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Abstract

Corrosion of tritium permeation barrier ceramic coatings by liquid tritium breeders is an
unavoidable concern in a high thermal efficiency fusion reactor. In this study, we have established
a deuterium permeation measurement system under static Li-Pb exposure conditions to investigate
the deuterium permeation behavior of multi-layer ceramic coatings under corrosive environments.
The system successfully detected the coating degradation on the moment by measuring an irregular
increase in deuterium permeation. The permeation behaviors showed that the coating degraded

more seriously as the number of the interfaces between the different ceramics increased.
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1. Introduction

Tritium permeation through structural materials is a critical issue in fusion reactor blanket systems
from the viewpoints of fuel loss and radiological safety. One of the promising technical solutions to
the problem is to install a tritium permeation barrier (TPB) on the components such as blanket chassis
and metal pipes. Ceramic coatings have been investigated as TPBs using various coating materials
and methods and showed sufficient permeation reduction [ 1-3]. Metal organic decomposition (MOD)
is a liquid-phase coating method that is promising due to its capability to fabricate on the components
with complicated geometries. Another unavoidable concern in high thermal efficiency liquid blanket
concepts is corrosion of the TPB coating by liquid tritium breeders such as lithium-lead (Li-Pb) alloy.
In our previous studies, hydrogen isotope permeation reduction performance and the static Li-Pb
compatibility of single-layer coatings prepared by MOD have been separately investigated [4—6].
More recently, an Er,O3-ZrO; two-layer coating showed higher permeation reduction performance
than the single-layer coatings [7]. Moreover, the Li-Pb corrosion resistance of the multi-layer coating
was improved by increasing the number of the coating fabrication process, although some layer
structures showed degradation after Li-Pb exposure [8]. In the context of the previous works, multi-
layer coatings have the potential for the simultaneous pursuit of hydrogen isotope permeation
reduction and Li-Pb corrosion resistance. Toward the application to an actual reactor, it is necessary
for the coating to maintain the permeation reduction performance under high-temperature
environments with trittum breeders. The hydrogen isotope permeation experiments with Li-Pb
exposure were carried out using a few TPB coatings [9—11]. These papers were sporadically reported,
and the experiments were conducted using unique systems. That is why the precise permeation
mechanism in the coating and the relationship between the permeation and Li-Pb corrosion have yet
to be revealed. Therefore, in this study, the deuterium permeation measurement system under static

Li-Pb exposure has been established to investigate the permeation behavior of the coatings under
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liquid Li-Pb blanket environments. Besides, the timing of coating degradation was considered by
monitoring the deuterium permeation flux continuously, which was impossible in static Li-Pb

exposure experiments.

2.  Experimental details
2.1. Sample preparation

Squared plates of reduced activation ferritic/martensitic steel F82H (Fe-8Cr-2W, F82H-BAO7
heat) with dimensions of 25 mm in length and 0.5 mm in thickness were used as substrates. The
coating procedure is described in detail in Refs. [6,7]. The substrates for multi-layer coating samples
were heat-treated before the MOD process to form a chromium oxide (Cr203) thin layer that plays a
role to prevent peeling of the MOD coating due to the formation of iron oxide on the substrate during
multiple heat treatments [12]. The heat-treatment was conducted for 10 min at 710 °C in high purity
argon and hydrogen mixture flow with a volume ratio of 1:1 by setting each flow rate as 50 standard
cubic centimeters per minute (sccm). Thereafter, the Cr.Os-formed substrates were dipped into the
metal-organic liquids (Er-03® for Er.O3 and SYM-ZR-04® for ZrO;, Kojundo Chemical Laboratory
Co., Ltd.) and pulling up with a constant speed of 1.0 mm s™! using a dip coater. Just after pulling up,
the samples were dried at 150 °C for 6 min and pre-heated at 550 °C for 2 min in air on hot plates.
The processes of dipping, drying, and pre-heating were repeated three times for single-layer coating
and twice for multi-layer coatings. After that, the samples were heat-treated at 700 °C for 30 min in
argon and hydrogen mixture flow with each flow rate of 50 sccm to crystallize the coatings without
the formation of the iron oxide from the substrate. To fabricate multi-layer coatings, the series of the
processes including the heat treatment were repeated four times. The layer compositions of the
coatings are summarized in Fig. 1. The thicknesses of the ZrO; single-layer coating and the multi-

layer coatings were approximately 200 nm and 400—450 nm, respectively, which was confirmed by
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cross-sectional observation. The heat treatments for the EryO3-ZrO» two-layer coating and the Er,Os-
Z1r02-Ern03-ZrO» four-layer coating were conducted the same number of times to unify the stress

during coating fabrication.

ZrQ, single-layer Er,04-ZrO, two-layer  Er,03-ZrO,-Er,05-ZrO,
four-layer

Fig. 1. Layer structures of coating samples.

2.2. Deuterium permeation test under static Li-Pb exposure

The sketch of the apparatus for the deuterium permeation test under static Li-Pb exposure is
shown in Fig. 2. This was assembled based on the gas-driven permeation measurement system
described in Ref. [13]. A sample is sealed with two stainless C-rings with an Inconel coil spring inside
(U-TIGHTSEAL®, Usui Co, Ltd.). In this study, the coated side was set upward facing the upstream.
Li-Pb was synthesized from 99.9 % Li and 99.999 % Pb ingots purchased from Furuuchi Chemical
Co. with an atomic ratio of 15.7:84.3 under argon atmosphere in a glove box. Li-Pb of approximately
1.3 cm® was poured into the upstream pipe of 12.7 mm in outer diameter and 1 mm in wall thickness,
then the height of Li-Pb was approximately 1.4 cm with consistently covering the surface of the
sample. In this system, the coated side of the sample was exposed to static Li-Pb.

The procedure of the permeation test was followed by Ref. [13]. The ion current of deuterium

permeated through Li-Pb and the sample was measured using a quadrupole mass spectrometer (QMS)
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and converted to the deuterium permeation flux with a calibration factor obtained using a deuterium
standard leak. A thermocouple was placed in the sample part in contact with the backside of the
sample. The test temperature was set at 300-600 °C, and the tests were conducted from lower
temperatures. The driving pressure of deuterium to the upstream was set to 10.0-80.0 kPa. If the
permeation is limited by atomic diffusion in a sample, the deuterium permeation flux per permeation
area J (mol m2 s™!) through a sample with a thickness d (m) is expressed by the following equation

[14]:
J =P (1)

where P (mol m™! s7!) is the permeability and p (Pa) is the driving pressure. If the rate-determining
process of permeation is molecular processes such as surface reactions, the linear relationship
between J and p is expected. In this study, the permeation fluxes were compared at the driving
pressure of 80.0 kPa, which is the highest pressure and then has the smallest effect on surface reactions.
It should be noted that we assumed the deuterium permeability in Li-Pb had a linear dependence with
temperature in this study [15], which allowed us to extrapolate the permeation data at lower

temperatures to higher temperatures.

Upstream Downstream
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Li-Pb

Sample

Calibration volume/
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Fig. 2. Schematic view of the apparatus for deuterium permeation test under static Li-Pb

exposure.

2.3. Microstructure analysis

After the deuterium permeation test under static Li-Pb exposure, Li-Pb was melted by a heating
container and removed from the sample assembly. Then, the sample was picked up from the assembly
and shook out the adhered Li-Pb. No cleaning process using ethanol and acetic acid was done to avoid
potential damage to the coating. Surface and cross-sectional observations for the samples were
conducted by field emission scanning electron microscopy (FE-SEM) with energy dispersive X-ray
spectroscopy (EDX) located at National Institute for Fusion Science, Japan and Forschungszentrum
Jillich, Germany. Cross-sectional SEM observation and EDX analysis of selected areas were
performed using a focused ion beam system or a cross section polisher. Crystallographic information

of the sample was obtained by X-ray diffraction (XRD).

3. Results and discussion

3.1. F82H substrate

Fig. 3 shows the driving pressure dependence of the deuterium permeation flux for the uncoated
F82H substrate with Li-Pb. The pressure exponent estimated by curve fitting was 0.77 and 0.73 at
350 and 400 °C, respectively. In the deuterium permeation tests using the uncoated F82H substrate
without Li-Pb, the exponent value was around 0.5, which indicates the rate-determining process of
the deuterium permeation through the sample was atomic diffusion [16]. These results suggest that
the permeation through Li-Pb was limited by a hybrid regime that atomic diffusion and surface
reactions are equally contributed. The existence of Li-Pb or the change of the Li-Pb free surface would

be the cause of the difference in the exponent value between the permeation tests for the F82H
6



130  substrates with and without Li-Pb. Fig. 4 shows temperature dependence of deuterium permeation
131 flux for the uncoated F82H substrate with Li-Pb. The permeation flux of the F82H substrate with Li-
132 Pb was an order of magnitude lower than that of the F82H substrate without Li-Pb [16]. Hereafter,
133 the results of the permeation tests under static Li-Pb exposure using coating samples are discussed in

134  comparison with that using the F82H substrate with Li-Pb.
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137 Fig. 3. Driving pressure dependence of deuterium permeation flux for uncoated F82H substrate
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Fig. 4. Arrhenius plots of deuterium permeation flux for uncoated F82H substrate with Li-Pb.

Reference data of F82H without Li-Pb is also presented [16].

3.2. ZrO: single-layer coating

Fig. 5 shows the results of the deuterium permeation tests under static Li-Pb exposure for the
ZrOs single-layer coating. The deuterium permeation flux decreased by two orders of magnitude in
comparison with that of the F82H substrate at 500 °C due to crystallization and/or grain growth of
the coating. After that, the permeation flux did not increase significantly even at 600 °C; therefore,
no degradation might occur in the coating. On the other hand, an increase in the permeation flux due
to coating degradation was observed in the permeation test at 600 °C without Li-Pb [5]. A possible
reason why the coating did not degrade during the permeation measurement at 600 °C would be that
Li-Pb might prevent impurities from reaching the coating and suppress the degradation. In particular,

moisture is an unavoidable impurity gas desorbed from the steel surface in the vacuum system.
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Oxygen dissociated from moisture would diffuse in the coating followed by oxidation of the substrate,
resulting in a decrease in coating adhesion [17]. Although the driving pressure dependence of the
permeation flux as shown in Fig. 3 was not presented for the coated samples, the pressure exponent
was around 0.5 for all the coated samples in the following sections. That indicates the permeation
through the coating after crystallization and/or grain growth was limited by atomic diffusion in the
coating. Also, it is proved the permeation flux through the coating is much lower than the uncoated
F82H substrate with Li-Pb in which the permeation is fast enough.

The surface and cross-sectional SEM images of the ZrO: coating before and after the permeation
tests are shown in Fig. 6. No significant change in surface structure, such as crack formation and
delamination of the coating, was observed after the permeation tests. From the SEM observation, the
coating did not degrade up to 600 °C with Li-Pb. White particles seen at the interface between the
ZrO; layer and the substrate in Fig. 6(d) would be Pb transported from above during the cross-
sectional processing. The thickness of the ZrO: layer increased after the tests: from approximately
200 nm to 300 nm, possibly due to the expansion with the formation of a corrosion product.

Fig. 7 shows the XRD spectra of the sample before and after the permeation tests. Lithium
zirconate (Li12ZrO3) was detected after the tests, indicating that the ZrO; coating reacted with Li-Pb
and Li2ZrOs formed as a corrosion product. ZrO, would be corroded by the following reaction
between Li and dissolved O in Li-Pb, as suggested in our previous study [8]:

ZrOy + 2Li +O[Li] — Li2ZrOs (2)
Another point worth mentioning is that the tetragonal phase of ZrO> mostly changed to the monoclinic
phase after the tests. The phase change was accompanied by an approximately 4 % volume expansion,
which might be a cause of coating degradation. In this case, the coating did not degrade during the
tests probably because the density of the coating before the tests would be lower than the ideal value,
and there was sufficient space for expansion during the phase change. The peak sharpness also

indicates that the grain size of the coating is smaller than bulk polycrystalline ceramics. Moreover,
9



179  the phase change might contribute to the decrease in the permeation flux at 500 °C. It should be noted
180  that the spectrum after the permeation tests included the outside of the permeated area where the
181  coating was exposed to the air at high temperatures. That is the reason why the spectrum showed the

182  peaks derived from Cr2O3 and Fe.
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184  Fig. 5. Arrhenius plots of deuterium permeation flux under static Li-Pb exposure for uncoated

185 F82H substrate and the ZrO; single-layer coating sample.
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3.3. Er203-ZrO: two-layer coating

Fig. 8 shows the results of the permeation tests for the Er>O3-ZrO, two-layer coating. The
deuterium permeation flux decreased by a factor of 100 in comparison with that of the F82H substrate
at 400 °C due to crystallization and/or grain growth. The temperature when the permeation flux started
decreasing was different between the single-layer and two-layer coating samples might relate to the
difference of the number of the heat-treatment for the ZrO; layer. After the permeation flux decreasing
at 400 °C, the permeation flux changed as temperature increased up to 550 °C but significantly
increased at 600 °C. Therefore, the degradation might occur in the coating during the test temperature
changing from 550 °C to 600 °C. In the following test at 400 °C, however, the permeation flux was

three orders of magnitude lower than that of the F82H substrate and one order of magnitude lower
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than that in the first test.

Fig. 9 shows the surface and cross-sectional SEM images of Er>O3-ZrO» coating sample before
and after the permeation tests. Cracks were observed after the tests, which might contribute to the
unexpected increase in the permeation flux at 600 °C. Generally speaking, the cracking is caused by
the internal stress in the coating. The internal stress is created by the difference in the coefficient of
thermal expansion (CTE) among the coatings and substrate. The CTE of Er,03, ZrO;, Cr203, and the
F82H substrate at room temperature are approximately 6 x 107°, 8 x 1076, 10 x 107, and 11 x 1076
K™ '[18-20], respectively. When the temperature changed during the test, the stress created by the
CTE mismatch is applied to the coatings and the cracking would occur at a certain stage to release
the stress. However, even with the cracks formed in the coating, the permeation flux did not increase
to the level of the substrate in the test at 600 °C. Moreover, the lower permeation flux was confirmed
in the second 400 °C test compared to that in the first test. From these results, we consider that the
corrosion product such as Li2ZrO3; was produced during the tests and inhibited the permeation. In
particular, in the test at 400 °C, the deposition of the corrosion product on the coating and/or the
blocking of the gaps due to the substrate shrinkage would result in a drastic decrease in the permeation
flux. In the cross-sectional micrograph after the tests (Fig. 9(d)), no cracks were observed, which
suggests the cracks shown in Fig. 9(c) were locally generated. The thickness of the ZrO; layer
increased from approximately 300 nm to 500 nm, indicating the formation of the corrosion product,
as also shown in the ZrO> single-layer coating in the previous section

In our previous study using the Er,03-ZrO» two-layer coating, no cracks were observed after the
static Li-Pb exposure tests for up to 2000 h at 600 °C [12]. One of the large differences between the
static Li-Pb exposure test and the permeation test under static Li-Pb exposure was the sample
placement method. During the permeation test under static Li-Pb exposure, the sample was tightened
up using metal sealings. In this case, the mechanical stress should be concentrated on the coating,

leading to coating degradation. That also indicates that the mechanical strength of the coatings
13



230  degraded by Li-Pb exposure. The evaluation of mechanical properties before and after microstructural
231  change and Li-Pb exposure would be necessary for a precise prediction of the lifetime of the coatings
232 in an actual reactor.
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Fig. 9. Surface and cross-sectional SEM images of the Er>O3-ZrO; two-layer coating sample (a,b)

before and (c,d) after the permeation tests under static Li-Pb exposure.

3.4. Er203-Zr02-Er:03-ZrO: four-layer coating

Fig. 10 shows the results of the permeation tests for the Er203-ZrO»-Er203-ZrO- four-layer coating
sample. The crystallization and/or grain growth occurred at 400-600 °C, and the permeation flux
decreased by a factor of 800 in comparison with that of the F82H substrate at 600 °C. However, a
precipitous increase in the permeation flux was observed during the test at 600 °C. The temporal
change of the permeation flux in the test at 600 °C is shown in Fig. 11. At the beginning of the test,

the permeation flux decreased with decreasing the driving pressure of deuterium introduced to the
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upstream; however, the drastic and irregular increase in the permeation flux was observed when the
driving pressure was kept at 20.0 kPa. This trend is typical in the test when the coating forms cracks
and peelings; therefore, the in-situ detection of the coating degradation during the test at 600 °C was
achieved. The discontinuous increase in the permeation flux is considered to be caused by the
cracking in several steps. In the second test at 400 °C, the permeation flux decreased by four orders
of magnitude in comparison with that of the F82H substrate, which is the trend similar to the result
of the Er03-ZrO, two-layer coating, as shown in Fig. 8. The difference in the permeation behavior
of the four-layer coating from the single-layer and the two-layer coatings would be attributed to the
four-layer structure which needed higher temperatures to promote crystallization and/or grain growth.
After the irregular increase in the permeation flux during the test at 600 °C, 10 thermal cycles were
applied to the sample by cooling down to less than 100 °C in an hour and heating up to 600 °C in an
hour with a driving deuterium pressure of 80.0 kPa. The permeability at 600 °C decreased to 55 %
after 10 thermal cycles, which suggests no further coating degradation was proceeded under the
thermal cycles.

Fig. 12 shows the surface and cross-sectional SEM images of the Er203-ZrO;-Er203-ZrO> four-
layer coating sample before and after the permeation tests. After the permeation tests, the peelings
were observed over the large region. From cross-sectional SEM image, in addition, the loss of the
four-layer coatings was confirmed in the peeled region. Despite the large peeling, the permeation flux
was two orders of magnitude lower than that of the substrate at 600 °C. The surface coverage of the
coating after degradation was estimated using the permeation data before degradation and the
equation described in detail in Ref. [21]. Fig. 13 shows the calculated permeation flux of the Er;Os-
Z102-Er203-ZrO: four-layer coating sample at 600 °C as a function of surface coverage with the
deuterium permeation flux of uncoated F82H and the coating sample before degradation. From the
measured permeation flux after degradation at 600 °C, the estimated surface coverage of the coating

was 0.99. The contradiction between the experimental results and the calculation indicates another
16
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factor. As explained in the previous section, it is highly possible that the permeation flux would be
inhibited by the corrosion product and blocking of the gaps due to the substrate shrinkage in the
second test at 400 °C. The two-digit difference between the permeation flux at 400 °C and 600 °C
also suggests that the solubility of the corrosion product in Li-Pb may change depending on
temperature.

The Er03-ZrO»-Er,03-ZrO; four-layer coating has interfaces between the different ceramic
materials; therefore, the larger stress from the CTE mismatch might be applied to the interfaces than
the Er03-ZrOs two-layer coating and cause the cracking over the large region. The coating might be
easily peeled when the sample was picked up from the test apparatus after the permeation tests. The
exposure of the substrate surface due to peeling indicates that the more extensive cracking might
occur in the Er203-ZrO»-Er03-ZrO; four-layer coating in comparison with the ErO3-ZrO; two-layer
coating. From these results, the timing of the coating degradation should not be after the tests but
during the Li-Pb exposure at high temperatures (> 600 °C). Besides, as the number of the interfaces
between the different ceramics increased, the coating degradation was more seriously after the
permeation tests under static Li-Pb exposure. This result is common to the results of the static Li-Pb
exposure test [8], but more sensitively expressed in the measurement system applying the mechanical

stress.
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were obtained from experimental results.

4. Conclusion

Deuterium permeation measurements under static Li-Pb exposure were conducted to investigate
the permeation reduction performance of the single and multi-layer coatings under a Li-Pb corrosion
environment. Also, the temporal changes in the permeation flux were observed to clarify the timing
of the coating degradation. In the permeation tests using the ZrO» single-layer coating sample, the
coating did not degrade, and the permeation reduction performance of the coating was maintained
throughout the tests. The permeation flux increased during the permeation tests using the Er203-ZrO»
two-layer coating sample, and the cracks were observed after the tests. The permeation flux
discontinuously increased during the permeation test using the Er;O3-ZrO»-Er,03-ZrO» four-layer

coating sample. Since the widespread peelings and exposure of the substrate were observed after the
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tests, the in-situ detection of the coating degradation was achieved using the permeation system. The
suppression of the permeation probably due to the corrosion product was confirmed after the
degradation of the two-layer and four-layer coatings, resulting in three and four orders of magnitude
lower permeation fluxes than the uncoated substrate. It is found that the timing of the coating
degradation is during the Li-Pb exposure at high temperatures. Moreover, the coating degraded more
seriously after the permeation test under static Li-Pb exposure as the number of the different ceramic
interfaces increased. The number of the interfaces between the different ceramics should be reduced

to maintain the permeation reduction performance of the coatings.
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