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Abstract:

Cr coating onto Zircaloy for the application of accident tolerance fuel claddings became a popular topic in the
nuclear material field since the Fukushima-Daiichi accident. However, in the Cr coating layer the solute element effect
on the potential of performance improvement is still unknown, especially under irradiation. The irradiation effect in
Cr-7Fe was studied by 2.8 MeV Fe?" irradiation to 20 dpa at 550 “C. The nano-indentation results show that doping of
Fe not only can strengthen the material but also can significantly reduce the irradiation-induced hardness. The results
show that solute Fe can retain the diffusion of defects and reduce void swelling. In addition, no detrimental Fe-rich
cluster formed in irradiated Cr-7Fe. From the aspects of irradiation-induced hardening, void-swelling, and clustering, a
great improvement in irradiation resistance was achieved in Cr-7Fe alloy compared to pure Cr.

Key words: Accident tolerant fuel cladding, Chromium, lon irradiation, Dislocation loops, Void swelling

1. Introduction

The Cr-coated Zr alloy claddings have been widely recognized as one of the most promising and achievable methods for
the loss of coolant accident (LOCA) in light water reactors. Due to the intense in-reactor neutron fluxes, radiation damage that
occurred in structural materials can lead to severe degradation in their performances and therefore has to be seriously
considered. Manipulating the solute elements has been long known as one of the most utilized strategies to enhance the
irradiation resistance of materials. Solute atoms can strengthen material as a solid solution, act as sinks for the recombination of
irradiation-generated point defects and may also form precipitates. In the present study, Fe is selected to dope into Cr based on

the following reasons, to seek a better performance of Cr-based coating layer onto Zircaloy cladding.

2. Experimental procedure

Ingots of pure Cr and Cr-7Fe (wt.%) alloy were prepared by arc melting from the raw materials of pure Cr (99.995 wt. %)
and pure Fe (>99.99 wt.%) by arc-melting method. The Cr and Cr-7Fe plates were fabricated from the ingots and further
annealed at 800 °C (above recrystallization temperature) for 2 hours followed by furnace cooling to remove the mechanical
stress from the sampling progress. A bulk specimen was irradiated with 2.8 MeV Fe?* at 55042 °C to 20 dpa, which was
accelerated by a 1.7 MV tandem accelerator, at the High Fluence Irradiation Facility of the University of Tokyo. The
nanoindentation tests of all the specimens were performed before and after the irradiation by a Shimadzu DUH-211S equipped
with a Berkovich indenter. A focus ion beam was used to prepare transmission electron microscope samples and followed by a
flashing electrolytic polishing to remove the beam damage. The APT experiments were performed by a Cameca LEAP 4000X
HR, operated in laser mode with samples held at 54 K.

3. Results and discussions

Our preliminary results show that Cr-7Fe alloy exhibits a higher hardness before irradiation and a lower hardness after
irradiation, demonstrating a greatly improved irradiation-hardening resistance. In addition, a much-alleviated

irradiation-induced swelling than that in irradiated pure Cr and the absence of detrimental Fe-rich clusters or precipitates were



confirmed. The microstructure investigation of the defect and void distribution further verifies that solute element Fe on the one
hand can increase the recombination of point defects, on the other hand, can retain the diffusion of defects, especially
interstitials. From all the mechanical tests and microstructure analysis results, it is demonstrated without a doubt that a greatly
improved irradiation resistance was achieved in Cr-7Fe relative to pure-Cr. Besides, the corrosion resistance of Cr-7Fe in the
high-pressure autoclave is close to the corrosion resistance of pure Cr. In light of the fact that doping of solute Fe atom can
reduce the risk of embrittlement of pure-Cr, maintain excellent corrosion resistance at high temperatures, and be practically
fabricated by sophisticated coating techniques such as laser deposition, a promising perspective of Cr-Fe layer as coating
materials on the Zircalloy claddings in LWRs can be expected. Nevertheless, the effect of solute Fe atom on the intermetallic
compound formation, the corrosion resistance of Cr-Fe alloy-coated Zircalloy, and the coating-substrate adhesion stability,

especially the in-pile behavior, still needs further investigation.

4. Summary and future work

The nano-indentation results show that solute element Fe not only can strengthen the material but also can significantly
reduce the irradiation-induced hardness compared with pure Cr. The microstructure analyses show that solute element Fe can
retain the diffusion of defects and reduce void swelling. From the aspects of irradiation-induced hardness and void swelling,
Cr-7Fe alloy shows better irradiation resistance than pure Cr. Additionally, the APT results indicate that no detrimental Fe-rich
cluster formed in irradiated Cr-7Fe. The effect of Fe on the formation of laves phase at the interface between Cr and Zr still

needs to be further investigated.

Achievement

[1] LJ. Cui, Y.F. Du, H.L. Yang, J.A K. Jovellana, Q.Q. Shi, S. Kano, H. Abe, Improved irradiation resistance of Cr-Fe alloy
for Crcoated Zircaloy application in accident tolerant fuel, Scripta  Materialia. 229  (2023).
https://doi.org/10.1016/j.scriptamat.2023.115344.
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high-purity vanadium alloys
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One of recent research objectives on V-Cr-Ti system is to improve the low-activation characteristics by reducing the Ti
concentration. To further optimize the Ti concentration, the effects of ion irradiation on microstructure and hardness variations

of high-purity vanadium alloys with high-Cr and low-Ti levels were investigated in the present study.
Kevwords: High-purity vanadium alloys; Microstructure; Irradiation hardening; Ti concentration

1. Intr tion

Low-activation vanadium alloy is considered as an attractive structural material for blanket application in fusion reactors.
V-4wt%Cr-4wt%Ti was selected as a reference composition on the basis of comprehensive studies, such as mechanical
properties, irradiation damage resistance, and corrosion resistance, etc. The alloying element Ti in the V-Cr-Ti system produces
long-term radioactive nuclides under fusion neutron irradiation, even though it has a benefit to precipitate the interstitial
impurities, keep the impurity level low in the matrix, and thus improve the ductility. It is, therefore, expected that reducing the
Ti concentration would reduce the cooling period of V-Cr-Ti alloy for full remote recycling within 10 years after use in fusion
reactors, which provides economical and safety benefits to reduce the amount of radiation waste. However, Ti reduction leads
to degradation of the strength. To maintain the necessary strength, increasing Cr concentration was examined, and high-purity
vanadium alloys with high-Cr and low-Ti levels were developed. In this study, it is to further optimize the Ti concentration, the
effects of ion irradiation on microstructure and hardness variations of high-purity vanadium alloys with high-Cr and low-Ti
levels were investigated.
2. Experimental

The high-purity vanadium alloys with nominal composition of

V-10Cr-0.5Ti, V-10Cr-1Ti, V-10Cr-2Ti were used in this study. The

N
o

button ingots were warm rolled to 0.25 mm thick sheets with a

-
o

thickness reduction of ~93%. The rolled samples were punched and

-
o

annealed at 1273 K for 1 h in the vacuum furnace. After annealing,

the samples were electro-polished in the electrolyte of 20 vol%

Irradiation damage dose (dpa)

H,SO4 in CH;OH. 2.8 MeV Fe?' irradiation experiments were S i
performed at 573 K by means of the High Fluence Irradiation

O 1 1 h
Facility (HIT) at the University of Tokyo. As shown in Figure 1, the 0.0 0.5 1.0 1.5 2.0

Depth (um)

displacement damage dose was estimated at about 15 displacements . . i
Figure 1 Irradiation damage dose as a function of the

per atom (dpa) at the peak damage (~1000 nm) via SRIM code. .
depth from sample surface by SRIM calculation.
After ion irradiation, nanoindentation harness tests were carried out
up to the depth of 150 nm from the irradiated surface. The average hardness value was obtained by measuring 80 points on
each sample. Regarding microstructure observation, micrometer scale samples were prepared by a focused ion beam device

and characterized by transmission electron microscopy.



3. Results and discussion

Figure 2 shows the nanoindentation hardness of unirradiated and irradiated V-10Cr-0.5Ti, V-10Cr-1Ti, V-10Cr-2Ti alloys
at 573 K. As for the unirradiated samples, the nanoindentation hardness of V-10Cr-0.5Ti alloy is higher than V-10Cr-1Ti and
V-10Cr-2Ti alloys, whose hardness is almost the same. Note that the unirradiated samples were set on the same stage for
irradiation experiments to experience the same heating. Regarding the irradiated samples, the nanoindentation hardness of all
samples is similar. The corresponding hardness increase is shown in Figure 3. As can be seen, all the samples indicate the
hardening after irradiation, and V-10Cr-0.5Ti alloy shows smaller irradiation hardening than the others. The hardening is likely
due to the formation of dislocation loops in the matrix at 573 K. Microstructure analysis is necessary to reveal the irradiation

hardening mechanisms, which is in progress.
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Figure 2 Nanoindentation hardness of unirradiated and Figure 3 The hardness increase of high-purity vanadium

irradiated high-purity vanadium alloys. alloys after irradiation.

The results of collaboration research in FY2021 are also reported in the following.

The microstructural evolution of cold rolled and recrystallized oxide dispersion strengthened (ODS) steel under ion
irradiation up to 15 dpa at room temperature and 673 K were investigated. Regarding the cold rolled samples, the hardness was
not evidently changed at both room temperature and 673 K, indicating that large plastic deformation inducing fine grains and a
high density of dislocations can provide the sinks for the irradiation induced defects, thus suppress the irradiation hardening. As
for the recrystallized specimen at room temperature, irradiation induced defects, such as dislocations and dislocation loops
were observed at the damage peak area, which agrees well with the SRIM calculation. Size of the oxide particles was slightly
decreased with increasing the local irradiation damage dose, which is probably attributed to the ballistic collisions from
irradiation damage cascades. Size of dislocation loops were increased with the nominal damage dose. Irradiation hardening of
recrystallized samples at room temperature and 673 K was characterized and theoretically estimated from the contribution of
dislocation loops. It was consistent with the conversion from the hardness tests, indicating that irradiation hardening was

mainly caused by the formation of dislocation loops.

Achievements list
[1] Wangzideng, HULKFRFPE, B3 (2022).
[2] Jingjie Shen et al, Poster presentation, NuMat2022, (2022).
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Abstract:
The development of accident-tolerant fuel (ATF) is crucial for improving the safety and efficiency of nuclear power plants. In
this study, a Cr-coating layer with a uniform thickness and void-free interface was successfully prepared onto Zry4 using

pulsed laser deposition (PLD), with the aim of exploring its potential application in ATF.

Kevwords: Accident tolerant fuel; Cr coating; interface; microstructure; PLD.

1. Introduction

The 2011 Fukushima Daiichi nuclear power plant accident exposed the shortcomings of the zirconium (Zr) alloy fuel
cladding, which was rapidly oxidized under the high-temperature steam and generated large amounts of heat and hydrogen,
which consequently accelerated the accident progression. To improve the high-temperature oxidation resistance of Zr-based
fuel cladding, the concept of accident tolerant fuel (ATF) was proposed to develop safer materials through the replacement of
Zr-based fuel cladding with more oxidation-resistant materials or by applying a protective surface coating layer to the fuel
cladding. Cr-coated Zr-based alloys are considered one of the most promising near-term accident-tolerant fuel (ATF) claddings
in light-water reactors due to their excellent oxidation resistance under high temperature. In this study, a Cr-coating layer with a
uniform thickness and void-free interface was successfully prepared onto Zry4 using pulsed laser deposition (PLD), with the

aim of exploring its potential application in ATF.

2. Experimental methods

The Cr target used in the experiment was a 17.5 mm diameter disc with a thickness of approximately 3 mm. Prior to
deposition, the target material surface to be irradiated by the laser was polished using sandpaper ranging from 400# to 800# grit
to ensure a smooth surface. Commercially available Zry4 sheets were used as substrates, which were cut into 10 mm % 10 mm
x 1 mm specimens and polished to a mirror-like surface using standard metallographic methods. To further enhance the
substrate surface flatness, the specimens underwent 12 hours of fine polishing using a vibratory polisher (GIGA-1200). Next,
the prepared specimens were subjected to PLD. The microstructure of the as-deposited Cr-layer was analyzed using TEM
(JEOL JEM-2100). A thin foil for TEM observation was prepared using the focused ion beam technique with a Hitachi
FB-2100 system. For ex situ observation, the as-deposited specimen was annealed at various temperatures (200, 300, 400, and
600 “C) for 1 hour. Subsequently, the specimen was analyzed using GIXRD (Rigaku Smart lab.) and TEM observation. For in

situ examination, TEM observation was performed using a double-tilt Gatan heated specimen holder.

3. Results and discussion

Cr coating is composed of two layers. The first layer, which is in contact with the Zry4 substrate, consists mainly of
nano-sized irregularly shaped Cr-grains and is thus referred to as the nano-crystalline area. The second layer has a clear growth
direction perpendicular to the Zry4-Cr interface and shows a columnar morphology, referred to as the columnar crystal area.

GIXRD results indicate that the annealing of the Cr-layer tended to produce (110)-dominated crystal texture and that annealing



at a higher temperature, at least up to 600 “C, intensified this crystallographic texture. A significant increase in the (110) peak
of Cr from 300 °C to 400 °C is also evident, presumably because of the recrystallization of the amorphous or nano-crystalline
Cr grains in which strong strain was introduced directly after PLD treatment.

To study the morphological evolution of the Cr-coating, a TEM foil taken from an as-fabricated specimen was subjected to
in situ TEM observation under heating up to 460 °C. At the temperature range of room temperature (RT) to 300 °C, despite no
apparent change in the columnar crystal region, the fine grains in the nano-crystalline region gradually changed from an
irregular shape to a columnar shape aligned perpendicular to the interface. After holding at 400 °C for 60 min, the amount of
nano-crystalline grains significantly reduced. At the same time, nano-sized cavities appeared at the Cr-Zr interface.
Subsequently, the cavities tended to agglomerate at the interface and significantly increased in size with the growing annealing
period and temperature. In addition to the appearance of nano-cavities, the grain coarsening process of the columnar crystals is
confirmed. It is noted that three neighboured grains in the as-fabricated specimen, were roughly stable when annealed at
200 °C. The grain boundaries among these grains became blurred at 400 °C and eventually merged into one coarse grain after
60 min of annealing. The coalescence of these three grains was observed probably because these grains possess similar grain

orientation, evidenced by the contrast in the TEM micrograph.

4. Summary and future work

Cr-coated zirconium alloy was prepared by pulsed laser deposition (PLD) for the application of accident tolerant fuel
(ATF) cladding in light water reactors. The microstructural characteristics of the Cr coating and its evolution with temperature
were investigated using grazing incidence X-ray diffraction (GIXRD) and in situ heating transmission electron microscopy
(TEM). A detailed analysis of the evolution of the microstructure of the Cr/Zr interface under the influence of temperature and

irradiation will be carried out in the future.
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MA SALSFHEE LT B LT 7 — A5 MA O ZIEIRIIZ B rTRE 72 AT 5 HONTA 1, &L
~UVHERTPEBER D & D MA 737 7 2 A ~Oi 735 2 53TV (Y. Ban, et al., Solv. Extr: Ion Exch., 37,489 (2019)).
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T HNHF A L RREHONTAY )OI IRAE(HONTAN & 88 CHUNR i 5 Z L %, 7L A T U4 U v AIETH
571 L7=(T. Toigawa, et al., Phys. Chem. Chem. Phys., 23, 1343 (2021)). —75, ZBfED#EL 725 HONTA 3048 A
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B 5252 &R TUVA(S. P Mezyk, et al., J. Radioanal. Nucl. Chem., 307, 2445(2016)). ASZZBRIE, T O HERHR > fRmiH] A
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In order to better understand He effect on swelling resistance of high entropy alloys, (HEAs) the
microstructural evolution in CrosFeMnNi under Fe** ion irradiation with and without He were

investigated. The irradiation behavior of CrosFeMnNi was also compared to 316L.
F¥—7—F : HEA, swelling, helium effect, microstructure, TEM

1. Introduction

The development of advanced nuclear reactors requires structural materials with high corrosion and
irradiation resistance. In recent years, high-entropy alloys (HEAs) have attracted attention due to their
excellent performance. People have investigated the irradiation effect of HEAs using heavy ion
irradiation, but the helium effect on HEAs has not been studied enough so far. In this study, we compare
the microstructure evolution of CrosFeMnNi with and without He implantation under in-situ Fe*" ion
irradiation. The irradiation behavior of CrosFeMnNi was also compared to 316L. This study aims to
explore the helium effect on the defect evolution of CrosFeMnNi and 316L and evaluate their irradiation
resistance for nuclear application.

2. [Experimental

CrosFeMnNi was prepared by arc-melting and homogenized at 1100 °C for 48 hours. The as-cast
samples were cold-rolled (80 %) and then annealed (1000°C for 4h). Both CrosFeMnNi and 316L were
mechanically polished on both sides of thin plate. The polished alloys were punched out into 3-mm disks
and electro-polished for the transmission electron microscopy (TEM). Helium implantation was
performed at Hokkaido University with 40 and 80 keV He" to produce evenly distributed He atoms. The
specimens were irradiated with 1.3 MeV Fe** at 500 °C by using the High Fluence Irradiation Facility at
the University of Tokyo:- After irradiation,

nanoindentation test was performed to compare 14]

0.20

the hardness increment, and TEM was used to 124 #—em

/" . Foi1s
evaluate the swelling rate to compare the g
irradiation resistance of Cro.sFeMnNi and 316L. Lo &
The ion concentration and displacement per atom
~ 0.05

(dpa) as a function of the injected depth are
shown in Fig. 1. As the figure shows, 1.2 appm

He would be introduced into the samples at the 5 s 10 1o a0 2o o
depth of 170-275 nm and the dose at the depth of deptn
170 nm is calculated to be 0.1 dpa. Fig. 1 He concentration and dpa as a function

of the depth.



3. Results and di ion

The TEM bright field images of all the samples at 0 dpa and 0.1 dpa are shown in Fig. 2. As irradiation
goes on, the irradiation induced defect clusters (dislocation loop) formed and grew up. In addition, cavity
formation was observed only in the helium implanted samples. Detail analysis of TEM showed no void
was found in 316L in single beam irradiated samples, while there were voids with large size and low
density in CrogsFeMnNi. In the case of dual

beam irradiated samples, cavities with small

316L 1 appm eCrygNiMn 1 appm FeCrygNiMn 0 appm

o5 e
v b

size and high density were found in both
CrogFeMnNi and 316L. The swelling of %<2
CrosFeMnNi appeared to be much lower than
that of 316L, meaning that CrosFeMnNi has
stronger swelling-resistance under ion
irradiation with helium. This might be  oi1dea
because helium can stabilize the vacancies by
their strong interaction. On the other hand,

the vacancy flow to individual cavities would be

. Fig. 2 TEM images of 316L and CrogFeMnNi
reduced, and then the growth of each cavity was irradiated at o and 0.1 dpa at 500 °C

suppressed.

BRUX b+
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	R4レポート目次2
	R4-大型設備の経過報告『重照射（HIT）経過報告』_提出版.pdf
	テーマ一覧2022(20240221更新)
	2022F02_R4原子力専攻施設共同利用成果報告書_提出
	2022F03_R4原子力専攻施設共同利用成果報告書_提出
	report_R3-2022H-01_Cui
	report_2022H11_NIFS_Shen
	2022F04_R4原子力専攻施設共同利用成果報告書_提出
	2022F06共同利用報告書
	report_R3_2022F-05-LIBO
	電子線照射報告書(2023)　青学大
	報告書_越水
	2022L07原子力専攻施設共同利用成果報告書_JAEA_toigawa
	report_R3_2022H-03_rk
	230728-report_R4-HPT-r1
	230728-report_R4-HPT-r1
	HIT共同利用_照射速度効果
	report_R4-6_2022H06
	HIT共同利用レポート_照射劣化試験
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