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Abstract: Selecting proper candidate materials is one key issue for the development of the supercritical
water-cooled nuclear reactor (SCWR). Designing or choosing the most fitting materials means better
sustainability, economics and safety. As the supercritical water is a very aggressive corrosive media,
corrosion becomes one challenging problem for the materials used in the SCWR. This paper involves
the corrosion testing of two stainless steels (304L and 310S) and microstructure evaluation of samples
after being exposed to supercritical water. The test parameters were set at the temperature of 550°C and
the pressure of 25 MPa for up to 63 days. The samples were investigated using gravimetric corrosion
test, optical microscopy, scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy. Results showed a lower corrosion performance, in terms of weight change and surface
oxide formation, for 304L due to its low chromium content. 310S has excellent corrosion resistance
because the chromium content is higher. The results obtained will be useful in future research of test
protocol and development of alloys that could be used as reactor fuel cladding and other components in
the SCWR.
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1. Introduction

According to the latest annual reports published by the Generation IV International Forum (GIF),
there is a major interest in evaluating the alloys considered candidates for all the key components of the
supercritical water-cooled nuclear reactor (SCWR) projects. The purpose of researches is to study the
oxidation (corrosion) behavior of the candidate metallic materials for SCWR and, at the same time, to
identify the discrepancies observed in the tests.

SCWR is a high-temperature, high-pressure water-cooled reactor that operates above the
thermodynamic critical point (374 °C, 22.1 MPa) of water. In general terms, the conceptual designs of
SCWRs can be grouped into two main categories: pressure vessel concept and pressure tube concept.
Other than specifics of the core design, these concepts have many similar features (e.g. outlet pressures
and temperatures, thermal neutron spectra, steam cycle options, materials, etc.).

Under supercritical water (SCW) conditions the main concerns regarding the selection of the
appropriate materials are the prevention of stress corrosion cracking and the resistance to corrosion at
high temperatures and pressures, and under the neutron radiation for materials used in the reactor core.
Some of the candidate materials that can be used are stainless steels and high nickel-chromium alloys.
The corrosion resistance of stainless steels to oxidation in SCW environment was recently studied [1-8].
These alloys exhibit the lowest weight gains among most of the candidate alloys that are under
investigation [9,10]. The most significant improvements in oxidation resistance are achieved by
changing the inherent nature of the protective oxide scale. The high chromium content (> 20%) of the
austenitic stainless steels results in an increased resistance [11]. Most reported results on austenitic
stainless steels reveal that the surface oxide consists of a two- or three-layer structure.
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The outer layer generally consists of magnetite with an inner layer that is rich in chromium and is
either an iron chromium spinel or an iron chromium oxide with a hematite structure. An intermediate
layer can also present between the inner layer and the base metal that appears to be supersaturated with
oxygen [12-15].

Stainless steels (304L and 310S) were selected for this research, as they have the optimum balance
of structural strength and corrosion resistance required for high temperature applications. The samples
from each material were exposed to supercritical water to study the effects of the environment on
corrosion behavior. Both stainless steels were investigated by gravimetric corrosion test, optical
microscopy, scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS).

2. Materials and Methods

The materials selected for these comparative studies are two austenitic stainless steels, 304L and
310S. The chemical composition of the studied materials is given in Table 1.

Table 1. Chemical composition of 304L and 310S

Stainless | Composition (wt. %)

steel c si Mn P s cr Ni Fe
304L 0.03 0.46 1.37 0.028 0.0006 18.07 8.11 71.9
310S 0.063 0.71 1.61 0.016 0.001 2413 19.03 54.34

The samples were taken as plates from each material in the delivery state from Outokumpu Stainless
AB Company. Two samples of each material were prepared for each test condition. After cutting, the
samples were mechanically sanded on abrasive paper of different granulations (# 600, # 800, # 1200) and
then with diamond paste, after which they were exposed in the acetone ultrasound for 30 minutes. After
ultrasound the samples were dried and weighted using an analytical balance with an accuracy of + 1x10
4

g.
To simulate the supercritical environment, the experiments were performed in static one-liter
autoclaves in water at 550°C under a pressure of 25 MPa. The exposure time was up to 63 days. The pH
of testing solution, measured at room temperature was about 6.7. The autoclaves were opened periodically
to measure weight gain of individual specimens after rinsing and drying. The autoclave solution was
replaced with fresh solution after each inspection. Based on the initial weight and those obtained after
autoclaving, the variation of the mass AW in [mg] was calculated.

To express the corrosion rate, the variation of mass per unit area S and exposure time t of the coupon,
AW/S t (mg dm2day™) was calculated.

After autoclaving the materials were also subjected to morphological/structural analysis.
Metallographic analysis was performed using the Olympus BX51M optical microscope to highlight the
grain structure. The surface morphology and composition were analyzed using scanning electron
microscope FESEM (Field Emission Scanning Electron Microscopy) Hitachi SU5000 provided with
energy-dispersive X-ray spectroscopy (EDS) device.

3. Results and discussions

Following the oxidation experiment carried out at 550°C up to 63 days, the weight gain values were
recorded from 10 to 10 days, as are represented in the Figure 1. It is important to note that trends are
based on limited experimental data because autoclave attempts require long testing periods.
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Figure 1. Weight gain data as a function of exposure time for 304L
and 310S samples in supercritical water

Based on cumulative values in weighting the samples, the corrosion rate was calculated in time
intervals from 10 to 10 days. Figure 2 shows the graph of corrosion rate in aqueous environment, under
the specific conditions of the primary circuit existing in the SCWR.
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Figure 2. Corrosion rate according to exposure time in supercritical
water of the 304L and 310S materials

Based on the results obtained from the weight gain and the corrosion rate by gravimetric analysis, it
is found that the values of the weight gain represent a slight increase depending on the exposure time
and the values of the corrosion rate represent a slight decrease as a function of time. From the measured
data presented above, we can conclude that the lowest values of weight gain and corrosion rate belongs
to the 310S alloy, which makes it more suitable for the targeted purpose.

The microstructure of austenitic 304L and 310S was examined in reflected light, at 500x
magnification, after metallographic preparation and electrochemical attack with oxalic acid. The
granulated images are shown in Figure 3, which reveals the structural constituents of the samples
obtained from the autoclaving tests. For this purpose, three samples from each material were selected
starting from the standard sample and continuing with the tested samples for 10 and 63 days,
respectively.
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Figure 3. Grain structure 304L and 310S according to the test
period (x 500 magnification), cross-sectional bulk images

The micrographs obtained at the 500x magnification of the standard samples (as received) reveal an
austenitic structure for both steels. As the test period increases, the grain size increases. According to
Hall-Petch relation, a coarse-grained microstructure could be a sign of a decrease in the strength yield
for the samples exposed to the supercritical water conditions for longer time (63 days).

The topographic characteristics of oxides grown in SCW environments on 304L and 310S steels
exposed at 550 °C and 25 MPa were investigated by SEM considering a set of exposure times. Figures
4 and 5 show images of the oxides developed on the 304L and 310S samples after different exposure

times.
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Figure 4. SEM surface |mages of 304L éXposed in SCW (550°C 25 MPa) for
10, 20 and 63 days (x10k magnification)

Flgure 5 SEM surface images of 31OS exposd in SW
(550°C, 25 MPa) for 10 and 63 days (x10k magnification)
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The appearance and growth of corrosion product(s) (the raised islands) on the 304L after 63 days of
SCW testing is consistent with the weight gain results obtained in the weight corrosion analysis. The
process of increasing the oxide layers during exposure can be described as an initial nucleation of oxide
at the selected sites, followed by a uniform growth of the oxide grains until they connect together,
resulting in a compact layer. The SEM images (obtained at magnifications of x10k) indicate the presence
of oxide particles with a variety of geometries and sizes, but all of which assume angular characteristics.

On the surface of 310S tested in supercritical water for 10 and 63 days the corrosion products have
the form of thin and elongated islands with very small crystallites. Occasionally, larger particles are
present on the surface, but at a lower density. After 63 days no noticeable changes are observed compared
to the 10-day sample tested in SCW. The images are consistent with the results of weight gain analysis
showing a slight increasing in time, which suggests that the oxide layer developed remains thin and
stable.

SEM-EDS analysis was performed on the surface of 304L exposed in SCW for 63 days. A SEM
image was acquired (Figure 6.a) and three point scans have been performed in order to obtain the EDS
spectra (Figure 6.b) and the local chemical elemental composition (Table 2.).
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Figure 6. SEM image of 304L sample tested for 63 days with indication
of selected EDS point scans (a) and the obtained EDS superimposed
spectra with elemental identification (b)

Table 2. EDS elementalal analysis results from three point scans
of 304L sample surface tested for 63 days

Spectrum Label Elemental concentration (wt.%)
Spectrum 18 | Spectrum 19 | Spectrum 20
Cc 297 4.75 17.69
0 22.52 28.68 37.58
Al 1.04 1.05 0.29
Si 0.10 0.09
Cr 1.05 1.21 0.96
Mn 0.61 0.51 0.35
Fe 71.66 63.11 42.84
Ni 0.15 0.59 0.20
Total 100.00 100.00 100.00
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Figure 7. EDS analysis mapping results for the selected scanned area of 304L,
after 63 days of SCW testing

The elevated concentration of Fe and O and lower concentration of Cr and Ni obtained on both
stainless steel surfaces from the EDS analysis, might suggest the presence of iron oxide (Fe203) as
corrosion product.

Also, for 304L exposed in SCW for 63 days, an EDS mapping was performed on a selected surface
area and the concentration distribution of the previous identified chemical elements was obtained (Figure
7).

Similarly the SEM and EDS analyzes were performed on 310S (Figure 8):
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Figure 8. SEM image of 310S sample tested for 63 days with indication of selected
EDS point scans (a) and the obtained EDS superimposed spectra

with elemental identification (b)

Table 3. EDS chemical elemental results from four point scans
of 310S sample surface tested for 63 days

Elemental concentration (wt.%)

Spectrum Label Spectrum 7 | Spectrum 8 | Spectrum 9 | Spectrum 10
C 13.20 16.59 12.69 15.05

0 21.17 17.73 24.28 19.07

Al 0.77 0.61 0.68 0.65
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Si 1.87 1.38 0.97 0.82

P 0.11

S 0.11 0.08 0.13 0.17
Cr 19.39 17.95 20.61 22.73
Mn 1.28 1.25 1.13 1.46
Fe 31.22 33.20 28.71 29.27
Ni 10.98 11.21 10.69 10.79
Total 100.00 100.00 100.00 100.00

In addition to high concentrations of iron and oxygen, small amounts of Cr and Mn are also detected
in 310S sample, which might be a sign of the formation on the steel surface of chromium oxide (Cr203)
or a mixed oxide (Fe2CrOs).

4. Conclusions

Corrosion rates for 304L and 310S stainless steels exposed to supercritical water in an autoclave at
550°C were determined from weight gains in a time range of 63 days. Decreased values of corrosion
rates from 12 to 4.5 mg dm day* for 304L and from 5 to 0.1 mg dm day™* for 310S demonstrated that
310S has a better corrosion behavior in simulated environment of SCWR nuclear reactor. SEM images
on 304L after being tested for 63 days in SCW show firstly separated islands until the formation of the
oxide film covering the entire surface of steel, which is in accordance with the weight gain results. The
process of increasing the oxide layers during exposure can be described as an initial nucleation of oxide
at the selected sites, followed by a uniform growth of the oxide crystals until they connect with each
other, resulting in a compact layer. The EDS analysis indicates increased concentrations of Fe and O
suggesting that the oxide formed on the 304L steel surface might be iron oxide (Fe203). High values of
weight gain and excessive iron oxide formation on the surface can represent a low corrosion performance
of 304L steel, comparatively with 310S steel.

From the SEM analyzes of the 310S it appears that after 63 days of testing in SCW simulated
conditions, the oxide layer (observable at a magnification of x30k) remained thin and stable. EDS
analyzes showed increased concentrations of Fe and O (i.e. Fe.Os formation) together with small
amounts of Cr and Mn, which might suggest the formation onto the sample surface of chromium oxide
(Cr203) or even a mixed oxide spinel type (Fe2CrOs). It can be stated that 310S steel has good corrosion
resistance in supercritical water due to its high chromium content which lead to a more stable layer
formed onto the surface.

The results obtained in this work will be useful in future research of test protocol and development
of alloys that could be used as reactor fuel cladding and other components in the SCWR.
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