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Abstract

The supercritical water reactor (SCWR) offers many advantages compared to current light and
heavy water cooled reactor. However, one of the key challenges is the selection of materials that can
withstand the corrosive conditions that will exist in the core and in downstream components. The
materials used in this work were Alloy 625 and 316 SS in tube shape. Water was lost during
exposure of capsule specimens at 500°C and the amount of lost water increases with exposure time.
No cracks were observed on Alloy 625 after 3 weeks of exposure at 500°C, while cracks at the inner
wall of the tube were observed on 316 SS only after 4 hour heating at 500°C. The oxide layer on 316
SS is much thicker than that formed on Alloy 625.

1. Introduction

One concept for GEN IV reactors is the supercritical water cooled reactor (SCWR). Due to high
thermal efficiency of supercritical water (SCW) and simple reactor design, the SCWR offers many
advantages compared to light and heavy water cooled reactors. Water in the supercritical phase exhibits
properties such as the ion product, heat capacity and dielectric constant that are significantly different
from water below the critical point [1,2]. However, one of the key challenges is the selection of
materials that can withstand the corrosive conditions that exist in SCWR and in downstream
components.

A large amount of work is being done world-wide on the corrosion of materials in SCW under various
Gen IV program [3-5], including studies of ferritic and austenitic stainless steels, ferritic-martensitic
materials, Ni-based alloys, Zr alloys and oxide dispersion strengthened steels.[6-10]. No single alloy
currently has been identified that can meet the operational requirements of some key SCWR
component. An early study of stress corrosion cracking (SCC) of 316 SS in degassed SCW was
reported by Boyd and Pray [11]. Their specimens were loaded with 90% of the stress required to cause
rupture in 1000 hours (103 MPa) and exposed to SCW at 732°C and 34.5 MPa. It was found that the
specimen failed after one week of exposure. The fracture surface revealed the presence of transgranular
cracking. Fournier et al. [12] tested Alloys 690 and 718 in SCW at 400 °C, 25 MPa using constant
extension rate tensile (CERT). Alloy 718 failed by intergranular SCC (IGSCC) and exhibited no
necking. The cracking was initiated from the oxidation of niobium precipitates in the alloy. Alloy 690
failed by completely ductile rupture and showed a significant amount of necking. Fujisawa et al. [13]
studied SCC of 316SS, C-276, 625 and MC alloy in 400 °C SCW containing 8 ppm dissolved oxygen.
No IGSCC was observed in pure water, but the addition of small amounts (0.001 mol/l) HCl resulted in
IGSCC in both Alloy 316 SS and Alloy C-276.

The majority of previous work has been done in supercritical water (SCW) with lower pressure. Some
data suggest that corrosion in high-temperature and supercritical water strongly correlates with density
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[14]. Analysis based on data obtained at low pressure usually underestimates the real corrosion rate of a
material under SCW condition.

The objectives of the present phase of this work are to

* develop reliable evaluation techniques
* identify SCC resistant materials for construction of pressure tube SCWR.

2. Experimental

The materials used in this phase of the project were Alloy 625 and 316 SS in tube shape. The alloy
625 tube had an outer diameter of 3/8 inch and a wall thickness of 0.065 inch. The outer diameter of
the 316 SS tube was % inch and the wall thickness was 0.035 inch. The inner wall of the alloy 625
tubes was polished to 1200# using SiC paper. The 316 SS was used as received. All specimens were
cleaned with acetone in an ultrasonic bath. The tubes were filled with a specified amount of
deionised water and the two ends then were sealed with caps. As shown in Fig. 1, the specimen was
put into a protective tube before placing into a furnace.
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Figure 1 = Experimental setup for SCW testing

The pressure of the water depended on its density and temperature, as shown in Fig. 2 [15]. When a
tube was fully filled with water, the density was 1 g.mL™" and the pressure at 500°C was about 995
MPa. When a tube was half filled with water, the density was about 0.5 g.mL™" and the pressure at

500°C was about 90 MPa, which is higher compared to real SCWR. In future work, we will reduce
the work pressure.
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Figure 2 Pressure vs. density of water as a function of temperature [15].
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Separate specimens were heated at 500°C for different times. After the tests, the water inside of the
tube was taken out and the volume was measured. The amount of water lost during the test was
determined.

3. Results and Discussion

3.1 Inconel 625

Alloy 625 tubes were fully filled with deionised water and then heated at 500°C for different durations.
The amounts of water lost during the tests, composition of the water, surface morphologies of the inner
walls and compositions of the oxides were determined after each test.

No cracks were observed for the specimens tested for three weeks. Due to the oxidation/corrosion and
possible water diffusion through grain boundaries (to be confirmed in future work) and the possibility
of a bad seal between the caps and the tube, the amount of water after the tests decreased, and the
results are shown in Fig. 3.
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Figure 3  The amount of water lost during test vs. exposure time.

Due to creep at high temperature and high pressure, the inner diameter of the tubes increased and hence
the volume of the tube increased with the test duration. Because of water loss and creep of the materials
during testing, the density of the water decreased with test duration. After 3 weeks testing, only 76%
volume of the tube was occupied by water. The pressure of the SCW inside the tubes decreased from
about 995 MPa to 210 MPa, based on data in Fig. 2.

Table 1  The composition of the water after exposure (units in ppm)
Test duration Ni Cr Mo Fe Nb Ta
Detection | 0.00006 | 0.00005 | 0.00002 | 0.0037 | 0.00004 | 0.00002
limit, ppm
1 week 0.642 | 0.00781 10.3 | 0.0771 | 0.00065 | 0.00105
2 weeks 1.10 | 0.00231 12.4 0.267 | 0.00034 | 0.00056
3 weeks 0.732 [0.00193 | 16.3 |0.0854 | 0.00027 | 0.00044

The cations in the water after each test were determined using inductively coupled plasma mass
spectrometry (ICPMS) analysis, and the results are listed in Table 1. The concentrations of Mo were
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much higher than those of other cations because molybdenum oxides are very soluble in SCW [14].
The results indicate that molybdenum oxide was formed from Alloy 625 during the test in SCW at

500°C.

Fig. 4 shows the surface morphology of the inner wall of Alloy 625 tube after testing at 500°C for 3
weeks. Cracks were observed in the oxide layer. The same specimen was cut cross-sectionally and the
composition at the surface and two points at different depths were determined using energy-dispersive
X-ray spectroscopy (EDS). The results are shown in Table 2. More Cr, Nb and O and less Ni and Mo
were observed at the surface (Surface 1 and Surface 2) than those in the bulk (Points 3 and 4).
Depletion of Mo in oxide layer consisted with the data in table 1.
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Figure 4  The surface morphology of the inner wall of the alloy 625 tube after testing at 500°C for 3
weeks.

Table 2  EDS results at different points in Alloy 625 tube after tested at 500 °C for 3 weeks (Wt%)

Point 1 Point 2 Point 3 Point 4
Locations Surface 1 Surface 2 2 pm from 10 um from
the surface the surface
0O 3.51 1.67
Cr 34.72 33.05 18.31 19.67
Ni 50.59 53.51 69.53 69.05
Mo 3.84 3.48 5.72 6.06
Nb 1.54 1.57 1.06 0.70
Fe 4.85 4.63 4.62 4.14

32  316SS

Two 316 SS tubes were fully filled with deionised water and two were half filled with deionised water.
Each specimen was tested at 500 °C. For the tube fully filled with water, the initial pressure was 995
MPa. After 4 h exposure, one specimen ruptured (Fig. 5) and one did not.

Fig. 6 shows the cross section of the 316 SS tube fully filled with water after testing for 4 h at 500°C,
which was not ruptured. The right side of the image is the inner wall of the tube. Cracks were detected
that initiated at the inner wall of the tube. The crack lengths were in the range 15 to 50 pm.

Fig. 7 shows the morphologies of the oxide formed on the inner wall of the 316 SS tube after testing at
500°C for 4 h. Cracks were also observed on the oxide layer.
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Figure 5
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Figure 6  The cross section of the 316 SS tube that did not rupture after testing at 500°C for 4 h. The
tube was fully filled with water before exposure.

Figure 7 The morphologies of the oxide formed on the inner wall of the 316 SS tube after testing at
500°C 4 h.

Fig. 8 shows the morphology of the cross section of 316 SS tube half filled with water and tested at
500°C for 1 week. The specimen did not rupture after the test. A Ni-P layer was deposited on top of the
oxide layer before SEM and EDS analysis. The oxide layer was around 1 pm thick. EDS was used to
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analyze the elements at the three points shown in Fig. 8, and the results are listed in Table 3. The oxide
layer has higher concentrations of Cr, Mo and Ni. Ni and P are due to the deposition of Ni and P on top
of the oxide layer. The amounts of Fe and Mn in the oxide layer were less than those in substrate.
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Figure 8  The SEM image of the cross section of 316 SS tube half filled with water and tested at
500°C for 1 week.

Table 3  EDS results on points in Fig. 8 (wt%)

Element Point 1 Point 2 Point 3
O 1.82
Cr 15.85 19.85
Ni 13.41 39.80 95.27
Fe 67.11 33.15
Mn 2.39 1.89
Mo 1.24 1.75
Si 0.33
P 1.41 4.73

4. Summary

No cracks were observed on Alloy 625 after 3 weeks of exposure at 500°C, while cracks were observed
on 316 SS only after 4 h heating at 500°C. These cracks had initiated at the inner wall of the tube.

The oxide layer on 316 SS is much thicker than that formed on Alloy 625. The oxide layers on both
alloys are Cr-enriched.
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