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1. Introduction

Zirconium alloys are used in reactors due to their small
neutron absorption cross-section and excellent corrosion
resistance. In the case of Canada Deuterium Uranium
(CANDU) reactors, the Zr-2.5Nb alloy is used as the
material for pressure tubes [1-3]. However, in zirconium
alloys, hydrogen adsorption is inevitable due to contact
with water, which is used as a coolant or neutron
moderator during reactor operation [4-7]. The long-term
ingress of hydrogen leads to the formation of hydrides in
this alloy during hydrogen charging. The generation of
hydrides significantly degrades the integrity of the
material through mechanisms such as delayed hydride
cracking, which is important when considering the long-
term safety of the reactor.

Therefore, the behavior of hydrogen within the
pressure tubes of CANDU reactors has garnered interest
in academia, and there are generally two types of
hydrides observed in terms of low hydrogen
concentration in the Zr-H system. These are the face-
centered cubic (FCC) &-hydride with a stoichiometry
between ZrH1 5 (Zr.Hs) and ZrHy 67 (ZrsHs), and the face-
centered tetragonal (FCT) y-hydride ZrH, which
represents hydrogen atoms aligned within the lattice. The
d-hydride is perhaps the most commonly observed and is
typically formed during slow cooling [8-12]. In contrast,
the formation of y-hydride is often associated with rapid
cooling in zirconium alloys containing low
concentrations of hydrogen [13-16].

However, there is still a lack of clear understanding
regarding the phenomena of hydrides, even at the
boundaries of 3-hydride formation. This paper aims to
apply a hydride analysis method utilizing EELS plasmon
and to develop a code for imaging, thereby presenting a
new method for visually assessing the newly developed
hydrides. Additionally, this study evaluates the phase
analysis of hydrides and the formation of hydrides at the
phase boundaries of 5-hydride.

2. Experimental
2.1 Hydrogen Charging in Zr-2.5Nb

In this experiment, the Zr-2.5Nb alloy was used as the
material for pressure tubes, and its chemical composition
is shown in Table 1. To form hydrides, hydrogen was
charged onto the material surface using an electrolytic
method. Initially, 1 mol of sulfuric acid was used as the
electrolyte for hydrogen charging at a temperature of

85+5°C. Subsequently, a current of 100 mA/cm2 was
applied for 24 hours to achieve hydride formation on the
material surface. Additionally, vacuum tubing (using
Pyrex) was performed to diffuse hydrogen into the
pressure tube material. Afterward, the material was
homogenized at 350 °C for 240 hours, during which no
microstructural changes were observed. The material
was then slowly cooled from the Pyrex vacuum tube.

Table I: Chemical composition of Zr-2.5Nb (wt.%).

Element | Zr Nb Fe (0] N P

wt% | 974 | 25 | 0.05 |0.097 | 0.007 | 0.003

2.2 Analysis of Hydrogen Concentration and
Hydride Formation in Homogenized Samples

After performing surface hydride charging, heat
treatment was conducted to homogenize the hydrogen
concentration within the material. After that, a cube
sample with dimensions of 3 mm? was produced, and the
hydrogen concentration of the material was measured
using a hydrogen analyzer (LECO RH-404, LECO
Corporation, USA). The hydrogen concentration was
measured three times, and the average value was taken.
To confirm the distribution of hydrides, a surface etchant
consisting of a mixture of distilled water, nitric acid, and
hydrofluoric acid was used, with a molar ratio of 4:4:2
for etching, and the material was analyzed using an
optical microscope.

2.3 Hydride Analysis Using TEM and EELS

To analyze the hydrides using transmission electron
microscopy (TEM), the material was electrochemically
polished using a mixture of 90% methanol and 10%
perchloric acid. Initially, 25 V was applied to a jet
polishing system (TenuPol-5) for electro-polishing.
Additionally, the hydrides were analyzed using the high-
angle annular dark field (HAADF) STEM imaging
capability of an atomic resolution analytical electron
microscope (JEM-ARM200F, JEOL Ltd., Tokyo, Japan).
Plasmon energy loss was analyzed using an EELS
system (GIF Quantum® LS imaging filter, Gatan, Inc.,
CA, USA). Furthermore, the analyzed data were imaged
according to plasmon energy using in-house developed
code.
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Fig. 1. Micrograph of the hydrogen-charged Zr-2.5 wt.% Nb alloy, with a
hydrogen concentration of 86 wppm.

&

19.1eV —— EELS Data

Plasmon peak energy: 19.1eV
Zero loss to Plasmon :

100000

Intensity

10000

T T T T T T LI B N S B L B S B |
2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Energy Loss (eV)
Fig. 2. Electron energy loss spectroscopy loss peak, which is used to obtain
the plasmon peak value
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Fig. 3. Microstructural image and diffraction analysis using high-angle
annular dark-field (HAADF) scanning transmission electron microscopy.

3. Results and discussion
3.1. Analysis of Hydrides Using Optical Microscopy

The amount of hydrogen within the material was
evaluated at 86 wppm using a hydrogen analyzer.
Additionally, this hydrogen is shown to exist in the form
of hydrides, as illustrated in Figure 1. The average length
of the hydrides is approximately 50 pm, and the hydrides
are oriented parallel to the transverse direction.

3.2. Characterization of Hydride Phases Using EELS

After visualizing the EELS analysis data as a 2D
image, the 2D plasmon energy loss is presented in Figure
3(a). The plasmon energy loss was measured, applying
the previously known energy ranges, and the plasmon
peak energies for a-Zr, y-hydrides, and &-hydrides are
known to be 16.8-16.9 eV, 18-18.3 eV, and 18.8-19.2 eV,
respectively. Therefore, considering a certain margin on
both sides, the plasmon peak energies corresponding to
each phase are indicated in blue, yellow, and red.
Additionally, the region of 17.3-17.8 eV, which could
not be represented in the data, is shown in cyan.
Subsequently, by overlaying the data with the HADDF
image, it was confirmed that the cyan image corresponds
to B-Zr.

4. Conclusion and future works

In this study, we utilized EELS equipment to measure
plasmon energy and presented the results in a 2D image.
Based on this 2D image and HADDF image, we analyzed
a-Zr and 8-hydrides, revealing an energy range of 17.3-
17.8 eV that remains undefined, which corresponds to j3-
Zr. Additionally, we confirmed the existence of a y-
hydrides region between a-Zr and 8-hydrides; however,
further in-depth discussions are necessary for a clearer
definition of this region. Future research will focus on
additional experimental and theoretical analyses of the
properties and mechanisms of y-hydrides to deepen our
understanding of this area and explore the potential
applications of related materials.
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