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Abstract: The purpose of this work is to quantify the effects of dissolved zinc cations on corrosion
and release rates from a pre-filmed Alloy 690 steam generator tubing material that was subsequently
exposed to water containing zinc. The corrosion tests were performed in circulating 2 ppm Li
and 1000 ppm B water without and with 60 ppb zinc at 330 ◦C. Gravimetric analyses and oxide
characterization revealed that the corrosion rates, release rates, and oxide thicknesses decreased
by subsequent exposure of the pre-filmed Alloy 690 to zinc. These benefits are attributed to the
formation of a chromium-rich inner oxide layer incorporating zinc.

Keywords: zinc addition; pre-oxidized Alloy 690; corrosion; release; oxide growth; radiation buildup;
steam generator tube; pressurized water reactor

1. Introduction

The two major sources of ex-core radiation fields in nuclear power plants are ra-
dioactive cobalt isotopes, 58Co and 60Co, which originate from natural nickel (58Ni) and
cobalt (59Co) dissolved from the material surfaces of the reactor coolant system. 58Co is
activated from 58Ni by the fast neutron reaction, while 60Co is produced by the reaction
with 59Co and thermal neutrons [1,2]. The addition of zinc into the reactor coolant has
been employed to reduce radiation fields in boiling water reactors (BWRs) since 1987
and in pressurized water reactors (PWRs) since 1994 [3,4]. Due to excellent performance
for reducing radionuclide activity, the number of plants implementing zinc addition has
increased worldwide [5]. It has also been reported that zinc addition increases resistance
to stress corrosion cracking [6–8] and low-cycle fatigue life [9] of nickel-based alloys and
stainless steels in simulated PWR primary water.

These beneficial effects have been attributed to modification of oxide films by zinc
addition. Compared to zinc-free conditions, important observations for oxides formed in a
chemistry containing zinc can be summarized as follows: The size and amount of oxide
particles in the outer oxide layer drastically decreases [10–13]; a significantly thinner oxide
film is formed [11,13–17]; zinc is incorporated into the oxide films [11–13,15–20]; cobalt
uptake in the oxide films decreases [15,21–23]; and the corrosion and release rates decrease
significantly [11,12,14].

The above observations were made in studies using fresh specimens without pre-
oxidized films. Zinc can be added into the coolant initially at the startup of a new plant
with fresh surfaces on the structural materials. However, many plants have employed
zinc addition after a certain period of operation in zinc-free environments. In this case,
the material surfaces of the reactor coolant system were already filmed with oxides grown
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before zinc addition, and these oxides are subsequently exposed to water containing zinc.
The effects of zinc on fresh oxides growing in a zinc chemistry would be different from the
effects on oxides already formed in a zinc-free chemistry.

A few limited studies that have investigated the effect of zinc addition on pre-filmed
coupons are available. These effects were not dramatic compared to those observed on
fresh coupons. Based on these studies [7,10,13,21–23], the following important findings
were obtained: Substantial changes in oxide thickness and morphology were not observed
when pre-oxidized coupons were exposed to zinc. Zinc was also incorporated into the
pre-oxidized films but the zinc contents were lower than those in freshly growing films
in zinc water. Cobalt uptake into the pre-oxidized films appeared to decrease compared
to that in films grown in a zinc chemistry. The above studies have focused on oxides
formed on stainless steels and Alloy 600. In addition, these studies have not quantified the
corrosion and release rates of pre-oxidized materials that were subsequently exposed to
zinc conditions.

It should be noted that the surface area of steam generator (SG) tubing accounts for
about 62–75% of the total surface area in contact with the reactor coolant [24]. Most SG
tubing is manufactured from nickel-based alloys, Alloy 600 and Alloy 690, indicating
that the primary source of nickel (58Ni) and resultant radioactive cobalt (58Co) is the SG
tube materials. Due to susceptibility to corrosion damage, however, Alloy 600 materials
including SG tubing have been replaced with Alloy 690 in most PWRs. Therefore, the
purpose of this work is to investigate the effect of zinc addition on the corrosion and release
behavior of pre-filmed Alloy 690 in simulated PWR primary water. The oxide morphology
and composition are characterized using electron microscopy and analytical spectroscopy.
Based on gravimetric analyses and oxide characterization, the corrosion rates, release rates,
and oxide thicknesses of the alloy are quantified systematically.

2. Experimental Methods
2.1. Test Material and Conditions

Nuclear grade Alloy 690 SG tubing was used as a test material, which had been finally
heat-treated at 715 ◦C for 10.6 h according to requirements for procuring Alloy 690 nuclear
SG tubing [25]. The tubing has nominal dimensions of an outer diameter of 19.05 mm and
a wall thickness of 1.07 mm. The chemical composition of the alloy is given in Table 1.

Table 1. Chemical composition of Alloy 690 (wt.%).

Ni Cr Fe C Si Mn Ti Al N Cu Co

59.12 29.28 10.40 0.019 0.32 0.33 0.33 0.16 0.024 0.01 0.007

Figure 1 shows the optical images and dimensions of two types of specimens used
for corrosion measurements and oxide analyses. Corrosion coupons were prepared by
dividing 50 mm long tubular pieces in half along the tube axial direction. Each coupon
had a 3 mm diameter hole to hang it on a specimen holder. The specimen surfaces were
ground down to 2000 grit with silicon carbide paper, ultrasonically cleaned in acetone and
deionized water, and dried with compressed air. The surface area of each specimen was
29.78 cm2 and at least two specimens were used to calculate the corrosion rate under each
test condition. Small specimens for microscopic and spectroscopic oxide analyses were
also prepared in the same manner.

The main test conditions performed in this work are summarized in Table 2. In this
work, the units, ppm and ppb, refer to a weight basis. In addition, the solution chemistry
refers to concentrations of Li, B, and Zn ions. All specimens were first oxidized in zinc-
free water for 1500 h. After that, the specimens of Case #1 were additionally exposed to
zinc-free water for 1500 h. That is, in Case #1, the specimens were exposed to non-zinc
water throughout the test for 3000 h. In Case #2, the specimens that were pre-oxidized in
zinc-free water for 1500 h were subsequently exposed to 60 ppb zinc water for 1500 h.
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Figure 1. Optical images and dimensions of specimens for (a) corrosion measurements and
(b) oxide analyses.

Table 2. Main experimental conditions for the corrosion tests.

Exposure Method Solution Chemistry Common

Case #1 1500 h without Zn→1500 h without Zn 2 ppm Li + 1000 ppm B DO < 5 ppb
DH = 3.12 ppm

330 ◦CCase #2 1500 h without Zn→1500 h with 60 ppb Zn 2 ppm Li + 1000 ppm B (+ 60 ppb Zn)

As shown in Figure 2, the corrosion tests were performed in a circulating water loop
system simulating a reactor coolant system of PWRs. The loop system consisted of the
following important components: two solution tanks, a high pressure (HP) pump, a pre-
heater, an autoclave, a heat exchanger, and instruments for water chemistry monitoring and
control. The corrosion specimens were loaded in the Alloy 625 autoclave with a volume of
3.8 L. The basic test solution simulating PWR primary coolant was 2.0 ppm Li as LiOH and
1000 ppm B as H3BO3. Depleted zinc acetate dihydrate (Zn(C2H3O2)2·2H2O) was added
to the solution to adjust the zinc concentration at 60 ppb. All the chemicals used to prepare
the solution were reagent grade. The test solution was stored in two 316L stainless steel
solution tanks with a capacity of 200 L each. The dissolved oxygen (DO) was maintained
at less than 5 ppb by continuously bubbling ultra-pure hydrogen gas (99.999%) into the
solution tanks and the dissolved hydrogen content was 3.12 ppm (35 cc/kg H2O at STP).

Figure 2. Schematic of the circulating water loop system used for corrosion tests.

The test solution was fed into the autoclave by the HP pump at a flow rate of
80 mL/min. The temperature of the flowing solution in the autoclave was maintained at
330 ◦C and the system pressure was controlled at 130 bar using a back pressure regulator
(BPR). In Case #2 with zinc water chemistry, the solution was refreshed every 10 days
without shutdown by switching the two solution tanks alternately to maintain the target
zinc concentration. The solution was sampled periodically and analyzed to determine
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the zinc concentration using inductively coupled plasma-atomic emission spectroscopy.
The analyses confirmed that the zinc concentration was well controlled in the range of
56–63 ppb during the test.

2.2. Oxide Characterization

Scanning electron microscopy (SEM) (TESCAN, Brno-Kohoutovice, Czech Republic)
was used to observe the surface morphology and distribution of oxides formed under
the test conditions. Scanning transmission electron microscopy (STEM) (FEI, Hillsboro,
OR, USA) specimens were prepared from the corroded specimens using focused ion
beam (FIB) milling with a gallium ion beam at an accelerating voltage of 30 kV. The
chemical compositions of the oxides were analyzed at 200 kV using an energy-dispersive
X-ray spectroscope (EDS) mounted on the STEM. X-ray photoelectron spectroscopy (XPS)
(Thermal Fisher Scientific, Waltham, MA, USA) was also used to determine the chemical
compositions in the oxide films. For the depth profiling by XPS, the oxidized surfaces were
sputtered using an argon ion beam of 1.0 kV. The XPS peaks were calibrated using the
standard carbon C1s binding energy at 284.8 eV.

2.3. Descaling of Corrosion Coupons

Descaling and gravimetric methods were used to obtain corrosion and release rates
from the corroded specimens. The oxidized specimens were chemically descaled using the
following two-step descaling process [26–28]: As the first step, specimens were immersed
in a 1% KMnO4 and 5% NaOH solution at 90 ◦C for 2 min, followed by wiping them with
a cloth. In the second step, the specimens were immersed in a 5% C6H11NO7 solution at
90 ◦C for 2 min, followed by wiping. The specimens were ultrasonically cleaned in acetone
and ethanol in sequence, and dried. The weights of the specimens were then measured
using a precision electronic balance with a readability of 10−5 g. These descaling processes
were repeated until the oxides were completely removed from the specimens, which was
confirmed by SEM observations. The descaling was terminated when the oxide layer was
removed, thereby minimizing corrosion of the substrate.

2.4. Calculation of Corrosion and Release Rates

Corrosion rates were calculated using the total weights of oxidized base metal, which
were obtained through the above descaling and weight measurements after the corro-
sion tests.

Corrosion rate (g/cm2 h) = (Wi −Wd)/(A × t) (1)

where Wi is the weight of the specimen before the test (g), Wd is the descaled weight (g),
i.e., the weight of the specimen after descaling, A is the surface area (cm2), and t is the test
time (h).

When the corrosion specimen is exposed to the test solution, a portion of oxidized
base metal is retained in the oxide on the specimen, but the rest is released into the solution.
Therefore, the release rate from the specimen was calculated using the following relations:

Weight of base metal oxidized = Mox + Mso = Wi −Wd (2)

Weight of base metal retained in the oxide = WoxRm (3)

Weight of base metal released = (Wi −Wd) −Mox = (Wi −Wd) −WoxRm (4)

Release rate (g/cm2 h) = ((Wi −Wd) −WoxRm)/(A × t) (5)

where Mox is the weight of base metal retained in the oxide, Mso is the weight of base metal
released into the solution, Wox is the oxide weight, i.e., the weight change before and after
descaling, and Rm is the weight fraction of base metal in the oxide. It should be noted that
the weight of extraneous zinc in the oxide was excluded when Rm was calculated from
oxide compositions, as described in Section 3.1.
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3. Results and Discussion
3.1. Oxide Characteristics

Figure 3 shows SEM images of oxides grown on Alloy 690 in 2 ppm Li and 1000 ppb B
solutions without and with 60 ppb zinc at 330 ◦C. When the specimens were exposed to
zinc-free water only for 3000 h (Case #1, Figure 3a,b), the surfaces of the specimens were
completely coated with small, polyhedral particles approximately 100–200 nm in size and
consequently the original surface could not be observed. Large polyhedral particles with
a size of approximately 1–3 µm were sparsely distributed on the coated layer. In Case #2
where the specimens oxidized in zinc-free water for 1500 h were subsequently exposed
to 60 ppb zinc solution for 1500 h (Figure 3c,d), the surfaces of the specimens were also
covered with small particles, analogous to those in Case #1. However, it was apparent that
the size and number of the large particles as well as the small particles decreased, indicating
that anodic dissolution from the alloy matrix was mitigated during exposure to the zinc
water. Oxides formed on stainless steels in zinc-containing environments also showed
similar morphological characteristics [13,29], but the changes were not as significant as
those on Alloy 690 observed in Figure 3.

Figure 3. SEM images of oxides grown on Alloy 690 in 2 ppm Li + 1000 ppm B solution (a,b) without
and (c,d) with 60 ppb Zn at 330 ◦C: (a,b) Case #1 and (c,d) Case #2.

The oxidized surfaces were vertically milled to prepare TEM thin foils using FIB and
then analyzed using EDS. Figure 4 shows STEM images and EDS elemental maps on the
cross-sections of the oxides formed under Cases #1 and #2 conditions. In the Case #1
without zinc, the EDS mapping indicated that the outer polyhedral large particles were
oxides that were composed of nickel, iron, and oxygen. Chromium was not detected in
the oxides. Under the Case #2 condition with zinc, the outer particles were also identified
as oxides that contained iron, nickel, and oxygen. However, zinc and chromium were
additionally observed in the oxides.
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Figure 4. STEM images and EDS elemental maps of oxides grown on Alloy 690 under (a) Case #1
and (b) #2 conditions.

The chemical compositions of the oxide particles and the interface between the oxides
and matrix were quantified in more detail by EDS point and line profile analyses. Figure 5
shows a STEM image and EDS analysis results on the cross-sections of the oxides formed
under the Case #1 condition. The EDS point analyses revealed that the outer polyhedral
large particles (points 1–3) were oxides with a chemical composition similar to that of
nickel ferrite, NiFe2O4. A semi-continuous chromium-rich inner oxide layer (points 4–6)
was observed adjacent to the alloy matrix, which contained chromium over 34 at.% and
minor nickel and iron. The composition of the inner oxide layer was analogous to that
of chromite, Cr2O3. That is, the outer oxide layer was enriched in iron and nickel and
depleted in chromium, while the inner oxide layer was enriched in chromium and depleted
in iron and nickel, indicating that the chromium-rich inner layer resulted from selective
dissolution of iron and nickel in the layer. EDS line profiling was also performed along
the arrow direction denoted in the figure. The EDS line analyses confirmed that the outer
particles were nickel ferrite and a thin chromium-rich inner oxide layer was also present.
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Figure 5. STEM image and EDS analyses of oxides grown on Alloy 690 under the Case #1 condition.

Figure 6 shows a STEM image and EDS analysis results on the cross-sections of the ox-
ides grown under the Case #2 condition. When the oxidized specimens were subsequently
exposed to 60 ppb zinc water, zinc was detected in both the outer oxides (points 1–3) and
the chromium-rich inner oxides (points 4–6). More iron and nickel contents were also
detected in the inner oxide layer compared to the amounts of Case #1, indicating that
the preferential dissolution of iron and nickel through the inner layer was suppressed
by the subsequent exposure to zinc water. Compared to Case #1, it is evident that zinc
was incorporated into the chromite inner layer to form zinc chromite. The outer parti-
cles were composed of (Ni, Fe)-rich oxides with chromium and zinc. The presence of
the chromium-rich inner layer and zinc incorporation were also observed by the EDS
line analyses.

Figure 6. STEM image and EDS analyses of oxides grown on Alloy 690 under the Case #2 condition.
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Figure 7 shows the XPS spectra of Ni 2p3/2, Cr 2p3/2, Fe 2p3/2, and O 1s obtained on
the surface of Alloy 690 oxidized under the Case #1 condition. The deconvolution of Ni
2p3/2 spectra showed the presence of NiO at 856.5 eV and Ni(OH)2 at 855.3 eV together
with their satellite peaks, indicating that Ni2+ compounds are the primary oxidized species
of nickel. The Fe 2p3/2 spectra revealed two chemical states: Fe2+ at 708.5 eV and Fe3+ at
712.0 eV. The presence of Ni2+, Fe2+, and Fe3+ detected in the oxide film can be correlated
with nickel ferrites observed in Figure 5. The Cr 2p3/2 spectra were separated into two
constituent peaks representing Cr2O3 at 576.5 eV and Cr(OH)3 at 577.4 eV, which suggests
Cr2O3 observed in Figure 5.

Figure 7. XPS spectra of Ni, Cr, Fe, and O from the oxide formed on Alloy 690 under the
Case #1 condition.

As shown in Figure 8, the XPS spectra from the oxide film grown under the Case
#2 condition with zinc shows a similar chemical species and states compared to those
of Case #1 without zinc. However, unlike Case #1, Zn 2p3/2 XPS spectra were clearly
observed. The spectra were composed of two peaks: ZnFe2O4 at 1021.4 eV and ZnCr2O4 at
1022.1 eV. This result is consistent with the STEM-EDS result shown in Figure 6 where (Ni,
Fe, Cr)-oxides containing zinc were formed. Therefore, this XPS result confirms that zinc
compounds containing Zn2+ were formed under the test condition containing zinc. The
binding energies of the components obtained from the deconvoluted XPS spectra are listed
in Table 3 and were in good agreement with those in the literature [30–43].

Table 3. Binding energies of chemical species for XPS analyses.

Chemical Species Binding Energy (eV) Chemical Species Binding Energy (eV)

NiO 2p3/2 856.5 [30] Fe2+
2p3/2 708.5 [37–39]

NiO sat. 2p3/2 864.1 [30] Fe3+
2p3/2 712.0 [37–39]

Ni(OH)2 2p3/2 855.3 [31] O2–
1s 530.0 [40,41]

Ni(OH)2 sat. 2p3/2 861.7 [32] OH–
1s 531.5 [40,41]

Cr2O3 2p3/2 576.5 [33–35] ZnFe2O4 2p3/2 1021.4 [42]

Cr(OH)3 2p3/2 577.4 [36] ZnCr2O4 2p3/2 1022.1 [43]
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Figure 8. XPS spectra of Ni, Cr, Fe, O, and Zn from the oxide formed on Alloy 690 under the Case #2 condition.

XPS depth profiles for the chemical compositions of the oxides are presented in
Figure 9. It is clear that nickel was depleted compared to the alloy matrix, whereas
chromium was enriched, irrespective of zinc addition. As can be seen in Figure 9b, besides
nickel, chromium, and iron, zinc was additionally detected in the oxides that were subse-
quently exposed to 60 ppb zinc-containing water. The zinc concentration was the highest
at the outer surface of the oxides and reduced gradually towards the matrix. Similar trends
of zinc depth distribution were also reported in previous studies [14,18]. However, the
highest chromium concentration was observed within the oxide region, which possibly
reflect the presence of the chromium-rich inner oxide layer adjacent to the matrix.

Figure 9. XPS depth profiles of oxides grown on Alloy 690 in 2 ppm Li + 1000 ppm B solution (a) without (Case #1) and
(b) with 60 ppb Zn (Case #2).

Because every location of the oxides has a different chemical composition as shown in
Figures 5 and 6, it is difficult to determine the representative compositions of the oxides.
In this work, therefore, the average chemical compositions of the oxides were estimated
by numerically integrating each XPS composition profile versus oxide depth [12]. For the
integration, one should first determine the thickness of the oxide. As shown in Figures 3–6,
the size of some oxide particles on the outer layers is much greater than the thicknesses
of the inner layers. This is the reason that the oxygen profile tails still remained even
after most of the inner layers had been removed (Figure 9). Therefore, it is not easy to
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determine the exact boundary between the inner oxide layer and the matrix, i.e., the
thickness of the oxides. In this work, oxide thickness was defined as the thickness at
which the concentration of each oxygen profile decreased to 50% of the concentration at
the outermost surface [44]. The thickness boundaries determined in this way are marked
by the vertical lines in Figure 9. When comparing the thicknesses of the two oxides in
the figure, subsequent exposure to 60 ppb zinc water resulted in approximately a 19%
reduction in the oxide thickness.

One can now obtain the average chemical compositions of the oxides using the
area fraction of each element after integrating each XPS profile versus oxide thickness,
i.e., sputtering time. Table 4 shows the average chemical compositions of the oxides
determined in this manner. Regardless of zinc addition, nickel was significantly depleted,
while chromium and iron were enriched relative to the amounts of the base metal. This
result indicates that nickel was preferentially released into the test solutions, which in turn
resulted in chromium enrichment in the inner layer. Note that nickel (58Ni) is transformed
to radioactive 58Co by the reaction with neutrons in the reactor core, thereby causing
ex-core radiation buildup. Therefore, the dissolved nickel cations would become the
sources not only for the formation of the (Ni, Fe)-rich outer oxide particles but also for
radioactive 58Co. The average zinc concentration was about 3.9 wt.% when the oxides were
subsequently exposed to 60 ppb zinc-containing water. Nickel and chromium contents
in the oxides of Case #2 increased compared to the corresponding contents in the oxides
of Case #1, indicating that selective dissolution of nickel was mitigated by the exposure
to zinc. Consequently, it is expected that subsequent exposure of Alloy 690 pre-oxidized
in zinc-free water to the 60 ppb zinc water would result in a reduction in the radiation
source term.

Table 4. Average chemical compositions of the oxides.

Chemical Composition (wt.%)
Average Stoichiometry Weight Fraction of Ni, Cr

and Fe in the OxidesNi Cr Fe Zn O

Case #1 21.8 28.6 20.9 - 28.7 Ni0.86Fe0.87Cr1.27O4 0.71

Case #2 25.9 31.4 13.3 3.9 25.5 Zn0.13Ni0.99Fe0.53Cr1.35O4 0.71

Meanwhile, it is well known that oxides formed on nickel-based alloys and stainless
steels in high temperature water have a spinel structure [11,12,26,45–49]. Because the
stoichiometric metal cation to oxygen anion ratio is 3:4 in a spinel, the average stoichiometry
of the oxides, which is listed in Table 4, can be determined by applying this ratio. The last
column of Table 4 gives the weight fractions (Rm) of the base metal elements (i.e., nickel,
chromium, and iron, but not zinc) in the oxides. There was no change in the fraction value
although zinc of 3.9 wt.% was incorporated in the oxides of Case #2, implying that the
oxidized base metal would persist in the oxides. These values were used for calculation of
the release rates in Equations (3)–(5).

3.2. Corrosion and Release Behavior

Figure 10 shows the average corrosion rates and release rates from pre-oxidized Alloy
690 exposed to the solutions without and with zinc. Exposure of the oxidized coupons
to zinc water resulted in a 44% decrease of the corrosion rate when compared to the
non-zinc condition. According to the corrosion rate expression in Equation (1), this result
indicates that the weight of base metal oxidized during the corrosion tests was reduced by
a corresponding amount by the later exposure to zinc. In addition, the release rates showed
a similar trend to the corrosion rates. Subsequent exposure of the pre-oxidized Alloy 690
to zinc water resulted in a 32% reduction of the release rate, compared to that without
zinc. These results are in agreement with those predicted from the oxide distributions in
Figure 3.
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Figure 10. Corrosion and release rates of Alloy 690 after the corrosion tests in 2 ppm Li + 1000 ppm B
solution without (Case #1) and with 60 ppb Zn (Case #2).

As described in the Introduction section, metal cations, especially natural nickel
(58Ni) and cobalt (59Co), released from the corroding surfaces of reactor coolant system
materials are activated to cobalt isotopes (58Co and 60Co, respectively) by reactions with
neutrons in the reactor core [1,2], thereby increasing radiation fields in the ex-core system.
Consequently, the reduction of the corrosion and release rates by exposure to zinc will result
in a reduction of the radioactive cobalt source term, thereby contributing to a reduction of
the dose rate.

Generally, oxide thicknesses have been estimated by sputtering oxidized surfaces
using an ion beam such as XPS and Auger electron spectroscopy. However, it is difficult
to determine the oxide/matrix interface due to the elongated oxygen profiles towards the
matrix, as mentioned before. The oxide thickness can be estimated from the oxide weight,
if the oxide density is known. In this work, therefore, the average oxide thickness was
determined from the oxide weight and density using the following relation:

Oxide thickness (cm) = Wox/(A × D) (6)

where D is the oxide density (g/cm3).
Here, the oxide weight (Wox) was already obtained by descaling and gravimetric

analysis. Assuming that the stoichiometry of the oxides given in Table 3 is simplified to
FeCr2O4 or NiCr2O4 with a density of 5.27 g/cm3 [50–52], the overall oxide thicknesses can
be calculated by Equation (6). As shown in Figure 11, the oxide thicknesses of Case #2 were
approximately 55% lower than those of Case #1, in agreement with the result determined
by XPS in Figure 9. This result indicates that oxides continued to grow rapidly in zinc-
free water, whereas exposure of oxides grown in zinc-free water to 60 ppb zinc water
significantly suppressed further oxide growth. This oxide growth behavior is closely
correlated with the corrosion and release behavior.

Based on extremely limited studies, there are inconsistent results regarding the thick-
nesses of pre-filmed oxides grown in zinc-free water that were subsequently exposed to
zinc. Substantial changes in the oxide thickness were not observed on pre-filmed Alloy 600
and 304 stainless steel [10,22], while pre-filmed Alloy 600 showed thickness as small as that
of oxides grown on fresh Alloy 600 in zinc solution [7]. The reason for the inconsistency
is not clear at this time, but the conflicting results may be due, in part, to differences in
thickness measurement methods, test materials, and conditions. However, it is clear that
the oxide thicknesses on fresh stainless steels and nickel-based alloys exposed to zinc
conditions were significantly thinner than those of samples that were exposed to zinc-free
conditions [7,11,14,18,21,53]. In this work, subsequent exposure of the pre-filmed Alloy 690
to zinc water resulted in a significant decrease of the corrosion and corrosion release rates,
as shown in Figure 10. Consequently, it is reasonable to conclude that further growth of the
oxides was inhibited when the pre-oxidized coupons were exposed to 60 ppb zinc water.
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Figure 11. Oxide thicknesses determined using the oxide weight and density.

Based on the STEM-EDS and XPS results, zinc was apparently incorporated in both
the (Ni, Fe)-rich outer oxides and the chromium-rich inner oxides when the oxides grown
initially in zinc-free water were subsequently exposed to 60 ppb zinc water. The behavior
of zinc incorporation into oxide films can be elaborated in the following two points. First,
zinc-incorporated compounds can be formed directly from solutions containing metal
cations such as zinc, iron, chromium, and cobalt. It should be noted that the free energy
of formation of zinc-incorporated spinels is lower than that of zinc-free spinels [17,53]. In
other words, formation of zinc chromite (ZnCr2O4) is thermodynamically preferred to that
of non-zinc chromites (i.e., NiCr2O4, FeCr2O4, CoCr2O4). Second, zinc can be incorporated
into pre-existing oxides through the substitution reaction of metal cations by zinc cations.
It is well known that zinc divalent cations have the largest preference for tetrahedral lattice
sites of a spinel when compared to other metal cations [54–56]. This thermodynamic site
preference energy enables zinc cations to replace other metal cations in the lattice sites of the
spinel. Chromite is a typical normal spinel where divalent cations occupy the tetrahedral
sites [57–60]. As a result, incorporation of zinc cations would be favored in the tetrahedral
sites of the chromium-rich oxides.

The corrosion and release kinetics will be controlled by a protective inner oxide layer,
considering that the outer oxide layer is formed by precipitation of metal cations released
from the substrate [48,61,62] but the inner oxide layer by solid state diffusion of metal
and oxygen ions [48,49]. As seen in Figures 5 and 6, the chromite inner oxide layers
were changed to zinc-incorporated chromite layers when the pre-filmed coupons were
subsequently exposed to 60 ppb zinc water. Zinc chromite has been reported to have
a wider stable region in the potential-pH diagram [13,17,56,63] and a lower solubility
under simulated PWR primary water conditions compared to non-zinc spinels [19,56,63].
Furthermore, point defect densities in the oxides of 316 stainless steel formed in simulated
PWR primary water were decreased by zinc addition [9]. These defects are known to
facilitate migration of ions through the oxide films [64,65]. Therefore, the corrosion and
release rates would be suppressed by the zinc-incorporated chromium-rich inner layer
having the properties described above. On the contrary, less protective and thicker oxides
were formed on the specimens exposed only to zinc-free solution, resulting in increased
corrosion and release rates.

4. Conclusions

The corrosion and release behavior of a pre-filmed Alloy 690 SG tube material that was
subsequently exposed to 60 ppb zinc water was investigated in simulated PWR primary
water at 330 ◦C. The following conclusions were obtained from this work.

(1) Zinc was incorporated and nickel content increased in the oxides when the pre-
oxidized coupons were subsequently exposed to water containing zinc, indicating a
mitigation effect against selective nickel dissolution by zinc addition.
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(2) Subsequent exposure of the pre-filmed specimens to zinc water resulted in a signifi-
cant reduction in the corrosion rate, the release rate, and the oxide thickness, respec-
tively. The beneficial effects are attributed to the formation of a zinc-incorporated
chromium-rich inner oxide layer, having a relatively low solubility and defect density.

(3) Zinc addition reduced the amount of released base metal and suppressed selective
dissolution of nickel, thereby contributing to a reduction of the radiation source term.

Author Contributions: Conceptualization, D.-H.H.; methodology, D.-S.L., S.-H.J., and J.C.; investiga-
tion, D.-S.L. and S.-H.J.; visualization, D.-S.L. and S.-H.J.; formal analysis, S.-H.J. and J.C.; funding
acquisition, K.-M.S.; writing—original draft, D.-S.L.; supervision, D.-H.H.; writing—review and
editing, S.-H.J., D.-H.H., and J.-H.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Central Research Institute of Korea Hydro & Nuclear
Power Co., Ltd. of the Republic of Korea (grant number: L18S061000). This work was also supported
by the National Research Foundation (NRF) grant funded by the government of the Republic of
Korea (grant number: NRF-2017M2A8A4015159).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ocken, H. Reducing the Cobalt Inventory in Light Water Reactors. Nucl. Technol. 1985, 68, 18–28. [CrossRef]
2. McElrath, J. Pressurized Water Reactor Primary Water Chemistry Guidelines; Revision 7; 3002000505; Electric Power Research Institute:

Palo Alto, CA, USA, 2014; Volume 1.
3. Wood, C.J. Zinc Injection to Control Radiation Buildup at BWRs: Plant Demonstrations; NP-6168; Electric Power Research Institute:

Palo Alto, CA, USA, 1989.
4. Gold, R.E.; Kormuth, J.W.; Bergmann, C.A.; Perock, J.D.; Corpora, G.J.; Miller, R.S.; Springer, G.; Jenkins, S.L.; Roesmer, J.

Evaluation of Zinc Addition to Primary Coolant of Farley-2 PWR; TR-106358-V1; Electric Power Research Institute: Palo Alto, CA,
USA, 1996.

5. Wells, D.M.; Fruzzetti, K.; Garcia, S.; McElrath, J. Chemistry control to meet the demands of modern nuclear power plant operation.
In Proceedings of the International Conference on Water Chemistry in Nuclear Power Plants, Brighton, UK, 2–7 October 2016;
Paper No. 02.

6. Zhang, L.; Chen, K.; Wang, J.; Guo, X.; Dua, D.; Andresen, P.L. Effects of zinc injection on stress corrosion cracking of cold worked
austenitic stainless steel in high-temperature water environments. Scr. Mater. 2017, 140, 50–54. [CrossRef]

7. Kawamura, H.; Hirano, H.; Shirai, S.; Takamatsu, H.; Matsunaga, T.; Yamaoka, K.; Oshinden, K.; Takiguchi, H. Inhibitory effect of
zinc addition to high-temperature hydrogenated water on mill-annealed and prefilmed Alloy 600. Corrosion 2000, 56, 623–637.
[CrossRef]

8. Angeliu, T.M.; Andresen, P.L. Effect of zinc additions on oxide rupture strain and repassivation kinetics of iron-based alloys in
288 ◦C water. Corrosion 1996, 52, 28–35. [CrossRef]

9. Kim, H.S.; Lee, H.B.; Chen, J.; Jang, C.; Kim, T.S.; Stevens, G.L.; Ahluwalia, K. Effect of zinc on the environmentally-assisted
fatigue behavior of 316 stainless steels in simulated PWR primary environment. Corros. Sci. 2019, 151, 97–107. [CrossRef]

10. Gold, R.E.; Byers, W.A.; Jacko, R.J. Zinc-oxide corrosion film interactions in PWR primary coolant. In Proceedings of the
International Symposium Fontevraud III, SFEN, Fontevraud, France, 12–16 September 1994; pp. 300–309.

11. Ziemniak, S.E.; Hanson, M. Zinc treatment effects on corrosion behavior of 304 stainless steel in high temperature, hydrogenated
water. Corros. Sci. 2006, 48, 2525–2546. [CrossRef]

12. Ziemniak, S.E.; Hanson, M. Zinc treatment effects on corrosion behavior of Alloy 600 in high temperature, hydrogenated water.
Corros. Sci. 2006, 48, 3330–3348. [CrossRef]

13. Liu, X.; Wu, X.; Han, E.-H. Effect of zinc injection on established surface oxide films on 316L stainless steel in borated and lithiated
high temperature water. Corros. Sci. 2012, 65, 136–144. [CrossRef]

14. Esposito, J.N.; Economy, G.; Byers, W.A.; Esposito, J.B.; Pement, F.W.; Jacko, R.J.; Bergmann, C.A. The addition of zinc to
primary reactor coolant for enhanced PWSCC resistance. In Proceedings of the Fifth International Symposium on Environmental
Degradation of Materials in Nuclear Power Systems–Water Reactors, Monterey, CA, USA, 25–29 August 1991; American Nuclear
Society: La Grange Park, IL, USA; pp. 495–501.

15. Lister, D.H.; Godin, M.S. The Effect of Dissolved Zinc on the Transport of Corrosion Products in PWR; NP-6975-D; Electric Power
Research Institute: Palo Alto, CA, USA, 1990.

http://doi.org/10.13182/NT85-A33563
http://doi.org/10.1016/j.scriptamat.2017.05.032
http://doi.org/10.5006/1.3280565
http://doi.org/10.5006/1.3292092
http://doi.org/10.1016/j.corsci.2019.02.012
http://doi.org/10.1016/j.corsci.2005.10.014
http://doi.org/10.1016/j.corsci.2005.11.002
http://doi.org/10.1016/j.corsci.2012.08.022


Materials 2021, 14, 4105 14 of 15

16. Byers, W.A.; Jacko, R.J. The influence of zinc additions and PWR primary water chemistry on surface films that form on nickel
based alloys and stainless steels. In Proceedings of the Sixth International Symposium on Environmental Degradation of Materials
in Nuclear Power Systems—Water Reactors, San Diego, CA, USA, 1–5 August 1993; pp. 837–844.

17. Liu, X.; Wu, X.; Han, E.-H. Influence of Zn injection on characteristics of oxide film on 304 stainless steel in borated and lithiated
high temperature water. Corros. Sci. 2011, 53, 3337–3345. [CrossRef]

18. Huang, J.; Liu, X.; Han, E.-H.; Wu, X. Influence of Zn on oxide films on Alloy 690 in borated and lithiated high temperature water.
Corros. Sci. 2011, 53, 3254–3261. [CrossRef]

19. Liu, X.; Han, E.-H.; Wu, X. Effects of pH value on characteristics of oxide films on 316L stainless steel in Zn-injected borated and
lithiated high temperature water. Corros. Sci. 2014, 78, 200–207. [CrossRef]

20. Liu, X.; Wu, X.; Han, E.-H. Electrochemical and surface analytical investigation of the effects of Zn concentrations on characteristics
of oxide films on 304 stainless steel in borated and lithiated high temperature water. Electrochim. Acta 2013, 108, 554–565.
[CrossRef]

21. Bennett, P.J.; Gunnerud, P.; Loner, H.; Pettersen, J.K.; Harper, A. The effects of zinc addition on cobalt deposition in PWRs. In
Water Chemistry of Nuclear Reactor Systems 7; BNES: Bournemouth, UK, 1996.

22. Riess, R.; Stellwag, B. Effect of zinc on the contamination and structure of oxide layers. In Water Chemistry of Nuclear Reactor
Systems 7; BNES: Bournemouth, UK, 1996.

23. Beverskog, B.; Makela, K. Activity pickup in zinc doped PWR oxides. Proceedings of JAIF International Conference on Water
Chemistry in Nuclear Power Plants, Kashiwazaki, Japan, 13–16 October 1998; Japanese Nuclear Society: Tokyo, Japan, 1998.

24. Hussey, D. Source Term Reduction: Impact of Plant Design and Chemistry on PWR Shutdown Releases and Dose Rates; 1013507; Electric
Power Research Institute: Palo Alto, CA, USA, 2006.

25. Little, M. Advanced Nuclear Technology: Alloy 690 Steam Generator Tubing Specification Sourcebook; Report No. 3002003124; Electric
Power Research Institute: Palo Alto, CA, USA, 2014.

26. Ziemniak, S.E.; Hanson, M. Corrosion behavior of 304 stainless steel in high temperature, hydrogenated water. Corros. Sci. 2002,
44, 2209–2230. [CrossRef]

27. Ziemniak, S.E.; Hanson, M.; Sander, P.C. Electropolishing effects on corrosion behavior of 304 stainless steel in high temperature,
hydrogenated water. Corros. Sci. 2008, 50, 2465–2477. [CrossRef]

28. Shim, H.-S.; Seo, M.J.; Hur, D.H. Effect of electropolishing on general corrosion of Alloy 690TT tubes in simulated primary coolant
of pressurized water. Appl. Surf. Sci. 2019, 467–468, 467–476. [CrossRef]

29. Marble, W.J. Control of Radiation-Field Buildup in BWRs; NP-4072; Electric Power Research Institute: Palo Alto, CA, USA, 1985.
30. Mansur, A.N. Characterization of NiO by XPS. Surf. Sci. Spectra 1994, 3, 231–238. [CrossRef]
31. Shalvoy, R.B.; Reucroft, P.J.; Davis, B.H. Characterization of coprecipitated nickel on silica methanation catalysts by X-ray

photoelectron spectroscopy. J. Catal. 1979, 56, 336–348. [CrossRef]
32. Mansur, A.N. Characterization of β-Ni(OH)2 by XPS. Surf. Sci. Spectra 1994, 3, 239–246. [CrossRef]
33. Paparazzo, E. XPS and auger spectroscopy studies on mixtures of the oxides SiO2, Al2O3, Fe2O3 and Cr2O3. J. Electron Spectrosc.

Relat. Phenom. 1987, 43, 97–112. [CrossRef]
34. Paparazzo, E. XPS analysis of oxide. Surf. Interface Anal. 1988, 12, 115–118. [CrossRef]
35. Halada, G.P.; Clayton, C.R. Photoreduction of hexavalent chromium during X-ray photoelectron spectroscopy analysis of

electrochemical and thermal films. J. Electrochem. Soc. 1991, 138, 2921–2927. [CrossRef]
36. Shuttleworth, D. Preparation of metal-polymer dispersions by plasma techniques. An ESCA investigation. J. Phys. Chem. 1980,

84, 1629–1634. [CrossRef]
37. Freire, L.; Nóvoa, R.; Montemor, M.F.; Carmezim, M.J. Study of passive films formed on mild steel in alkaline media by the

application of anodic potentials. Mater. Chem. Phys. 2009, 114, 962–972. [CrossRef]
38. Xu, W.; Daub, K.; Zhang, X.; Noel, J.J.; Shoesmith, D.W.; Wren, J.C. Oxide formation and conversion on carbon steel in mildly

basic solutions. Electrochim. Acta 2009, 54, 5727–5738. [CrossRef]
39. Wang, J.; Li, X.; Huang, F.; Zhang, Z.; Wang, J.; Staehle, R.W. Comparison of corrosion resistance of UNS N06690TT and UNS

N08800SN in simulated primary water with various concentration of dissolved oxygen. Corrosion 2009, 70, 598–614. [CrossRef]
40. Duan, Z.; Arjmand, F.; Zhang, L.; Meng, F.; Abe, H. Electrochemical and XPS investigation of the corrosion behavior of Alloy 690

at high-temperature water. J. Solid State Electrochem. 2015, 19, 2265–2273. [CrossRef]
41. Sun, H.; Wu, X.; Han, E.H.; Wei, Y. Effects of pH and dissolved oxygen on electrochemical behavior and oxide films of 304SS in

borated and lithiated high temperature water. Corros. Sci. 2012, 59, 334–342. [CrossRef]
42. Dake, L.S.; Baer, D.R.; Zachara, J.M. Auger parameter measurement of zinc compounds relevant to zinc transport in the

environment. Surf. Interface Anal. 1989, 14, 71–75. [CrossRef]
43. Battistoni, C.; Dormann, J.L.; Fiorani, D.; Paparazzo, E.; Viticoli, S. An XPS and Mössbauer study of the electronic properties of

ZnCrxGa2-xO4 spinel solid solutions. Solid State Commun. 1981, 39, 581–585. [CrossRef]
44. Goldstein, J.I.; Choi, S.K.; van Loo, F.J.J.; Heuligers, H.J.M.; Bastin, G.F.; Sloof, W.G. The influence of oxide surface layers on bulk

electron probe microanalysis of oxygen-application to Ti-Si-O compounds. Scanning 1993, 15, 165–170. [CrossRef]
45. Panter, J.; Viguier, B.; Cloue, J.-M.; Foucault, M.; Combrade, P.; Andrieu, E. Influence of oxide films on primary water stress

corrosion cracking initiation of alloy 600. J. Nucl. Mater. 2006, 348, 213–221. [CrossRef]

http://doi.org/10.1016/j.corsci.2011.06.011
http://doi.org/10.1016/j.corsci.2011.06.001
http://doi.org/10.1016/j.corsci.2013.09.017
http://doi.org/10.1016/j.electacta.2013.06.131
http://doi.org/10.1016/S0010-938X(02)00004-5
http://doi.org/10.1016/j.corsci.2008.06.032
http://doi.org/10.1016/j.apsusc.2018.10.178
http://doi.org/10.1116/1.1247751
http://doi.org/10.1016/0021-9517(79)90126-X
http://doi.org/10.1116/1.1247752
http://doi.org/10.1016/0368-2048(87)80022-1
http://doi.org/10.1002/sia.740120210
http://doi.org/10.1149/1.2085340
http://doi.org/10.1021/j100449a038
http://doi.org/10.1016/j.matchemphys.2008.11.012
http://doi.org/10.1016/j.electacta.2009.05.020
http://doi.org/10.5006/1167
http://doi.org/10.1007/s10008-015-2856-1
http://doi.org/10.1016/j.corsci.2012.03.022
http://doi.org/10.1002/sia.740140115
http://doi.org/10.1016/0038-1098(81)90326-4
http://doi.org/10.1002/sca.4950150310
http://doi.org/10.1016/j.jnucmat.2005.10.002


Materials 2021, 14, 4105 15 of 15

46. Sennour, M.; Marchetti, L.; Martin, F.; Perrin, S.; Molins, R.; Pijolat, M. A detailed TEM and SEM study of Ni-base alloys oxide
scales formed in primary conditions of pressurized water reactor. J. Nucl. Mater. 2010, 402, 147–156. [CrossRef]

47. Kuang, W.; Song, M.; Wang, P.; Was, G.S. The oxidation of Alloy 690 in simulated pressurized water reactor primary water.
Corros. Sci. 2017, 126, 227–237. [CrossRef]

48. Stellwag, B. The mechanism of oxide film formation on austenitic stainless steels in high temperature water. Corros. Sci. 1998,
40, 337–370. [CrossRef]

49. Robertson, J. The mechanism of high temperature aqueous corrosion of steel. Corros. Sci. 1989, 29, 1275–1291. [CrossRef]
50. Ma, C.; Tschauner, O.; Beckett, J.R.; Liu, Y.; Greenberg, E.; Prakapenka, V.B. Chenmingite, FeCr2O4 in the CaFe2O4-type structure,

a shock-induced, high-pressure mineral in the Tissint martian meteorite. Am. Mineral. 2019, 104, 1521–1525. [CrossRef]
51. Ishii, T.; Kojitani, H.; Tsukamoto, S.; Fujino, K.; Mori, D.; Inaguma, Y.; Tsujino, N.; Yoshino, T.; Yamazaki, D.; Higo, Y.; et al.

High-pressure phase transitions in FeCr2O4 and structure analysis of new post-spinel FeCr2O4 and Fe2Cr2O5 phases with
meteoritical and petrological implications. Am. Mineral. 2014, 99, 1788–1797. [CrossRef]

52. Kubaschewski, O.; Hopkins, B.E. Oxidation of Metals and Alloys; Butterworths: London, UK, 1967.
53. Holdsworth, S.; Scenini, F.; Burke, M.G.; Bertali, G.; Ito, T.; Wada, Y.; Hosokawa, H.; Ota, N.; Nagase, M. The effect of high-

temperature water chemistry and dissolved zinc on the cobalt incorporation on type 316 stainless steel oxide. Corros. Sci. 2018,
140, 241–251. [CrossRef]

54. Navrotsky, A.; Kleppa, O.J. The thermodynamics of cation distribution in simple spinels. J. Inorg. Nucl. Chem. 1967, 29, 2701–2714.
[CrossRef]

55. Lister, D.H. Activity transport and corrosion processes in PWRs. In Water Chemistry of Nuclear Reactor System 6; Bournemouth,
British Nuclear Energy Society: London, UK, 1992; Volume 2, pp. 49–60.

56. Korb, J.; Stellwag, B. Thermodynamics of zinc chemistry in PWRS–Effects and alternatives to zinc. In Water Chemistry of Nuclear
Reactor Systems 7; BNES: Bournemouth, UK, 1996.

57. Prince, E. Structure of nickel chromite. J. Appl. Phys. 1961, 32, 68S–69S. [CrossRef]
58. Hastings, J.M.; Corliss, L.M. Magnetic structure of manganese chromite. Phys. Rev. 1962, 126, 556–565. [CrossRef]
59. Maignan, A.; Martin, C.; Singh, K.; Simon, C.; Lebedev, O.I.; Turner, S. From spin induced ferroelectricity to dipolar glasses:

Spinel chromites and mixed delafossites. J. Solid State Chem. 2012, 195, 41–49. [CrossRef]
60. Chen, X.H.; Zhang, H.T.; Wang, C.H.; Luo, X.G.; Li, P.H. Effect of particle size on magnetic properties of zinc chromite synthesized

by sol–gel method. Appl. Phys. Lett. 2002, 81, 4419–4421. [CrossRef]
61. Lister, D.H.; Davidson, R.D.; McAlpine, E. The mechanism and kinetics of corrosion product release from stainless steel in

lithiated high temperature water. Corros. Sci. 1987, 27, 113–1411. [CrossRef]
62. Marchetti, L.; Perrin, S.; Jambon, F.; Pijolat, M. Corrosion of nickel-base alloys in primary medium of pressurized water reactors:

New insights on the oxide growth mechanisms and kinetic modelling. Corros. Sci. 2016, 102, 24–35. [CrossRef]
63. Miyajima, K.; Hirano, H. Thermodynamic Consideration on the Effect of Zinc Injection into PWR Primary Coolant for the Reduction of

Radiation Buildup and Corrosion Control; Corrosion 2001; NACE: Houston, TX, USA, 2001; Paper No. 01143.
64. Chao, C.Y.; Lin, L.F.; Macdonald, D.D. A point defect model for anodic passive films. J. Electrochem. Soc. 1981, 128, 1187–1194.

[CrossRef]
65. Macdonald, D.D. The history of the point defect model for the passive state: A brief review of film growth aspects.

Electrochim. Acta 2011, 56, 1761–1772. [CrossRef]

http://doi.org/10.1016/j.jnucmat.2010.05.010
http://doi.org/10.1016/j.corsci.2017.07.004
http://doi.org/10.1016/S0010-938X(97)00140-6
http://doi.org/10.1016/0010-938X(89)90120-0
http://doi.org/10.2138/am-2019-6999
http://doi.org/10.2138/am.2014.4736
http://doi.org/10.1016/j.corsci.2018.05.041
http://doi.org/10.1016/0022-1902(67)80008-3
http://doi.org/10.1063/1.2000504
http://doi.org/10.1103/PhysRev.126.556
http://doi.org/10.1016/j.jssc.2012.01.063
http://doi.org/10.1063/1.1526921
http://doi.org/10.1016/0010-938X(87)90068-0
http://doi.org/10.1016/j.corsci.2015.09.001
http://doi.org/10.1149/1.2127591
http://doi.org/10.1016/j.electacta.2010.11.005

	Introduction 
	Experimental Methods 
	Test Material and Conditions 
	Oxide Characterization 
	Descaling of Corrosion Coupons 
	Calculation of Corrosion and Release Rates 

	Results and Discussion 
	Oxide Characteristics 
	Corrosion and Release Behavior 

	Conclusions 
	References

