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1. Introduction

At present in Russia the zirconium sponge is in-
troduced as base for manufacturing of E110 alloy. 
The transition to a sponge base is caused par-
ticularly by the necessity to raise the stability of 
corrosion properties under LOCA conditions and 
the residual ductility of oxidized claddings. The re-
searches presented in this paper were carried out 
with backing of JSC “TVEL”.

Earlier the date about corrosion behavior and 
embrittlement of the E110 sponge based alloy (fur-
ther E110 alloy) under LOCA conditions at tempera-
ture range from 800 to 1200 ° C were obtained in 
cooperation of experts of SC «VNIINM», SC «SSC 
RIAR» and JSC «VTI» [1]. Database contain the 
results of corrosion tests with continuous record of 
weight gain, the researches of irradiated cladding be-
havior, the results of visual survey of oxidized clad-
dings and their metallographic investigations, results 
of compression tests. As result of joint analyses of 
obtained data for E110 alloy with M5 and Zircaloy-4 
database the following conclusion were made:

1. Corrosion behavior of E110 alloy practi-
cally does not differ from the same of M5 
and Zircaloy-4

2. At temperature range from 1000 to 1200°C 
dependences of residual ductility at room 
temperature from exposure time of  E110, 
M5 and Zircaloy-4 are identical.

3. The cooling rate does not effect on residu-
al ductility of E110 alloy.

However the investigated claddings were in 
the as-received condition, or had a small hydrogen 
concentration (after irradiation in a “MIR” reactor). 
In this report the data on the corrosion and resid-
ual ductility of unirradiated and pre-hydrided E110 
alloy under LACA conditions at temperature range 
from 1100 to 1200°C are presented. The hydrogen 
concentration was varied from 30 (as-received) to 
600 wppm. The hydriding of fuel road claddings 
during normal operations caused necessity of 
such researches. Post-irradiation studies show 
the hydrogen content in the E110 alloy is 50-100 
wppm after normal operation and in the same time 
PWR fuel rod claddings from Zircaloy -4 contain 
300-600 wppm of hydrogen [2, 3].

2. Samples and test procedure

In this work the fragments of PWR geometry fuel 
rod cladding (9,5x8,33 mm, 10 mm length) were 
used as a samples. The cladding material was an 
E110 sponge based alloy (fi nish polishing). The 
pre-hydriding was performed according to method 
[4]. The hydrogen content in samples was varied 
from 30 (as-received) to 600 wppm. As a result of 
pre-hydriding δ- hydrides of zirconium have been 
formed into cladding material (Figure 1).

Corrosion tests were carried out according to 
procedure [4] at temperatures 1100 and 1200 ° C 
in a steam-argon mixture fl ow. The samples were 
cooled from oxidation temperature in the cold zone 
of test facility with cooling rate about 20 °C/s. The 
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Figure 1. Microstructure of pre-hydrided material
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change of a sample mass was determined as a dif-
ference between initial sample mass and its mass 
after test. ECR values have been determined by 
the formula [5]:
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where M - weight gain, mg; L - sample length, 

mm; D and d - the external and internal diameters, 
mm; δ - initial wall thickness, μm; μZr and μО - molar 

mass of zirconium and oxygen, g/mole; ρZr - zirco-
nium density, kg/m3. The specifi c weight gain has 
been determined by the formula:
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where ∆m - specifi c weight gain, mg/cm2.
The mechanical tests of oxidized claddings in 

a diametrical direction were carried out with use a 
universal tension testing machine at a steady de-
formation rate of 1 mm/min. at 135 °C [1, 6].

Figure 2. Weight gain vs. exposure time at 1100 ºC
● C(H)=30 wppm; ○ C(H)=200 wppm; ▲ C(H)=400 wppm; ▲ C(H)=600 wppm
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Figure 3. Weight gain vs. exposure time at 1200 ºC
● C(H)=30 wppm; ○ C(H)=200 wppm; ▲ C(H)=400 wppm; ▲ C(H)=600 wppm
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Figure 4. Surfaces and microstructure of oxidized samples.
 1100 °С, ECR=18 %
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Figure 5. Surfaces and microstructure of oxidized samples.
 1200 °С, ECR=18 %
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Figure 6. Residual ductility of samples oxidized at 1100 °С

 C(H)=30 wppm;  C(H)=200 wppm;  C(H)= 400wppm;  C(H)=600 wppm
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Figure 7. Residual ductility of samples oxidized at 1200 °С
 C(H)=30 wppm;  C(H)=200 wppm;  C(H)= 400wppm;  C(H)=600 wppm

3. Tests Results

The experimental data about E110 weight gain vs. 
oxidation time depending on the initial hydrogen 
content was shown on fi gures 2 and 3. Obviously, 
the initial concentration of hydrogen has no effect 
on the oxidation kinetics, while the oxidation kinet-
ics are parabolic and the breakaway oxidation [7] 
is not observed. Oxide fi lms on surfaces of clad-
dings are black and shining. There are no cracks, 
visual spots and peelings (fi gures 4, 5).

Figures 6 and 7 show the dependence of the 

residual ductility from the ECR value and hydrogen 
content in the sample. These data illustrate that 
residual ductility of oxidized samples decrease 
with hydrogen concentration rise. Furthermore it is 
evident that the residual ductility of claddings oxi-
dized at 1100 °C, generally higher than the same 
of the claddings oxidized at 1200 °C.

To illustrate the ductile-brittle transition of oxi-
dized claddings, generalized diagram of embrittle-
ment has been developed as a dependence of 
ECR critical value from initial hydrogen content 
(Figure 8). The value of residual ductility 2% was 
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Figure 8. Diagram of embrittlement at temperatures 1100 °С and 1200 °С 
○ ductile; × brittle;  embrittlement criterion
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Figure 9. Diagram of embrittlement
 ● Zry-4; ♦ ZIRLO; ▲ M5 (ductile-brittle transition)

used as a ductile-brittle threshold [6]. The criti-
cal value of ECR corresponding to ductile-brittle 
transition as function of initial hydrogen content is 
shown on fi gure 8. This limit can be used as an 
embrittlement criterion of E110 alloy.

Thus, a joint analysis of the test results al-
lowed us to formulate embrittlement criteria of the 
E110 alloy under LOCA conditions:

1. ECR maximum value must be less than 
18%, at initial hydrogen content (CH) up to 
350 wppm.

2. When the initial hydrogen content more 
than 350 wppm, the maximum value of 
ECR is calculated by the formula:

ECR = 13,9 - 0,014CH ,  (3)

This embrittlement criterion is preliminary, be-
cause the experimental data base must to be en-
larged by results of tests with claddings of another 
geometry and quench experiments. E110 alloy has 
a good residual ductility in comparison to Zry-4, 
ZIRLO, M5 (Figure 9) [3, 8]. 
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4. Conclusion

The researches presented in this paper were car-
ried out in the framework of TVS-K project devel-
oped by JSC “TVEL”. The data on the corrosion 
and residual ductility of unirradiated and pre-hy-
drided E110 alloy under LACA conditions at tem-
perature range from 1100 to 1200°C are present-
ed. The hydrogen concentration was varied from 
30 (as-received) to 600 wppm.

The initial concentration of hydrogen has no 
effect on the oxidation kinetics, while the oxidation 
kinetics are parabolic and the breakaway oxidation 
is not observed. Oxide fi lms on surfaces of clad-
dings are black and shining. There are no cracks, 
visual spots and peelings.

The residual ductility of oxidised samples de-
crease with hydrogen concentration rise. The re-
sidual ductility of claddings oxidized at 1100 °C, 
generally higher than the same of the claddings 
oxidized at 1200 °C. E110 alloy has a good residu-
al ductility in comparison to Zry-4, ZIRLO, M5.

Joint analysis of the test results allowed us to 
formulate embrittlement criteria of the E110 alloy 
under LOCA conditions. This embrittlement crite-
rion is preliminary, because the experimental data 
base must to be enlarged by results of tests with 
claddings of another geometry and quench experi-
ments.
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