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1. Introduction 

To-day the strategy of improving the safety and 
efficiency of power reactor cores is most urgent for 
the evolution of nuclear power in Russia. Increased 
burnups of fuel and its operation time are limited by 
the properties of zirconium materials under irradia-
tion in contact with a coolant. Corrosion, hydroge-
nation, dimensional changes (growth, creep, bend-
ing) limit the FA operation time and cycles. 

The problem is being resolved via FA designs 
and materials used. In WWER-1000 several FA 
designs are employed (IFA, FA-2, FA-2M, FAA) in 
which starting from 1995 and on in operation are 
components produced from irradiation resistant 
alloy E635 (fuel rod claddings, tubes of guide thim-
bles, central tubes, rigid angles at frames) that fea-
ture a high strength and a high resistance to shape 
changes (growth, creep, bend) and corrosion. 

The E635 alloy used in the WWER-1000 fuel 
assemblies ensured the stability of the FA geome-
trical dimensions, minimized their bending and dis-
tortion, changes in fuel rod dimensions and pro-
vided for reaching the burnup up to 72 MWd/kgU 
and in 6 year operation. 

The results of the post-irradiation investigations 
of the WWER-1000 FAA including also fuel rods 
with E635 alloy evidence that in terms of their ma-

jor operational characteristics their resources for 
the 6-year cycle were not yet exhausted. The geo-
metrical parameters, corrosion and tensile proper-
ties of the items did not reach the values that would  
inhibit their further operation. 

 
 

2. Operation Experience of Items 

Presently E635 alloy is extensively used in fuel as-
semblies of different designs as a material for 
tubes of guide thimbles (GT), central tubes (CT) in 
fuel assemblies -2 (FA-2) and fuel assemblies-2M 
(FA-2M) as well as similar items and frame angles 
in FAA. 

E635 alloy items operate in more than 687 FA-2 
of WWER-1000 in four units of  Balakovo NPP [1], 
in more than 2500 FAA of WWER-1000 in 17 units 
of NPP in Russia, Ukraine, Bulgaria [2] and 450 
FAA have operated for 4 years, 32 FAA – for 5 and 
more years to reach the maximal burnup of 72 
MWd/kgU per a fuel rod. 

The FA mechanical strength and rigidity are dic-
tated by the properties of a frame that comprises 
18 tubes of guide thimbles, a single central tube 
(FA-2 and FA-2M) or 6 extra angles (FAA) periodi-
cally connected between themselves by space gr-
ids. The resultant grid of a frame takes the me-

chanical loads effected by the 
in-reactor devices of a reactor. 
The frame shape changes ef-
fected by the irradiation-induced 
growth of the guide thimble 
tubes and the irradiation ef-
fected creep lead to FA shape 
changes during an operation, 
hence, the properties of FA ma-
terial components play rather 
important role in their safe op-
eration. 

The application of the E635 
alloy as a frame material of FA 
resulted in a substantially im-
proved state relevant to FA 
bending. According to the 
OKBM data [3] beginning from 
1998 with an increase of the 
quantity of FAA introduced into 
operation in Kalinin NPP and 

 

Figure 1 Dynamics of correcting core in Kalinin NPP,  Unit 1 [3] 
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having E635 alloy components the extent of FA 
bending decreased by more than 4 times (Figure 
1).  

Also according to the OKBM GP data [4] begin-
ning from 2003 in IFA and FA-2 at Balakovo NPP 
the distortion of the E635 alloy guide thimbles was 
substantially reduced (Figure 2). 

In 2000 two IFA having GT, CT and the fuel 
rods with E635 alloy claddings have successfully 
operated for 3 years to reach the mean burnup of 
39 MWd/kgU in WWER-1000 in Balakovo NPP, 
Unit 1. One IFA was investigated in the “hot” cell at 
NIIAR; the results of the post-irradiation investiga-
tions are given below. 

In 2005 FAA containing fuels with E635 alloy 
claddings has successfully operated for 6- year life 
time to the average burnup of 59 MWd/kgU in 
WWER-1000 of Kalinin NPP Unit 1. The results of 
the post-irradiation investigations of the assembly 
in the “hot” cell of NIIAR are also given below. 

 
 

3. Results of Tests and Investigations 

Below the results are given obtained by investigat-
ing shape changes, geometrical sizes and corro-
sion (mode and degree of oxidation and hydroge-
nation) of the E635 alloy used as a material of FA 
structural elements (guide thimbles, central tube, 
angles of a rigid frame) after their 3, 4 and 6 years 
operation as well as fuel claddings WWER reactor 
operated for 3 and 6 years. 

The FAA № СВГ0047 of the WWER-1000 reac-
tor that operated in the first unit of the Kalinin NPP 
for a long period of time without loss of tightness (6 
years) to reach the maximal fuel burnup per a fuel 
rod amounting to ~72 MWd/kgU was investigated 
in more detailes. The majority of the components of 
FAA (fuel claddings, guide thimbles, central tube 
and frame angles were fabricated from the E635 
alloy [5]. 

To be investigated specimens were taken that 
had operated in 5 fuel assemblies under the 
WWER-1000 conditions (Table 1). From the 6-year 
FAA the specimens were taken that are located in 
the direction of the maximal gradient of the fuel 
burnup in the fuel rods at the minimal average and 
maximal burnups (from 48 to 72 MWd/kgU) at the 
three or four height levels that differed in the neu-
tron fluence and the temperature at the “metal-
oxide” boundary; the fuel rods, guide thimbles, CT, 
all the 6 frame angles. 

Table 1 Investigated E635 alloy components of WWER-10 00 fuel assembly 

NPP Type of fuel 
assembly 

Time of 
operation, 
[y] [eff.d] 

Average 
burnup, 

[MWd/kgU] 

E635 alloy 
components 

Balakovo NPP, Unit 1 IFA 3 (878) 39 Guide thimble 

Fuel cladding 

Kalinin NPP, Unit 1 FAA 3 (853) 38 Frame angle 

4 (1082) 44 Guide thimble 

Frame angle 

6 (1688) 56 Guide thimble 

Frame angle 

6 (1791) 59 Guide thimble 

Fuel cladding 

Frame angle 

 

Figure 2 Dynamics of maximal bends in unit 1 of 
Balakovo NPP [4] 
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3.1. Appearance 

On the whole the states of the structural elements 
of FAA № СВГ004 are typical of FAA that operated 
for 6 fuel cycles. No visible damages of the caps 
end piece fittings, SG rims, frame angles were de-
tected. The states of the upper plugs of the fuel 
elements are without any anomalies (Figure 3). 

For the most part the frame angles are white or 
light-grey approximately identical to the colour of 
the claddings (Figure 4). 

The surface of the fuel claddings along the FAA 
height has a uniform white (possibly grey – white) 
colour for the exception of portions covered with a 
dark coloured deposits. No oxide peeling is ob-
servable. The good mirror light reflection of the fu-
els evidence the availability of a dense not cracked 
uniform oxide film. The attrition of the fuel clad-
dings at the sites of interactions with space  grid 
was not visually detected (Figure 4). 

The lower parts of GT are covered with depo-
sits. The top boundary of the deposits is always 

located above the site of a spie-
lage hole. The colour of the GT 
surfaces at their bottoms is 
grey-white with fine grey spots. 
As the height coordinate in-
creases the colour becomes 
monochromatic and lighter 
(Figure 4). 

 
3.2. Shape Changes and 

Geometric Sizes 

The results of measuring def-
lections and geometric sizes of 
the FAA structural elements 
evidence their high dimensional 
stability. 

The maximal deflection reg-
istered at a distance of 2570 
nm from the bottom grid makes 
up 5.9 mm in FAA №СВГ0047 
having fuel rods with E635 alloy 
claddings (Figure 5). 

The deflection extent of FAA 
№СВ0013 having fuels with 
E110 alloy claddings and also 
operated for 6 years amounted 
to 6.6 mm in the fuel assembly 
and 6.3 mm in the frame (Fig-
ure 6). 

During the operation 
process the angles and CT are 
not subject to mechanical 
loads, hence their dimensional 
changes are effected by the 
irradiation-induced growth me-
chanisms, i.e., the straining for 
the most extended to the part of 
those elements that corres-
ponded to the length of the fuel 
column (3530 mm). The elon-
gation of the CT in FAA № 
СВ0047 amounted to 7.1 mm 
which corresponds to the irradi-
ation growth strain of 0.18%. 
The elongation of the angles 
was within 7.4-8.5 mm (0.19-
0.21%). These elongation val-
ues of  CT and the angles cor-

 

 

Figure 3 Appearance of FAA  №СВГ0047 on the side of faces 5 and 6 
and top plugs 
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respond to the range of the mean values of the 
neutron fluences (2.1-2.6)·1026m-2. It might be seen 
from Figure 7 when constructing the fluence de-
pendences of the elongation they agree well with 
the data on the irradiation induced growth of the 
E635 alloy under the BOR-60 irradiation. 

During the operation time the guide thimbles of 
FAA increased their lengths by 4.7 mm (0.11-
0.12%) which is almost two times less than in CT 
or angles. This means that guide thimbles were 
affected by compressive stresses that lead to the 
irradiation growth of items.  

The analysis of the results of the measurements 
of the WWER-1000 fuel rod parameters shows that 
the elongations of the fuel rods having E635 and 
E110 alloy claddings differ in the operation process 
(Figure 8). 

The comparison between the results of the 
measurements of the elongations of FAA 
№СВГ0047 and FAA №СВГ0013 fuel rods (both 
have operated for 6 fuel cycles) shows that at the 
mean fuel burnups of 55-65 MWd/kgU the elonga-
tion of the fuels having the E635 alloy claddings is 
7.2 mm less than that of the fuels with the E110 
alloy claddings (Figure 8). 

The changes in the outer diameters of the fuels 
having the E635 alloy claddings both along the 
lengths of the investigated fuel rods and vs the fuel 

burnup are much less (Figure 9). 
The results of measuring the fuel-cladding gap 

by the compression method show that the gap clo-
sure in the fuel rods with the E635 alloy claddings 
sets in at a higher burnup in comparison to that of 
the standard fuel rod (Figure 10). 

 

 

Figure 5 Deflection modulus of FAA №СВГ0047 
 

 

Figure 6 Deflection modulus of FAA №СВ0013  
 

 

Figure 7 Irradiation-induced growth strain of E635 
alloy specimens vs. fluence under BOR-60 
reactor irradiation at ~ 320° С (the values of 
the fluence are given with account for the 
WWER-1000 reactor spectrum) and the 
values of the elongation of CT and angles 
of FAA № СВГ0047 as a result of the 
operation in the WWER-1000 reactor ( ◊) 

Angle of SG 10-11 and fuel rods 

 
GT of SG 10-11 

 

Figure 4 Appearance of fuel rods, angles and GT 
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3.3. Corrosion State of Guide Thimbles (GT), 
Angles and Fuel Rods 

Figure 11 illustrates the oxide coat distribution 
along the height at the outer surfaces of the E635 
alloy guide channels (the periphery row) that oper-
ated for 3, 4 and 6 fuel cycles; both non-destructive 
and destructive methods were applied. 

The similar distribution of oxides is also observ-
able in the frame angles along the assembly 
height. The oxide coat thickness is observed to 
increase as the height coordinate grows to reach 
the height z = 2900-3400 mm followed by its de-
crease. 

Table 2 gives the oxide coat thickness at the 
surfaces of GT and frame angles operated during 
three, four and six fuel cycles; Figure 12 illustrates 
the typical state of an oxide coat at the guide chan-
nel surface. 

In the operation process GT and angle mate-
rials are subject to hydrogenation. The precipitates 
of hydrides are essentially uniformly distributed all 
over the sections of the items and have the tangen-
tional orientation (Figure 13). The mass fraction of 
hydrogen in the guide thimble material was not 
more than 0.03%. 

 
3.4. Corrosion of Fuel Claddings 

The fuel rods were investigated after respectivly 3 
and 6 years of the operation at the Balakovo and 
Kalinin NPP. The range of the average fuel burnup 
of the investigated fuels varied from ~39 to 59 
MWd/kgU (Table 1), after the 6 year operation the 
burnup made up 72 MWd/kgU. Figure 14 shows 
the oxide coat thickness vs the average fuel bur-
nup of a fuel rod; figure 15 illustrates the oxide coat 
distribution over the fuel rod cladding lengths after 
3 and 6 years of operation. 

The E635 alloy claddings show a noticeable 
increase in the oxide coat thickness with a 
growth of the height coordinate within the ranges 
of the fuel column followed by a decrease in the 
region of the gas collection. It is to be also 
pointed out that in the fuel claddings parts that 
correspond to the regions of the space grids the 
oxide coat thickness is lower as compared to the 
neighbour areas; the fretting corrosion at those 
sites was not found. 

The continuous oxide coat densely adheres to 
the metal base; the metal-oxide interface has a 
straight profile. The oxidation of the fuel rod inner 
surface is not uniform – the areas with an oxide 
coat and without it are observable. 

The precipitates of elongated hydrides having 
for the most part the tangentional orientation  
are distributed non-uniformly in the cladding  
section in all the fuel rods investigated – for the 
most part they concentrate along the outer sur-
face (Figure 16). The mass fraction of hydrogen 

 

Figure 8 Elongations of fuel rods having claddings 
from E635 and E110 alloys as a function of 
mean burnup of fuel 

 

Figure 9 Variations in diameters of E635 alloy 
cladding of fuels as a function of fuel 
burnup 

 

Figure 10 Diametral fuel-cladding gap as a function  
of the maximal fuel burnup in fuels having 
E635 and E110 alloy claddings 

 

Figure 11 Height distribution of oxide thickness at  
outer surface of guide thimble in periphery 
row 
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available in the claddings 
does not exceed 0.03% and 
alters along the height while 
correlating with the oxide coat 
thickness (Figure 17). 

The corrosion phenomena 
proceeding in zirconium alloy 
items under the conditions of 
WWER-1000 are sophisti-
cated processes that depend 
on many factors taken togeth-
er. Figure 18 presents the 
oxide thickness vs. operation 
time of fuel claddings and 
structural elements from E635 
alloy after the irradiation in 
WWER-1000. 

Thus, the accomplished in-
vestigations of the corrosion 
states of the structural ele-
ments have shown that the 
degrees of oxidation and hy-
drogenation after in-reactor 
tests during 3, 4 and 6 fuel 
cycles are not a factor limiting 
the further longer operation of 
E635 alloy items. 

Table 3 presents the re-
sults of tensile testing annular 
samples cut out from different 
parts of fuel claddings. 

The strength characteris-
tics (σВ and σ0,2) have high 
values both at the room and 
operation temperatures. The 
cladding material retained the 
ductility margin. 

 

Table 2 Thickness of oxide coats at surfaces of GT and frame angles 

Operation time,  
[y] ([eff. d]) 

Thickness of oxide coat, [ µm] 

Outer surface Inner surface 

GT Angle GT Angle 

3 (878) 2-23 3 2-23 3 

4 (1082) 3-23 10-18 4-18 14-22 

6 (1688) 17-40 30-40 30-40 30-35 

6 (1791) 20-45 13-48 28-44 13-50 

 
 

 
a b 

 
c 

Figure 12 States of oxide coats at outer surfaces of  guide thimbles after 
3 (a), 4 (b) and 6 (c) years of operation 

   
a b c 

Figure 13 Microstructure of guide thimble cross sec tions in sites having the maximal oxide coats after  3 (a), 
4 (b) and 6 (c) years of operation 



 489 

4. Conclusion 

1. E635 alloy corroborated 
its high operation relia-
bility as fuel claddings 
and WWER-1000 FA 
components during 6 
year service to the fuel 
burnup of 72 MWd/kgU. 

2. It follows from the results 
of the post-irradiation in-
vestigations of the fuel 
rods and other structural 
elements of WWER-
1000 FAA fabricated 
from E635 alloy that in 
terms of the basic opera-
tional characteristics 
their resources after the 
6 year operation cycle 
have not been ex-
hausted. 

The geometrical parame-
ters, corrosion states, ten-
sile properties of items fa-
bricated from fuel alloy did 
not attain the values that 
would prevent their further 
operation: 
• The elongations of the 

fuel rods at the mean 
burnups up to 66.2 
MWd/kgU do not exceed 
15 mm or < 0.4%; 

• Decreases in fuel E635 
alloy cladding diameters 
at the burnup of ~60 
MWd/kgU make up 0.01-
0.02 mm; 

• The fuel-cladding gap is 
not closed in fuels having 
E635 alloy claddings at 
the burnup up to ~72 
MWd/kgU; 

• The elongation of CT in 
FAA as 6 years operated 
makes up 7.1 mm or 
0.18%; 

• The elongations of the 
angles are within 7.4-8.5 
mm (0.19-0.21%); 

• The elongation of GT in 
FAA after the operation 
time does not exceed 4.7 
mm (0.11-0.12 %); 

• The amount of the oxide 
coat densely adherent to 
the metal at the burnup 
up to ~72 MWd/kgU 
does not exceed 80 µm 

 

Figure 14 – Maximal oxide coat thickness of fuel ro ds in IFA № С8623У 
(3 years) and FAA № СВГ0047 (6 years as a function of 
average fuel burnup 

 

 

Figure 15 – Heght distribution of oxide coat thickn ess at outer surfaces 
of fuel claddings from E635 alloy after 3 (a) and 6 (b) years of 
operation: Non-destructive investigations, 6 years;  Destructive 
investigations, 6 years: Non-destructive investigat ions, 3 
years; Destructive investigations, 3 years 

 

  
a b 

Figure 16 Microstructure of cladding in transverse sections of fuels at 
average burnup of 49.4 MWd/kgU ( а) and 66.2 MWd/kgU (b) 
under SG 11 after etching 



490 

and the hydrogen content is not more than 
0.03% mass; the cladding retains the adequale 
ductility δt >4.9%; 

• The amount of the oxide coat at surface of GT 
and CT does not exceed 45 µm, the hydrogen 
content is <0.03% mass; 

• The oxide coat at the surfaces of the frame an-
gles does not exceed 50 µm, the hydrogen con-
tent is <0.04%mass. 
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Figure 17 Dependence of hydrogen content on 
thickness of oxide coat in E635 alloy 
structure elements (GT, CT and angles 
with account for bilateral oxidation 

 

 

Figure 18 The maximal thickness of oxide coat vs. 
time of operation of E635 alloy structural 
elements as irradiated in WWER-1000 

 
Table 3 Tensile Properties of E635 alloy claddings 

of  upon tension in transverse direction 

Opera-

tion 

time, 

[y] 

Тtest, 

[°С] 
σσσσВ, 

[МPа] 

σσσσ0,2, 

[МPа] 

δδδδt,  
[%] 

δδδδu,  

[%] 

3 20 600-700 525-630 7.4-11 2.8-3.9 

380 445-465 400-410 14-21 3.2-3.9 

6 20 720-790 680-760 4.9-9.1 2.0-3.8 

380 530-580 500-540 8-15 2.4-4.2 


