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Abstract

In the last few years a new series of experiments 
started for supporting the new LOCA criteria, con-
sidering the proposals of US NRC. The effects 
which can cause the embrittlement of VVER fuel 
claddings were reviewed and evaluated in the 
framework of the project. The purpose of the work 
was to determine how the fuel cladding’s hydrogen 
uptake under normal operating conditions, effect 
the behavior of the cladding under LOCA condi-
tions.

As a fi rst step a gas system equipment with 
gas valves and pressure gauge was built, in which 
the zirconium alloy can absorb hydrogen un-
der controlled conditions. In this apparatus E110 
(produced by electrolytic method, currently used 
at Paks NPP) and E110G (produced by a new 
technology) alloys were hydrogenated to predeter-
mined hydrogen contents. According the results of 
ring compression tests the E110G alloys lose their 
ductility above 3200 ppm hydrogen content. This 
limit can be applied to determine the ductile-brittle 
transition of the nuclear fuel claddings.

After the hydrogenation, high temperature oxi-
dation experiments were carried out on the E110G 
and E110 samples at 1000 °C and 1200 °C. 16 
pieces of E110G and 8 samples of E110 with 300 
ppm and 600 ppm hydrogen content were tested. 
The oxidation of the specimens was performed in 
steam, under isothermal conditions. Based on the 
ring compression tests load-displacement curves 
were recorded. The main objective of the com-
pression tests was to determine the ductile-brittle 
transition.

These results were compared to the results 
of our previous experiments where the samples 
did not contain hydrogen. The original claddings 
showed more ductile behavior than the samples 
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with hydrogen content. The higher hydrogen con-
tent resulted in a more brittle mechanical behavior. 
However no signifi cant difference was observed in 
the oxidation kinetics of the same cladding types 
with different hydrogen content.

The experiments showed that the normal op-
erating hydrogen uptake of the fuel claddings has 
negative effect on their mechanical properties dur-
ing a LOCA event. It is important to note that the 
fuel cladding in the VVER reactor contains much 
lower amount of hydrogen (below 100 ppm) than 
the hydrogen in our samples.
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1. Introduction

The Russian type E110 zirconium alloy is applied 
for fuel cladding material in VVER reactors for 
many decades in different countries. Under op-
erating conditions this alloy has good mechanical 
characteristic and corrosion resistance. The oxida-
tion and the hydrogen uptake are the most impor-
tant degradation processes under loss-of-coolant 
accident (LOCA) conditions. A new zirconium alloy, 
the E110G will be used in the VVER type nuclear 
power plants. The main difference between E110 
and E110G alloys is in the behavior in high tem-
perature steam oxidation; because oxide cracks 
(breakaway oxidation) can be formed in the E110 
oxide layer but in E110G oxide would not.

The experimental results showed that the em-
brittlement limit is directly related to the hydrogen 
concentration [1]. In case of leaking fuel rods, high 
hydrogen-containing segments may occur in the 
upper part of the claddings. If the hydrogen con-
tent is concentrated in a few cm segment of the al-
loy, then several thousand ppm hydrogen content 

Table 1. Chemical composition of the E110 and E110G alloys (wt ppm), balance: Zr
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Figure 1. Equipment used for the E110G and E110 sample hydrogenation

can be also formed locally [2]. Such high hydrogen 
content can easily lead to secondary damages [3]. 
One of the aims of our research was to examine 
the hydrogen content where the E110G alloys lose 
their ductility.

2. Experimental Procedures

2.1. Material

The test series were performed with traditional 
E110 and sponge based E110G fuel cladding 
tubes. The chemical composition of the alloys 
(Table 1.) was determined by mass-spectrometry 

[4]. The E110G alloy contained less hafnium, less 
halogen but more iron than the traditional one.

8 mm long specimens were cut from the origi-
nal E110 and E110G fuel cladding tubes. Before 
oxidation the specimens were degreased in ac-
etone and then air dried. The mass of the sam-
ples was weighed with an analytical balance, type 
XS205. Each sample was oxidized on both sides.

2.2. Equipment

2.2.1. Gas system

The experimental set-up used for hydrogenation of 
Zr claddings is shown in Figure 1. The high tem-

Figure 2. Quartz sample holder and the E110G 
rings

Figure 3. Picture of the experimental 
facility for oxidation
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perature three-zone tube furnace was attached to 
the vacuum system.

Half of a long, on one end sealed quartz tube 
was heated by a three zone tube furnace at 600 
°C constant temperature, while the other half was 
joined to a vacuum pump with a calibrated volume 
inlet system (Figure 1.). The pressure of the gas 
system was controlled with a Vacuubrand type 
DVR 5 pressure gauge.

At the same time, 4 pieces of 8 mm long rings 
were placed on a quartz glass sample holder with 
a soft iron core (Figure 2.).

2.2.2. High temperature oxidation

A high temperature tube furnace with a quartz tube 
was used for oxidation of the samples. The ex-
perimental facility (Figure 3.) consisted of a steam 
generator, a horizontally arranged resistant fur-
nace with temperature control system, condensing 
system. 

2.3. Method and Measurement

2.3.1. Hydrogenation

Before the absorption, the mass of the samples 
was measured and the initial pressure of hydrogen 
was calculated. The samples on the sample holder 
were placed in the cold part of the furnace. The 
system was uploaded with high purity hydrogen 
and it was completed with high purity argon gas, 
and then the sample was inserted into the hot fur-
nace (600 °C) with a strong magnet. The pressure 
was monitored online with PC.

At the end of the H-uptake (it was evaluated on 
the basis of the pressure change) the sample was 
pulled to the cold part of the quartz tube by mag-
net. The Figure 4. shows the gas system pressure 
during hydrogenation. The hydrogenation was car-
ried out for 22 hours.

The hydrogen concentrations of the speci-
mens were determined from the changes in the 

Figure 4.  The gas system pressure as a function of the time

1. Sample insertion; 2. Sample warming up to 600 °C, beginning of the hydrogen absorption; 
3. Pressure decrease stops; the sample can not absorb more hydrogen; 4. Sample withdrawal; 
5. Sample becomes cool
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hydrogen pressure and from the mass gained af-
ter the hydrogenation without the destruction of 
the samples. The verifi cation of the absorbed hy-
drogen content measurement was carried out by 
hot extraction method and with scanning electron 
microscope (SEM) as well.

2.3.2. High temperature oxidation

The purpose of the work was to study the effect 
of the fuel cladding’s hydrogen uptake under nor-
mal operating conditions on the behaviour of the 
cladding under LOCA conditions. That is why high 
temperature oxidation experiments were carried 
out on E110G and E110 samples hydrogenated.

The oxidation of hydrogen pre-charged E110G 
samples were carried out at high temperature, at 
1000 °C and 1200 °C. Steam fl ow rate was 2.0 ‒ 
4.0 mg/cm2/s. It was determined by measuring the 

Figure 5. The ring compression testing 
machine

Figure 6. Load-displacement 
curves of 
hydrogenated E110G 
specimens

weight of the condensed water. Argon was used 
as carrier gas. After stabilization of temperature 
and steam fl ow the sample was pushed into the 
heated zone of the furnace. At the end of oxidation 
the sample was withdrawn to the cold part of the 
quartz tube. The oxidation rate was calculated by 
the weight gain of the specimens.

2.3.3. Ring compression test

The INSTRON 1195 universal testing machine 
was used for ring compression tests (Figure 5.). 
The load-displacement curves were recorded at 
room temperature. The main purpose of the com-
pression tests was to determine the ductile-brittle 
transition.

3. EXPERIMENTAL RESULTS

3.1. Ring Compression Test of Unoxidized, 
Hydrogen Charged Samples

With the increase of the hydrogen content, the 
hardness of the claddings increases and approx. 
over 1800 ppm the alloy does not harden further, it 
has a maximum. Further increase of the hydrogen 
content makes the plastic plateau decrease, the 
cladding material becomes more brittle and over 
3200 ppm of hydrogen content it becomes brittle 
(Figure 6.).

The E110G alloys lose their ductility above 
3200 ppm hydrogen content. This limit can be ap-
plied to determine the ductility limit of this alloy.



374

Figure 7. Load-displacement curves of E110G specimens, oxidized at 1000 °C

Figure 8. Steam oxidized E110G samples at 1000 °C and 1200 °C; 
CP-ECR% vs. initial hydrogen content

3.2. Results of The Oxidized, Hydrogen 
Charged Samples

3.2.1. Ring compression test

Based on the ring compression tests load-dis-
placement curves were recorded (Figure 7.). The 
main objective of the compression tests was to de-
termine the ductile-brittle transition.

The non pre-charged claddings showed more 
ductile behavior than the samples with hydrogen 
content. The higher hydrogen content caused 
more brittle behavior (Figure 8.).

The Figure 8. represents the oxidation versus 
the hydrogen content. The fi lled symbols indicate 
the ductile claddings and the empty symbols show 

the brittle claddings on the basis of the ring com-
pression tests. The fi tted line represents the duc-
tile-brittle transition. The fi gure indicates that the 
ductility limit decreases with hydrogen content.

4. Summary

The result of our test series with the E110G rings 
with increasing hydrogen content showed that 
the E110G cladding material becomes brittle over 
3200 ppm of hydrogen content.

In 2009, a new series of experiments started 
for supporting the new LOCA criteria, consider-
ing the proposals of US NRC. Processes affect-
ing the embrittlement of VVER fuel claddings were 

reviewed and evaluated 
in the framework of this 
project.

The purpose of the 
work was to determine 
the effect of the fuel clad-
ding’s hydrogen uptake 
under normal operating 
conditions on the be-
havior of the cladding 
under LOCA conditions. 
In order to achieve this 
target, high temperature 
oxidation experiments 
were carried out on hy-
drogenated E110G and 
E110 samples. High 
temperature oxidation of 
the specimens was per-
formed in steam under 
isothermal conditions.
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The main steps of the experiment were the fol-
lowing:

 ● 16 high temperature oxidation tests at 1000 
°C and 1200 °C on E110G (produced by new 
technology) samples with 300 ppm and 600 
ppm hydrogen content.

 ● 8 high temperature oxidation tests under the 
same conditions as above on E110 cladding 
produced by electrolytic method (currently 
used at Paks NPP).

 ● Ring compression tests of all 24 samples and 
microstructural analysis of some selected 
samples.

These results were compared to the results 
of previous samples, which did not contain hydro-
gen. The original claddings showed more ductile 
behavior than the samples with hydrogen content. 
The higher hydrogen content resulted in a more 
brittle behavior.

The experiments showed that hydrogen from 
the normal burnup process would have a negative 
effect on the mechanical properties of the fuel clad-
ding in case of LOCA event. It is important to note 
that the fuel cladding in the VVER reactor (during 
normal operation) contains much lower amounts 
of hydrogen (below 100 ppm) than the hydrogen 
in our samples.


