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Si-rich phases and their distributions in the oxide scale formed on 304 stainless

steel at high temperatures

Lichun Zheng®, Kazuya Hosoi®, Shigeru Ueda?, Xu Gao? Shin-ya Kitamura?, Yoshinao
Kobayashi®

2 Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Katahira 2-1-
1, Aoba-ku, Sendai 980-8577, Japan
b Laboratory for Advanced Nuclear Energy, Institute of Innovative Research, Tokyo Institute of

Technology, Ookayama 2-12-1, Meguro-ku, Tokyo 152-8550, Japan

Abstract-Si-rich phases and their distributions in the oxide scale formed on 304 stainless steel
(304SS) kinetically affects SiO, volatilization for the formation of silicate-based Cs-bearing
microparticles released during the Fukushima Daiichi Nuclear Power Plant accident. Therefore, we
investigated Si-rich phases and their distributions in the oxide scale on 304SS oxidized in H,O-H,
mixtures over the temperature range 1000-1300 °C. SiO, film stays at the base of the Cr,O;-type
scale formed at low temperatures or high H, contents in steam. Fe,SiO, phase is non-uniformly
distributed in the spinel-type scale formed under opposite conditions. Fe,SiO, accumulation in the
spinel-type scale is attributed to its thermodynamically metastable state in H,O—H, mixtures. With

increasing oxidation time, Fe,SiO, phase was further oxidized into SiO, phase.

Keywords: 304 stainless steel; Oxidation; High temperatures; Si distribution; SiO,; Fe,;SiO4

1. Introduction

A huge amount of radioactive materials were released into the environment during the Fukushima
Daiichi Nuclear Power Plant (FDNPP) accident initiated by the tsunami following the Great East
Japan Earthquake on 11 March 2011, causing severe radioactive contamination in Northeast Japan.
Radioactive Cs including 3*Cs and '¥’Cs is one of the most abundant and active radionuclides
generated in nuclear reactors through fission reactions [1]. Except water-soluble Cs-bearing
microparticles [2], two types of water-insoluble Cs-bearing microparticles, i.e., spherical and non-
spherical, have been reported [3-9]. Adachi et al. [3] first analyzed the spherical Cs-bearing
microparticles collected in Tsukuba located 170 km southwest of FDNPP using scanning electron

microscope (SEM), revealing Cs, Fe, Zn, Mn, CI and O elements in the microparticles. Abe et al.
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[4], using synchrotron radiation X-ray analyses, found that the spherical Cs-bearing microparticles
contain radioactive U along with Cs, and that the microparticles have a glass-like structure.
Presence of Si in the microparticles was not confirmed in the studies by Adachi et al. [3] and Abe et
al. [4] due to the use of Si-containing sample substrates. Kogure ef al. [5] and Yamaguchi et al. [6]
performed further characterization on the spherical microparticles collected in Fukushima using
scanning transmission electron microscope (STEM) and revealed their silicate matrix containing
substantial elements of Cs, Fe, Zn, Sn, K, Rb, Cu, Mo, Cl, S, and Te. Fe and Zn are homogeneously
distributed in the microparticles while most other elements vary radially especially for large
microparticles [5,6]. The non-spherical Cs-bearing microparticles, both single particles and
aggregates, were collected in Fukushima and analyzed by Satou et al. [7], Yamaguchi ef al. [8] and
Higaki et al. [9]. The non-spherical microparticles have similar main components as the spherical

microparticles but contain more minor elements, such as Cr, Ni, Al, Ti and Ca.

Since SiO, forms the matrix of the Cs-bearing microparticles [5,6], one of the most concerning
issues is Si0; origin. Kogure ef al. [5] suggested that SiO, may come from glass fibers used in heat
insulators covering the pipes for water coming in and out of reactor pressure vessel (RPV) or from
concrete structures located at the bottom of the containment vessel. However, both glass fibers and
concrete structures contain substantial amounts of Ca and Al, which are absent in most observed
Cs-bearing microparticles. Ogawa et al. [10] proposed the possibility of SiO, volatilization from Si-
containing steels used in nuclear reactors as control rod claddings and tie plates supporting fuel rods,
and subsequent deposition during which Cs and other elements are incorporated into SiO, by
diffusion. The proposal by Ogawa et al. [10] seems more reasonable as SiO, volatilization in steam
and hydrogen atmospheres has been widely reported in many research fields [11-13]. Currently,
this proposal is under further study by other investigators [14,15]. A. Suzuki [15] simulated Cs-
bearing microparticle formation via SiO, volatilization and deposition using SiO, + Cs,CO;
powders and soda-lime glass + Cs,CO; powder heated in H,O—Ar and H,O-H, atmospheres in the
temperature range 1200-1600 °C and observed that the size and morphology of deposited SiO,

microparticles strongly depend on atmosphere and temperature.

Small additions of Si have long been known to improve oxidation resistance of stainless steels.
Upon oxidation, SiO, or Fe,SiO,4 phase is formed in the oxide scale with different distributions,
depending on Si content, steel composition, atmosphere, temperature and other factors [16-26].
Apparently, Si-rich phases and their distributions in the oxide scale kinetically affect SiO,

volatilization and thus Cs-bearing microparticle formation. Therefore, for better understanding SiO,
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volatilization from Si-containing steels, sufficient knowledge on Si-rich phases and their
distributions in the oxide scale formed on the steels is required. 304 stainless steel (304SS)
containing around 1 wt.% Si is used in nuclear reactors as control rod claddings containing B4C
powder or pellets. At temperatures below 1000 °C, Cr,O5-type scale is formed upon oxidation and
SiO, phase as a thin film stays at the base of the scale, when Si content is high enough
[18,19,24,27-29]. At higher temperatures, (Fe,Cr,Ni);O, spinel-type scale is formed [30-32].
However, Si-rich phases and their distributions in the spinel-type scale are unclear. Therefore, in
this article, we studied Si-rich phases and their distributions in the oxide scale on 304SS oxidized in
H,0-H; mixtures in the temperature range 1000—1300 °C. The temperature is limited to 1300 °C
because rapid liquefaction of 304SS with B,C due to eutectic reaction occurs at temperatures above

1250 °C [33].

2. Experimental

2.1. Materials

To prepare 304SS specimens, 304SS ingot was first produced by melting high purity Fe, Ni, Cr, Mn,
Si, FeP and Fe—1.24%Mn-0.19%S1-0.22%C alloy three times in argon atmosphere using arc
furnace. Then the ingot was forged at 1200 °C, cold-rolled, and heat treated at 1050 °C for 30 min,
followed by rapid quenching. The chemical composition of obtained steel sheet was analysed and
listed in Table 1. Plate-like specimens (2x10x10 mm) cut from the steel sheet were ground with
1200 grit SiC paper, rinsed with deionized water, cleaned ultrasonically in acetone, and dried before

experiments.

Table 1 Chemical composition of 304SS investigated, wt.%.
Cr Ni Mn Si P S C Fe
19.02 9.49 1.14 0.96 0.028 0.002 0.042 Bal.

2.2. Non-isothermal oxidation
To determine characteristic temperatures for later isothermal oxidation, non-isothermal oxidation of

304SS in the temperature range 750-1250 °C was performed using a thermobalance (S I

TG/DTA6300N). Since the thermobalance is not designed to work in steam atmosphere, pure CO,
was used instead of steam. Oxygen potential in CO, atmosphere is almost the same as that in steam

atmosphere over the investigated temperature range [34]. Before 750 °C, the specimen (1.5%2.0x4.2
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mm?) was heated at 20 °C[imin’! in argon atmosphere (100 ml[Jmin-'). After 750 °C, the heating

rate was decreased to 2 °C[Jmin! and the atmosphere was switched to CO, (100 ml[ min‘!).

2.3. Isothermal oxidation

Isothermal oxidation of 304SS in H,O-H, mixtures was performed in a SiC resistance-heated
vertical tube furnace with an alumina reaction tube (diameter: 4.2 cm; length: 100 cm). The furnace
was first heated to prescribed temperature under air and held there for 30 min. Then, a 304SS
specimen hanged by a Pt wire was put into the furnace at a position of 10 cm away from the top of
the furnace, where the temperature was measured around 60 °C. To remove impurities, the reaction
tube was purged with high purity argon gas at a flow rate of 2.8 L-min! for 10 min. Thereafter, the
gas was switched to HyO-H,—Ar mixtures. 30 minutes later, the specimen was rapidly lowered to
the hot zone of the furnace for isothermal oxidation. After a pre-set time, the specimen was rapidly
taken out of the furnace and cooled in air. All gases used in this work are highly pure with
impurities less than 0.3 ppm. The steam was generated by bubbling argon (300 ml'min!) through a
boiler heated by a water bath at 70 °C. The steam flow rate was measured off-line at 82 ml-min! at

standard temperature and pressure for gas. The experimental conditions are listed in Table 2.

Table 2 Details of the experimental conditions.

Specimen Temp. Time Ono  On, fu,

No. (°C)  (min) (mlJmin!) (vol.%)
T1-1 1000 120 82 0 0
T2-1 1150 60 82 0 0
T3-1 1200 60 82 0 0
T3-2 1200 90 82 0 0
T3-3 1200 120 82 0 0
T3-4 1200 180 82 0 0
T3-5 1200 60 8 10 11
T3-6 1200 60 82 80 49
T4-1 1300 60 82 0 0

2.4. Post-test examination
Before and after oxidation, the specimens were carefully weighted using a weighing scale accurate
to 0.0001 g for obtaining their weight changes. Thereafter, oxidized specimens were mounted in

epoxy resin to protect the oxide scales, cut vertically through the centre of the specimens,
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mechanically ground and polished, and finally coated with carbon. Post-test examination of the
oxide scales was performed with an electron probe micro-analyzer (FEG-EPMA JXA-8530F),
equipped with wavelength dispersive spectrometers (WDS). The EPMA was operated at 15 kV
voltage and 30 nA current. Fe and O elements were calibrated by standards of pure Fe,Os. Cr, Ni
and Si elements were calibrated by standards of pure Cr, Ni and SiO,. To measure oxide scale
thickness, three micrographs for each specimen were taken using the EPMA in backscattered
electrons (BSE) mode. Then, the micrographs were processed with an image analyser (Image-Pro

Plus 7.0) to obtain oxide scale thickness.

3. Experimental results

3.1. Oxidation kinetics

Fig. 1 shows relative weight change of 304SS non-isothermally oxidized in CO, atmosphere over
the temperature range of 750-1250 °C. The relative weight change increases slowly and linearly
with temperature up to around 1200 °C. Thereafter, it increases sharply. This suggests that oxide
scale quality deteriorates dramatically at temperatures > 1200 °C. This will be revealed in section
3.2.1. Based on the non-isothermal oxidation results, characteristic temperatures of 1000 °C, 1150

°C, 1200 °C and 1300 °C were chosen for further investigations.

Fig. 2 shows weight changes of 304SS isothermally oxidized at 1000 °C, 1150 °C, 1200 °C and
1300 °C in steam. As seen, weight changes are quite small at 1000 °C and 1150 °C but large at 1200
°C and 1300 °C. This is consistent with the non-isothermal oxidation results (Fig. 1). Fig. 3 shows
weight change of 304SS as a function of time during isothermal oxidation at 1200 °C in steam.
Weight change first increases and then decreases with increasing time. Especially, weight change
becomes negative at 180 min, clearly indicating that oxide scale spalled during oxidation. Severe
oxide scale spallation was directly observed during cooling especially for the specimens oxidized in
steam. Presence of residual stresses in the oxide scale and alloy may be responsible for oxide scale
spallation during cooling [18]. Moreover, weight change decreases substantially with increasing H,
content in steam at 1200 °C. Additions of 11 vol.% and 49 vol.% H, in steam decrease weight
change of 304SS to 1/3 and 1/9 of that in steam, respectively. This clearly indicates that H, favours

the formation of protective oxide scale.
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3.2. Microstructural analysis

3.2.1. Effect of temperature

To figure out temperature effect on oxide scale microstructure, 304SS was oxidized in steam at
1000 °C, 1150 °C, 1200 °C and 1300 °C. Fig. 4 shows oxide scale microstructure on 304SS oxidized
in steam at 1000 °C for 120 min. Two types of oxide scales were observed on the plate-like
specimen. On one surface, most part of the oxide scale is dense and quite uniform in thickness (Fig.
4a). The oxide scale (spot 1) was identified as Cr,O; by composition analysis (Table 3). The
internal precipitates (spot 2) forming a non-continuous film at the metal-oxide interface were
identified as Si0,. As previously reported [16,18,20,29], SiO, intrusions were found to grow along
the grain boundaries of metal matrix. On another surface, the oxide scale is mostly porous and non-
uniform in thickness (Fig. 4b). The porous oxide scale (12.7 um) is much thicker than the dense
oxide scale (1.1 pm). The porous oxide scale exhibits a multilayer morphology. This is more clearly
seen from elemental mappings given in Fig. 4c. The matrix of the porous oxide scale (spot 3) was
identified as (Fe,Cr);04 spinel containing a trace amount of Ni. Si content in the spinel phase is
around 0.7%, which is 0.3% lower than that in the metal matrix. The porous oxide scale contains
many bright and dark particles. The bright particles (spot 4) were identified as Fe—Cr—Ni metallic
phase containing less than 0.1% Si. The dark particles are rich in Si, as indicated by Si mapping
(Fig. 4c). Their compositions, however, were not obtained as their sizes are smaller than the
electron-beam interaction volume [39]. Possibly, the Si-rich phase is Fe,SiO4based on Si-rich phase

identification results in other specimens.

Table 3 Chemical compositions of the spots indicated by plus sign, at.%.

Spots Fe Cr Ni Si o Mn, Al, Ti Comment

1 1.10 3938 0.11 150 57.90 - Cr,0;

2 2025 427 151 2393 50.05 - Si0,
32376 268 7116  0.09 231 . FeCry 11 Nis 00
4 1673 2440 021 092 57.74 - Fe, 2,Cry 704
5 2836 238 024 13.17 55.85 - Fe,Si0,
6 4637 1.13 032 0.10 52.08 - Fe;04

7 4428 059 031  0.03 54.79 - Fe,05

8 3460 219 0.10 0.06 63.05 - Fe,0;

9 2126 2136 0.11 0.02 5726 - Fe, 54Cry 5004
10 159 3750 0.12  0.10 60.69 - Cr,0;
11 1916 2057 090 14.46 3599 7.59,0.91,0.43 MnSiOs+SiO,
12 1991 1554 076 1585 38.61 9.32,0.01,0 MnSiO;+Si0,
13 1052 18.66 025 1543 46.60 8.53,0.01,0 MnSiO;+SiO,+Cr,0;
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14 31.09 725 3.86 19.56 38.10 0.09,0.05,0 Si0,

15 0.99 3763 0.19 0.36 60.82 - Cr,0;
16 17.05 15.14 6.49 024 61.08 - Fe,32Cr1.18Nig.5004
Note: “-” indicates that Mn, Al, Ti elements were not measured due to their low contents.

Dense and porous oxide scales were observed on each surface of 304SS oxidized in steam at 1150
°C for 60 min. The dense oxide scale is very similar to that in the specimen heated at 1000 °C (Fig.
4a) and is therefore not shown here. The porous oxide scale shown in Fig. 5 has a double-layered
structure. Again, the inner oxide scale was identified as (Fe,Cr);04 spinel, containing Si-rich phase
and Fe—Cr—Ni metallic phase. Fe/Si ratio in the Si-rich phase (spot 5) was measured at 2.15.
Considering the small size of the Si-rich phase, some collected Fe signal may come from
surrounding spinel phase. Therefore, it is likely that the Si-rich phase is pure Fe,SiO4. The outer
oxide scale mainly contains Fe and O, with trace amounts of Cr, Ni and Si. The inner region (spot 6)
is close to Fe304 and outer region (spot 7) is close to Fe,O3. The outer Fe,O; phase was likely

transformed from Fe;O4 phase during cooling in air [32].

Dense and porous oxide scales were also formed on 304SS oxidized in steam at 1200 °C for 60 min.
The dense oxide scale was only observed on one surface of 304SS and occupied around 50% of the
surface (Fig. 6). Different from the dense oxide scale observed at 1000 °C and 1150 °C (Fig. 4a), the
dense oxide scale formed at 1200 °C has three layers identified as Fe,O3 (spot 8), (Fe,Cr);04 spinel
(spot 9) and Cr,0; (spot 10), respectively. The outer two layers spalled severely, which possibly
occurred during cooling. Fig. 7 shows the microstructure of the porous oxide scale. The double-
layered oxide scale is similar to that in the specimen heated at 1150 °C (Fig. 5). Again, partial
oxidation of the outer oxide scale during cooling was inferred (Fig. 7a). The inner oxide scale,
identified as (Fe,Cr);04 spinel, is full of lateral cracks. Chemical composition of the spinel phase
varies with distance from the metal-oxide interface (Fig. 8). From the metal-oxide interface outward,
Fe content in the spinel phase increases while Cr content decreases. This is consistent with the

report by Bittel ez al. [40]. Ni and especially of Si contents in the spinel phase are extremely low.

As in the specimen heated at 1150 °C (Fig. 5), Fe-Ni—Cr metallic phase and Si-rich phase are
distributed in the inner oxide scale. Chemical composition of the Fe—Cr—Ni metallic phase also
varies with distance from the metal-oxide interface (Fig. 9). From the metal-oxide interface outward,

Fe content in the metallic phase decreases from 72 wt.% to 37 wt.% while Ni content increases



204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237

from 9 wt.% to 62 wt.%. Cr content in the metallic phase keeps constant around 2 wt.%. Si content
in the metallic phase is negligible. Variations of Fe, Cr and Ni contents in the metallic phase clearly
show that selective oxidation occurred during oxidation of 304SS. Fe and Cr in 304SS were first
oxidized at the metal-oxide interface, generating Fe- and Ni-rich Fe—Cr—Ni metallic phase there. As
the oxidation proceeds, Fe in the metallic phase was further selectively oxidized, leading to lower
Fe content and higher Ni content in the metallic phase. Note that oxidation of Ni in the metallic
phase was insignificant as Ni content in inner oxide scale was insignificantly changed across the
oxide scale (Fig. 8). Figs. 7b and 7c show enlarged views of Si-rich phase near the metal-oxide
interface and near the spinel-spinel interface, respectively. In both regions, Si-rich phases were
identified as Fe;Si04. Fe,Si0, phase significantly accumulates in the inner oxide scale (Fig. 7d).
This phenomenon is insignificant at 1000 °C (Fig. 4) and 1150 °C (Fig. 5). Si is also enriched in the
precipitates (dark colour) in the metal matrix (Fig. 7b). The Si-rich precipitates contain substantial
amounts of Mn, Al and Ti. Mn, Al and Ti contents were found to vary significantly among the
precipitates. Mostly, Mn content is the highest and Ti content is the lowest. The total amount of Mn,
Al and Ti in the precipitates is around 69 at.% according to five measurements. The atomic ratio of
O/(2S1+Mn) is very close to 1 (spot 11). Therefore, the Si-rich precipitates may be a mixture of
MnSiO; and SiO, according to SiO,—MnO phase diagram [41]. Al and Ti contents were not
measured in the present 304SS due to their very low contents. Al and Ti contents in steel are usually

in the range of hundreds of ppm.

Fig. 10 shows the microstructure of the oxide scale on 304SS oxidized in steam at 1300 °C for 60
min. The inner oxide scale is quite compact. This is different from the cases at lower temperatures.
Near the spinel-spinel interface, Fe,SiO,4 phase was scarcely observed (Fig. 10c). Instead, the region
is full of large pores. From spinel-spinel interface inward, Si content in the inner oxide scale
gradually increases (Fig. 10d). The region near the metal-oxide interface has the highest Si content.
Roughly, Si-poor region overlaps with Ni-rich region (Fig. 10e). Si-rich precipitates far away from
the metal-oxide interface consist of MnSiO3; and SiO; (spot 12). Some percentages of Cr,O; may be
incorporated in the precipitates closer to the metal-oxide interface (spot 13). This is a little bit
different from the case at 1200 °C, where presence of Cr,Os in the Si-rich precipitates was not

observed.

3.2.2. Effect of oxidation time
To investigate the effect of oxidation time on oxide scale microstructure, 304SS was oxidized at

1200 °C for longer times, i.e., 90 min, 120 min and 180 min. Fig. 11 shows the microstructure of the
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oxide scale on 304SS oxidized in steam at 1200 °C for 90 min. The inner oxide scale becomes less
porous, as compared with the case at 60 min (Fig. 7). This indicates that long oxidation time favours
the formation of compact oxide scale. This occurred possibly due to that Fe and Cr diffused
outward from the metal matrix and reacted with oxygen at the pores and cracks. Consequently, the
pores and cracks observed at 60 min were closed. The inner oxide scale can be divided into three

regions based on the distribution of Si-rich phase identified as Fe,SiO,. In region | , Fe,SiO4 phase

was scarcely observed (Fig. 11c). This region, however, contains lots of large pores. This
phenomenon was similar to that observed at 1300 °C (Fig. 10). Fe,Si0, phase was concentrated into

regions Il and lll. Region lll contains much more Fe,SiO4 phase than region IlI. The interface
between region Il and region lll was clearly seen (Fig. 11b). Large pores were occasionally

observed in the two regions. The region near the metal-oxide interface has less Fe,SiO, phase as
compared with the central region (Fig. 11d). Si distribution in the inner oxide scale can also be seen
from Si mapping (Fig. 11e). Si-rich precipitates in the metal matrix were identified as pure SiO,

(spot 14). This is different from the case at 60 min.

Fig. 12 shows the microstructure of the oxide scale on 304SS oxidized in steam at 1200 °C for 120
min. Due to severe spallation during oxidation, only part of the oxide scale detached from the metal
matrix was collected (Fig. 12a). The inner oxide scale becomes more compact, as compared with
the case at 90 min (Fig. 11). The Fe—Cr—Ni metallic phase observed in the previous specimens
disappeared due to oxidation. Ni was incorporated into the inner oxide scale, forming (Fe,Cr,Ni);04
spinel phase. Si-rich phase identified as SiO, (Table 4) was only observed at the edge of the oxide
segment, starting from where the oxide scale broke (Fig. 12c). Obviously, SiO, phase was
transformed from Fe,Si04 phase somewhere between 90 min and 120 min. SiO, particles in the
oxide scale exist as aggregates (Fig. 12b). The morphology of single SiO, particles is irregular. The

size of single SiO, particles is around 2 pm in diameter.

Table 4 Chemical composition of Si-rich phase averaged from 4 randomly selected spots in the

inner oxide scale shown in Fig. 12, at.%.

Fe Cr Si O Comment
Average 1.12 0.76 30.26 67.85 0/Si=2.24
S.D. 0.72 0.39 2.06 1.55 Si0,
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Except the oxide scale shown in Fig. 12, a thin and dense oxide scale completely covering the metal
matrix was observed (Fig. 13). The oxide scale is non-uniform in thickness and composition. The
inner subscale is Cr,O3 (spot 15) and the outer subscale is (Fe,Cr,Ni);O4 spinel (spot 16). SiO,
precipitates in the metal matrix are distributed in a wide region. This is distinct from that in the
specimens heated at lower temperatures, where SiO, precipitates closely stay at the base of the

dense oxide scale (Fig. 4a).

Fig. 14 shows the microstructure of the oxide scale on 304SS oxidized in steam at 1200 °C for 180
min. Again, due to severe spallation, only part of the oxide scale covering the metal matrix was
collected (Fig. 14a). In the inner region, the oxide scale looks quite dense. The outer region,
however, is full of large cracks. Cr mapping suggests the presence of a Cr,O3 subscale near the
metal-oxide interface (Fig. 14c). Si-rich phases in the oxide scale and in the metal matrix were both
identified as SiO, (Fig. 14b). SiO, phase in the oxide scale was only occasionally observed (Figs.
14b and 14d). Distribution of SiO, precipitates in the metal matrix is in a similar manner as in the

specimen heated for 120 min (Fig. 13).

3.2.3. Effect of H, content in steam

To investigate H, effect on oxide scale microstructure, 304SS was oxidized at 1200 °C in H,O-H,
mixtures. Fig. 15 shows the microstructure of the oxide scale on 304SS oxidized in 89% H,0-11%
H; at 1200 °C for 60 min. Due to severe spallation, only part of the oxide scale detached from the
metal matrix was collected. Presence of H, in steam makes the oxide scale less porous, as compared
with the oxide scale formed in steam (Fig. 7). Si-rich phase identified as Fe,SiO4 significantly
accumulates in the oxide scale. A large region near the spinel-spinel interface contains almost no
Fe,Si0,4 phase but lots of pores. Similar phenomena were observed in the specimens heated in
steam atmosphere (Figs. 10 and 11). The oxide scale on 304SS oxidized in 51% H,0-49% H, at
1200 °C for 60 min is mostly thin and dense. Porous oxide scale was occasionally observed. The

dense oxide scale resembles that in the specimen heated in steam at 1000 °C (Fig. 4a).

4. Discussion

4.1. Oxide scale types

Both spinel-type and Cr,Os-type scales were observed on 304SS, depending on temperature, H,
content in steam and oxidation time (Table 5). Porous spinel-type scale was formed at high
temperatures or low H, contents (Figs. 7, 10 and 15). Long oxidation times caused the formation of

a dense Cr,O;-type subscale at the base of spinel-type scale (Figs. 13 and 14). On the contrary,
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dense or partly dense Cr,Os-type scale was formed at low temperatures or high H, contents (Figs. 4
and 6), which is inconsistent with thermodynamic calculations that spinel-type rather than Cr,Os-
type scale is formed on 304SS under all conditions investigated (Fig. 16). Note that equilibrium
oxygen potentials for each reaction in Fig. 16 were calculated according to the below relationship:

AG®

o2 (Po) = 3 3037 ™

where Pg, is the equilibrium oxygen potential, AG® is the standard Gibbs free energy, R is the

universal gas constant and 7 is the absolute temperature.

When an alloy is exposed to an oxidizing atmosphere, oxide precipitates of all the alloy constitutes
are formed at the bare surface of the alloy, roughly in proportion to their compositions [18]. For Cr-
containing alloys, Cr,O; precipitates are thermodynamically the most stable but Fe-rich precipitates
are the fastest growing. To form a protective oxide scale, i.e., Cr,0O; oxide scale, a critical volume
fraction of Cr,O; precipitates is required to undercut the growth of Fe-rich precipitates. To form
such a critical volume fraction of Cr,0; precipitates, Cr content in Cr-containing alloys must exceed

a critical value. The critical molar fraction of Cr (N¢,) is expressed as: [42]

22g Vm NSDo\
NCr:
3 VCI‘ZO3 DCI'

2)

where g is the critical volume fraction of Cr,O; precipitates for transition from internal to external
oxidation; ¥}, and Vcr,o, are the molar volumes of alloy and Cr,0Os, respectively; N§ is the oxygen
solubility in the alloy in equilibrium with oxygen potential at the metal-oxide interface; Do and D,
are the diffusion coefficients of O and Cr in the alloy, respectively. Apparently, those conditions
that decrease oxygen inward flux, e.g., lower N§ and D, and that increase Cr outward flux, e.g.,
higher D¢, favour the formation of external Cr,Oj; scale instead of internal Cr,O5 precipitates. Both
low temperatures and high H, contents generate low oxygen potentials in steam (Fig. 16) and thus
low N§ values. This explains the formation of Cr,Os-type scale on 304SS oxidized at low
temperatures or high H, contents. With the thickening of spinel-type scale, oxygen inward flux
decreases, lowering the critical Cr content for Cr,Os-type scale formation. Therefore, a Cr,O53-type
subscale may be formed at the base of spinel-type scale after long oxidation times, as observed in
this work (Figs. 13 and 14) and in other studies [18,29,36,43]. By introducing in the alloy more
grain boundaries acting as short-circuit diffusion paths, Dc, can be significantly increased,
favouring the formation of external Cr,O; scale. Therefore, fine-grained alloys were reported to

have better oxidation resistance [18,29,44,45]. For this reason, the mixture of dense and porous
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oxide scales observed at 1000 °C and 1150 °C implies the non-uniform grain size at the surfaces of

304SS.

Table 5 Summary of oxide scales and Si-rich phases in the oxide scale.

Specimen Temp. Time /u, Scale thickness Si-rich phases
Scale types

No. (°C)  (min) (%) (um) Observed Calculated
T1-1 1000 120 0 D=1.1, P=12.7 Cr,03+Spinel  SiO,+Fe,Si0, Si0O,

T2-1 1150 60 0 D=6.8, P=38.5 Cr,0;+Spinel  SiO,+Fe,Si0O,4 Si0,
T3-1 1200 60 0 0=30.3, [=68.6 Spinel SiO,+Fe,Si0,4 Si0,
T3-2 1200 90 0 0=59.5,1=231.5 Spinel Fe,Si0,4 Si0,
T3-3 1200 120 0 0=54.8,1=(52.3)  Cr,05-Spinel Si0, Si0,
T3-4 1200 180 0 0=59.0, I=25.5 Cr,05-Spinel Si0, Si0,
T3-5 1200 60 11 0=274,1=(52.7) Spinel Fe,Si04 Fe,Si0,4
T3-6 1200 60 49 D=24 Cr;04 Si0, Fe,Si04
T4-1 1300 60 0 0=(241.0),1=402.0 Spinel Fe,Si0,4 Si0,

Note: I=Inner oxide scale, O=Outer oxide scale, D=Dense oxide scale, P=Porous oxide scale.

Thicknesses of incomplete oxide scales are marked with parentheses.

4.2. Si-rich phase types

We observed different Si-rich phases, i.e., S10, and Fe,S10,4, depending on the type of oxide scales
formed on 304SS (Table 5). When Cr,0s-type scale is formed, a thin SiO, film with intrusions stays
at the base of Cr,Os-type scale (Figs. 4a, 6, 13 and 14). No Si-rich phases were observed in the
matrix of Cr,Os-type scale. On the contrary, when spinel-type scale is formed, Si-rich phases are
distributed in the spinel-type scale as Fe,SiO4 (Figs. 4b, 5, 7, 10, 11 and 15) and in the metal matrix
near the metal-oxide interface as pure SiO, (Fig. 11) or MnSiO3-SiO, mixture (Figs. 7 and 10).
Oxidation conditions determine oxide scale types. Therefore, which Si-rich phase is formed
intrinsically depends on oxidation conditions. According to thermodynamic calculations, SiO,
phase is stable in steam and Fe,SiO,4 phase in H,O—H, mixtures (Fig. 17). Obviously, experimental
observations in most specimens are not in agreement with thermodynamic calculations (Table 5).
This is attributed to the presence of oxide scale, which blocks inward diffusion of oxygen.
Consequently, oxygen potential in the oxide scale, especially when it is dense, is much lower than
in gas phase. Therefore, formed Si-rich phase is shifted from SiO, to Fe,SiO, in steam (Figs. 4b, 5,

7, 10, 11 and 15) and from Fe,Si04 to SiO, in H,O-H, mixtures. With increasing oxidation time,
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oxygen potential in the oxide scale will reach equilibrium with steam, further oxidizing metastable

Fe,Si0, into Si0, (Figs. 12 and 14).

4.3. Fe,Si0,4 accumulation in spinel-type scale
Fe,Si0, phase is non-uniformly distributed in spinel-type scale especially at temperatures > 1200 °C.
The region near the spinel-spinel interface contains almost no Fe,SiO,4 phase but lots of pores (Figs.
10 and 11). Two possible reasons may be responsible for this phenomenon. One is SiO,
volatilization via the below reactions. Another is Fe,S104 inward movement upon oxidation.
SiO(s) + 2H,0(g) = Si(OH)4(g) AG® = 56733.0 + 66.2TJ[Imol-'[1K-! [47] (3)
SiO(s) + Hy(g) = SiO(g) + H,O(g) AG® = 540463.5 — 191.8 7T Imol' [ /K"! [46] (4)
Si0, interacts with steam at high temperatures, forming a range of Si hydroxide gaseous species
[12]. Si(OH), has been suggested as the dominant specie at temperatures above 800 °C [12,47]. To
evaluate Si0O, volatilization via the above two reactions, Si(OH), and SiO equilibrium pressures
were plotted in Fig. 18 as a function of temperature. As seen, both Si(OH), and SiO equilibrium
pressures are extremely low in the present steam atmosphere, i.e., Py,0 = 0.21 atm and f;;,< 1.8
vol.% (averaged based on weight change of 304SS oxidized at 1200 °C for 90 min), suggesting
negligible SiO; volatilization. Cheng et al. [11] experimentally measured SiO, volatilization rate in
steam atmosphere. According to their studies, relative weight loss of SiO, at 1200 °C for 90 min in
0.84 atm steam is 4.9 x 10* %. SiO, volatilization rate linearly increases with steam pressure [11].
Therefore, in the present experimental condition of 0.21 atm steam, the relative weight loss of SiO,
at 1200 °C for 90 min is lower than 4.9 x 10 %. This value is too small to explain the large
Fe,Si04-poor region, which accounts for around 1/3 of the oxide scale in thickness. Furthermore, if
SiO, volatilization occurred, Fe,SiO4 should be oxidized into SiO, first. SiO,, however, was not
observed in the Fe,SiO4-poor region near the spinel-spinel interface. Therefore, formation of the
Fe,Si04-poor region cannot be explained by SiO, volatilization under the present experimental
conditions. Note that significant SiO, volatilization may occur during core degradation considering

the extremely high steam pressure (>70 atm) in a boiling water reactor (BWR).

To prove that Fe,SiO4 phase moved inward during oxidation, we quantitatively characterized Si
distribution in the oxide scale on 304SS oxidized in steam at 1200 °C for 90 min. The inner oxide
scale was equally divided into sub-regions as shown in Fig. 19a. Chemical composition of each sub-
region was obtained using EPMA with the focused beam in scanning mode. The outermost region

has the lowest Si content around 0.4 wt.%, which is much lower than initial Si content in 304SS.
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The highest Si content appears in the middle region, where Si content is above 4.0 wt.%. According
to the ratio of Cr content in the oxide scale to that in the metal matrix, average Si content in the
oxide scale should be around 1.3 wt.%. Therefore, Si content profile in the inner oxide scale clearly
indicates that Fe,Si0, inward movement occurred during oxidation. Thermodynamically, Fe,;SiO4
phase in the oxide scale is metastable (Fig. 17) and will be oxidized into SiO, when oxygen
potential in the oxide scale exceeds a critical value. At the oxidation interface where oxygen
potential is high enough to oxidize Fe,SiO4 phase, Fe,SiO4 phase is partly oxidized, with Fe
entering surrounding (Fe,Cr);04 spinel phase and SiO, staying in Fe,Si0,4 phase. Therefore, Si0O,
content becomes locally high and diffuses inward through Fe,SiO4 phase to react with Fe which
diffuses outward, forming new Fe,SiO, phase. Clearly, Fe,SiO4 inward movement results from
Fe,Si0,4 oxidation and re-formation. The underlying mechanism is schematically represented in Fig.
20. The melting point of Fe,Si10,4 phase is 1205 °C [48]. Therefore, Fe,Si04 phase at 1200 °C and
1300 °C is in semi-liquid and liquid state, respectively. This guarantees rapid Si diffusion in

Fe,Si0,4 phase and thus rapid inward movement of Fe,Si0, phase.

Several factors, such as presence of oxide scale, oxide scale spallation, and delayed SiO, formation
in the spinel-type scale, may disadvantage SiO, volatilization. Therefore, the amount of Cs-bearing
microparticles formed via SiO, volatilization and deposition may be limited during solid-state
oxidation of 304SS at temperatures below 1250 °C. Therefore, further studies on the oxidation of
304SS-B,C melt, formed due to eutectic reaction in control rods, at higher temperatures are

necessary.

5. Conclusions

In this work we studied Si distribution in the oxide scale on 304SS oxidized in H,O-H, mixtures in
the temperature range 1000-1300 °C. Si-rich phase types and their distributions depend on the
oxide scales formed on 304SS. Low temperatures (< 1200 °C) and high H, contents in steam favour
the formation of dense Cr,Os-type scale. On the contrary, high temperatures and low H, contents
favour the formation of porous spinel-type scale. SiO, phase as a non-continuous film stays at the
base of the Cr,0s-type scale. Fe,SiO, phase is non-uniformly distributed in the spinel-type scale.
More specifically, liquid Fe,SiO4 phase moved toward the metal-oxide interface during oxidation.
This phenomenon was attributed to its thermodynamically metastable state in H,O—-H, mixtures.
With increasing oxidation time, Fe,Si0, phase was further oxidized into SiO, phase. Si distribution

data obtained in this work could be coupled in the modelling of SiO, volatilization from 304SS.
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Figure Captions

Fig. 1 Relative weight change of 304SS exposed in CO, atmosphere under transient condition.
Fig. 2 Weight changes of 304SS isothermally oxidized in the temperature range 1000—1300 °C.
Fig. 3 Weight change of 304SS as a function of time during isothermal oxidation at 1200 °C.

Fig. 4 Microstructure of the oxide scale on 304SS oxidized in steam at 1000 °C for 120 min. (a)
Dense oxide scale; (b) Porous oxide scale; (c) Elemental mappings of the whole region shown in
Fig. 4b.

Fig. 5 Microstructure of the porous oxide scale on 304SS oxidized in steam at 1150 °C for 60 min.
Fig. 6 Microstructure of the dense oxide scale on 304SS oxidized in steam at 12000 °C for 60 min.

Fig. 7 Microstructure of the porous oxide scale on 304SS oxidized in steam at 12000 °C for 60 min.
(a) Overview of the oxide scale; (b) and (¢) Enlarged views of the regions indicated by the
rectangles; (d) Si mapping of the region indicated by the dashed-line rectangle in Fig. 7a.

Fig. 8 Chemical composition of the inner oxide scale versus distance from the metal-oxide interface
for 304SS oxidized in steam at 1200 °C for 60 min.

Fig. 9 Chemical composition of the metallic phase in the oxide scale versus distance from the
metal-oxide interface for 304SS oxidized in steam at 1200 °C for 60 min.

Fig. 10 Microstructure of the oxide scale on 304SS oxidized in steam at 1300 °C for 60 min. (a)
Overview of the oxide scale; (b) and (c) Enlarged views of the regions indicated by the rectangles;
(d) and (e) Si and Ni mappings of the region indicated by the double sided arrow in Fig. 10a.

Fig. 11 Microstructure of the oxide scale on 304SS oxidized in steam at 1200 °C for 90 min. (a)
Overview of the oxide scale; (b), (¢) and (d) Enlarged views of the regions indicated by the
rectangles; (e) Si mapping of the whole region shown in Fig .11a.

Fig. 12 Microstructure of the oxide scale on 304SS oxidized in steam at 1200 °C for 120 min. (a)
Overview of the oxide scale; (b) Enlarged view of the region indicated by the rectangle; (c) Si
mapping of the region shown in Fig. 12a.

Fig. 13 Microstructure of the oxide scale remained on the metal matrix of 304SS oxidized in steam
at 1200 °C for 120 min.

Fig. 14 Microstructure of the oxide scale on 304SS oxidized in steam at 1200 °C for 180 min. (a)
Overview of the oxide scale; (b) Enlarged view of the region indicated by the rectangle; (¢) and (d)
Cr and Si mappings of the rectangular region.

Fig. 15 Microstructure of the oxide scale on 304SS oxidized in 89% H,O-11% H, at 1200 °C for 60
min.

Fig. 16 Predominance diagram for Fe—Cr mixture in equilibrium with oxygen. Thermodynamic data
is taken from Ref. [46].

Fig. 17 Predominance diagram for Fe-Si mixture in equilibrium with oxygen. Thermodynamic data
is taken from Ref. [46].

Fig. 18 Si(OH), and SiO equilibrium pressures as a function of temperature.

Fig. 19 Si and Cr content profiles across inner oxide scale on 304SS oxidized in steam at 1200 °C
for 90 min. (a) Micrograph; (b) Si and Cr content profiles.

Fig. 20 Schematic representation of Fe,SiO4 inward movement in the oxide scale upon oxidation.



Table Captions

Table 1 Chemical composition of 304SS investigated, wt.%.
Table 2 Details of the experimental conditions.
Table 3 Chemical compositions of the spots indicated by plus sign, at.%.

Table 4 Chemical composition of Si-rich phase averaged from 4 randomly selected spots in the
inner oxide scale shown in Fig. 12, at.%.

Table 5 Summary of oxide scales and Si-rich phases in the oxide scale.
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