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1. Introduction

The dry storage technology for the spent WWER 
fuel becomes increasingly relevant in Russia. This 
is due to the fi lling up of spent fuel pools and to the 
introduction of new Russian nuclear fuel cycles. 
Safety assessments for dry storage of spent “TVS 
KVADRAT” fuel is required for a successful promo-
tion of Russian fuel for PWR in foreign markets. 

The target period for dry storage of spent 
nuclear fuel is 50-100 years. In the dry storage 
safety analysis it is to be shown that fuel claddings 
in spent fuel assemblies (SFA) remain pressure 
tight in all modes. Under postulated emergency 
conditions it is necessary to predict the number of 
depressurized fuel rods and the release of fi ssion 
products into the SFA container.

The main risks of the fuel rod depressurization 
are creep deformation of the fuel cladding and the 
degradation of the mechanical properties of the 
cladding resulted from hydrides reorientation [1]. 

Currently, with the fi nancial support of JSC 
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“TVEL” work is underway to develop the computa-
tional tools to predict the fuel rods behavior in the 
SFA under normal, abnormal and emergency con-
ditions in dry storage. The model for anisotropic 
creep of fuel claddings in the course of dry storage 
is presented below. The experimental data used to 
select the parameters and model verifi cation are 
described.

2. Creep Model

The main creep characteristics for safety analy-
sis are creep rate and fracture strain. The creep 
process may be divided into transient and steady-
state stages. Under typical dry storage conditions, 
steady-state creep rate of zirconium-niobium alloys 
is primarily governed by the dislocations motion. 
Most common modes of dislocation creep in Zr-Nb 
alloys are characterized by a power law with an ex-
ponent of n = 3 and n = 5-7. In the fi rst mode, the 
major resistance for dislocation slip comes from 
the crystal lattice and niobium dissolved in the α-Zr 

Figure 1. On the left: crystal orientation related to the specimen axis. 
 ND – normal direction, TD – transverse direction, 

RD – rolling direction. 
 On the right: a – basal plane b) – one of prismatic planes. 
 Direction m is the slip direction for both planes 
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matrix. In the second mode, material resistance is 
controlled by dislocation walls. In this mode mov-
ing dislocation spends the most time in overcoming 
obstacles by the climb mechanism [2,3].

2.1. Dislocation Creep 

Inherent mechanical anisotropy of the cladding 
comes from the texture of the material and the 
presence of allocated crystallographic planes and 
directions in which dislocation motion is facilitated. 
The texture in polycrystalline bodies characterizes 
() the relative volumes of grains oriented in any 
given direction. The crystal orientation related to 
the principal axes of the load defi nes the value of 
shear stress in the slip planes. Shear stress in the 
slip planes governs steady-state concentration of 
dislocations and their velocity. In zirconium alloys 
the dislocation motion is easily activated in pris-
matic planes of the crystallites, [4,5]. The some-
what harder slip activation is in the basal plane, 
[4,5]. For the fi rst approximation, cladding creep 
may be described with the two slip systems, see 
Fig. 1.

The mechanical anisotropy of the cladding 
causes a difference in the ratio of axial to tangen-
tial deformation compared with one for the clad-
ding made from isotropic material. In a common 
approach, the mechanical anisotropy is accounted 
for by the associated fl ow approximation [3]. In 
this approximation the deformation components 
are characterized by empirical coeffi cients – the 
Hill parameters [3]. Such an approach gives satis-
factory results for permanent mechanical proper-
ties [3]. However, the application of this approach 
in(to) the dry storage conditions is facing diffi cul-
ties. The fact that the yield strength anisotropy of 
recrystallized alloys E110 and zircaloy differs be-
fore and after irradiation, [4]. Additional evolution 
in the mechanical anisotropy occurs during dry 
storage resulted from longtime heat exposure. To 
describe the material deformation under(while) dry 
storage using the Hill parameters requires a large 
amount of experimental data.

An alternative approach is to use microme-
chanical models (e.g., [5,6]). These models con-
sider the kinetics of deformation in separate slip 
planes with account for the initial strength and the 
accumulated strain. The velocity of dislocations is 
governed by defect structure, inclusions and impu-
rity content of the alloy.

The strain rate is proportional to the product 
of dislocation density and velocity. Both of these 
values depends on the resolved shear stress for 
the given slip plane [5,6]:

k k
ij ijU     (1)

where k – the  index of the slip system (‘p’ – 
prismatic or ‘b’ – basal), sij – stress tensor, kUij – 
Shmidt matrix, relating the specimen coordinate 
system to the coordinate system composed of slip 
plane normal, slip direction and the conjugate of 
the two directions.

Within the frame of developed model, the crys-
tallite strain rate for every slip system is the sum 
of two creep modes (with powers n = 3 and n = 7):
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Here 0  is the relat ive deformation rate; i is 
the direction index (‘q’, ‘z’ and ‘r’ – are hoop, axial 
and radial directions); q, j and a - angles determin-
ing the orientation of the crystal zirconium shown 
in Fig. 1; kt0 – “effective strength” of slip system 
k (characterizes the mobility of dislocations in the 
slip plane, also known as “critical resolved shear 
stress”, [3]). The deformation rate of a crystallite is 
a sum of the expressions (2) over all slip systems 
k. To obtain the strain rate of an actual product with 
known texture, it is (important) to carry out an ap-
propriate averaging using the distribution function 
for the grains orientation. Note that current model 
neglects the interaction of contacting grains with 
diverse orientations and lattice rotation during de-
formation.

Then the stress is applied the moving dis-
location is generated. In the same time moving 
dislocations form junctions, or fi xed associations. 
Junctions hinder dislocations slip as barriers, thus 
reducing the creep rate. This process is tempera-
ture independent, [2]. Junctions form as a result of 
intersections among dislocations moving in differ-
ent slip planes. Alternatively, dislocation barriers 
such as pile-ups may form in the dislocation inter-
actions with the fi xed elements of the microstruc-
ture (defects, precipitates). The reverse process of 
dislocation generation is recombination of disloca-
tions. The latter is controlled by thermally activated 
climb of dislocations across the slip plane. The sta-
tionary creep stage is reached when the rate of 
dislocation generation is balanced by its recombi-
nation [2]. The model (2) characterizes this stage 
by the saturated value of effective strength in given 

slip plane 0
k = lim

k . Transient creep is described 
in model by a time-varying value of the instant ef-

fective strength 0
k < lim

k .
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2.2. Slip Systems Characteristics

It is convenient to use the value of “relative hard-

ening” k d  in calculations:

0 lim( ) ( )k k kd t t     (3)

where lim
k  – saturation value of effe ctive 

hardness characterizing steady creep of a fresh 
material. The evolution of kd is described by [5]:
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Here indices ‘t=0’ and ‘sat’ designate initial and 
saturated values, kX are constants. Defi nition (3) 
implies that for fresh alloy

1p sat b satd d     (5)
Initial values of d less then unity means that 

unstrained alloy is softer than a strained one. On 
the basis of experimental data, the initial value of 
the hardening for non-irradiated alloy taken equal 
to bdt=0 = pdt=0 = 0.6.

To calculate the creep rate of the irradiated 
material by the expressions (2) one must take into 
account the increase of the effective strength for 
the slip systems kt0 by various radiation-induced 
defects.

Radiation-induced loops form on the prismatic 
planes. Loops impede the movement of disloca-
tions in the prismatic slip systems [3]. The concen-
tration and the size of loops saturate in the early 
months of irradiation at a dose less than 1 dpa 
[9]. Accordingly, hardening also saturates. During 
prolonged heat exposure one loops grow at the 
expense of dissolving the others. This causes a 
decrease in hardening.

The practical measure of material harden-
ing is micro-hardness. This value is proportional 
to the yield strength of the material, [7]. In [7] the 
rate of micro-hardness decrease under prolonged 
heating is measured for M5 alloy. Specimens were 
cut from cladding irradiated in a PWR reactor. In a 
course of exposure to temperatures of the range 
350-450 oC:

   0 exp 1 v
HH k Q T H    (6)

Here H(t) – instant micro-hardness decrease 
relative to the value immediately after irradiation:

   0 exp 1 v
HH k Q T H    (7)

Moment t = 0 corresponds to the beginning of 
exposure, H(t)=0, n = 3.1, k0 = 3.8·102 s–1, QH = 
12700 К, [7]. Full recovery of radiation defects 
corresponds to H = 1. Time variation of H charac-
terizes the evolution of strength properties of the 
material.

The strength of prismatic slip planes in an ir-
radiated unstrained alloy E110 is higher than in a 
fresh unstrained alloy. This is due to the presence 
of loops disposed in the prismatic planes:

 ( 0) ( 0)0.6 0.2 1p
t td H     (8)

Annealing of a-loops is accompanied by a re-
duction of saturated hardening of alloy. On the ba-
sis of experimental data, the following values are 
chosen for saturated hardening:

 0.85 0.65 1 ( )p satd H t    (9)

Saturated hardening values obtained from the 
experimental data af ter complete a-loops anneal-
ing are 15 % lower than for the fresh alloy. The 
reduction of the saturated hardening of prismatic 
planes in the irradiated alloy may be due to the 
sink of dissolved interstitial impurities into defects 
under irradiation. Thus, prismatic slip planes in 
pre-irradiated alloy after annealing may become 
softer then in the fresh alloy.

For irradiated cladding parameters pX and bX 
are chosen the same as in the fresh cladding. 
The results of calculations for available data with 
the irradiated cladding are only slightly sensitive 
to the b dt=0, so this parameter is put the same as 
for the fresh cladding. The saturated value bdsat for 
the relative hardening bd depends on the concen-
tration and size of the radiation-induced niobium 
inclusions. Using the experimental data [10] and 
data [8] for the evolution of the concentration and 
size of the inclusions, the bdsat,irr relation on fl uence 
φ (dpa) is:

  1 0.4 1 exp 7.5b satd      (10)

where   – fl uence in dpa (7.5 dpa corre-
sponds to ~ 4.5·1025 n/m2 , E >  1 MeV). The nio-
bium diffusion is controlled by vacancy transfer 
in α-Zr, [11]. Diffusion time estimated with use of 
[11] data allows to suggest that no redistribution 
of niobium occurs during storage. This means that 
the concentration, the size of the inclusions and 
related hardening can be considered constant.
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2.3. Nondislocation Deformation 
Mechanisms

Under irradiation, the radiation-induced growth of 
zirconium alloy products takes place. It is a result 
of the difference in diffusion fl uxes of vacancies 
and interstitials to various crystallographic planes. 
Radiation growth leads to an elongation of the fuel 
rods under reactor conditions. Due to the anneal-
ing of radiation defects geometric dimensions of 
irradiated zirconium products may be partially re-
stored. Thus, a “reverse radiation growth” [8, 13] 
and partial reverse of the radiation creep deforma-
tion [14] occurs.

The reverse radiation growth deformation was 
observed in [21] during annealing of irradiated 
E110 cladding at 450 °C in unstressed conditions. 
The ratio of the deformations was [21] z  ~ 
-2.0. Accordingly, reverse growth deformation in 
the model is considered as:

4
,

, ,

( ) 4 10 ( )
( ) 2.0 ( )

rev z

rev rev z

t H t
t t



 

   

 
    (11)

The stresses in the material cause gradients of 
the free energy of zirconium atoms. This creates 
a vacancy diffusion between the faces of grains 
[2]. At suffi ciently high temperatures, the diffusion 
transport of matter can signifi cantly contribute to 
the overall deformation [2]. Diffusion creep param-
eters for E110 alloy were established in [15]:

 13 1
, =4.21 10 0.5 0.5 exp( 30100 T )diff z z T rT        h-1 (12)

 13 1
, =4.21 10 0.5 0.5 exp( 30100 T )diff T z rT        h

-1 (13)

Here ,diff z  and ,diff   are the elongation rate 
and hoop strain rate, respectively; z ,  , r  
(MPa) – main components of stress tensor, T – 
temperature, К.

Overall deformation rate is a sum of disloca-
tion and non-dislocation strain rates: 

 , , , ,k
i rev i diff i i

k
             (14)

3. Model verifi cation 

To determine material anisotropic characteristics 
one must use experimental data with different 

Figure 2. Normalized creep rate of E110 alloy claddings under axial loading: 
  – 300-420 oC [16],  – 30 0-700 oC [17],  – 375-610 oC [18],  – 420-700 oC [19], 

line – model result

Relative axial stress, σz/E

(d
εz

/d
t)e

xp
(Q

/T
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Figure 3. Elongation of fresh E110 alloy claddings (400 ppm O) under axial stress σz = 145 MPa 
and temperature [19]: 

 ○ – 442 о С, ∆ – 502 оС, + – 120 оС. Lines – model results
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Figure 4. Experimental [10,21] and calculated hoop strain rate in E110 alloy claddings:  – 380 oС,  – 
410 oС, ∆ – 450 oС. Open symbols – fresh claddings,  σθ = 35-119 MPa, fi lled symbols – claddings 
irradiated in BOR-60 reactor up to dose 5-18 dpa, σθ = 85-126 MPa
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types of loading. Such experiments allow suc-
cessive determination of the model parameters 
associated with different dislocation slip systems. 
Under the axial load, deformation results from a 
dislocation glide in the prismatic planes of zirco-
nium crystallites. Under internal gas pressure load 
basal slip plays an important role along with the 
prismatic slip.

3.1. Experiments with an Axial Load

Experimental data [16-19] on axial creep of fresh 
E110 alloy claddings are shown in Fig. 2 along with 
model result.

In Fig. 2 one can see the systematic difference 
in creep rates up to 2-3 times for different data 
sets. Despite this, results follow the same power 
law. The scatter may arise from the impurity con-
tent variation in different E110 alloy batches, [3].
The axial strain kinetics for E110 alloy cladding 
is shown in Fig. 3. It is seen that the model is in 
agreement with experimental data on creep defor-
mation under axial loading.
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Figure 5. Hoop strain in  fresh E110 alloy claddings at 380 oС under internal pressure loading. 
Hoop stress [10, 21]: 

 ■ – 35.5 MPa, ○ – 42.7 MPa, □ – 74.4 MPa, ● – 104.1 MPa, ▲ – 113.8 MPa. 
 Lines – model results 

3.2. Internal Pressure Loading

In experiments [10, 21] the elongation and hoop 
strain were measured for fresh and irradiated E110 
alloy claddings loaded with internal gas pressure 
DP. Data [10, 21] and calculation results by the 
model are shown in Fig. 4. The model results 
agree with the experimental data in a wide range 
of strain rates. The data scatter in Fig. 4 may be 
the result of variation in texture and impurity con-
tent of the species used in [10] and [21].

Experimental data on the deformation kinet-
ics of the gas-fi lled fresh claddings are shown in 
Fig. 5. The model is in agreement with the experi-
mental data for circumferential stress in 71-113 
MPa range. In hoop stress range ~ 35-43 MPa the 
model underestimates the primary creep strain. 
This may be related to the intercrystalline stress-
es, which is not accounted for in current version of 
the model. As shown in Section 4, the interaction 
between grains partially results from the thermal 
stresses invoked by thermal cycles. Thermal cy-
cles occur during test in each deformation mea-
surement. The maximum internal stresses during 
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cycling from room temperature 
to 380 ° C is ~ 40 MPa.

3.3. Internal Gas Pressure 
Loading Combined with 
Axial Loading

In gas-fi lled claddings, the 
hoop stress is about twice the 

axial stress ( 2 z  ). Under 
dry storage conditions this ra-
tio may be disturbed due to the 
pellet-cladding interaction and 
due to force imposed by fuel 
column retaining spring. In [20] 
the steady-state creep rate of 
fresh claddings was measured 

for varied stress ratios z  . 
The experimental data [20] and 
model results are shown in Fig. 
6. It is seen in Figure 6 that the 
model adequately accounts for 
the effect of an additional axial 
or hoop stress on the creep rate 

clic changes in temperature creates stresses in 
contacting grains of different orientations. This is 
due to the thermal expansion coeffi cient anisotro-
py: the coeffi cient of thermal expansion of α-Zr in 
the basal plane is 1.5-2 times lower than along the 
basal plane normal, [22].

Consider the intergranular interaction caused 
by the thermal expansion anisotropy of the grains. 
The maximum stress produced by contacting 
grains with diverse orientations is [22]:

max

min

1 ( ) ( ) ( )
2

T

act T
T T E T dT    (15)

Here Tmin and Tmax – are minimum and maxi-
mum temperatures in the ther mal cycle, E – 

Young’s modulus,   and   – are linear thermal 
expansion coeffi cients of the α-Zr in the basal 
plane and in a normal direction to the basal plane, 
respectively.

In experiments [10,15,21] an accumulation of 
deformation in a fresh and stress free E110 alloy 
claddings after each thermal cycle was observed. 
This data is presented in Table 1. Table 1 shows 
that the higher the holding temperature the higher 
the deformation. This behavior is consistent with 
the assumption that the driving force of the defor-
mation process is internal stress caused by the an-
isotropy of the thermal expansion of α-Zr. 

The hoop to axial stress ratio, z 
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Figure 6.  Normalized steady-state creep rate in E110 al loy claddings 

at 380-400 oС for varied z  : 
 and ▬▬ – experimental data [20] and model results 
for hoop strain rate, respectively;  and ---- – experimen-
tal data [20] and model results for axial strain rate, respec-
tively

in axial and hoop directions.

3.4. The Relation of Verifi cation Results to 
the Dry Storage Conditions

The experimental data used for the model verifi ca-
tion is summarized in Fig. 7. In Fig. 7 the range of 
normal dry storage conditions is also shown. It is 
seen that for fresh claddings the model is verifi ed in 
the range of parameters that are generally outside 
of the range of dry storage conditions. For irradiated 
claddings the verifi cation range has no overlap with 
the required one. As it comes from Fig. 5, it is the 
stresses and temperatures close to the dry storage 
conditions (ie, at 35-43 MPa hoop stress) where 
the model underestimates experimental data. Ap-
parently, some additional deformation mechanism 
is active in this region. Therefore, to use model for 
the dry storage conditions, additional experimental 
data is required. This data must cover the desired 
range of conditions. For this purpose, the program 
of additional studies is developed in SNC RF RIAR, 
NRC KI and SSC TRINITI.

4. The Effect of Thermal Cycles

Each strain measurement is usually accompanied 
by cooling the specimen to room temperature. Cy-

=
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In RIAR experiments [23], the deformation of 
the fuel rods from SFAs was studied under the dry 
storage conditions. The SFA of various designs 
and various burnups were chosen. A pair of adja-
cent rods from each SFA were placed in two heat-
ers. In one heater the temperature was maintained 
constant. In another heater the temperature was 
cycled from 20 °C to 380 °C with varied time inter-
vals between the cycles. It was observed that ther-
mal cycles lead to a further increase in elongation 
and hoop strain. Effect of thermal cycles depends 
on the fuel rod burnup. This may be due to the 
difference in the pellet-cladding interaction in the 

fuel rods of different burnups. The 
maximum additional deformation 
was observed in fuel rods with the 
smallest burnup, [23]. The average 
strain growth per cycle for this rods 
[23] is shown in Table 1.

The ratio of axial to hoop strain 

is z   ~1 both for unloaded fuel 
claddings and for fuel rod clad-
dings. It indicates the similarity of 
primary deformation mechanisms 
for these two cases. In contrast, 
this ratio is not more than 0.15 (in 
absolute value) for the internally 
pressurized cladding with hoop 
stress higher than 70 MPa

Estimations by the expression 
(15) for the internal stresses that 
arise in temperature cycling from 

20 °C to 380 °C gives act ~40 
MPa. This stress is comparable to 
the stresses in fuel claddings SFA 
during dry storage. Therefore, the 
cyclic temperature changes in ex-
periments designed to validate dry 
storage conditions may signifi cant-
ly affect the test results.

The higher the internal stress act  (15) with 
respect to external stress the higher the relative 
effect of thermal cycles on deformation. As it was 
previously noticed, the discrepancy of the model 
results and the experimental data actually increas-
es with decreasing the external stress in the clad-
ding below 40 MPa, see. Fig. 5. This value is in 

agreement with the estimated act .
A conservative estimate of the strain ε~

1
act E  , where E  is the average value of Young’s 

Table 1. Deformation per one thermal cycle, %, in experiments with cycling from 20 oC

Fresh claddings without external loading

Upper temperature Elongation Hoop strain

575 oС [15] 0.03-0.04 0.03-0.04

450 oС [10] 0.01-0.02 0.015-0.02

410 oС [21] ~0 <0.02

RIAR data for rod with burnup of 20 МW·d/kgU. Upper temperature is 380 oC, [23]

At the fuel column region 
0.003 (0.001−0.005) 

0.004 (-0.002−0.01)

At the plenum region 0.007 (0−0.014)
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Figure 7. Conditions of experimental data (with axial load and 
internal pressu re load) used for model verifi cation: 

 solid line – fresh claddings, dotted line – irradiated 
claddings.

 For comparison: fi lled rectangle – range of normal dry 
storage conditions
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modulus, gives a deformation increment ~ 0.1 % 
per cycle at a maximum cycle temperature of 380-
450 °C and ~ 0.2 % per cycle at a maximum cycle 
temperature of 575 °C. Comparison with the data 
presented in Table 1 shows that the real values 
are several times below this estimates. Overesti-
mation is due to the strain changes sign in raising 
and lowering the temperature. There is a signifi -
cant mutual compensation of deformations at the 
beginning and the end of the cycle. The problem of 
steady increment per thermal cycle is considered 
in [24] for hypothetic material consisting of two 
groups of grains with different coeffi cients of ther-
mal expansion. It was assumed, [24], that various 
mechanisms govern deformation in every group of 
grains. The total compensation of deformation is 
shown to occur only if the activation energies of 
acting deformation mechanisms do not differ, [24]. 
Otherwise, the accumulation of strain in each cycle 
is a function of the difference in the activation ener-
gies of acting processes. The model [24] allows to 
determine the temperature dependence of the ef-
fect, but it could not determine its anisotropy. The 
experimental data discussed in [24] show that the 
magnitude and sign of the effect is strongly sensi-
tive to the impurity composition of the material in 
question. Therefore, to account for the thermal cy-
cling effect creep model has to be supplemented. 
Firstly, it is necessary to self-consistently describe 
stresses in the grain with predetermined orienta-
tion generated by adjacent grains [6]. Secondly, 
the model must consider the effects of alloying ad-
ditions and impurities on the activation energy of 
slip in prismatic planes and basal planes [25]. It 
is planned to be done in the next phases of work.

During the dry storage, an anticipated thermal 
cycles amplitude is signifi cantly lower than that 
obtained inthe experimental conditions (for exam-
ple, in [24]). Therefore, induced thermal stresses 
cause lower deformation than observed in the ex-
perimental conditions. Nevertheless, to account of 
this effect is necessary for the correct choice of 
the model parameters based on the results of the 
experiments.

5. Conclusion

The engineering model of anisotropic creep is de-
veloped to predict the behavior of WWER fuel rods 
in dry storage of spent fuel. The model considers 
several deformation mechanisms, the main one 
being the dislocation creep. The effects of radia-
tion defects accumulation and its partial anneal-
ing during storage, as well as work hardening are 
taken into account. 

Based on the available experimental data pre-
liminary verifi cation of the developed model is per-
formed. The model adequately describes the data 
set used. Conditions of experiments conducted 
up to date are more severe in temperatu re and 
stresses than ones in dry storage. It is shown that 
in dry storage additional deformation mechanisms 
play an important role. One such mechanism is the 
creep induced by temperature cycling that occurs 
during the experiments. Thermal cycles produce 
internal stresses caused by thermal expansion 
anisotropy in α-Zr crystallites. This mechanism 
makes a signifi cant contribution to the experimen-
tally measured strain at stresses characteristic for 
spent fuel claddings.

Additional experimental research is planned to 
expand the range of Verifi cation Matrix to the pro-
totype conditions for dry storage and to improve 
prediction accuracy of the model.
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