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Abstract: Micromechanics techniques, such as nano-indentation and micro-pillar compression, can
be applied to study hydrogen-charged zirconium alloys at elevated temperatures, which is highly
relevant for the nuclear industry. Such experiments are often conducted inside a scanning electron mi-
croscope (SEM) under high-vacuum conditions (10~2 mbar). The combination of a high-temperature
and high-vacuum environment causes some hydrogen to escape from the sample into the chamber.
Although this effect is evident at temperatures above 600 °C, the extent of hydrogen desorption at
lower temperatures is still unclear. In the presented study, the desorption of hydrogen was assessed
in zirconium cladding tube material under temperature and hydrogen content conditions comparable
to those faced by used nuclear fuel during dry storage. The measured hydrogen loss due to the
high vacuum was compared to the simulations obtained using an extended version of a hydrogen
behavior tool developed at PSI.

Keywords: hydrogen; zirconium; nuclear fuel clad; in situ nanomechanics; hydrogen degassing at
elevated temperature under vacuum

1. Introduction

The in-reactor lifetime of zirconium-clad nuclear fuel assemblies is partially deter-
mined by the hydrogen pickup due to the clad waterside oxidation. Understanding how
hydrogen affects the mechanical properties of zirconium-based claddings and ensuring the
mechanical integrity of nuclear fuel rods are of primary importance, especially during the
long-term storage phase.

The temperature of the nuclear fuel clad during storage varies over time due to the
combination of the generated decay heat and the varying cooling capacity of the storage
media. Evaluating the mechanical properties of zirconium alloys in conditions relevant to
the industry necessarily implies testing the material at elevated temperatures (up to 500 °C)
and in the presence of hydrogen (up to 1000 parts per million by weight (wppm)).

Recent developments in micromechanics techniques, such as nano-indentation and
micro-pillar compression, allow a deeper understanding of the mechanical response of a
material in connection to dislocation movement and interaction. Such tests are normally
conducted inside a SEM in order to control and assess the induced mechanical response of
the material. In situ heating allows the direct study of the effect of temperature on specific
deformation mechanisms.

Applying such testing techniques to the study of the effect of hydrogen in zirconium
alloys at elevated temperatures would clearly benefit the field. However, hydrogen at the
typical pressures found in commercial SEMs (<10~° mbar) is not stable inside the metal,
and tends to escape into the chamber.

Understanding the degassing rate as a function of the temperature and hydrogen
content at pressures typical for SEM analysis would therefore provide information for
improving the use of state-of-the-art micromechanical techniques in the study of the
hydrogen effects in zirconium at elevated temperatures.
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In the presented study, the desorption of hydrogen was studied in Zircaloy-4 cladding
tube material enriched with 100 or 350 wppm of hydrogen held at temperatures between 200
and 400 °C, and at a constant pressure of 10~¢ mbar. The experiments were simulated using
a hydrogen behavior tool developed at PSI. In this work, the aforementioned techniques
were enhanced by implementing hydrogen desorption.

2. Methods

Two Zircaloy-4 cladding sections approximately 15 cm in length were used in this
study. The samples were enriched in hydrogen to a target concentration of ~100 or
~350 wppm. The samples were sectioned, and the resulting rings were exposed to high-
vacuum conditions at temperatures of 200 to 400 °C for a hold time of 6 to 48 h. The
resulting hydrogen concentration prior to and after exposure to the high-vacuum/high-
temperature environment was measured using the hot extraction method. The measured
difference was used to indicate the amount of hydrogen desorption that had occurred,
and a numerical simulation was performed to help interpret the experimental results. The
details of each step are presented in the following sections.

2.1. Hydrogenation Procedure

The zirconium sections were enriched in hydrogen employing a method based on
absorption and diffusion of gaseous hydrogen at 400 °C under high-vacuum conditions, as
described by Gong et al. [1]. To facilitate hydrogen charging, the sections were polished
with 2000 grit silica grinding paper and subsequently cleaned in acetone, followed by 3 min
of an ultrasonic bath in ethanol. The samples were then blow-dried and weighted on a
precision scale. The outer edges of the tube were then painted with high-temperature paint
to prevent excessive localization of the hydrogenation due to shape effects.

The hydrogenation relied on archiving high-vacuum (10~7 mbar) conditions in the
vacuum chamber to degas the sample prior to the exposure to a small atmosphere (~3 to
10 mbar) of pure hydrogen at high temperature. Once the sample was inserted into the
chamber, the high vacuum pulled at room temperature for at least 12 h. The tubes were
positioned, one at a time, inside the oven, balanced on supporting ceramic studs in the
middle of the chamber, equidistant from the oven walls and heating elements. The tubes
and vacuum chamber were then flushed three times with hydrogen at 100 mbar, where the
high-vacuum condition was restored after each flush. The temperature of the system was
then raised to the hydrogenation temperature and kept constant for at least 24 h to induce
desorption of the residual humidity from the surfaces of the sample and environmental
chamber. Controlled hydrogenation was achieved by controlling the initial (pr) and final
(pE) pressure of hydrogen atmosphere as:

C, = xPL—PE 1)

s
where m; is the sample weight in grams (g), C; is the target hydrogen content in wppm and
K is a dimensionless calibration factor that, for a furnace temperature of 400 °C, is K = 660.

Following the high-vacuum /high-temperature state, 107 and 352 wppm of hydrogen
were loaded into the first and second samples, respectively, named S100 and S350, respec-
tively. The hydrogenation process was conducted at 400 °C for the samples with high and
low hydrogen contents.

In the sample enriched to 100 wppm, the charging temperature was much higher than
the solid solubility limit, as reported by Motta et al. [2]. Therefore, the target concentration
was achieved after one charging process. The sample charged at 350 wppm was at the
solubility limit of hydrogen in zirconium at the charging temperature of 400 °C. To obtain
such concentration, multiple gaseous loadings followed by homogenization were necessary,
as shown in Table 1. Higher charging temperatures were not possible due to limitations of
the equipment and we wanted to avoid allotropic transformations of the material.
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Table 1. Hydrogen pressures recorded during hydrogenation process. Sample S100 was obtained
with a single dose. Sample S350 was obtained with three incremental small doses, followed by
homogenization and quenching, followed by three subsequent hydrogenation doses.

Sample Name

Chamber Pressure

(Calculated Hy.drogen Charging Step Initial Final Delta Reiwrt:;i )A H
Concentration) (mbar) (mbar) (mbar)
5100 (107 wppm) 1st 5.036 1.331 3.705 107
5350 (352 wppm) 1st 4.610 1.694 2.915 84
- 2nd 6.370 5.190 1.180 34
- 3rd 11.150 9.588 1.562 45
- 4th 4.696 1.086 3.610 104
- 5th 5.758 3.918 1.839 53
- 6th 6.211 5.101 1.110 32

After the hydrogenation process, the samples were subjected to homogenization
process at 400 °C for 24 h conducted at ambient pressure, followed by quenching in
water, to uniformly distribute the hydrogen along the radial direction. A picture of the
hydrogenation equipment is provided in Figure 1, whereas the hydrogen chamber pressure
at the moment of hydrogen injection and after hydrogen absorption is presented in Table 1.

Figure 1. Hydrogenation equipment overview with highlighted main components: (1) hydrogen
purifier, (2) furnace, (3) dosing cell, (4) high-vacuum cell, (5) high-vacuum pump, (6) computer
monitoring, (7) pressure sensor controller, and (8) low-vacuum pump. The same equipment was used
also to induce the hydrogen degassing in high-temperature /high-vacuum conditions.

2.2. Sample Sectioning and Exposure to High-Vacuum/High-Temperature Conditions

After hydrogenation, the ~15 cm tubes were sectioned in 5 mm sections, as shown
in Figure 2. The first section of each sample was discharged, whereas the subsequent
sections 1-10 were used for the analysis. At regular intervals of 10 mm, reference samples
were reserved for gas extraction without any exposure to high-vacuum/high-temperature
conditions (R1, R2, and R3). The remaining rings were subjected to high-vacuum conditions
(10’6 mbar) at 200, 300, or 400 °C for 6, 12, 24, or 48 h. The test conditions for each sample
are reported in Table 2. The hydrogen-desorption procedure was conducted in the same
apparatus used for the hydrogen charging (presented in Figure 1). The heating was
conducted by a resistive oven for irradiation through a temperature-resistant glass tube,
whereas the high-vacuum condition was obtained by the usage of a turbomolecular pump.
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Figure 2. Cladding tube before hydrogenation (top) and after sectioning in 5 mm rings prior to
desorption (bottom).

Table 2. Test conditions and name adopted for each section for the low- (5100) and high-hydrogen

(S350) tubes.
. . Temperature Dwell Time Sample Name
Section Number Distance from Edge (mm) ©C) ) in Figures 3 and 4
1 5 400 12 400 x 12
2 10 - - R1
3 15 200 12 200 x 12
4 20 200 24 200 x 24
5 25 - - R2
6 30 400 24 400 x 24
7 35 400 48 400 x 48
8 40 - - R3
9 45 400 6 400 x 6
10 50 300 48 300 x 48
Low hydrogen concentration High hydrogen concentration
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Figure 3. Hydrogen concentration measured in low (a) and high (b) hydrogen content cladding
tubes. The dashed lines indicate upper and lower bounds, and the solid lines show the hydrogen
concentration used as a target during hydrogen charging. The error bars correspond to the experi-
mental uncertainty of the HVE measurements, equal to the highest between the uncertainty of the
measurement due to the standard deviation in the hydrogen content of the calibration pins and the
standard deviation among the three homologues sections of the measured rings.

2.3. Hydrogen Determination

The overall hydrogen concentration in samples can be effectively measured through
hot gas vacuum extraction (HVE). During HVE, the sample was heated up to 1100 °C in
high vacuum while a turbomolecular pump transferred the evolved gasses to a collection
chamber, where the gas was then analyzed with a mass spectrometer. The ideal size for
HVE measurement is 0.1 g. The machine adopted for the measurements was the LECO
ONHS836 at the laboratory of Metal Physics and Technology at ETH Ziirich. For each ring,
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160

Hydrogen concentration [wppm]

the measurement was repeated three times. The machine was calibrated prior to use using
titanium calibration pins for hydrogen determination, allowing a precision of + 10 wppm.
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Figure 4. Simulation results (in orange) compared with experimental measurements (in blue) of the
samples subjected to low (a) and high (b) hydrogen enrichment.

2.4. Hydrogen Desorption Simulation

Hydrogen desorption from zirconium alloys into a vacuum has been the subject of
experimental studies. Terrani et al. studied desorption from §-zirconium hydride [3] and
derived a temperature-dependent desorption rate. The work of Terrani et al. was continued
by Hu et al. [4]. The authors submitted $-zirconium hydride samples to vacuum conditions,
observed that the desorption rate varied with time, and three stages were distinguished:
desorption from d-zirconium hydride, desorption from the two-phase x+0 region, and des-
orption from a-zirconium. Hu et al. proposed a model reproducing the experimental data.
In the first stage, the desorption rate is represented by the correlation proposed by Terrani
et al. In the second stage, the two-phase moving boundary problem is assumed; in the last
stage, the desorption rate is proportional to the square of the hydrogen concentration in
solid solution, which is based on the studies of Naito [5] and Ichimura et al. [6]. Juillet et al.
also used second-order kinetics to study hydrogen desorption from Zircaloy-4 samples
with low hydrogen content [7]. The authors used sophisticated sensitivity analyses to fit
the desorption constant to the experimental data.

Given the range of temperatures and hydrogen concentrations used in the current
study, we assumed that second-order kinetics would be applicable. Th simulations pre-
sented in this paper were carried out using the PSI in-house hydrogen behavior tool. It
solved the transport equation using the finite volume method in 1D in cylindrical coor-
dinates. The tool included the hydrogen nucleation-growth-dissolution (HNGD) model,
allowing predictable hydrogen thermochemistry and its kinetics [8]. The aforementioned
tool was designed to study in-reactor and storage performance of zirconium-based cladding
tubes used in Switzerland. In this study, the tool was extended to model hydrogen desorp-
tion under high vacuum conditions. The hydrogen desorption flux J; used in this study
was the one proposed by Juillet et al. [7]:

5
Ji=3x 107exp<— 29+ (1){;,) x 10 )chz {mol Hm2 sfl} (2)

3

where ¢, (mol m- ) is the hydrogen concentration in the current time step, R (] mol ! K_1>

is the gas constant and T (K) is temperature. The hydrogen desorption flux boundary
condition is imposed on both inner and outer cladding surfaces. Because the temperature
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distribution within the samples during the experiment was constant, the only force driving
hydrogen flux J;, was the hydrogen concentration gradient Vcy,:

Jn = DV¢y, 3)

where D is the diffusion coefficient, which is equal to [9]:

B 4
D =79 x 10—7exp(4'419u>f10) {mZ s_l} @)

The HNGD model requires the hydrogen terminal solid solubility for dissolution
(TSSp) and precipitation (TSSp). The correlations proposed by Boldt [10] for Zircaloy-4
were used in this study:

TSSp = 1,750,000exp (‘512;’83> [wppm] (5)
TSSp = 166,495exp (‘3’:;67> [wppm] (6)

3. Results
3.1. Initial Hydrogen Concentration

The initial hydrogen concentration in each sample prior to thermal treatment was
determined based on the reference samples. According to Hu et al. [2], hydrogen desorption
does not occur in the samples treated at low temperature such as 200 or 300 °C. Thus, the
hydrogen content measured after the thermal treatment at these temperatures along with
those of samples R1, R2, and R3, which were not submitted to thermal treatment, were
used to determine the initial hydrogen concentration. As shown in the left subfigure
in Figure 3, the samples with a low hydrogen concentration had an average content of
140 wppm (marked by a solid line), as measured by HVE. In the sample charged at the
higher hydrogen content, visible in the right subfigure, the hydrogen concentration after
gaseous charging linearly decreased from R1 towards R3. The effect probably occurred due
to the temperature gradient inside the charging chamber, which is difficult to control and
measure due to the absence of convection in the oven at low pressures during the charging
process. The recorded difference in hydrogen content could be explained by a difference
of about 40 °C along the length of the sample, which caused a variation in terminal solid
solubility upon precipitation of H from the 290 wppm at 370 °C at one end of the sample to
the 360 wppm expected at 410 °C at the other end of the sample, according to the solubility
values reported by Motta et al. [2].

For determining the hydrogen desorption, therefore, the initial hydrogen concentration
ciit (marked by solid line) was expressed as a function of the sample number as:

cﬁ,”” = —6.7042 x sample_Number + 352.4 (7)

3.2. Hydrogen Concentration after High-Vacuum/High-Temperature Exposure

Each of the sample conditions were simulated, including the heating, holding, and
cooling periods. The integral values calculated at the end of cooling are compared with the
experimental data in Figure 4. The orange dots are the best estimate results, and the error
bars were obtained by taking into account the uncertainty included in Equation (2). As
shown, the samples treated at 200 and 300 °C did not exhibit any hydrogen content decrease,
which is in agreement with other experimental observations [1,2]. The samples treated
at 400 °C showed a visible change. In each case, the difference between the simulation
and experiment was within the experimental and/or modeling uncertainty. However, the
samples submitted to long thermal treatments were associated with very high modeling
uncertainties, and the difference between the value accounting for the uncertainty and
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the best estimate result increased with the thermal treatment duration. For instance, the
lower bound of sample 7 (400 x 48), which had high hydrogen concentration, was around
70 wppm lower than the best estimate result. Moreover, the upper and lower bounds were
different because the modeling uncertainty significantly affected the amount of hydrogen
desorbed from the sample.

Simulating the hydrogen radial profiles, we found no concentration gradient. The
hydrogen escaping from the samples near the surfaces was quickly balanced by the hy-
drogen coming from the inner part. The lack of gradient was a consequence of faster
hydrogen transport kinetics compared with desorption kinetics in the studied range of tem-
peratures. The lack of hydrogen depletion near the surface proved that the samples were
suitable for nano-indentation experiments, and the flat hydrogen radial profiles showed
that the surface concentration was representative of the whole sample. This observation
is in agreement with the statement presented by Juillet et al. [7]. Numerical analyses
carried out by the authors revealed that hydrogen diffusion within the sample was not the
desorption-rate-limiting factor.

Figure 5 shows the relative difference between the initial estimated values and the
measured ones. The relative difference was calculated according to Equation (8):

cinit _ Cmeasured

Relative dif ference = o x 100 [%] 8)
where ¢! (wppm) and c}"*s4"? (wppm) are the initial estimated concentration and the

concentration measured after the thermal treatment, respectively. The relative differences of
samples 6, 7, and 9 were higher compared with those of the other samples. These samples
were treated at 400 °C, and the difference may have been due to desorption. Sample 1 was
also submitted to 400 °C, but the difference remained small. This might have been caused by
the wrong estimation of the initial value. As shown in the right side in Figure 3, the samples
with low numbers were associated with higher uncertainties. A similar comparison for the
low concentration samples was difficult due to the scatter of experimental data.

High hydrogen concentration

/ 400 x 48
x
c

— 6
g5 400%6
Sy
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T 3
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1
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0 ‘
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Sample number

Figure 5. Relative difference between the estimated initial hydrogen concentration in the high-
concentration samples and the concentration measured after the heat treatment.

4. Conclusions

The hydrogen desorption in the tested conditions was minor compared with the uncer-
tainty in the hydrogen content derived from the charging process in all the tests conducted
at temperatures < 300 °C. In the tests conducted at 400 °C, a loss of 4 to 19 wppm was
recorded with respect to the expected value, depending on the time and initial hydrogen
concentration. The simulations are in agreement with the experimental values.
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Modeling revealed the lack of radial hydrogen concentration gradients. We concluded
that macroscale hydrogen diffusion does not have a significant impact on the hydrogen
concentration near the surface because the hydrogen diffusion in the sample was faster
than desorption from the surface. This finding is in line with the conclusion drawn by
Juillet et al. [7], who stated that hydrogen diffusion is not the factor limiting the desorption
rate. Consequently, surface measurements such as nano-indentation can be effectively con-
ducted in high-vacuum/high-temperature conditions in hydrogen-rich zirconium samples.

In conclusion, micromechanical experiments in high-vacuum /high-temperature en-
vironments can be used as a tool to study the effect of hydrogen on the mechanical prop-
erties of zirconium alloys in the range of temperatures and hydrogen content relevant
for the study of cladding mechanical behavior in dry storage conditions (T < 300 °C;
H <350 wppm).
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