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Abstract: Corrosion resistance is a key performance factor for engineering materials used in the
supercritical water-cooled reactors (SCWR). Choosing the materials with the best characteristics in the
corrosive environment for SCWR, at high temperatures and pressures, is a real challenge for many
researchers. Therefore, this paper aims to test two nickel-based alloys (Incoloy 800HT and Inconel 718)
and to analyze the microstructures of the samples following exposure in a supercritical environment.
Oxidation tests were performed at high temperature and pressure (550°C, 25MPa) for up to 70 days.
The samples were investigated using gravimetric corrosion test and scanning electron microscopy
coupled with energy dispersive X-ray spectroscopy (SEM-EDX). The results obtained can be used in
future research of the test protocol to identify alloys that could be used for SCWR components.

Keywords: SCWR, nickel based alloys, oxidation, gravimetric corrosion test, SEM-EDX

1. Introduction

The importance of developing new generations of nuclear power systems has led to the expansion of
concepts for SCWR, these reactors will operate above the critical thermodynamic point of water (T¢ =
647.096 K, pc = 0.322 g-cm™ and P.= 22.064 MPa). SCWRs are satisfactory for advanced nuclear
systems due to simplified plant design and higher thermal efficiency. Supercritical water (SCW) presents
some serious challenges in material selection and chemistry control strategies to minimize corrosion and
corrosion transport of the product. Nickel-based alloys are considered possible candidate materials for
coating fuel tank and other components in the proposed supercritical water reactor, as they have been
widely used in the design of nuclear power plants [1-4].

The characteristics of nickel-based alloys are given by resistance to high temperatures and hardness.
It has good creep resistance, high surface stability and excellent resistance to oxidation and corrosion at
high temperatures [5-8]. Thus, nickel based alloys are in high content in Ni, Cr, which could increase
the oxidation and corrosion resistance at high temperatures [9-12]. In the literature, so far, the corrosion
behaviors of Ni based alloys in supercritical water have been investigated [13-15]. In this study, the
nickel-based alloys Incoloy 800HT and Inconel 718 were chosen, because they have the optimal balance
of structural strength and corrosion resistance required for applications at high temperatures. The
samples were exposed to supercritical water to study their behavior in the corrosive environment. These
were investigated by gravimetry and scanning electron microscopy coupled with energy dispersive X-
ray spectroscopy.

2. Materials and methods
The materials selected for this study are two Ni based alloys - Incoloy 800HT and Inconel 718. The
chemical composition of the studied materials is given in the table below (Table 1).
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Table 1 Chemical composition of Incoloy 800HT and Inconel 718 (wt.%)

AIIo_y/ Chemical elemental composition (wt.%6)
chemical
elements C Al Si Mn P S Cr Ni Cu Mo Co Ti Nb Fe

L%%OL"TV 0077 | 051 | 034 | 071 | - <0.001 | 2006 | 3122 | 0.41 | - |o061|052| - | 45.19
'”?;’ge' 0028 | 048 | 0.07 | 0.06 | 0.005 | <0.001 | 19.03 | 53.61 | 0.02 | 3.05 | 0.16 | 1.04 | 55 | 17.2

The samples were cut in parallelepiped form from each material in the delivery state from
Outokumpu Stainless AB Company. After cutting, the samples were mechanically polished with abrasive
paper of different granulations (# 600, # 800, # 1200) then with diamond paste to metallic luster, after
which they were sonicated for 30 min in acetone. After sonication the samples were dried and then
weighed to an analytical balance with an accuracy of + 1 x 10*g.

The experiments were performed in a one-liter static autoclave in demineralized water at 550°C and
25 MPa pressure for up to 70 days. The test solution had a pH of approximately 6.7 and after each
inspection was replaced with fresh solution. Based on the initial values of mass and those obtained after
autoclaving, the variation of the mass AW reported to unit area [mg/dm?] and the variation of mass per
unit area and exposure time t of the coupon, AW/S t (mg/ dm? /day), expressing the corrosion rate, were
calculated.

After autoclaving tests, the samples were subjected to morphological/structural analysis. The sur face
morphology and composition were analyzed using scanning electron microscope FESEM (Field
Emission Scanning Electron Microscopy) Hitachi SU5000 provided with energy-dispersive X-ray
spectroscopy (EDX) device.

3. Results and discussions

Following the oxidation experiment carried out at 550°C up to 70 days, the weight gain values were
recorded every 10 days once, which are represented in the Figure 1. Trends are based on limited
experimental data, as autoclave testing requires long testing times.
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Figure 1. Weight gain depending on exposure time for
Incoloy 800HT and Inconel 718 samples

Based on weighing the samples, the corrosion rate was calculated, corresponding to the analysis
every 10 days once. The figure below (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 [mg/dm?day] according to exposure

time in supercritical water of the Incoloy 800HT
and Inconel 718 samples
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Based on the results from gravimetric analysis, it was found that exist a slight increasing in weight
gain depending on the exposure time and the values of the corrosion rate represent a slight decreasing
as a function of time. The measured data presented above, indicated that both alloys had comparatively
weight gains, with slightly variations in the case of alloy 718 at the beginning of oxidation, behavior
reflected obvious in evolution of corrosion rate.

The microstructure of Incoloy 800HT and Inconel 718 alloys was examined by scanning electron
microscopy using backscattered electrons images after metallographic preparation by polish and oxalic
acid chemical etching. The granulated images are shown in Figure 3 and Figure 4, which reveals the
structural constituents of the as received samples and tested samples.
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Incoloy 800HT as-received Incoloy 800HT-tested for 20 days | Incoloy 800HT - tested for 70 days
Figure 3. Grain structure Incoloy 800HT according to the test period (200 x magnification),
cross-sectional bulk images

The micrographs of the Incoloy 800HT alloy, obtained at 200x magnification, both on the standard
sample (as received) and on the samples tested for 20 days respectively 70 days, indicated the grain
magnification unchanged.
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- Inconel 718 as-received

_________________________________

Flgure 4. Grain structure Inconel 718 according to the test period
(400 x magnification), cross-sectional bulk images by electron microscopy

In the case of the Inconel 718 alloy, on the standard sample (as received), have been observed
equiaxial grains of solid solution a. After testing in supercritical water for 10 days, the solid solution o
predominates but dislocations appear which means that the solid solution y begins to form. After another
10 days of testing, the solid solution a is preserved, more solid solution y begins to appear and the
formation of two-phase mechanical mixture can be identified. With the testing time increasing (70 days)
the solid solution a decreased while the solid solution y and the mechanical mixture increased.

Figures 5 and 6 show images of the oxides developed on the Incoloy 800HT and Inconel 718 samples
after a different exposure time and different magnifications obtained by scanning electron microscopy
using secondary electrons. In Incoloy 800 HT alloy, after 20 days, corrosion islands have been developed
covering part of the surface.

The oxide particles have a similar pattern in all areas where it can be found. They have a random
orientation and irregular/angular shapes. The growth of the surface oxide layer is the cause of the weight
gain detected in these samples.
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Figure 5. SEM surface images of Incoloy 800HT exposed
in SCW (550 °C, 25 MPa) for 20 and 70 days at x5k magnification
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On the surface of Incoloy 800 HT, after 70 days, there are two types of areas with different colors.
The morphology of the particles found in both areas is very similar, the uniform growth of the oxide
grains is observed until they are connected together resulting in a compact layer.
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Figure 6. SEM surface images of Inconel 718 expo
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SCW (550°C, 25 MPa)

for 10, 20 and 70 days at x5k and x10K magnification

Figure 6 shows SEM images of Inconel 718 samples exposed to supercritical water at 550°C and
25 MPa for 10, 20 and 70 days. The magnifications used vary between x5k and x10k, depending on the
characteristics of the surface to be analyzed. The polyhedral crystallites are arranged in the form of
islands over a thin oxide scale, as in the case of the 800HT alloy, unless these crystallites are smaller.

SEM-EDX analysis was performed on the surface of Incoloy 800 HT exposed in SCW for 70 days.
An electron image was acquired (Figure 7a) and two point scans have been performed in order to obtain
the EDX spectra (Figure 7b) and the local chemical elemental composition (Table 2).

Figure 7. Surface electron image Incoloy 800HT sample tested for 70 days with indication
of selected EDX point scans (a) and the obtained EDX superimposed spectra with

elemental identification (b)

Table 2. EDX chemical elemental results from three point
scans of Incoloy 800HT sample surface tested for 70 days

Rev. Chim., 71 (9), 2020, 182-189

Spectrum Label Elemental concentration (wt.%)
Spectrum 9 Spectrum 10

0 17.94 29.13
Al 2.38 2.50
Si 0.50 0.44
S 0.12 0.03
Ti 0.41 0.39
Cr 17.38 17.32
Mn 0.69 1.04
Fe 36.17 31.20
Co 0.53 0.32
Ni 23.38 17.31
Cu 0.51 0.32

Total 100.00 100.00

186 https://doi.org/10.37358/RC.20.9.8328


https://revistadechimie.ro/
https://doi.org/10.37358/Rev

Revista de Chimie @ @

https://revistadechimie.ro
https://doi.org/10.37358/Rev.Chim.1949

The high percentages of iron and oxygen detected may suggest the presence of iron oxide (Fez0a),
on the surface. The other oxide that appears in the sample tested for 70 days is believed to be chromium
oxide (Cr20z) and /or spinelic oxide type NiCr204 as higher concentration of these elements have been
detected.

Similar EDX analyzes were performed on Inconel 718 (Figure 8):

Figure 8. Surface electron image Inconel 718 sample tested for 70 days with indication of
selected EDX point scans (a) and the obtained EDX superimposed spectra
with elemental identification (b)

Table 3. EDX chemical elemental results from three point
Scans of Inconel 718 sample surface tested for 70 days

Spectrum Label Elemental concentration (wt.%)
Spectrum 1 Spectrum 2
0] 20.61 29.52
Al 0.59 0.54
Si 0.13 0.06
P 0.00 0.00
S 0.12 0.05
Ti 0.85 0.35
Cr 15.68 5.15
Mn 0.10 0.28
Fe 13.20 41.18
Co 0.16 0.21
Ni 4281 20.35
Cu 0.23 0.17
Nb 3.50 1.20
Mo 2.02 0.94
Total 100.00 100.00

Surface EDX analysis indicates high percentages of O, Fe, Ni, Cr . From the mapping it appears that
Fe, Nb and oxygen are concentrated inside the islands uniformly distributed in the selected area, while
Ni and Cr are found in the vicinity of the islands.
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Figure 9. EDX maps of 718 alloy exposed up to 70 days in SCW at 550°C

4.Conclusions

The SEM results on Incoloy 800HT after oxidation for 70 days in SCW shown two types of areas
with different colors developed on the surface. The morphology of the particles found in both areas is
very similar, the uniform growth of the oxide grains is observed until they are connected together
resulting in a compact layer. The EDX analysis results indicated high percentages of iron and oxygen
which suggest the presence of magnetite (FesO4). The other oxides that appears on the surface of Incoloy
800HT tested for 70 days is believed to be chromium oxide (Cr203) and /or spinelic oxide type NiCr204
as higher concentration of chromium was detected.

From the SEM analyzes of the Inconel 718 surface, it appears that the polyhedral crystallites are
distributed in the form of islands over a thin oxide scale, as in the case of the 800HT alloy, unless these
crystallites are smaller. Surface EDX analysis indicates high percentages of O, Fe, Ni, Cr in the oxides
developed as islands on the Inconel 718 samples surface. From the mapping it appears that Fe, Nb and
oxygen are concentrated inside of islands area while Ni and Cr are found in the vicinity.

From the gravimetric analysis we can conclude that both alloys had comparatively weight gains, with
slightly variations in the case of alloy 718 at the beginning of oxidation, behavior reflected obvious in
evolution of corrosion rate.

The results obtained can be used in future research of the test protocol to identify alloys that could
be used for SCWR components.
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