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Abstract: The mechanical properties of the hydrogenated zirconium alloy Zr-1Nb are studied under
different conditions for hydrogen removal by an electron beam and thermal heating. The mechanical
testing of zirconium samples is analyzed during hydrogenation and irradiation with a low energy
electron beam. The plasticity of the samples is shown to be increased during the radiation stimulation
of hydrogen removal from zirconium by even a weak electron beam. In this case, the tensile strength
(ultimate strength) is practically not changed.

Keywords: zirconium alloys; deformation of samples; hydrogenation and desorption; activation
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1. Introduction

Zirconium alloys are used in high-tech units and equipment of atomic power stations as
coatings for the elements in the nuclear core of thermal neutron reactors such as fuel-element cans,
fuel assemblies, channels, remote grids, etc. [1,2]. The use of zirconium alloys is limited by the problems
connected with the dissolution of hydrogen [2–4] formed in the nuclear core due to nuclear reactions.
The accumulation of hydrogen in metal leads to changes in its strength and other characteristics.
An increase in the concentration of local stresses in any region of material leads to the formation and
growth of dislocations and cracks, which worsens the mechanical properties of these alloys. In addition,
hydrogen embrittlement occurs due to the formation of hydrogen subsystems such as zirconium
hydrides. This process depends on the amount of hydrogen dissolved in the metal lattice and the
temperature variation rate. Durability and reliability of units is defined by the capability of a material
from zirconium alloys to withstand mechanical loads and irradiation during hydrogenation [1–5].
The solubility of hydrogen in zirconium alloys does not exceed 1 × 10−5 wt % at room temperature
and is equal to 2 × 10−2 wt % at the operating temperature (~350 ◦C). If the solubility limit of hydrogen
is exceeded, hydride phases are formed in zirconium alloys, which leads to the embrittlement effect,
since hydrides have a much lower plasticity compared with zirconium. In addition, hydrides in the
zirconium matrix can serve as places for the formation of cracks with subsequent opening [4] and
open fracture. As a rule, a hydride layer 50–100 µm in thickness is formed on the external surface
of the product (for example, fuel-element claddings), the thickness of which depends on the level of
hydrogenation [6–12]. Studies [8,9] have shown that when hydrogenation takes place at a temperature
that is lower than the threshold temperature, a hydride layer is formed in the Zircaloy-2 and Zircaloy-4
zirconium shells. If hydrogenation takes place at a temperature that is above that of the threshold,
the layer is not formed.

Another factor that has an effect on the hydrogenation of zirconium alloys is the surface condition,
namely, an oxide film [13–15]. In the presence of a solid thin oxide film on the surface, zirconium
alloys slightly absorb hydrogen even at high temperatures [16]. The stress distribution in the plastic
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deformation zone was studied in [17]. Diffusion of hydrogen in zirconium as a function of temperature
was described in [18]. The size of the plastic zone and the corresponding stress were discussed in [19].
Diffusion calculations were carried out in [20]. Nonirradiated fuel-element claddings (Zr-1Nb alloy)
as a function of temperature were studied in [21]. The value of offset yield strength was determined
for the case when hydrogenated zirconium was not subjected to external stresses in the works [22,23].
The Zr-H state diagram [24] has shown that the main hydride phase is α-zirconium during the slow
cooling of hydrogenated zirconium samples. The influence of external stress was studied in [25]. In the
absence of external stresses, the hydrogen concentration in the α-phase of hydrogenated zirconium
was determined in [17]. A delayed hydride cracking calculation model was proposed for the stationary
model [25,26]. The effect of temperature on strength characteristics was studied in a number of other
papers [17,27–31], including the effect of isotopic composition [32].

There are several ways to solve this problem such as application of coatings, high-current beam
irradiation, and creation of low-temperature conditions for hydrogen release [5,33,34]. In many
cases, hydrogenated products (for example, fuel-element claddings) are deformed, which leads to
the formation of pores, cracks, and other defects [1,35]. The influence of hydrogen release on the
mechanical properties of zirconium alloys remains unclear.

The purpose of this work is to study the mechanical properties of Zr-1Nb zirconium alloy samples
hydrogenated and irradiated with electrons to strengthen and change their mechanical properties
using stimulated gas release.

2. Materials and Preparation of Samples

Two types of Zr-1Nb zirconium alloy samples with dimensions of 150 mm × 8 mm × 2 mm and
50 mm × 50 mm × 0.7 mm were used for the study. The first type of samples was tested using a tensile
machine. The samples were cut from a zirconium sheet perpendicular to the rolled sheet using spark
cutting and had a form that corresponded to ISO 6892-84. The surface of the samples was mechanically
ground to remove surface contaminants. The surface stresses and defects were eliminated by annealing
in a vacuum at a pressure of 1 × 10−5 Pa at a temperature of 580 ◦C for 180 min. The microstructure
study of samples with an optical microscope showed that the inclusions of the second phases in the
alloy matrix are distributed evenly, without clusters, and have a rounded shape. Studies in polarized
light have shown that all samples after final annealing have a recrystallized structure with an equiaxed
shape of the grains. The average measured grain size was within 2.8–3.7 µm. The minimum grain size
was 0.6–1.4 µm, and the maximum grain size, taking into account their conglomeration due to the close
polarization of neighboring grains, was 8.1–10.2 µm. It should be noted that there is a crystallographic
texture in the direction 002 associated with the direction of rolling.

The samples with the dimensions of 150 mm × 8 mm × 2 mm were hydrogenated using a PCI
“Gas Reaction Controller” complex (Advanced Materials Corporation, Pittsburgh, PA, USA) and
the Sieverts method at a temperature of 600 ◦C and a pressure of 2 atm during continuous heating
(to determine the threshold temperature of hydrogen absorption). After that, the samples were cooled
at a rate of 2 ◦C/min to room temperature. The hydrogen content in the zirconium alloy samples was
varied from 0.035 to 0.07 wt % with an accuracy of up to ±0.0001 wt %.

The other samples with the dimensions of 50 mm × 50 mm × 0.7 mm were saturated in the
0.1 N sulfuric acid solution for 20 h at an electrolysis current of 0.03 A/cm2 and room temperature
with the use of a mass spectrometer and an electron gun [36]. The effect of accelerated electrons
on the release of hydrogen from the samples was investigated in the energy range of 10–120 keV.
The beam current can be changed from 1 µA to 1 mA. A movable tungsten foil that blocks the sample
from direct electron irradiation of its surface is located in the vacuum chamber in front of the sample.
The beam can be moved over the area of the sample, using an external magnetic field. The setup can
investigate both the hydrogenated electrolytically and simultaneously irradiated samples and the
samples preliminarily saturated by the Sieverts method to be irradiated with electrons. A number of
samples were dehydrogenated after irradiation with electrons.
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Radiation-stimulated hydrogen release (RSHR) from zirconium (Zr-1Nb) was studied after
electrolytic and gas saturation. The saturated zirconium samples were irradiated with an electron
beam with a current density of up to 1000 µA/cm2. The irradiation time was up to 300 s. The Zr-1Nb
zirconium alloy saturated in the same solution for the same period of time and in the same electrolysis
current was heated for thermally-stimulated hydrogen release (TSHR), using the same setup.

In the electrolytic cell, hydrogen saturation was up to 0.005 wt %. The use of two methods for
saturation allows us to correctly compare gas release due to electron irradiation. The absolute hydrogen
concentration was determined in the investigated zirconium alloys, using the RHEN 602 analyzer
(LECO, Saint Joseph, MI, USA).

The surface microhardness of the zirconium alloys was measured using a KB5 device by Pruftechnik,
Germany (load was 30 g, holding time was 10 s). A Vickers diamond pyramid with an interfacial angle
of 136◦ was used as an indenter. The Nanotest 600 (Micro Materials, Great Britain, UK) device was
used to additionally check microhardness and nanohardness. In the first case, the maximum load of
the indenter was 300 mN and up to 80 mN in the second case. The tip of the indenter in a scanning
microscope was directly measured. The diagonal of the imprint was about 3.6 µm. The penetration
depth was analyzed versus the applied force during loading and unloading, using the Oliver and Pharr
method [37]. The DFM 5000 (Com-Ten Industries, Pinellas Park, FL, USA) testing machine was used
for the mechanical tests before and after irradiation and hydrogenation. The shape and the dimension
ratio of the samples corresponded to ISO 6892-84. The strain rate of the samples was 2 mm/min.

3. Experimental Results and Discussion

3.1. Investigation of Gas Release from Zirconium Alloy Samples

The release of gas during heating and irradiation was investigated with the help of a special
complex equipped by the quadrupole mass spectrometer and special electron gun [8]. The mass
spectrometer measured the intensity of gas release (hydrogen yield) according to spectral lines [36].
The results of thermally-stimulated and radiation-stimulated hydrogen release from a zirconium alloy
after hydrogenation up to 0.07 wt % are shown in Figure 1.

Figure 1. Radiation-stimulated (1) and thermally-stimulated (2) hydrogen release from the zirconium
alloy after hydrogenation up to 0.07 wt %.
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The value of desorbed hydrogen has been calculated and is equal to 0.06 wt % for radiation-stimulated
hydrogen release and is equal to 0.03 wt % for thermally-stimulated hydrogen release. As can be seen
from Figure 1, the displacement of RSHR is ∆TZr = 318 ◦C in comparison with TSHR. The activation
energy of the hydrogen yield for linear heating of the sample can be determined by the Redhead
formula [37]:

Ed = kTmax

(
ln

v1Tmax

β
− 3.64

)
, (1)

where β = dT
dt is the heating rate, v1 ~1013 s−1 is the frequency desorption factor. Table 1 shows the

calculation results for the yield of activation energy of hydrogen desorption during the linear thermal
heating at a rate of ~1 K/s and the linear heating of the sample by an electron beam at a rate of ~10 K/s.

Table 1. The activation energy of the hydrogen yield at various heating rates of zirconium alloy samples.

Sample fi (TSHR), K/s Tmax (TSHR), K Ed (TSHR), eV

Zr-1Nb
1 823 2.5

β (RSHR), K/s Tmax (RSHR), K Ed (RSHR), eV
10 505 1.31

Electron irradiation of a zirconium alloy leads to a decrease in the amount of hydrogen penetrating
into the alloy, as compared to the initial one, and it does not matter how hydrogenation is conducted
(electrolytically or from the gas phase). There is a change only in the amount of hydrogen penetrating
into the alloy irradiated with electrons. During electrolytic saturation this quantity is lower by
1.4–1.6 times and 2.0–2.3 times during gas saturation for the zirconium initial sample.

3.2. Mechanical Testing

The microhardness (Figure 2) of the initial material (~2000–2500 MPa) and the material hydrogenated
by the Sieverts method was measured using a microindentation method.

Figure 2. Microhardness of zirconium versus the load of the indenter: 1 is the hydrogenated zirconium
alloy; 2 is the dehydrogenated zirconium alloy after RSHR by an electron beam; 3 is the initial
(not hydrogenated) sample of the zirconium alloy.
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The measurements were conducted taking into account the recommendations given in previous
studies [38,39]. Electron beam irradiation simultaneously leads to the removal of hydrogen and a
partial increase in the microhardness (curve 2 is located higher than curve 3, Figure 2).

The electron track in the zirconium alloy ($ = 6.5 g/cm3) is 81 µm at an accelerating voltage
U = 50,000 V. Therefore, the surface layer that has a small thickness due to the small track of electrons in
the zirconium alloy is strongly irradiated with electrons. The decrease in the microhardness is observed
with the increase in the load of the sample (Figure 2). The microhardness of the surface after electron
irradiation is decreased by up to ~3000 MPa compared with the hydrogenated sample. When the load
of the indenter is ~0.6 N, the microhardness is ~2200 MPa, which corresponds to the microhardness of
the initial zirconium sample before hydrogenation. The microhardness of the samples after irradiation
with an electron beam and hydrogenation leads to the formation of a layer on the zirconium surface
with a lower microhardness equal to 2800 MPa. This is connected with the fact that strongly bound
hydrogen is released at lower temperatures during irradiation, while the hydrogen adsorbed on the
surface of the zirconium sample is mainly released during normal heating.

Figure 3 shows that the increase in the saturation time leads to an increase in the nanohardness of
the alloy.

Figure 3. Nanohardness of the Zr-1Nb zirconium alloy hydrogenated from the gas phase, depending
on the penetration depth (1 is the initial zirconium alloy; 2 is the hydrogenated zirconium alloy for
30 min; 3 is the hydrogenated zirconium alloy for 60 min).

At a depth of about 300 nm, it grows from 2600 MPa (for the initial sample) to 6700 MPa.
A decrease in nanohardness is observed with increasing the depth. For the samples saturated for
30 min, the nanohardness value is decreased and becomes equal to the nanohardness of the initial
material at a depth of about 2 µm. At the same time, the nanohardness of the samples hydrogenated
for 60 min is 30% higher than that of the initial sample at this depth. This is connected with the fact
that the proportion of hydride phases in the surface layer of the zirconium alloy is increased with
increasing the saturation time [35,36].

The microhardness of the zirconium alloy (initial and not hydrogenated, 1300 MPa) hydrogenated
from the gas phase for 30 min is 2400 MPa and 2700 MPa (Table 2) for 60 min. After electron beam
irradiation for the release of hydrogen, the microhardness is increased up to 3200 MPa. It should
be noted that during electrolytic saturation, the microhardness is two times less and is equal to
1500 MPa. The change in the mechanical properties of the hydrogenated zirconium alloy during



Metals 2018, 8, 207 6 of 9

electron irradiation is explained by several mechanisms of hydrogen release. For example, during
electrolysis, hydrogen is concentrated in the near-surface layer in contrast to hydrogenation from the
gas phase. The thickness of this layer is approximately equal to the track of electrons. Therefore, there
is an excess of electrons and a lack of protons in this layer. The gradients of the hydrogen concentration
and electric and magnetic fields are created, which has an effect on mechanical properties. As a result,
the flux of hydrogen in the zirconium layer saturated with different methods is different. Additionally,
during irradiation, the potential barrier for the release of hydrogen from the sample is decreased.
All the discussed facts are likely to lead to a decrease in microhardness during electrolytic saturation in
comparison with gas saturation. Apparently, this is also referred to the relation between microhardness
and tensile strength.

Table 2. Microhardness of the zirconium alloy hydrogenated from the gas phase.

Type of Treatment No Irradiation Electron Beam

Time of treatment initial 30 min 60 min initial 30 min 60 min
Microhardness, MPa 1300 2500 2700 2160 3100 3200

In addition, an increase in the microhardness of the samples is due to both an increase in
internal stress during the introduction of hydrogen and the formation of hydride phases. As follows
from Table 2, after hydrogenation from the gas phase, the hardening is observed for the initial
(not hydrogenated) alloy sample during hydrogenation and for the hydrogenated Zr-1Nb alloy during
electron irradiation. The sample testing results for different conditions are shown in Figure 4.

Figure 4. Stress-strain curves for the Zr-1Nb zirconium alloy: 1 is the zirconium alloy hydrogenated
by the gas method to a concentration of 0.07 wt %; 2 is the zirconium alloy hydrogenated to a
concentration of 0.035 wt %; 3 is the sample after the thermal removal of hydrogen; 4 is the Zr-1Nb
initial (not hydrogenated) sample, 5 is the zirconium alloy after electron beam irradiation and removal
of hydrogen.

Figure 4 shows that the higher plasticity of the samples is observed during electron irradiation
compared to the plasticity of the samples subjected to thermal heating. Perhaps this is due to the fact
that electron beam irradiation leads to the partial annealing of defects by inducing the disintegration
of defect complexes (including hydrides) followed by the desorption of hydrogen.
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4. Conclusions

1. The results have shown that the strain of the zirconium alloy depends on the method for hydrogen
removal from the alloy. Plasticity is slightly changed in the range of hydrogen concentrations
from 0.035 to 0.07 wt %. After the thermal removal of hydrogen, plasticity is increased by 30–40%.

2. Plasticity is increased by 70–80% when the hydrogen release is stimulated by electron beam
irradiation, which is connected with the partial annealing of defects followed by the desorption
of hydrogen.

3. Hydrogenation of the alloy leads to the formation of traps, which was found by the peak position
of gas release. The peak displacement between RSHR and from the TSHR is about 300 ◦C.

4. The activation energy of hydrogen release was calculated for various heating rates of the hydrogenated
zirconium samples. The calculations have shown that the activation energy varies from 1.3 eV to
2.5 eV.

5. The microhardness of the zirconium alloy (the initial sample before hydrogenation) is 1300 MPa,
hydrogenated from the gas phase for 30 min is 2400 MPa and 2700 MPa for 60 min. After electron
beam irradiation conducted to remove hydrogen from the alloy, the microhardness is increased
up to 3200 MPa. The microhardness is two times less after electrolytic saturation and is about
1500 MPa.

6. The results of the investigation can be useful for a case in which there is a need for the removal of
hydrogen and hardening of zirconium products using low-current electron beams, for example,
small-scale betatron currents.
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