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Abstract

Oxide dispersion strengthened (ODS) steel cladding tubes have been developed for fast reactors. Tempered
martensitic ODS steels with 9 and 11 wi% of chromium (9Cr-, 11Cr-ODS steel) are the candidate material in
research being carried out at JAEA. In this work, fundamental immersion tests and electrochemical tests of 9 to
12Cr-ODS steels were systematically conducted in various nitric acid solutions at 95°C. The corrosion rate
decreased exponentially with effective solute chromium concentration (Crerr) and nitric acid concentration.
Addition of vanadium (V) and ruthenium (Ru) also decreased the corrosion rate. The combination of low Cres and
dilute nitric acid could not avoid the active mass dissolution during active domain at the beginning of immersion,
and the corrosion rate was high. Higher Cress decreased the partial anodic current during the active domain and
assisted the passivation of the surface of the steel. Concentrated nitric acid and addition of Ru and V increased
partial cathodic current and shifted the corrosion potential to noble side. These effects should have prevented the

active mass dissolution and decreased the corrosion rate.
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1. Introduction

Fast reactor fuel pins are heavily irradiated at high temperature, and they are loaded a high internal pressure due
to emission of fission product (FP) gases from the fuel pellets. In order to maintain the durability and efficiency of
the fuel pins, cladding tube materials should have excellent high temperature strength and irradiation resistance.
Oxide dispersion strengthened (ODS) steels have been developed as candidate materials for the cladding tubes
because of their good high temperature strength and irradiation resistance owing to their fine microstructure that acts
as an irradiation defect sink [1-6]. Tempered martensitic ODS steels with 9 and 11 wt% chromium (9Cr-, 11Cr-
ODS steel) were developed in Japan Atomic Energy Agency (JAEA) and have been the primary candidate materials
for research done in JAEA[7-9].  These materials have the above advantages for use as fast reactor fuel pin materials
and an third advantage of structure controllability by a-y phase transformation [10].

After use, spent fuel pins are chopped and immersed into a hot nitric acid solution to leach out the fuel in the
reprocessing process. In order to estimate the influence of corrosion products from cladding tubes on the
reprocessing process, the corrosion behavior should be evaluated. In general, high Cr (>12 wt%) steels have good
corrosion resistance because a passive layer of Cr is formed, making them as well-known and widely used as stainless
steels. Therefore, the corrosion resistance may be a disadvantage of 9 and 11Cr-ODS steels due to their low Cr
concentration, though the other properties are superior. In fact, high Cr ODS steels have been developed from the
view point of corrosion resistance, such as 14Cr-ODS steels, 18Cr-ODS steels, and Al added high Cr ODS steels [11-
13]. Gwinner et al. [14] reported that a ferritic 18Cr-ODS steel have much better corrosion resistance in nitric acid
solutions than that of 9Cr-ODS steel.

The corrosion rate of several JAEA 9Cr-ODS steels in nitric acid solutions has been evaluated and the results
suggested that the corrosion rate in nitric acid solutions drastically changes around 9 wt% Cr in the nominal content
[15, 16]. The corrosion rate of JAEA 11Cr-ODS steel was lower than that of the 9Cr-ODS steels, though only one
lot of the 11Cr-ODS steels has been evaluated as a trial.  In addition, these two reports state that the corrosion rate
in dilute nitric acid solution was higher than that in concentrated nitric acid solution and in solutions with oxidizing
species. This work mainly evaluated the corrosion behavior of 9 to 12Cr-ODS steels in various hot nitric acid
solutions. Immersion tests and electrochemical tests were systematically conducted in order to clarify the corrosion
behavior associated with the Cr concentration in the material, the nitric acid concentration and the existence of

oxidizing species in the solution.



2. Experimental Procedure
2.1 Material

The chemical compositions of martensitic 9 to 12Cr-ODS steels and a ferritic 12Cr-ODS steel tested in this work
are as shown in Table 1. The ODS steels were fabricated by a powder metallurgy process. Raw metal powders
and Y03 powder were mechanically alloyed (MAed) in an attritor type ball-mill with a high purity argon (99.9999
wt%) gas atmosphere. The MAed powders was canned and evacuated to less than 1.3 x 10 Pa at 400 °C. The
sealed cans containing the MAed powder were preheated for over 3 h at 1150 °C, then consolidated into round bars
by hot-extrusion at the same temperature. Some of the hot-extruded round bars were rolled into a tube or flat plate
shape for other mechanical tests, and the rolled materials were also used for the corrosion tests in this work. The
martensitic ODS steels were cured by two step heat treatment to obtain tempered martensitic structure; normalizing
for 1 h at 1050 °C followed by gas cooling and tempering for 1 h at 800 °C followed by gas cooling.  For a ferritic
ODS steel, recrystallization heat treatment for 30 min at 1150 °C followed by furnace cooling was applied.
Conventional 11Cr ferritic/martensitic steel (PNC-FMS) and modified 316 steel (PNC316) were also tested as the
reference materials. Their chemical compositions are shown in Table 2. The actual solute Cr concentration
affecting the passivity is lower than the nominal Cr content because of the carbide precipitation such as M23Cs during
the tempering heat treatment. In order to clarify the relationship between the corrosion behavior and Cr
concentration, the nominal Cr content was redefined as the effective solute Cr concentration Cresr.  The Cretr can be
roughly calculated with following formula considering the mole-fraction of competitive compounds (Fe, Cr)23Cs,
TiC, TiO2 and TiN, where the excess oxygen Ex.O is defined as the value obtained by subtracting oxygen content as
Y203 from the total O content in the steel, a is the Cr/ (Fe + Cr) ratio in (Fe, Cr)23Ce.

[Crerr] = [Cr] — 23/6 X {[C] - [Ti] + [Ex.0)/2 + [N] } Xa (1)

Previous work also estimated the Cresr using this formula [13], though a thermodynamic calculation using FactSage

v.6.4 with FSstel database [17] was done to obtain more realistic Cres Values (Tables 1 and 2) in this work.

2.2 Immersion test
The immersion test in various nitric acid solutions was carried out in order to determine the corrosion rates. Five
nitric acid solutions and three with oxidizing species were prepared for the test as shown in Table 3.  The elements

and concentrations of oxidizing species were chosen on the basis of a model case of the spent fuel leaching [15, 16].



The model case has 8 stages of immersion. S1, S2 and S3 solutions correspond to the stage 1 to 3 which the spent
fuel is dissolved extensively, intermediately and slightly, respectively. The solutions of stage 4 to 8 are almost 12
mol/L nitric acid solution (12M).  According to previous researches [18, 19], the galvanic effect of ruthenium (Ru)
is more extensive than that of other FP elements including platinoids. Vanadium (V) is used to simulate the
presence of plutonium (Pu) because the standard redox potential E° of V(+V)/V(+IV) is close to that of
Pu(+1V)/Pu(+I11) and Pu(+VI)/Pu(+1V) [20, 21]

VO,* + 2H* + & < VO + H,0 )

E° =991 mV/SHE

Pu* + e < Pu® (3)

E° = 1006 mV/SHE

PuO2?* + 4H* +2¢” > Pu** + 2H,0 4)

E° = 1042 mV/SHE

Specimens were cut from the materials and mechanically polished to remove the oxidized surface layer before
the immersion test.  Total surface area of specimens was approximately 20 cm? for each test condition.  The ratio
of solution volume to surface area was over 20 cm®/cm?.  The immersion test was carried out for 30 min at 95 °C.
The mass loss of the specimen due to the immersion test was measured, and converted to the corrosion rate using
the following density values: 7.83 g/cm? for ODS steels and PNC-FMS (BCC structure) and 7.97 g/cm? for PNC316
(FCC structure).

After the immersion test, macro photography of the specimen was done to check the surface condition, such as
color. Some of specimens were observed by scanning electron microscope (SEM) to check and compare the
surface micro morphology. The SEM observation was conducted at two acceleration voltage to confirm the

existence of a film.  The observed particles were analyzed by energy dispersive X-ray spectrometry (EDS).

2.3 Electrochemical test
The electrochemical test consisting of the linear voltammetry test was carried out in order to obtain the
polarization curves for discussion of the corrosion behaviors under various combinations of Cres and nitric acid
solutions.  The materials and nitric acid solutions were the same as those in the immersion test.  Specimens were
cut from the materials and mechanically polished, prior to being installed in the Teflon jig with a window. The

window was located where the specimen was exposed to the nitric acid solution and was a 1 cm? circle shape for



the flat plate specimen and a 0.4 cm? rectangle shape for the tube specimen.

Initially, the specimen was immersed in the nitric acid solution at 95 °C and measurement of the immersion
potential vs. silver-silver chloride electrode (SSE) was started. The immersion potential became relatively stable
in 10 min.  After this 10-min immersion, the specimen was slowly polarized to the anodic potential, and the anodic
polarization curve was obtained. The cathodic polarization curve was obtained similarly with a new specimen and
solution. The potential was swept to 1,200 mV/SSE for the anodic polarization curve to confirm the transition
from passive domain to trans-passive domain. The sweep range was limited 400 mV from the stable corrosion
potential for the cathodic polarization curve, because there were some difficulties for measuring the current for
lower potential side, such as a solution leak into the jig by mass dissolution, and current instability due to crevice
corrosion. The potential sweep rate was 20 mV/min, which was chosen to grasp the corrosion behavior accurately
and to avoid undesirable crevice corrosion due to degradation of the sealing material by long term immersion in the

severe corrosive environmental.

3 Results and discussion
3.1 Immersion test
3.1.1 Corrosion rate dependence on effective Cr concentration Cress

The corrosion rate in the nitric acid solutions depended on the Crefs of the material. And the tendency could be
divided into two groups. One was in nitric acid solutions without Ru and V, and the other was in solutions with Ru
and V. Fig. 1 shows the corrosion rates in the former case. The corrosion rate decreased exponentially with Cregr.
The corrosion rate became 1/2 for 1 wt% Crefs increase (~1 decade decrease for 3 wt% Cress increase) in 3.5M nitric
acid solution, and became 1/3 to 1/4 for 1 wt% Cresr increase (~1.5 to 2 decade decrease for 3 wt% Cresr increase) in
5M to 12M nitric acid solutions, respectively.  The corrosion rate band shifted to lower with nitric acid concentration
increase. In addition, the decrease of corrosion rate stopped between 0.1 and 1.0 mm/y in every solution.

In the case of the solutions with Ru and V, the corrosion rate was divided into two regions as shown in Fig. 2.
The corrosion rate was relatively high for low Cresr, however, dropped to a level between 0.1 to 1 mm/y at a Cregr.

The drop position in S3 solution was at lower Cre than that in S2 and S1 solutions.

3.1.2 Corrosion rate dependence on nitric acid solution condition

The corrosion rate decreased exponentially with nitric acid concentration increase as shown in Fig. 3. The



corrosion rate band shifted lower with Cretr increase, then, the slope became steep. The decrease of corrosion rate
stopped between 0.1 and 1.0 mm/y. The corrosion rates of PNC-FMS and PNC316 were adequately low, even in
3.5M nitric acid solution, and did not show dependence on nitric acid concentration. PNC-FMS contained a small
amount of molybdenum (Mo) which can enhance the passivation. That would be the reason why PNC-FMS showed
better corrosion resistance than 20P did, though the Cress values of both were almost the same. PNC316 also
contained the passivation enhancement elements Mo and silicon (Si), but the effect was not clear because of the much
higher Crer.  The addition of Ru and V into the nitric acid solutions was effective for suppressing higher corrosion
rate (>10 mm/y), but the effect was not clear for lower corrosion rate (<10 mm/y) as shown in Fig. 4. The possible

mechanism of that is described in section 3.2.1.

3.1.3 Surface observation

At the end of the 30-min immersion, the corrosion behavior became a stable state with all test conditions.
However, the surface states after the 30-min immersion test could be categorized into two groups as shown by the
example macro image in Fig. 5. One was a group for which the color changed from silver to brown or black
(designated “B” in Table 4), and the other group retained its silver color (designated “S” in Table 4). When the Cres
was higher, the surface remained silver colored even in dilute nitric acid solutions as shown in Table 4. On the
surfaces of “S” group specimens, the scratches were clear as polished, and any corrosion evidence such as a corroded
film and residual particle was not confirmed by SEM observation as shown in Fig. 5 (20P / 8M). According to
references, the corrosion rate depends on the dissolution of the iron ion until the Cr-rich passive thin layer completely
covers the surface [22]. More concentrated nitric acid solution can form passive thinner film, and the concentration
of Cr in the film is higher [23, 24]. For instance, XPS Cr.03 peak became clear, and Cr(OH)s peak disappeared
owing to increase of nitric acid concentration from 3 to 9 mol/L at room temperature [25]. Thus, the surface of the
“S” group specimens would be passivated with little dissolution, owing to their high Cre and/or strong oxidizing
power of the solutions. The Crest on the surface should have been sufficiently high to be passivated immediately
under the condition that the corrosion rate was less than 1.0 mm/y.

On the other hand, the color change from silver to brown or black indicated that the surface could not be passivated
immediately. On the surface of “B” group specimen, the scratches by polishing were not clear, and a thick film and
many residual particles were confirmed by SEM observation as shown in Fig. 5 (20P / 3.5M). That is the evidence

of significant dissolution of the surface corresponding to the higher corrosion rate of “B” group than that of “S” group.



The particles would be (Fe, Cr)23Cs because they contained Cr, W and C higher than that in the matrix. In addition,
corroded pore with the particles were observed. It is considered that local Cr concentration was especially low
around the particles, and the corrosion was enhanced. The thick film with brown or black color in macro image
should be an oxide layer which was formed when Fe preferentially dissolved from the surface at the beginning of the
immersion, prior to the formation of a high Cr passive thin layer.  The thick oxide layer may be not enough to protect
the metal surface, but the thickness can obstruct the ion migration and/or diffusion between the metal surface and the
solution. As a result, the instantaneous corrosion rate would decrease with immersion time because of the oxide
layer growth.  Finally, Cr would be concentrated enough on the metal surface due to the Fe preferential dissolution
with the thick oxide layer formation, then the metal surface would be passivated. Thus, the corrosion rate for 30
min under “B” group conditions should have depended on the corrosion behaviors; Fe preferential dissolution, the
oxide layer growth and obstruction of the ion migration by thick oxide layer, and passivation of the metal surface.
Qualitatively speaking, higher Cres material is passivated more easily. More concentrated nitric acid solutions and
addition of Ru and V can oxidize the metal surface of the specimen more strongly. These effects should cause the
corrosion behavior transition and corrosion rate change.

The color of PNC-FMS after the immersion test in 3.5M was silver, though its Cresr was lower than that of 21P
whose color was black after the same test. This fact agrees with the lower corrosion rate of PNC-FMS shown in

Fig. 3 and it is suggested that Mo in PNC-FMS could assist the passivation.

3.2 Electrochemical test
3.2.1 Corrosion mechanism of low Cress ODS steel in nitric acid solutions with and without Ru and V
The current stable region is not observed on the polarization curves of MP23 as shown in Fig. 6. But the slope
of the anodic polarization curves up to 900 or 1000 mV/SSE is relatively gentle, hence the region is considered as
the passive domain. Therefore, the corrosion potential of MP23 in all solution existed in the passive domain. The
measured current direction reversed twice on the cathodic polarization curves in 3.5M and 5M around 400 mV.
Same current reverse was confirmed also another 9Cr-ODS steel immersed in 3M at room temperature [23]. The
current reverse indicated that the partial anodic current exceeded the partial cathodic current.  In other concentrated
nitric acid solutions and the solutions with Ru and V, the current reverse was not observed.
The electrochemical reaction of nitric acid solution which imposes the redox potential of the solution is the

reduction of nitric acid HNOs into nitrous acid HNO; [19, 21]



NOs + 3H* +2e- > HNO2 + H,0 (5)

E° =934 mV/SHE
Therefore, the redox potential increases with concentration of NOs™ and proton H*, and decreases with nitrous acid.
The tendency agrees with the shift of the cathodic polarization curve and stable corrosion potential to noble side with
nitric acid concentration in thiswork. In addition, the redox potential increases with also temperature [26]. Fauvet,
et al. [19] summarized the corrosion mechanism of stainless steel in nitric acid solution and the solution containing
oxidizing species as follows. Nitric acid is indirectly reduced by an autocatalytic mechanism including a charge

transfer step and a chemical reaction which regenerates the electro-active species

HNO; + H* + & <> NO + H,0 (6)
HNO3 + NO <> HNO; + NO» (7)
HNO; + HNO; <> 2NO, + H,0 8)

For dilute nitric acid concentration (<6 mol/L), the reaction of regeneration of nitrous acid (7) is slow. On the other
hand, the reaction (7) is fast for concentrated nitric acid solution (>8 mol/L), because it is enhanced by the high nitric
acid concentration, that is, the autocatalytic mechanism. Then, the reaction (8) is supposed to be at equilibrium.
In case of the solution containing oxidizing species whose redox potential are higher than that of nitric acid, the
reaction of the reduction of the solution is the reduction of the oxidizing species by metallic elements of steel rather
than reaction (5). With reference to the mechanism described above, the polarization curve obtained in this work
can be interpreted as below.

The partial cathodic current by the reaction (6) and (7) is low for dilute nitric acid solution (3.5M and 5M).  Then,
the partial cathodic current by the reduction of proton is relatively significant, especially for lower potential.

2H" + 26" H; )
On the other hand, the partial anodic current is provided by oxidation reaction and dissolution reaction of the metal
elements of the steel, where “M” in equations means metal.

M + nH2O < MO, + 2nH* + 2ne (10)

M < M™ + ne (11)
Therefore, the following chemical reactions are possible in dilute nitric acid solutions.

(6) x 2n + (10)

M + 2nHNO; — MO, + 2nNO + nH;0 (12)

(9) xn+(11)



2M + 2nH* — 2M™ + nH, (13)

It is considered that the current reverse as shown in Fig.6 was caused by the lowness of the partial cathodic current
by the reaction (6). Therefore, the reaction (13) would be not negligible for the potential less than the second reverse
potential (~500 mV/SSE). That means MP23 in 3.5M and 5M underwent active mass dissolution by the reaction
(13), when the specimen polarized to the stable corrosion potential at the beginning of the immersion.

For moderate or more concentrated nitric acid solutions (8M, 10M and 12M), the current revers was not observed,
therefore, the partial cathodic current is higher than the partial anodic current even during the active domain. That
indicates that the reaction (6) to (8) were enhanced by the autocatalytic mechanism of nitric acid, and the reaction
(12) become dominant rather than the reaction (13). As a result, the surface of the specimen would be passivated
in rapidly, though MP23 would undergo a certain dissolution as categorized “B” in Table 4 because of lower Cr
concentration of MP23 than that of what so-called stainless steel.

The redox potential of the oxidizing species of Ru and V added to the solution in this work is higher than that of
nitric acid (5) [21]

VO;* + 2H" + & - VO?* + H,0 2

E° =991 mV/SHE

RuO; + 4H* +2e" <> Ru?* + 2H,0 (14)

E° = 1120 mV/SHE

RuO4 + e <> RuO4 (15)

E° = 1000 mV/SHE
Ru generally forms ruthenium (+111) nitrocyl Ru(NO)3* in nitric acid solution, but it can be oxidize to ruthenium
(+V111) tetra-oxide in hot nitric acid solution, and the possibility of the enhancing catalytic effect on the reduction
reaction of nitric acid (5) by ruthenium (+1V) dioxide has been also suggested [27]. Therefore, the cathodic reaction
should be dominated by the effect of these oxidizing species. This mechanism can explain the stable corrosion
potential shift to noble side by the addition of Ru and V into the solution. In addition, it is clear that the partial
cathodic current was much increased by Ru and V as shown in Fig. 6.  These stronger oxidizing power by Ru and
V must have assisted to passivate the surface of the specimen immediately, and suppressed the dissolution less than
that by the solution without the Ru and V. This effect should be remarkable when the active mass dissolution is
avoided. If the concentrated nitric acid solution and/or high Cres could prevent the active mass dissolution, the

amount of dissolution would be small regardless of whether the solution contained Ru and V or not. That is



considered to be the reason why the effect of addition of Ru and V was not clear for lower corrosion rate (<10 mm/y)

as shown in Fig. 4.

3.2.2 Cress effect on corrosion behavior and mechanism

The steel with higher Cre than that of 15P, except for 20P, did not undergo the current reverse in 3.5M for which
oxidizing power is the weakest among all the solutions as shown in Fig. 7. Although the polarization curve
suggests that 20P would undergo an active dissolution, the current reverse section for 20P was narrow, and the
anodic current in this section was much lower than that for MP23. Therefore, the amount of dissolution of 20P
before passivation could be not large. Actually, the corrosion rate of 20P in 3.5M was lower than that of 15P.
These results indicated that the enrichment of Cress can decrease the partial anodic current during the active domain,
and prevent the active mass dissolution. In addition, the anodic current during the passive domain tended to
decrease with Crerr.  The corrosion rate of the steel with higher Cresr at the stable passive state for a long term will
be lower. According to a previous work [28], the surface of a 15Cr-ODS steel is covered by a passive film
consisted of Cr,O3 after immersion into a dilute nitric acid solution (1M, room temperature). On the other hand,
another 11Cr-ODS steel in the report is covered by a film consisted of Cr(OH); and Cr,O3 after the same solution.
That indicates that higher Cress forms more protective passive film, and supports the effect of high Cres in this work.

The effects of Cresr, nitric acid concentration and addition of Ru and V, which make oxidizing species, are

summarized in Fig. 8 on the basis of the results obtained in this work and the above discussion.

4, Summary
In order to understand the corrosion behavior of 9 to 12Cr-ODS steels in a fuel reprocessing process, short term
(30 min) immersion test and electrochemical test in hot nitric acid solutions were carried out.  Especially, this work
focused on the effects of Cre, nitric acid concentration and addition of Ru and V which make oxidative species.
The knowledges obtained in this work are as follows.
(1) The corrosion rate of the ODS steels for 30 min decreases exponentially with Cres.  The corrosion rate
become 1/2 or 1/4 for 1 wt% Cres increase.  The corrosion rate in nitric solutions with Ru and V drops over
1 decade at a Cresr.  The drop point depends on the concentration of nitric acid, Ru and V in the solution.

(2) The corrosion rate of the ODS steels for 30 min decreases exponentially with also nitric acid concentration

10



3)

(4)

©)

increase. The decrease slope becomes steep with Cre increase.  The addition of Ru and V decreases the
corrosion rate, the effect is especially remarkable for the combination of low Cres and dilute nitric acid
solution corresponding to high corrosion rate.

The corrosion rate decrease stops between 0.1 and 1.0 mm/y when the combination of the steel and solution
includes at least one of high Cres, high nitric acid concentration and addition of Ru and V. In case of such
condition, the surface is hardly corroded for short term.

The partial cathodic current by the reduction of dilute nitric acid solution is low. The partial anodic current
of low Cress material during active domain is high. Thereby, the combination of low Cref steel and low
nitric acid concentration cannot avoid an active mass dissolution at the beginning of the immersion, and
increases the corrosion rate for short term immersion.

High Cres steel, concentrated nitric acid solution and addition of Ru and V can prevent the active mass
dissolution owing to low partial anodic current during the active domain and/or high partial cathodic current
by the strong oxidizing power of the solution. The combination of them can assist to passivate the surface

immediately, and decrease the corrosion rate for short term immersion.
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Figure captions
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

. 1 Dependence of corrosion rate in nitric acid solutions for 30 min at 95°C on Cresr.
2 Dependence of corrosion rate in nitric acid solutions with Ru and V for 30 min at 95°C on Cresr.
3 Dependence of corrosion rate in nitric acid solutions for 30 min at 95°C on nitric acid concentration.
Values in parentheses are Crer.
4 Corrosion rate suppression by addition of Ru and V to nitric acid solution.
Values in parentheses are Cre.
5 Surface optical macro image of 15P and 20P, and SEM micro image of 20P after 30-min immersion tests in
3.5M and 8M at 95°C.
Spot No.5 of EDS analysis is matrix, and the others are particles observed as random shaped bright feature.
6 Cathodic and anodic polarization curves of MP23 in nitric acid solutions at 95°C.
7 Cathodic and anodic polarization curves of steels with different Cre in 3.5M at 95°C.
Value in parentheses is Cref
8 Schematic of the effect of Cres increase, nitric acid concentration increase and addition of Ru and V on the

corrosion mechanism.
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Tables

Double column

Table 1 Chemical compositions of martensitic ODS steels and a ferritic ODS steel (F14).

Chemical composition (wt%)

-t C Si Mn P S Ni Cr W Ti Y @) N Ar Y203V  Ex.0?  Cres®
Mm23 0.13 <0.01 <0.01 <0.005 0.002 <0.01 857 199 019 028 0167 0.008 0.005 0.36 0.09 7.47
Mm19L 0.14 0.05 0.05 <0.005 0.001 <0.01 889 202 020 027 0170 0.010 0.005 0.34 0.10 7.69
MP23 0.13 0.06 0.05 <0.005 0.001 <0.01 9.08 191 022 028 0140 0.006 0.005 0.36 0.06 8.10
Mod-3 0.14 <0.01 <0.01 <0.005 0.002 033 1003 144 021 027 0162 0.003 0.005 0.34 0.09 8.83
19pP 0.12 0.07 0.07 0.007  0.004 040 1042 137 024 027 0130 0.011 0.005 0.34 0.06 9.54
15P 0.14 0.04 0.05 <0.005 0.003 040 1082 128 022 027 0133 0.006 0.004 0.34 0.06 9.72
17p 0.13 0.04 0.04 0.005  0.002 040 1090 130 028 027 0138 0.004 0.005 0.34 0.07  10.03
20P 0.13 0.07 0.07 0.006  0.003 040 1121 121 023 027 0130 0.008 0.005 0.34 0.06 10.22
21P 0.13 0.07 0.07 0.007  0.003 039 1179 110 024 027 0130 0.007 0.005 0.34 0.06 10.82
F14 0.04 0.05 0.09 0.005  0.004 008 1137 183 026 018 0110 0.011 0.005 0.23 0.06 11.28

1) Calculated from Y content with the assumption that Y is present as Y20s.

2) Defined as the value obtained by subtracting oxygen content as Y03 from the total O content in the steel.

3) Defined as the effective solute Cr concentration obtained by thermodynamic calculation.
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Double column

Table 2 Chemical compositions of conventional martensitic steel (PNC-FMS) and modified 316 steel (PNC316) used as reference materials.

Chemical composition (Wt%)

Lot
C Si Mn P S Ni Cr Mo W Co B
PNC-FMS 0.10 0.07 0.54 0.002 0.002 0.32 11.05 0.45 1.89 — —
PNC316 0.06 0.79 1.66 0.030 0.005 13.88 16.36 2.49 — 0.010 0.0043
N Cu Ti \Y Nb Ta As Al Zr 0 Crest)
0.044 — — 0.21 0.055 — — — — — 10.24
0.005 0.02 0.09 0.02 0.070  <0.002 0.001 0.015 <0.01 0.001 16.31

1) Defined as the effective solute Cr concentration obtained by thermodynamic calculation.
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Single column

Table 3 Nitric acid solutions for immersion and electrochemical tests.

Solution 35M 5M 8M 10M 12M S1 S22 S8

HNOs(mollL) 35 5 8 10 12 35 8 10

V(g/L) - - - - - 44 176 0.88
Ru(g/L) - - - - - 254 102 051
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Single column

Table 4 Summary of surface color after 30 min immersion tests at 95°C.

Cres HNO3 with Ru and V
ot (wt%)  35M 5M 8M 10M 12M S1 S2 S3
Mm23 7.47 B B B B B B B B
MP23 8.10 B B B B B B S S
19P 9.54 B B B S S S S S
15P 9.72 B B B B S S S S
17P 10.03 B B B B S S S S
20P 10.22 B B S S S S S S

PNC-FMS 10.24 S S S s S S S S
21P 10.82 B S S S S S S S
F14 11.28 S S S s S S S S

PNC316 16.31 S S S s S S S S

B: Black or Brown S: Silver
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Figures
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Fig. 1 Dependence of corrosion rate in nitric acid solutions for 30 min at 95°C on Crer.
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Fig. 2 Dependence of corrosion rate in nitric acid solutions with Ru and V for 30 min at 95°C on Cres.
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Fig. 3 Dependence of corrosion rate in nitric acid solutions for 30 min at 95°C on nitric acid concentration. Values in
parentheses are Cregr.
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Single column
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Fig. 4 Corrosion rate suppression by addition of Ru and V to nitric acid solution. Values in parentheses are Cregs.
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Double column
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Fig. 5 Surface optical macro image of 15P and 20P, and SEM micro image of 20P after 30-min immersion tests in
3.5M and 8M at 95°C.
Spot No.5 of EDS analysis is matrix, and the others are particles observed as random shaped bright feature.
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Single column
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Fig. 7 Cathodic and anodic polarization curves of steels with different Crefs in 3.5M at 95°C.
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Fig. 8 Schematic of the effect of Cref increase, nitric acid concentration increase and addition of Ru and V on the

corrosion mechanism.
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