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Abstract: Aqueous zinc ions lower the corrosion rate of Alloy 600, which helps lower the radiation
dose rate in pressurized water reactors (PWRs). The influence of zinc on the electrochemical behavior
of Alloy 600 in PWR primary water (PW) at 320 ◦C was investigated using a combination of electron
microscopy and electrochemical impedance spectroscopy (EIS). Secondary electron microscopy (SEM)
and scanning transmission electron microscopy (STEM)/energy-dispersive X-ray spectroscopy (EDS)
indicated duplex surface films were formed on the Alloy 600 in PWR PW with and without 100 ppb
of zinc. There was no effect of zinc on the chromium-rich inner layer (IL) (of Cr2O3 and/or CrOOH).
Zinc had a significant effect on the outer layer (OL). In the absence of zinc, a highly porous OL formed
that was mostly composed of nickel oxide whiskers. In the presence of zinc, a zinc-containing, denser
OL of oxide was formed. The EIS data were acquired in laboratory simulated PWR PW at 320 ◦C
with and without 100 ppb zinc. The spectra were measured at nine different values of potential that
spanned a 500 mV-wide range. The EIS indicated there was no effect of zinc on the oxidation rate of
metals at the alloy/IL interface nor on the transport of ions through the IL. Zinc lowered the corrosion
rate because the dense OL inhibited the release of nickel ions from the IL into the solution.

Keywords: passive film; Alloy 600; pressurized water reactor primary water with zinc; electrochemical
impedance spectroscopy; scanning transmission electron microcopy; energy-dispersive spectroscopy

1. Introduction

As of 2017 there were over 90 pressurized water reactors (PWRs), which represented
36% of the worldwide total of nuclear reactors. In the U.S., 40% of these PWRs inject zinc
into the primary water (PW) to mitigate metal degradation of the reactor components [1].
The metal is usually a nickel-rich alloy known as Alloy 600, and the degradation can occur
in a number of applications such as steam generator tubes, control rod drive nozzles in
the reactor vessel head, and instrument nozzles in the bottom head. Zinc ions in the PW
of PWRs have been shown to have three positive effects on the performance of Alloy 600.
First, zinc ions dramatically lower radiation emitted from the Alloy 600 in PWRs [2–6]; This
effect has occurred in boiling water reactors (BWRs) as well [7]. The radiation occurred
in part because nickel in the alloy was oxidized, dissolved into the PW, and transmuted
to 60Co when deposited onto the fuel cladding. 60Co released from the cladding surface
re-entered the PW. From there, the 60Co was incorporated into the oxides on the interior
surfaces of numerous reactor components. The radiation emitted by 60Co poses a threat
to workers performing inspections and preventative maintenance of the reactor. Second,
zinc ions lower the corrosion rate of Alloy 600 [8–10]. The lower corrosion rate has little
influence on the structural integrity of components because Alloy 600′s corrosion rate is
already low in PWR PW. The major benefit of the lower oxidation rate is the lower radiation
dose rate associated with the reduced amount of nickel ions in the PW. Third, zinc ions
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increase the resistance of Alloy 600 to stress corrosion cracking (SCC) in PWRs [11–14] and
BWRs [15–17]. All three effects are dependent on the fundamental electrochemical behavior
of Alloy 600 and on the surface films that form on Alloy 600. Due to the importance of
zinc’s lowering of the radiation dose rate and the role in corrosion of Alloy 600 of the
radiation dose rate, our investigation was focused on understanding how zinc lowers the
oxidation rate of Alloy 600.

In the present paper, we investigated Alloy 600′s electrochemical behavior and its
surface films using a combination of electrochemical impedance spectroscopy (EIS) and
electron microscopy. Our study investigated the effect of zinc by comparing the results of
tests conducted in PWR PW with zinc to the results of tests conducted in PWR PW without
zinc. Consequently, it will be helpful to briefly review earlier investigations of the surface
films formed on Alloy 600 in PWR PW without zinc.

Earlier research demonstrated that there was no single surface film of Alloy 600 in
zinc-free PW. Various studies have shown that the surface film that formed on Alloy 600
in PWR PW evolved with time and was a function of temperature [18–22], pH [22,23], the
electrolyte composition [22,24], and the potential [18,25,26] (including the partial pressures
of hydrogen [27–30] and oxygen [31,32]).

Although many of the qualities of the surface film have a time dependence, the
presence of both an inner layer (IL) and an outer layer (OL) is known to be time-independent.
In two reports, the surface films of Alloy 600 in PWR PW at 325 ◦C exhibited a duplex
structure at all times of immersion, even for times as short as 0.4 min [33] and on samples
that were simply heated to 320 ◦C and immediately cooled to room temperature [34]. A
duplex structure was also present after hundreds to thousands of hours of immersion.
There was a general consensus among all of the investigators that the IL was Cr-rich and
the OL was Ni-rich. The IL was of interest to us because it functioned as a barrier layer
and the OL was of interest because, as shown in the present study, it too affected the
electrochemical behavior.

There is a lack of consensus, however, regarding the time dependance of the compo-
sition of the IL. A previous report showed that after very short periods of immersion,
there was selective dissolution of Ni and Fe and formation of the IL of Cr2O3 [34]. Immer-
sion times between 0.4 min and 4 min resulted in a 1 nm-thick IL of Cr2O3 and an outer
surface of CrOOH, as well as islands of Ni(OH)2 that formed on top of the IL [33]. From
4 min to 8 min, the IL of Cr2O3 thickened and CrOOH vanished from the outer surface,
which was now covered by Ni(OH)2 [33]. In another report that was in agreement with
Machet et al. [34], Voyshnis et al. [35] reported an IL of Cr2O3 after 1 min of immersion
and a few islands of NiCr2O4 at the interface of the IL/alloy. An OL was also present
after 1 min of immersion that was rich in Fe and Ni. The film thickened with time but
its structure was the same at 1 h as at 1 min. Between 1 h and 5 h, significant changes
occurred to the IL. At 5 h, the IL consisted of NiCr2O4 with a few islands of Cr2O3. The
transition of the IL from Cr2O3 to NiCr2O4 after just several hours of immersion conflicted
with the results of Panter et al., who found an IL of Cr2O3 at immersion times of 300 h.

An IL of NiCr2O4 was also found in the duplex film on Alloy 600 in laboratory tests of
1000–10,000 h [9] and in the duplex film on Alloy 600 tubes that were in service in PWR PW
for thousands of hours [4], which suggested that the steady-state structure consisted of
a duplex film with an IL of NiCr2O4. Such a steady-state IL of NiCr2O4 was consistent
with the calculations of Kauffman, who showed that NiCr2O4 was the thermodynamically
stable form of Alloy 600 in PWR PW [36].

Our focus on relatively short times of immersion was driven by the lack of consensus
among earlier results that investigated the film’s evolution with time. A portion of our tests
were conducted for an immersion time of 4 h, which was within the gap between 1 h and 5 h
in which one study [35] found the IL changed from Cr2O3 to NiCr2O4. To our knowledge,
no other studies have been conducted on samples immersed for 4 h. We also investigated
immersion times up to 60 h. Furthermore, as in several other investigations [18,25,26,32],
we conducted tests at a series of applied potentials because Alloy 600 is used for a number
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of components located throughout the PWR and exhibits different corrosion potentials at
different locations [1]. A significant number of microscopy investigations of the surface film
that forms on Alloy 600 [3,12,24,27,31,33,34,37] as well as a number of EIS studies [18,32,38]
have been performed. Peng et al. [28] employed the two techniques in their investigation
of Alloy 600 after 500 h of immersion in high-purity water at 288 ◦C. In our study, we
intimately integrated the two techniques by using the results of electron microscopy to
interpret the EIS.

The present results contributed to our understanding of how the surface film of
Alloy 600 depends on potential and evolves with time as well as how zinc lowers the
corrosion rate of Alloy 600.

2. Materials and Methods
2.1. Materials and High-Temperature, High-Pressure Test Facility

Steam generator tubing composed of Alloy 600 (Ni-15Cr-8Fe) (provided by Peter An-
dresen (Ret.) of GE-GRC) was cut into rectangular coupons of 0.7 cm × 0.7 cm × 0.08 cm.
Each sample was ground with SiC paper up to 1200 grit and polished using 1 µm diamond
paste. The coupon was spot welded to a commercial Alloy 600 wire, which was then
shielded with a PTFE tubing and an outer ceramic tube insulator.

An in-house-built single flow-through system was used in order to keep the solution
concentration constant during each test. The aqueous solution contained 1200 ppm B and
2 ppm Li, thereby simulating the conventional concentration of these elements in primary
water. The solution was prepared with 18.8 MΩ deionized water and analytical-grade
chemicals. The premixed solution was deaerated using ultra-high purity grade N2(g) for
48 h and then passed through two 150 cm-long vertical columns with a counter flow of
N2- 4% H2 forming gas. The aqueous solution was then pressurized and pumped through
a heat exchanger into an autoclave that was kept at 320 ◦C and 1800 psi. The solution that
exited the autoclave was released to an air atmosphere and disposed. The autoclave body
and the water tubing exposed to high temperature and high pressure were all composed of
Grade II titanium to avoid Ni2+, Fe2+/3+, and Cr3+ release from the water loop and autoclave.
The segments of water tubing that operated at room temperature were composed of
304 stainless steel.

A Pt mesh served as the counter electrode. A Pt wire served as the substrate of the
reversible hydrogen reference electrode (RHE). All potentials are reported vs. the standard
hydrogen electrode (SHE). All electrodes were sealed through the autoclave and connected
to a Gamry PC4/750 potentiostat for in situ electrochemical measurements.

2.2. Electrochemical Measurements

The following procedure was used for both water conditions (with 100 ppb of Zn
added and without added Zn).

The working electrode was polarized cathodically at −1.923 V vs. SHE (i.e., −1.2 V
vs. reference electrode = reversible hydrogen electrode) during heating of the temperature
of the electrolyte in the autoclave from room temperature to 320 ◦C. The objective of the
cathodic polarization was to remove some/all of the air-formed oxide and to inhibit oxide
formation during heating. Potentiodynamic scans in which the potential of the working
electrode of Alloy 600 was increased from −1.923 V vs. SHE to +0.777 V at 1 mV/s were
conducted to characterize the general electrochemical behavior of Alloy 600.

Two sets of potentiostatic electrochemical impedance spectroscopy (EIS) data were
measured. In the first set, samples were cathodically polarized at −1.923 V as the autoclave
was heated from room temperature to 320 ◦C. The potentiostat was then shut off and the
sample rested in an open circuit for 48 h. The EIS was then conducted at one of two values
of potential (one value of potential per sample). Specifically, after 48 h at the open circuit
potential, the sample was polarized for 4 h at close to −700 mV (−695 mV no−Zn and
−690 mV with-Zn) or close to −550 mV (−565 mV no-Zn and −570 mV with-Zn), and
then the EIS data were obtained. The EIS was conducted from 50 kHz to 3 mHz with a
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10 mV AC signal, and the duration of the test was approximately three hours. After each
measurement of the EIS, the autoclave was cooled to room temperature. Then, the sample
of Alloy 600 was removed and dried, and its surface film, which formed during the 48 h in
an open circuit plus a total of seven hours at either ~−700 mV or ~−550 mV, was examined
via electron microscopy as described in the following Section 2.3.

The EIS data measured at close to −700 mV and close to −550 mV differed signifi-
cantly. To better define the potential dependency, a second set of EIS was conducted at
discreet potentials of−743 mVSHE,−723 mVSHE,−673 mVSHE,−623 mVSHE,−573 mVSHE,
−523 mVSHE, −423 mVSHE, and −223 mVSHE. Specifically, a single sample was cathodi-
cally polarized at−1.923 V during heating from room temperature to 320 ◦C. At 320 ◦C, the
sample’s potential was stepped to −743 mV and held at that value for 4 h, and then the EIS
was measured. After the three-hour-long measurement via EIS, the sample’s potential was
stepped to a new value and held for 4 h, and then the EIS was measured. The procedure
was repeated at a total of nine values of potential: −743 mVSHE,−723 mVSHE,−673 mVSHE,
−623 mVSHE, −573 mVSHE, −523 mVSHE, −423 mVSHE, −323 mV and −223 mVSHE. After
the EIS was conducted at −223 mV, the autoclave was cooled to room temperature. The
sample was removed from the autoclave and dried, and the surface film was investigated
via electron microscopy (see Section 2.3). This sample was labeled as −223 mV.

The steady-state condition of the EIS was demonstrated by the measurement from
2 mHz to 50 kHz exactly matching the measurement from 50 kHz to 2 mHz. The validity of
the measured EIS data was confirmed via Kramers–Kronig transforms.

2.3. SEM and TEM/EDS

Surface films of samples from the first set of measurements via EIS at −695 mV
(No-Zn), −565 mV (No-Zn), −690 mV (with Zn), and −570 mV (with Zn), as well as the
two samples from the second set of EIS in which the EIS was conducted at nine different
potentials, were investigated for both water conditions, thereby resulting in six SEM/TEM
samples. Because the EIS results indicated that the EIS was practically independent of the
history of the potential prior to the testing potential, this last sample was labeled at the
final potential of−223 mV. Cross-sections through the surface film and alloy substrate were
prepared for TEM samples using the dual-beam focused ion beam (FIB) of an FEI Strata 235.
Prior to cutting, platinum was deposited onto the surface film for protection before each
TEM lift-out sample was prepared with the Omniprobe system. An FEI TitanX 60-300
microscope was used for EDS analyses of the oxide films to investigate their chemical
compositions. The TEM/EDS experiments were all conducted at 200 kV. The TEM/EDS
results were used to help interpret the results of the EIS measurements.

3. Results

We combined electrochemical tests and electron microscopy to investigate the effect of
aqueous zinc ions on the corrosion behavior of Alloy 600. The results of electron microscopy
are presented first because they greatly facilitated the analyses of the EIS.

3.1. Electron Microscopy

SEM revealed the structures of the outer layers on a global scale. TEM dark-field
cross-sectional images of the duplex surface film furnished structural information of the
inner layer (IL) and outer layer (OL). STEM/EDS provided compositional information, in
particular the variation in composition with position in the surface film and in the alloy.

3.1.1. Outer Layer—SEM Results

As concluded in the Discussion section, the OL was responsible for much of the effect
of zinc on the electrochemical behavior of Alloy 600.

The surfaces of samples of Alloy 600 following polarization at −695 mV, −565 mV,
and−223 mV in zinc-free, 320 ◦C PWR PW are shown in the scanning electron micrographs
presented in Figure 1a,b,c, respectively. The most notable feature was the large number
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of whiskers in samples polarized at −695 mV and −565 mV and the reduced number and
shorter lengths of whiskers in the sample polarized in 50 mV increments from −743 mV
to −223 mV. The formation of whiskers of NiO on Alloy 600 [39,40] and on Alloy 690 [24]
were reported in earlier investigations.
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Figure 1. Scanning electron micrographs of surface films formed on Alloy 600 polarized in PWR PW
at 320 ◦C without zinc at a potential of (a)−695 mV, (b)−565 mV, and (c)−223 mV. Scanning electron
micrographs of surface films formed on Alloy 600 polarized in PWR PW at 320 ◦C with 100 ppb of
zinc at a potential of (d) −690 mV, (e) −570 mV, and (f) −223 mV. The scale bar is 500 nm for the inset
and 5 µm for the larger field of view.

As shown in the scanning electron micrographs in Figure 1d,e, the samples polarized
at −690 mV and −570 mV in PWR PW with 100 ppb of zinc were completely free of
whiskers, which was in marked contrast to the films formed on A600 in PWR PW without
zinc. Samples polarized in 50 mV increments from −743 mV to −223 mV were also free
of whiskers as shown in Figure 1f. Rather than whiskers, the most apparent structural
features were polyhedral particles that ranged in size from 50 nm to 500 nm. There was
also a large number density of closely packed particles smaller than 10 nm.

3.1.2. Outer Layer—TEM Results PWR PW no Zn

The TEM cross-sectional images of samples polarized in PWR PW without zinc at
−695 mV, −565 mV, and −223 mV are presented in Figures 2a, S1a and S2a, respectively.
At −695 mV and −565 mV, the OL was discontinuous with gaps in which the OL was
either very thin or did not cover the IL at all. The discontinuous nature of the OL was
consistent with the SEM results that showed the OL was largely composed of whiskers.



Corros. Mater. Degrad. 2023, 4 59

Corros. Mater. Degrad. 2023, 4, FOR PEER REVIEW  6 
 

 

3.1.2. Outer Layer—TEM Results PWR PW no Zn 
The TEM cross-sectional images of samples polarized in PWR PW without zinc at 

−695 mV, −565 mV, and −223 mV are presented in Figures S1a, 2a, and S2a, respectively. 
At −695 mV and −565 mV, the OL was discontinuous with gaps in which the OL was either 
very thin or did not cover the IL at all. The discontinuous nature of the OL was consistent 
with the SEM results that showed the OL was largely composed of whiskers. 

As shown in the SEM image in Figure 1c, the OL that formed following step polari-
zations in 50 mV increments from −743 mV to −223 mV was more heterogeneous with 
regions of near-continuous coverage and free of whiskers and locations where whiskers 
were observed. The cross-sectional TEM sample showed both morphologies in different 
regions. Figure S2a shows the region with a more compact outer layer providing near 
continuous coverage of the IL. The whiskers are straight, shorter in length, and fewer in 
number than those formed at −695 mV and −565 mV. 

The EDS maps and linescans presented in Figures 2b–e, S1b–e, and S2b–e provide 
qualitative visualization of the composition. Note that the maximum value of concentra-
tion of each linescan was set to 100% for each element; each element was plotted from 0% 
to 100% of its acquired X-ray counts. For example, the Pt linescan in grey goes from its 
minimum near 0% in the alloy to its maximum of 100% at one point in the OL. Thus, each 
color of linescan indicates the amount that that specific element changed along the length 
of the white boxes (shown in Figures 2c, S1c, and S2c). The white boxes traversed the alloy, 
the IL, the OL, and the Pt overcoat. Each linescan reveals how the element changed with 
location and thereby defined the position of the IL and OL. 

 
Figure 2. (a) Dark-field cross-sectional image of Alloy 600 polarized at −565 mV in PWR PW with 
no zinc. (b) EDS map of nickel, iron, and platinum. (c) EDS map of nickel, chromium, and plati-
num. (d) EDS map of region of narrow width pictured in (c). (e) Integrated intensities of elements 
in region of narrow width plotted on a scale of 0% to 100% for each element’s total X-ray count. 

Quantitative measurements of composition were obtained via background subtrac-
tion and fitting of peaks with good signal-to-noise ratios. Quantification of the EDS spec-
trum from the outer-layer pixels indicated that the whiskers were nickel-rich oxide with 
some iron (as shown in Figure 3 for the −565 mV sample). The outer layer was quantified 
by outlining the regions in the cross-section that were oxide and summing the EDS 

Figure 2. (a) Dark-field cross-sectional image of Alloy 600 polarized at −565 mV in PWR PW with no
zinc. (b) EDS map of nickel, iron, and platinum. (c) EDS map of nickel, chromium, and platinum.
(d) EDS map of region of narrow width pictured in (c). (e) Integrated intensities of elements in region
of narrow width plotted on a scale of 0% to 100% for each element’s total X-ray count.

As shown in the SEM image in Figure 1c, the OL that formed following step polar-
izations in 50 mV increments from −743 mV to −223 mV was more heterogeneous with
regions of near-continuous coverage and free of whiskers and locations where whiskers
were observed. The cross-sectional TEM sample showed both morphologies in different
regions. Figure S2a shows the region with a more compact outer layer providing near
continuous coverage of the IL. The whiskers are straight, shorter in length, and fewer in
number than those formed at −695 mV and −565 mV.

The EDS maps and linescans presented in Figures 2b–e, S1b–e and S2b–e provide
qualitative visualization of the composition. Note that the maximum value of concentration
of each linescan was set to 100% for each element; each element was plotted from 0%
to 100% of its acquired X-ray counts. For example, the Pt linescan in grey goes from its
minimum near 0% in the alloy to its maximum of 100% at one point in the OL. Thus, each
color of linescan indicates the amount that that specific element changed along the length
of the white boxes (shown in Figures 2c, S1c and S2c). The white boxes traversed the alloy,
the IL, the OL, and the Pt overcoat. Each linescan reveals how the element changed with
location and thereby defined the position of the IL and OL.

Quantitative measurements of composition were obtained via background subtraction
and fitting of peaks with good signal-to-noise ratios. Quantification of the EDS spectrum
from the outer-layer pixels indicated that the whiskers were nickel-rich oxide with some
iron (as shown in Figure 3 for the −565 mV sample). The outer layer was quantified by
outlining the regions in the cross-section that were oxide and summing the EDS spectrum
from these pixels in order to achieve a spectrum with a sufficient signal-to-noise ratio to
allow a background subtraction and fit the peaks. The quantification was conducted using
the Cliff–Lorimer method [41]. While this method holds for thin foils, the X-ray energies
of the transition metal k-edges were similar enough that variations in thickness would
affect the metal quantification similarly. The quantification of the lower energy X-rays
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was affected by the variations in thickness and for this reason, the oxygen quantification
was not very accurate. The quantitative compositions of the OLs at all three potentials are
summarized in Table 1 (the detailed results are presented in Table S2). The compositions
of the OLs and whiskers as a function of potential could not be quantified within the
accuracy of the measurement. Despite the presence of nickel-rich whiskers at −695 mV and
−565 mV and the reduction in whiskers at −223 mV, the compositions of the OL formed in
zinc-free electrolyte at all three values of potential were approximately the same: enriched
in nickel and with small amounts of iron and only very small amounts of chromium.
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Figure 3. Quantification of the outer layer. (a,b) EDS maps from the no-Zn sample at −565 mV. The
outer-layer oxide whiskers are outlined in green. Spectra from these outlined pixels were summed
to generate a spectrum from the outer layer that had sufficient signal to noise to fit the spectral
peaks and quantify the atomic percent of elements using the Cliff–Lorimar ratio method (41). The
spectrum from these pixels is shown in dark blue in (e) in which it can be seen that there is no peak
from Zn. (c,d) EDS maps from with-Zn sample at −550 mV. The more continuous outer layer is
outlined in yellow. Spectra from the outer-layer pixels were summed to generate the spectrum shown
in turquoise in (e) where the peak corresponding to the Zn is present. (f) The summed spectrum
from the with-Zn sample after background subtraction and peak separation. A similar analysis was
conducted to quantify the Cr-rich inner layer and the substrate; those results are shown in Table S1.

Table 1. Mean atomic percent in OL of Alloy 600 in PWR PW with no zinc.

Potential Oxygen Chromium Iron Nickel

−695 mV 57.0 2.2 7.6 33.3
−565 mV 59.5 2.0 3.4 35.1
−223 mV 53.4 3.6 8.8 34.1
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3.1.3. Outer Layer—TEM Results for PWR PW with 100 ppb of Zinc

ADF-STEM images and linescans from each of the three TEM cross-sections of samples
polarized in zinc-containing PWR PW at −690 mV, −570 mV, and −223 mV are presented
in Figures 4, S3 and S4, respectively. The STEM images show a dense OL covering the IL at
all three potentials, which was in agreement with the SEM micrographs in Figure 1d–f.
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100 ppb of zinc. (b) EDS map of nickel, iron, and platinum. (c) EDS map of nickel, chromium, and
platinum. (d) EDS map of region of narrow width pictured in (c). (e) Integrated intensities of elements
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The STEM image indicated that the OL formed in the zinc-containing electrolyte
at −690 mV was composed of large oxide particles (up to 200 nm) that were often
in intimate contact with adjacent particles. There were also a few gaps in the OL in
which the IL appeared to be covered by only a very thin OL and possibly was in direct
contact with the electrolyte. At −570 mV, the OL was dense and compact and ≈70 nm
thick. At −223 mV, the OL was much thinner (≈ 30 nm thick) with some local sites of
larger thickness of 100 nm. The linescans presented in Figures 4e, S3e and S4e provide
qualitative information about the compositions of the OLs. At all three potentials, the
OLs contained nickel, zinc, and iron.

The quantitative compositions of the OLs at all three potentials are summarized in
Table 2 (the detailed results are presented in Table S3). The OLs contained significant
amounts of zinc and approximately half the amounts of nickel and iron found in the OLs
formed in the zinc-free solution.
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Table 2. Mean atomic percent in OL of Alloy 600 in PWR PW with 100 ppb of zinc.

Potential Oxygen Chromium Iron Nickel Zinc

−690 mV 60.7 1.1 4.3 19.0 14.9
−570 mV 73.5 0.1 4.5 15.3 6.5
−223 mV 58.3 4.9 6.3 19.1 11.3

In summary, in both the zinc-free and zinc-containing electrolytes, the OL and the
whiskers were an oxide predominantly with Ni and some Fe. The zinc was measured to be
6–15 atomic % in the outer layer of the samples exposed to Zn containing water; no zinc
was detected in the samples that were exposed to water that did not contain Zn. While
a small amount of Cr was detected using EDS, it is unknown whether this was due to
delocalization of the Cr signal from the IL or if it was actually present.

3.1.4. Inner Layer

The inner layers of all six samples were thin (between 6 nm and 20 nm in thickness),
and the interface between the inner layer and the alloy was irregular in shape and suggested
an uneven growth of the inner layer into the alloy.

The inner layer was enriched in chromium and was associated with chromium-
depleted zones in the alloy immediately underneath the IL. The chromium-depleted zones
were discontinuous along the interface. The chromium enrichment is readily shown in the
EDS maps in magenta, and the change in the Cr X-ray signal as a function of depth in the
layer is shown in the corresponding line scan (Figures 2c,e and 4c,e).

The thickness and composition of the Cr-rich IL were the same in both the zinc-free
and zinc-containing solutions. There was no significant evidence of zinc in the chromium-
rich inner layer (IL). However, given the uncertain precision of our EDS measurements, we
could not completely rule out the presence of a small amount of zinc. That is, the most we
can state with confidence is that the zinc concentration was less than 1% in the IL.

The nickel concentration of the inner layer was also uncertain. At 200 kV and with
the amount of incident beam current, we estimated that the size of the focused probe was
on the order of 1–2 nm. Due to the thickness of the TEM samples (≈70 nm to 120 nm),
there was significant spreading of the incident and scattered electrons, which led to an
excited volume that was of a significant size relative to the thin IL. The combination of
beam broadening and a thin IL made it difficult to specify the nickel concentration of the
IL, although Ni X-rays were detected when the focused probe illuminated the IL. This was
visualized by examining the green linescan from the Ni X-ray counts, in which it can be
seen that the Ni signal dropped from a high value in the substrate to a lower value in the
outer layer. That the IL likely contained some amount of nickel was suggested by the high
concentration of nickel in the OL.

In a separate investigation conducted in our laboratory (using the same autoclave and
high-temperature/high-pressure water loop, the same source of Alloy 600, and the same
electrolyte composition), in situ surface enhanced Raman spectroscopy (SERS) indicated
the IL of Alloy 600 in zinc-free PWR PW was very nearly identical to chromium’s surface
film, which SERS indicated was either Cr2O3 or CrOOH (Cr2O3 and CrOOH have similar
Raman spectra.) [42–45]. Our finding of a chromium-rich IL of Cr2O3 or CrOOH was in
agreement with results of Voyshnis et al. [35], who used ToF-SIMS to identify the IL at 1 h
of immersion as Cr2O3.

In summary, the main results of SEM and STEM/EDS were:

1. Surface films of Alloy 600 in PWR PW with and without 100 ppb of zinc were duplex
structures with a chromium-rich inner layer (IL) and a nickel-rich outer layer (OL).

2. The thickness (≈6–20 nm) and composition of the chromium-rich IL were the same in
both the zinc-free and zinc-containing solutions.
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3. The IL was Cr-rich and presumed to be Cr2O3 and/or CrOOH; and narrow, discon-
tinuous chromium-depleted zones were in the alloy beneath the IL (evident as green
nickel-rich regions in the alloy substrate).

4. The structures and compositions of the OL were very different for the zinc-containing
and zinc-free PWR PW.

a. In the zinc-free electrolyte at potentials of −695 mV and −565 mV, the OL was
mostly composed of nickel-rich oxide whiskers with relatively small concentra-
tions of iron and very small concentrations of chromium. The whiskers were
structurally equivalent to a highly porous or discontinuous layer. At an applied
potential of −223 mV, the OL was nearly free of whiskers.

b. In the zinc-containing electrolyte, there were no whiskers and the OL contained
a significant amount of zinc and had only half the amounts of nickel and iron
found in the whiskers, which formed the OL in zinc-free PWR PW. The OL
formed in the zinc-containing PWR PW was relatively thick and compact and
provided near-continuous coverage of the IL.

5. Thus, zinc’s main effect was to alter the composition and the structure of the OLs
formed at ≈ −700 mV and ≈ −550 mV.

3.2. Potentiodynamic Polarization Tests

The potentiodynamic cathodic and anodic polarization curves of Alloy 600 in PWR PW
with and without zinc ions are presented in Figure 5. The cathodic polarization curves in
the zinc-free electrolyte were identical to those in the zinc-containing electrolyte, which
indicated that zinc had no effect on the kinetics of the hydrogen reduction reaction. At
potentials from ≈ −600 mV to 0 mV, the rate of oxidation in the zinc solution was lower
than that in the zinc-free solution by a factor of approximately 1.5. Given (1) the small
difference in oxidation rates and (2) that current densities measured in the potentiodynamic
polarization tests were not steady-state values, potentiostatic polarization tests were con-
ducted to more rigorously assess the influence of zinc on the oxidation rate of Alloy 600.
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Figure 5. Potentiodynamic polarization curves of Alloy 600 in PWR PW at 320 °C with and with-
out 100 ppb of zinc. 
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3.3. Potentiostatic Polarization Tests

The lower rate of oxidation in the zinc solution was confirmed via potentiostatic tests.
A total of 54 potentiostatic tests were conducted. Three tests were conducted in each
electrolyte (with and without Zn) at nine different potentials from −743 mV to −223 mV.
The wide range of potentials included the relatively large range of values of corrosion
potential that Alloy 600 exhibits in PWRs due to different applications with different
dissolved oxygen concentrations and variations in the dissolved oxygen concentration from
start-up to steady-state operation [1,4]. For example, after shutdown the primary water
adjacent to CRD tubes is air-saturated (≈9 ppm), and concentration can reach 1350 ppm
after pressurization at 343 ◦C. Another example is the air-saturated water that is added
during load-following. Air saturation can create corrosion potentials at 325 ◦C in PWR PW
that are above 0 mV. The wide range of potentials was also investigated to reveal trends
with potential that might help to identify the mechanism(s) of oxidation.

The cell currents reached a quasi-steady state in less than four hours. The values of the
cell currents at four hours of immersion are presented in Figure 6. At potentials between
−673 mV and −523 mV, the cell current was anodic and the average value of the anodic
cell current in zinc-containing solution was consistently lower than in zinc-free solution;
however, as was the case for the potentiodynamic polarization tests, the difference was
not great. The difference between the oxidation rate in the zinc-free and zinc-containing
electrolytes increased with an increasing potential starting at −423 mV.
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cally polarized in PWR PW at 320 °C with and without 100 ppb zinc. 
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In summary, the results of the potentiostatic polarization tests indicated that aqueous
zinc ions lowered the oxidation rate of Alloy 600 during immersion times of up to four
hours, albeit by a small amount. Thus, zinc lowered the corrosion rate after 4 h of immersion
just as it lowered the corrosion rate of A600 tubing following hundreds to thousands of
hours of in-reactor service [3,8,9]. The zinc effect following hundreds to thousands of
hours of in-reactor service was greater than after 4 h of immersion in our lab-simulated
PWR PW [3,8,9], which indicated that our study was in the early stages of corrosion.

EIS can provide information about both oxidation and reduction reactions. Accord-
ingly, based on the results of the polarization tests, EIS was conducted at specific potentials
between −773 mV and −223 mV in both the zinc-free and zinc-containing electrolytes in
order to identify the step in the corrosion process where Zn had the largest effect.
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3.4. Electrochemical Impedance Spectroscopy
3.4.1. Introduction

The EIS was conducted in two different testing conditions. Each testing condition
consisted of several steps, which were described in the Materials and Methods section. The
motivation for employing two testing conditions was as follows.

First Set of Testing Conditions. The EIS of the samples, which were later examined by
SEM and TEM, was conducted at potentials of ≈−700 mV and ≈−550 mV. Each test was
preceded by 48 h in an open circuit followed by 4 h of polarization at the test potential. The
four hours of polarization allowed the sample to reach a steady state before starting the EIS
measurements. Each EIS measurement took approximately 3 h. Multiple measurements
exhibited scatter of ±250 ohms·cm2 at high frequencies. In the Bode plots, the scatter at
frequencies above 100 Hz was readily apparent. The scatter was attributed to test-to-test
variations in the relative positions of the three electrodes (WE, CE, and RE).

Generally, scatter at frequencies above 100 Hz is of minor importance because, as just
stated, the impedance at high frequencies is attributed to the ohmic resistance of the cell.
The impedance at frequencies below 100 Hz contains information about the electrochemical
reactions and ion transport through the surface film. Nevertheless, as described below, the
high-frequency impedance did indicate the presence/absence of whiskers. The information
about whiskers was captured by using a second set of testing conditions.

Second Set of Testing Conditions. The first set of testing conditions indicated a
significant difference in the EIS data at ≈−700 mV and ≈−550 mV. To comprehensively
investigate the influence of potential, EIS was conducted on a single sample at nine different
values of potential. The first EIS was conducted at−743 mV. Next, the potential was stepped
+50 mV to −693 mV and held for four hours before conducting the EIS. The procedure was
repeated in +50 mV increments to a final value of −223 mV. Since the tests were conducted
on a single sample, the interelectrode spacings were the same for all tests, so there was
no effect of variable interelectrode spacing on the impedance at frequencies greater than
100 Hz. Any changes with potential to the impedance at frequencies above 100 Hz were
attributed to changes that occurred in the immediate vicinity of the WE of Alloy 600;
e.g., the formation/removal of whiskers.

Importantly, the EIS data at a potential of ≈−700 mV using the first set of test con-
ditions were the same as the EIS data measured at ≈−700 mV using the second set of
test conditions. The same was true for the EIS data measured at ≈−550 mV. That is, the
EIS data were strongly dependent on the potential of the measurement but practically
independent of the history of the potential prior to the testing potential. Consequently, we
used the 50 mV increments to develop equivalent circuits (ECs) as functions of potential.
We used the SEM/TEM to assign the components of the ECs to specific electrochemical
reactions and aspects of the surface films. The validity of our approach was confirmed by
the excellent fit of the EIS of the SEM/TEM samples that were subjected to the first set of
test conditions to the ECs derived from the EIS conducted at the nine values of potential
separated by 50 mV.

3.4.2. Overview of EIS Results

The EIS data as a function of potential were determined by the second set of test
conditions. The results are presented as Nyquist plots in Figures 7 and 8.

Collectively, the spectra at the nine values of potential clustered into three groups
in which the spectra in each group exhibited a similar shape. The first was composed of
spectra at −743 mV and −723 mV and was named Group 700. The second group con-
sisted of spectra at potentials of −673 mV through −523 mV and was called Group 550.
The third and final group contained spectra at −423 mV to −223 mV and was referred to
as Group 223.
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Figure 8. Nyquist plots of Alloy 600 in PWR PW with 100 ppb of zinc at 320°C as a function of 
potential. 
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The next step was the analyses of the EIS. To facilitate the analysis of the effect
of aqueous zinc, the results were subdivided into (1) the high-frequency impedance
(frequency > 100 Hz), which was dominated by current flow in the electrolyte; and
(2) the low-frequency impedance (frequency < 100 Hz), which was dominated by the
electrochemical reactions and transport of ions through the surface film.
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3.4.3. High-Frequency Impedance of Groups 700, 550, and 223

The effect of zinc on the high-frequency impedance provided key information about
how zinc lowered the oxidation rate of Alloy 600. The effect of zinc on the high-frequency
impedance is shown in the plots of log impedance modulus vs. log frequency (Figure 9 (no
Zn) and Figure 10 (Zn)). In these spectra, the log of the impedance modulus was analogous
to plotting the log of the real component. Indeed, the plots of log real Component for the
Zn tests and no-Zn tests that are presented as Figures S5 and S6 are similar to the plots of
the log modulus in Figures 9 and 10.
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The influence of the potential on the high-frequency modulus is summarized in
Figure 11. At high frequencies, the real component (and modulus) of the Zn test at−743 mV
was approximately twice that of the no-Zn-test. As the applied potential became more
positive, the high-frequency real component (and modulus) of the Zn test remained constant
and that of the no-Zn test continuously increased until both values were equal at potentials
of ≥≈−423 mV.
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Figure 11. Influence of DC potential on the high-frequency modulus (ohm·cm2) for tests conducted
in PWR PW without zinc (blue curve). For the tests in PWR PW with 100 ppb of zinc (red curve) the
modulus is a constant with potential and is equal to Rs = 550 ohm·cm2.

Potential-dependent changes also occurred in the plots of log imaginary component
vs. the log frequency at high frequencies (see Figures S7 and S8 in the Supplementary
Materials); however, the magnitude of the imaginary component was approximately 50X
smaller than the magnitude of the real component, so the potential dependent changes in
the modulus were the result of changes in the real component.

The TEM/SEM results, which were presented in the preceding section, suggested
an explanation of the differences in the high frequency real component of the EIS. In
tests with and without zinc, the samples of Alloy 600 formed ILs that were similar in
thickness, structure, and composition. However, their OLs were quite different. The most
distinguishing features of the SEM images in Figures 1a–c and 2a–c were the potential-
dependent presence of nickel oxide whiskers (NOW) on the surfaces of the no-zinc samples
and the complete absence of NOW on the with-zinc samples. As described by Orazem
and Tribollet, the impedance of the porous outer layer can be represented by a parallel
arrangement of a resistor and constant phase element that are in series with the electrolyte’s
ohmic impedance and the faradaic impedance of the sample [46]. The capacitance (CPE) of
the porous outer layer was very small, so the characteristic frequency of the R-CPE couple
was much higher than the frequency range of our impedance equipment. As a result,
the only detectable effect of the porous outer layer at high frequencies was on the real
component. We concluded that the porous NOW in the OL was the cause of the potential
dependance of the blue curve shown in Figure 11.
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In summary, the relatively high value of the real component in the sample exposed
to the Zn-containing water was constant with the potential. The potential independency
was attributed to a mostly compact OL and the complete absence of NOW. The potential
dependency of the real component of the no-Zn tests correlated with the presence of NOW
and with their disappearance at more positive potentials and their replacement by an OL
that had less porosity, which was similar to that of Zn test samples.

3.4.4. Low-Frequency Impedance of Groups 700, 550, and 223

The analyses of the low-frequency impedance yielded an equivalent circuit (EC) for
each of the three groups. For each group, the EC representing the low-frequency impedance
was composed of the same electrical components for both zinc and no-zinc. Zinc’s effect
was on the magnitudes of particular electrical components of the ECs. Deriving the ECs for
the low-frequency impedance required detailed analyses of the EIS, which are presented in
the Supplementary Materials.

The differences in the numerical values of particular components of the ECs caused by
zinc are described in the Discussion section.

Group 700. The magnitude and polarity of the potentiostatic current densities
(Figure 6) suggested that both oxidation and reduction reactions contributed to the
impedances measured at −743 mV and −723 mV. These two potentials are cathodic, so
the impedance was dominated by the reduction reaction (see Appendix A, Section A.1
and Section A.2.1). As discussed in Appendix A (Section A.2.1.1, Section A.2.1.2,
Section A.2.1.3, Section A.2.1.4, Section A.2.1.5), the low-frequency EIS at potentials
of −743 mV and −723 mV suggested the equivalent circuit (EC) presented in Figure 12
for the EIS in zinc-free and in zinc-containing solution. The excellent fit of the EC to
the measured EIS is indicated in the Bode plot presented in Figure 13. The Bode plots
included a plot of the phase angle versus the frequency, which provided a very sensi-
tive demonstration of the quality of the fit between the measured impedance and the
impedance of the EC.
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Figure 13. Fitting of the modulus and phase angle of the impedance of EC presented in Figure 12 
with the impedance spectrum measured at −723 mV. 
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the EIS at −690 mV in Zn-containing electrolyte (FSTC) also exhibited excellent fits to the 
EC in Figure 12. The results are presented in the Supplementary Materials as Figures S9 
and S10, respectively. After the EIS, these two samples’ surface films were investigated 
via SEM and TEM (the results are presented in Section 3.1). 
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transport of ions was the same for both the Zn-free test and the Zn-containing test, as well 

Figure 12. Equivalent circuit of Alloy 600 at −743 mV and −723 mV in Zn-free PWR PW and in
PWR PW +100 ppb of Zn at 320 ◦C.

The EIS at −695 mV in Zn-free electrolyte (first set of testing conditions (FSTC))
and the EIS at −690 mV in Zn-containing electrolyte (FSTC) also exhibited excellent
fits to the EC in Figure 12. The results are presented in the Supplementary Materials as
Figures S9 and S10, respectively. After the EIS, these two samples’ surface films were
investigated via SEM and TEM (the results are presented in Section 3.1).

That the EC (Figure A2 in Appendix A) that described the Faradaic reactions and the
transport of ions was the same for both the Zn-free test and the Zn-containing test, as well
as the fact that the values of the individual components of the ECs were very similar for
the zinc-free and zinc-containing tests, indicated that the zinc had no effect on the kinetics
and mechanism of the hydrogen reduction reaction. Consequently, zinc’s lowering of the
corrosion rate was a consequence of zinc’s effect on the oxidation of Alloy 600.
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Figure 13. Fitting of the modulus and phase angle of the impedance of EC presented in Figure 12 
with the impedance spectrum measured at −723 mV. 
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with the impedance spectrum measured at −723 mV.

Group 550: As discussed in Section A.2.2 of the Appendix A, the EIS data measured
at potentials of −623 mV and–573 mV in the zinc-free solution and the zinc-containing
solution suggested the EC presented in Figure 14. The influence of the potential and fre-
quency on the impedance are discussed in Section A.2.2.2, Section A.2.2.3, Section A.2.2.4 of
the Appendix A. The dependencies on the potential and frequency suggested preliminary
assignments of specific electrochemical reactions and transport phenomena to the indi-
vidual components of the EC. In Section 4 of this paper, more specific and more complete
assignments will be made based on the results of the SEM, the TEM/EDS, and comparisons
of the zinc and zinc-free results.

Corros. Mater. Degrad. 2023, 4, FOR PEER REVIEW  17 
 

 

as the fact that the values of the individual components of the ECs were very similar for 
the zinc-free and zinc-containing tests, indicated that the zinc had no effect on the kinetics 
and mechanism of the hydrogen reduction reaction. Consequently, zinc’s lowering of the 
corrosion rate was a consequence of zinc’s effect on the oxidation of Alloy 600. 

Group 550: As discussed in Appendix A2.2, the EIS data measured at potentials of 
−623 mV and–573 mV in the zinc-free solution and the zinc-containing solution suggested 
the EC presented in Figure 14. The influence of the potential and frequency on the imped-
ance are discussed in Sections A.2.2.2–A.2.2.4 of the Appendix. The dependencies on the 
potential and frequency suggested preliminary assignments of specific electrochemical 
reactions and transport phenomena to the individual components of the EC. In Section 4 
of this paper, more specific and more complete assignments will be made based on the 
results of the SEM, the TEM/EDS, and comparisons of the zinc and zinc-free results. 

 
Figure 14. EC of EIS of Alloy 600 at −623 mV and −573 in PWR PW both with and without Zn. 

The EC for the impedance at −623 mV and −573 mV was the same as that at −743 mV 
and −723 mV except for the absence of a second serial arrangement of a resistor (R) and a 
Warburg impedance (W), which appeared in the EC for −743 mV and −723 mV and were 
assigned to the electrochemical reduction reaction. That is, the electrochemical reduction 
reaction did not contribute to the impedance at −623 mV and −573 mV, which made sense 
given that the equilibrium potential of the hydrogen reduction reaction was −723 mV. The 
high quality of the fit of the EC (Figure 14) to the measured EIS at −573 mV without zinc 
is demonstrated by the Bode plot in Figure 15. The EC of Figure 14 provided an equally 
good fit to the EIS at −573 mV in PWR PW with zinc. 

10-3 10-2 10-1 100 101 102 103 104 105

1000

10000

 

 Measured   Mid Potential Model

Zm
od

 (O
hm

.c
m

2 )

Frequency (Hz)

-60

-40

-20

0

Ph
as

e 
An

gl
e 

(D
eg

re
e)

 
Figure 15. Fitting the modulus and phase angle of the impedance of the EC to the measured imped-
ance at −573. 

Figure 14. EC of EIS of Alloy 600 at −623 mV and −573 in PWR PW both with and without Zn.

The EC for the impedance at −623 mV and −573 mV was the same as that at −743 mV
and −723 mV except for the absence of a second serial arrangement of a resistor (R) and a
Warburg impedance (W), which appeared in the EC for −743 mV and −723 mV and were
assigned to the electrochemical reduction reaction. That is, the electrochemical reduction
reaction did not contribute to the impedance at −623 mV and −573 mV, which made sense
given that the equilibrium potential of the hydrogen reduction reaction was −723 mV. The
high quality of the fit of the EC (Figure 14) to the measured EIS at −573 mV without zinc is
demonstrated by the Bode plot in Figure 15. The EC of Figure 14 provided an equally good
fit to the EIS at −573 mV in PWR PW with zinc.
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Figure 15. Fitting the modulus and phase angle of the impedance of the EC to the measured imped-
ance at −573. 

Figure 15. Fitting the modulus and phase angle of the impedance of the EC to the measured
impedance at −573.

The EIS at −565 mV in the Zn-free electrolyte (FSTC) and the EIS at −550 mV in the
Zn-containing electrolyte (FSTC) also exhibited excellent fits to the EC in Figure 15. The
results are presented in the Supplementary Materials as Figures S11 and S12, respectively.
After the EIS, these two sample’s surface films were investigated via SEM and TEM (the
results are presented in Section 3.1).

It was notable that the portions of the ECs that characterized the low-frequency
impedance at −623 mV and −573 mV were the same for both the zinc-free and the zinc-
containing solutions. However, importantly (and as considered in the Discussion section),
the numerical values of the individual circuit components depended on the presence or
absence of aqueous zinc ions.

Group 223: The EC that resulted from our analyses of the EIS data at potentials of
−323 mV and −223 mV is presented in Figure 16; it was the same for both conditions (with
and without Zn PW). Figure 17 demonstrates the high quality of the fit of the EC to the
measured EIS.
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Figure 17. Fitting the modulus and phase angle of the impedance of the EC to the measured imped-
ance at −223 mV. 
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Figure 17. Fitting the modulus and phase angle of the impedance of the EC to the measured
impedance at −223 mV.

4. Discussion

The individual components of the ECs were assigned to specific electrochemical
reactions, transport phenomena, and features of the surface films. The assignments were
based on (1) potential dependencies of the values of the components; (2) the influence of
zinc on the values of the components; and (3) the SEM and TEM/EDS results. The influence
of the potential and zinc on the values of the components of the EC are summarized in
Figures 11, 18a–c and S13a–c, as well as Figures 19 and 20 below.

The following analysis indicated that the dense outer layer formed in the zinc-
containing PWR PW and the porous outer layer formed at relatively low potentials in
the zinc-free PWR PW had different effects on the low-frequency impedance, which helped
to clarify the influence of zinc on the corrosion rate of Alloy 600.

Low-Frequency Impedance

The EC presented in Figure 14 indicates that the resistive impedance of the oxidation
reaction was composed of two resistances (Rm and RR)) and a Warburg impedance (ZW)
in series. Thus, it was interesting to note that our EC, which was developed via graphical
analyses, possessed the same components for the multistep oxidation reaction of Alloy
600 as did the kinetic analyses of Yang et al. [32] and Bojinov et al. [38]. To determine the
nature of zinc’s effect on the oxidation of Alloy 600, we first considered which steps of the
multistep oxidation of Alloy 600 were associated with Rm and RR. Then, we considered
the effects of zinc on each of the resistive elements and the Warburg impedance.

The shape of the Nyquist plots (Figures 7 and 8) at −673 mV and −623 mV at low
frequencies (i.e., straight lines with positive slopes of +0.84) and the shapes of the Bode
plots at low frequencies (i.e., straight-line plots of log im. and log re. vs. log frequency
with slopes −0.46 and −0.41, respectively, and the phase angle that was approximately
constant at 45–48◦ over three decades of frequency (Figure 15)) indicated that the dominant
impedance of oxidation of Alloy 600 at 4 h of immersion was ZW; i.e., diffusion. Previous
studies reported that diffusion was also the dominant impedance after thousands of hours
of immersion [4,9].
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Figure 18. The influence of the potential on the values of those critical circuit elements that identi-
fied the influence of aqueous zinc ions on the corrosion rate of Alloy 600 in PWR PW at 320 °C. (a) 
Warburg coefficient associated with diffusion of ions in the IL. (b) Resistance associated with oxi-
dation of metals at the metal/IL interface. (c) Resistance attributed to cation release from IL. 

The following analysis indicated that the dense outer layer formed in the zinc-con-
taining PWR PW and the porous outer layer formed at relatively low potentials in the 
zinc-free PWR PW had different effects on the low-frequency impedance, which helped 
to clarify the influence of zinc on the corrosion rate of Alloy 600. 

Figure 18. The influence of the potential on the values of those critical circuit elements that identified
the influence of aqueous zinc ions on the corrosion rate of Alloy 600 in PWR PW at 320 ◦C. (a) Warburg
coefficient associated with diffusion of ions in the IL. (b) Resistance associated with oxidation of
metals at the metal/IL interface. (c) Resistance attributed to cation release from IL.
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Figure 19. Schematic of the oxidation reactions of Alloy 600 as a function of potential in PWR PW
with and without 100 ppb of zinc.

Results of an earlier study showed that after hundreds to thousands of hours of
immersion, zinc lowered Alloy 600′s oxidation rate by decreasing the rate of ion (e.g., Ni++)
diffusion through the IL (4). In contrast, in our work, the plots (Figure 18a) of sigma vs.
potential (σ is the Warburg coefficient of the Warburg impedance (ZW = σω−1/2) associated
with ion diffusion in the IL; σ ~ D−1/2) in PWR PW with and without zinc indicated that
after 4 h of immersion, the presence of Zn did not affect the transport of ions through the
IL. We concluded that a factor other than diffusion was responsible for zinc’s lowering of
the oxidation rate.

The results presented in Figure 18b indicated that at 4 h of immersion, there was no
effect of zinc on Rm. Because we found no evidence of zinc in the IL, we assigned Rm to an
impedance associated with the IL. Specifically, Rm was assigned to the oxidative charge
transfer reaction (i.e., M-> M+z + ze−) at the alloy/IL interface. Previous reports also found
that zinc had no influence on the oxidative charge transfer reaction at the alloy/IL interface
for hundreds and thousands of hours of immersion [4,9].

The remaining components of the EC to consider were the capacitive (CPE) elements and
RR. It is unlikely that the capacitive elements could account for zinc’s effect on the oxidation
rate; a discussion of the capacitive elements is presented in the Supplementary Materials.

By far, the largest effect of Zn was on the value of RR. As discussed below, RR was
15 times greater for the Zn test than for the no-Zn test. Accordingly, the focus of the
remainder of our discussion is on RR. In particular, we sought to determine the reaction
that was responsible for RR.
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Equivalent Circuit for Low Frequency (<100 Hz) 
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Figure 20. Equivalent circuits representing the impedance at low frequencies of the oxidation of
Alloy 600. (a) Impedance being measured is Cr alone because potential is too low for Ni oxidation;
(b) Impedance being measured at -723 mV and above is from both Cr and Ni, however, the measured
impedance is dominated by the lower impedance of Ni. There are two cases: (c) Ni impedance with
Zn; (d) Ni impedance without Zn.
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As already mentioned, RR is one part of a three-step oxidation process. The other
two steps were discussed above. These two steps are the charge transfer reaction at
the metal/IL interface, which is represented by Rm; and ion diffusion through the IL,
which is represented by a Warburgh impedance (ZW). Determination of the reaction
associated with RR is challenging, not just because it is in series with Rm and ZW, but
also because both chromium and nickel contribute to RR and their relative contributions
change with potential.

The potential-dependency of RR with Zn and without Zn helped to identify the reaction
associated with RR. The findings are summarized in the sketches shown in Figure 19. At
−743 mV, RR

(withZn) was equal to RR
(No-Zn) = 1.5 × 103 ohm·cm2. At −743 mV, both

RR
(withZn) and RR

(No-Zn) were associated with the oxidation of chromium and not nickel.
Nickel oxidation was not considered because the equilibrium potential of nickel is−760 mV,
which suggested the amount of oxidation of nickel at −743 mV was small (see Figure 19A).

As shown in Figure 18c, as the potential was changed from −743 mV to −723 mV and
to potentials up to −573 mV, the value of RR

(withZn) was unchanged, so we assumed that
it continued to be associated with the chromium (Figure 19A,B(i)). The thicknesses of the
Cr-rich IL of Cr2O3 at −743 mV of the Zn test and of the no-Zn-test were equal (≈6–20 nm)
and were equal to the thicknesses of the IL of Cr2O3 at −623 mV of the Zn test and of the
no-Zn-test, which strongly supported the view that RR was the same at both potentials and
in both solutions and, therefore, rightly assigned to RR,Cr.

In marked contrast to RR
(withZn), RR

(No-Zn) decreased by a factor of 15 when the
potential was changed from −743 mV to −723 mV, and it remained at that relatively low
value as the potential was increased to −673, −623 mV, and −573 mV. While RR

(No-Zn) at
−743 mV was associated with the chromium, RR

(No-Zn) at potentials more positive than
−743 mV was related to nickel.

Given (1) that there was no zinc effect at−743 mV on RR, (2) that there was a significant
zinc effect on RR at −723 mV and more positive potentials, and (3) that the equilibrium
potential of nickel was −760 mV, we hypothesized that in the absence of aqueous zinc ions
and at potentials sufficiently more positive than nickel’s equilibrium potential, the oxidation
reaction that dominated the impedance was the oxidation of nickel (see Figure 19B(ii) and
the following paragraph). The Ni++ ions were presumed to enter into the Cr-rich IL,
diffuse to the outer surface of the IL, and dissolve into the aqueous solution. The Ni++

aq
precipitated out of solution and formed Ni-rich whiskers.

The entire set of reactions that summed together to produce Ni++
aq was in parallel with

the oxidation of Cr, which created the Cr-rich IL (see Figure 19B). Thus, the dramatically
lower RR in the no-Zn test was assigned to RR,Ni; that is, oxidation of Alloy 600 was
represented by the EC shown in Figure 20a. RCr was associated with the oxidation of Cr
at the alloy/IL interface, and WCr was assigned to the ion transport (O= and/or Cr+3)
through the IL, which grew the IL. The multistep oxidation of chromium was in parallel
with the multistep oxidation of nickel. RNi was created by the oxidation of Ni at the
alloy/IL interface. The nickel ions diffused through the IL and were then transferred out of
the IL and into the OL. WNi was assigned to the ion transport (O= and/or Ni+2) through
the IL. Since the two (oxidation plus transport) processes for nickel and for chromium
were in parallel, the net impedance was primarily that with the lower value. Thus, the
serial arrangement of R + W in the EC of Figure 14 was assigned to the oxidation of Cr at
−743 mV (Figure 20a) and was attributed to the oxidation of Ni at potentials more positive
than −743 mV for Zn-free (Figure 20b,d).

The question regarding how zinc decreased the corrosion rate of Alloy 600 has now
been converted into a question regarding how zinc increased the value of RR,Ni. As already
mentioned, the oxidation of nickel was a multistep process, and RR,Ni was the resistive
impedance associated with one of the individual steps, which included the charge transfer
reaction at the alloy/IL interface (Ni->Ni++ + 2e-), the ion transport through the IL, and
the exit of Ni++ at the interfaces of the IL with the aqueous solution and the OL. The
STEM/EDS results indicated that zinc had no effect on the IL. Hence, the effect of zinc
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must have been associated with the OL. As already mentioned, the OL in zinc-containing
PWR PW was thick and provided nearly complete coverage of the IL. Our explanation of
the zinc effect was that zinc increased the resistance of the oxidation reaction by increasing
RR (the resistance associated with the exit of nickel ions out of the IL). Thus, zinc’s effects
were attributed to the effect of zinc on the outer layer (Figure 20b,c).

In other words, for tests in PWR PW with zinc, Ni++ leaving the IL was forced to
enter the dense OL, which contributed to a relatively high value of RR, Ni

WithZn. In the
absence of zinc, the outer layer was largely composed of Ni-rich whiskers and a porous,
discontinuous layer, so nickel ions exited the inner layer by dissolving directly into the
aqueous electrolyte. The dissolution of Ni++ out of the IL and into the Zn-free electrolyte
contributed to the low value of RR,Ni

No-Zn.
Finally, other works attributed the decrease in the radiation dose rate to the high

zinc concentration of the OL. Zn is the divalent cation with the strongest binding in the
tetrahedral sites of spinels, so Zn++ inhibits the incorporation of 60Co [4]. Lab data showed
that Zn uptake in fresh oxide decreased the corrosion rate and release rates of SS, A600,
and A690 after immersions of hundreds of hours to 3.5 months (4). Given the high zinc
concentration we found in the OL at 4 h of immersion, it is possible that 100 ppb of Zn
would cause a decrease in the radiation dose rate at 4 h of immersion. It is also possible
that the lower corrosion rate caused by aqueous zinc would contribute to a lower dose rate.

5. Summary and Conclusions

We investigated the electrochemical behavior and surface films that formed on Alloy 600
with and without 100 ppb of zinc in PWR primary water. A combination of electrochemical
tests and electron microscopy were conducted on samples immersed for 4 h at a temperature
of 320 ◦C, which simulated the nuclear reactor conditions. Potentiodynamic polarization
tests and 4 h of potentiostatic polarization tests indicated that 100 ppb of aqueous zinc
lowered Alloy 600′s oxidation rate. A combination of SEM, STEM imaging, and EDS
indicated that a duplex surface film was formed on Alloy 600. The same Cr-rich IL of
Cr2O3 and/or CrOOH formed with and without zinc. Zinc had a significant effect on the
outer layer (OL). In the absence of zinc, the OL consisted of Ni-rich whiskers that formed a
porous, discontinuous layer. In PWR PW with 100 ppb of zinc, the OL was Ni-rich with a
significant amount of zinc and was dense and more continuously covered the IL.

Previous EIS studies indicated that zinc’s effect on the oxidation rate after 4 h of im-
mersion was not caused by decreases in metal oxidation reactions at the alloy/IL interface.
It was reported that zinc’s effect on the corrosion rate after very long immersion times was
attributed to zinc decreasing the ion transport through the IL. In contrast, our EIS data
indicated that the presence of zinc did not affect the ion transport through the IL, which
was consistent with our not finding any zinc in the IL. Instead, our EIS studies indicated
that after 4 h of immersion, zinc decreased the corrosion rate by decreasing the release
of Ni++ from the IL into the electrolyte. The presence of zinc in the water promoted the
formation of a nearly pore-free OL that continuously covered the IL. In contrast, in the
absence of zinc, the porous outer layer allowed nickel ions to directly dissolve out of the IL
and into the aqueous electrolyte.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cmd4010005/s1. Figure S1: (a) Bright-field cross-sectional image
of Alloy 600 polarized at -700 mV in PWR PW with no zinc. (b) EDS map of nickel, iron, and platinum.
(c) EDS map of nickel, chromium, and platinum. (d) EDS map of region of narrow width pictured
in (c). (e) Integrated intensities of elements in region of narrow width. Figure S2: (a) Bright-field
cross-sectional image of Alloy 600 polarized at −223 mV in PWR PW with no zinc. (b) EDS map
of nickel, iron, and platinum. (c) EDS map of nickel, chromium, and platinum. (d) EDS map of
region of narrow width pictured in (c). (e) Integrated intensities of elements in region of narrow
width. Figure S3: (a) Bright-field cross-sectional image of Alloy 600 polarized at −700 mV in PWR
PW with 100 pp of zinc. (b) EDS map of nickel, iron, and platinum. (c) EDS map of nickel, chromium,
and platinum. (d) EDS map of region of narrow width pictured in (c). (e) Integrated intensities of

https://www.mdpi.com/article/10.3390/cmd4010005/s1
https://www.mdpi.com/article/10.3390/cmd4010005/s1
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elements in region of narrow width. Figure S4: (a) Bright-field cross-sectional image of Alloy 600
polarized at −223 mV in PWR PW with 100 ppb of zinc. (b) EDS map of nickel, iron, and platinum.
(c) EDS map of nickel, chromium, and platinum. (d) EDS map of region of narrow width pictured
in Figure (c). (e) Integrated intensities of elements in region of narrow width. Table S1: Composi-
tion comparison of Cr-rich layers and alloy substrates formed with and without zinc at −550mV.
Table S2: Compositions of 14 OLs at −700 mV and −550 mV with and without 100 ppb of zinc.
Figure S5: Influence of potential on the real component of impedance of Alloy 600 in PWR PW with
no Zn. Figure S6: Influence of potential on the real component of impedance of Alloy 600 in PWR PW
with Zn. Figure S7: Influence of potential on the imaginary component of impedance of Alloy 600 in
PWR PW with no Zn. Figure S8: Influence of potential on the imaginary component of impedance of
Alloy 600 in PWR PW with Zn. Figure S9: Fitting the modulus and phase angle of the impedance
of the EC to the measured impedance at −695 mV in Zn-free PWR PW. After the EIS, the sample’s
surface film was investigated via SEM and TEM. Figure S10: Fitting the modulus and phase angle
of the impedance of the EC to the measured impedance at −690 mV in PWR PW with 100 ppb of
Zn. After the EIS, the sample’s surface film was investigated via SEM and TEM. Figure S11: Fitting
the modulus and phase angle of the impedance of the EC to the measured impedance at −565 mV
in Zn-free PWR PW. After the EIS, the sample’s surface film was investigated via SEM and TEM.
Figure S12: Fitting the modulus and phase angle of the impedance of the EC to the measured
impedance at −570 mV in PWR PW with 100 ppb of Zn. After the EIS, the sample’s surface film was
investigated via SEM and TEM. Figure S13: (a–c) Influence of zinc and potential on the capactive
elements of the EC.
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Appendix A. Preliminary Examination of EIS: Graphical Analyses, DC Current
Density during EIS, and Equilibrium Potentials

Appendix A.1. Preliminary Inspection of Impedance Spectra

Graphical analysis is an effective procedure for initiating the interpretation of impedance
spectra [47]. As mentioned in the Results section, the overall shapes of the Nyquist plots
presented in Figures 7 and 8 indicated that the EIS formed three groups, which were named
700, 550, and 223 based on the approximate values of the potentials of the samples investigated
via electron microscopy.

In addition to the shapes of the Nyquist plots, the polarity and magnitude of the DC
current density during the measurement of impedance, which are listed in Table A1, helped
to identify the processes that contributed to the impedance.
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Table A1. DC Current during Electrochemical Impedance Tests.

Run 1 Run 2 Run 3

Potential (mV vs. SHE) A/cm2 A/cm2 A/cm2

−743 −1.77 × 10−7 −8.70 × 10−7 −1.40 × 10−6

−723 −1.90 × 10−7 −2.70 × 10−7 1.07 × 10−7

−673 −9.63 × 10−8 6.67 × 10−7 −4.60 × 10−8

−623 4.18 × 10−8 9.86 × 10−7 1.84 × 10−8

−573 5.02 × 10−8 9.88 × 10−7 1.03 × 10−7

−523 3.90 × 10−7 7.08 × 10−7 3.21 × 10−7

−423 1.13 × 10−6 1.07 × 10−6 1.48 × 10−6

−323 2.86 × 10−6 2.30 × 10−6 4.18 × 10−6

−223 6.34 × 10−6 5.13 × 10−6 1.06 × 10−5

The steady-state DC current density as a function of the DC potential during three
measurements of EIS, which are listed in Table A1, along with the plot of steady-state DC
current density versus potential, which is presented in Figure 6, indicated that at −743 mV
and −723 mV, the rates of the oxidation and reduction reactions were comparable, meaning
that both the oxidation and reduction reactions contributed to the impedance measured at
−743 mV and −723 mV.

The equilibrium potentials of particular reactions also helped to identify reactions
that might have occurred during the impedance measurements. For example, based on
our calculated value of pH at 320 ◦C of 7.2, the equilibrium potential of the hydrogen
reduction reaction was calculated as −723 mV vs. SHE (the biggest factor contributing to
the uncertainty of the value of−723 mV was the fugacity of hydrogen, which we calculated
as 0.0055 atm at 320 ◦C). Thus, it was expected that the hydrogen reduction reaction (HRR)
contributed to the impedance at −743 mV and −723 mV and that at potentials of −673 mV
and more positive, we expected the faradaic impedance to be primarily associated with
oxidation reactions.

In summary, the combined input of the shapes of the Nyquist plots, the values of the
DC current density during the EIS measurements, the steady-state polarization curve, and
the calculated values of the equilibrium potentials of the relevant redox reactions provided
a preliminary characterization of the impedance spectra as is presented in Table A2. In
particular, the calculated value of the equilibrium potential of the HRR, the shapes of the
Nyquist plots, and the DC current densities during the EIS suggested three groups of
the impedance spectra measured at potentials from −743 mV to −223 mV. In particular,
Group 700 consisted of spectra measured at −743 mV and −723 mV. Here, the reduction
reaction was dominant, but both the electrochemical reduction reaction and the oxidation
reaction were significant. Group 550 was composed of spectra measured at potentials
of −623 mV and −573 mV, and the EIS was expected to be dominated by the oxidation
reaction. Finally, the spectra at −423, −323, and −223 composed Group 230, which was
reflective of a different oxidation reaction from that of Group 550. This division of spectra
into three groups of similarly shaped Nyquist plots indicated that three different ECs were
required to represent the electrochemical behavior of Alloy 600 over the wide range of
potentials from −743 mV to −223 mV.

Table A2. Grouping of Impedance Spectra Based on the Shapes of Nyquist Plots, Magnitude and
Polarity of DC Current Density, and Equilibrium Potentials.

Spectra with Similarly Shaped
Nyquist Plots Spectra with Similar Values of iDC

Electrochemical Reactions
Contributing to EIS

−743 mV, −723 mV −743 mV, −723 mV HRR and Oxidation of Alloy
−673 mV, −623 mV, −573 mV, −523 mV −673 mV, −623 mV, −573 mV, −523 mV Oxidation Reaction #1 of Alloy

−423 mV, −323 mV, −223 mV −423 mV, −323 mV, −223 mV Oxidation Reaction #2 of Alloy
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A more detailed analysis began with the spectra of Group I.

Appendix A.2. Detailed Examination of EIS

Appendix A.2.1. EIS at −743 mV and −723 mV
Appendix A.2.1.1. Overview

Different representations of EIS at −743 mV are presented in Figure A1a,b,c,d. As
summarized in Table A3, three ranges of frequency were identified: 0.002 < f ≤ 0.01,
0.02 ≤ f ≤ 0.4, and 10 ≤ f ≤ 4000. In each range, the impedance was dominated by a
particular electrochemical reaction or by non-Faradaic processes that included diffusion
of the electrochemical reactions’ reactants/products. The same three ranges of frequency
are contained in each of the representations of the EIS shown in Figure A1a,b,c,d. The
solution’s ohmic impedance and the impedance associated with the OL of the surface film
dominated the phase angle and the real component of impedance at 4000 ≤ f ≤ 60,000, as
was discussed in Section 3.4.3 of the Results.

Table A3. Summary of EIS of No-Zn Test at −743 mV.

Freq. Range Nyquist Plot Log Im. vs. Log Freq. Phase Angle vs. Log Freq. Log Real vs. Log Freq. Components of EC

0.002 < Freq ≤ 0.01 Hz Straight line of slope +0.92 Straight line of slope
−0.49

Monotonically decreasing
angle (−22◦ to −32◦) with
decreasing freq.

Straight line of slope
−0.25
|Im|< |Re|

R + ZW

0.02 Hz < Freq ≤ 0.4 Portion of a circular arc Straight line of slope
−0.36

Monotonically decreasing
angle (−11◦ to −20◦) with
decreasing freq.

Gentle curve with
negative slope

Ra||Ca
R + ZW

10 Hz < Freq. ≤ 4000 Hz Only info is Re—Constant
and Im–0

Inverted V-shape with
max. at 25 Hz; high-freq.
side is str line of slope
of −0.74; low-freq. side
overlaps with Group II

V-shape with minimum
at 40 Hz

Monotonically decreasing
from 10 Hz to 500 Hz;
constant at freqs. greater
than 500 Hz

R||CDL

Corros. Mater. Degrad. 2023, 4, FOR PEER REVIEW  26 
 

 

dominated the phase angle and the real component of impedance at 4000 ≤ f ≤ 60,000, as 
was discussed in Section 3.4.3 of the Results. 

Table A3. Summary of EIS of No-Zn Test at −743 mV. 

Freq. Range Nyquist Plot Log Im. vs. Log 
Freq. Phase Angle vs. Log Freq. Log Real vs. Log Freq. Components of EC 

0.002 < Freq ≤ 
0.01 Hz 

Straight line of 
slope +0.92 

Straight line of 
slope  
−0.49 

Monotonically decreasing 
angle (−22° to −32°) with 
decreasing freq. 

Straight line of slope  
−0.25 
|Im|< |Re| 

R + ZW 

0.02 Hz < Freq ≤ 
0.4 

Portion of a cir-
cular arc 

Straight line of 
slope  
−0.36 

Monotonically decreasing 
angle (−11° to −20°) with 
decreasing freq. 

Gentle curve with nega-
tive slope 

Ra||Ca 
R + ZW 

10 Hz < Freq. ≤ 
4000 Hz 

Only info is Re—
Constant and Im-
-0 

Inverted V-shape 
with max. at 25 
Hz; high-freq. side 
is str line of slope 
of  
−0.74; low-freq. 
side overlaps with 
Group II 

V-shape with minimum at 
40 Hz 

Monotonically decreasing 
from 10 Hz to 500 Hz; 
constant at freqs. greater 
than 500 Hz 

R||CDL 

 

0 1x103 2x103 3x103 4x103

0

1x103

2x103

3x103

4x103
 -743mV vs SHE

-Z
im

ag
 (O

hm
.c

m
2 )

Zreal (Ohm.cm2)

0.01Hz

0.1Hz1Hz

 

10-3 10-2 10-1 100 101 102 103 104 105
10-1

100

101

102

103

104

105
 -743mV vs SHE

-Z
im

ag
 (O

hm
.c

m
2 )

Frequency (Hz)  

(a) (b) 

10-3 10-2 10-1 100 101 102 103 104 105

-70

-60

-50

-40

-30

-20

-10

0

 

 

Ph
as

e 
An

gl
e 

(D
eg

re
e)

Frequency (Hz)

 -743mV vs SHE
 -723mV vs SHE
 -673mV vs SHE
 -623mV vs SHE
 -573mV vs SHE
 -523mV vs SHE
 -423mV vs SHE
 -323mV vs SHE
 -223mV vs SHE

 
10-3 10-2 10-1 100 101 102 103 104 105

103

104

105

 -743mV vs SHE

Zr
ea

l (
O

hm
.c

m
2 )

Frequency (Hz)  
(c) (d) 

Figure A1. (a–d) EIS of Alloy 600 in no-Zn test at−743 mV. Each figure includes the same three ranges
of frequency: 0.002–0.01 Hz, 0.02–0.4 Hz, and 10–4000 Hz. Specific features characterized each range of
frequency. (a) Nyquist plot; (b) Log imag. vs. log freq.; (c) phase angle vs. log freq.; (d) log real vs. log freq.
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The impedance behaviors in the spans of frequencies in between the first and second
ranges, the second and third ranges, and the third and fourth ranges were the result of
overlapping of the behaviors of the first and second ranges, the second and third ranges,
and the third and fourth ranges, respectively.

The characteristics of the impedance within each of the three ranges of frequency
are listed in Table A3. The right-most column lists the circuit elements suggested by the
impedance behavior.

Appendix A.2.1.2. 0.002 Hz ≤ Frequencies ≤ 0.01 Hz at −743 mV

As indicated in the first row of Table A3, the combination of the shapes of the
Nyquist plot (straight line of slope +0.92) and the graph of log im. vs. log freq. (straight
line of slope −0.49) strongly suggested that the impedance contained a Warburg ele-
ment. Ideally, the impedance of a Warburg element (W) for a quasi-infinite medium
is characterized by a Nyquist plot with a slope of +1.0 (i.e., |Im| = |Re|) and a plot
of log im. vs. log freq. of slope −0.50 (i.e., Im = −s/j(2πf)1/2. The fact that the phase
angle was not equal to the ideal value of 45◦ and that |Re| was greater than |Im|
rather than the ideal behavior of |Re| = |Im| suggested another contribution to Re in
addition to the Warburg impedance. Given that the hydrogen reduction reaction (HRR)
was the dominant electrochemical process taking place at the applied DC potential of
−0.743 mV, the simplest addition to make that consistent with the measured spectra was
a resistance in series with the diffusive impedance, and the added resistance was most
likely associated with the electron transfer steps of the HRR.

Appendix A.2.1.3. 0.02 Hz ≤ Frequencies ≤ 0.4 Hz at −743 mV

The second row of Table A3 lists the dominant features of the four representa-
tions of the EIS in the frequency range of 0.02 Hz to 0.4 Hz. The Nyquist plot was
shaped like a segment of a circular arc; the plot of log im. vs. log freq. formed a
straight line of slope −0.36; the phase angle monotonically decreased with a decreasing
frequency; and the log re. vs. log freq. exhibited a gentle curvature that transitioned
between the negatively sloped line at frequencies ≤ 0.02 Hz and the nearly horizontal
line at frequencies ≥ 0.4 Hz.

There were at least two sets of circuit elements that were consistent with the
impedance behavior exhibited in the frequency range of 0.02 Hz–0.4 Hz. One was
a resistor in parallel with a constant phase element (CPE), which produced a half-loop
in the Nyquist plot and a straight line of slope -a (where 0 < a ≤ 1) in the plot of
log im. vs. log frequency. The results summarized in the second row of Table A3 were
consistent with the impedance of a resistor in parallel with a non-ideal capacitance. The
slope of log im. vs. log freq. of a resistor in parallel with an ideal capacitor was −1.0,
which was considerably different from the measured value of −0.36. That the slope of
the plot of log im. vs. log freq. was a constant suggested the resistor was in parallel
with a CPE. However, the phase angle was not constant, which either ruled out a CPE or
was a consequence of several contributions to the impedance. Our attempts to fit the
measured EIS at 0.002 Hz ≤ freq. ≤ 0.4 Hz to the calculated impedance of the EC that
contained a CPE in parallel with a resistor were unsuccessful.

A second set of circuit elements that were consistent with the impedance behavior
was a resistor in series with the Warburg impedance of a finite-size medium. The slope of
−0.36 of log im. vs. log freq. was the result of overlapping of the impedances of the two
parallel arrangements of R and W in series. This selection provided a much better fit to our
data, as is indicated in Figures 13, S7 and S9.

Appendix A.2.1.4. 10 Hz ≤ Frequencies ≤ 4000 Hz at −743 mV

The shapes of the four representations of EIS over the frequency range of 10 Hz to
4000 Hz are listed in the third row of Table A3. Due to the high range of values of frequency,
no information was provided by the Nyquist plot; the plot of log im. vs. log freq. exhibited
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a portion of an inverted-V shape; the phase angle vs. log freq. formed a V-shape; and the
plot of log re. vs. log freq. decreased as the frequency increased from 10 Hz to 500 Hz and
was constant at frequencies greater than 500 Hz. The impedance behavior was consistent
with the impedance of a resistance in parallel with a CPE in which alpha = −0.74. We set
the characteristic frequency equal to 50 Hz, which was the frequency of the local minimum
of the phase angle plot (see Figure A1c) and the frequency of the maximum of im. in the
circular arc of the Nyquist plot and then set R = 500 ohm·cm2; solving for C then indicated
that C ≈ 6 µF/cm2.

Appendix A.2.1.5. Summary of Graphical Analyses of EIS at −743 mV

Combining the results (from Table A3) of the impedance measured over four ranges of
frequency indicated that the EC of the reduction and oxidation reactions was that presented
in Figure A2. The impedance consisted of two parallel arrays of a resistor in series with
a Warburg impedance. The fit of the equivalent circuit to the measured impedance is
considered in the following section.
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Appendix A.2.1.6. Fit of the EC based on GA to the measured EIS

The EC derived from the graphical analysis described above provided good but not
perfect fits with the data. Often, one set of values of the circuit elements that optimized the
fit of one representation of the impedance (e.g., phase angle vs. log frequency) provided
an inadequate fit with other representations of the impedance (e.g., log re. and log im. vs.
log frequency). Apparently, elements were missing from the EC sketched in Figure A2.
Presumably, the missing elements made contributions to the impedance that were too
subtle to be detected in the graphical analysis. It was likely that the missing contributions
partially overlapped the frequency range in which elements already included in the EC
were dominant.

The results of the SEM/TEM were examined for clues to the identities of the missing
circuit elements. The surface films contained a continuous, dense IL of Cr2O3 and a porous
OL. The structure of the OL depended on whether the tests were conducted with or without
aqueous zinc ions. As stated in Section 3.4.3 of the Results, the NiO nanowires that acted as
a porous OL on the no-zinc samples (polarized at potentials more negative than −423 mV)
introduced a parallel arrangement of a resistor and CPE with a high characteristic frequency.
The samples polarized with zinc in the electrolyte had an OL that was significantly denser
than the array of NiO nanowires. Consequently, for the samples tested with zinc, an
R || CPE was added in series with the ohmic resistance of the electrolyte.

With the additions of R || CPE to the ECs of the Zn tests and the no-Zn tests, excellent
fits to our measured EIS were achieved. Thus, the final ECs, which were based on the
graphical analyses and TEM/SEM results, are presented in Figure 12a,b. The quality of the
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fits of the EC to the measured EIS of the Zn test and the no-Zn-test are demonstrated by the
plots presented in Figure 13, Figures S7 and S9.

Appendix A.2.2. EIS at −623 mV and −573 mV
Appendix A.2.2.1. Overview

The Nyquist plots at −623 mV and −573 mV were thought to best represent the
behavior of Group 550 because the Nyquist plot at−673 mV was a blend of the impedances
that were dominant in Groups 700 and 550, and the Nyquist plot at −523 mV was a blend
of Groups 550 and 230.

At first glance, the Nyquist plots of the no-Zn tests at −623 mV and −573 mV (pre-
sented in Figures 7 and 8) appeared to consist of a single straight line with a slope of +1
and, as was shown further ahead in the report, the plots of log im. vs. log freq. seemed
to consist of a single straight line of slope −1/2. However, the inserts in Figures 7 and 8
indicated that there was a portion of a circular arc at higher frequencies in the Nyquist
plot, and a closer inspection of the Log im. vs. log freq. indicated subtle but important
perturbations of the straight lines. Similar features were present in the plot of log im. vs.
log freq. for the Zn tests and were more pronounced, so we decided to begin with the
analysis of the results of the Zn tests.

Appendix A.2.2.2. Frequencies ≤ 1.4 Hz at −623 mV

As summarized in Table A4, the different representations of the impedance vs. frequency
indicated there were three ranges of frequency in which specific behavior characterizes the
impedance. The shapes of the different representations of the impedance spectra were the
same for the Zn tests conducted at −623 mV and −573 mV, so in the interest of brevity, only
the results at −623 mV are discussed.

Table A4. Zn Test Summary of EIS at −623 mV.

Nyquist Plot Log Im. vs. Log Freq. Phase Angle vs. Log
Freq. Log Re. vs. Log Freq.

0.002 Hz < Freq. ≤ 0.04 Hz
Slope = −0.46

0.002 Hz < Freq. < 5 Hz
Slope = −0.41

0.02 Hz < Freq. ≤ 0.4 Hz
Slope = +0.84

0.04 Hz < Freq. ≤ 1.4 Hz
Slope = −0.42

0.002 Hz < Freq. ≤ 1.0 Hz
Phase angle = 39◦ − 35◦

Segment of circular arc starts at 1–2 Hz

1.4 Hz < Freq. ≤ 40 Hz
Gradual, downward bend
40 Hz < Freq. < 2000 Hz
Slope = −0.76
1.4 Hz < Freq. ≤ 4000 Hz
V-shaped with slope of ±0.76

2.4 Hz < Freq. ≤ 1000 Hz
Smooth decrease to 0◦

4000 Hz < Freq.
Imped. = Resist. of 5 ohm Phase angle = 0◦ 200 Hz < Freq.

Re = 550 ohms

At 0.0025 Hz, Re. ≈ 2.1 × 104 and Im. ≈ 1.9 × 104, therefore Rt ≈ 2 × 103.

Consider first the lowest range of frequencies, which is described in the first row of
Table A4. A portion of the Nyquist plot of the Zn test at −623 mV is presented in the insert
of Figure A3a. Over the frequency range of 0.02 Hz ≤ f ≤ 0.4 Hz, the Nyquist plot formed
a straight line of slope of +0.84. The Nyquist plot of the entire spectrum (Figure A3a)
indicated the straight line extended to the lowest frequency tested of 0.002 Hz. Over a
similar but wider range of frequencies (0.002 ≤ f ≤ 1.4 Hz), the plot of log im. vs. log freq.,
which is presented in Figure A3b, formed a straight line of slope of −0.46 and, as shown in
Figure A3c, the plot of phase angle vs. log freq. (0.002 < f < 1.0 Hz) indicated the phase
angle was nearly constant and varied by only a few degrees (from 39◦ to 35◦) over the range
of frequencies. In addition, as shown in Figure A3d, over a still wider range of frequencies
(0.002 < f < 5 Hz), the plot of log re. vs. log freq. exhibited a straight line of slope of −0.41,
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which was approximately the same value of the slope of log im. vs. log freq. Collectively,
the observations listed in the first row of Table A3 indicated the dominant impedance was
a Warburg impedance (i.e., the diffusive impedance of an infinitely sized medium).
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Figure A3. (a) Nyquist plot of Zn tests as a function of DC potential. Insert presents high-frequency
portions of the Nyquist plots. (b) Plot of log im. Vs. log freq. of Zn test at −623 mV. (c) Phase angle
as a function of frequency and potential of Zn test. (d) Log re. vs. log freq. of Zn test at −623 mV.
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Ideally, the Nyquist plot of a Warburg impedance has a slope of +1.0 rather than the
observed value of +0.84. Similarly, for a Warburg impedance the ideal value of the real
component (Re) of impedance was equal to the value of Im. Instead, as shown in Table A5,
the difference [Re—Im] was approximately equal to 1000 ohm·cm2 at frequencies ≤ 0.1 Hz
(the value at frequencies of 1 and 5 Hz is discussed below). The slope of +0.84 and
the non-zero difference of [Re—Im] were attributed to the sum of the two resistances
(ROX + Rs = 1000 ohm·cm2) that were in series with the Warburg impedance. Rs was the
ohmic resistance of the electrolyte and, from the high-frequency region of log re. vs. log freq.,
was equal to 550 ohm·cm2. The value of ROX was obtained by comparing the value of the
difference ([Re—Im]) at 0.002 Hz and 0.1 Hz to the value at 1 Hz and 5 Hz. At 0.002 Hz to
0.1 Hz, [Re—Im] was equal to ROX + Rs; and at 1 Hz to 5 Hz, [Re—Im] was equal to Rs.

Table A5. The Difference ([Re—Im]) in the Frequency Range of 0.0025 Hz ≤ f ≤ 5 Hz in Zn Test at a
Potential of −623 mV.

Frequency Re Im [Re—Im]

0.0025 Hz 2.1 × 104 2.0 × 104 1000 ≈ ROX + RS
0.1 Hz 4.4 × 103 3.3 × 103 1100 ≈ ROX + RS
1 Hz 1.8 × 103 1.3 × 103 500 ≈ RS
5 Hz 970 600 370 ≈ RS

Appendix A.2.2.3. 1.4 Hz ≤ Frequencies ≤ 40 Hz at −623 mV

Next, we considered the impedance at frequencies greater than 1.4 Hz. The results
are summarized in the second row of Table A4. As shown in Figure A4, which is a higher-
frequency portion of the Nyquist plot shown in Figure 8, the Nyquist plot changed from
a straight line at frequencies less than 1 Hz to a segment of a circular arc starting at a
frequency of 1 to 2 Hz. due to the limited frequency-resolution at high frequencies, the
Nyquist plot did not provide much information on impedance at frequencies above several
Hz, so the upper frequency limit of the arc was not discernable from the Nyquist plot.
Information about the impedance at frequencies above 1 Hz was provided by the plot of
log im. vs. log frequency, which is presented in Figure A5.
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In Figure A5, the plot of log im. vs. log freq. gradually curves downwards over
1.4 Hz < f < 40 Hz and transitions to a straight line that extends over the range of
40 < f < 2000 Hz with a slope of −0.76. In this high range of frequencies, the phase an-
gle and re. were dominated by the electrolyte’s ohmic impedance and, consequently,
provided little information about the faradaic impedance. The observations of the Nyquist
plot and the plot of log im. vs. log frequency suggested that in the range of frequencies of
1.4 Hz < f < 40 Hz, the impedance was represented by a CPE in parallel with a resistance
Rox. The value of the exponent alpha of the CPE was −0.76.
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The following reasoning suggested that the transition in the dominant imaginary
component of impedance from Warburg to a CPE as the frequency was increased from
<1.4 Hz to >1.4 Hz indicated the Warburg and CPE were in parallel. The frequency
dependence of Im(Zw) was f−1/2 and of Im(CPE) was f−0.76, which indicated that the
magnitude of Im(Zw) was less than that of Im(CPE) as frequency tended to zero, and
that the magnitude of Im(CPE) was less than that of Im(Zw) at high values of frequency.
The plot of log im. vs. log freq. Indicated that the dominant impedance was that with
the lower value, which indicated the Zw and CPE were in parallel.

The different representations of the impedance spectra also indicated the location of
ROX in the overall arrangement of the equivalent circuit’s three components of Zw, CPE,
and ROX. Returning to Table A5, the values of the difference ([Re—Im]) as a function of
frequency indicated that at −623 mV, the resistance ROX, which was in series with the
Warburg impedance, did not contribute to the value of Re at frequencies above 1 Hz. That
is, the EC for 1.4 Hz ≤ frequencies ≤ 40 Hz consisted of a CPE that was in parallel with the
series combination of ROX and the Warburg impedance Zw (as opposed to an EC in which
ROX was in series with the parallel combination of the CPE and the Warburg impedance).

Preliminary attempts to fit the impedance of the EC to the measured EIS suggested
that the EC was missing some elements. That is, the impedance spectrum of the equivalent
circuit that qualitatively matched the measured EIS of Alloy 600 in the Zn test at −623 mV
(and −573 mV) provided a generally good but less than perfect fit to the measured EIS. We
concluded that the EC did not provide an optimum fit of the EIS as presented in the plots of
log re., log im., and phase angle vs. log frequency. As was discussed in Appendix A.2.1.6,
clues to the missing elements of the EC were obtained from the structure of the surface film
as provided by the SEM and TEM results. The most obvious feature of the surface films
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not represented by the circuit elements listed in Table A3 was the complex structure of the
porous outer layer. The impedance associated with the porous outer layer consisted of a
parallel arrangement of a CPE and resistor placed in series with the EC shown in Figure A6.
As discussed in the subsection entitled “Low Frequency Impedance—Group 550” of the
Results, the EC provided an excellent fit to the measured EIS.
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