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This paper deals with the study of oxidation kinetics and the identification of oxygen diffusion coeffi-
cients of low-tin Zy-4 alloy at intermediate (973 K< T < 1123 K) and high temperatures (T > 1373 K).
Two different cases were considered: dissolution of a pre-existing oxide layer in the temperature range
973 K< T< 1123 K and oxidation at T > 1373 K. The results are the following ones: in the temperature
range 973-1123 K, the oxygen diffusion coefficient in «z phase can be expressed as D, =6.798

g’;‘cess M exp(—217.99 kJ/RT) cm?/s. In the temperature range 1373-1523 K, the oxygen diffusion coefficients in
82.2 OIW? oz, Bze and ZrO,, were determined using an ‘inverse identification method’ from experimental high tem-
82‘56‘Lz perature oxidation data (i.e., ZrO,, and oz (O) layer thickness measurements); they can be expressed as

follows: D,=1.543 exp(—201.55k]/ RT) cm?fs, Dy=0.0068 exp(-102.62k]/ RT) cm?/s and
Dz0, = 0.115exp(—143.64Kk]/RT)cm?/s. Finally an oxygen diffusion coefficient in oz, in the temperature
range 973 K<T<1523K was determined, by combining the whole set of results: D,=
4.604exp(—214.44 kJ/RT) cm?/s. In order to check these calculated diffusion coefficients, oxygen concen-
tration profiles were determined by Electron Probe MicroAnalysis (EPMA) in pre-oxidized low-tin Zy4
alloys annealed under vacuum at three different temperatures 973, 1073 and 1123 K for different times,
and compared to the calculated profiles. At last, in the framework of this study, it appeared also necessary
to reassess the Zr-0 binary phase diagram in order to take into account the existence of a composition

range in the two zirconia phases, oz, and fzy,-

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

During some hypothetical Pressurized Water Reactor (PWR)
accidental scenarii such as Loss Of Coolant Accident (LOCA), the
nuclear fuel claddings are subjected to a high temperature oxida-
tion (from the LOCA embrittlement criteria point of view, the
oxidation temperatures range up to ~1473 K) caused by the inter-
action of the steam with the metallic cladding material. This leads
to the growth of brittle phases, such as «z0) and ZrO,, from the
parent (ductile) 8z phase. This phenomenon has been mainly stud-
ied experimentally; but, in modern fuel cladding alloys, there is
still a need for a better quantification and modelisation of the re-
lated phenomena. Thus it appeared useful to develop a computa-
tional tool able to predict the evolution of the microstructure of
low-tin Zy-4 during high temperature oxidation and also at inter-
mediate oxidation temperatures. Then, this approach can be ap-
plied to other modern Zr base alloys.

During the past few years, CEA (Commissariat a I'Energie Ato-
mique) has been involved in the development of computer tools
able to forecast metallurgical and thermal-mechanical behaviour
of Zr alloys under normal and accidental conditions. Particularly,
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a thermodynamic and a kinetic databases, respectively named
‘Zircobase’ [1] and ‘Zircomob’ [2], have been developed using
THERMOCALC® and DICTRA® softwares [3]. These tools allow to
perform calculations both in equilibrium conditions (prediction
of phase equilibria, thermodynamic properties...) and metastable
conditions (phase transformations controlled by diffusion...).
One of the objective of this work was to re-assess oxygen diffusion
coefficients in the uz and the B phases in low-tin Zy-4, using re-
cent experimental data.

In a first part, we present the theory of the analytical models
used at low and high temperatures (respectively T< 1123 K and
T > 1273 K). Then, in a second part, the results of some recent
experiments performed in order to obtain refined data necessary
to apply the analytical model, are presented. In a third part, the
oxygen diffusion coefficients in ZrO,, az, and pz of low-tin Zy-4
are derived. Then, oxygen concentration profiles were calculated
at different times and temperatures and compared to experimental
data (i.e. oxygen diffusion profiles).

2. Materials and experiments
The experimental samples were taken from as-received indus-

trial cladding tubes of low-tin Zy-4 from AREVA-NP. The typical
chemical composition of the alloy is presented in Table 1.
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Table 1

Typical chemical composition of low-tin Zy-4 alloys (wt%)

Sn Fe Cr (0] Zr
13 0.2 0.1 0.13 Bal.

Some of the samples were previously subjected to steam oxida-
tion at 688 K during 549 days for sample A and 240 days for sample
B. Table 2 gives the resultant average oxide thickness obtained. The
thickness was measured on optical micrographs. Due to the low
oxidation temperature used, there was no significant diffusion of
oxygen within the suboxide metallic «z; layer. It was checked using
EPMA; at this spatial resolution, no preferential oxygen diffusion
along the «z grain boundaries was observed (Fig. 1).

Then in a second step, the samples have been heat-treated in a
two-level ultrahigh-vacuum chamber at three different tempera-
tures, 973K, 1073 K and 1123 K for different times which are
reported in Table 7. The base pressure in the chamber
(4 x 1073 Torr) was achieved by using liquid nitrogen trapped dif-
fusion. The samples were cooled down in air.

After the heat treatment, the samples were cut to prepare a
cross section and then polished. The residual oxide film thickness
was measured again at different locations on the tube, using opti-
cal microscope, equipped with analySIS® software. It was supposed
that no adsorption of oxygen occurred during the heat treatment.
The thickness values are given in Table 7.

Finally, the oxygen concentration profiles in the sub-oxide oy,
phase were measured using Electron Probe MicroAnalysis (CAME-
CA - SX100).

Remark: Due to the steam oxidation process at 688 K, there is a
significant hydrogen pick-up (~ a few hundred weight-ppm ) in
the samples. However, in this paper, the potential hydrogen influ-
ence on the oxygen diffusion coefficient in the «z. phase has been
ignored (for the limited amount of hydrogen considered here).

3. Theory and modelling

Pawel [4] calculated the oxygen diffusivity in oz and zirconia
phases of Zy-4 in the temperature range 1273-1773 K, by intro-
ducing the tracer diffusivity of oxygen in fz; phase of Zy-4, which
was measured by Perkins [5]. Rosa and Haget [6] got oxygen diffu-
sivity in hypostoichiometric zirconia in the temperature range of
1048-1323 K, using oxygen diffusivity in oz, and 7. phases. Mean-
while, Debuigne [7] studied the oxygen diffusion in pure zirconium
and got the oxygen diffusivity in oz, fz: and zirconia phases.

More recently, Brachet et al. [8] obtained some experimental
data on phase growth and oxygen diffusion profiles in low-tin
Zy-4 alloy in the temperature range 1373-1523 K. This allowed
us to use an inverse identification method [7] to calculate oxygen
diffusivities in the phases of low-tin Zy-4 at high temperature
and improve the related data in zirconium kinetic database Zirco-
mob04 [2] (version 2004 of Zircomob).

The method applied by Debuigne [7] is used for a system which
can be treated as semi-infinite. In this model, the diffusion coeffi-
cient is independent of the oxygen concentration. Roy [9] shows
that interstitial type atom diffusion, like oxygen in zirconium
alloys, takes place in the nearly rigid metal atom lattice by the
motion of interstitial atoms at much faster rates than the motion

Table 2
Initial thickness of ZrO, measured on samples A and B

lg0, pm
Sample A 226+3.2
Sample B 16.8+2.8

of the substitutional metallic atoms. Therefore, in this paper the
calculated chemical diffusivity is taken to be equivalent to the
intrinsic diffusion coefficient of the oxygen.

In Debuigne’s thesis [7], the oxygen concentration C(x;t) in the
phases are expressed as follows:

bY
C(x,t)—A+Berf<2\/DE>. (1)
where C is the amount of oxygen, in g/cm?; erf is the error function;
x is the diffusion length, in cm; t is time, in s; and D is the oxygen
diffusion coefficient, in cm?/s. The boundary and initial conditions
relevant to this system allows the constants A and B to be evaluated
for diffusion within each phase.

3.1. Determination of oxygen diffusivity at low-temperatures
(T<1123K)

The highest limit of the phase domain considered in this sec-
tion, 1123 K, is higher than the «/« + f transition in Zy-4 alloys that
is 1083 K. Indeed we consider that in the temperature range 1083
to 1123 K, that is in the low « +  phase domain, the overall O vol-
ume diffusion coefficient is nearly equivalent to an alloy containing
100% oz and that the influence of the g phase can be neglected con-
sidering that, at this temperature, the g phase fraction is very low
(<20%), the O solubility limit in oy, is highly superior to the one in
Bz and O diffusion is much higher in oz, than in fz.

At temperatures below the o/« + 8 transition (1083 K), the disso-
lution of a pre-existing zirconia layer is illustrated in Fig. 2. Here ¢
is the zirconia phase, C,/, is the equilibrium oxygen concentration
in zirconia at the o/¢ interface, in g/cm?, and C,, is the equilibrium
oxygen concentration in oz at the o/¢ interface, in g/cm>. Within
short times, oz phase side can be treated as semi-infinite.

The boundary and initial conditions used in the calculation can
be expressed by Eq. (2):

{C%:CW for x=0,t>0 @)

C,=Cy(c0) for x>0,t=0.

Here we assume that C,(co) is equal to the initial oxygen concen-
tration in as-received low-tin Zy-4, Cy, namely C/(oc0)=Co~
0.13 wt% ~ 8.5E-3 g/cm?>. This initial condition supposes that no
oxygen diffusion occurs during the steam oxidation at 688 K, which
has been validated by EPMA analyses (see Section 2).

So the oxygen concentration in oz, C,, can be expressed as

X
Cx:Cot)_Cuu_C fl——— . 3
/o — (Cayp — Co)er <2\/D—7f> 3)
From the Fick’s first law, the oxygen flux value in the bulk is
D, X2
—D,dC/dx = (C,;4 — Co) 1 EXP (— m) (4)

So the amount of oxygen dissolved from the zirconia into the
metal, M(t) in mol/cm?, is given by

D,t
Carp = Coly [~ (5)

1
M(t) = 2 175 (
Using the thickness of the zirconia layer, the density of the
oxide, 5.82g/cm® [8], and the ZrO, molar mass Mzro,,
123.22 g mol~!, the amount of oxygen in the zirconia per unit sur-
face area (=2 times number of oxidized Zr atoms) can be calculated
and then the amount of oxygen dissolved from the zirconia into the
bulk can be deduced by the variation of the thickness of the zirco-
nia layer after each heat treatment.
Low-tin Zy-4 is a low-alloyed material. So for the «/¢ interface,
oxygen concentration, C,;4, can be calculated from the Zr-O binary
phase diagram.
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Fig. 1. Zr and O X-Ray mapping obtained by EPMA on Samples A and B after steam oxidation at 688 K.
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Fig. 2. Schematic diagram representing the dissolution of a pre-existing zirconia
layer at temperatures below the «/f transition.

The diffusion coefficient can then be obtained from the plot of M
versus (%,

3.2. Determination of oxygen diffusivity at high temperature
(T > 1273K)

At temperatures above the «/f transition, there are three
phases: zirconia and two terminal solution metallic phases, oz
and Bz. Fig. 3 is the schematic representation of low-tin Zy-4 oxi-
dized at temperature above the «/f transition.

In Fig. 3, x = 0 denotes the initial position of the metal surface.
The other parameters are

x1: distance from the ¢/« interface to the initial position of the
metal surface, in cm;

X,: distance from the B/« interface to the initial position of the
metal surface, in cm;

l,: thickness of the ¢ phase, in cm;

L,: thickness of the « phase, in cm;

C,(0): ‘virtual’ oz, oxygen concentration at x =0, in g/cm?>;
C4(0): ‘virtual’ iz, oxygen concentration at x =0, in g/cm?;
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Fig. 3. Schematic diagram of Zy-4 oxidized at temperature above the o/ transition
temperature.

C,v: equilibrium oxygen concentration in zirconia at the
vapor/¢ interface, in g/cm?;

C,jp: equilibrium oxygen concentration in «z at the o/ inter-
face, in g/cm?;

Cp.: equilibrium oxygen concentration in fz at the off inter-
face, in g/cm?.

In this part, we try to identify oxygen diffusion coefficient in zir-
conia, oz and Bz phases from the experimental results [8]. Within
the limited time of the experiments, we treated S phase side as
infinite. The initial and boundary conditions used in this work
are similar to the ones used by Debuigne [7], and are presented
in the next section.

3.2.1. Expression of the oxygen concentrations
The boundary conditions used in the calculation are illustrated
in Fig. 3 and can be expressed by Eqgs. (6)-(8):

C,=C,(0) for x=0,t>0
oz (6)
C,=Cy(0) for x>0,t=0
Cs =Cy(0) for x=0,t>0 )
€y =Cy(o0) for x>0,6=0
Cy=Cyy for x=x0,t>0
¢: (8)
Cy=Cyp for x=x,t>0

where C,(c0) is the oxygen concentration in az, for x = co, in g/cm?
and Cy(oo) is the initial oxygen concentration in fiz,, in g/cm?; xg is
the position of the zirconia external surface

From Eq. (1) and the initial and boundary conditions, Egs. (6)-
(8), the oxygen concentrations in the different phases can be
expressed

e In oy

From Eq. (6), oxygen concentration in oz, can be expressed as

Coolert (5 =), (©)

Like Debuigne [7], we assumed that C,(c0) = Co.
At the o/¢ interface, we can get C,=C,;, at x=x; and t) 0. So
C,(0) can be expressed as

C, = C,(0) - [C.(0) -

C, Coerf
0= ( f> (10)
1- erf(zx/—>
Debuigne [7] rewrites Eq. (9) as follows:
C.—Cuoo) X
cior o=t (5ym) ()

Using the oxygen equilibrium concentration in the oz phase at
the «/¢ and «/B interfaces, Eq. (11) can be expressed as

oo erf
Eziiﬁ:éwiwfézfi .

From Eq. (12) we can get the oxygen diffusivity in the «z phase.

e In ﬂZr:

Using Eq. (7), oxygen concentration in fiz; can be expressed as

Cs = C(0) + [C4(0) — Cp(o0)]erf <2\/D7> (13)

For the f phase, C; (c0) = Co.
At the p/o interface, we can get C;=Cp, at x=x, and t> 0. So
C4(0) can be expressed as

C/i/i Coerf< Byt )
. (14)

et (35

e In zirconia (¢):

C(0) =

The position of the zirconia external surface, xo, can be written
as

Xo = X1 71(/). (15)

Considering a parabolic kinetic regime for the zirconia growth
(Wagner's theory), the zirconia layer thickness, I, can be expressed
as a function of time:

I, = /Kot (16)

where K¢ is the parabolic rate constant.

Moreover, the metal thickness consumed in oxidation, x;, can
be expressed as a function of I, using the Pilling-Bedworth ratio
P (P =1.56 for the Zr/ ZrO, system) which is the ratio of oxide vol-
ume grown to metal consumed. Also using Eq. (16), x; is expressed
as

1, Kt

X1 = F = P (17)

Finally, Eq. (15) becomes:

e
Xo = K,ﬁt(l—)—l). (18)
Then, the solution of the diffusion equations can be written as
X —Xo

Cy, = A+ Ber . 19
o = A+ Berf <2 m) (19)

Using Eq. (8), we can write:
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Cov=A
Cy/x = A+ Berf (%) = A + Berf {%7“9“\/_ W}

ot 24/Dyt

)

= A+ Berf
* (21/_13(#

We can get

B — _CeConv

D,

Finally, the oxygen concentration in zirconia can be expressed as

2/Dyt
erf( P )
2/Dyt

3.2.2. The oxygen balance at the interface
The oxygen balance at the «/¢ interface can be written as

ac, oC,
i Do(%),, + D) (23)
dt — PC(/,»/at - Cu/‘/’ .

(Cyv — Cypa)erf {%}
C¢ = Cd)/V — .

(22)

where dx;/dt is the velocity of the «/¢ interface relative to original
surface, cm/s.

The Pilling-Bedworth ratio is used in order to accommodate the
volume increase involved by the formation of the oxide from the
alpha phase [4]. The evolution of x; as a function of time is given
by Eq. (17).

The oxygen balance at the /« interface can be written as

oC, aC,
-D, ((?T()x:xz + D/f (TXﬁ) X=X,
Cx//f - C/f/a( '

dx; _
de —

(24)
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where dx,/dt is the velocity of the «/ B interface relative to the ori-
ginal surface, in cm/s.

Assuming that the growth of oz, from Bz, follows a parabolic ki-
netic law, the position of the «/p interface x, can be expressed as
follows:

1 3 ”
X, =X1 +1, :ﬁprt+ 1/Kpt.

where K;‘, is the parabolic rate constant for the growth of oz, from
Bze, in cm?/s.

(25)

3.2.3. Complementary data

In order to solve oxygen diffusivity from the equations derived
above, it is necessary to have the experimental kinetic parameters
(Kﬁ and Kj) and the equilibrium oxygen concentrations at the var-
ious interfaces.

Concerning the equilibrium oxygen concentration at the « 8
interface, Chung and Kassner [10] investigated the zirconium-rich
portion of the pseudobinary Zy-4/oxygen phase diagram. It is
shown that the g phase boundary is virtually the same as that re-
ported for the Zr-O system [12] while the « phase boundary is
~70K lower than for the Zr-O system. For T> 1280 K, the phase
boundaries between  and « phases can be represented as

In le//H»J =502 - 8220/T
InC,/s:p = —2.28 + 0.535In(T — 1083).

(26)
(27)

where Cgv, and C,,+4 are the oxygen concentration in wt% at
respectively the g and «-phase boundaries at a given temperature
T (Fig. 4).

For the ¢/V and the «/¢ interfaces, we use the oxygen concen-
trations calculated from the Zr-O binary system. The results are
presented in Section 4.

The densities of Zy-4 and zirconia used in the calculations are
6.54 [8] and 5.82 [11] g/cm?, respectively.

From experimental results recently determined in our labora-
tory [8], for low-tin Zy-4, K;f’ and K can be expressed as

Oxygen concentration (at.%)

0 2 4 6 8 10 12
M L] v T ; T M T M T v L] Jd1700
1400 °,
i
S .
o_%"' . - 1600
1300 - Fi
~ /¥ * 1500
8 1200 T e X
o ¢ ! - o
T - ) > i
2 (%{ i o -{ 1400 ‘g
£ 1100 1 AL % S
g /o P ! £
£ /o - 41300 §
2 10004 : ~ ! [
o : :
’ i - 1200
900' : :
1 s 11100
8004 . °° ' i
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00 02 04 06 08 10 12 14 16 18 20 22 24!
#Oxygen concentration (wt.%) Y
Cﬂ’#‘“ cdn'oﬂ

Fig. 4. « and B phase boundaries of the pseudobinary Zircaloy-4/oxygen phase diagram determined by metallographic analysis of equilibrated and quenched specimens by

Chung et al. [4].
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5
K¢ =9.2 10> exp ( 140%"’) in cm?s!. (28)
5
K =3317 x 10 " exp < ]'79‘;;]0> in cm?s . (29)

4. Results and discussion

This paragraph aims at presenting the results obtained within
this study. In a first step, the thermodynamic assessment of the
binary Zr-0 system was revised in order to take into account the
existence of a non-stoichiometry for the 2 zirconia phases: «z0,
and f,. This was necessary for the determination of the oxygen
concentration at the metal/oxide interface (C,/,) for analytical dif-
fusion modeling and for kinetic calculations using DICTRA
software.

In a second step, the oxygen diffusion coefficients in ZrO,, oz,
and Bz were identified using an analytical model and our own
experimental data which are

- ZrO; layer thickness
- Equilibrium oxygen concentrations at the ZrO,/« and at o/f
interfaces.

In a third step, we compared experimental and calculated oxy-
gen concentration profiles. The experimental oxygen concentration
profiles were obtained by EPMA from two methods:

(1) Partial dissolution of a pre-existing zirconia oxide layer at
973-1123 K.

(2) Different steam oxidation times in the temperature range
1273-1523 K.

4.1. Progress in the thermodynamic assessment of the Zr-0 binary
system

From the statement above, we know that in order to calculate
the oxygen diffusivity, we need the equilibrium oxygen concentra-
tions at the ¢/V and o/¢ interfaces. Since Zy-4 is a low-alloyed
material, we can get these data by the thermodynamic calculation
of the Zr-0 binary system.

By metallographic observation [12,13] and by X-ray analysis
[14], Domagala et al. [12] proved that the three different zirconia
phases, az0,, fz0, and yz,, are nonstoichiometric compounds. Un-
til now, az0, and fo, were treated as stoichiometric compounds
in the Zr-0 binary system of Zircobase (version 04).

In the past few years, several groups contributed to the thermo-
dynamic modelling of the Zr-0 system due to its practical signifi-

these studies, various thermodynamic models, especially for liquid,
azr and yzo, phases, were used. But all of them treat oz0, and f,,
phases as stoichiometric compounds. In the present study, we take
into account the composition range of oz, and Bz,

The Zr-0 binary system is constituted by the following phases:

e Gas phase.

e The liquid solution phase.

e Terminal solid solutions: az phase, the solution of O in hcp Zr;
Bz: phase, the solution of O in bcc Zr.

e Zirconia: azo, phase, the low-temperature phase with mono-
clinic structure; f;o, phase, the intermediate-temperature
phase with tetragonal structure; y;o, phase, the high-tempera-
ture cubic phase with CaF,-type structure.

o ordered state of «z phase at low-temperature: o, ZrgO, ZrO,
Zrs0, and ZrO,.

In the thermodynamic database for zirconium alloys version
2004, Zircobase04 [1], the data from Liang et al. [15] were adopted.
This set of data not only fit well with the experimental results, but
also takes into account the ordered state of the oz phase. In this
work, based on the data in Zircobase04 [1], the Zr-O binary system
was reassessed and the homogeneity ranges for uzo, and fq,
phases were taken into account.

4.1.1. Experimental and estimated data from the literature

The experimental phase diagram and thermodynamic data are
summarized in Table 3 and the crystal structure data of ZrO, are
listed in Table 4.

Kelley [17] measured the low-temperature heat capacities, in
the temperature range 54.3-295 K, and he also calculated the en-
tropy at 298 K, S3e, using the Debye and Einstein function.
Coughlin and King [18] obtained the heat capacities expression,
Eq. (30), over the temperature range 298-1478 K using their mea-
sured enthalpy data.

C, = 69.61 +0.00753 T — 1405588.9T >(Jmol 'K ™). (30)

The values from the two sources join smoothly at 298 K. But
Coughlin and King [18] did not indicate the transition between
azi0, and fzo, phases.

4.1.2. Thermodynamic models

A two-sublattice model (Zr);(0,Va), was used, taking into ac-
count the non-stoichiometry of oz, and f;,, (Va denotes va-
cancy). If ¢ denotes one of the phases, oz, Or fi0,, the Gibbs
energy per mole of formula unit,G?, is given by

Gdn)'x = y;)/ac%)r:Va +yOOG$r:O + 2RT(yVa lnyVa +Yo lnyO)

Ore 179

cance and the latest results are from Liang [15] and Wang [16]. In YoYvalLzrova  LavovalYo = Yva) - ) GD

Table 3

Experimental data for «z0, and o, phases

Type of data Method Value Reference

Lower limit of homogeneity range in azy0, Metallography - [12] +

Lower limit of homogeneity range in fiz, Metallography - [12] +
Metallography 66.5 at.% O [13] -
Metallography X-ray 64.7 at.% 0, 1773 K [14] +

C, for ZrO, (Jmol ' K1) Calorimetry [17] +
Drop calorimeter [18] +

S35 k for ZrO, (J mol~' K1) Calculated using Debye and Einstein function -194.37 [17] +

AgH3gg i for ZrO, (k] mol ) Combustion calorimetry —1093.07 0.8 [19] +
Combustion calorimetry —1099.75 +2.1 [20] +
Calorimetry -1079.276 [21] +
Calorimetry —1081.784 [22] +
Calorimetry —1070.498 [23] +

The last column indicates that the data were used (+) or not used (—) in the present assessment.
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Table 4

Crystal structure data for ZrO,

Phase Pearson symbol Space group Prototype Reference
%210, mP12 P2:/c = [24]

Bzo, tP6 P4,[nmc Hgl, [24]

920, cF12 Fm3 m CaF, [24]

where yv, and yo denote the site fractions of vacancy and oxygen
respectively on the second sublattice. R is the gas constant,
8.314]/(Kmol) and T is the temperature, K. °G}..,,, represents the
Gibbs energy of pure zirconium in phase ¢(¢ = yz0,8zo0,), OF °Go
the Gibbs energy of the stoichiometric zirconia, which has the same
expression as for pure element [25]:

°Gh o(T) = a+bT +cTInT +dT* +eT . 52

The 'L}.,y, (i=0,1,...) represents the interaction parameters be-
tween the O and Va elements in the second sublattice with the first
sublattice occupied by Zr.

4.1.3. Thermodynamic optimization

The optimization started with the stoichiometric ZrO,. The heat
capacity from Coughlin and King [18] was adopted, and it was as-
sumed that uz0, and fi,, have the same expression, Eq. (30). Cor-
responding to the expression of the Gibbs energy of stoichiometric
compound in Eq. (32), the heat capacity can be described with the
following expression:

Cp = —C —2dT — 2eT 2. (33)

Compared with Eq. (30), the parameters from c to e in Eq. (32)
can be derived directly.

Then the standard heat of formation, AfH5qg , [19-23] and en-
tropy, Ssq5 x [17] for ZrO, were used to determine the initial values
of a and b in Eq. (32) for stoichiometric compound oz, and fz, -

At the end, the experimental data on phase equilibria [12-14]
were taken into the assessment.

The thermodynamic description and the invariant reactions re-
lated to oz0, and o, phases obtained in the present assessment
are listed in Tables 5 and 6, respectively.

Fig. 5(a) shows the comparison of the calculated phase diagram
with the experimental data with critical temperature labeled. But
the ordered state of oz phase at low-temperature is excluded.
Fig. 5(b) represents a blow-up of the oz, /70, region.

Table 5
Optimized thermodynamic parameters of a0, and f,, phases

Phase Model Parameter (J/mol)

920, Zr; (0, Va), °GEA0: — _1129350.1 + 428.7287 T
—69.5552T In(T) — 0.003762T2 + 7022407
°Gr0: — 9852.885 + 23.4345T + °GhP

Bao, Zr, (O, Va), °GhED2 — —1110998.003 + 416.3114T
—69.5552T In(T) — 0.003762T? + 7022407
°GhA02 — 9852.885 + 23.4345T + °GoP

Table 6

Invariant reactions related to sz0, and o, phases

Fig. 6 presents the comparison between the computed results
(solid lines) and the experimental data for the heat of formation
AsHqq « and the entropy Sjeg  for stoichiometric oz, .

It is shown that the reassessed results fit well with the data
from the literature. It is drawn from the discussion above that a
consistent set of thermodynamic data for zirconia was obtained
after the optimization by means of CALPHAD methodology. From
the assessed parameters, we evaluate the corresponding parame-
ters in Zircobase04 [1] and name the revised thermodynamic data-
base as Zircobase06.
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Fig. 5. (a) Zr-0 phase diagram, calculated by the present thermodynamic descrip-
tion compared with the experimental measurements [12-14]. (b) Blow-up of the
Zr-0 calculated phase diagram showing the ZrO, region.

Reaction Liang and Lukas [15] Present work

T (K) x(0) T (K) x(0)
az10, < 0z¢0, + 210 722 0.2693 - 0.3037 722 0.2692 0.6592 0.3036
Pzo, < %zr + 9z10, 1478 - 0.3037 - 1478 0.6505 0.3053 0.6505
Pzo, < Gas + azo, 1478 - 1.0000 - 1478 0.6667 1.0000 0.6667
Y210, < %2zr + Bzio, 1783 0.6385 0.3136 - 1783 0.6385 0.3136 0.6476
V250, < Gas + Bzro, 2626 = 1.0000 = 2626 0.6667 1.0000 0.6667
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Fig. 6. Calculated enthalpy of formation and entropy at 298 K compared with the
experimental data [19-23] for azo,.

4.2. Oxygen diffusivity in «z of Zy-4 at intermediate-temperatures
(upper « temperature range)

4.2.1. Identification of the oxygen diffusion coefficient in oz,

Fig. 7 represents the SEM micrographs of sample B before and
after heat treatment at 1073 K for 4 h.

The oxide film thickness and oxygen diffusion coefficient in oz,
phase of low-tin Zy-4 at different temperatures are listed in Table

— 18Mm
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Fig. 8. Variation of the amount of dissolved oxygen with time at three different
temperatures, 973 K, 1073 K and 1123 K.

7.1, is the thickness of zirconia layer after each heat treatment and
I40 — 1, is the thickness of zirconia dissolved during the heat treat-
ment. The amount of oxygen dissolved during the heat treatment,
M, is calculated from these data, following the method described in
Section 3.1. The variation of the amount of dissolved oxygen with
time at various temperatures is plotted in Fig. 8 and the linear

b

Fig. 7. SEM micrograph of specimen B before (a) and after (b) heat treatment at 1073 K for 4 h.

Table 7
Oxide film thickness and oxygen diffusion coefficients in oz, phase at different temperatures
Temperature, K Phases Time lg, pm lg0 — lgy pm Sample D, cm?[s
973 ozr 20h 20.0+1.9 2.6 A 1.918 x 107!
40 h 30 min 11.7£3.0 5.1 B
100 h 15.8+3.7 6.8 A
120 h 82+25 8.6 B
1073 oz 1 h25 min 16.0+1.8 0.8 B 1.984 x 1071°
2h 214+38 1.2 A
4h 133+1.0 3.5 B
6 h50 min 15.1£3.6 7.5 A
24 h40 min 108 £3.3 11.8 A
30h 85+24 14.1 A
1123 oze (+Pze)? 45 min 20.1+34 25 A 6.957 x 1071°
2h10 min 16.9+3.0 5.7 A
5h15 min 12.0+3.6 10.6 A
16 h 3922 18.7 A

@ Equilibrium fraction of fz; ~ 20%.
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Fig. 9. The linear relation of the amount of oxygen dissolved from zirconia into oz,
as a function of time'/? at three different temperatures, 973 K, 1073 K and 1123 K.

relationship between the amount of oxygen dissolved from the
oxide film into the oz phase and (annealing time)®> at various
temperatures is shown in Fig. 9. The linear fits of the data reported

Present calculation
-+ Zircomob04

& 1070

-
A
o

11 . . . . . .
0.88 0.9 0.92 0.94 0.96 0.98 1
1000/T [K]

Oxygen diffusion coefficiento Zr, cm

1.02 1.04 1.06

Fig. 10. Comparison of oxygen diffusion coefficient in oy, of Zy-4 obtained from this
work and in oz of pure zirconium taken from Zircomob04 [2].

a 973K

—— 40h30min,calcuated
O 40h30min, experimental | |

Weight percent,O

1 0.015 0.02 0.025 0.03 0.035
Distance,cm

in Fig. 9 are used to calculate the oxygen diffusion coefficients, D,,
following Eq. (5). The D, values are then reported on a Arrhenius
plot (Fig. 10) which allows to obtain the following expression of
the oxygen diffusion coefficient in oy,:

D, = 6.798exp(—21799K]/RT) cm?/s. (in the 973-1123 K temper-
ature range which corresponds to a « and « + § temperature range).

4.2.2. Comparison of calculated and experimental results

From the calculated oxygen diffusivity D,, the concentration
profiles at different times and temperatures were computed
(Fig. 11). It is shown that the calculated concentration profiles fit
well with our experimental results.

It is shown in Fig. 10 that, at low-temperature, oxygen diffusion
coefficient in az phase of low-tin Zy-4 is quite similar to the oxy-
gen diffusivity in oz, phase of pure zirconium.

4.3. Oxygen diffusivity at high temperature (2. temperature range)

4.3.1. Identification of the oxygen diffusion coefficient in oz, pz and
Zr0,

In Egs. (16) and (18) there are three unknown parameters D,, D
and D,,. From Eq. (12), we can get the oxygen diffusivity in oz of Zy-
4 and then combining Eqs. (23) and (24) and the related parame-
ters in the equations, the oxygen diffusivity in fz and zirconia
phases can be determined.

The calculated oxygen diffusivities are shown in Table 8 and
Fig. 12. As a comparison we also give the results from the literature
[2,4,5,26].

For oz and fz, it is shown in Table 8 and Fig. 12 that the
calculated oxygen diffusivities fit well with the values from the

Table 8
Comparison of the oxygen diffusivities
Do, cm?[s Q, kJ/mol

oz Present calculation 1.543 201.55
Pawel [4] 3.920 213.18
Zircomob04 [2] 1.710 203.29

Bz Present calculation 0.0068 102.62
Perkins [5] 0.0248 117.88
Zircomob04 [2] 0.0202 115.17

Zr0, Present calculation 0.116 143.64
Oberldnder [26] 0.140 1.40
Pawel [4] 0.127 1.442
Zircomob04 [2] 0.00105 1.226

1073K

T T

— 4h,calcuated
O  4h experimental 1
- — - 6h50min,calcuated
% 6h50min, experimental

Weight percent, O

0.015 0.02
Distance,cm

0 0.005 0.01 0.025

0.03

Fig. 11. Comparison of the experimental and calculated concentration profiles in oz at 973 K (a) and 1073 K (b).
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literature [2,4,5,26]. For zirconia, the calculated results fit well
with the results from Pawel [4] but are much different from the va-
lue from Zircomob04 [2]. The possible reason for this is that in Zir-
comob04 [2] the temperature range of oxygen diffusivity [2] in
ZrO, corresponds to lower temperatures, 650-1100 K.

At last, taking into account the results obtained at Section 4.2.1,
all the data obtained for D, in the whole temperature range have
been plotted against 1000/T to finally obtain the following diffu-
sion coefficient of oxygen in oz for 973 K(T< 1523 K: D = 4.604
exp(—214.44 KJ/RT) cm?/s (Fig. 13).

4.3.2. Comparison of calculated and experimental results

By the calculated oxygen diffusivities and the related experi-
mental parameters and by the concentration expression in the
phases, Egs. (9)-(13), (14), (20)-(22), we can calculate the concen-
tration profiles. Fig. 14 shows the comparison of concentration pro-
files between calculated results and experimental data [8] at
1473 K.

From Fig. 14, it is shown that for short time diffusion, for exam-
ple 55 s and 187 s, the calculated results fit well with experimental
results. But in the enlarged part of fz, it is shown that for long time
diffusion, for example 520 s and 1429 s, the calculated results give
lower concentration values than the experimental data. This is due

1078

This work
Zircomob04

107} 1

_L
S
o]
‘

_.
S
©
‘

10710} 1

—11 ‘
0.65 0.7

oxygen diffusion coefficient o Zr, cm/s

0.65 0.‘9 0.%)5 1‘
1000/T [K]

0.75 0.8 1.05

Fig. 13. Oxygen diffusion coefficient in oz of Zy-4 against 1000/T in the temper-
ature range 973 K(T) 1523 K.

to the fact that this model [7] is used for a semi-infinite system. In
our case, within the limited time of the experiments, 7. phase side
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Fig. 14. Comparison of the calculated and experimental concentration profiles at 1473 K, (b) enlarged part of fz phase in (a).

has been treated as semi-infinite. But in reality, the system has to
be considered as finite (the thickness of the wall cladding tube is
closed to ~600 um). The experimental oxygen concentrations in
Bz are thus higher than the calculated results due to the finite
thickness of the sample (i.e., no oxygen flux at x ~ 600 um).

5. Conclusion

In this work, oxygen diffusion coefficients in low-tin Zy-4 alloy
were determined by an ‘inverse’ method for:

- oz in the temperature ranges 973-1123 K and 1373-1523 K;
— Pz in the temperature range 1373-1523 K;
- and ZrO, in the temperature range 1373-1523 K.

These determinations were performed using analytical models.

Different kinds of data were necessary to apply these models,
thus experiments were performed in order to determine the thick-
ness of the zirconia layer as a function of time and temperature.

It was also necessary to determine the oxygen concentration at
the different phase interfaces; the thermodynamic description of
the binary Zr-0 system was improved in order to take into account
the nonstoichiometry of oz, and o, as it was experimentally
shown by different authors.

It appears that the calculated oxygen diffusivity in oz, phase of
low-tin Zy-4 alloys at temperatures below and above the «/f tran-
sition, have similar values. By comparing with the data from the ki-
netic database for Zr alloys (version 2004), Zircomob04, it was
shown that the oxygen diffusivity in «z and 7. phases of low-tin
Zy-4 alloys are quite similar to the ones in oz and pz of pure
zirconium.

However, for the oxide phase (zirconia), the calculated results
for low-tin Zy-4 are different from the value obtained with pure
zirconium. By comparing the calculated and the experimental oxy-
gen concentration profiles in Bz, it is shown that the analytical
model from Debuigne’s thesis [7] can only be used for short oxida-
tion times. For longer oxidation times, it would be necessary to
take into account the finite dimensions of the sample.
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