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Zir co nium al loys, are usu ally used as fuel clad ding ma te ri als in VVER (wa ter-cooled, wa -
ter-mod er ated en ergy re ac tor) type re ac tors, mainly, due to their low neu tron ab sorp tion
cross-sec tion, de sir able me chan i cal prop er ties, and good cor ro sion re sis tance un der re ac tor
op er at ing con di tions. Dur ing ex po sure to wa ter at high tem per a ture, wa ter re acts with zir co -
nium al loys, which re sults in the pro duc tion of an ox ide layer. The en tire area of cor ro sion
along with the ac com pa ny ing ab sorp tion of hy dro gen in the zir co nium metal ma trix has at -
tracted a lot of at ten tion when the per for mance of the core com po nents as well as the op er a -
tion of the re ac tor is em pha sized. The growth of the zir co nium ox ide layer plays a de struc tive
role in de creas ing ther mal ef fi ciency of the re ac tor by re strict ing the in let tem per a ture and
chem i cal prop er ties of the cool ant. The pres ent study aimed to de velop a com puter code to
pre dict long-term wa ter side cor ro sion weight gain, ox ide thick ness and de ter mine the con -
cen tra tion of ab sorbed hy dro gen in VVER-1000 re ac tors dur ing nor mal op er at ing con di -
tions. The pro posed model can be uti lized to es ti mate the pre-tran si tion and post-tran si tion
cor ro sion weight gain and the ox ide thick ness in op er at ing con di tions.
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INTRODUCTION

Cor ro sion is strictly the pro cess that re sults in the 
de te ri o ra tion of the per for mance of a ma te rial, the re -
sult of which is cor ro sion dam age. Cor ro sion may be
de fined as: a physicochemical in ter ac tion lead ing to a
sig nif i cant de te ri o ra tion of the func tional prop er ties of 
ei ther a ma te rial, or the en vi ron ment with which it has
in ter acted, or both of these [1]. The pro duc tion of al -
most all met als (and en gi neer ing com po nents made of
met als) in volves add ing en ergy to the sys tem. As a re -
sult of this up hill ther mo dy namic strug gle, the metal
has a strong driv ing force to re turn to its na tive, low
en ergy ox ide state. This re turn pro cess to the na tive
ox ide state is what we call cor ro sion and it is in ev i ta ble 
[2]. Based on this ex pla na tion, metal can never be
com pletely pro tected from cor ro sion as long as it is re -
garded as cor ro sion to an ac cept able level. Zir co nium
al loys are widely used for fuel clad ding, pres sure
tubes, fuel chan nels (boxes), and fuel spacer grids in
al most all wa ter-cooled re ac tors, in clud ing light wa ter
re ac tors such as the pres sur ized wa ter re ac tor (PWR),
VVER-1000 and the boil ing wa ter re ac tor (BWR).
The cor ro sion of Zircaloy clad ding in VVER-1000 has 
been more em pha sized be cause of high fuel dis charge

burnup to re duce fuel cy cle costs, high cool ant in let
tem per a ture to in crease plant ther mal ef fi ciency, and
in crease of the cool ant pH and lith ium con cen tra tion
in or der to re duce plant ra di a tion lev els. Nu clear fu els
are not di rectly in serted into the cool ant while they are
al ways used as cov ered. The fuel clad ding keeps the
cool ant iso lated from the fuel, which pro tects fuel and
pre vents the ex pan sion of fis sion prod ucts into the sur -
round ing en vi ron ment. In ad di tion, this clad ding is
con sid ered as a struc tural sup port of fuel which con -
trib utes to heat trans fer. Like the fuel, the clad ding ma -
te rial should pos sess good ther mal and me chan i cal
prop er ties and it should be chem i cally sta ble over the
in ter ac tion with the fuel and ma te rial of the en vi ron -
ment. The zir co nium al loy is ox i dized on con tact with
pri mary cool ant cir cuit wa ter. Zir co nium al loys cor -
rode in high tem per a ture wa ter to form zir co nium di -
ox ide. The cor ro sion rate of zir co nium al loys is one of
the ma jor con trol ling pa ram e ters for the de sign of
in-core com po nents of wa ter re ac tor fuel el e ments [3].

 There fore, ox i da tion is very im por tant in re ac tor 
op er a tion so it is de sir able to be able to un der stand and
pre dict the ox i da tion pro cess and, if pos si ble, to slow it 
down or pre vent it. Fur ther, zir co nium has a low ab -
sorp tion neu tron cross-sec tion, high melt ing point,
good me chan i cal prop er ties, and high cor ro sion re sis -
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tance to wa ter. These prop er ties make zir co nium a su -
pe rior ma te rial as a fuel clad ding for re ac tors. The me -
chan i cal prop er ties of zir co nium and its cor ro sion
re sis tance can be im proved by al loy ing it with a small
amount of tin, iron, chro mium and nickel. The zir co -
nium al loy E110 (Zr + 1 % Nb) has been used in the
con struc tion of fuel rods clad ding in the Bushehr nu -
clear power plant [4]. The use of this type of al loy in
the fuel clad ding has in creased fuel burnup, as well as
the life cy cle of fuel ef fi ciency. Due to the sig nif i cance
of zir co nium ox i da tion, many at tempts have been
made to ex am ine the ox ide layer in or der to de crease
its growth, and cal cu late its thick ness in the op er at ing
con di tions of a re ac tor. To this aim dif fer ent mod els
have been pre sented to de sign and eval u ate fuel clad -
ding op er at ing. As in the de vel oped codes of the Nu -
clear Reg u la tory Com mis sion, the EPRI Model (de -
vel oped by the Elec tric Power Re search In sti tute) is
used as the most fa mous model in or der to cal cu late the 
growth rate of the ox ide layer, the afore men tioned
model is used in the pres ent re search, which has ex hib -
ited de sir able re sults [5]. The for ma tion of the ox ide
layer on zir co nium metal does not have any con se -
quences on the be hav ior of the fuel rod al though it may 
in crease hy dro gen dif fu sion into the zir co nium metal
which has a neg a tive im pact on the fuel rod. Zir co nium 
metal has a very low sol u bil ity for hy dro gen and once
the sol u bil ity limit is ex ceeded, the hy dro gen pre cip i -
tates as a zir co nium hy dride phase. As a re sult, the fol -
low ing ef fects have been re ported (al though not all
con firmed) to oc cur in the clad ding: hy dro gen
embrittlement due to ex cess hy dro gen or its lo cal iza -
tion into a blis ter or rim [6, 7] loss of frac ture tough -
ness; de layed hy dride crack ing (DHC), and ac cel er a -
tion of cor ro sion and of ir ra di a tion growth. Hy dro gen
embrittlement im pacts the me chan i cal re sis tance of
the zircaloy clad ding to fail ure. The duc til ity re duc tion 
due to hy dro gen embrittlement is de pend ent on the
vol ume frac tion of hy dride pre cip i tates in the clad ding
and their de gree of ag glom er a tion [8, 9].

Zr(H.sln ) H ZrH  or  ZrH1
2 1.6 2+ = (1)

ZIRCALOY OXIDATION MECHANISM

In gen eral, the cor ro sion pro cess of Zircaloy
starts with the for ma tion of an ad her ent, thin, black ox -
ide film and grows ac cord ing to a sim ple cu bic rate
equa tion [10]. It is then fol lowed by a tran si tion to a
gray or white ox ide with a lin ear rate eq. [10]. The first
pe riod is called the pre-tran si tion growth re gime. Once 
the ox ide reaches a crit i cal thick ness (tran si tion or
break away), the sec ond pe riod be gins, which is called
the post-tran si tion growth re gime, where the cor ro sion 
rate sharply in creases due to the for ma tion of pores
and cracks in the ox ide film struc ture, al low ing eas ier
ac cess of ox y gen to the ox ide-metal in ter face [10]. A

close in spec tion of the ox ide shows a va ri ety of struc -
tures, de pend ing upon the tem per a ture at tained and the 
ox y gen con cen tra tion [10]. A sche matic rep re sen ta -
tion of this pre-tran si tion and post-tran si tion ki net ics
is shown in fig. 1 as the dashed lines. Also shown in
this graph is the more re cent view that three stages can
be dis crim i nated for zir co nium al loy cor ro sion pro -
cesses [7].
(1) The early pre-tran si tion re gime, char ac ter ized by

the for ma tion of a thin, black, tightly ad her ent cor -
ro sion film that grows thicker in ac cor dance with a 
nearly cu bic rate law,

(2) The in ter me di ate stage that lies be tween the
pre-and post-tran si tion stages. As ini tially shown
by Bryner [11] this re gion ap pears to com prise a
se ries of suc ces sive cu bic curves, sim i lar to the
ini tial cu bic ki netic curve. This lin ear rate re sults
from the su per po si tion of var i ous re gions of the
ox ide layer fol low ing the pre-tran si tion growth
rate but slightly out of phase with each other, and

(3) The lin ear post-tran si tion ki netic re gime.

CORROSION AND HYDROGEN
PICKUP MODEL

The VVER-1000 re ac tor is a 1000 MW PWR
type re ac tor, with ura nium di ox ide fuel with light wa ter
as a cool ant and mod er a tor and con sists of 163 fuel as -
sem blies with 311 fuel rods. The fuel clad was man u -
fac tured of zir co nium al loy E110 (Zr + 1 % Nb). Some
main char ac ter is tics of this re ac tor are pre sented in tab.
1 [4]. The fuel rods in a VVER as sem bly are ar ranged
on a tri an gu lar lat tice and it dif fers from other PWR
with a square lat tice which af fects the thermohydraulics 
and ul ti mately cor ro sion cal cu la tions. To ad dress this
is sue, we have de vel oped a code that spe cif i cally de -
scribes the Bushehr re ac tor dur ing the work ing cy cles
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1 The des ig na tor (sln) is used for the sub stance in the so lu tion
with out spec i fy ing the ac tual equi lib rium com po si tion of the
sub stance in the so lu tion

Fig ure 1. Sche matic rep re sen ta tion of the zir co nium
al loy cor ro sion show ing the pre-tran si tion, tran si tory,
and post-tran si tion re gions [7]



of the thermohydraulics and cor ro sion cal cu la tions
which yields a more ac cu rate mod el ling.

The sin gle-chan nel thermohydraulic model as -
sumes a closed sub-chan nel and cal cu lates the cool ant
tem per a ture and clad sur face tem per a ture at the ax ial
mid-plane of each cho sen ax ial seg ment of a fuel rod.
Sub-chan nel ge om e try, cool ant in let tem per a ture, cool -
ant in let mass flow and rod power as a func tion of
burn-up (or time) are re garded as the in puts for the pro -
posed model. Cool ant flow is from the bot tom to the top
at an ax ial po si tion of the rod. The fuel rod with max i -
mum power gen er a tion is called the hot fuel rod and the
sub-chan nel re lated to the hot fuel rod is char ac ter ized
as a hot sub-chan nel in the hot chan nel. Max i mum
enthalpy rise does not ex ceed the spec i fied val ues and

anal y sis is ex tended to the hot rod in the hot chan nel of
the re ac tor core in or der to dem on strate the
thermohydraulic lim its in the re ac tor core such as max i -
mum clad ding and fuel tem per a tures. Then, the hot
chan nel is as sumed in the anal y sis for cal cu lat ing the
ox i da tion layer. A sche matic pro cess of cor ro sion mod -
el ing of the VVER-1000 fuel clad is shown in fig. 2.

In ad di tion, the EPRI Model is se lected to cal cu -
late the cor ro sion rate in the VVER-1000 fuel clad. In
this model, the cu bic rate law for cor ro sion-layer
thick ness as a func tion of time is uti lized to achieve a
tran si tion thick ness of 2.0 µm [12].
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where  S [m]  is  the ox ide thick ness, t [day] – the time,
A [m3d–1] – the con stant value 6.3×109, Q1 – the ac ti va -
tion  en ergy  with  con stant  value   32289   [cal mol–1],
R [cal mol–1 K–1] – the gas con stant value 1.98, T [K] –
the metal-ox ide in ter face tem per a ture.

This equa tion is in te grated in or der to ob tain the
fol low ing equa tion, re gard less of the feed back be -
tween the ox ide layer thick ness and ox ide metal in ter -
face tem per a ture
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Af ter at tain ing the tran si tion thick ness, a
flux-de pend ent lin ear rate law is ap plied, with the con -
stant rate, which is con sid ered as an Arrhenius func -
tion of the ox ide-metal in ter face tem per a ture
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Table 1. Main characteristics of the VVER-1000 reactor

No. Characteristic Value

1 Reactor nominal thermal power [MW] 3000

2 Coolant pressure at the core outlet [MPa] 15.7

3
Coolant temperature at the

reactor outlet [°C]
321

4 Coolant heating in the reactor [°C] 30

5 Pressure differential in the reactor [MPa] 0.381

6 Number of loops [pcs.] 4

7 Fuel assembly geometry Hexahedral
prism

8
Helium pressure under fuel rod

cladding [MPa]
2.0 ± 0.25

9
Outside diameter of cladding,

mm, nominal
9.1

10 Inside diameter of cladding [mm], nominal 7.73

11 Outside diameter of pellet [mm], nominal 7.57

12
Diameter of pellet central hole

[mm], nominal
1.5

Fig ure 2. Sche matic pre sen ta tion of the cor ro sion mod el ing of the VVER-1000 clad
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Be cause there is sig nif i cant feed back be tween
the ox ide-layer thick ness and ox ide-metal in ter face
tem per a ture, the ox ide thick ness is con verted to
weight gain, and the ap prox i mate in te gral so lu tion
from Garzarolli, et al. [12] is used. This so lu tion has
the form [13]
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where i, i + 1 re fers to (ends of) pre vi ous and cur rent
time step, g = 0.6789 [cm3g–1], s  is the ox ide thick ness
[m], l– the ox ide ther mal con duc tiv ity [Wcm–1K], Dw
– the weight gain [gcm–2], Q2 = 27354 [calmol–1], R =
=.1.98 [cal mol–1 K], q" – heat flux [Wcm–2], To – the
ox ide-to-wa ter in ter face tem per a ture [K], F – the fast
neu tron flux (E > 1 MeV) (1 cm–2s–1], k0 – the 11863 +
+.3.5×104(1.91×10–15j)0.24 [gcm–2 d–1], t – the time [d]

The frac tion of the hy dro gen lib er ated by the
metal-wa ter cor ro sion re ac tion that is ab sorbed lo cally 
by the clad ding is called the pickup frac tion. For PWR
con di tions, a con stant hy dro gen pickup frac tion has
been found to be ap pli ca ble [13].

As for the Zr + 1 % Nb (E110) clad ding ma te rial
used in VVER fuel rods, the hy dro gen pick up mass is
cal cu lated by
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where Hconc [ppm] is the hy dro gen con cen tra tion, Dco

[m] – the out side clad ding di am e ter, Dci [m] – the in -
side clad ding di am e ter, t [m] – the ox ide layer thick -
ness, and F – the hy dro gen pickup frac tion.

The pickup frac tion of 0.175 is used. The com -
puter sim u la tion flowchart is il lus trated in fig. 3.

RESULTS AND DISCUSSION

The fol low ing curves (see fig. 4 and fig. 5) in di -
cate the tem per a ture changes of the in let fluid of the re -
ac tor core and the power of the re ac tor dur ing the first
cy cle.

In this sec tion, the mod el ing re sults by code are
pre sented. The dis tri bu tions in tro duced in the FSAR
(Fi nal Safety Anal y sis Re port) are used to ap ply for
the ax ial power dis tri bu tion in the hot test fuel rod. Fig -
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Fig ure 3. Com puter sim u la tion flowchart



ure 6 il lus trates the curve of the ax ial power dis tri bu -
tion in the hot test fuel rod at dif fer ent time pe ri ods of
the re ac tor op er a tion, upon which the amount of fuel
clad ding ox i da tion is cal cu lated [4]. Due to the fuel
burnup at the core of the re ac tor, the co sine curve of
rel a tive power turns into the flat form af ter 20 days,
along with a grad ual fall at the edges. The in let cool ant
tem per a ture ver sus the ax ial level in the dif fer ent ef -
fec tive days is shown fig. 7.

 In ad di tion, as show in fig. 8 and fig. 9, max i -
mum rel a tive power is trans ferred from the mid dle

area of the core to the lower heights of the core. Due to
some changes in the power level dur ing the cy cle, the
av er age fuel tem per a ture and clad ding are af fected by
these changes in a sim i lar man ner in or der to pro duce
ther mal power. In this re gard, a lot of at tempts have
been made to in clude all the data cor re spond ing to the
FSAR ref er ence. Fur ther, an in crease in the power of
the re ac tor core and the tem per a ture of in let wa ter to
the core, re sults in chang ing the tem per a ture of the fuel 
rod dur ing the op er a tion of this re ac tor un til the hun -
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Fig ure 4. Cool ant tem per a ture in the first cy cle of BNPP
[4]

Fig ure 5. Ther mal power in the first cy cle of BNPP [4]

Fig ure 6. Rel a tive power dis tri bu tions by the hot fuel rod
in the first cy cle of BNPP

Fig ure 7. Cool ant tem per a ture in the dif fer ent ef fec tive
days

Fig ure 8. Av er age hot fuel rod tem per a ture in the dif fer -
ent ef fec tive days

Fig ure 9. Av er age fuel clad ding tem per a ture in the
dif fer ent ef fec tive days



dredth day. Then, the power and the tem per a ture of the
in let fluid to the core as two im por tant fac tors in
chang ing the ax ial curve of the fluid tem per a ture are
sta ble over the fuel rod un til the end of the cy cle. Gen -
er ally, the ox ide layer on the clad ding sur face grows
due to the tem per a ture and time re quired for the ox i da -
tion re ac tion. There fore, the growth of the ox ide layer
thick ness in creases at the higher end of the length of
the fuel rod (fig. 10). As il lus trated in fig. 9, the growth 
of the ox ide layer on the clad ding sur face re sults in in -
creas ing the av er age tem per a ture. In ad di tion, the
growth  of  the  ox ide  layer  be comes par a bolic be fore
2 µm while it changes lin early. The max i mum thick -
ness of the ox ide layer in the fuel rod clad ding dur ing
the re ac tor op er a tion cy cle is about 9 µm, which is less
than 60 µm in the mod eled value men tioned in the
FSAR. Fig ure 11 il lus trates the amount of ab sorbed
hy dro gen in the clad ding by the re ac tion of zir co nium
with wa ter and its vari a tion with the op er at ing time.
Fur ther, the amount of hy dro gen con cen tra tion in the
fuel rod clad ding in creases by in creas ing the ox ide
layer thick ness on the clad ding. As shown, the con cen -
tra tion of 25 ppm2 (mgL–1) in growth has a par a bolic
curve, which in creased lin early. This type of al loy
(E119), used in the fuel clad ding in the Bushehr re ac -
tor, has a high re sis tance to ox i da tion in high burnup
along with a low hy dro gen ab sorp tion.

CONCLUSION

In the VVER re ac tor due to the use of the Zr + 1 %
Nb al loy (E110) and dif fer ent cool ant chem is try,  which
re sults in low hy dro gen pick up, there is nor mally no ac -
cel er a tion of the cor ro sion pro cess. The max i mum ox -
ide thick ness cri te rion used to day by most reg u la tors in -
clud ing the NRC for most PWR ap pli ca tions is 100 µm
[14]. The hy dro gen con tent of zir co nium al loys must be
lim ited to pre vent brit tle me chan i cal fail ures [14]. The
pres ent study aimed to de velop a code for ox i da tion and
hy dro gen up take of the fuel rod in the Bushehr nu clear
power plant based on the power dis tri bu tion of the fuel
rod. Based on the re sults, hy dro gen up take is sim i lar to
the power dis tri bu tion ac cord ing to the man ner of ox i -
da tion power dis tri bu tion. Hence a good agree ment has
been ob served and this con firms that the cor rect mod el -
ing of the re ac tor is ac com plished us ing the code an tic i -
pated ex pec ta tions are re al ized. Fi nally, the ox i da tion
value is 9 µm, (about 0.013 % of the thick ness in the fuel 
rod clad ding), which is con sid er ably  lower  than  the 
max i mum limit of the model, (18 % of the thick ness in
the fuel rod clad ding).
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MODELOVAWE  KOROZIJE  KONTAKTNE  STRANE
SA  VODOM  I  NAKUPQAWA  VODONIKA  U  KO[UQICI  GORIVNOG

ELEMENTA  VVER-1000  REAKTORA

Legure cirkonijuma obi~no se koriste kao ko{uqice gorivnih elemenata u vodeno
hla|enom i vodeno moderisanom energetskom reaktoru (VVER reaktoru), uglavnom usled niskog
efikasnog preseka za apsorpciju neutrona, po`eqnih mehani~kih osobina i dobre otpornosti na
koroziju u uslovima rada reaktora. Tokom izlagawa vodi na visokoj temperaturi, u reakciji vode i
legura cirkonijuma nastaje sloj oksida. Celokupna oblast korozije zajedno sa prate}om
apsorpcijom vodonika u matricu metala cirkonijuma privla}i dosta pa`we kada se govori o
performanasama komponenti jezgra i celokupnog rada reaktora. Rast sloja oksida cirkonijuma ima 
destruktivnu ulogu u smawewu termi~ke efikanosti reaktora ograni~avawem ulazne tem per a ture
i hemijskih osobina sistema za hla|ewe. U ovom radu prikazan je razvoj programskog paketa za
predvi|awe dugotrajnog narastawa korozije ko{uqice gorivnog elementa na kontaktnoj strani sa
vodom, debqine oksida i odre|ivawe koncentracije apsorbovanog vodonika u normalnim uslovima
rada VVER-1000 reaktora. Predlo`eni model mo`e se primeniti za procenu porasta korozije pre
i posle tranzicije i debqine oksida u radnim uslovima.

Kqu~ne re~i: gorivna ko{uqica, korozija, cirkonijum oksid, prikupqawe vodonika


