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Corrosion resistance is the critical in-pile property for developing new Zircaloy
cladding. As a new Zircaloy developed by China General Nuclear Power
Corporation, CZ will be used as fuel rod cladding. This study is devoted to
investigating the corrosion behavior of CZ. A two-stage Arrhenius equation is
proposed to model the corrosion rate. A total of 1,510 measurement data points
taken from 151 fuel rods irradiated for 1–4 cycles were used to develop the
corrosion model. The burnup of these fuel rods ranges from 13.7 MWd/kgU to
55.9 MWd/kgU. The mean value and standard deviation of P−M (predicted value
minus measured value) are 0.54 and 3.65 microns, respectively, and the mean
value and standard deviation of P/M (predicted value divided by measured value)
are 1.09 and 0.34 microns, respectively. P−M and P/M increase with the local
burnup. When the burnup is greater than 40 MWd/kgU, the mean values of P−M
and P/M are 6.2 and 1.20 microns, respectively; on the other hand, the prediction
of the proposed model is more conservative in high burnup. In the typical case in
which the average burnup reaches 57 MWd/kgU, the oxide thickness of CZ
cladding is much less than 30 microns, whereas the oxide thickness of Zr-4
cladding is approximately 80 microns, and this manifests that CZ cladding
possesses excellent performance in corrosion resistance.
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1 Introduction

Fuel rod cladding is the first safety barrier in a nuclear reactor. Its integrity
profoundly impacts the safety, reliability, and economy of a nuclear power plant
(NPP). When the NPP is under normal operation, the cladding is exposed to high
temperature, high pressure, and intense neutron irradiation. Under extreme conditions,
the zirconium alloy cladding will undergo corrosion and form an oxide film on the outer
surface. The corrosion behavior will result in a thinning of the cladding metal layer and
a deterioration of heat transfer. Hence, the corrosion-resistance behavior defines an
important criterion for the design of fuel rods.

Cladding corrosion is a kinetic process in which the zirconium of the cladding reacts
with the coolant water and produces hydrogen and zirconia. Under the normal operation of
an NPP, corrosion is usually characterized by a two-phase process (MacDonald and
Thompson, 1976; Garzarolli et al., 1982; Massih and Vesterlund, 1992; Polley and
Evans, 1993; Lee et al., 2008; Geelhood et al., 2011). During the first phase, the metal
layer of the cladding is covered with a dense oxide film. The reaction is controlled by the
diffusion of anion species through the oxide. The kinetics of the oxidation can be described
by a parabolic or cubic Arrhenius relationship. The mismatch between the oxide and
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metallic layers results in tensile stress within the cladding, and when
the oxide layer breaks, the corrosion enters the second phase. The
whole oxide layer now consists of a dense inner layer and a cracked

outer layer through which the oxidizing species migrate toward the
metal layer. In this phase, the thickness of the oxide layer increases
linearly with time (Forsberg et al., 1995; Lee et al., 2008). The

TABLE 1 Elemental composition of CZ cladding.

Element Sn Nb Fe Cr Cu Zr

Composition (wt%) 0.8–1.4 0.1–0.3 0.3–0.5 0.025–0.07 0.03–0.05 Balance

FIGURE 1
Photo of the SICOM-COR device.

FIGURE 2
Axial distribution of oxide thickness of CZ cladding.
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transition from the first phase to the second phase usually occurs at a
thickness of 2–6 microns (Garzarolli et al., 2012).

CZ is a new zirconium alloy (Xu et al., 2017; Shi et al., 2018; Xin
et al., 2020) developed by China General Nuclear Power
Corporation (CGN). Its elemental composition is shown in
Table 1 (Xin et al., 2020). Used in the pilot fuel rods and the
pilot fuel assemblies, CZ cladding has undergone multiple cycles of
irradiation in commercial nuclear reactors, and the maximum

burnup of the fuel rod has reached 55 MWd/kgU. During every
cycle of irradiation, a pool examination of the CZ fuel rods was
carried out, and the thickness of the oxide film was measured. In this
research, the process of CZ in-pile corrosion modeling, along with
measurement information on cladding oxide film, will be presented.

Investigation and prediction of the in-pile corrosion behavior
are essential prerequisites for evaluating the fuel rod performance.
The present study first presents the in situ measurement of the

FIGURE 3
Results of three examples in the algorithm test: (A) non-disturbance example, (B) 5-micron disturbance example, and (C) 10-microns
disturbance example.

TABLE 2 Statistical results of three examples.

Example P−M (μm) Iteration Computing time (min)

Mean Standard deviation

Non-disturbance 0.086 0.60 2 1.6

5 μm disturbance −0.17 2.95 4 3.6

10 μm disturbance −0.50 5.86 5 4.6
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thickness of the oxide layer of CZ cladding in Section 2 and proposes
a kinetics model for predicting the thickness of the oxide layer in
Section 3, followed by the evaluation of the established model in
Section 4. A short summary is presented in Section 5.

2 Measurement of cladding
oxide thickness

After every cycle of irradiation, the oxide thickness of the CZ fuel
rods in the spent fuel pool was measured using the SICOM-COR
system (developed by ENUSA and TECNATOM, Figure 1). The
SICOM-COR system makes use of the eddy current signal to
measure the oxide thickness, and the resolution is 5 microns.
During the measurement process, the probe moves from the

bottom to the top of the fuel rod, and the axial distribution of
the oxide thickness is recorded (Figure 2). The thickness is zero at
the grid zone.

As the corrosion model is required to be integrated into the
fuel rod performance analysis code to predict cladding corrosion
performance, and the fuel rod will be divided into several axial
segments in the code, the oxide thickness of every axial segment
must be known. The oxide thickness of every axial segment
equals the average value of all oxide thicknesses in the axial
segment zone.

3 Kinetics and model of corrosion

In Pressurized Water Reactor (PWR), zirconium reacts with
water (or steam) and yields oxide and hydrogen:

Zr +H2O → ZrO2 + 2H2. (1)
The reaction rate is influenced by several factors, such as the

temperature, heat flux, neutron irradiation, and chemical
composition of the coolant. Plenty of studies (International
Atomic Energy Agency, 1993; Abram, 1994; Billot et al., 1994;
Cheng et al., 1996; Abe and Takeda, 2006; Bouineau et al., 2008;

FIGURE 4
Comparison between the measurement and prediction.

TABLE 3 Standard deviation of P−M (microns).

Code JASMINE FRAPCON

Cladding CZ Zr-2 Zr-4 ZIRLO M5

Standard deviation of P−M 3.7 7.6 15.3 15.0 5.0

FIGURE 5
Variation of P−M with the local burnup.

FIGURE 6
Variation of P/M with the local burnup.

FIGURE 7
Comparison between the predicted oxide thickness of CZ
cladding and Zr-4 cladding.
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Bailly-Salins et al., 2021) have been conducted to develop models for
describing and predicting the oxidation process. The models can be
generally classified as mechanisms and empirical models. The
former type of models, such as the expanded C4 (coupled-
current charge compensation) model (Bailly-Salins et al., 2021),
usually include mesoscopic and microscopic parameters to
describe the oxidation process. Considering the evolution of
these parameters is difficult to predict under complex
conditions, these mechanism-based models find limited
applications in engineering. The empirical models are usually
simpler in mathematical expressions and thus can be easily
integrated into fuel rod performance analysis codes. The typical
empirical models such as MATPRO (MacDonald and Thompson,
1976), EPRI (Garzarolli et al., 1982), FRAPCON (Geelhood et al.,
2011), ABB Atom (Massih and Vesterlund, 1992), and ZRIC
models (Polley and Evans, 1993) are all expressed by the two-
phase Arrhenius equation.

The same two-phase Arrhenius equation, as shown in Eq. 2, is
also adopted to develop the CZ corrosion model, which will be
integrated into the fuel rod analysis code JASMINE (Jin et al., 2016).

dS3

dt
� Cpre · exp −Qpre

T
( ), S≤ Sc

dS
dt

� Cpost · exp −Qpost

T
( ), S> Sc

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
, (2)

where S denotes the oxide thickness and Sc denotes the transition
oxide thickness. t is the time, and T is the temperature at the
interface between the metal and oxide layers. Cpre and Cpost are
empirical coefficients. Qpre and Qpost are activation energies.

3.1 Introduction of input data

Because the corrosion measurement is done after the end of
every cycle, the measurement data represent the cladding corrosion
for a long period. In order to predict the cladding corrosion
according to Eq. 2, the history of the oxide surface temperature
and cladding surface heat fluxmust be known. The form of the input
data is as follows:

Si: the ith measurement data [i = 1,2,3 . . . n].
Ti,j: the history of oxide surface temperature on the ith

measurement data [j = 1,2,3 . . . ]
Qi,j: the history of cladding surface heat flux on the ith

measurement data [j = 1,2,3 . . . ]
ti,j: the irradiation history on the ith measurement data [j =

1,2,3 . . . ]
Every measurement data point possesses corresponding Ti,j, Qi,j,

and ti,j, which are calculated by the fuel rod performance analysis
code JASMINE.

3.2 Modeling procedure

The five undetermined constants in Eq. 2 need to be determined
based on the measurement data. The determined principle is
minimizing the sum of squared differences between prediction
and measurement, as shown in Eq. 3.

F Sc,Cpre,Qpre,Cpost,Qpost( ) � ∑N
i�1

Sci − Smi( )2, (3)

where Smi is the ith measurement data, Sci is the ith predicted
value, and N is the number of measurement data.

The development of the cladding corrosion model is
mathematically a nonlinear least-squares problem. The procedure
of solving the nonlinear least-squares problem includes three steps.

Step 1: Initial variable guess: The initial values of the
undetermined constants are determined based on the
form of the equation and the data.

Step 2: Forward solving: The prediction is calculated based on the
iteration values of the undetermined constants and the
equation. In this paper, the prediction is oxide thickness.

Step 3: Converse solution: The following iteration values of the
undetermined constants are calculated based on the
differences between prediction and measurement data.

If the prediction differences or the undetermined constants
between two adjacent iteration steps satisfy the convergence
condition, the calculation will end; otherwise, repeat steps 2 and 3.

3.3 Initial variable guess

According to the fact that the corrosion of the second phase
takes up a large proportion of whole corrosion, the initial values of
Cpost and Qpost will be first calculated. Two assumptions are adopted
for calculating the initial values of Cpost and Qpost. The first
assumption is that the second phase is only considered; the
second assumption is that the metal/oxide temperature is
constant and equals the average value of metal/oxide temperature
in the irradiation history. By integrating Eq. 2, we obtain the
following equation:

S t( ) � Cpost · exp −Qpost

T
· t( ). (4)

In Eqs 5–7, M is the number of measurement data points, Smi is
the ith measurement data, tiend is the end time of the ith
measurement data, and Tg

i is the metal/oxide average
temperature of the ith measurement data. Every measurement
data point satisfies Eq. 4, and we take the logarithm of Eq. 4.

ln Cpost · tiend( ) − Qpost

Tg
i

� ln Sci , (5)

Tg
i � Ti,avg + Qi,avg · Smi

2 · kZrO2 , (6)

where Ti,avg is the cladding surface average temperature of the
ith measurement data, Qi,avg is the cladding surface heat flux of the
ith measurement data, and kZrO2 is the thermal conductivity
of zirconia.

The linear least-squares method is adopted to calculate the
initial values of Cpost and Qpost.

min∑M
i

ln Cpost · tiend( ) − Qpost

Tg
i

− ln Smi( )2

. (7)
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Let x1 = ln (Cpost) and x2 = Qpost, then the solution of Eq. 7 is

ATAX � ATβ, (8)

A �

1 − 1
Tg
1

1 − 1
Tg
2

...

1 − 1
Tg
M

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
X � x1, x2( )T β �

ln
Sm1
t1end

( )
ln

Sm2
t2end

( )
...

ln
SmM
tMend

( )

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (9)

The calculated Cpost and Qpost are then substituted into Eq. 2,
and the same method is adopted to calculate Cpre, Qpre, and Sc.

3.4 Forward solving

According to the iteration values of five undetermined
constants, the forward Euler method is adopted to solve Eq. 2.
An adaptive method is applied for time step division. The initial time
step is 70 h, and the time step will be halved until the oxide thickness
increment in the time step is less than 1 micron. Because of the
adaptive method, the time steps for calculating the oxide thickness
are not identical to the time steps of the measurement data. Instead,
the linear interpolation method is applied to calculate cladding
surface heat flux and temperature in time steps for calculating
the oxide thickness.

Sci,1 � Cpre · exp −Qpre

Ti,1
( )N

· ti,1, (10)

Sci,n �
Sci,n−1 + Cpost · exp − Qpost

Ti,n−1 + Qi,n−1 · Sci,1
KZrO2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ · ti,n − ti,n−1( ) Sci,n−1 ≥ Sc

Sci,n−1( )N + Cpre · exp − Qpre

Ti,n−1 + Qi,n−1 ·Sci,1
KZrO2

⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠ · ti,n − ti,n−1( )⎡⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎦ 1
NSci,n−1 < Sc

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

where Sci,n is the ith prediction and T is the metal/oxide interface
temperature.

3.5 Converse solution

The Gauss–Newton method is used to calculate the following
iteration values of the undetermined constants. ti, j, Qi, j, and Ti, j,
respectively, represent time series, the history of cladding surface
heat flux, and temperature on the ith measurement data.

r Cpre,Qpre,Cpost,Qpost, Sc( )

�

Sm1 − S Cpre,Qpre,Cpost,Qpost, Sc; t1j ,T1,j,Q1,j( )
Sm2 − S Cpre,Qpre,Cpost,Qpost, Sc; t2j ,T2,j,Q2,j( )

..

.

SmM − S Cpre,Qpre,Cpost,Qpost, Sc; tMj ,TM,j,QM,j( )

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (11)

The whole procedure of converse solution is as follows.

Step 1: Solving JTJdk = −JT r (xk) to calculate dk. J is the Jacobian
matrix of the residual matrix r(x).

Step 2: xk+1 = xk + dk and k = k + 1.
Step 3: If the convergence condition is satisfied, end the

calculation; otherwise, go to Step 1.

J x( ) �

∂r1
∂x1

,
∂r1
∂x2

,
∂r1
∂x3

,
∂r1
∂x4

,
∂r1
∂x5

∂r2
∂x1

,
∂r2
∂x2

,
∂r2
∂x3

,
∂r2
∂x4

, ,
∂r1
∂x5

...

∂rM
∂x1

,
∂rM
∂x2

,
∂rM
∂x3

,
∂rM
∂x4

,
∂r1
∂x5

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
X �

Cpre

Qpre

Cpost

Qpost

Sc

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (12)

∂r Cpre,Qpre,Cpost,Qpost, Sc( )
∂~Cpost

� (13)

r Cpre,Qpre,Cpost + h1,Qpost, Sc( ) − r Cpre,Qpre,Cpost,Qpost, Sc( )
h1

.

The two convergence conditions are standard termination and
model constant termination, and meeting with one convergence
condition means the convergence. For standard termination, the
relative difference in oxide prediction between the adjacent
iterations is less than ε. For model constant termination, the
relative difference in model constant between the adjacent
iterations is less than η. The default values of ε and η are,
respectively, 1 × 10−6 and 1 × 10−3.

r xk+1( ) − r xk( )‖ ‖
S
.
������ ������ < ε, (14)

max
Ci+1

pre − Ci
pre

∣∣∣∣∣ ∣∣∣∣∣
Ci

pre

,
Qi+1

pre − Qi
pre

∣∣∣∣∣ ∣∣∣∣∣
Qi

pre

,
Ci+1

post − Ci
post

∣∣∣∣∣ ∣∣∣∣∣
Ci

post

,
Qi+1

post − Qi
post

∣∣∣∣∣ ∣∣∣∣∣
Qi

post

,
Si+1c − Sic
∣∣∣∣ ∣∣∣∣

Sic
⎛⎝ ⎞⎠< η.

(15)

3.6 Algorithm test

The algorithm for corrosion model development is given in the
above section. It is necessary to conduct the algorithm test in order
to ensure its stability, correctness, and convergence. Eq. 16, which is
a Zircaloy corrosion model, is adopted to produce the oxide
thickness as the test data. A random disturbance will be added to
the test data to simulate the measurement error. There are three
examples in the test, which are, respectively, the non-disturbance
example, 5-micron-disturbance example, and 10-micron-
disturbance example. The objective of the non-disturbance
example is to test the algorithm’s performance in the ideal
condition, and the objective of the disturbance example is to test
its performance in the actual condition.

dS3

dt
� 1.02 × 10−6 · exp −16752

T
( ), S≤ 3.6 × 10−6

dS
dt

� 6.56 × 10−6 · exp −10426
T

( ), S> 3.6 × 10−6

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ . (16)

The results of the three examples are shown in Figure 3 and
Table 2. According to the results, the following conclusions can
be drawn:
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First: The precision of the algorithm is high, and its
stability is excellent. For the non-disturbance example, the
difference between the prediction value (P) and
measurement value (M) is close to zero; for the two
disturbance examples, the average values of P−M are less
than 0.51 microns, and the standard deviation of P−M is
0.6 times the disturbance.

Second: The convergence rate of the algorithm is
faster. After less than 5 iterations, the calculation reaches
convergence for three examples, and the computing time is
less than 5 min.

4 Modeling and discussion

The nonlinear regression method is used to determine
the unknown parameters in Eq. 2. A total of
1,510 measurement data points are used, and they are taken
from 151 fuel rods irradiated for 1–4 cycles in the Ling Ao NPP.
The average burnup of the fuel rods ranges from
13.7 MWd/kgU to 55.9 MWd/kgU. The best-fitting model is
shown in Eq. 17:

dS3

dt
� 1.04 × 10−6 · exp −16840

T
( ), S≤ 3.2 × 10−6

dS
dt

� 4.60 × 10−6 · exp −9140
T

( ), S> 3.2 × 10−6

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ . (17)

The comparison between the measurement and the best-
fitting result is shown in Figure 4, and the mean value of P−M is
0.54 microns. The standard deviation of P−M is shown in
Table 3, which means that the predicted value of the CZ
corrosion model is more concentrated than the corrosion
models of Zr-2, Zr-4, ZIRLO, and M5 in the FRAPCON
code. Figure 5 indicates that P−M generally increases with
the local burnup. When the burnup is greater than
40 MWd/kgU, the model overestimates the oxide thickness,
and the mean value of P−M is approximately 6.2 microns,
which means that the CZ model prediction is much more
conservative in high burnup.

The mean value and standard deviation of P/M are 1.09 and
0.34 microns, respectively. This means that the prediction of the
corrosion model is slightly larger than the measurement. According
to Figure 6, P/M generally increases with the local burnup.When the
burnup is greater than 40 MWd/kgU, the mean value of P/M is
1.20 microns.

The predicted thicknesses of CZ cladding and Zr-4 cladding
are compared in Figure 7. The results of Zr-4 cladding are
generated using the FRAPCON 4.0 code (Geelhood and
Luscher, 2015). It is seen that the oxide thickness of Zr-4
cladding is slightly smaller than that of CZ below
20 MWd/kgU. However, the oxide thickness of Zr-4 cladding
quickly increases when the burnup is greater than 20 MWd/kgU.
After the burnup, the growth rate of the oxide thickness of CZ
cladding is much lower than that of Zr-4 cladding. When the
burnup reaches 57 MWd/kgU, the oxide thickness of CZ cladding
is less than 30 microns, while the oxide thickness of Zr-4 cladding
is approximately 80 microns.

5 Summary

Taken from 151 fuel rods irradiated for 1 to 4 cycles,
1,510 measurement data points of the oxide thickness of CZ
cladding are used to develop an empirical model. The burnup of
these fuel rods ranges from 13.7 MWd/kgU to 55.9 MWd/kgU. The
mean value and standard deviation of P−M are 0.54 and
3.65 microns, respectively, and the mean value and standard
deviation of P/M are 1.09 and 0.34 microns, respectively; both
P−M and P/M increase with the local burnup, which indicates
that the prediction of the model is slightly larger than the
measurement. When the burnup is greater than 40 MWd/kgU,
the mean values of P−M and P/M are 6.2 and 1.20 microns,
respectively, and the prediction is more conservative at high
burnup. The predicted oxide thickness shows that CZ cladding
possesses better performance in corrosion resistance than Zr-4
cladding does.
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