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1. Introduction 

It is necessary to study strength characteristics of 
fuel rod claddings under long-term temperature-
power effect in order to predict the fuel rod behav-
iour in various situations: normal operation, devia-
tions from normal operating conditions, emergen-
cies and accidental conditions; storage and trans-
portation. Damage of claddings made of zirconium 
alloys arises as a result of exhaustion of their de-
formation capability excluding the cases of brittle 
damage related as a rule to increased hydration. 

The deformation mechanism of the cladding 
made of E110 alloy (Zr1%Nb) is investigated 
mostly detailed in the temperature range 300-
400˚C [1-3]. Recently researchers have paid their 
attention to the study of the properties of this alloy 
at high temperatures (800-1200˚C) because of the 
necessity to verify calculation codes for modelling 
accidental situations in water-cooled nuclear reac-
tors. An intermediate temperature area (400-
570˚C) is interesting from the point of view of in-
vestigation of transient processes in the fuel rod 
and estimation of deformation capability margin, 
long-term durability etc. up to the moment when 
critical parameters are achieved. Their value is 
determined by permissible levels of the situation 
development for the chosen scenarios. 

It is known that on heating irradiated specimens 
up to temperatures exceeding the irradiation tem-
perature (~350˚C), an intensive annealing of radia-
tion defects takes place leading to a complete re-
covery of mechanical properties of irradiated alloy 
Zr1%Nb at 550˚C [4]. This is the reason to assume 
that in the temperature range 500-570˚C the long-
term mechanical properties of irradiated alloy will 
be similar to those of unirradiated one. At lower 
temperatures the dislocation movement being re-
tarded by the retained radiation defects, the de-
formation rate of the irradiated alloy should be 
lower than that of unirradiated one. However, the 
availability of radiation defects, on the other hand, 
decreases the deformation capability margin of the 
material. Thus, long-term strength of the claddings 
will be dependent on the relationship between the 
factors of radiation hardening effect and reduction 
of deformation capability. It should be also noted, 
that in the course of irradiation the fuel rod clad-
dings are oxidized from the outer and inner sides 
resulting in the formation of a stronger sub-layer 
than the matrix. The sub-layer has an increased 

oxygen content. This factor can also effect the 
cladding deformation kinetics. Besides, it is known 
[5] that after high- temperature annealing the E110 
structure of the spent fuel rod cladding does not 
coincide completely with the corresponding struc-
ture of unirradiated alloy. This difference depends 
on the annealing conditions. Hence, the conse-
quences of the temperature-power effect on the 
spent fuel rod cladding can differ from those of ir-
radiated in inert environment specimens and unir-
radiated claddings. 

This paper presents the data on the initial stage 
of the in-sight into the mechanism of long-term 
strength of spent fuel rod claddings in the tempera-
ture range 400-570˚C and also their comparison 
with corresponding mechanism of irradiated in the 
inert environment specimens and unirradiated 
ones.  

 
 

2. Materials and Methods Used for the 
Performance of Experiments 

For the experiments performance fragments of the 
WWER-1000 fuel rods were chosen after their op-
eration in the conventional fuel assemblies in unit 5 
of Novovoronezh NPP. Fuel burnup in these frag-
ments was actually uniform along the whole length 
and achieved ~29-47 MWd/kgU in different fuel 
rods. 

The fuel rods were cut into fragments of 80 and 
150 mm in length by the cutting machine in the 
shielded hot cell. Fuel from the first batch of the 
fragments was removed chemically by exposing it 
in the heated nitric acid and fuel from the second 
batch was withdrawn mechanically by extruding it 
with a special plunger. 

After removing the wire-edges and measuring 
the inside diameter of the cladding from its faces 
the end plugs were fabricated from the rod made 
of unirradiated Zr1%Nb alloy. They were inserted 
into the claddings of the first batch by tight-fitting. 
Before tight-fitting of the end plugs into the clad-
dings the contacting surfaces were degreased and 
dried. The plug was argon-arc welded to one of the 
cladding ends automatically. The plug from the 
other end had a hole, through which the specimen 
was pressurized at specified argon pressure and, 
simultaneously, welded by argon-arc welding in a 
special cell. After sealing, the specimens were 
subject to leak-testing by the immersion method. 
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Sealing of gas-pressurized unirradiated tubular 
specimens was conducted with the same equip-
ment that was used for the irradiated specimens. 

The second batch of tubular fragments was not 
sealed, and their ends were connected mechani-
cally to the pressurizing system using special gas-
kets that provided a leak-tight connection [6] di-
rectly in the testing machine, which incorporated a 
hydraulic pump.  

For the experiment performance tubular speci-
mens made of E110 alloy were also used (their 
design was similar to that of the first batch). They 
were pressurized by internal helium pressure at 
room temperature and then irradiated in sodium 
coolant of the BOR-60 reactor in the temperature 
range (320-350)˚C up to different levels of fast 
neutron fluence (E >0.1 MeV). As a result of the in-
pile testing, the specimen diameter increased be-
cause of radiation-thermal creep. Therefore, be-
fore thermal testing, the diameter values of the 
irradiated specimens were higher than those of the 

unirradiated ones as well as those of specimens 
fabricated from the spent fuel cladding. Table 1 
presents the data on the characteristics of the 
specimens under study and parameters of their 
tests performed in the shielded hot cell. 

To perform creep tests of the tubular speci-
mens from the first batch in the inert atmosphere, a 
special stand was used that was located in the hot 
cell and incorporated the following main units: 
heating furnace and temperature control system; 
system providing vacuum inside the furnace; cap-
sules with specimens; system for recording the 
moment of possible damage of a specimen. 

The capsules with specimens and heating fur-
nace are located in the hot cell; devices for re-
cording and control of temperature and for re-
cording the moment of cladding failure are situated 
in the operator room. 

The creep specimens inside the capsules were 
loaded into the metal cup located in the furnace. 
The furnace containing the cup was sealed, and 

Table 1. Specimen characteristics, test conditions and damage parameters 

Irradiation conditions Specimen type 

Reactor Burnup,  
 

[MWd/kgU] 

Fluence,  
1026 m-2  

(Е>0.1 MeV) 

Deformation 
before tests, 

[%] 

Testing 
temperature,  

 
 

[К] 

Tangential 
stress,  

 
 

[MPa] 

228 
245 

~47 - - 673 

270 

With sealing 
element 

~40 - - 723 140 

773 102 
813 77 
843 80 
843 96 

WWER-1000 

~29 - - 

843 108 

1 1 773 157 
1.9 8 773 165 
1.9 8 798 170 
3 3 798 128 
3 6 798 168 

2.2 2 823 131 
2.2 3 823 170 
4.7 7 823 174 
3 10 823 99 
1 1 843 95 
2 2 843 95 
3 2 843 96 
1 1 843 139 

BOR-60 - 

3.5 11 843 177 

- - - 813 92 
- - - 843 80 

Filled with gas 

 

Without 
irradiation 

- - - 843 108 
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the space around the specimens was evacuated. 
Vacuum (~0.15 Pa) was maintained and recorded 
on the diagram band with KSP-2 device. The re-
quired temperature level of the specimens was 
provided by regulation of the electric current in the 
furnace using VPT-3 device. Temperature was 
controlled with thermal couples. Inside the furnace 
the temperature was maintained automatically 
(±4˚C). 

The required level of mechanical stress inside 
the specimen was provided taking account of its 
geometrical dimensions, gas pressure value at 
room temperature and exposure temperature of 
the specimen. Tangential stress in the tubular 
specimen cladding was calculated by the Equation 
(1): 

σ = Р.D.T/2t.293  (1) 

where: 
P – pressure inside a specimen at room tem-

perature, [MPa];  
D – average diameter of a 

specimen, [mm];  
t – wall thickness, [mm];  
T – specimen temperature 

in the furnace, [K]. 
To define the creep strain of 

the tubular specimens in the 
transverse direction, the meas-
urements of their outside di-
ameter were performed in two 
mutually perpendicular direc-
tions before their heating and 
after each exposure stage (with 
a chosen exposure time in the 
furnace). The specimen defor-
mation kinetics was defined by 
calculating the ratio of the di-
ameter increment after each 
test stage to the specimen di-
ameter before testing. 

Testing of the tubular 
specimens from the second 
batch (which were fabricated 
from the fuel rod claddings irra-
diated up to a burnup of 40-47 
MWd/kgU) was conducted in 
the facility [6] incorporating a 
system for creation of high 
pressure; system for maintain-
ing the specified pressure dif-
ferential between the internal 
and external surface; sealed 
electrical furnace located in the 
hot cell; control and power sup-
ply system; valves and instru-
ments. Special devices were 
used for sealing the specimen. 
They were located in the hot 
cell. A specimen heated up to 

the required temperature in the furnace was pres-
surized with argon up to a pressure that corre-
sponded to the specified stress, Eq. (1). The 
specimen was kept at these parameters up to its 
failure, the beginning of which was defined from 
the sharp drop of pressure in the system. 

 
 

3. Investigation Results and Their 
Discussion 

In order to obtain exhaustive information on the 
long-term strength characteristics in a wide range 
of temperature and stress, a great scope of tests is 
required that is difficult to arrange for irradiated 
materials. In this case, accelerated testing meth-
ods (the so-called parametric ways for estimation 
of creep resistance and long-term strength) are 
used based on the known from literature paramet-
ric dependencies [7]. Having some experimental 
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Figure 1. Sherby-Dorn parametric dependence of strength of the 

specimens irradiated in BOR-60 reactor and tested within the 
temperature range of 500-570˚C 
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Figure 2. Larson-Miller dependence of the long-term strength of 

specimens irradiated and slightly (<3%) deformed in BOR-60, 
and then tested at 500-570˚C 
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points, it is possible by means of the calculation-
graphic method to find a set of dependencies of 
time before damage on the stress at different tem-
perature levels or on the temperature at different 
stress, 

As Table 1 shows, the most statistically repre-
sentative set of results for building the parametric 
dependencies is that obtained in the course of test-
ing of the irradiated specimens in BOR-60. The 
analysis of temperature-time dependencies of 
high-temperature strength characteristics of the 
specimens from this set indicates to a little effect of 
neutron fluence on the damage time (within the 
inaccuracy limits it is not statistically significant). 
Among the known parametric dependencies, these 
results provide the most adequate description of 
Sherby and Dorn dependence [6], (2): 

Р = F(σ) = lgτ - B/T  (2) 

where: 
τ – time before damage; 
B – constant, defined as tangent of slope angle 

of the family of parallel lines in durability logarithm 
dependence on reverse temperature at σ =const.  

The analysis of the family of parallel lines in the 
coordinate space “1/T - lgτ” that were obtained 
including the use of linear interpolation of stresses 
for the chosen most typical values, made it possi-
ble to define that in the first approximation 
B=13750. The dependence of stress logarithm on 
Sherby-Dorn parameter P = lgτ – B/T (Figure 1) 
represents a parametric curve (in our case it is a 
band) that determines the du-
rability of specimens made of 
Zr-1%Nb alloy at specified 
temperatures and stresses on 
achieving the absence of con-
tribution of the radiation-tempe-
rature creep strain accumulated 
in the specimens to the total 
margin of their deformation ca-
pability.  

However, in case of avail-
ability of this contribution (that 
is substantiated by the data in 
paper [1]) the time before dam-
age of specimens deformed 
prior to thermal testing will de-
crease as if they had not been 
damaged. On plotting the pa-
rametric dependencies the test 
results of the specimens were 
used (the radiation-thermal 
creep strain of which was low 
enough as compared to the 
total deformation achieved as a 
result of their damage) for a 
better simulation of the state of 
the irradiated claddings. So, the 
long-term strength of the 

specimens, the radiation-thermal creep of which 
did not exceed 3%, the data array is described bet-
ter by Larson-Miller parametric dependence, 
where, similarly to the most of materials [7], con-
stant C = 20 (Figure 2). In this case the depend-
ence is described by the expression (3): 

lgσ = -0.0002P – 6.1941 (3) 

that allows the prediction of the long-term strength 
characteristics of the irradiated claddings in the 
temperature range 773-843 K. 

Using Larson-Miller dependencies (fig.3) it is 
possible to approximate well both a set of test re-
sults of the spent fuel element claddings and that 
of the specimens irradiated in BOR-60 (selected 
array). In the high-temperature region (above  
773 K) the strain stresses of the unirradiated 
specimens actually coincide with those of the 
specimens irradiated in BOR-60. As for the fuel 
element claddings operated up to 29-40 MWd/kgU, 
they are damaged actually either at these stresses 
or at higher ones. However, with the test tempera-
ture decreasing to 673 K, the fuel element clad-
dings, irradiated up to 40-47 MWd/kgU, are dam-
aged at lower stresses than it can be expected on 
corresponding extrapolation of Equation (3). For 
the total investigated temperature range the para-
metric dependence of the spent fuel element clad-
dings is as follows (4): 

lgσ = -0.0001P + 4.3677  (4) 

i.e. the line slope of this parametric dependence is 

lgσ = -0.0001P + 4.2465

lgσ = -0.0002P + 6.1941
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Figure 3. Larson-Miller parametric dependencies of the long-term 
strength for spent fuel rod claddings, unirradiated fuel rods 
and slightly deformed specimens irradiated in BOR-60 
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lower by a factor of 2 as compared to Figure 2. 
At the same testing time the damage stress 

level is apparently higher in the low-temperature 
area as compared to that of the high-temperature 
area (in particular, due to an additional contribution 
of radiation hardening [1,4]). 
However, since radiation hard-
ening is accompanied by a de-
crease in the material plasticity, 
damage of the specimens will 
occur faster at low tempera-
tures than at high temperatures 
(stress being the same). The 
second process seems to be 
predominating. However, it 
should be noted, that possible 
effect of high fuel burnup (that 
was chosen for the experiments 
at 400˚C) on the decrease of 
damage stresses should not be 
excluded because of additional 
damage with fission products. 

In order to clear up this point 
and to improve the statistic con-
fidence of the estimations ob-
tained, the experiments should 
be continued. 

Figures 4-5 present time 
dependencies of the spent fuel 
rod cladding strain as com-
pared to the unirradiated 
specimens or those irradiated 
in the BOR-60 reactor. At the 
testing temperature of 570˚C 
(Figure 4) within the stress 
range of 96-108 MPa the time 
before their rupture was 750-
825 minutes, and the hoop 
strain reached 66-84%. The 
character of the curve change 
indicates that the third acceler-
ated stage of thermal creep in 
these specimens occurred in 
about 600 minutes, and the 
strain rate at this stage was 
almost similar. Stress decrease 
down to 80 MPa led to the dou-
bling of the time before the rup-
ture of the irradiated specimen, 
and the third stage of the creep 
apparently started at a higher 
rate of hoop strain as compared 
to the specimens with higher 
stress.  

At the temperatures of 570 
and 540˚C the rate of the spent 
fuel rod cladding strain is lower 
at the rupture stage as com-
pared to the unirradiated 
specimens and almost inde-

pendent of temperature and stress. Temperature 
decrease down to 500˚C resulted not only in dura-
bility increase, but also reduction of the strain rate, 
when the specimen rupture occurs (Figures 5 and 
4), that agrees with the corresponding essential 

0

20

40

60

80

100

120

0 500 1000 1500 2000

Time, minute

St
ra

in
, %

 
■ – 80 MPa, fuel rod cladding 
● – 108 MPa, fuel rod cladding 
○ – 108 MPa, unirradiated specimen 
▲ – 96 MPa, fuel rod cladding 
□ – 80 MPa, unirradiated specimen 

Figure 4. Kinetics of strain of unirradiated specimens and fuel rod 
cladding made of the E110 alloy burnt up to 29 MWd/kgU at the 
temperature of 570˚C (the last points correspond to the 
ruptured specimens) 
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decrease of the total relative elongation of Zr-
1%Nb alloy observed during short-term mechani-
cal testing of the annular specimens of the cap-
sules [1]. 

If a comparison is made (taking the data that 
can be compared) between the long-term strength 
characteristics of spent fuel elements and speci-
mens irradiated in BOR-60, it can be noted that at 
high temperatures (540-570˚C) the damage resis-
tance of the spent fuel element claddings is higher 
than that of unirradiated or irradiated in BOR-60 
specimens. The revealed deference between the 
unirradiated specimens and spent fuel element 
claddings can be caused by the fact that, in con-
trast to the unirradiated tube, the outer surface of 
the spent element cladding is covered with oxide 
film up to 2 µm thick and the inner surface – up to 
5 µm thick [8]. It seems that the oxide film, more 
resistant to heat than the cladding material, and 
also the sub-oxide oxygen-rich layer contribute 
significantly into the deformation resistance of the 
cladding and into an increase of its long-term 
strength. With decreasing temperature this contri-
bution must decrease due to an increase of the 
strain-stress level of the cladding material effected 
by the radiation-hardening component. This effect 
is substantiated by the fact that at 500˚C the long-
term strength of the spent fuel element cladding 
enters the area of the results of unirradiated and 
irradiated in BOR-60 specimens described by Lar-
son-Miller dependence. 

 
 

4. Conclusions 

A set of test results in the temperature range 400-
570°C of unirradiated and irradiated in BOR-60 
specimens and also of the WWER-1000 fuel ele-
ment claddings irradiated up to a burnup of 29-47 
MWd/kgU is approximated by Larson-Miller para-
metric dependence in the first approximation that 
allows the long-term strength data to be extrapo-
lated and interpolated onto the unknown value re-
gions of stress, temperature and time. 

The time before damage of the fuel element 
claddings irradiated up to ~29MW d/kgU in the 
temperature range 540-570˚C is higher than that of 
unirradiated tubular specimens and irradiated ones 
up to fast neutron fluence (1-2)⋅1022 cm-2 (E >0.1 
MeV). With temperature decreasing to 673 K, the 
long-term strength of the claddings irradiated up to 
~47 MWd/kgU is lower than it can be expected 
from the extrapolation of high-temperature data 
obtained with the irradiated specimens. 

Now the bulk of experimental data on the long-
term strength of the claddings made of E110 alloy 

makes it possible to provide only preliminary esti-
mation for the validation of parameters typical of 
the deviation from the normal operation conditions; 
emergencies and accidental situations; dry and 
wet storage and also transportation. The experi-
ments should be continued to accumulate missing 
data, in particular, tests of fuel element claddings 
irradiated up to high burnup at temperatures rang-
ing 300-400˚C and stresses, which are significantly 
lower than the yield stress. 
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