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Concurrent effects of hydrogen and irradiation defects in alloys

ABE, Hiroaki

13,750,000

r

Zr
Zry-4

Zr alloy is used as a reactor fuel cladding tube and causes deterioration
such as corrosion, hydrogen absorption, and irradiation damage under the usage environment.
Although each of these has detailed knowledge, their synergistic effect has not been clarified.
Therefore, the purpose of this study was to clarify the superimposition effect of the hydrogenation
effect and the irradiation effect of the Zr alloy.
Hydrogen was injected into the recrystallized Zry-4, the hydride was observed under a microscope,
and changes in the ion-irradiated microstructure were observed in-situ in a transmission electron
microscope interfaced with an ion accelerator. It was shown that hydrogen in the solid solution
leads to an increase in irradiation defect densitﬁ, enhancing nucleation. It was also clarified that
the capture of hydrogen atoms in defects also enhancing defect growth. Further investigation is
ongoing on the simultaneous effects of irradiation and hydrogen.
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Zirconium alloys are widely used as cladding materials for Light Water Reactor fuel
assemblies, due to their low thermal neutron capture cross—section, good mechanical
properties, and excellent corrosion resistance at high temperatures. However, during
normal operation, Zr alloys suffer from a degradation in material performance caused by
waterside corrosion, hydrogen uptake and irradiation damage.

Since the Zr claddings are water—cooled, oxygen from the water bonds with the outer
layer of the cladding to create Zr oxides, releasing H atoms to the cladding. When the H
concentration surpasses the terminal solid solubility limit of the Zr, hydrides are
formed which lead to embrittlement and fracture through delayed hydride cracking (DHC).
There are four known hydride phases in the Zr-H system: ZrHo s, ZrH-vy, ZrHis1.:0,
and ZrHo— ¢, and the four phases of Zr hydrides have different crystal structures. 0
hydride and ¢ hydride are stable Face—Centered Cubic (FCC) and Face—Centered Tetragonal
(FCT) phases, respectively. vy hydrides are FCT and { hydrides are trigonal. The &
phase is metastable and is believed to be a transitional phase between a—Zr and 6 or vy
hydrides. The & and vy hydrides are the phases most liable for embrittlement and
fracture of materials. Although they differ in crystallography, both the § and vy
phases grow in similar directions within the Zr matrix. The direction of growth has been
determined to be [1120]. The fraction of § or vy hydrides is related to the H
concentration and cooling rate of the Zr. A higher H concentration and/or a slower
cooling rate will lead to production of more § hydrides, and the opposite will lead to
more 7y hydrides V.

Regarding the irradiation damage, under neutron irradiation, lattice atoms are
displaced from their original sites, resulting in the formation of collision cascade.
The accumulation of irradiation—induced defects in the material during service is
dictated by the processes of defect generation, annihilation, recombination, and
clustering. The neutron irradiation induced microstructure in Zr alloys is dominated by
dislocation loops. The <a> type loops formed in the early stage of irradiation are both
vacancy— and interstitial-type dislocation loops on the hep lattice’ s prism planes, and
the <c> type loops formed in higher dose conditions are a lower density of vacancy—type
dislocation loops on the basal planes. These dislocation loops structures can lead to
irradiation—induced hardening and irradiation growth 2¥.

2. WIEDEM

Although a large number of studies for understanding the degradation of Zr base
cladding materials by irradiation damage and hydrogen uptake have been extensively
reported, so far, there are few papers reported on the concurrent effect of
hydrogenation and irradiation. Obviously, in the practical reactor operation environment,
the effects of hydrogenation and irradiation can have an impact on the degradation
behavior of fuel claddings at the same time. To clarify the degradation behaviors in Zr-—
alloys under nuclear reactor environments, Kano et al. investigated the concurrent
effect of neutron irradiation and hydrogen absorption in Zry—2 by mechanical testing.
The results showed that the magnitude of irradiation—induced hardening and embrittlement
was suppressed by a 100 ppm H charge, which indicating that the mechanical properties of
Zr alloys could be affected by hydrogen in the matrix and irradiation—induced defects at
the same time ¥. Therefore, it is significant to study how the hydrogen and hydrides in
the matrix and irradiation—induced defects affects each other and how they affect the
properties of materials.

Vizcaino et al. found that the TSSD of hydrogen in Zry—-4 were higher after neutron
irradiation than in the unirradiated specimens. After these irradiated specimens were
annealed, and the TSSD of irradiated specimens tended to the unirradiated values,
suggesting that the irradiation—induced defects trapped the hydrogen atoms and slowed
down their release ®. Shinohara et al. confirmed by in-situ TEM observation that
hydrogen would be trapped by irradiation defects. They performed in—situ observation in
un—irradiated and Ni—ion—pre—irradiated Zry—4 during hydrogen ion implantation and found
that in pre—irradiated specimens both irradiation defects and hydrides grew linearly,
and the growth rate of hydrides in un—irradiated specimens higher than that in pre-
irradiated specimens, which means the amount of hydrogen absorbed by defect clusters ?.
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Tournadre et al. investigated the hydrogen impact on <c> dislocation loops in Mb5. They
found that the growth of the <¢> loop nuclei could be enhanced by the trapping of
hydrogen atoms in solid solution on the defects, and that the remaining <cta>
dislocations after the precipitated hydrides dissolution could act as nucleation sites
for <c¢> loops ”.

From previous studies on the effects between the irradiation damage and hydrogenation,
we can find that hydrogen in the matrix can be trapped at the irradiation defects. In the
last paper, it is found that <{c> loops can also be affected by hydrogen in solid solution
and hydrides. However, these studies remain insufficient to reveal their effects on each
other and to give any evidence on the change of mechanical property in Zr alloys.
Therefore, it 1is necessary to further investigate the effects of hydrogenation and
irradiation.

In this research, the effects of hydrogen in solid solution state in Zry—4 on the
irradiation dislocation loops at a low irradiation dose will be investigated. Since
hydrogen could be trapped at defects, it can affect the formation and growth of
dislocation loops, e.g., the density and size of dislocation loops.

The purpose of this study is to investigate the effects of hydrogen in solid solution
on the formation and growth of dislocation loops under ion irradiation in Zry—4.

3. WHEDITE
3.1 Material

In this study, a cold-worked and stress-relieved (CWSR) Zircaloy-4 tube (Zr—1.3Sn—0.2Fe-
0.1Cr, in wt%) was used as the original material to prepare the experimental specimens.
The Zircaloy—4 cladding tube was cut into two parts, and subsequently rolled into two
sheets at room temperature. To obtain the recrystallized microstructure, they were
finally annealed at 973K for 5 h under high vacuum as low as 10 Pa. Then the specimens
were cut into disks of 3 mm diameter for TEM observation and hydrogen charging. The
microstructure of recrystallized Zircaloy—4 observed by TEM. A typical recrystallized
structure with well-equiaxed grains was observed and the mean grain size was about 5 pum.

3.2 Hydrogen charging

Hydrogen charging is performed with a gaseous hydrogen charging method using 3.5% Ho—Ar
gas. Before gas mixture into the furnace chamber, the samples were heated to 673 K under
a high vacuum around 10™ Pa. Then the gas mixture was introduced into the furnace chamber
to a certain pressure level for a certain time, depending on the target hydrogen
concentration of specimens

Hydrogen concentration of the specimens was measured quantitatively by hydrogen
analyzer LECO RH-404. Hydride morphology was examined by using a laser confocal
microscope. The microstructure of hydride was observed by a JEOL-2100 transmission
electron microscope (TEM) operated at 200 kV. The specimens for TEM were prepared by twin
jet electro—polishing.

3.3 In—situ TEM heating and ion irradiation

The in-situ TEM heating and ion irradiation experiments were performed at the High
Fluence Irradiation Facility at the University of Tokyo (HIT) with a JEM-2000FX TEM
system operating at 200 kV. In the in-situ experiments, the specimens of Zry-H (50-ppm)
were selected as hydrogen charged specimen to perform the experiment

For the in-situ heating experiment, the specimen was heated up to 673 K by a GATAN
double—tilt heating holder with a water—cooling system.

For the in-situ irradiation experiment, the specimen of no hydrogen charging (Zry) and
the hydrogen charged specimen (Zry-H, 50 ppm H) were irradiated with 1 MeV Fe® ions at 633
K and irradiated. The dose rate and the total dose were calculated using SRIM-2013 code.
SRIM calculations were done with an incident angle of 30° (an intersection angle of 60°
with the surface of the foil specimen) and a displacement energy of 40 eV. The average
dose was calculated as 0.74 dpa, and the specimens were irradiated for 60 min at a dose
rate of 2.1X10™* dpa/s. For the in-situ ion irradiation, it was estimated that most of
the Fe® ions penetrated the observation area of the specimen, and the influence of the
accumulation of Fe® ions in the specimen for TEM observation is negligible.

4. WFIERE



4.1 Hydride morphology by laser microscopy observation

Figure 1 showed the hydride morphology in disk specimens with 49, 167 and 270 ppm
hydrogen concentration. The higher amount of hydrogen absorbed, then the more hydrides
were observed. It 1is found that hydrides are basically precipitated along the
circumferential direction.

4.2 Hydride microstructure by TEM observation

The hydride microstructures in recrystallized Zry—4 specimens were analyzed by TEM,
and it is confirmed that the appeared hydrides are corresponding to the 6 —hydrides. To
further investigate the effect of hydrogen concentration on the hydride size, the size
distribution of hydrides was analyzed for all the specimens with different hydrogen
concentration respectively.

It is seen that the hydrides introduced by electro—polishing possess a small size;
revealing that, in the case of hydrogen charged specimens, most of the hydrides of 50—
200 nm are formed due to electro—polishing, instead of hydrogen charging. Based on this
result, in Zry-4 (49-ppm H), the size of formed hydrides is mainly in the range of 200-
1000 nm, and most of hydrides are intragranular hydrides. In this specimen, the longest
hydride was observed to exhibit a length of about 3 pm. Figure 4.7 (c) shows that in
Zry—4 (167-ppm H), the size of formed hydrides is mainly in the range of 1000-3000 nm,
and most of hydrides of 1000-3000 nm are intragranular hydrides with one ends at the
grain boundary. The largest hydride observed was about 5.5 pum. In Zry—-4 (270-ppm H),
the size of formed hydrides is mainly more than 3000 nm, and most of hydrides more than
3000 nm are intragranular hydrides and transgranular hydrides. The largest hydride
observed was about 8 um.

In conclusion, hydrogen concentration plays a role in influencing the size of formed
hydrides. Specimens with higher hydrogen concentration tends to form hydrides with a
greater size

4.3 In-situ TEM heating observation

From 1in-situ heating observation, it can be obviously confirmed that as the
temperature increases, the hydride gradually dissolved, and that the solid H atoms from
the dissolved small hydrides during heating process, re—precipitated as a large hydride
during the cooling process. Figure 6 shows hydrides dissolved completely at 673K, and
after cooling, a large hydride was precipitated

4.4 In-situ TEM irradiation observation

In the in—situ irradiation experiments, the specimen of Zry and Zry-H were irradiated
at 633 K for 60 min with a dose rate of 2.1X10™ dpa/s. Mean defect size and area
defect density are plotted as a function of dose which is shown quantitatively in
Figure 2 and 3, respectively.

By comparing the Zry specimen with the Zry-H specimen, it is found that the defect
density in the hydrogen charged specimen was always higher than that in the specimen
without H. This is probably because a vacancy can combine with several hydrogen atoms
and form a thermodynamically stable hydrogen—vacancy complex, which can be expressed as
VatnH—VaHl,. The hydrogen—vacancy complex 1is supposed to have a higher migration
potential of than that of vacancy only, which shows that the hydrogen—vacancy complex
has a lower diffusion ability than that of vacancy ¥ Therefore, compared with
vacancies, the hydrogen—vacancy complex shows a good thermal stability and low
migration rate, so they are difficult to be annihilated by diffusion, which can greatly
enhance the nucleation of defects and stabilize the defects.

In Zry-H specimen, it is also found that the size of defects depended on the distance
from the hydride, the closer to the hydride, the larger the size. It might be because
the hydride dissolution forms a solubility gradient of hydrogen, and defects can trap
hydrogen, thus enhancing the growth of defects. Also, the defects at the area of the
dissolved hydride were larger in size, probably due to the dislocations left by the
dissolution of the original hydride

By comparing the un—irradiated Zry-H with the irradiated Zry-H specimen, it is found
that the hydride precipitated in the unirradiated Zry-H, but not in the irradiated Zry-—
H, which may indicate that the irradiation increases the solid solubility of H in Zry,
due to hydrogen could be trapped at the irradiation—induced defects.
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The results above are summarized as follows:
(1) Hydrogen concentration plays a role in influencing the size of formed hydrides.
(2) The hydrogen in solid solution from the dissolved hydrides during heating process
could be re-precipitated during the cooling process.
(3) Hydrogen in solid solution can increase the density of irradiation—induced defects,
probably due to the formation of more stable hydrogen—vacancy complex, which enhance the
nucleation of defects.
(4) The trapping of hydrogen atoms at defects and the remaining dislocations after the
hydride dissolution could cause relatively large—-size defects.
(5) Irradiation can suppress the precipitation of hydrides, probably because irradiation-
induced defects increase the solid solubility of hydrogen in Zircaloys by trapping
hydrogen atoms.
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Figure 1. Hydride morphology of Zircaloy—4 disk
specimens in radial-circumferential plane.
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Figure 2. Mean defect size plotted as a Figure 3. Area defect density plotted as
function of irradiation dose in Zry and a function of irradiation dose in Zry
Zry-H specimens. and Zry-H specimens.
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