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Abstract

Zirconium based alloys are commonly used as material for fuel claddings in the light water reactors. Claddings
act as first metallic barriers against loss of fission products during the nuclear power plant operation,
intermittent storage or final dry storage. During the reactor operation, claddings are subjected to different stress
levels at high temperatures as well as neutron radiation. This results in their corrosion, hydrogen diffusion,
hydrogen embrittlement and creep. The integrity of claddings is always critical issue for during reactor
operation, loss of coolant accidents and during storage of spent fuel. In this work, ring compression testing
method developed was applied to study hydrogen embrittlement, to evaluate the stress-strain behavior and
hoop fracture properties of E110 (Zr-based) fuel claddings. Tests were performed on un-irradiated fuel
claddings with varying hydrogen concentrations 0, 189, 217, 328 and 393 wt. ppm at 380 °C. Further the stress
- strain curves were calculated and mathematical models were used to determine the collapse load and
ultimate tensile strength. The results show that the collapse load and the tensile strength values depend
strongly on hydrogen concentration. In particular, tensile strength experiment data shows significant change
in its trend after reaching the maximum hydrogen solubility limit at 380 °C. Furthermore RCT method showed
to be simple-effective, removes complexity of specimen preparation, reduce the amount of radioactive waste
and reproducible for evaluating the strength and embrittlement of irradiated claddings in hot cells at varying
conditions.
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1. INTRODUCTION

Zirconium based fuel claddings serve as barrier between the pellets and the fuel rod environment, avoiding
the release of fuel or fission products during service into the reactor core or cooling system or after service
into storage containments. Zirconium and its alloys have a significant property, a very low neutron absorption
cross section, 30 times less than iron. This is the main reason for the selection of zirconium and its alloys as
core materials to obtain better neutron efficiency in thermal reactors. In addition, zirconium alloys also possess
good corrosion resistance, mechanical strength and are relatively resistant to radiation damage [1-2]. During
the reactor operation, claddings accumulate hydrogen due to oxidation and are subjected to degradation
resulting from their exposure to high temperature, high pressure and irradiation. When the hydrogen content
in zirconium alloys exceeds the terminal solid solubility limit, diffused hydrogen atoms react with the zirconium
matrix and formation of zirconium hydrides occurs [3]. The content of the absorbed hydrogen into the cladding
tubes depends on many factors and is part of today’s research work. In any case, the amount of hydrogen
increases with the increase in the fuel burn-up. Hence hydrogen content is an increasing quantity with respect
to reactor cycles [4]. Possible degradation mechanisms of fuel claddings include [6]: creep [5], hydrogen
embrittlement (reduction in ductility) [7] and Delayed Hydride Cracking [8, 9] etc.

Figure 1 shows the phase diagram of the binary Zr-H system. Different phases of zirconium hydrides are
visible. The &-zirconium hydride phase has a face centered cubic structure (ZrH1e6), y-hydride phase has a
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body centered tetragonal structure (ZrH) and e-hydride phase has a face centered tetragonal structure (ZrHz).
0- and e-hydrides are the two stable hydride phases in the form of platelets, while the y-hydrides are the
metastable hydrides in the form of needles. e-hydrides are observed at very high hydrogen contents and y-
hydrides are formed in quenched specimens [3]. After the usage of fuel assemblies for a period of time in
nuclear reactor, they are firstly sent to the wet storage in water for heat decay and then sent to final disposal,
called dry storage. Initial temperatures at the dry storage are higher than wet storage as the specific heats of
cooling media are lower than water. Under these situations at specific conditions (internal pressure,
temperature, hydrogen content) creep [10], hydride re-orientation [11-12] and related effects at spent fuel dry
storage [13-15] are the most likely degradation mechanisms that could cause failure in fuel claddings.
Therefore the study on mechanical integrity of the fuel cladding tubes is very important.
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Figure 1 Phase diagram of binary Zr-H system, detail of the (aZr) phase region [3]

When the hydrogen solubility limit in these zirconium based cladding alloys is exceeded (see Figure 1), their
excess amount results in the formation of zirconium hydride precipitates. These precipitates have been shown
to be less ductile than the surrounding zirconium alloy matrix, so can have deleterious effects on the
mechanical properties. It has been demonstrated that these hydrides may embrittle the cladding and reduce
its mechanical properties. The resulting embrittlement depends on the concentration and geometrical
distribution of the hydrides. The hydrides which adopt a radial orientation in the cladding, may reduce the
fracture properties of the cladding more the ones that adopt a hoop orientation [16], on particular the orientation
affect the ductile to brittle transition temperature (DBTT) [17-19].

Traditionally the ring tensile test is one of the most used to calculate the stress-strain curve in the hoop
direction. The initial test consisted on applying a force from the inner surface of the sample cladding sample
by means of two half cylinders. The ring tensile test presents two important experimental difficulties: the
samples need a relatively complex matching (important factor when the test is performed with irradiated
samples) and the results are affected by some parameters difficult to measure, such as the friction factor and
the gap between the sample and the load device. Alternatively, the ring compression test could be employed
to obtain the stress-strain plastic curve. It is the easiest and simplest methodology in the future mechanical
properties, especially for cladding materials embrittlement experiment in the hot cell. By means of the RCT
(Ring Compression Test), there is no need to consider the influence of friction between testing devices and
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samples. Besides this, the sample preparation would be more concise, this is important for preparing the
irradiated samples.

Current study is focused on evaluating the mechanical properties in the hoop direction of the zirconium
cladding E110 with different hydrogen contents 0 (as received), 189, 217, 328, 393 wt. ppm, was investigated
through the use of the RCT at 380 °C and determining the best practices for testing irradiated claddings in hot-
cells to perform cladding embrittliement studies.

2. MATERIALS AND EXPERIMENTS

2.1. Materials and specimens dimensions

Specimen examined in this study was fabricated of the E110 alloy of tubular section, 10 mm long with outer
diameter of ~ 9.1 mm and wall thickness of ~ 570 um provided by UJP Prague. The chemical composition of
E110 cladding tube was 99 % Zr and 1 % Nb with minor impurities of Fe and O. Cladding sections were pre-
hydrogenated in autoclave to desired hydrogen contents (0, 189, 217, 328, 393 wt. ppm) with outer diameter
app. 9.15 mm and specimen length 10-12 mm.

2.2. Experimentation
2.2.1. Metallography and microstructure

Metallography was performed before mechanical testing, to determine the hydrogen content and hydrides
distribution in pre-hydrogenated specimens. The samples were embedded into the cold epoxy resin. First half
section of the samples was embedded in the tubes Axial Direction (AD) and the second half section was
embedded in Circumferential Direction (CD) as is represented in Figure 2. Mechanical grinding was performed
on the grinding polishing machine LaboPol-25 with grinding paper. Followed by fine polish where diamond
suspensions (3 ym and 1um particle size) and colloidal silica suspension (0.04 um) were used. The samples
for Optical microscopy analysis were prepared by etching them in a solution of 100 ml H202, 4.5 ml HNO3 and
0.5 -1 ml HF, to inspect the hydride distribution in the cladding.

2.2.2. Mechanical testing

Ring Compression Test was selected in the present study in order to obtain the mechanical properties of
tubular sample. The lengths of tubular sample were choose to had a plane strain state during compression
process (length > outer diameter). The samples with different amount of hydrogen (0, 189, 217, 328, 393 wt.
ppm) were tested at 380 °C. To check the reproducibility, RCT was repeated 2 times for each condition (just
once for 0 and 393 ppm).

Mechanical tests were performed with the strength testing device Z250 from Zwick with a strength range up to
250 kN, in the corresponding furnace, as shown in Figure 3. The first sample with 0 ppm was initially fastened
by 10 N pre-load at the centre between two rigid flats, the other samples (189, 217, 328, 393 ppm) weren't
fastened at the upper flat (no pre-load), because we wanted to avoid the compression before the application
of the testing load. Then with the heating rate of 20 °C/min the sample was heated from room temperature to
380 °C. Test matrix is given in Table 1.

In order to make a homogeneous distribution of the hydrogen within, the sample was left 30 min after set
temperature, before the load application. Afterwards the movable upper flat crush the sample on the fixed
lower flat with a 0.5 mm/min load-line displacement rate. The compression system operated within a furnace,
in which three thermocouples (above, below and near the sample) were inserted to ensure that the target
temperature was achieved during the test as shown in Figure 4. Outer oxide layer thickness was about 5 ym
not enough to have a macroscopic influence in the sample behavior.
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Figure 2 Sectioned sample embedding in an epoxy resin (a) in the axial / longitudinal direction, (b) in
transverse direction

Figure 3 Ring Compression Testing machine with Figure 4 Thermocouples inserted into furnace
furnace and compression heads close to specimen during the RCT test

Table 1 Specimen test matrix for ring compression testing to study hydrogen embrittlement in E110 fuel

claddings
Number of specimens H content (ppm) Test Temperature (°C) Length of specimen (mm)
1 0 380 9.91
2 189 380 12.28 & 11.62
2 217 380 9.99 &10.51
2 328 380 10.35 & 9.92
1 393 380 10.24

3. RESULTS AND DISCUSSION
3.1. Microstructural investigations

Transverse (cross-sectional) and longitudinal metallographic images from the pre-hydrogenated specimens
are shown in Figure 5. A uniform layer of oxide thickness is evident, which was formed during autoclave
oxidation process. Optical examination of the hydrogenated metallographic specimens revealed the presence
of hydride platelets aligned in circumferential direction. These are called circumferential hydrides formed on
the circumferential-longitudinal planes and were in the form of long chains. In both regions, the average length
of macro-hydrides in the longitudinal direction was 150 + 1.2 ym and in the circumferential direction was 182
+ 8 um. Grains and grain boundaries are however not discernible optically, and thus, we cannot obtain any
detailed information regarding location of the hydrides with respect to the grains and grain boundaries.
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Figure 6 shows the 3D re-construction of the observed hydrides on the circumferential-longitudinal plane. In
this figure, on the right side is shown the habit planes of the circumferential hydrides in hexagonal zirconium
lattice.

Circumferential direction

Figure 6 (a) 3D reconstruction of hydrides orientation in the creep tested hydrided E110 cladding and (b)
schematic of hydride formation on habit plane [20]

3.2. Mechanical investigations

The load - displacement curves obtained from ring compression testing at various levels of hydrogen content
tested at 380 °C are shown in Figure 7. On the recorded load-time curve, three areas was highlight to show
the macroscopic behaviour of the sample during RCT at 380 °C. Figure 8 represents the deformation stages
of cladding during the ring compression test with varying loading at constant temperature. Initially there was a
linear relationship between the stress and the plastic strain with a slope practically vertical. In this area the
sample (at the macroscopic level), didn’t show significant shape difference compared to the original sample.
The next stage, known as plastic deformation zone, takes place from the elbow to the huge change of slope.
In this area, differently from other studies at room temperature [21], the maximum and the minimum didn’t
appeared. This because at this temperature the maximum strain reached at ring equatorial azimuth remains
lower than the failure strain. Then the larger deformation took place, the vertical diameter of the sample
decreased gently until the contact between the upper and lower face, then the load continued to increase until
the force reaches the 5 kN of load.

During RCT, it is known that sample underwent plastic deformation after initial elastic deformation. As shown
in Figure 9, the collapse force Po, where large plastic deformation occurred, can be obtained directly from the
load-displacement curve by getting the intersection of the lines extended from elastic and plastic region,
respectively. After extracting collapse force from the load-displacement curve, one of targeted properties of
the material, Ultimate Tensile Stress (UTS), could be estimated by the equations provided from previous works

1431



'gY, ..
MEILAL

2018 May 23" - 25 2018, Brno, Czech Republic, EU

[22], which were based on some theoretical models of plastic theory and several basic mechanical theories.
Thus, the dimensions of sample as in Figure 10, including outer radius R, thickness t and length L, act as
important factors in these equations which aim to convert collapse force into UTS.
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Figure 7 Load-displacement curves from RCT tests with different hydrogen concentration at 380 °C

Displacement

Figure 8 Stages of cladding tube deformation during the ring compression testing

Due to the complexity of the stress distribution in the sample, the ring is assumed to be perfectly plastic, which
means no working hardening occurred in the whole process of RCT. With the plastic theory, the correlation
between collapse stress 0, and plastic moment M, can be obtained by

M,=1/4 00 t?L (1)
where M, is defined as the moment, at which the entire cross section is under its yield stress. Furthermore,
based on the law of conservation of energy, the external virtual work done by Po is known to equal the internal
virtual work done by M,. Thus, the collapse force can be defined as

Po=(4 Mp)/ R=(00t?L)/ R (2)
For working hardening material, a similar correlation can also be established and be used to get the collapse
stress 0o, as shown below:

go=aPoR/(t2L) (3)

Note that the constant a equals 0.866 in this work because the value of a depends upon the lengths of sample.
a equals 0.866 when the sample is in a plane strain state (longer than one diameter) in contrast to 1 in the
plane stress state(L < 5 t). Besides, the influence of the testing temperatures can be considered to be included
in the natural definition of collapse force, so these all equations are appropriate to be used in present study.

Collapse stress is calculated from RCT, and then can be linearly correlated to the UTS of tensile test through
the following coefficients
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Rm = 0o/ Kurs (4)

The load-displacement curves obtained from the RCT as shown in Figure 9 basically demonstrated two
different main types of results. Increasing the hydrogen concentration, it is possible to see that the samples
with 189 wt. ppm H: without hydrides have the point of contact between the upper and lower face (where there
is the huge change of slope) higher than the other concentration (the sample with 0 ppm was already deformed
due to the initial pre-load). This indicates that the samples with a higher hydrogen concentration were less
ductile, due to the precipitation of &-hydrides in the sample. Moreover ring compression tests shown that, at
this relatively high temperature, the hydrides cannot act as a crack initiation site. We can suppose that
zirconium metal matrix, may regain enough ductility to accommodate the large plastic deformation even with
the precipitated hydrides.

The tests developed from room temperature to the set temperature of 380 °C, showed different tensile strength
for different hydrogen condition as in Figure 11. After the hydrogen composition with 189 wt. ppm H2, the
change of the trend indicated that between the 189 wt. ppm and 217 wt. ppm hydrogen concentration, the
hydrogen solubility limit had been reached. As shown in Figure 12, the maximum solubility of hydrogen in
zirconium at 380 °C is more or less 215 wt. ppm. In the test performed with 189 wt. ppm H2 the whole amount
of hydrogen presented in the sample was dissolved in the a-Zr. On the other hand, when the hydrogen
concentration was higher, the excess amount of hydrogen precipitated and formed the &-zirconium hydride.
This stable phase has a different density and lattice structure and dimensions which can cause the hydrogen-
embrittlement behavior. The tensile strengths R, which could be obtained by converting the collapse loads
with Egs. (3) & (4) are summarized in Table 2.

Table 2 Tensile strength (Rn) at the test temperature 380 °C with different hydrogen content

Number of specimens H content Tensile strength (MPa)
(wt. ppm)
1 0 236.9
2 189 193.6 & 207.04
2 217 293.3 & 270.47
2 328 287.97 & 271.41
1 393 287.39

(N)

Force

—— Tangent for the elastic zone
—— Tangent for the plastic zone
e o Experimental data

Displacement ~ (mm)

Figure 9 Load-displacement curve of ring Figure 10 Schematic of test specimen during ring
compression test compression testing
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4, CONCLUSIONS

o Ring Compression Test is an interesting test method to determine some useful mechanical proprieties
in hoop direction of tube-shape materials. Its cost-reducing and the low material consumption gave the
test a real potential.

° The zirconium alloy E110 in full recrystallized condition showed that at this temperature and with these
hydrogen concentrations, the hydrides can’t act as a crack initiation site.

. The experimental results showed that this test is very sensitive to low hydrogen concentration. For only
328 wt. ppm of hydrogen, a remarkable effect in the collapse load is produce.

° The presence of d-hydrides in the samples causes an increase of tensile strength due to the presence

of harder (always more brittle) particles within the microstructure.
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