Cohesive/adhesive strengths of CsOH-chemisorbed SS304 surfaces
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ABSTRACT

During the Fukushima Daiichi Nuclear Power Plant (1F) accident, volatile radioac-
tive fission products (FPs) such as Cs-137 were released, which significantly influ-
enced mid- to long-term decommissioning strategies. A substantial amount of the
remaining cesium in the pressure vessel may have deposited onto the 304 stain-
less steel (SS304) steam separators and dryers. This deposited cesium presents a
safety hazard during 1F’s decommissioning, as it can generate radioactive dust and
complicate waste storage. However, the cohesive and adhesive strengths of CsOH-
chemisorbed oxide scales, crucial for understanding the release of cesium-bearing
particles from SS304 surfaces, remain undefined. In this study, we explore how CsOH
chemisorption affects the cohesive and adhesive strengths between oxide scales and
SS304 substrates using a scratch tester. Our tests revealed that cracks formed at
approximately the same load, but the overall cohesive strength of the oxide scales
decreased following CsOH chemisorption. Furthermore, the transition from cracks
to bulk separation occurred more rapidly in CsOH-chemisorbed SS304 substrates,
especially those with lower silicon content. Finally, we found that adhesive failure
could not be achieved even at 70 N, suggesting that the deposited cesium cannot be
completely removed from SS304 during the decommissioning of 1F.
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1. Introduction

On March 11, 2011, a magnitude 9.0 earthquake hit the Fukushima Daiichi Nuclear
Power Plant (1F), and a subsequent tsunami led to a complete blackout at 1F. With
the loss of cooling functions, Units 1-3 experienced varying levels of loss-of-coolant
accidents (LOCA), and core meltdowns occurred|[1,2]. During these meltdowns, nearly
100% of the volatile fission products (FPs), such as cesium and iodine, were released
from the fuel rods[3-6]. Among these FPs, Cs-137 has a high yield and a half-life of 30
years, significantly impacting the medium and long-term decommissioning strategies
for 1F[7].

The transport and distribution of cesium shortly after the meltdown have been
extensively investigated using severe accident (SA) codes[3-6,8-10]. A mid-to-long-
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term analysis was provided by Uchida et al[11]. By 2014, Shibata et al.[12] estimated
that approximately 50% of the initial cesium inventory remained in the reactor. High
radiation dose rates were detected near the drywell head and shield plug areas[13,
14], which are primarily attributed to the reaction between CsOH and CaCOs3[15].
Despite these findings, Okumura et al.[16] suggested that dose rates within the reactor
pressure vessel (RPV) might exceed those within the containment. Furthermore, recent
OECD/NEA benchmark studies highlight that the RPV could contain a significantly
larger amount of cesium than the containment and reactor building due to in-vessel
cesium deposition[5,6,8].

Under SA conditions, the primary cesium species present are CsOH and CsI[17],
which can condense onto the surfaces of the 304-grade stainless steel (SS304) within
the RPV. SS304 typically oxidizes slightly when exposed to high-temperature steam,
forming a duplex oxide scale on its surface[18-20]. While CsI vapor only condenses
onto SS304 below 1270 K[21,22], CsOH vapor can diffuse into oxidized SS304, and
the amount of retained cesium positively correlates with the silicon content in the
SS304 substrate[18,19,23-27]. The cesium retention ability of SS304 has also been
shown to depend on the presence of pre-existing oxide layers before the chemisorption
process[28]. Furthermore, factors such as solutes (e.g. Mo in SS316 and Ti in SS321),
temperature, CsOH concentration, and the Ho/H2O ratio in the atmosphere are known
to affect the kinetics and products of CsOH chemisorption[19,26,27,29-31].

During SAs, the SS304 steam separators and steam dryers located at the top head
of the RPV can capture a significant amount of the transported CsOH due to their
extended surface areas and complex structures. These structures may become the
primary sources of cesium-bearing dust during decommissioning. Similar to alpha ra-
dioactive nuclei, the release of cesium-bearing particles must be controlled to minimize
the risk of radiation exposure[32]. Achieving this goal requires a comprehensive un-
derstanding of the properties, generation, and transport of cesium dust.

While previous studies have clarified the reactions between CsOH and SS304, the
mechanism by which the oxide layer containing CsOH detaches from SS304 surfaces
remains unclear. In this study, we use the scratch testing technique to investigate the
impact of CsOH chemisorption conditions on the cohesive strength of the oxide scale
and the interfacial adhesive strength between the oxide layer and SS304 substrate. We
also identify the failure modes that occur as the applied load increases, using optical
microscopy. This scratch-test study is part of our ongoing investigation of the effects of
CsOH chemisorption on SS304, and structural analyses on CsOH-chemisorbed SS304
oxide scale have been previously reported[25]. Together, these results will contribute to
a better understanding of the release of airborne cesium-bearing dust due to mechan-
ical interactions with SS304 surfaces during the decommissioning of the Fukushima
Daiichi Nuclear Power Plant.

2. Experiment method

2.1. Sample preparation and characterization

The CsOH chemisorption tests were conducted using the setup illustrated in Figure
1. In a nickel crucible, 0.5 g of CsOH-H2O (Kanto Chemicals, purity > 85%) was
first heated to 1173 K and held at that temperature for 30 minutes to prevent abrupt
evaporation. Following this, CsOH-HoO was fully vaporized at 1273 K over a period
of three hours. SS304 samples with a silicon content of either 0.2 or 1.0 wt.% were



heated to 1073 or 1273 K, mirroring the conditions inside the RPV dome during SA
at 1F[33,34]. The samples were held at these temperatures for 4.0 hours (at 1073
K) and 3.5 hours (at 1273 K), respectively. After chemisorption, the samples were
slowly cooled at an approximate rate of 10 K/min. Two graphs showing the recorded
temperatures of different components during the experiments are provided in Figures
S1 and S2 in the supporting information. The compositions of the SS304 substrates
are listed in Table 1, and their diffraction patterns are presented in Figure S3 in the
supporting information.

[Figure 1 about here.]
[Table 1 about here.]

During the chemisorption process, both Ar/5%Hy and Ar/5%H2/5%H20 gas mix-
tures were flowed at a rate of 200 mL/min. Seven CsOH-chemisorbed SS304 samples
were prepared under various conditions (silicon content, temperature, and gas flow),
which are listed in Table 2. Samples 6 and 12 were used as controls and were not
exposed to CsOH vapor. As it is likely that air ingress occurred in the furnace during
heating[25], this study does not delve into the effect of the atmosphere on the cohe-
sive/adhesive properties in great detail. For more information on sample preparation
and the CsOH deposition process, refer to our earlier work[25].

[Table 2 about here.]

The surfaces of CsOH-chemisorbed SS304 samples underwent analysis using X-ray
diffraction (XRD, Rigaku SmartLab) and scanning electron microscopy-energy dis-
persive spectroscopy (SEM-EDS, JEOL JSM-7610F). XRD measurements were per-
formed within the range of 20 = 20 — 120° using CuKa radiation. To determine the
thickness and structure of the oxide scales on the SS304 substrates, cross-sections of
the chemisorbed samples were examined using SEM-EDS.

2.2. Secratch test

The scratch test is a measurement technique utilized to evaluate the cohesive and
adhesive strengths of coatings and thin films[35-39]. It’s crucial to note that this
test provides only a semi-quantitative assessment of a coating’s cohesive and adhe-
sive strengths. This is because the critical loads (L.) associated with various cohesive
and adhesive failure modes depend on factors related to both the indenter and the
coating/substrate[36-38,40]. In the context of this study, cohesive strength refers to
the internal bond strength of the coating, while adhesive strength measures the bond
strength at the coating/substrate interface.

In this study, we used the Revetest Scratch Tester (S/N: 27-486, CSM Instruments),
a simplified schematic of which is shown in Figure 2. The diamond indenter, with a tip
diameter of 200 wm, scratched the top surfaces of the samples (Figure 1) from right
to left at a constant speed of 10 mm/min. The initial load was 0.9 N, which increased
at a rate of 100 N/min, and the scratch tester stopped when the load reached 70 N.
Each sample was subjected to three scratch tests at temperatures between 297-299 K
and a humidity of 24-29%. A complete list of the scratch test conditions used in this
study is presented in Table 3.

[Figure 2 about here.]



[Table 3 about here.]

Figure 3 illustrates the various pieces of information recorded during the scratch test.
The horizontal axis represents the horizontal displacement of the indenter, while the
applied load is depicted by the black line. The friction force is shown in magenta, and
the red line indicates the calculated coefficient of friction. The blue line corresponds
to the recorded acoustic emission, which is associated with stress waves produced
by active defects, such as crack propagation within the sample[37,41]. Lastly, the
indentation depth is represented by the orange dashed line.

[Figure 3 about here.]

3. Results and discussion

3.1. Surface conditions

3.1.1. Non-chemisorbed samples 6 and 12

Figure 4 displays the XRD patterns of non-chemisorbed samples, specifically samples
6 and 12, both of which were heated to 1273 K in Ar/Hy/H30. The primary diffrac-
tion peaks in the XRD pattern can be attributed to a cubic Fe-Cr phase[42], which
corresponds to the unoxidized SS304 substrate, and spinel iron oxides[43], the main
components of the oxide scale[18,19,44]. The diffraction peaks indicated in Figure 4
are associated with trigonal phases such as FesO3 or CroO3. However, the indexed
trigonal peaks are shifted compared to those of FeaO3[45] and CraO3[46], suggesting
the formation of (Fe,Cr)203 solid solutions. Due to the complexity of the oxide scale’s
structure, not every diffraction peak could be indexed.

[Figure 4 about here.]

Figure 5 presents the SEM-EDS results of non-chemisorbed sample 12. The surface
EDS point analyses results for samples 6 and 12 are provided in Figure S4 in the
supporting information, with the main difference being the absence of Si-concentrated
regions in sample 6. As shown in Figure 5, the surface of sample 12 consists of three
distinct regions, labeled 1, 2, and 3:

e Region 1, rich in Fe and Si, features a smoother surface with needle-shaped
microstructures.

e Region 2, rich in Cr and Fe, is composed of small particles.

e Region 3 consists of chunks of Fe-Cr oxide, with the atomic ratio between Fe
and Cr closely resembling that of the SS304 substrate (=~ 3:1).

In the Fe-Si rich region 1, the amount of Si exhibits a positive correlation with the
concentration of Fe and O, suggesting the presence of Fe-Si-O compounds. Although
the formation of FeoSiO4 within the oxide scale has been reported previously[44,47], its
diffraction peaks were not detected during XRD, possibly due to the low concentration
of silicon in the SS304 substrates. Furthermore, the Cr concentration detected by EDS
significantly varies in region 1, which is likely due to overlaps between regions 1 and
2 (Fe-Cr oxides), as depicted in Figure 5. This overlap may also result in EDS point
analyses overestimating the atomic ratio between Fe and Si in region 1 (Fe:Six5).
Lastly, clusters of Fe-Ni rich nodules can be seen along the boundaries between regions
1 and 2.



[Figure 5 about here.]

3.1.2. CsOH-chemisorbed samples

Figures 6 and 7 display the XRD patterns of chemisorbed samples. Phases not de-
tected in non-chemisorbed samples (e.g., Cs-related peaks) are labeled above their
corresponding diffraction peaks. The diffraction peaks of three types of Cs-containing
species—CsFeSi04[48], Cs2Si205[49], and CsaFesSigO12[50]—are detected. Samples 1,
8, and 11 likely contain a wustite phase (FeO)[51]. Although Cs was detected in sample
2 by SEM-EDS, the Cs-related diffraction peaks could not be identified due to their
low intensity.

[Figure 6 about here.]
[Figure 7 about here.]

Since the intensity of the Cs-related diffraction peak is highest for sample 8, its SEM-
EDS results are displayed in Figure 8 to clarify the distribution of Cs in the SS304 oxide
scale after chemisorption. Additional information on the EDS results for samples 8, 9,
and 11 is provided in Figure S5. For these three CsOH-chemisorbed SS304 substrates,
EDS point analyses reveal a positive correlation between the concentrations of silicon
and cesium, with the average atomic ratios between Si and Cs being approximately
1.0, 3.2, and 1.5, respectively. Overall, the atomic ratios are in agreement with the
Cs-containing phases determined by XRD, taking into account that Si compounds
without Cs could also form.

As depicted in Figures 8 and S5, the surface of CsOH-chemisorbed oxide scale gen-
erally consists of slightly oxidized Fe-Ni-Cr alloys, Fe-Cr oxides, and Cs-Si compounds.
The Fe alloys appear as nodules, similar to the morphology found on the oxide scale of
non-chemisorbed substrates in Figure 5. One exception is in sample 11 (1.0 wt.% Si,
1273 K, Ar/H/H20), where chunks of almost pure iron oxides were observed on top of
the Fe-Cr oxides instead of Fe-Cr-Ni nodules. Furthermore, for all CsOH-chemisorbed
SS304 surfaces, EDS point analyses reveal that the newly-formed Cs-Si compounds
are always selectively deposited on Fe-Cr oxides.

[Figure 8 about here.]

3.2. Cross-section analyses

In CsOH-chemisorbed samples, the thickness of the oxide layer ranged from approxi-
mately 20 to 30 um, showing no correlation with the chemisorption temperature or the
silicon concentration of the substrate. The cross-sectional EDS point analysis result
for sample 8 is shown in Figure 9, with additional EDS maps provided in Figure S6
in the supporting information.

[Figure 9 about here.]

The oxide scale of CsOH-chemisorbed SS304 substrate with low silicon content,
heated between 1073 and 1273 K, can be divided into three layers. The majority of
the Cs-Si compounds are concentrated near the top layer of the oxide scale, with few
Cs-Si nodules present near the substrate/oxide interface. The intermediate layer, which
constitutes the majority of the oxide scale, is composed of Fe-Cr oxides and Fe-Ni-Cr
alloys. The Fe-Cr oxides, rich in Fe, are identified as (Fe,Cr)3O4 based on XRD data.



Additionally, the concentrations of Fe and Ni in the Fe-Ni-Cr regions exceed those of
the SS304 substrate. The innermost layer of the oxide scale comprises Fe-Cr oxides
with a higher concentration of Cr than that in the intermediate layer.

Despite the surface morphology of sample 11 differing from those of other CsOH-
chemisorbed samples, its cross-section also exhibits a layered structure, as shown in
Figure S7. However, the distinctions between the intermediate and inner layers of
the oxide scale are less pronounced, with both containing Fe-Cr spinels and Fe-Ni-Cr
alloys. The composition of the Fe-Ni-Cr alloys is similar to that found in sample 8§,
and Cr-rich spinels are also located close to the SS304/oxide interface. For further
analyses on the surface and cross-sectional morphology of CsOH-chemisorbed SS304
substrates, please refer to our previous publications[23,25].

3.3. Seratch test results

Following the scratch tests, cohesive and adhesive failures were first determined by
observing the surfaces of the SS304 substrates using an optical microscope. The results
of the scratch tests for CsOH-chemisorbed and non-chemisorbed samples, specifically
samples 11 and 12, are provided in Figures 10 and 11. Surface cracking was observed
in both samples at relatively low indentation loads, and patches of glossy regions were
seen at higher loads. Although these surface features were observed in all samples,
it cannot be confirmed through optical microscopy alone whether the glossy regions
resulted from the oxide scale’s adhesive failure. The onset of adhesive failure is often
indicated by an abrupt change in the coefficient of friction because the indenter is
no longer pressed against the coating. However, no distinct changes in the recorded
coeflicients of friction were observed when the glossy regions first appeared. This leads
to the conclusion that the glossy regions are not pristine SS, but rather are covered with
thin oxide films after the bulk of the oxide scale has been removed during scratching.

[Figure 10 about here.|
[Figure 11 about here.]

The scratch test results revealed that the oxide scale experienced internal cohesive
failure, but the adhesive bonding at the oxide/SS interface did not fail, even at the
maximum applied load of 70 N. This suggests that it may not be possible to completely
separate the oxide scale (with or without cesium species) from the SS304 steam separa-
tors and dryers. Furthermore, the high adhesive strength of the oxide scale means that
if its bulk is removed through repetitive scratching underwater, the remaining layer
will be tightly bonded to the SS304 substrate, resulting in fewer airborne Cs-bearing
particles.

To better understand how the cohesive failure modes change with applied load, fur-
ther investigation is needed. This is important because the amount of cesium released
is correlated with the type of cohesive failure (cracks, chips, spalls). Therefore, we
defined three distinct cohesive failure modes based on the morphology of the sample’s
surface, as listed in Table 4. By examining these failure modes, we hope to gain insights
into the mechanisms that drive the cohesive failure of the oxide scale and improve our
understanding of how cesium-bearing dust is generated.

[Table 4 about here.]

The critical load, L., and its standard deviation for each failure mode are presented



in Table 5 and Figure S8 (supporting information). It is noteworthy that the gener-
ation of Cs-bearing dust from surface cracks can occur as low as approximately 10
N, which has implications for 1F’s decommissioning. Since adhesion failure was not
observed during scratch testing, a constant release of Cs particles is expected with
increasing load. Furthermore, sample 1 with 0.2 wt.% Si, chemisorbed at 1073 K un-
der an Ar/Hs mixed atmosphere, exhibits the weakest cohesive strength among all
CsOH-chemisorbed samples.

[Table 5 about here.]

For all CsOH-chemisorbed samples, the coefficients of friction between the indenter
and the oxide scale remain relatively constant, approximately between 0.1 and 0.3
(Table S1, supporting information), as the applied load increases from L to L.
Although the critical loads for cracking (L.;) showed little variation across the nine
samples, the critical loads L.o and L¢3 related to bulk removal exhibited significant
variation. Detailed comparisons of the individual effects of CsOH-chemisorption, tem-
perature, and silicon content on the cohesive strength of the oxide scale are shown in
Figures 12-14.

Effects of CsOH-chemisorption

Figure 12 illustrates that CsOH chemisorption marginally increases the critical load
for cracking, L.j, thereby enhancing the resistance of the Cs-bearing oxide scale to
cracking. However, it significantly reduces the L¢o and Lcg of the oxide scale, which fa-
cilitates the removal of the bulk of the oxide scale. For instance, when SS304 substrates
with 0.2 wt.% Si were heated to 1273 K in an Ar/Hs/H2O gas mixture, the critical
load (Lc3) required to continuously remove the bulk of the oxide scale decreased from
31.3 to 19.7 N following CsOH chemisorption. This reduction in L.y and L¢3 leads
to a decrease in the difference between L¢; and Leo/ Les, suggesting that transitions
among the three cohesive failure modes occur more rapidly. Therefore, precise control
over the applied load when making contact with CsOH-chemisorbed SS304 surfaces is
crucial to prevent accidental bulk removal and minimize dust generation.

[Figure 12 about here.]

Effects of temperature & silicon content

Although the compositions of the outgoing gas were not monitored, the critical load
data in Figure 13 suggest that the correlation between chemisorption temperature and
the cohesive strengths of the oxide scale (L¢2, Lcg) is dependent on the chemisorption
atmosphere. This phenomenon is thought to be related to the differing revaporation
behaviors of the insoluble cesium species under various atmospheres, as reported by
Nishioka et al.[27]. Furthermore, the silicon concentration in the SS304 substrate is
positively correlated with the critical loads Leo and Lcs. As shown in Figure 14, Leo
and Lcg are found to be more influenced by the silicon content of the SS304 substrate
when heated to lower temperatures, irrespective of the atmosphere.

[Figure 13 about here.]

[Figure 14 about here.]



4. Conclusion

A significant amount of the remaining cesium in 1F’s reactors is expected to have
deposited onto the SS304 surfaces of the steam separators and dryers in the RPV.
In this study, the cohesive and adhesive strengths of the oxide scales were evaluated
to gain insights into the dispersion of Cs-bearing dust during 1F’s decommissioning.
Across all nine SS304 samples, including CsOH-chemisorbed and non-chemisorbed
samples, the critical load for cohesive surface cracking (L¢1) showed minimal variation
and ranged from 10 to 20 N. At higher loads, the cohesive failure mode shifted to
bulk removal, resulting in a significantly larger amount of Cs-bearing dust generation.
CsOH-chemisorption reduced the critical loads for bulk removal (L¢o and Les), accel-
erating the transition between these cohesive failure modes. Therefore, it is crucial
to carefully monitor mechanical contact with CsOH-chemisorbed SS304 surfaces to
prevent the release of Cs-bearing particles. Adhesion failure was not observed during
scratch testing, indicating continuous dust generation after reaching the critical load
for cohesive failure. However, the thin oxide film remaining after removing the bulk of
the oxide scale firmly adheres to the SS304 substrate, effectively inhibiting the release
of Cs-bearing dust into the air.

Furthermore, the overall cohesive strength of the CsOH-chemisorbed oxide scale was
found to be positively correlated with the silicon concentration of the SS304 substrate
between 1073 and 1273 K. The correlation between chemisorption temperature and
cohesive strength is influenced by the chemisorption atmosphere. Higher temperatures
lead to stronger cohesive strength under Ar/Hs, while the addition of water vapor
has the opposite effect. Combining these findings with simulation results on the core’s
condition during SA enables estimation of the RPV regions most likely to generate
radioactive Cs-bearing dust through mechanical contact during 1F’s decommissioning.
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Table 1. Compositions of the SS304 substrates.

Composition, wt%

Sample no.
Si Cr C Ni Fe Others
1-6 0.20 19.37 0.032 897 70.5 1.26
8-12 1.02 19.48 0.035 897 70.0 1.29
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Table 2. Sample chemisorption conditions.

No. Substrate Treatment Siwt.%  Temperature K  Atmosphere

1 $S304 CsOH 0.2 1073 Ar/H,
2 S$S304 CsOH 0.2 1073 Ar/Ha /Hy0
3 $S304 CsOH 0.2 1273 Ar/H,
5 $S304 CsOH 0.2 1273 Ar/Hy /Ho0
6 $S304 - 0.2 1273 Ar/Hy /Ho0
8 $S304 CsOH 1.0 1073 Ar/Hy /Ho0
9 $S304 CsOH 1.0 1273 Ar/Ha
11 $S304 CsOH 1.0 1273 Ar/Hy /Ho0
12 $S304 - 1.0 1273 Ar/Hy/Ho0
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Table 3. Scratch test conditions.

Parameters Value
Begin load 09N

End load 70 N
Loading rate 100 N/min
Scratch speed 10 mm/min
Test repeating numbers 3 times per side
Temperature 297 - 299 K
Humidity 24 - 29%
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Table 4. Cohesive failure modes and their corresponding dust generation levels.

Mode Observed morphology Dust generation
Crack (Lc1) Cracks on the scale’s surface Minor

Point 1 (Le2)  Isolated glossy patches (width > 20 pm)  Moderate

Point 2 (Lez)  Continuous glossy regions Major
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Table 5. Critical loads of each oxide scale’s cohesive failure modes.

Sample no.  Sample information Ler, N Leo, N Les, N
1 0.2 wt.% Si 1073K Ar/Ha 12.84+0.7 15.14£0.5 18.9+1.1
2 0.2 wt.% Si 1073K Ar/Hz2/H20 15.740.5 18.1+1.3 22.0+1.9
3 0.2 wt.% Si 1273K Ar/H»> 16.0+0.9 18.94+0.8 22.440.4
5 0.2 wt.% Si 1273K Ar/H2/H20 16.3+£0.3 17.7+0.2 19.7+£0.4
6 0.2 wt.% Si 1273K Ar/Hp/Ho0*  14.6+£0.9 25.24+2.3 31.3+0.5
8 1.0 wt.% Si 1073K Ar/Hz/H20 18.4+0.6  30.0+2.4 37.0+2.6
9 1.0 wt.% Si 1273K Ar/Ha 15.6+£0.8 21.4+1.1 30.6+2.0
11 1.0 wt.% Si 1273K Ar/H2/H20 18.5+0.7 21.44+1.7 29.24+1.6
12 1.0 wt.% Si 1273K Ar/H2/HoO*  14.9+1.1 29.6+3.4 38.1+2.9

2Non-chemisorbed SS304 sample.
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Sample (top surface is designated
as facing downward)

Sample holder Sample furnace

Gas flow guide

Evaporation furnace

Figure 1. Simplified cross-sectional view of the CsOH chemisorption setup.
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Figure 2. Simplified schematic of the Revetest Scratch Tester (RST).
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Figure 3. An example of the data recorded by the Revetest Scratch Tester.
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Figure 5. SEM-EDS surface analyses of non-chemisorbed sample 12 (1.0 wt.% Si, 1273 K, Ar/H2/H20).
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Figure 6. XRD patterns of CsOH-chemisorbed samples with 0.2 wt.% Si, compared to that of non-
chemisorbed sample 6 (0.2 wt.% Si, 1273 K).
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Figure 7. XRD patterns of CsOH-chemisorbed samples with 1.0 wt.% Si, compared to that of non-
chemisorbed sample 12 (1.0 wt.% Si, 1273 K).
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Figure 8. SEM-EDS surface analyses of CsOH-chemisorbed sample 8 (1.0 wt.% Si, 1073 K, Ar/Hz/H20).

24



[=—okK —SiK —-Cr K —FeK ——Ni K —Cs L]

point(no8-1-702)
View000CrossSecFront

80
60
40
20
0 N N -

oo
[XINY
=N

Analysis point

Figure 9. Cross-sectional SEM-EDS analysis of CsOH-chemisorbed sample 8 (1.0 wt.% Si, 1073 K,
Ar/H2/H20).
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Figure 10. Optical microscopic images and recorded data of CsOH-chemisorbed sample 11 (1.0 wt.% Si,
1273 K, Ar/H2/H20).
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Figure 13. Effect of temperature on the critical loads.
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