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1. Introduction 

During a LOCA accident the high temperature oxi-
dation process of zirconium alloy claddings in 
steam creates an external oxide layer on the tube 
surface and produces hydrogen. A part of the Hyd-
rogen is absorbed by the metal [1]. Both oxide 
layer and hydrogen content degrade the mechani-
cal properties of the cladding leading to the embrit-
tlement of the alloy. The embrittlement can cause 
the failure of fuel rods under accident conditions, 
e.g. during the re-flooding of the hot core. 

The effect of oxidation on the embrittlement as 
well as on the failure of the zirconium cladding is 
well known and it is expressed in the ECR (Equi-
valent Cladding Reacted) criterion. Formerly the 
effect of hydrogen content was not considered of 
high interest for LOCA cases in spite of the fact 
that some preliminary studies indicated its impor-
tance. The presence of hydrogen in the metal 
leads to the formation of cubic δ-ZrH2 and γ-ZrH 
compounds [2], which results in texture changes 
and causes a significant embrittlement of the origi-
nally ductile material. 

The comparison of Zircaloy-4 and Zr1%Nb 
cladding behaviour in steam oxidation conditions 
was first carried out by Böhmert & al. [3] including 
the changes of their mechanical properties (ring 
compression test). Their results indicated some 
differences between the properties of the two 
claddings. The embrittlement of Zr1%Nb was ob-
served at lower oxidation ratio. Several years ago 
similar experiments with Zr1%Nb cladding were 
performed in the AEKI [1]. The results confirmed 
the strong embrittlement of Zr1%Nb alloy during 
steam oxidation. 

Comparative studies were carried out to investi-
gate the differences of behaviour in high tempera-
ture steam corrosion processes and to determine 
the effect of the corrosion on the embrittlement of 
Zr1%Nb and Zircaloy-4 alloys. The separate effect 
of oxygen and hydrogen content on the embrittle-
ment of alloys was also studied to clear up the 
reason of the different mechanical behaviours. The 
results are summarised in present work. 

 
 

2. Experimental 

In order to clear up the role of oxidation and Hydro-
gen uptake in the embrittlement process mecha-

nical tests (ring compression tests) were carried 
out with Russian E110 type Zr1%Nb and Zircaloy-
4 cladding samples of different corrosion states in 
the KFKI Atomic Energy Research Institute. The 
Zr1%Nb (E110) was received in 1999 from the 
Russian fuel factory, while the Zircaloy-4 cladding 
was of German origin. For both alloys the same 
experimental procedures and equipment were ap-
plied in order to avoid any system effect. The sam-
ples were cut from cladding tubes without pellets. 
The diameter and the thickness of tubes were 
9.1/0.65 mm for Zr1%Nb and 10.75/0.625 for Zir-
caloy-4 and the samples were uniformly 8 mm 
long. Before the experimental procedures chemical 
cleaning of the surfaces and drying was applied. 
The initial weight of the samples was measured 
with 0.01 mg and the size with 0.01 mm accuracy. 
In all cases two-sided (internal and external surfa-
ces of the cladding) oxidation and/or Hydrogen up-
take took place. The sample preparation covered 
the following cases: 
• Oxidation of samples in Ar+O2 atmosphere; 
• Hydrogen uptake of as received samples and 

pre-oxidised samples (in Ar+O2 atmosphere); 
• Oxidation of samples in steam. 
The samples were characterised by their Oxygen 
and Hydrogen content. The Oxygen content was 
defined by the oxidation ratio, which is the Oxygen 
taken up by the sample as a fraction (in %) of the 
total Oxygen amount needed to its full oxidation 
(0% for the initial case and 100% for total oxida-
tion). The oxidation ratio of samples was determi-
ned on the basis of weight gain supposing the for-
mation of stoichiometric zirconium oxide (ZrO2). 
The hydrogen content (in mass ppm) of samples 
oxidised in steam was determined either by high 
temperature desorption method or by Hydrogen 
extraction from samples in solid state using 
Nitrogen as a carrier gas and thermal conductivity 
cell as a detector [4]. The hydrogen uptake pro-
cess of the as received and the pre-oxidised sam-
ples made the production of samples with well-
characterised Hydrogen content possible. In this 
case the Hydrogen content of samples was consi-
dered to be identical with the known quantity of 
Hydrogen present in the reaction. 

 
2.1. Oxidation in Argon+Oxygen Atmosphere 

High temperature furnace at 800°C was used for 
the oxidation of samples in Argon+Oxygen athmo-
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sphere. The argon to oxygen volume ratio was 3:1. 
The samples were put into a quartz tube and the 
gas was injected with a constant volumetric flow-
rate of 80 ml/min. 

 
2.2. Hydrogen Uptake 

The procedure of Hydrogen uptake for the as re-
ceived and pre-oxidised Zirconium cladding samp-
les was carried out in a special furnace with a va-
cuum system equipped with calibrated gas mani-
pulation unit. The sample was put into the cold part 
of the sample holder outside of the furnace. Then 
the system was evacuated and flushed with high 
purity (5N) hydrogen several times. The system 
was filled with hydrogen up to 0.3 bar pressure, the 
connected calibrated volumes were closed and the 
rest volume with the sample was evacuated again. 
For several minutes the sample was moved to the 
heated part of the quartz tube at 900°C in order to 
remove the surface contamination. The required 
amount of hydrogen was injected to the sample 
holder from the calibrated volume. Reaching the 
equilibrium state of hydrogen absorption – indi-
cated by the pressure measurement – the sample 
was moved back to the cold part of the quartz 
tube. During the procedure, the hydrogen pressure 
was recorded with 10-5 bar accuracy. The absorp-
tion of the total dosing hydrogen in the metal was 
supposed. 

 
2.3. Oxidation in Steam 

Steam oxidation was performed with Steam+Argon 
mixture, which included 12 vol% Argon gas. The 
inert gas of small amount does not influence the 
oxidation kinetics and at the same time the argon 
as a carrier gas for the hydrogen was essential at 
the monitoring of the hydrogen 
under the reaction. The inlet 
gas velocity was 8.5-11 cm/s, 
which meant unlimited steam 
supply for the oxidation. The 
oxidation temperature was va-
ried between 900-1200°C and 
at each temperature several 
samples were oxidised for dif-
ferent periods. 

Heating up of the furnace to 
the requested temperature and 
providing a stable gas flow 
through the system, at the equi-
librium of flow and thermal con-
ditions the sample was moved 
into the furnace. Elapsing the 
required time the sample was 
removed from the furnace. Du-
ring this oxidation treatment, 
the Hydrogen concentration in 
the outlet gas flow was moni-

tored and recorded. The history curve of Hydrogen 
showed the intensity of Hydrogen release during 
the oxidation. The Hydrogen content of the sam-
ples was determined by high temperature desorp-
tion method and/or by Hydrogen extraction. 

 
2.4. Mechanical Testing 

As received and corrosion treated ring samples 
with 8 mm height were examined in radial com-
pression tests using electromechanical tensile-
compressive standard test machine. The velocity 
of the crosshead moving was 2 mm/min. The 
force-deformation curves were recorded and the 
crushing force and deformation were determined. 
Generally 2-3 cracks were detected but always 
the first crack was considered as failure. The 
rings were loaded until the total plastic deforma-
tion or at least until the first indication of cracking. 
For the characterisation of the embrittlement level 
the actual value of relative deformation occurred 
at the first cracking was used. Relative deforma-
tion is the ratio of the deformation path and the 
initial diameter of the tested ring. The effect of 
ductile/brittle behaviour was expressed in terms 
of relative deformation. 

 
 

3. Results and Discussion 

For the samples with different oxidation and 
Hydrogen uptake conditions, the same 
compression testing procedure was applied to 
determine the change of ductility and to 
characterise the embrittlement process of the two 
alloys. The as received samples were totally 
plastic. They were deformed without cracking and 
reached 100% relative deformation. The samples 
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Figure 1. Force-displacement diagrams recorded during radial ring 

compression testing of Zr1%Nb samples oxidised in steam 
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containing Oxygen and Hydrogen in significant 
amount showed more brittle behaviour. Figure 1 
shows typical compression diagrams for Zr1%Nb 
samples oxidised at 900°C for different time 
periods. 

3.1. Separate Effects of the Excess Oxygen 
and Hydrogen Content 

The results of the radial compression tests well indi-
cate the embrittlement of the cladding materials due 

to the oxidisation and/or Hydro-
gen uptake process (Table 1 
and 2) [5]. The bigger the em-
brittlement, the smaller is the de-
formation up to the break. The 
Zr1%Nb alloy with no excess 
Oxygen content remained totally 
plastic below 100 ppm Hydro-
gen content. Up to 1000 ppm 
Hydrogen, the ductility of 
Zr1%Nb drastically decreased 
and about at 3000 ppm Hyd-
rogen the alloy became totally 
rigid. The embrittlement behavi-
our of Zircaloy-4 is similar but 
the embrittlement process be-
gins at 30 ppm Hydrogen con-
tent. 

The embrittlement of the 
alloys increased with increa-
sing Oxygen content. In the 
investigated region of Oxygen 
content (0-5%), the Hydrogen 
free Zirconium alloys remai-
ned ductile. Up to 300 ppm 
Hydrogen content at the same 

Table 1. Relative deformation of Zr1%Nb cladding with different hydrogen content as a function of 
oxidation ratio; “t. p.d.” means total plastic deformation 

Oxidation ratio, 
[%] 

Relative deformation, 
[%] 

 H2=0, 
[ppm] 

H2=30, 
[ppm] 

H2=100, 
[ppm] 

H2=300, 
[ppm] 

H2=700, 
[ppm] 

H2=1000, 
[ppm] 

H2=3000, 
[ppm] 

H2=9000, 
[ppm] 

0.00 t. p.d. t. p.d. t. p.d. 69.0 54.2 22.0 3.5 2.5 

1.34 t. p.d. t. p.d. 39.8 9.9 6.6 3.6 2.2 2.2 

2.87 t. p.d. t. p.d. 35.2 12.1 9.9 1.0 0.5 0.5 

4.30 t. p.d. t. p.d.  12.0 8.1    

5.13 t. p.d. t. p.d. 32.8      

5.40    5.5 9.8    

6.30     5.7    

7.14     5.2    

8.70    4.4  6.5   

10.80      6.9   

12.20      4.1   

15.30      4.3   

17.30      3.7   

21.10     2.5    

23.00     3.3    

Table 2. Relative deformation of Zircaloy cladding with different 
hydrogen content as a function of oxidation ratio; “t. p.d.” 
means total plastic deformation 

Oxidation ratio 
[%] 

Relative deformation 
[%] 

 H2=0, 
[ppm] 

H2=30, 
[ppm] 

H2=100, 
[ppm] 

H2=300, 
[ppm] 

H2=700, 
[ppm] 

0.00 t. p.d. 73.6 66.1 59.6 52.0 

1.07   17.6   

1.35 70.6 35.3  10.2 9.1 

1.61  40.0 16.2   

2.18 65.0   7.4 12.6 

3.78   15.4   

4.18 55.4   10.2 10.2 

4.54  23.7    

7.35  19.3    

11.9  13.2    

16.7   10.0   

26.3   7.1   
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Oxygen content the Zr1%Nb alloy 
showed more ductile behaviour, 
then the Zircaloy-4. Above 700 ppm 
Hydrogen content the embrittle-
ment became complete for both 
cladding materials independently 
of the Oxygen content (>0.5%) 
(Figure 2 and 3). 

The radial crushing strength 
calculated from compression 
force of Zr1%Nb claddings with 
up to 700 ppm Hydrogen was sig-
nificantly increasing up to about 
3% oxidation ratio, then it was de-
creasing. In samples of higher 
than 700 ppm hydrogen content 
the improving effect of oxygen 
could not be seen. This effect of 
Oxygen was not detected at all in 
the case of Zircaloy-4. This beha-
viour of Zr1%Nb alloy was proven 
by the other mechanical investi-
gations such as the tensile tests 
at elevated temperatures and the 
ballooning tests [5]. 

 
3.2. Effect of Oxidation in Steam 

The Zr1%Nb and Zircaloy-4 showed 
similar oxidation behaviour at 1100 
and 1200°C under similar experi-
mental conditions, while at lower 
temperature the oxidation rate was 
significantly higher in case of 
Zr1%Nb. The oxidation results 
were in good agreement with the 
existing steam oxidation correla-
tions for Zr1%Nb [6] and Zircaloy-4 
[7] and with our earlier studies [1]. 
The visual observation of the sam-
ples showed that the morphology 
of oxide layer was different on the 
two alloys. For Zircaloy-4 the oxide 
layer in most of the cases was 
compact. The zirconium oxide on 
the surface of Zr1%Nb alloy sho-
wed layered structure and break-
away effect. Typical appearances 
of the steam oxidised Zr1%Nb and Zircaloy-4 sam-
ples can be seen in Figure 4 and Figure 5. The 
samples were treated at the same temperature for 
different times. The oxidation ratio reached about 
20%. The Zr1%Nb sample was covered by light 
spalling oxide layer, while the Zircaloy-4 sample 
had a dark colour compact oxide layer on the 
surface. 

The measured hydrogen content of Zircaloy-4 
indicated very low hydrogen uptake at temperatu-
res below and above 1000°C (Figure 6). The sam-
ples oxidised at 1000°C for long period contained 

up to 1800 ppm Hydrogen. This result can be ob-
viously attributed to the breakaway effect that 
allowed the Hydrogen originated from reaction to 
reach the metallic surfaces through the cracks of 
the oxide layer. It has to be noted that the sample 
oxidised at 1000°C with very long time (11360 s) 
showed low Hydrogen content. A reasonable ex-
planation can be also given on the bases of the 
properties of the formed oxide layer. Due to the 
high amount of excess Oxygen insufficient free 
metallic part remained for further Hydrogen uptake. 
At the same time the gas absorbed earlier was 
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Figure 2. The relative deformation of Zr1%Nb as a function of oxidation 

rate and hydrogen 
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Figure 3. Relative deformation of Zircaloy-4 as a function of oxidation 

rate and hydrogen 
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released during the later phase of oxidation pro-
cess and the liberated Hydrogen could depart 
through the transparent oxide layer. 

The Zr1%Nb alloy could take up much more 
Hydrogen than the Zircaloy-4 material in the same 
conditions. During the steam-oxidation procedure 
at 900 and 1000°C the Hydrogen content was 
2000-3000 ppm after treatment of 1-2 hours. The 
typical oxidation ratio of these samples was ~20%. 
At 1100 and 1200°C the attainable maximum 
Hydrogen content was 800-900 ppm, which was 
reached in 3-10 minutes. In this case the characte-
ristic oxidation ratio was ~10%. At low oxidation 
level (oxidation ratio <2%) the Hydrogen content 
was negligible in the Zr1%Nb samples. The expla-
nation of this phenomenon is the following: the 
cracking of the oxide layer starts only above  
8-14 µm thickness and the initial compact oxide 
layer is able to prevent the access of Hydrogen to 
the metallic surface. 

Similarly to the results of Böhmert the ring com-
pression tests performed in AEKI showed different 
mechanical behaviours of the two alloys. At low (1-
3%) oxidation ratio the relative deformation was 40-
60% for both samples (Figure 7). The difference 
between the two alloys became significant at ~5% 
oxidation ratio. Less than 10% relative deformation 
was measured for Zr1%Nb and more than 10% for 
Zircaloy-4. With increasing oxidation ratio the 
relative deformation of Zircaloy-4 strongly decrea-
sed and went below 10% as well. In Figure 8 the 
experimental results are presented as relative de-
formation versus Hydrogen content. Figure 8 
indicates that the Zircaloy-4 with close to zero 
Hydrogen content can be very brittle. The embrittle-
ment obviously due to the high extent of oxidation.  

Above 600-700 ppm Hydrogen concentration 
both Zr1%Nb and Zircaloy-4 samples became brittle 
independently of the oxide content. The detailed des-
cription of experimental results with samples oxidised 
in steam are summarised in Tables 3 and 4. 

 
 

4. Conclusions 

Theresults of the experiments provided detailed 
information on the effect of Hydrogen and oxygen 
content on the embrittlement of Zirconium alloys. 
The studies of the separate effect of Oxygen and 
Hydrogen make their roles clear in the embrittle-
ment process. The most important conclusions 
were the following:  
• Hydrogen seems to play a more important role 

in the embrittlement of Zirconium alloys than 
Oxygen. The changes of mechanical properties 
of the differently corroded Zr1%Nb cladding can 
be reasonable explained by the Hydrogen up-
take rather than by the oxygen content; 

• The embrittlement process caused by Hydro-
gen taken up starts in Zircaloy-4 at lower Hyd-

rogen content than in Zr1%Nb; 
• In the ZrNb1% cladding at lower than 700 ppm 

Hydrogen content the oxidation improves the me-
chanical parameters up to 2-5% oxidation ratio. At 
the same time the Zircaloy-4 material with close to 
zero Hydrogen content loses drastically its 
ductility with slightly increasing Oxygen content; 

 
Figure 4. Zr1%Nb sample oxidised at 1000°C for 

3600 s (22.8% oxidation ratio) 
 

 
 
 
 

 
Figure 5. Zircaloy sample oxidised at 1000°C for 

4090 s (20.1% oxidation ratio) 
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Table 3. Ring compression tests with Zr1%Nb (E110) cladding oxidised in steam 

№ Sample Oxidation 
temperature, [°C] 

Oxidation time, 
[s] 

Oxidation ratio, 
[%] 

Hydrogen content, 
[ppm] 

Relative 
deformation, [%] 

1 N-14 900 350 1.6 8 61.7 
2 N-13 900 1000 3.6 356 15.49 
3 N-11 900 3000 8.3 1325 3.78 
4 N-12 900 7000 13.1 2359 2.03 
5 N-10 900 11000 18.1 2896 2.35 
6 N-9 900 14000 18.6 2630 2.02 
7 N-7 1000 100 1.9 1 54.25 
8 N-2 1000 700 5.9 908 4.65 
9 N-6 1000 1200 9.0 1812 3.56 

10 N-5 1000 1800 16.1 3135 2.03 
11 N-3 1000 3600 22.8 3274 1.59 
12 N-1 1000 6000 29.6 2330 1.6 
13 N-19 1100 19 1.6 18 56.71 
14 N-18 1100 133 4.6 598 3.48 
15 N-17 1100 704 11.2 907 3.46 
16 N-16 1100 1500 16.6 679 2.58 
17 N-15 1100 2400 21.6 704 2.58 
18 N-8 1100 5000 31.2 920 0.96 
19 N-25 1200 7 2.2 4 41.66 
20 N-24 1200 49 4.9 11 9.14 
21 N-23 1200 167 9.9 786 3.58 
22 N-22 1200 380 14.6 611 3.46 
23 N-21 1200 646 19.2 550 3.14 
24 N-20 1200 1205 26.4 580 2.36 

 

 

Table 4. Ring compression tests with Zircaloy-4 cladding oxidised in steam 

№ Sample Oxidation 
temperature, [°C] 

Oxidation time, 
[s] 

Oxidation ratio,  
[%] 

Hydrogen cont, 
[ppm] 

Relative def., 
[%] 

1 Y-11 900 300 2.3 3 49.63 
2 Y-10 900 1000 3.5 2 40.77 
3 Y-8 900 5000 5.9 2 15.37 
4 Y-9 900 11000 7 1 13.71 
5 Y-6 1000 87 2.9 1 45.34 
6 Y-5 1000 464 6 1 19.17 
7 Y-1 1000 2600 12.3 1 15.43 
8 Y-7 1000 3300 15.2 8 5.83 
9 Y-4 1000 4090 20.1 997 4.33 

10 Y-3 1000 7270 43.6 1854 2.72 
11 Y-2 1000 11360 77.3 110 1.48 
12 Y-17 1100 27 2.8 1 52.68 
13 Y-16 1100 102 5.4 1 39.91 
14 Y-15 1100 398 10.1 3 20.66 
15 Y-14 1100 900 15.2 2 10 
16 Y-13 1100 1500 19.5 2 6.4 
17 Y-12 1100 3000 26.8 5 4.65 
18 Y-23 1200 10 3.5 1 38.17 
19 Y-22 1200 40 5.8 1 17.07 
20 Y-21 1200 163 10.5 1 8.46 
21 Y-20 1200 367 15.4 1 5.42 
22 Y-18 1200 790 21.9 5 3.75 
23 Y-19 1200 1100 25.7 1 3.75 



 259 

 

• Under steam oxidation in same conditions the 
Zr1%Nb alloy takes up much more hydrogen 
than the Zircaloy-4. This high amount of Hydro-
gen is primarily responsible for the much more 
brittle behaviour of steam-corroded Zr1%Nb 
material; 

• Up to 300 ppm Hydrogen content and below 
5% oxidation ratio both cladding materials re-
main ductile (relative deformation >10 %) in dif-
ferent measure. However, the ductile properties 
of Zirconium alloys were significantly degraded 

by the Oxygen content even if it is present in 
small amount. 

Our experimental results both confirmed the diffe-
rences between the behaviours of Zr1%Nb and 
Zircaloy cladding materials observed by Böhmert 
[1] and gave explanation to these differences. 

According to experimental data [8] of the full-
scale tested M5 cladding material, the new Nio-
bium containing alloy (ZrNbO) does not show as 
an increased embrittlement as the Zircaloy-4 and 
Zr1%Nb shows during the steam oxidation. This 

experience significantly differs 
from the results of Böhmert and 
AEKI experiments. Consequen-
tly the Niobium content itself 
can not be the single reason for 
the different behaviour of the 
two claddings, but other rea-
sons should be also existed. 

It must be mentioned that the 
investigated differences bet-
ween Zircaloy-4 and Zr1%Nb 
(E110) alloys are important first 
of all from theoretical point of 
view and are not real safety 
issues. The behaviours of diffe-
rent cladding materials were in-
vestigated under LOCA specific 
conditions [9] and the results 
showed that the Zr1%Nb clad-
ding meets the safety criteria 
originally established for Zir-
caloy. 
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