316 is presented, and the data from the
electrochemical tests performed on N50, I718, and I625 are
presented in Supplementary Fig. S1. The resulting corrosion
currents for SS316 exposed to 530 °C SCW and 600 °C USCW were
calculated using Eq. (1), and they were 2.17 and 4.11 µA/cm2,
respectively. Using the equations above and the values of the
current at the harmonics mentioned, the resulting corrosion rates
were found to be 62.8 and 118 µg/cm2day for 530 °C SCW and
600 °C USCW, respectively. These values were compared with the
values obtained from the exposure testing in conjunction with
gravimetric methods to determine corrosion rates, and they are
used in a subsequent section to assess the viability of the EFM
technique. Supplementary Figure S2 shows the progression of the
corrosion rate of SS316 as a function of time when it was exposed
to 530 °C SCW. After obtaining the data in Supplementary Fig. S2,
subsequent electrochemical tests were performed after an
exposure time of 24 h to ensure that the data were obtained in
a stable region.
The last parameters calculated from Fig. 1a and 1b were the

cathodic and anodic Tafel constants. These parameters were
calculated with Eqs (2) and (3) below, which were taken from

Table 1. Summary of corrosion rate values for gravimetric studies:
Corrosion rates for SS316, N50, I718 and I625 in supercritical and ultra-
supercritical water for gravimetric studies

Alloy Temperature (°
C)

Corrosion Rate (µg/
cm2day)

Error± (µg/
cm2day)

SS316 530 98.8 17.4

600 187 2.90

N50 530 131 3.20

600 271 9.00

I718 530 38.2 4.89

600 46.4 6.20

I625 530 14.3 2.40

600 33.4 9.50

Fig. 1 Intermodulation spectrum from electrochemical frequency modulation for SS316: a exposed to supercritical water at 530 °C, b exposed
to ultra-supercritical water at 600 °C
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Rosch et al. 28

βa ¼
iω1;ω2 ´U

iω1;ω2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8 ´ iω1;ω2 ´ i2ω1 ±ω2 � 3 ´ i2ω2 ±ω1

p (2)

βc ¼
iω1;ω2 ´U

�iω1;ω2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8 ´ iω1;ω2 ´ i2ω1 ±ω2 � 3 ´ i2ω2 ±ω1

p ; (3)

where U is the applied potential, βa is the anodic Tafel constant,
and βc is the cathodic Tafel constant.
When exposed to 530 °C SCW, SS316 was found to have βa and

βc values of 0.383 and 0.873 V/decade, respectively. For SS316
exposed to 600 °C USCW, the anodic and cathodic Tafel constants
were calculated as 0.468 and 0.875 V/decade, respectively. These
values are used in the next section to calculate the corrosion rate
using EIS.

Electrochemical impedance spectroscopy
The non-destructive behavior of AC analysis allows collaborative
electrochemical tests to be run in series. When the EFM test was
completed, a EIS test was run as a secondary test to determine the
validity of monitoring the corrosion rate using electrochemical
methods. Previous studies have indicated that two distinct oxide
layers will form on austenitic steels when they are exposed to SCW
and USCW. The layer formed on the surface of the alloy is a porous,
chromium-rich spinel (FeCr2O4) and Cr2O3, which allows the diffusion

of iron from the surface of the alloy through the film. The diffusing
iron forms magnetite (Fe3O4) on the chromium-rich layer, and the
magnetite is oxidized to form hematite (Fe2O3).

4, 7, 8, 12–22 For
Inconel alloys, it has been observed that oxide layers form in a
similar manner with some differences in the surface chemistry. On
the surfaces of Inconel alloys, Cr compounds, specifically NiCr2O4

and Cr2O3, form porous layers that allow Ni and Fe to diffuse to
the surface and form NiFe2O4.

4, 6, 15, 29–32 Based on this surface
analysis, an equivalent circuit was constructed to represent all
alloys tested within this study, and it is shown in Fig. 2a. The outer
oxide layer was modeled with a simple RC circuit, while the inner
oxide layer was observed to be porous, which allows for the
diffusion of alloy components to the surface.15–17 Since the outer
oxide layer has been reported to form as a result of diffusion of
the base material through the inner layer, a Warburg element
through a porous medium was incorporated to account for this
behavior.17 The elements used in this circuit included a resistor for
solution resistance, a constant phase element for the alumina
washers, and a resistor and a capacitor for the outer oxide layer.
The inner oxide layer was modeled using a resistor, capacitor, and
a Warburg element through a porous medium, which, in this case,
represented the porosity that was indicative of the chromium-rich
spinel. The important elements are labeled Rp, and the sum of
these resistances was used in the calculation of the corrosion rate.
The corrosion current was calculated using the Stern–Geary
equation with the proportionality constant that was calculated

Fig. 2 Electrochemical impedance spectroscopy: a Equivalent circuit used to model the corrosion behavior for electrochemical impedance
spectroscopy data, b Nyquist plot for SS316 exposed to supercritical water at 530 °C, c Nyquist plot for SS316 exposed to ultra-supercritical
water at 600 °C
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using the Tafel constants obtained from the EFM experiments.
Using the sum of the resistances, Rp, from the equivalent circuit
applied to Fig. 3b and 3c, the current density was calculated to be
2.48 µA/cm2 for SS316 exposed to 530 °C SCW and 4.73 µA/cm2 for
SS316 exposed to 600 °C USCW. Then, the calculated current
density values were used with Faraday’s Law, and a corrosion rate
was calculated with the assumption that Fe had the primary
influence on the corrosion rate for this system. The resulting
corrosion rates were calculated as 71.9 and 137 µg/cm2day for

530 °C SCW and 600 °C USCW, respectively. The resultant Nyquist
plots for N50, I718 and I625 are presented in Supplementary
Fig. S3.

DISCUSSION
Corrosion rates of materials in SCW and USCW, at conditions that are
representative of the proposed operational parameters, have been
exclusively determined using long-term exposure testing.4, 9, 16, 21, 25

Fig. 3 Quantification of corrosion behavior: Summary of a corrosion rates calculated from exposure testing, b corrosion rates calculated from
electrochemical frequency modulation, c corrosion rates calculated from electrochemical impedance spectroscopy, d polarization resistance
values from electrochemical impedance spectroscopy for SS316, N50, I718 and I625 exposed to supercritical water at 530 °C and ultra-
supercritical water at 600 °C

Table 2. Comparison of corrosion rates obtained from electrochemical and gravimetric studies: Corrosion rate values of SS316, N50, I718 and I625 in
supercritical and ultra-supercritical water as determined from gravimetric studies, EFM and EIS

EFM EIS Exposure

Alloy Temperature
(°C)

icorr (µA/cm2) Corrosion rate
(µg/cm2day)

Rp (kΩ.cm2) icorr (µA/cm2) Corrosion rate
(µg/cm2day)

Corrosion rate
(µg/cm2day)

Error± (µg/
cm2day)

SS316 530 2.17 62.8 46.5 2.49 71.9 98.8 17.4

600 4.11 118 27.9 4.74 137 187 2.90

N50 530 3.20 92.5 54.4 1.42 41.2 131 3.20

600 4.29 124 21.3 3.60 104 271 9.00

I718 530 1.26 38.5 77.1 0.75 22.8 38.2 4.89

600 3.78 115 42.6 3.12 94.7 46.4 6.20

I625 530 0.80 24.4 86.6 1.52 46.2 14.3 2.40

600 1.67 50.7 45.8 1.91 58.2 33.4 9.50
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As shown in Table 2, the corrosion rates obtained for the
gravimetric studies compare favorably with the corrosion rates
calculated from the EFM and EIS methods used in this study. As
shown in Fig. 3, while there are some differences in the values for
the corrosion rates calculated utilizing the electrochemical
methods and compared to exposure testing, the ranking of the
materials based on corrosion resistance determined using the
electrochemical methods duplicated the trends that were
observed from the exposure testing results. By using EFM testing,
it was found that N50 had the highest corrosion rate, and it was
followed by SS316, I718, and I625 in descending order of corrosion
rates. This trend was consistent with our observations during the
exposure tests for these materials. While EIS did not exhibit a
similar trend for all cases, this can be explained by the reliance on
the Tafel constants from the EFM method for the calculation of the
corrosion rate from the data obtained using the EIS technique. To
eliminate this potential source of error, the polarization resistances
can be used as a general way of presenting the corrosion
resistance of materials, with higher values correlating to greater
corrosion resistance. The polarization resistances are presented in
Fig. 3d. It can be observed that the polarization resistance values
followed the trend established in the gravimetric studies and EFM
sections. As with the EFM study, it can be observed that
polarization resistance values calculated from EIS corroborated
that I625 was the most resistant to corrosion, and it was followed
by I718, SS316 and N50. An additional potential source for the
deviations observed in electrochemical testing could be the
differences in finding the instantaneous corrosion rate using
electrochemical methods, while exposure testing calculates an
average corrosion rate.
Previous gravimetric studies have demonstrated that austenitic

alloys have higher mass gain rates than Inconel alloys.4, 25, 33 The
trend established in the literature is that increasing Ni content
results in a decreased mass gain rate.4, 25, 33 The experiments
conducted to determine the mass gain rate for these materials were
performed at exposure times ranging from 96 to 3000 h.4, 21, 25, 33

Through the use of EFM, corrosion rates were calculated that
duplicated the trend established in the literature, i.e., that
increasing Ni content results in lower corrosion. While the
corrosion rates calculated through the use of EIS did not follow
this trend, the values for polarization resistances were comparable
to the trends in the literature. The electrochemical techniques
used in this manuscript were used to determine corrosion rates in
24 h that correlate to reported trends that were established in
long-term exposure tests. Decreasing the time to 24 h results in
significant time savings, ranging from 25 to 99%, and this allows
higher throughput during the preliminary screening of materials.
The EFM and EIS techniques provided consistent data in the

determination of corrosion rates. When the results of the exposure
testing were compared, the corrosion rates for EFM and EIS were
found to be within a factor of ~ 3.2. On the basis of the results
presented in this work, using EFM to determine corrosion rates
established a similar trend of corrosion rates for materials tested
by gravimetric methods. These results demonstrated that, by
using EFM, a series of corrosion rates can be determined in less
than 24 h. This is a significantly shorter time than that required by
traditional gravimetric methods, which require weeks or months.4,
21, 22, 25, 32 While EIS did not provide corrosion rates as accurate as
the EFM method, the values obtained for the polarization
resistance followed the trend established by EFM and exposure
testing. Since the data presented here follow the trends of long-
term exposure testing, it is recommended that this method be
used for preliminary screening of candidate materials rather than
as a substitute for long-term testing for full service life because
there may be other long-term effects that can change the
corrosion behavior.

METHODS
The composition of SS316 used in this study in wt% was (0.03% C, 2% Mn,
0.05% P, 0.03% S, 0.75% Si, 18% Cr, 14% Ni, 0.1% N, 3% Mo, 0.3% V, 0.3%
Nb, and the balance was Fe). The composition of Nitronic 50 in wt% was
(0.03% C, 4.89% Mn, 0.02% P, 0.001% S, 0.49% Si, 21.26% Cr, 12.18% Ni,
0.28% N, 2.1% Mo, 0.14% V, 0.18% Nb, and the balance was Fe). The
composition of Inconel 718 in wt% was (0.05% C, 0.05% Mn, 0.008% P,
0.0004% S, 0.07% Si, 18.25% Cr, 0.56% Al, 2.89% Mo, 0.02% Cu, 5.05% Nb,
0.01% Ta, 1.01% Ti, 0.06% Co, 19.83% Fe, and the balance was Ni). The
composition of Inconel 625 in wt% was (0.02% C, 0.04% Mn, 0.005% P,
0.001% S, 0.2% Si, 21.32% Cr, 0.16% Al, 8.68% Mo, 3.36% Nb, 0.2% Ti, 0.04%
Co, 4.62% Fe, and the balance was Ni). The experimental coupons were
polished to a one micron finish prior to use in the supercritical water loop.
The autoclave pressure was held at 27 MPa during all of the tests. The

temperature was monitored using a type K thermocouple. The supercritical
water loop test solution was 18 MΩ deionized water that was deaerated
continuously with nitrogen to maintain a dissolved oxygen content of less
than 50 ppb throughout the operation. Evaluation of the corrosion using
accelerated and gravimetric methods were performed in a test solution at
temperatures of 530 and 600 °C.
The dimensions of the coupons in the gravimetric studies were 2.2 ×

2.5 × 0.625 cm. The SS316 and N50 samples were exposed to the test
temperatures for 24 and 96 h. All exposure testing experiments were
conducted using duplicate samples. The I718 and I625 samples were
exposed to the test temperatures for 24, 96, and 200 h. Prior to the
determination of mass, each coupon was dried in a low vacuum chamber
for 1 day. Mass was determined with an Ohaus Adventurer SL model
AS214 scale that had a resolution of 100 µg before and after exposure to
the conditions of each experiment.
All samples for the electrochemical tests were laser cut into coupons

that measured 0.3 × 0.9 × 4.5 cm with two 0.5-cm holes to secure the
samples. Electrochemical tests were conducted using single sample. The
samples were held in place using an assembly of washers, nuts, and bolts
that were made of alumina to ensure electrical insulation from the
autoclave. The washers used in these experiments were 1.1 mm thick, and
they were used to maintain a specific distance between the counter,
reference, and working electrodes. All potentials were measured with
respect to a silver wire reference electrode. The electrochemical tests were
performed using a REF 600 model potentiostat supplied by Gamry
Instruments, Inc. Gamry Framework version 4.1 was used to control the
potentiostat, and Gamry’s ECHEM analyst version 6.25 was used to analyze
the data. EFM testing was performed using a signal amplitude of 25mV
rms vs. the open-circuit potential at frequencies of 20 and 50mHz. EIS
measurements were conducted in the frequency range from 100 kHz to 10
mHz with an amplitude of 25mV r.m.s. vs. the open-circuit potential.
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