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Abstract: The corrosion cracking of stainless steels is an important degradation phenomenon not only
in nuclear reactors but also in the other industrial factories. In this work, experimental research of
mechanical properties and electro-chemical processes to degradation of carbon steel and SS304 was
carried out. Hardness values, ultimate tensile strength, yield strength, elongation values and impact
energy which are typical for material mechanical properties were measured. When changing heat
treatment conditions, the differences of mechanical properties were not really significant. In electro-
chemical experiments, the OCP results of C45 steel and 304 Stainless Steel in Cl- environment took
initial assessment of corrosion process. The corrosion process of C45 was accelerated over Cl-

concentration. In the case of 304 Stainless Steel, Cl- ions did not significantly affect corrosion process,
only slowed down the formation of the chromium oxide layer on the SS304 surface. In the last section,
experiments were conducted to get a procedure on the determination of 10B/11B isotope ratio in water
samples by isotope dilution – inductively coupled plasma mass spectrometry.
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I. INTRODUCTION

In Vietnam, studies on corrosion of reactor material in high-temperature water environments
for long time, to evaluate mechanical properties of reactor materials is a completely new field. To
meet the demand of the material field in general as well as the nuclear power industry in particular,
study on reactor material behavior plays an important role. This work has five main contents, two of
which focused on overviewing the types of major materials used in nuclear power plants (NPPs),
the material degradation process in reactor operating conditions and reactor coolant chemistry of
light water reactor (PWR). The sections 3 and 4 focus on experimental research on some
mechanical and electro-chemical processes to degradation of carbon steel and SS304. The section 5
provides a procedure on the determination of 10B/11B  isotope ratio in water samples by isotope
dilution-inductively coupled plasma mass spectrometry.

II. EXPERIMENTAL, RESULTS AND DISCUSSION

1. Study on some mechanical properties of SS304L under different heat treatment
conditions

1.1. Materials

The chemical composition (by weight) of SS304L is shown in Table 1.

Table 1: Chemical composition of SS304L material (by weight)

Element C Mn P S Si Cr Ni Mo Cu V

% (by weight) 0.0235 1.69 0.0311 - 0.368 19.0 8.78 0.128 0.154 0.0628

1.2. Specimen preparation

Standard specimens for hardness test (MC1÷MC5), tensile test (MK1÷MK5) and V-notch
impact test (5 speimens at 300C and 5 speimens at 00C, M6÷M10) were prepared from stainless
steel plates.

1.3. Heat treatment

Samples from M1 to M5 were heated at 30oC (not heating), 300oC, 700oC, 850oC and 900oC,
respectively, followed by cooling in same furnace to room temperature; Samples from M6 to M10
were heated at 30°C (non-heating), 300°C, 700°C, 800°C and 900oC, respectively, followed by
cooling in the air.

1.4. Hardness test

The results of hardness test for MC1÷MC5 were shown in Fig. 1. When the heating
temperature increased, the hardness of the steel decreased. However, the hardness value generally
did not change significantly, because the austenitic steel was a kind of soft steel. Typically, low
tempering (incubation temperature < 300oC) reduced the residual stress without the mechanical
property change of the material.

1.5. Tensile test

The results of ultimate tensile strength (UTS), yield strength (Ys) for MC1÷MC5 were shown
in Fig. 2.
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It has been shown that at the heating temperature 300 ÷ 900oC, the elongation value of
SS304L was almost unchanged. However, the value of ultimate tensile strength and yield strength
varies considerably. Tensile strength decreases from MK1÷MK5. The yield strength value also tends
to decrease similarly, slightly decreasing from 175MPa (MK1) to 150MPa (MK2). Especially, when
the heating temperature increased to 700oC and higher, the yield strength value reduced sharply at
MK3, then slightly increased. This is consistent with the trend of most steel materials, the yield
strength decreases as the heating temperature increases. The microstructure analysis data in the
following section may explain this trend.

1.6. Charpy impact test

The results of impact energy for M6÷M10 specimens were shown in Fig. 3.

Specimens at room temperature have larger impact on energy than those at 0oC. As the
normalizing heat temperature rises, the impact energy decreases. The presence of chromium causes
the austenite to shrink, while the presence of nickel expands the austenitic zone, resulting SS304L
has a wider austenitic phase than the corresponding carbon steel does.

Fig. 1. Hardness values at
different heating temperatures

Fig. 2.  Tensile test results at
different heating temperatures

Fig. 3. The impact energy of
M6÷M10 specimens

1.7. Microstructure

It has been shown that phase composition changes corresponding to different heat treatment
conditions (Fig. 4,5).

a, b. M1 c, d. M2 e, f. M3 g, h. M4 i, k. M5

Fig. 4. The microstructure of M1, M2, M3, M4 and M5 specimens (x1000)

It can be seen that in M1 when not heat-treated a delta-ferrite () phase is seamlessly
distributed across the austenite matrix (). In M2 delta ferrite () phase distribution on the austenite
matrix () was more fragmented and finer, showing better material properties. At the temperature of
700°C, the phase composition of the M3, M4 changes with the presence of sigma () phase. In M4,
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the more the sigma phase was produced at the grain boundaries, the more negatively mechanical
properties were changed. In M5, the sigma phase () is smaller and more fragmented than in M4
resulting in brittle and poor mechanical properties. When comparing microstructure data and yield
strength, it can be seen that the microstructural results were able to explain for reducing trend of
yield strength. Forming brittle sigma phase are responsible for the reduction of the yield strength. A
slight increase in the yield strength in M5 compared to the M4 sample may be due to less sigma
phase density (Fig. 4).

a, b. M7 c, d. M8 e, f. M9 g, h. M10

Fig. 5. The microstructure of M7, M8, M9, M10 specimens (x 1000)

In M6(M1)-as-received specimen, delta-ferrite phase exists on austenite matrix phase (Fig. 4).
After normalizing heat treatment, the sigma phase appears in samples of M7, M8, M9 with different
densities and locations, concentrated mainly in the delta ferrite phase or at the austenite boundary. It
is important that the sigma phase density in the M9 decreases comparing to samples M7, M8,
especially, in the sample M10, the sigma phase no longer appears (Fig. 5). As it is known that the
sigma phase is brittle, which reduces the mechanical properties of the material, eliminating the
sigma phase is very important to improve the mechanical properties of the material.

1.8. Discussion

- When increasing the heating temperature in range 30÷900oC followed by incubation, the
difference in hardness data was not really significant.

- When increasing the heating temperature, the ultimate tensile strength and yield strength of
MK1÷MK5 samples decreased while the elongation values were almost unchanged. The cause of
this is the appearance of the brittle sigma.

- When increasing the normalizing heat temperature, the impact energy decreased. The
impact energy of room temperature-samples was higher than that of 0oC specimens.

- For samples at the same normalizing heat temperature, the microstructure images of M6-
M10 showed the presence of sigma phase but successfully eliminated in M10, showing improved
mechanical properties of the material.

2. Investigation of electro-chemical corrosion process of low carbon steel and SS304 in
simulated-PWR secondary coolant conditions

2.1. Sample Composition
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The specimen used in this study was C45 steel and 304 Stainless Steel.

Table 2: Chemical composition of C45 steel and SS304

Material
Composition (%)

C Si Mn P S Cr Mo Ni

C45 Steel 0.42-0.49 <0.37 <0.8 - - <0.25 - <0.25

SS304 0.08 1.00 2.00 0.045 0.03 18.0-20.0 - 8.0-10.5

There are three types of specimens selected: the cylinder, the flat plate and the square prism
form with wire connected that have been shown in 2.3.

2.2. Solution preparation

The Sodium Chloride (NaCl) solutions: Concentrations: 0.1M; 0.3M; 0.6M (equivalent to
3.5% concentration of sea water) and 1M. Volume (V): 250mL/sample (4 samples)

2.3. Electrode preparation

From the C45 steel plates and SS304 steel specimens were cut, degreased with soap, polished
with abrasive papers 400-grade, 600-grade and 1000-grade, then rinsed with ethanol 980 and finally
dried in air. With flat plate-specimens, one side of the specimen was wrapped partially by adhesive
tape and the other side was sealed as shown in Fig. 6. The cylinder specimens were mounted in
epoxy with only the working electrode surface exposed as shown in Fig. 7. The square prism
specimens were connected with wire by welding as shown in Fig. 8.

Fig. 6. The two sides of the flat
plate electrodes

Fig. 7. Cylindrical electrode
specimen

Fig. 8. Specimen with welded
wire

2.4. Experimental

The electrochemical equipment was set-up in a Faraday Cage (earthed) to reduce interference.
Three electrodes were as follows: 1) Working Electrodes made by C45 specimens and SS304 steel
specimens. 2) Reference Electrode (RE) made by Ag/AgCl electrode and 3) Counter Electrode EC
made by Platinum.

2.5. Results

The open-circuit potentials (OCPs) of C45 and SS304 electrodes show that:

- For the case of C45, the OCPs decrease over time with initial value was about - 0.44V.
After a period of 24 hours (1 day), this value decreases to about - 0.6V. This reduction of OCP
value indicated that the corrosion process of C45 in Cl- environments was accelerated over time.
When the concentration of NaCl increased from 0.1M to 1.0M, rate of the corrosion process also
increased because of increasing Cl-. (Fig. 9)
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Fig. 9. The OCP of C45 in NaCl
solutions (0.1 ÷ 1M) for 24 hours

Fig. 10. The OCP of SS304 in NaCl
solutions (0.1 ÷ 1M) for 24 hours

- For the case of 304 Stainless Steel, the open circuit electrochemical OCP increase over
time with initial value was about - 0.25V. After a period of 24 hours (1 day), this value increases to
0V → - 0.1V. This increase of OCP value indicates that the corrosion process of 304 Stainless Steel
in Cl- environments did not occur. A passive chromium oxide film which is very stable in the
chlorine environment was created. However, when the concentration of NaCl solution increases to
1M, the Cl- concentration slightly slows down the rate of formation of passive chromium oxide film
(Fig. 10).

2.6. Discusion

Due to the experimental conditions at room temperature, the SS304 material used as working
electrodes (WE) were not stressed, the corrosion phenomenon caused by chloride ion on SS304 was
unclear. In subsequent studies, it would be expected using stressed electrodes such as U-bend
specimen with the experimental temperature up to 800C. Other electrochemical techniques such as
EIS and Linear Polarization would also be used to investigate corrosion and erosion processes.

The OCP results of C45 steel and 304 Stainless Steel in Cl- environment took initial
assessment of corrosion process. The corrosion process of C45 was accelerated over Cl-

concentration. In the case of 304 Stainless Steel, Cl- ions did not significantly affect corrosion
process, only slowed down the formation of the chromium oxide layer on the SS304 surface.

3. PROCEDURE ON THE DETERMINATION OF 10B/11B ISOTOPE RATIO IN
WATER SAMPLES BY ISOTOPE DILUTION-INDUCTIVELY COUPLED PLASMA
MASS SPECTROMETRY

3.1. Principles

After adjustment of sample medium, the addition of a certain amount of enriched 10B isotope
into sample, which was then injected to plasma chamber and measured at m/z = 10 and m/z = 11 for
10B, 11B, respectively. The isotope ratio 10B/11B was determined through correlation of 10B and 11B
signals with the addition of 10B amounts.

3.2. Sample preparation

3.2.1.Water samples
All water samples (mineral water, drinking water, pure water, natural water, etc.) were stored

in polyethylene bottles at 8oC. The volume of 5-7 ml each sample was transferred into five of 10 ml
plastic volumetric flasks. Adding 0.5 ml of 10% HNO3, 0.5 ml of 2.5% D-mannitol solution, and



VINATOM-AR 16--22

The Annual Report for 2016, VINATOM 209

different amount of enriched 10B standard then filled up with ultrapure water before the
measurement. A blank sample was prepared with each batch of samples.

3.2.2.Simulated primary coolant water samples
According to the primary coolant water standard of VVER 1000/1200 units, boron

concentration was kept in the range of 1000 – 2500 mg/l during the operating cycle that depended
on the level of nuclear fuel burning. pH300 was monitored in the range from 7.0 to 7.2, which was
held stably by adding a small amount of KOH and NH3 solutions. Total alkalinity was given by
concentration of potassium in the range 2-20 mg/l, 5 mg/l NH3 solution.

A synthesized water sample with the composition of 1400 mg/l Boron as H3BO3, 24 mg/l
KOH and 5 mg/l NH3 to adjust the pH25 in the range of 7.3-7.4 was prepared in ultrapure water.
This stock sample was then diluted proportionally to getting lower concentration of B into 10ml
volumetric flasks, where the enriched 10B was spiked. These sample solutions were measured using
ICP-MS system under the identical condition. The signal (cps) at m/z =10 and m/z=11 for 10B and
11B, respectively were recorded.

3.3. Selection of optimal conditions on ICP-MS system

The operating conditions of ICP-MS system were optimized by using tuning solution contains
7Li, 9Be, 59Co, 115In, 138Ba, 140Ce, 206Pb and 238U (10µg/L of each). Optimization of conditions
should be suitable for the obtaining of the maximum signals at m/z = 10,11 for boron.  The
operating conditions of ICP-MS system and the data acquisition parameters were summarized in
Table 3.

Table 3: Operating parameters of ICP-MS system

Parameters Value Parameters Value

RF power 1240W Analytical Pressure 3.10-4-2.10-3 Pa

RF Matching 1.45V Ion lens voltage 5.75 V

Sample uptake 90 s Coolant flow 2.2 l.min-1

Sample flow 0.1 ml.min-1 Coolant temp 2oC

Sample depth 6.4mm Data acquisition:

Plasma gas flow 15 l.min-1 Peak pattern Full quant (3)

Carrier gas flow 1.2 l.min-1 Integrations time 0.1s

Auxiliary gas flow 0.9 l.min-1 Repetition 3

Rinsing solution contains 0.5% HNO3 and 0.05% mannitol was applied to decreasing the
memory effect caused by ICP-MS system.

The dead time effect was automatically corrected with the instrument software through count
rate.

3.3.1. Measurement steps on ICP-MS system

Step 1: Turning on instrument by operating procedure of manufacturer

Step 2: Using Chemstation software to set up database, method and sequence.

Step 3: Rinsing of sample injection tube, spray chamber and nebulizer by ultrapure water (120
second)
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Step 4: Rinsing of sample introduction tube, spray chamber and nebulizer by 0,5% HNO3 +
0,05% mannitol solution (120 second).

Step 5: Measure signal of 10B and 11B of blank solution.

Step 6: Measure signal of 10B and 11B of sample solution I.

Step 7: Repeating step 3 again.

Step 8: Measure signal of 10B and 11B of sample solution II.

The measurement procedure was repeated from blank solution until the last sample.

Data were collected through signals intensity of 10B and 11B at m/z=10,11 respectively.

3.3.2. Data processing, calculation and showing the result

Building a plot performed the correlation of 10B and 11B signals toward the added amount of
enriched 10B that would show by an equation Y = A + BX. The 10B/11B isotope ratio was calculated
by following formula:

where: A10 denoted the coefficient of the plotted curve on the basic of dependency between
10B signal and 10B spike amounts;

A11 denoted the coefficient of the plotted curve on the basic of dependency between 10B
signal and 10B spike amounts;

Relative standard deviation (%RSD) in this measurement was calculated by following
formula:

Results must display together with standard deviation to show the uncertainty of
measurement. The expanded uncertainty should be calculated via the introduction of a certified
reference sample.

III. CONCLUSIONS

After 2 years of implementation, the project "Study on some experimental conditions that
affect corrosion of some structural steel materials using in nuclear power plant" has completed the
required research contents as follows:

- Investigating the types of major alloy, steel materials used in NPPs and the major material
degradation processes in operating reactor conditions; including 7 topics about steel materials and
alloy materials used in NPPs (carbon steel, stainless steel, Ni-based alloy; welding materials):
composition, physical properties, mechanical properties, used locations; The major material
degradation processes in the primary circuit of PWR (SCC, PWSCC, irradiation embrittlement,
IASCC) and in the secondary circuit of PWR (FAC, fatigue, ...); The methods to evaluate the
mechanical properties of steel materials and alloys; The mechanism of material degradation/aging
and NDT in aging management; Evaluating life expectancy of alloy materials used in NPPs.

- Investigating PWR coolant chemistry, including water treatment technology and water
quality standards used in PWR (VVER type).
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- Experimentally researching to evaluate mechanical properties of SS304L: specimen
preparation; study on changing hardness, tensile strength and impact energy of SS304L under
different heat treatments;

- Experimentally researching electrochemical corrosion process of SS304 and low carbon
steel in simulated-PWR secondary water conditions and then compare corrosion processes of steel
materials in some corrosion environments.

- Researching to get a procedure on the determination of 10B/11B isotope ratio in water
samples by isotope dilution – inductively coupled plasma mass spectrometry.

The initial results of mechanical properties of SS304L under different heat treatments;
electro-chemical experiments about corrosion potentials of SS304, carbon steel and research of
procedure to determine 10B/11B isotope ratio by isotope dilution technique (ID-MS) from this work
have shown not only researching and evaluating abilities but also corrosion-controlling ability of
material researching team of Institute for Technology of Radioactive and Rare Elements (ITRRE),
Vietnam Atomic Energy Institute.
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