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a b s t r a c t

The corrosion rates of the reactor pressure vessel materials of SA508 Grade 3 were measured using a
weight loss method in aerated boric acid solutions to simulate the evaporation of leaked PWR primary
water in an ambient environment. The corrosion behavior and products were examined using X-ray
diffraction and electron microscopy. SA508 showed typical general corrosion characteristics. The
corrosion rate increased steadily as the boron concentration was increased. As the immersion time
elapsed, the corrosion rate slowly or rapidly decreased according to the oxidation reaction of iron. The
corrosion rate showed a complicated pattern depending on the temperature; it increased gradually and
then rapidly decreased again when reaching a certain transition temperature. The corrosion products of
SA508 were found to be FeO(OH), Fe2O3, and Fe3O4. As the boron concentration decreased and the
temperature was increased, the formation of Fe3O4 was more favorable as compared to the formation of
FeO(OH) and Fe2O3. Consequently, the changes of the corrosion rate and behavior were closely related to
the oxidation reaction of iron on the surface. The corrosive damage to SA508 appears to be most severe
when the oxidation reaction is such that Fe2O3 forms as a corrosion product.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

SA508 Grade 3 and SA533 Grade B, categorized as low alloy
steels (LASs), have beenwidely used for a long time as materials for
key structural components such as reactor pressure vessels, pumps,
valves and other parts in pressurized water reactors (PWRs).
However, it is well recognized at present that LASs can be highly
susceptible to corrosion in aerated boric acid solutions [1,2]. The
main types of damage of LASs by aerated boric acid corrosion (BAC)
found in nuclear power plants can be classified into three groups
depending on the locations and the circumstances under which
each occurs. The first is corrosive damage of the reactor vessel head
(RVH), as in the case of Davis-Besse Nuclear Power Station. The
upper RVH in this case, fabricated with a LAS, was severely
damaged by boric acid stemming from leaked primary water
through cracks generated in the upper RVH Alloy 600 penetration
nozzle [3,4], forming a large cavity on the upper RVH due to erosion
and BAC [5]. The second type is what occurs inside a reactor. LAS
components inside a reactor are usually clad with corrosion-
by Elsevier Korea LLC. This is an
resistant layers of stainless steel to isolate them from the PWR
primary water and are therefore not exposed to the internal pri-
mary water. When the corrosion-resistant cladding inside the
reactor becomes perforated, the underlying LAS below the cladding
defects can be exposed to primary water and is likely to be
damaged by BAC if allowed to concentrate by evaporation, which
may occur during shut-down [6]. The third type is what has been
found on the LAS bolts and casing closure studs of reactor coolant
pumps (RCPs) [1]. Corrosive damage at these locationswas revealed
to occur due to the leakage of primary water through the thread
gaps between the component and the main body.

Boron is added to PWR primary water to control hot-to-cold
reactivity changes and to ensure the reactivity required to
compensate for fuel burn-up. The maximum boron concentration
in a typical PWR is approximately 2,000 to 3,000 ppm B in the form
of boric acid (H3BO3). The boron concentration decreases
throughout the operating cycle and, in some cases, is nearly zero
ppm at the end of each fuel cycle. LiOH at an amount of several ppm
is also added to control the pH of the primary water, and it is mostly
removed under normal shutdown conditions. Boric acid is catego-
rized as a weak acid compared to hydrochloric acid or nitric acid,
and it becomes much weaker at higher temperatures under normal
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Table 1
Chemical compositions of the test alloys (wt%, Fe:bal.).

Designation Ni Cr Si Mn Mo C S P

508A 0.73 0.19 0.35 1.26 0.52 0.21 0.001 0.003
508B 0.67 0.20 0.18 1.22 0.46 0.19 0.002 0.002
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PWR operation conditions, in which the concentration of dissolved
oxygen is extremely low at less than 5 ppb with a hydrogen con-
centration of approximately 30 cm3/kg H2O. Boric acid loses
moisture and transforms initially into HBO2 at 169 �C and then to
B2O3 at temperatures above 300 �C in an ambient air environment
[7,8]. Therefore, boric acid in a crevice or a cavity open to the at-
mosphere would transform to deposits of hydrated paste or molten
salts on the thermally insulated metal surfaces of the upper RVH
during normal operation, at which the temperature can increase to
approximately 250 �C.

The analysis of the corrosive damage of the RVH at the Davis-
Besse Nuclear Power Station, in the first group of corrosive dam-
age types, demonstrated that a high-pressure jet of primary water
and wet steam escaped through a stress corrosion crack in an Alloy
600 upper head penetration nozzle onto the adjacent LAS [3,4]. This
led to a large football-sized cavity that was created in the LAS, as
much by erosion as by general corrosion. It was deduced that the
leaked primary water led to corrosion under a hot deposit of boric
acid crystals that was hydrated by a constant flow of primary water
from the leaking penetration nozzle [2]. There was no obvious
evidence of erosion-related corrosion present on the as-found
cavity walls; however, Xu et al. [5] suggested that erosion-
corrosion may have played a part in the formation of the initial
cavity. Related to the second group of corrosive damage types,
previous studies of the corrosion rates of LASs [6,8e11] demon-
strated that the maximum corrosion rate decreased as the tem-
perature of the reactor coolant increased, becoming very low at less
than 0.1 mm/yr above 200 �C in PWR primary water [2,8]. There-
fore, it appears to be unlikely that primary water during normal
operations can significantly attack LAS clad with stainless steels
3e6mm thick. Corrosion attacks causing under-clad damage to LAS
by means of cladding defects in the internal primary water,
therefore, are suspected to arise due to remnant boric acid when it
is exposed to air and then evaporates during a shutdown of the
reactor [6].

The last group of types of BAC damage involves LAS bolts and
casing closure studs of RCPs operating at a maximum temperature
of approximately 200 �C, which is much lower than that of the
upper RVH [1]. Because the temperatures of the locations in which
LAS bolts or studs were damaged typically appear to be lower than
200 �C, the leaked boric acid would not transform into hydrated
paste or molten salts. If primary water leaks continuously from the
RCP to the external surfaces of a LAS component, boric acid can then
become enriched over time due to the evaporation of this leaking
primary water, also becoming aerated on contact with the envi-
ronment, unless the temperature reaches approximately 169 �C at
which boric acid transforms into HBO2. In such a case, the
concentrated and aerated boric acid solution can be significantly
corrosive to LAS [5,6,8]. Fyfitch and Xu [10] investigated the effects
of the boron concentration in conjunction with the temperature
and aeration on the corrosion rates, demonstrating that the
corrosion rates of LAS when exposed to concentrated boric acid
solutions increased sharply with an increase in the temperature in
the temperature range of 21e100 �C. Moreover, the corrosion rate
of Alloy 533B LASwas found to vary between a fewmm/yr to tens of
mm/yr at 97.5 �C.

BAC has become one of major issues for nuclear power plants.
However, in spite of the seriousness of BAC damage for plant safety,
there remains a lack of information in the literature with regard to
how aerated boric acid solutions affect the corrosion behavior and
corrosive damage of LASs. Only limited works on this subject have
been reported [12]. In the present work, a corrosion test of do-
mestic archived RPV materials of SA508 Grade 3 was conducted in
aerated boric acid solutions to simulate the evaporation after
leakage of PWR primary water in an ambient air environment with
the assumption that no transformation of boric acid into HBO2 and/
or B2O3 would occur due to the relatively low temperature. The
present study can then correspond to the leaked primary water
trapped in a cavity of the LAS below the cladding defects inside a
reactor at atmospheric pressure during a shutdown, a type in the
second group of corrosive damage noted above. This situation is
also applicable to the third group occurring at the LAS bolts and
closure studs of RCPs as long as the local temperature at the com-
ponents of interest does not exceed the transformation tempera-
ture of approximately 169 �C, at which boric acid starts to transform
into HBO2. Possible galvanic effects with dissimilar metals such as
stainless steel in close proximity to aerated solutions were not
considered here because these were much less likely to be signifi-
cant compared to general corrosion induced by aerated boric acid
solutions [13]. To reveal the fundamental factors and mechanism of
BAC affecting the corrosive damage process of LASs, boric acid so-
lutions were used without LiOH despite the fact that solutions of
boric acid plus LiOH can more realistically simulate the conditions
associated with primary water leaks.

The effects of the boron concentration, immersion time and
temperature in temperature ranges between 40 �C and the boiling
points were systematically studied to determine precise corrosion
rates by weight loss measurements [14]. After the corrosion test,
the corroded surfaces were examined using optical microscopy
(OM) and scanning electron microscopy (SEM) to reveal the
corrosion behavior. The corrosion products were investigated using
X-ray diffraction and transmission electron microscopy (TEM) to
obtain the crystallographic and morphological information. Finally,
the root causes of the different corrosion rates depending on the
boron concentration, immersion time and temperature are dis-
cussed in terms of the corrosion behavior and the corrosion prod-
ucts obtained from these alloys.
2. Experimental procedures

Two types of archived materials of SA508 Grade 3 for RPVs in
domestic nuclear power plants, hereafter referred to as 508A and
508B, were used in this study. The measured chemical composi-
tions (wt%) of the alloys are shown in Table 1. These alloys were
confirmed to adhere to the ASME specifications [15].

Corrosion coupons (15� 15� 1.5 mm3) cut from the rectangular
bar of the as-receivedmaterials were prepared by grinding with SiC
papers to 2000 mesh and subsequently polished with alumina
powders down to 0.3 mm. The polished specimens were cleaned
with methyl alcohol and then rinsed with deionized water before
immersion in a corrosion cell. Test solutions were prepared using
an analytical-grade reagent of boric acid (H3BO3) and deionized
pure water, and the test temperature was varied from 40 �C to the
boiling points under ambient pressure. Fig. 1 shows the solubility of
boric acid in water, that is, the maximum amount of boric acid
soluble in water (g/l) at an ambient pressure. The boron concen-
tration at the maximum solubility of boric acid is also represented
on the right Y-axis of Fig. 1.

The average corrosion rates in mm/yr were calculated by
dividing the total weight loss by the immersion period according to
the ASTM Standard [14]. The corrosion products were removed
from each sample by ultrasonic cleaning with deionized pure water



Fig. 1. Solubility of boric acid (and boron concentration) depending on the tempera-
ture in aerated water at an ambient pressure.
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before the weight loss measurement. When the corrosion products
strongly adhered to the sample surface, chemical cleaning with a
solution of 2 g Sb2O3 and 5 g SnCl2 in 100 mL concentrated HCl was
then used to descale the test specimen [14]. The main experimental
parameters were the boron concentration, immersion time and
temperature. In most weight loss tests, the corrosion coupons were
immersed for three days in the test solutions while changing the
boron concentration and temperature. Certain other immersion
periods were applied to determine the effect of the immersion time
on the corrosion rate at a fixed boron concentration and tempera-
ture. A set of test samples was immersed in a beaker containing a
test solution of a volume of 2 L and the beaker was mounted on a
hotplate to keep the test solution at a fixed temperature. During the
test, the beaker was filled with fresh solution to compensate for the
loss by evaporation.

The specimens for microstructural characterization were pre-
pared by chemical etching in a solution of 3 vol% HNO3 þ 97 vol%
methyl alcohol for about 1 min in an ultrasonic cleaner. After the
corrosion tests, the corroded specimens were examined to identify
the corrosion morphology using OM and SEM. The corrosion
products which formed during the corrosion test were analyzed to
identify the crystal structure, shape and other characteristics using
an X-ray diffractometer, and SEM and TEM. To prepare the corro-
sion product samples for the SEM and X-raymeasurements, the test
solutions were evaporated and dried after the removal of the boric
acid which had dissolved in the test solutions by several times of
dilutions with deionized pure water. After a series of these pro-
cedures, powders of the corrosion products could be obtained. X-
ray diffraction experiments were conducted between 2q ¼ 15� and
140� using a Bruker AXS D8 diffractometer with a Cu Ka radiation
source (40 kV and 40 mA) with a Linxeye 1-D detector with a
divergence angle of 0.2�, a step size of 0.02� and an acquisition time
of 5 s per step. To prepare the samples for the TEM observation, the
corrosion products were extracted using TEM Cu grids in the boric
acid-eliminated test solutions and dried. The SEM examinations
were conducted using a JEOL 5200 (operating voltage 25 kV) and a
JEOL 6300 (operating voltage 20 kV). The TEM observations were
carried out with a JEOL JEM-2100F (operating voltage 200 kV).
3. Results and discussion

3.1. Corrosion test

3.1.1. Effect of the boron concentration
The microstructures of 508A and 508B obtained from the OM
examination are shown in Fig. 2(a) and (b), respectively, and the
corresponding results from the SEM examination are presented in
Fig. 2(c) and (d). As shown in Fig. 2(a) and (b), 508A had a much
smaller average grain size compared to 508B. As confirmed from
Fig. 2(c) and (d), the types and morphologies of the precipitates
were nearly identical. SA508 Grade 3 steels have a typically
tempered upper bainitic microstructure [16,17], which is a lath
structure within the prior-austenite grain. As shown in Fig. 2(c) and
(d), stringer-shaped cementite particles were distributed along the
bainitic ferrite lath boundaries. For a low carbon steel, discontin-
uous stringers or small particles of cementite are commonly found
between the ferrite laths. The differences in the microstructure of
the test alloys, especially the different grain sizes, may have been
caused by the different tempering conditions or by the different
austenitization conditions. A higher carbon content in 508A can
enhance the hardenability of the steel, resulting in a refinement of
the microstructure along with solid solution hardening.

Fig. 3(a) and (b) shows the corrosion rates of 508A and 508B
depending on the boron concentration at 50 �C and 90 �C,
respectively, in aerated boric acid solutions over a time period of
three days. The boron concentration was varied from a very low
value to the saturation level. As the boron concentration was
increased, the corrosion rates also showed a monotonously
increasing pattern. Combustion Engineering conducted immersion
experiments of carbon steels and LASs in aerated solutions with a
boron concentration of 22,000 ppm at 104 �C [18,19] and obtained
corrosion rates of 16.5 and 9.1 mm/yr after immersion durations of
24 and 96 h, respectively. Their results are quite similar to the
present findings (Fig. 3(b)). The experimental conditions of the
temperature, aeration and immersion time to obtain the results in
both Fig. 3(a) and (b) were all identical for the two types of speci-
mens. Therefore, one of the main reasons for the increase in the
corrosion rate depending on the increase in the boron concentra-
tion appears to be the decrease of the pH in the solution, making
the environment more acidic [8].

3.1.2. Effect of the immersion time
Fig. 4(a) and (b) shows the corrosion rates depending on the

immersion time with a boron concentration of 4000 ppm at 80 �C
and at the boiling point (~100 �C) in the aerated boric acid solu-
tions, respectively. The effects of the immersion time allowed
classification into two groups. The first group, as shown in Fig. 4(a),
shows that the corrosion rates remain constant or decrease very
slowly during the immersion time. The other group is, as shown in
Fig. 4(b), a case in which the corrosion rates decrease rapidly in a
linear or exponential manner.

Typical examples of the exponential decrease of the corrosion
rates depending on the immersion time are shown in Fig. 5. Fig. 5(a)
and (b) correspondingly shows the corrosion rates of 508A and
508B depending on the immersion time with a saturated boron
concentration at the boiling point (103.3 �C) in aerated boric acid
solutions. As shown in the figures, the variations of corrosion rates
were well fitted to an exponentially decreasing function. In the
figures, the corrosion rates are expressed as an exponential func-
tion obtained from the curve fitting of the experimental data. There
are two important findings in relation to this. First, when the im-
mersion time is zero, that is, at the very beginning of the corrosion
process, the corrosion rates of 508A and 508B were calculated to be
100.4 mm/yr and 89.7 mm/yr, respectively. These values appear to
be the corrosion rates of the test alloys themselves, given the
absence of corrosion scale covering the surface at the beginning of
corrosion process. Second, when a long period of immersion time
elapses, the corrosion rates of 508A and 508B converge at
approximately 20.3 mm/yr and 18.1 mm/yr, respectively. These
results indicate that a relatively long time is needed for the



Fig. 2. OM images of (a) 508A and (b) 508B, and SEM images of (c) 508A and (d) 508B showing the grain structures and the precipitate morphologies.

Fig. 3. Corrosion rates depending on the boron concentration in the immersion tests of 508A and 508B (a) at 50 �C and (b) 90 �C for three days in aerated boric acid solutions.

Fig. 4. The corrosion rates depending on the immersion time of 508A and 508B with a boron concentration of 4000 ppm (a) at 50 �C and (b) at the boiling point (~100 �C) in aerated
boric acid solutions.
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Fig. 5. Corrosion rates depending on the immersion time of (a) 508A and (b) 508B with a saturated boron concentration at the boiling point (103.3 �C) in aerated boric acid
solutions.
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corrosion processes to attain to a stable state. Xiao et al. [9] sug-
gested that a stable state could be attained when the dissolution of
the base metal and the formation of the surface film (and/or
possibly corrosion products) achieved a dynamic balance after a
certain period of immersion. Fyfitch and Xu [10] also suggested that
the decrease of corrosion rates could be due to either the boric acid
solution becoming saturated with corrosion products during the
test, which in turn slows the corrosion rate, or possibly due to the
formation of a semi-protective surface film.

3.1.3. Effect of the temperature
The test temperature was revealed to affect the BAC of SA508

LASs in a complicated manner. Fig. 6 shows the corrosion rates of
508A and 508B depending on the temperature at a boron concen-
tration of 1,000 ppm (Figs. 6(a)), 15,000 ppm (Fig. 6(b)), and at
saturation (Fig. 6(c)), tested for three days in aerated boric acid
solutions. When the boron concentration was relatively low
(Fig. 6(a)), the corrosion rates gradually increased depending on the
temperature up to 95 �C, which can be referred as the ‘transition
temperature’. When the temperature exceeded the transition
temperature, the corrosion rates decreased sharply until the boiling
point was reached. This tendency wasmost clearly shownwhen the
boron concentration was very low (Fig. 6(a)), and the degree of this
trend decreased as the boron concentration was increased
(Fig. 6(b)). Finally, the transition temperature did not occur when
the boron concentration was saturated (Fig. 6(c)). The tendency for
the corrosion rate to increase with the temperature, reach a
maximum value at certain temperature, and then decrease in a
reverse manner with the temperature was also confirmed in earlier
work. Xiao et al. [9] conducted a corrosion test of SA508 in solutions
Fig. 6. Corrosion rates depending on the temperature of 508A and 508B with boron concen
acid solutions for three days.
containing boric acid and LiOH from 25 to 95 �C with aeration and
de-aeration under ambient pressure. They found that the corrosion
rates had a peak value at approximately 75 �C in aerated solutions.
The reason for the difference in the transition temperature between
these two results under the aerated condition has not yet been
elucidated. More research appears to be necessary to verify the
change of the transition temperature depending on the experi-
mental conditions. On the other hand, the corrosion rates in de-
aerated concentrated solutions showed a monotonic increase
within the temperature range of 25e95 �C. They also demonstrated
that the corrosion rates increased significantly with an increase in
the boron and lithium concentrations at all test temperatures, as in
Fig. 3 in the present study.

Fig. 7 is another example demonstrating the effect of the tem-
perature at which the aforementioned transition clearly takes
place. Fig. 7(a) shows the corrosion rates of 508A and 508B
depending on the temperature with a boron concentration of
4,000 ppm after a six-day test. Fig. 7(b) shows suspensions of
corrosion products extracted from the test solutions after corrosion
testing at various fixed temperatures. In Fig. 7(a), the corrosion
behavior appears to be divided into three different phases (denoted
here as phases A, B and C) based on the test temperature. In phase A
in the temperature range between 40 �C and approximately 80 �C,
the corrosion rates themselves and the temperature gradient of the
corrosion rate are relatively low. The suspension of the corrosion
products in phase A is dark orange in color, as shown in Fig. 7(b). In
phase B at temperatures between approximately 80 �C and 93 �C,
the corrosion rates and the temperature gradient of corrosion rate
are higher compared to those in phase A. The suspension of
corrosion products is dark red in this phase. The suspension
trations of (a) 1,000 ppm, (b) 15,000 ppm and (c) at saturation tested in aerated boric



Fig. 7. (a) Corrosion rates depending on the temperature of the 508A and 508B samples with a boron concentration of 4000 ppm tested in aerated boric acid solutions for six days,
and (b) suspension of corrosion products in pure water obtained after corrosion tests conducted at various temperatures.
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obtained from the test at 80 �C appears to showa color between the
dark orange of phase A and the dark red of phase B. Finally, when
the test temperature exceeds the transition temperature of
approximately 93 �C, which corresponds to the beginning of phase
C, the corrosion rates decrease drastically to very low values. The
suspension of the corrosion products in phase C is dark grey, as
shown in Fig. 7(b).

3.2. Corroded surface morphology

Fig. 8(a) and (b) shows the corroded surface morphologies of
508A and 508B, respectively, after testing in an aerated boric acid
solution under boron saturation at the boiling point for three days.
The corrosion morphologies appear to be similar to their micro-
structures, as shown in Fig. 3, in the sense that the grain structures
are clearly revealed in both cases. General (or uniform) corrosion
occurred over the entire surface [20] in each case without any
localized corrosion such as pitting or intergranular attacks, which
indicates that a uniform thickness reduction of the test specimens
took place on the surfaces through BAC. These results validate the
use of the weight loss method to determine the corrosion rate of
SA508 in a boric acid solution according to ASTM Standard [14],
because a uniform reduction of the thickness during a corrosion
test is premised on the assumption of this method applied for an
appropriate estimation of the corrosion rate.

3.3. Analysis of corrosion products

X-ray measurements of the corrosion products were conducted
to identify the crystal structures of the corrosion products which
had formed during the corrosion tests. Fig. 9 shows the results of
Fig. 8. SEM images showing the corroded surface morphologies of (a) 508A and (b) 508B te
the X-ray measurements of corrosion products extracted from the
test solutions shown in Fig. 7. The symbols describing the X-ray
peaks of the crystal structures identified from the corrosion prod-
ucts and the as-received 508A are shown in Fig. 9(a). When the test
temperatures were 60 �C (Fig. 9(b)) and 70 �C (Fig. 9(c)), only one
type of corrosion product formed, and its crystal structure was
identified as FeO(OH), that is, the iron oxide hydroxide known as
lepidocrocite (JCPDS 74e1877). On the other hand, an iron oxide
identified as Fe2O3 (hematite) (JCPDS 24e0072, 33e0664,
13e0534) emerged at 80 �C (Fig. 9(d)) in addition to the pre-
existing FeO(OH), and the two iron oxides coexisted up to the
temperature of 85 �C (Fig. 9(e)). However, only Fe2O3 was identified
as a corrosion product from 90 �C to 95 �C (Fig. 9(f), (g) and (h)).
Finally, when the test temperature reached the boiling point of
approximately 100 �C (Fig. 9(i)), another iron oxide, identified as
Fe3O4 (magnetite) (JCPDS 88e0315), was the only corrosion prod-
uct that evolved. Fig. 9(j) shows the result of the X-ray measure-
ment of the as-received 508A, which has a bcc structure with a
lattice constant of 0.2866 nm (JCPDS 08e0098).

Lister and Phromwong [6] conducted a BAC test of carbon steel
beneath perforated stainless steel cladding in a stock solution of
boric acid (2,500 ppm as B) and LiOH (2 ppb as Li) at 50 �C simu-
lating the evaporation of leaked primary water, and found from
laser-Raman spectroscopy that the corrosion products were mostly
lepidocrocite (g-FeO(OH)) and goethite (a- FeO(OH)) with some
hematite and magnetite. The suspension of corrosion products in
their study was also dark orange in color, very similar to the results
obtained at 60 and 70 �C of Fig. 7(b) in the present study. Therefore,
it appears that the formation of iron oxide hydroxide is more
favorable than that of iron oxide at low temperatures.

Fig.10 is a graph showing the corrosion rates of Fig. 7 overlapped
sted in a boric acid solution under boron saturation at the boiling point for three days.



Fig. 9. Results of X-ray measurements of the corrosion products of the SA508 samples obtained at various temperatures tested with a boron concentration of 4000 ppm in aerated
boric acid solutions for three days.
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with the results of the X-ray measurements of the corrosion
products shown in Fig. 9. This figure clearly demonstrates that the
changes of the corrosion rates and corrosion behavior are closely
correlated with the oxidation reaction of iron on the surface,
Fig. 10. Corrosion rates and corrosion products depending on the temperature for the
508A and 508B samples with a boron concentration of 4000 ppm tested in aerated
boric acid solutions for six days.
resulting in the formation of various corrosion products. It appears
to be reasonable to conclude that the corrosion behavior of SA508
changes markedly depending on the temperature, leading to the
changes in the corrosion rates. One possible reason for the different
temperature-dependent corrosion behavior is the concentration
change of dissolved oxygen depending on the temperature in the
boric acid solutions. The concentration of dissolved oxygen inwater
is known to decrease rapidly as the temperature rises. When the
test temperature is far below the transition temperature, the most
probable corrosion products are identified as FeO(OH). As the
temperature is increased to the transition temperature, Fe2O3 forms
more favorably due to the low concentration of dissolved oxygen at
higher temperatures. When the test temperature exceeds the
transition temperature such that the concentration of dissolved
oxygen is extremely low, only the formation of Fe3O4 should be
possible. The adhesive strengths of FeO(OH) and Fe2O3 on the
surface were confirmed to be very weak; therefore, it was found
that they could easily become separated from the surface of a
specimen. On the other hand, the scale of Fe3O4 was found to
adhere more strongly than those of FeO(OH) and Fe2O3, indicating
that the Fe3O4 which formed on the surface is somewhat protective,
thereby preventing SA508 from corrosion more than FeO(OH) and
Fe2O3. As a result, the corrosion rates sharply drop to very low
values when Fe3O4 forms on the surface, even at a very high
temperature.

TEM observations were utilized to investigate the
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morphologies of the corrosion products, consisting of iron oxide
hydroxide and iron oxide extracted from the test solutions; these
were identical to those from the X-ray measurements shown in
Fig. 9, with the results shown in Fig. 11. From the TEM observa-
tions, it was found that the corrosion products that formed at
temperatures of 60 �C (Fig. 11(a)) and 70 �C (Fig. 11(b)) had a
needle-like shape, indicative of FeO(OH), as confirmed in Fig. 9.
When the test temperature rose to 85 �C (Fig. 11(c)), coarse faceted
particles emerged in addition to the pre-existing needle-like
FeO(OH), and their density increased as the temperature
increased further up to 90 �C, as shown in Fig. 11(d). It can be
confirmed that this type of oxide particle is Fe2O3 according to the
results in Fig. 9. Finally, when the temperature reached 95 �C
(Fig. 11(e)), small and round particles which can be considered as
Fe3O4 from the results in Fig. 9 began to appear, and most of the
oxide particles were found to be Fe3O4 when the temperature was
at the boiling point (Fig. 11(f)).

From the present study, it was revealed that the corrosion rates
of SA508 in concentrated and aerated boric acid solutions were
much higher than those under normal PWR operating conditions,
at which the corrosion rates are less than 0.1 mm/yr [6,8e11]. This
fact indicates that primary water which leaks to the outside from a
reactor can induce severe corrosive damage of SA508 components
through the processes of the enrichment of boric acid accompanied
by the evaporation and aeration of the leaked primary water. The
corrosion rates showed a monotonously increasing pattern
depending on the boron concentration (Fig. 3), and the transition
temperature at which the corrosion rates drastically decrease did
not occur when the boron concentration approached the point of
saturation (Fig. 6). Moreover, after significant time, the stable
corrosion rates of 508A and 508B with a saturated boron concen-
tration at the boiling point (103.3 �C) in aerated boric acid solutions
converged to 20.3 mm/yr and 18.1 mm/yr (Fig. 5), respectively, still
much higher compared to normal PWR operating conditions.
Therefore, the corrosive damage of SA508 appears to be most se-
vere when the boron concentration reaches the saturation state
and the temperature rises to the boiling point. From the results in
Figs. 9 and 10, it can be concluded that the changes of the corrosion
rates and corrosion behavior appear to be closely correlated with
the oxidation reaction of iron on the surface, resulting in the
Fig. 11. TEM bright-field images of corrosion products depending on the temperature at (a) 6
of 4000 ppm tested in aerated boric acid solutions for six days.
formation of various corrosion products. As a result, the corrosive
damage of SA508 appears to be most critical when Fe2O3 forms
among the possible corrosion products of FeO(OH), Fe2O3, and
Fe3O4.

4. Conclusions

In the present work, the corrosion rates and corrosion behavior
of domestic archived RPV materials of SA508 Grade 3 were inves-
tigated in aerated boric acid solutions, simulating the evaporation
of leaked PWR primary water under an ambient environment. The
main objectives were to obtain precise corrosion rates, to investi-
gate the corrosion behavior and morphology, and to analyze the
crystal structures of the corrosion products using a weight loss
method, X-ray diffraction and electron microscopy. The following
conclusions could be derived from the present study.

1. Two types of domestic archived RPV materials of SA508 Grade 3
(508A and 508B) showed typical general corrosion characteris-
tics in the aerated boric acid solutions used here.

2. The corrosion rate increased monotonously as the boron con-
centration was increased at a fixed temperature.

3. As the immersion time elapsed, the corrosion rate decreased
slowly or rapidly according to the oxidation reaction of iron on
the surface of the specimen.

4. The corrosion rate showed a complicated pattern depending on
the temperature; that is, it increased gradually, and then rapidly
decreased again at a certain critical temperature.

5. The corrosion products of SA508 were found to be FeO(OH),
Fe2O3, and Fe3O4. It appears that the changes in the corrosion
rates and corrosion behavior are closely associated with the
oxidation reaction of iron on the surface, resulting in the for-
mation of various corrosion products.

6. The corrosive damage of SA 508 in a boric acid solution can be
most severe when the temperature is high and the boron con-
centration is saturated, forming Fe2O3 as a corrosion product.

7. According to the results of this study, it is clear that concen-
trated and aerated boric acid solutions simulating the evapo-
ration of leaked PWR primary water in an ambient environment
can enhance the corrosive damage of SA508 LASs.
0 �C, (b) 70 �C, (c) 85 �C, (d) 90 �C, (e) 95 �C, and (f) 100 �C with a boron concentration
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