
HIGH TEMPERATURE STEAM OXIDATION OF ZIRCALOY-2
CLADDING OF PHWR FUEL ELEMENT

by
V. Sethumadhavan, S. M. Sathe, Sunil Kumar, K. B. Khan and D. N. Sah

Radiometallurgy Division



£ BARC/1997/E/016
o
5 GOVERNMENT OF INDIA
£ ATOMIC ENERGY COMMISSION

U
Of
CD

HIGH TEMPERATURE STEAM OXIDATION OF ZIRCALOY-2

CLADDING OF PHWR FUEL ELEMENT

by

V. Sethumadhavan, S.M. Sathe, Sunil Kumar, K.B. Khan and D.N. San
Radiometallurgy Division

BHABHA ATOMIC RESEARCH CENTRE
MUMBAI, INDIA

1997



BARC/1997/E/016

BIBLIOGRAPHIC DESCRIPTION SHEET FOR TECHNICAL REPORT

(as pmr IS i 9400 - 1980)

01

02

03

04

03

06

07

08

Security classification i

Distribution i

Report status i

Series l

Report type t

Report No. i

Part No. or Volume No. i

Contract No. i

Unclassified

External

New

BARC External

Technical Report

BARC/1997/E/016

10 Title and subtitle i

11 Collation i

13 Project No. i

20 Personal author <s>

High temperature steam oxidation of
zircaloy-2 cladding of PHWR fuel
element

31 p., 18 figs., 2 tabs.

V. Sethumadhavan; 8.M. Sathef Bunil
Kumar| K.B. Khan; D.N. Sah

21

22

23

24

30

31

Affiliation of author (s> i

Corporate author(s) i

Originating unit i

Sponsor(s) Name :

Type i

Date of submission i

Publication/Issue date

Radiometallurgy Division,
Bhabha Atomic Research Centre, Mumbai

Bhabha Atomic Research Centre,
Mumbai-400 08S

Radiometallurgy Division,

BARC, Mumbai

Department of Atomic Energy

Government

June 1997

July 1997

contd...<lb>

Ua> -



40

42

50

51

52

53

Publish«r/Distributor i

Form of distribution i

Language of text i

Language of summary :

No. of references i

Given data on i

Head, Library
Bhabha Atomic

Hard Copy

English

English

17 rmim.

and Information
Research Cantre,

Division,
Mumbal

60 Abstract i In the event of a postulated loss of coolant accident
(LOCA) the cladding surface of PHWR fuel element will be exposed to
high temperature steam anvironmnt which may result in extensive
oxidation and embrittlement of the cladding tube. High temperature
steam oxidation has been studied on 40 mm long tubular samples of as
fabricated zircaloy-2 cladding tubas of PHWR fuel. These studies were
carried out in the temperture range 923K - 1073K for time durations
ranging from 30 minutes to 4 hours and in temperature range 1323K -
1423K for exposure time upto 30 minutes. The weight gain and the
thickness of zirconium oxide and alpha layers have been measured in
the exposed samples. Microstructure developed in the tubes due to
high temperature exposure has been examined. Correlations have been
derived from the experimental data for calculating oxygen
the cladding during high temperature steam exposures. A
based model has been developed to calculate the growth of
oxygen stabilised alpha zirconium layers and distribution
in the cladding. Theoretical modal has been used to predict the
multilayer growth and oxygen distribution in the cladding at any
given temperature for specified time duration. The results indicate
that at a temperature of 923K zircaloy-2 oxidation follows a cubic
rata law but at temperatures of 973K - 1073k and at 1323K - 1423K the
oxidation is governed by parabolic rate law. Model calculations are
in good agreement with experimental measurements.

uptake by
diffusion
oxide and
of oxygen

70 Keywords/Descriptors x PHWR TYPE REACTORS; ZIRCALOY 2; FUEL ELEMENT
FAILURE! TEMPERATURE RANGE 1000-4000 K» OXIDATION) LOSS OF COOLANT| Z
C0DE8| MICROSTRUCTUREi STEAM; OXYGENi BOUNDARY CONDITIONS) THICKNESS»
CHEMICAL REACTION KINETICS* ZIRCONIUM OXIDES

71 INIS Subject Category i E3400

99 Supplementary elements i



HIGH TEMPERATURE STEAM OXIDATION OF ZIRCALOY-2
CLADDING OF PHWR FUEL ELEMENT

V. Sethumadhavan, S. M. Sathe, Sunil Kumar,
K. B. Khan and D. N. Sah

Radiometallurgy Division.
Bhabha Atomic Research Centre

Trombay, Mumbai-400085

ABSTRACT

In the event of a postulated Loss of Coolant Accident (LOCA) the cladding surface of
PHWR fuel element will be exposed to high temperature steam environment which may
result in extensive oxidation and embrittlement of the cladding tube. High temperature
steam oxidation has been studied on 40 mm long tubular samples of as fabricated
zircaloy-2 cladding tubes of PHWR fuel. These studies were carried out in the
temperature range 923K - 1073K for time durations ranging from 30 minutes to 4 hours
and in temperature range 1323K - 1423K for exposure time upto 30 minutes. The weight
gain and the thickness of zirconium oxide and alpha layers have been measured in the
exposed samples. Microstructure developed in the tubes due to high temperature
exposure has been examined. Correlations have been derived from the experimental
data for calculating oxygen uptake by the cladding during high temperature steam
exposures. A diffusion based model has been developed to calculate the growth of
oxide and oxygen stabilised alpha zirconium layers and distribution of oxygen in the
cladding. Theoretical model has been used to predict the multilayer growth and oxygen
distribution in the cladding at any given temperature for specified time duration. The
results indicate that at a temperature of 923K zircaloy-2 oxidation follows a cubic rate law
but at temperatures of 973K - 1073K and at 1323K • 1423K the oxidation is governed by
parabolic rate law. Model calculations are in good agreement with experimental
measurements.



INTRODUCTION

A thin collapsible zircaloy-2 tube is used as cladding in the fuel elements of
Pressurised Heavy Water Reactors (PHWR). Zircaloy-2 cladding is exposed to heavy
water coolant at temperature of about 573K under normal reactor operating conditions. At
such temperatures corrosion of the cladding by heavy water is insignificant even upto high
burnup. However, in the case of postulated accident conditions, such as in Loss of
Coolant Accident (LOCA), the clad surface is exposed to high temperature steam which
may cause extensive oxidation of the cladding tube. Oxidation associated with high
temperature diffusion of oxygen from the oxide layer to the adjacent metal may severely
embrittle the cladding and result in clad rupture during the rewetting phase. Recognition of
this damage mechanism has led to the imposition of a permissible upper limit for total
oxygen uptake in water reactor fuel cladding during a postulated LOCA. Reliable steam
oxidation kinetics data is required to estimate the oxygen uptake by the cladding.
Oxidation kinetics of zircaloy-2 and zircaloy-4 have been studied extensively1'7 by a
number of investigators. Most of these studies have been done in the higher temperature
range i.e., above 1173K. The available data on the kinetics of zircaloy steam reaction
indicates that isothermal oxidation over a temperature range from 1273K to 1573K
follows parabolic rate law. A few studies carried out in the lower temperature region i.e.,
below 1173K, indicate a deviation from parabolic to cubic kinetics in this temperature
range . In the present work isothermal oxidation of as-fabricated Zircaloy-2 cladding of
PHWR fuel in steam environment has been studied up to exposure time of 4 hours in the
temperature range 923K -1073K and upto 30 minutes in the temperature range 1323K -
1423K. The findings of the study are presented in this report. A model for isothermal
oxidation and oxygen distribution in the cladding has also been developed and validated
with the experimental measurements. Details of this model and its validation are also
presented in this report.

EXPERIMENTAL

The zircaloy-2 cladding tubes (15.2 mm O.D. and 0.38 mm wall thickness) made
as per PHWR fuel cladding specifications (Zr, 1.2-1.7 w%Sn, 0.07-0.2 w%Fe, 0.05-0.15
w%Cr, 0.03-0.08 w%Ni, 0.015-0.04 w%C, 0.09-0.14 w%O) were received from Nuclear
Fuel Complex, Hyderabad. Specimens used in the experiment were 40 mm long pieces
cut from the as fabricated tubes. The specimens were- heated in a Kanthal wound
tubular alumina furnace. Steam, obtained by heating water in a flask, was introduced
into the furnace at atmospheric pressure through insulated copper tubing. The steam
flow rate, which was measured by the water exhaustion in the flask, was maintained at
10.3 gm/minute. The temperature of the specimen was measured by a Chromel-Alumel
thermocouple positioned near the centre of the specimen on the outer surface. The
temperature was controlled within ± 3K. The specimens were held in the furnace for the
required duration and then quenched by dropping them in a beaker containing cold
water. The specimen was weighed after drying to measure the weight gain. Transverse
section, cut from the centre of the oxidised tube specimen, was prepared
metallographically and oxide layer thickness was measured on the inner and outer
surface. A detailed microstructural examination was carried out on the samples exposed
to temperatures above 1323K.



RESULTS AND OBSERVATIONS

Oxidation at 923K-1073K

Specimens were oxidised at temperatures 923, 973, 1023 and 1073K for 30, 60,
90, 120, 180 and 240 minutes durations. At least three samples were exposed at each
temperature-time combination.

Fig. 1 shows the typical appearance of zircaloy-2 tube samples before and after
the steam oxidation at two temperatures of exposure. All the tube samples had shining
black oxide layer. No white colouration or spading of the oxide layer was found on either
surface. The time and temperature dependence of the weight gain in each sample is
plotted in Fig. 2. An increase in the weight gain is observed as the exposure time
increases at all temperatures. The rate of increase appears to be lower at 923K compared
to the other temperature. In order to determine the oxidation rate law, the weight gain data
was plotted as a function of t"3 and t1/2 (t = time of exposure). In the case of the
experiment conducted at 923K, a linear relationship was found when the weight gain
was plotted against t1/3 (Fig. 3) indicating the oxidation kinetics to follow a cubic rate law.
In the case of other three temperatures i.e., 973K, 1023K and 1073K linear relationship
was observed when the weight gain data was plotted against \U2 (Fig.4) indicating
parabolic reaction rate. Also, when log,0 (weight gain) was plotted against log,0 (t) in
the case of each temperature, the slope of the line corresponding to temperatures 923K
was found to be 0.33 which indicated a cubic rate law. The slope of the lines
corresponding to 973K, 1023K and 1073K were found to be 0.48, 0.50 and 0.46
respectively. This indicated further that oxidation closely followed a parabolic rate law at
these temperatures. The natural logarithm of the square of the slopes of all the lines
shown in Fig. 4 was plotted against inverse of temperature and the best fit line was found
by standard statistical method. The equation of the line representing the temperature
dependence of parabolic rate constant Kp was found to be as follows:

Kp (mg/dm2)2 Sec-1 * 2.37 * 108 * exp (-147989 / RT) (1)

Where R = Gas constant (Joule/mole/K) and T = Temperature (K)

The oxidation weight gain can be given by

W (mg/dm2) m [(2.37 MO8 * exp (-147989 / RT) * (t)]1/a (2)

Where t = Time of exposure (Sec)

The parabolic rate constant derived from this work is compared with that of
Biederman8 in Fig. 5.

The photomicrographs of the transverse sections of the tubes exposed at 973K
and 1073K (Fig. 6) show the oxide layer developed on the outer surface of the tube
samples after an exposure time of 4 hours. The oxide is seen to be uniform and
adherent. The oxide layer thickness observed in these samples was in good agreement
with the measured weight gain. The oxide layer was found to be crack free even after
exposure at 1073K. An oxygen rich layer appeared to have formed next to the oxide layer
in the sample exposed for 4 hours at 1073K.



Assuming that equation (2) is valid upto a temperature of 1223K, the oxygen
uptake by the cladding as a function of exposure time for the temperature range
973K - 1123K is shown in Fig. 7.

Oxidation at 1323K - 1423K

The samples were exposed at 1323K, 1373K and 1423K for 5 to 30 minutes and
weight gain was measured. A few samples were exposed for longer duration of upto 60
minutes. Visual observation of the exposed samples showed that oxide was adherent,
crack-free and no spalling of oxide was observed on the surface. However, one of the
samples exposed at 1423K for a long duration of 1 hour was found to be embrittled. It
broke into pieces when an attempt was made to section a metallographic specimen from
it.

The time and temperature dependence of weight gain of samples exposed at
these temperatures is shown in Fig. 8 which is a plot of weight gain vs. t1/2. The best fit
lines passing through the points are shown in this plot. The temperature dependence of
the parabolic rate constant (Kp), was found using the method indicated earlier and is
given as follows:

Kp(mg/dma)aSec'1 = 6.455* 108*exp(-149926/RT) (3)

Where R = Gas constant (Joule/mole/K) and T = Temperature (K)

The oxidation weight gain can be given by

W (mg/dm2) = [(6.455 * 108 • exp (-149926/RT) * (t ))m (A)

Where t = Time of exposure (Sec)

The rate constant determined from this study is compared with the findings of
other investigators in Table 1. Assuming that equation (4) is valid also at higher
temperatures, the calculated oxygen uptake in the cladding is shown in Fig. 9 for
temperature range 1273K -1523K.

The microstructural features observed on the transverse section of the samples are
shown in Fig. 10 and Fig. 11. The microstructure consisted of three distinct regions on
either side of the tube wall thickness:

(i) Oxide layer
(ii) Oxygen stabilised alpha-Zr layer
(iii) Transformed Beta-Zr matrix

Single layer adherent crack-free oxide was observed in most of the samples. A
duplex layer oxidation was observed in one sample as shown in Fig. 10(b). This sample
was exposed at 1373K for 30 minutes. Duplex layer oxide was not observed in any other
sample. It has been reported that duplex oxide forms mostly at temperatures above
1473K, although it is occasionally observed aiso at temperatures as low as 1373K.

Adjacent to the layer of zirconium oxide, a region of oxygen stabilised alpha-Zr
layers was observed. This was composed of two different layers. A distinct line of
separation was present between these two types of alpha layers. At some places,
incursion of alpha-Zr phase into the beta-Zr matrix was also observed. Inside the beta-Zr



matrix, some alpha-Zr Islands were also found as shown in the Fig. 10(b). These
microstructural observations are similar to those reported in literature11.

The thickness of the oxide layer and alpha-Zr layer measured on the transverse
sections of each sample after different exposure times is given in Table 2. The growth of
the oxide layer and alpha-Zr layer in the samples as a function of exposure time is shown
in Fig. 12 and Fig. 13, respectively.

MODEL FORMULATION

A model as described below has been developed for analysing the isothermal
oxidation and oxygen redistribution in Zircaloy-2 cladding in the temperature range 1273K
-1773K. The model aims to calculate the oxide layer thickness and alpha layer thickness as
a function of exposure time at any given temperature. The model also calculates the oxygen
concentration profile across the thickness of the cladding tube.

Assumptions

Following simplified assumptions are made to model the oxidation behaviour of zircaloy:

(i) The oxidation of zircaloy can be described by a unidimensional moving boundary
diffusion process.

(ii) The diffusion coefficients of oxygen in the oxide, alpha and beta phases are dependent
only on the temperature.

(iii) Equilibrium concentration exists at the phase boundaries.

(rv) The volume increase associated with the oxidation of zircaloy occurs in the direction
normal to the sample surface

(v) The volume change associated with a/p transition is negligible so is also the effect of
oxygen concentration on the diffusion coefficients.

Nomenclature (Refer to the diagram below)

S = Metal thickness consumed
Sox = VS= Oxide layer thickness where V= Pilling - Bedworth ratio = 1.56
Su = Alpha layer thickness
4 = S + Sa
Da = Diffusion co-efficient of oxygen in alpha phase
Dp = Diffusion co-efficient of oxygen in beta phase
Dox = Diffusion co-efficient of oxygen in oxide phase
Cox/g = Cone, of oxygen in oxide phase in contact with steam
C ox/a- Cone, of oxygen in oxide phase in contact with alpha layer
CuA31, = Cone, of oxygen in alpha phase in contact with the oxide
Co/p = Cone, of oxygen in alpha layer in contact with beta layer
Cpa = Cone, of oxygen in beta layer in contact with alpha layer
Co = Initial concentration of oxygen in Zircaloy-2



OXIDE ALPHA

Cox/g
Cox/a

Ca/Qx
Ca/p

Cp/a

^ " ^ - ^ ^ _ _ Co
"~— — -

Sox
Original cladding thickness

Schematic diagram showing multilayer formation and oxygen concentration
profile in zircaloy-2 cladding during one sided oxidation. The original sample
surface is taken as reference for diffusion calculations.

Oxide layer thickness

The oxide layer thickness is computed from the velocity of the oxide alpha interface. The
expression for the velocity of the oxide-alpha boundary is obtained by oxygen balance at the
interface. The velocity of oxide/alpha boundary at any time is given by the following
equation:

(dS/dt) =
[ D« * (dc/dx) «jox - Dox * (dc/dx)ox/« ]

(5)

where,

(dS/dt) = velocity of oxide /a boundary with respect to the original surface

(dc/dx) «/„ = (6)

so

(dc/dx)ox/« =
ox/g " C ox/a )

(7)
Sox



Alpha layer thickness

The alpha layer thickness is computed from the velocity of the alpha-beta interface which
is obtained by considering the oxygen balance at this boundary. The velocity of a/[3 interface at
any time is given by the following equation:

Dp * (dc/dx)p/o - Da • (dc/dx)a/p

— — (8)
Cc/p - Cp/a

where,
(d£/dt) = velocity of the alpha-beta interface

" [
(dc/dt)o/p = (9)

Sa

" [ Cp/a - Co ]
(dc/dt)p/a= — •• • (10)

V (n * Dp M)

Beta layer thickness

S|, = beta layer thickness
S|( = original cladding thickness - %
Oxygen Distribution in the Cladding

Following Wagner's treatment as presented by Jost12 the oxygen concentration in the oxide,
alpha and beta phases can be given by equation of the form

Cx,t = Ai+A2erf(x/2VDt) (11)

where, D is oxygen diffusion coefficient.

The boundary conditions relevant to the system permit the constant A, and A2 to be
evaluated for diffusion within each phase. The equation for the oxygen concentration in oxide,
alpha and beta layers are given below using the nomenclature presented earlier where S and £,
define the positions of the boundaries of the alpha phase with respect to the original specimen
surface of the cladding at x = 0.

These boundary conditions are:

Oxide layer Cox,, = Cox/g at gas/oxide interface, Cox.t = Cox/a at x = S
Alpha layer Co., = Ca/Ox at x = S Ca), = C ^ at x = 4
Beta layer Cp.t = Cpa at x = £



Oxide layer

(Cox/g - Cox/a)
Cox M = Cox/g - ~~™ * erf [ (x + (V-1) S)/2 (VDox* t)J (12)

erf(Sox/2 V( Dox* t))

Where,
Cox, x,i = oxygen concentration in oxide layer, for 0<x<S
t = time of oxidation
Dox = Diffusion coefficient of oxygen in oxide.

Alpha layer

The oxygen concentration in the alpha layer is given by the following equation:

rf (x/2V (Da * t))-erf (S/2V (Da M) ]
(13)

erf (5/2V(DaM))-erf (S/2 V( Da * t))
Where,

Ca. x.t = oxygen concentration in the alpha layer, for S<x<5
t = time of oxidation
Da = Diffusion coefficient of oxygen in alpha phase.

Beta layer

The oxygen concentration in the beta layer is given by the following equation:
(Cp/a-Co)*(1 -erf(x/2V(DpM))

Cp,x.t= Co+ —,. - _ _ (14)

Where,
Cp. x,i = Concentration of oxygen in beta layer, for £ < x<

where tdad = Clad thickness
t = Time of oxidation
Co = Initial concentration of oxygen in zircaloy-2

COMPUTER PROGRAMME

A computer programme named ZIRCOX has been developed based on the
above formulations to analyse the high temperature isothermal oxidation behaviour of
Zircaloy-2 cladding tubes for any given temperature and exposure time. The programme
calculates the oxide layer thickness, alpha layer thickness and oxygen concentration
profile across the cladding tube thickness. The exposure time is divided into a number of
small time steps for the purpose of calculation. Using the values of oxygen diffusion
coefficients and equilibrium phase boundary concentration fQr the given temperature, the
programme calculates the thickness of oxide, alpha and beta layers and oxygen
concentration profile in each layer.The programme is written in BASIC and it is run on a
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personal computer. The diffusion co-efficient for oxygen in oxide, alpha and beta
regions13 used in the programme are as follows:

Dox = A • 0.157 • 10"4 exp [-17685 /T ] ma/8 (15)

where , 1300 K < T < 1773 K

Do = A • 4.11 • 10 * exp [ -25682 fT) ma/s (16)

where, 923 K < T < 1773 K
A = Multiplication factor

Dp = 2.64 * 10 * exp [-14107/T ] m 2/s (17)

where, 1300K<T< 1850K

Equilibrium phase boundary concentrations14'15 are taken as follows:

In Cc/p = -2.28 + 0.535 In ( T M 083) (18)
In Cp/a * 5.02 - (8220/T) (19)

where, T> 1280 K
Cox/a - 1.517 - 7.5 * 10 * T (K) gm/c.c (20)
Ca/ox s 0.4537 gm/c.c (21)
Cox/g = 1.511 gm/c.c (22)

The programme was used to calculate the oxide layer thickness and alpha layer thickness
at 1550K for an exposed time of 500 seconds and the values were compared with those
obtained by Malang under similar condition of temperature and time (see Fig. 2 in ref. 16). It
was found that a value of A = 0.62 gave a reasonably good agreement with Malang's
calculation. The programme was then used on the tubes exposed in our own experiments.

The calculated time dependence of the growth of oxide layer in PHWR cladding tubes at
1373K and 1423K are shown in Figs. 14 and 15 respectively. The measured values of oxide
layer thickness obtained on the samples are also shown in the figures. It is observed from the
figures that the agreement between the measured and calculated oxide thickness is good. The
calculated oxygen concentration profiles across the wall thickness in PHWR cladding tube
at 1373K and 1473K for exposure times of 10 minutes and 30 minutes are shown in Figs. 16
and 17 respectively. These figures show the multilayer formation and the increase in the
thickness of the layers as the time of exposure increases from 10 minutes to 30 minutes. The
figures also show the oxygen concentration profile in the different layers. Fig. 18 shows the
comparison between the measured and calculated values of oxide and alpha layers in all the
samples exposed at 1323K, 1373K and 1423K. There is a very good agreement between
measured and calculated oxide layer thickness. The agreement between the measured and
calculated alpha layer thickness is also good.



DISCUSSION

Steam oxidation of Zirconium alloys has been studied extensively in a wide
temperature range. However, experiments in the lower temperature ranges (<1173K) have
been carried out by only a few workers. Biedeman8 studied the steam oxidation of Zircaloy-4
samples in the temperature range 923K - 1089K. He found parabolic rate of oxidation with an
activation energy of 114445 Joules/mole. Leistikow9 studied the oxidation of Zircaloys-4 in
steam in the temperature range 873K -1873K. He found that in the temperature range 873K
-1273K, the oxidation was governed by cubic rate law during the initial 30 minutes period.
For long term exposure he indicated a transition from cubic to linear rate law in the
temperature range 873K - 1073K. He attributed this transition to the so called breakaway
effect characterised by development of numerous cracks in the oxide. Leistikow indicated a
change from cubic to parabolic oxidation in the temperature range 1123K - 1223K caused
by a moderate breakaway effect. In the present investigation the samples were exposed for
periods of 0.5 - 4 hours in the temperature range 923K - 1073K. The oxidation was found to
follow cubic rate law at 923K but parabolic rate law at 973K - 1073K.

There is a general agreement in the literature that oxidation in the higher temperature
range (1273K and above) follows a parabolic rate law (see Table 1). The findings of present
investigation at 1323K - 1423K also show parabolic rate law. The activation energy found in
this investigation is compared with the values of other investigators in Table 1. The A and Q
values found from the results of present investigation are comparable to that of Brown and
Healey2 and Westerman5 et al. Our values of A and Q are slightly higher than that of
Westerman5 but lower than that of Brown and Healey2. It may be noted that Brown and
Healey's study2 was carried out on Zircaloy-2 tubes (16 mm OD and 0.68 mm wall thickness)
of SGHWR (Steam Generating Heavy Water Reactor) fuel cladding in the temperature range
1273K - 1673K. PHWR cladding tubes are thinner (wall thickness 0.38 mm) than SGHWR
cladding tubes but the results appear to be comparable.

The microstructure developed in the samples during high temperature oxidation has
been found to consist of oxide layer, alpha layer and the beta region. This is in agreement
with the findings reported in literature. The formation of islands of alpha zirconium and the
incursion of alpha into beta region occur during the quenching of the sample. Formation of
duplex oxide was observed in one sample which was exposed for 30 minutes at 1373K.
Duplex oxide has been observed by other investigators also. The microprobe analysis of
such duplex oxide has been reported in literature. A tin rich phase is reported to be present
at the interface between the two types of oxides. This type of segregation of tin in the duplex
oxide layer is caused by the large difference in solubilities of tin in zirconium and in zirconium
oxide. Tin dissolved in oxide layer has been found to be 1 w%, whereas tin dissolved in
zircaloy was found to be upto 1.5 w%17. The lower solubility of tin in ZrO2 crystal lattice
causes tin to be segregated as second phase in the oxide layer.

The calculation of oxide layer and alpha layer thickness using the model developed
in this work shows good agreement with experimental results (Fig. 14, 15 & 18). The model
allows the calculation of oxygen distribution in the cladding fora given exposure time at any
given temperature. There is an upper permissible limit of oxygen in the cladding during
postulated LOCA. This model will be useful in assessing the oxygen concentration in the
cladding during postulated LOCA condition. However, there are no experimental results at
present to validate the oxygen distribution calculation in the beta region. An attempt was
made on one of the exposed sample to remove the oxide and alpha layers from both side in
order to get the central portion for oxygen analysis. But it was not successful as the
specimen broke during layer removal. The model is able to simulate the oxidation and

10



oxygen redistribution trend in the cladding and calculated thickness of oxide layer and alpha
layer are found to agree well with the experimental values and hence it can be considered a
useful tool for the analysis of high temperature oxidation behaviour of the cladding during
postulated LOCA condition. However, more experimental data will be needed to validate the
model.

CONCLUSIONS

Double sided isothermal oxidation of samples taken from as-fabricated Zircaloy-2
cladding tube of PHWR fuel has been studied in steam environment in temperature
ranges 923K - 1073K and 1323K - 1423K. A model has been formulated for analysing the
isothermal oxidation and oxygen distribution in the cladding for temperature range 1273K -
1773K.

Following conclusions can be drawn from the results:

(1) Oxidation of Zircaloy-2 cladding of PHWR fuel is governed by cubic rate law at
923K. Oxidation at temperature of 973K-1073K and at 1323K-1423K is governed
by the parabolic rate law.

(2) The temperature dependence of the parabolic rate constants for the two
temperature regimes is found to be as follows:

For temperature range 973K -1073K

Kp (mg/dm2)2 Sec"1 = 2.37 x 10* * exp (-147989 / RT)

For temperature range 1323K -1423K

Kp (mg/dm2)2 Sec"' = 6.455 * 10' * exp(-149926/RT)

(3) The samples oxidised at 1323K-1423K show microstructure consisting of three
distinct regions in the cladding:

- Oxide layer
- Oxygen stabilised alpha-Zr layer and
- Transformed Beta-Zr matrix.

Single layer, adherent, uniform oxide was formed on most samples. However,
duplex oxide layer was formed in one sample.

(4) A computer model named ZIRCOX has been developed for analysing the high
temperature isothermal oxidation of Zircaloy-2 cladding. The model predicts the
thickness of oxide and alpha layer and the oxygen concentration profile across the
cladding wall thickness during high temperature steam oxidation of the cladding. Good
agreement has been found between model calculation and experimental values of
oxide layer and alpha layer thickness.
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TABLE 1

Comparison of Parabolic Rate Constants Data of the present work with
Published Literature

Source

Present Work

Biederman*

Present Work

Baker-Just1

Brown-Heaiy*

Pawel et af

Kawasaki et al*

Westerman'

Biederman"

Liestikow et al"

Temperature
Range

(K)

<1173K

923-
1073
923-
1089

>1173K

1323-
1423
Up to
2125
1273-
1673
1273-
1773
1173 -
1573
1243-
1523
1253-
1753
1273-
1573

Kp =A ' exp(-Q'RT)
[mg(0)/cmT/8

A
[mg(O)/cm2]2/8

0.237 ' 10s

0.573 ' 10J

0.645 ' 10'

0.205 * 10r

1.028* 10s

0.181 * 10*

0.234*10"

0.321 * 10°

0.191 * 10'

0.262' 10"

Q
(Joules/mole)

147989

114445

149926

190465

163116

167190

170410

145255

139690

174360

Kp = A * exp(-Q/RT)
[mg(2r)/cmY/s

A
[mg(Zr)/cm2)2/s

3.84 * 10'

9.32 * 10J

10.48 * 10°

333.0 ' 105

16.71 * 103

29.32 ' 10*

38.03*10'

5.220 * 10'

3.1 * 103

42.58 * 10'

Q
(Joules/mole)

147989

114445

149926

190465

163116

167190

170410

145255

139690

174360
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TABLE 2

Oxide layer and aipha-Zr layer thickness

Temperature
(°C)

1050

1100

1150

Time
(min.)

5
10
15

5
10
30

5
10
30

Oxide layer thickness
(microns)

25
35
35

35-40
50

75-80

50
60

75-90

Oxygen stabilised alpha-Zr layer thickness

(microns)

Total

10
20
25

35
40
70

55
60
75

Layer adjacent to oxide

7
10
15

20
25
50

35
40
50
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1. Typical appearance of PHWR cladding tube specimens exposed to steam
at 973 K and 1073 K. (The tube samples are 40 mm in length.)
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Fig.2. Weight gain in the samples as a function of exposure time.
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Fig. 3 Weight gain in the samples at 923K plotted as a function
of cube root of exposure time.
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Fig. 4 Plot of weight gain versus square root of exposure time
for samples exposed at 973K, 1023K and 1073K.
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Fig. 5 Comparison of parabolic rate constants for temperatures
923K-1073K.
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Fig. 6. Appearance of oxide layer observed on the transverse sections of the
tube samples exposed at (a) 1023 K and (b) 1073 K for 4 hours.
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Fig. 7. Oxygen uptake in the temperature range 923K - 1223K as
a function of exposure time, calculated using equation (2).
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Fig. 8 Plot of weight gain versus square root of time of exposure
for samples exposed at 1323K, 1373K and1423 K.
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Fig. 9. Total Oxygen Uptake in temperature range 1273K - 1523K as a
function of exposure time, calculated using equation (4).
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Fig. 10. Transverse section of the tube specimens exposed to steam
(a) at 1323 K for 15 minutes and (b) at 1373 K for 30 minutes.



Fig. 11. Microstructure on the transverse section of the cladding tube
specimen exposed at 1423 K showing development of distinct
layers of oxide, oxygen stabilized alpha zirconium and
transformed beta-zirconium.
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Fig. 12. Oxide layer growth in the specimens at 1323K, 1373K and
1423K.
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Fig. 13. Alpha layer growth in the specimens at 1323K, 1373K and
1423K.
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Fig. 14. Calculated time dependence of oxide layer growth
at 1373K. Measured values are also shown for
comparison.

100-

80-

60-

. 40-

20-

500 1000 1500 2000

time (sec)

Fig. 15. Calculated time dependence of oxide layer growth
at 1423K. Measured values are also shown for
comparison.
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Fig. 16. Calculated Oxygen concentration profiles in PHWR
fuel cladding at 1373K after exposure time of 600
sec. (top figure) and 1800 sec. (bottom figure).
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Fig. 17. Calculated Oxygen concentration profiles in PHWR
fuel cladding at 1423K after exposure time of 600
sec. (top figure) 1800 sec. (bottom figure).
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Fig. 18. Comparison of calculated and measured values of oxide
layer thickness (top figure ) and alpha layer thickness
(bottom figure) for samples exposed at 1323K -1423K.
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