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ABSTRACT

Partitioning of the heat of combusion of zirconium during Zircaloy
oxidation between the gas-oxide and oxide-metal interfaces was determined.
The spatial distribution of the heat release is very sensitive to the
poorly known partial molar enthalpy of oxygen dissolution in ZrO;. This
uncertainty is of minor consequence in the thermal analysis, however
because temperature gradients in the specimen due to the heat released
by oxidation are very small. The temperature is mainly a function of
time only. A simple lumped-capacity thermal analysis suffices to describe
the temperature transient initiated by the corrosion process. A method
of coupling the temperature rise due to the heat release to the corrosion
kinetics is developed and applied to laboratory testing of individual
slab specimens cooled by radiation. '



I INTRODUCTION

Although oxidation of a metal is accompanied by considerable release
of heat, most analyses of this process assume that the temperature of the
reacting solid is specified by the external enviromment. However, when ex-
ternal heat removal rates are low, the heat of combustion can be a signifi-
cant heat source, as was dramatically illustrated by the accident at the
Three Mile Island nuclear reactor. In this case, the energy released by
oxidation of the Zircaloy cladding exceeded that provided by decay of the
fission products in the fuel contained by the cladding tubes; In laboratory
experiments in which a specimen is held in a furnace or heated by induc¢tion
or by resistance, rapid oxidation can provide a heat source comparable in
magnitude to that supplied by the applied heating method. The localized
nature of the heat release by oxidation can cause temperature nonuniformities
in thé reacting metal which must be understood quantitatively if the corro-
sion process is to be properly modeled.

In this work, oxidation of zirconium is analyzed with reaction heating
considered. Zirconium oxidizes by formation of a coherent oxide scale throﬁgh
which oxygen is transported by ionic diffusion from the gas to the metal.

At the oxide-metal boundary, the incoming oxygen either converts some of

the metal to oxide or dissolves into the metal and continues to penetrate

by interstitial diffusion. The heat of reaction is released at both the gas-
oxide and the oxide-metal boundaries, and possibly within the bulk phases

as well. In axidation of zirconium at high temperature, the metal phase con-
sists of a-zirconium and 8-zirconium components. The difference in the

heat relased by dissolving oxygen in these two phases is not known, but is
probably small. For the purpose of the thermal analysis, the distinction
between a-Zr and R-Zr is not important.'

II COMPONENTS OF THE HEAT OF COMBUSTION OF ZIRCONIUM

The heat of formation of Zr0,, AH%ZrO , is the enthalpy change of
the reaction: 2

Zr + 0,(g) = 10, 1)
where the zirconium reactant is initially free of oxygen and the oxide pro-
duct is stoichiometric (i.e, with an O/Zr ratio of 2). With reference to the
isotherm on the phase diagram of Fig. 1, the heat of formation corresponds
to the difference in enthalpy between points a and d. This difference
can be divided into three parts.



a - b : Addition of % y moles of gaseous, gaseous oxygen to 1 g atom of
pure zirconium to produce the saturated metal (O/Zr = y). This reaction is
written as: ' '

Oz(g) = 20 (sol'n in metal) (2)
and the heat release follows from the definition

Hy = (3H/3Np)y,

by integrating at constant N2 For oxygen in Zr, this yields:

= -/fAHpr -1 %y (3)

where ZHM is the partial molar enthalpy of oxygen in the metal. This
quantity is assumed to be independent of composition, and, as explained
earlier, to be the same for the o and B modifications of zirconium.

b - ¢ : addition of oxygen to the oxygen-saturated metal to produce one
mole of the oxide at the lower phase boundary (O/Zr x). This reaction
can be written as

Zr(sat. with oxygen) + % (2-y-x)0,(g) = Zr0,-x 4

The heat released by this equilibrium reaction is:

Q-c = - AR ' ()

where AHp is the standard enthalpy change of reaction (4).
c - d : dissolution of oxygen in the hypostoichiometric oxide to produce

perfect stoichiametry corresponds to the reaction:

O2(g) = 20(sol'n in oxide) (6)
and the heat release for this step is given by:
U-q= % Jxmoxdx', 7N
where Zﬁa; is the partial molar enthalpy of oxygen in ZrO;_y, which is a
function of the O/Zr ratio.
The sum of the heat releases in the three steps is equal to the
negative of the heat of combustion of pure zirconium:

—_— X
MHEZYOp = % Ay + MHp + % (0 FH ) dx (8)



The components of Eq(8) are evaluated below for an isotherm at 1300°C.

The heat formation of zirconium dioxide at 298 X is given in ref. 1
as -263 kcal/mole. Extrapolating to 1300°C taking into account the difference
in heat capacities of products and reactants (also given in Ref. 1) gives

AH%ZrOZ = - 260 kcal/mole.
Komarek and Silver (2) measured the oxygen pressures in equilibrium
with solutions of oxygen in a-Zr. Their data yield a heat of solution

AFy = - 272 kcal at 10-15 at % oxygen and a variation of n13 kcal/mole
between infinite dilution and saturation. From Fig. 1, the saturated o phase
contains 30 atom percent oxygen (O/Zr = 0.43) at 1300°C, so that the first

term on the right hand side of Eq (8) is % zﬁﬁyz-ss kcal/mole.
The only work that provides some information on the partial molar
enthalpy of solution of oxygen in ZrO; is that of Aronson(3). Unfortunately,

the oxygen potential he obtained changes temperature dependence across
the Zr0,_x phase field in a manner which implies changes in the signs of

AHox and the partial molar entropy of solution, Zgﬁx' This unusual behavior

may be due to the fact that the temperature range of the experiments (900 -
1100°C) spanned the monoclinic-tetragonal transition temperature of zirconia
(100006). Rather than accept the odd variation of Eﬁﬁx with O/Zr implied by
these data, we use only the oxygen potentials at 1100°C, which apply to

tetragonal zirconia. These data, in conjunction with a theoretical estimate

of KE&X, determines Zﬁbx by:

Aoy = MGy * T ASyy (9)

The tetragonal structure of zirconia is simply a distorted fluorite
lattice (4) and the dominant point defects in the nonstoichiometric compound
are oxygen vacancies. Consequently, ASex of Zr0;.x should behave in a
manner similar to other oxygen-deficient oxides with the fluorite structure,
such as (U,M)Oz_x where M is another cation. Wadier (5) has shown that

ASox for the hypostoichiometric mixed uranium-neodymium oxide can be satisfac-
torily represented by a simple model which assumes a perfect cation sublattice

and isolated vacancies on the anion sublattice. The partial molar entropy of
solution is given by:

e

= O
ASox = 250 - S0, (10)



where 88215 the entropy of molecular aoxygen and 56 is the partial molar
entropy of axygen ions in ZrOj.x. The former consists primarily of a
translational entropy contribution with a smaller contribution fram rotation.
At 1300°C, the methods described in Ref. 6 give the value 882: 50 eu.
Following Wadier(S), we assume that 56 is purely configurational. The

entropy of mixing N0 oxygen ions on NS oxygen ion sites is:

- - . (11)
Smix R{\Ioln (Ng/NJ) *+ (Ns - Ny in( [N -NO])/NS}
where R is the gas constant,Sjy is given by: (12)
T = asmix
o 3"0
NS

performing the differentiation and noting that N /Ns = 1 - 4 results in:

0
| 3, - -aln(zg-’f) NE)
which is Wadier's result(5). -

Using this estimate of ngx and Aronson's values of AG,, at 1100°C in
Eq(9) yields the partial molar enthalpy of solution shown in Fig.2. Although
there is no way of accurately estimating Zﬁ;x at exact stoichiometry (because
of the mathematical form of Eq(13)), the shape and magnitude of the curve in
Fig. 1 are consistent with those observed for (U,Pu)0;.4(7). With the lower
phase boundary at 1300°C equivalent to the composition Zr0q .84, the last
term in Eq(8) is approximately -20 kcal/mole. Using these estimates of the
heats of solutions in the metal and in the oxide in Eq(8), the enthalpy
of reaction (4) at 1300°Cis calculated to be AHp~ - 182 kcal/mole. Analogous
estimates at other temperatures can be obtained by using the phase diagram
values of the compositions x and y. The solubility of oxygen in a - Zr
is nearly temperature independent but the lower phase boundary of ZrOp_x
is given by Pawel(8) as x = 10-4T(K).

IIT HEAT RELEASE DURING ZIRCALOY OXIDATION

Corrosion kinetics are customarily expressed as the rate of weight
gain and the rate of growth of the oxide scale. In the case of zirconium
oxidation, a layer of oxygen-stablized a - Zr forms between the oxide scale
and the substrate. In the present analysis, the a - Zr layer is not disting-
uished from the remaining 8-Zr because the two phases are assumed to have



similar thermal properties. Figure 3 shows typical scale-formation on

Zircaloy. The points labeled a,b, ¢ and d correspond to those in Fig. 1

Because the change in O/Zr ratio across the oxide phase is small, the seg-

ment d - ¢ of the oxygen distribution is .assumed to be a straight line.
If the initial thickness of the oxygen-free zirconium slab is

and Ly, and L, denote the thickness of metal (o + B8) and oxide at time t,

conservation of zirconium leads to:

Pulluo = tn) = foxtex a4

P and Pox are numbers of gram atams of zirconium per unit volume
of metal and oxide, respectively. The ratio pM/pox' is approximately 1.5.
In a time interval At the results of oxidation is:

ANT = uptake of oxygen (g atoms/anz..) in At
ALy ™ increase in oxide layer thickness in At
The number of gram atoms of zirconium contained in a unit area of oxide

scale is Py Loy, and the average O/Zr ratio of the scale is at all times
equal to 2 -}x. Therefore, the change in the amount of oxygen bound in
the oxide scale as a result of the increase of ALOX in thickness is

@ - %) Poxlox However, the oxide scale grows by converting pOxALox g atoms
per am? of adjacent zirconium metal which is saturated with oxygen. Thus,
of the change in the amount of oxygen in the scale, an amount ypOXALmc

is supplied by the converted metal, with the remainder,

ANy, = (Z-1x-y) fox®Lox
(15)
being supplied from the total uptake from the oxidizing gas. The difference,

(16)
is the quantity of oxygen which enters the metal phase during the time
interval At,

In determining the heat release, the partial molar heats of solution
of axygen in the metal and in the oxide are considered to be independent
of composition. The consequence of this assumed behavior is the absence
of heat release in the bulk oxide and metal phases due to oxygen diffusion



down concentration gradients. The heat effects of corrosion are localized
at the interfaces between the gas and the oxide and between the oxide and
the metal.

For oxidation in steam, the heat released at the gas-oxide interface
consists of two components. The total quantity of oxygen entering the
specimen in time At must first be produced by decomposing water:

H,0(g) = Hyl2) + $0,(9) an

for which the heat release is the standard heat of formation of water.

At 1300°C AH%H20 = - 59 kcal/mole. The oxygen gas is dissolved in the
surface of the oxide according to Equation (6) for which the heat released
per mole of oxygen is -1 Aoy, Thus, the heat release at the gas-
oxide surface is:

= (-2 AH 18
LR _ —( ¥ 5H,, + AH}HZO\) AN (a8
Taking an average value of the partial molar enthalpy of solution of
axygen in the oxide to be -250 kcal/mole (Fig.2), the heat release at

the gas-oxide surface is:

AQ_,, = 2.8x10° AN, (F/cm?) (19)
Despite the endothermicity of Reaction (17), the large energy release
upon incorporation of gaseous oxygen in the oxide makes the overall
surface reaction exothermic.

The ANp g atams of oxygen entering the surface ultimately appear
in one of three locations. An amount AN, enters the metal at the oxide-
metal interface where the heat released is (% Adyy- 4\ ANy. An amount
(2-x-Y)oox ALgx Teacts with the metal at the oxide-metal interface to
produce ZrO,_,. The heat released at this interface by this process is

2-x-y) (1 -AH-P A ..
(2x-Yleox Alox Cz BHyy) - AHRP ALox.  The remaining %x PolLox & atams

of oxygen stay in the oxide and so contribute nothing more to the heat
release. Adding these contributions and eliminating ANM by using Eqs(15)



and (16) yields:

AQgyy = #( 2R, ~ &Hy) ANy - [A”g P, - (2710 AR pr,
' (20)

Inserting numerical values for the thermodynamic properties in
'Eq(20) yields: |

4
AQ, _y = +.ex10* AN - 4.5x10* (‘“ALo‘
(21)

These heat release values are quite sensitive to the variation

of AH,, with composition of the oxide. The function shown in Fig. 2
can be represented by:

W, = (@), - ax’ o+ bet? (22)

which shows that the partial molar enthalpy of oxygen in the oxide

at the gas-oxide interface is (KH—OXJO = -162 kcal/mole. For the curve
in Fig. 2, a = 2000 kcal/mole and b = 8400 kcal/mole. If the heat
release analysis is performed with ﬁoxgiven by Eq(22) instead of by

a constant, the heat source at the interfaces are still given by Eqs(18)
and (20) but the partial molar enthalpy in the oxide appearing in these
formulas is replaced by its value for stoichiometric zirconia, which

is (AHgy) o The heat releases at the interfaces at 1300°C become:

(23)
AQ.__ =9.2c10% an (I/cm?)
g-ox T »
S
AQ = 2.3x10° AN, ~ 6.1x10% [ oxlox (T/cm®)

(24)



In addition there is a bulk heat release in the oxide scale which is

given by:

- 1.
AQy, = Ix (’“AL“( gox - 1m?) = 1.8x10% f”m.“ (T /cm®)
(25)
The principal effect of the concentration dependence of Eﬁbx

is a reduction by a factor of three in the heat source at the gas-oxide
interface andan increase in the heat released at the oxide-metal inter-
face. The bulk heating of the oxide layer is relatively minor.

IV EFFECT OF THE HEAT OF REACTION ON THE TEMPERATURE DISTRIBUTION

All experimental studies of Zircaloy corrosion by steam assume
a uniform temperature distribution within the reacting sample. However,
temperature nommiformities may result from the partitioning of the heat
release between the gas-oxide and oxide-metal interfaces. Similarly,
the location of the heat release due to oxidation may have a significant
effect on calculation of cladding temperatures in a reactor accident
situation which involves oxidation of Zircaloy.

To assess the importance of the heat source location on the
temperature distribution, the following idealized situation is analyzed.
We assume that a slab specimen of metal is placed in a furnace. Heat
transfer between the furnace, and the specimen is assumed to occur solely
by radiation; for simplicity convective heat transfer to the gas phase
is neglected. In the absence of chemical reaction, the specimen
acquires the temperature of the furnace, which is maintained constant
at Ty = 1300°C at all times. Steam is admitted at time zero and oxidizes
the slab fram both sides. Thus, the midplane of the specimen is adiabatic
for heat transfer purposes. The half-thickness of the specimen, LMo’ is
assumed sufficiently large so that the oxygen diffusion process occurs as
in an infinite medium. Finally, we assume that oxidation kinetics are those
at the base temperature T,; acceleration of the corrosion rate by the heat
released is neglected. Our object is to obtain a first estimate of the
temperature nonuniformities caused by discrete heat sources in the slab.

A realistic calculation would have to couple the corrosion kinetics with the

'lthermal analysis. The heating of the interfaces is coupled to the corrosion
rate via Eqs(lg) and (21), which apply to the case of constant heat of
solution of oxygen in the oxide. Bulk heating of the oxide scale is not
considered.



The heat source at the gas-oxide interface is:

- aQ A, S k ¢ |
_ -~ s T . 2.8x107° AT _ ¥

Qg-ox
(26)

where kg is tge parabollc rate constant for the weight gain and

¢ 2. 8 x 10 Similarly, the heat source at the oxide-metal
is:

| | @7
‘sqhubiﬂ

g AN 3 AL
q_“-" = T = 4-6’104 R‘E - 4.5"10‘ Fa A%

The zirconium density in the oxide is o, = 0.0472 g at Zr/cms'

The velocity of the oxide-metal boundary is equal to AL /At for which

the parabolic rate constant kox 1s also avallable from Ref. 9:
sL k
ox ox
V=2 —— = = (cm/s)
at it (28)

Combining the aboveinformatimn,the oxide-metal interfacial heat source
is:

qox-'llg"""/’r‘E
29)

The units of ¢ of Eq (26) and Q in EqQ(29) are J/c:mz-s%. The strength of
the heat source at the gas-oxide boundary is v 9 times that at the oxide-
metal interface. However, as discussed in the preceding section, this
split is very sensitive to the magnitude and the concentration-dependence
of the partial molar heat of solution of oxygen in the oxide.

The heat balance at the gas-oxide interface (z=0) is:

” (Fox) .,
M) Tex (O - T.} 3"'.;(32”)0 F Gg-ox (30)

where Kx 1s the thermal conductivity of the oxide and T is its
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temperature. The left hand side of Eq(30) represents the heat flux
from the surface to the surroundings, for which hiis the appropriate

heat transfer coefficient.

Because of the oxide scale is thin, the temperature distribution
in this region can be assumed to be in quasi-steady state.

This assumption can be justified by nondimensionalizing the heat
conduction equation in the oxide scale and examing the magnitude of the
terms in the resulting equation. The scale factor for the distance is
the initial specimen half-thickness:

n = z/Lyy (31)

A characteristic time is defined in terms of the growth kinetics
of the oxide scale. The fraction of the initial metal converted to
oxide is obtained from Eq(14):

L - Ly f%x-fggg
°"no ~ P Mo o

The thickness of the oxide scale is given by the integral of Eq(28)

and a dimensionless time is defined by:

T = 1]!9_:;11! s szq;' (33)
Ino

where:
C, = 2 ox (s 7 (34)
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The Pilling-Bedworth ratio. (pM/p ) is 1.5 for Zr/Zr0,.

In terms of the dimensionless quantities defined by Eq(31) and (33) ,
the heat conduction equation in the oxide is:

329,,‘ 1 ";a/“ 30,,

- = 3% 5
37 Tl 1 & (35)
where a,, is the thermal diffusivity of Zr0, and O9x is the diménsionless
temperature:
T . -T
@ox = .&3_‘___0_ . (36)
To

The numerator of the bracketed term in Eq(35) is the characteristic
thermal response time of the oxide and the denominator is the charactéristic
scale growth time. Taking Ly, = 0.05 cm and ey, = 7X10 -3 cmz/s, the
bracketed term in Eq(35) is 2x10 -5, Thus, except for times very close to
zero, the temperature distribution in the oxide scale is to good approxi-

mation a linear function of distance:

T . - ‘l"
ox
=A+8 -
To ("Ho) (37)

Because the thermal conductivity of the metal is very large, the
thermal response of the metal phase can be treated as a lumped capacity
and temperature gradients neglected. The oxide-metal interface moves
with velocity v towards the midplane of the slab, which is equivalent
to an adiabatic boundary. The energy balance over a volume contained
between a plane on the oxide side of the oxide-metal interface and the
slab midplane is:

' ¢, Lt -ry] = - »c _ (dTox ¢
/‘t.( p dt[LN N o] - /ox pox V(Tu To) + Tox-n ~ xa: 4z s
where Doy and e o are the heat capacities per unit volume of the

oxide and uetal, respectlvely, and TM is the metal temperature.
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The first term on the right hand side of :this equation represents the
sensible heat carried by the oxide moving away from the interface in
the moving coordinate system. The metal layer thickness on the left
hand side of the equation is obtained from Eq(33) and a dimensionless
metal temperature is defined by:

0= ——2 (39)
The derivative on the right hand side of Eq(38) is evaluated from

Eq(37), the velocity v is given by Eq(27) and %ox-M is taken from
Eq(38). These substitutions and use of Eq(39) transform Eq(38) into

. d B 1
Cla?[efl'czﬁ)] - Csr% -}J—_—-ﬁ_ = c43 (40)

where: (41)
1 plVlcpMI“l\'loTo J/ sz)

@]
1]

2 1
3 kox P oxcpoxTo (/e -s?) (42)

O
|

2
C, = T /L, e | (43)

Using Eqs(37) and (39), the temperature match at the oxide-metal inter-
face becaomes: '

6 = A + B(L/Ly)
or, using Eqs(32) and (33) to determining L, x/LMo’ this equation is:

44
9 =A+1.5,8k 0
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The heat balance at the gas-oxide interface, Eq(29), can also be
expressed in dimensionless terms. Eliminating T, in this equation by
use of Eq(37) and inserting the heat source strength give by Eq(26)
gives:

CcA=CB+8//T (45)

5

where CS = hTo W/ cmz) (46)

Eliminating A between Eqs(44) _and (47) and solving the resulting
equation for B yields: :

059 - */\FE
c, + 1.sc,csﬁ:'

(47)

Substituting Eq(47) into Eq(40) gives

Cs6 ~¢/Jt
1.5C,C
! Ce SF - (48)

Using the dimensionless time defined by Eq(33) converts Eq(48) to:

Cyglere V-6 & 4 -

. c ,
C 3 - |
1o -zrgg-(;-ﬁ.l%z_)e- L Bl 5w

1.53;
1 + < T
4

which is to be solved with the initial condition 6 = 0 at t = 0.
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Table 1 shows the parameters used in solving Eq(49). The two methods
of estimating the internal heat source described in Section III were tested.
These correspond to the case of constant partial molar enthalpy of solution
of oxygen in the oxide and to the case of the concentration-dependent AHgx.
As shown in Table 1, these two estimates lead to very different partitioning
of the heat source between the gas-oxide and the oxide-metal interfaces, even
though the total heat release (6 + Q) is the same in both instances. In addition,
the heat transfer coefficient between the oxide surface and the specimen surround-
ings was varied from the adiabatic 1imit h = O to the limit of very rapid cooling
(h = »). An intermediate case corresponding to heat removal by radiation alone,
for which h = 4 oeTg was tested. Here o is the Stefan-Boltzmann constant and

€ is the system emissivity. For e = 0.7 and T, = 1300°C, Cg = hT, = 100W/cm?,

In all cases, the calculations showed that despite the low thermal con-
ductivity of Zr0O,, temperature gradients across the oxide scale were negligible.
Except for very large surface heat transfer coefficients, the denominator of the
right hand side of Eq(49) is very close to umity. A.consequehce of this behavior
is that the thermal behavior of the system is independent of the manner in which
the heat of oxidation is partitioned between the gas-oxide and the oxide-metal
interfaces and depends only on the total heat release parameter ¢ + Q. When
h is very large, the calculated temperature rise of the specimen is approximately
zero in both the oxide and metal phases.

v The results of these calculations demonstrate that the thermal re-
sponse of the thin metal specimens to oxidation can be represented by the gradient-
free lumped capacity heat balance:

L. qt) - cco (50)
dt

where 8 now refers to the specimen temperature without distinction between oxide
and metal and q(t) is the total heat release rate at both interfaces. In the
calculations described above, q(t) = (@ + Q)//t.

\ APPROXIMATE COUPLING OF CORROSION KINETICS AND THERMAL RESPONSE

The analysis presented in Section IV was based upon the assumption
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Table 1 Parameters for the Thermal Analysis

Ambient temperature T, = 1300°C

Specimen half-thickness Iy = 0.05 cm

Parabolic rate constants at 1300°C ( Ref. 9)
weight gain kT =3.1x 10-5 g atoms oxygen/cmz_; %
oxide scale kg = 2-4 x10™* Cm/Sl/2

Internal heat sources due to oxidation (J/cm2 - 51/2) (_sée Sec. IV):

constant Af_ : #=8.68; 0 =0.92
variable B : # = 2.85; 2 = 6.64

Heat Capacities (Ref. 10):
Cpox = 0.60 J/g-K
CpM = 0.38 J/g-K
Densities: (Ref (10):
P

ox = 0.0472 g atams Zr/an® (5.82 g/cmd)

0.0712 g atams Zr/cm:” (6.49 g/cms)

M
Oxide thermal conductivity Q0): Xox = 0.024 W/em -K

Combined Parameters:

C; = 194 J/cu?

C; = 6.4 x 1073 §7%
C3 = 1.32 J/cm? -s%
Ca = 755 W/cm

Cg = varied



15

that the temperature rise due to release of the heat of oxidation did not affect
~ the corrosion kinetics. This assumption can be removed and coupling of the heat
and mass transport processes achieved by the following approximate method. An
approximation adopted by Markworth (11} consists of assuming that the basic
parabolic scaling laws apply in the temperature transient but the scaling coef-
ficients are thermally activated. With this simplication, the rate of weight
gain is given by: '

(51)

where kT is the parabolic rate constant at temperature To’ E;r is the activation

energy for the weight gain parameter determined by isothermal corrosion experiments
at various temperatures, and R is the gas constant.
Similarly, Eq(28) is generalized to:

dL k . E
OX = _OX exp |- _OX (1.1
dt St exp[ R (T Tc)] (52)

where kox is the parabolic rate constant for oxide scale growth at temperature
Ty and E,, is its activation energy. :

The activation energies are given in Ref. 9 as ET = 20 kcal/mole and on
18 kcal/mole. Substituting Eqs(51) and (52) into Eqs(26) and (27) and summing
the two, the oxidation heat source in the thermal analysis becomes:

<
]

5
q=3.26 x 10° ky €8:40 _ 2 17 x 10° Kk, > 7° (53)

where © is the dimensionless temperature defined by Eq(39). It is dependent on
time but not on position and is determined by solution of Eq(50)with the heat .
source give by Eq(53).

VI  ACCURATE COUPLING OF HEAT AND MASS TRANSPORT DURING CORROSION

The major shortcoming implicit in the coupling method described in the
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pfevious section is the description of the corrosion process by parabolic kinetics
in a temperature transient. This is in principle wrong, because parabolic kinetics
requires time-independent parameters such as oxygen diffusion coefficients and in-
terface concentrations. Thus application of Eqs(51) and (52) to situations with
time-dependent temperatures is open to question. This deficiency can be elimina-
ted by analyzing the corrosion process from the same basic principles that have
been applied to isothermal corrosion kinetics, The material properties are per-
mitted to be time-dependent but the temperature is assumed to be spatially in-
dependent because the demonstration of this property in Section IV remains valid.

The kinetics of oxidation are determined by solving the oxygen diffusion
equations in the oxide and metal zones of the specimen and matching fluxes and
concentrations at the metal-oxide interface, This technique has been used by
Pawel (12) to analyze isothermal oxidation of Zircaloy. We apply the same type
of analysis to the present transient problem with the aid of the following
simplifications:

I) The oxygen concentration profile in the axide layer is assumed
to be a linear function of distance.

II) The distinction between a-Zr‘and B-Zr is neglected.

III) The system is semi-infinite insofar as oxygen penetration
is concerned.

The system is depicted in Fig, 3. Because of the volume change upon axida-
tion, the metal lattice moves away fram the gas-oxide interface with a velocity |
denoted by v;,.. This motion can be related to the velocity of the oxide-metal
interface by using the zirconium balance given by Eq(14). From Fig. 3

‘er==g%(Lax g

and from Eq(14):

dHﬂ Pox‘ dLox 1 dLox

ac " C M dt -~ " I.5 “dt
Combining these two equations and noting that dLOX/dt = v yields:

v = 2
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Because the oxygen distribution in the oxide layer has been assumed to
be linear, we may write: ‘

C,.cC o
d” ox .° (55)

where Cox is the oxygen concentration at location z in the oxide layer and C 4 and
,CC are the boundary concentrations of oxygen at points d and ¢ in Fig. 3, respec-
tively. These correspond to stoichiometric zirconia and to substoichiometric
zirconia at the lower phase boundary.

In the metal phase the oxygen conservation equation is:

| g (56)
at 2z

where CM is the oxygen concentration in the metal and J is the oxygen flux in
the metal phase with respect to the coordination origin ofz', which is chosen as
the moving oxide-metal interface. This flux consists of two terms, a Fick's law
component representing oxygen diffusion relative to the zirconium lattice and a
convective term reflecting movement of the zirconium lattice with respect to the
oxide metal interface. The convective velocity is the difference between the
lattice velocity with respect to the fixed gas-oxide interface and the velocity
of the oxide-metal interface with respect to the same plane:

=v

M gp V=T v/1.5 _ (57)

The oxygen flux in the metal is:
2 |
J=- —r—aiM * o (58)

where Dy is the diffusion coefficient of oxygen in the metal. Combining Eqs(56)
- (58) gives the oxygen diffusion equation in the metal phase:

Wy v 3CM__.DM32CM
at 1.5 3z! 22 (59)
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The initial and boundary conditions are:

Cy(230) = 0 (60)
u©>t) = Cp (61)
CM(w)t) =0

where Cp is the saturation concentration of oxygen in o - Zr. The last con-
dition embodies the semi-infinite medium condition and neglects the trans-
formation from a - Zr to 8 - ZIr.

Equality of oxygen fluxes in the axide and metal phases at the interface is
expresséd by:

A"
sz L 5z'J0 1.5 °P (62)
ox

_Dox<ac°x 'VCc=-DM?E_M_.- C

where Dox is the oxygen diffusivity in ZrO;_

If the diffusion coefficient and the boundary concentrations are all con-
stant, the velocity in Eqs(59) and (62) is v=k /v, where k_ is the parabolic
scaling constant, and the solution to Eq(59) is:

' k
erf:éz__ 4+ —ex )
n _ ID.J'E 1.5, (63)
2=
b £ oX
or c(u o )

Substituting Eqs(55) and (63) into Eq(62) and noting that L_ = 2k, vt ..

yields: ‘ _

2
' T [_( Kox )]
D c,~-¢C ax
OX(zl?‘u c) - ox(cc - Cb/1°5) = Cy %‘E) d I?TE;‘- 4
(i s)

The kinetic equation for the rate of weight gain is obtained from:

dR _ ‘(3(:01) - _kl
HTI""Do * Jo It

d..(c, -C.)
ox\“d c
or: kT = 7k, (65)

(64)
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The isothermal rate constant kg, and kT can be determined by using the oxygen
diffusion coefficients and interface concentrations in Eqs (64 and (65).
Using the following data given in Ref. 12 for 1300°C:’

Cq = 200x = 0.094 g atoms oxygen /cmd
Cc/Cd = 1.84/2 = 0.092

Ch/Cq = 0.31

Dox = 2.0 x 1070 cm? /s

Dy = 3.2x107 am? /s (for a-Ir)

Eq (64) gives k, = 2.5 X 10”4 cu/s* and Eq (65) yields ky = 3.5 X 107> g atoms
oxygen /cm®-s*%

These results are in excellent agreement with the data (see
Table 1, ) which isnot surprising since these data were used by Pawel (12) to
determine Dox and Dy. All that we have done is to reverse this process. How-
ever, the comparison does demonstrate the assumptions I and II given at the
beginning of this section are adequate for the corrosion analysis, and will be
retained in analyzing the transient case.

Analysis of diffusive transport when the diffusion coefficients are time-
dependent is simplified by the spatial uniformity of the temperature. Because
of this feature, the diffusion coefficients, which are functions of temperature,
depend on time but not on position. As a consequence, the oxygen concentration
distribution in the oxide and metal phases is still determined by Eqs (55) and
(59), respectively and the oxygen flux match at the oxide-metal interface 1is
correctly expressed by Eq(62). What is inapplicable in the case of time-depen-
dent diffusion coefficients is the assumption of parabolic scaling expressed
by the relationship v = kox/vT . ‘

The diffusivity of oxygen in zirconium metal can be considered as a function
of time via the temperature:

Dy =.DMo f h (66) -

where Dy, is the diffusion coefficent at temperature Ty and the factor f is

given by:
? = expl- Epm 1 _1\}_ e16.36' (67)
= eERYT O RAT T T |
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where E‘DM = 51 kcal/mole is the activation energy of oxygen diffusion in
a-Zr(12) and 8 is the dimensionless temperature defined by Eq(39).

The only other quantity with a significant temperature dependence is the
product of the oxygen diffusivity in the oxide and the oxygen concentration
driving force across the oxide layer. The former exhibits Arrhenius behavior,
but the difference in O/Zr ratio between stoichiometric zirconia and the re-
duced oxide at the lower phase boundary is approximately proportional to the
absolute temperature(12). However, the temperature-dependence of this product
can be expreséed in Arrhenius form with an activation energy slightly larger than
that which characterize the diffusion coefficient in the oxide. Thus:

Dox(Cd - C,) = [Dox(Cd - cc)___'(o g (68)

where the bracketed coefficient with the zero subscript is the diffusivity-driving
force product at temperature T, and the factor g is:

T E 12.10 |
e =(8)e]- = (3 ) @
O,

where Ep . = 34.5 kcal/mole is the activation energy of oxygen diffusion in the
oxide phase (12).

Equation (66) is substituted into Eq(59) and a new time variable is defined
by:

t
u = f fdt! (70)
0
The result is:

2
3Cy 3Cy 0 Cy (71)
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In analogous fashion, the derivative on the left hand side of Eq(62)
is evaluated from Eq(55) and Eqs(66) and (68) used. This transforms the
oxygen flux match to:

Dox(Ca = €N & v Cp 3¢,
(pox fLoxc a{ ‘1".'5)0 = Dyo{ 327 |, U2

The temperature dependence of the difference (C. - Cp/l.5) is small and so this
quantity is evaluated at T.

There is no exact analytical solution to Eqs (71) and (72) when f and g are
arbitrary functions of the time variable u. However, an approximate analytical
solution can be obtained by assuming that the ratio v/f is inversely proportional

to v U.

A | (73)

where k is a constant which replaces the scaling constant kox of the isothermal
case.

The oxide scale thickness is the firsttgrnlof Eq(72) is determined by:

t ot ee)de |
Lox=évdt = ké 'J(T'(jf’) = AT (74)

where Eq(70) has been used.

Substituting Eq(73) into Eq(71) produces an equation whose form is identi-
cal to that for the isothermal situation. The solution for the transient temp-
erature process is thus given by Eq(63) with kox replaced by k, t by u, and Dy

by DM0° This solution is used to evaluate the derivative on the right hand side
of Eq(72).

With Lox and v on the left hand side given by Eq(73) and (74), Eq(72) becomes:
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2
. 1 exp[— (1 5k o) J
[Dox(cd_cc)]o Cp ) _ (DMC)Z c, . SEM (75)
o

5oy - - 3, T

Except for the ratio g/f in the first term on the left hand side, this equation
is identical to its isothermal counterpart, Eq(64). Although the activation
energies of the factors g and f are large, the ratio g/f is only slightly temp-
erature dependent because the activation energies of DM and DOX are comparable
and the fractional temperature rise in the transient is modest. Consequently
the approximation g/f = 1 in Eq(75) is acceptable, from which there follows :

k=kox

The temperature function €(t) is determined by solution of Eq(50) wherein
the heat source q is the sum of the gas-oxide and oxide-metal components given
by Eqs(26) and (27), respectively. These in turn depend upon the corrosion

kinetics through the quantities dNp/dt and dL,,/dt. The rate of weight gain
is equal to the flux of oxygen across the oxide layer:

dN D__(C,~C
HT:I = ox (a~Cc) = [Dox(cd'cc)]o £ - ky g - (78)
Lo:i: ’ Zkox Jl-l- a
Similarly, Eq(73) yields:
L. k__f
y= 2= & ()

Ju

Substituting Eqs(76) and (77) into Eqs(26) and (27) and using the values of
kox and kp given in Table 1 for 1300°C yields the heat source:

q=10121- 0.51% | (78)

Ju u
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The solution is accomplishedeyiteration.An initial guess of & (t) is
obtained, either from the no-coupling solution described in Sect. IV or from
the approximate coupling method of Sect. V. This guess determines the first
estimate of the time-dependent functions f and g from Eqs(67) and (69). The
new time variable u is computed from Eq(70) and fq(78) _thé_n. “ provides

the oxidation heat source for the next iteration. The new temperature function
is obtained by solving Eq(50), and the iteration process continues until the
solution has converged. The growth of the oxide scale as a function of time

is the calculated from Eq(74).
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VII RESULTS AND DISCUSSION

Figures 4 and 5 show the results of the thermal and corrosion kinetic
analyses for a 1 mm thick slab of Zircaloy oxidized on both sides by steam at
1300°C.

Figure 4 shows the temperature transient calculated by the three methods
described in previous sections: no-coupling of heat and chemical reaction .

(Sect. IV), approximate coupling by application of Arrhenius-type temperature de-
pendences to the parabolic scaling constants (Sect. V), and the accurate coupling
method wherein temperature influences the basic thermodynamic and transport
properties of the reacting solid (Sect. VI). The results in Figs. 4 and 5 show
that the approximate method of coupling produces poorer predictions than ignor-
ing coupling entirely. The curves labled '"accurate coupling'' were obtained by
iteration starting either from the no-coupling or approximate coupling inital

guesses.
A substantial temperature perturbation occurs at the start of the oxida-

tion process when the rates of oxygen uptake by the solid is highest, but the
temperature eventually approaches the ambient value because the thick oxide
scale considerably reduces the rate of corrosion and hence the strength of the
heat source inside or on the surface of the specimen. Figure 5 shows that
correct similtaneous solution of the heat and mass transport equations in the
solid predicts a scale thickness which is~ 7 um larger than that given by the
theory of isothermal scaling. The approximate coupling analysis overestimates
the extent of oxygen absorption.

The results are sensitive to the heat removal rates from the specimen.

This factor is contained in the coefficient Cs,whichums chosen as 100 W/cm2 for
preparing the curves - of Figs. 4 and 5. When more effective heat transfer to the
surroundings is simulated by increasing Cg to 150 W/cmz, the peak temperatures
shown in Fig. 4 is reduced by 50°C and the oxide layer thicknesses are several
percent less than those shown by the solid curve in Fig. 5.

Although radiating cooling provides a lower limit to the heat transfer
coefficient in the case of a single tubular specimen in a laboratory test, com-
parable minimum heat removal capability is not assured in a bundle of tubes as
in a nuclear reactor fuel assembly. Because each cladding tube is surrounded by
other tubes which are undergoing comparable oxidation, radiant interchange between

one tube and its enviromment is drastically reduced. Only convective heat transfer
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to the flowing steam remains as a mechanism of removing the heat oxidation. In
this case, the heat removal parameter Cg could be considerably smaller than the
value of 100 W/cm2 used in the sample calculations presented here.

The temperature excursion shown in Fig. 4 is qualitatively very similar to
that observed by Hagen(ls) in a fuel rod simulation test. In this configura-
tion, heat was supplied from a central tungsten rod inside an annular fuel
stack clad in Zircaloy. A Zircaloy shroud was placed around the specimen to
simulate the presence of surrounding fuel pins. Initially argon flowed in the
annular gap between rod and shroud. Upon adding steam to the argon flow, the
Zircaloy temperatures rose from the steady pretest value of 1700°C to 2200°C
and returned -to less than 1700°C in less than one minute. The time scale of the
transient was thus very close to that shown in Fig. 4, in which the comparable
duration is ~1/2 minute. However, the amplitude of the experimental transient
(500°C) was much larger than the one represented in Fig. 4(125°C). Moreover,
in Hagen's experiment, the surface temperature following the transient was
lower than it was prior to addition of steam.

The reason for the latter observation is the dominance of convection
rather than radiation cooling in Hagen's test; radiative heat transfer was
effectively reduced by the surrounding shroud, which reacted in much the same
way as the cladding and thus did not provide a radiation heat sink. Addition
of steam to the argon flow sufficiently increased the convective heat transfer
coefficient to give temperatures lower than pre-reaction values when the
Zircaloy had become oxidized to an extent that heat release by residual corro-
sion was small.

The larger amplitude of the temperature transient reported by Hagen compared
to the one analyzed in this work is probably due to the higher initial temper-
ature in the former. Since the scaling constants are thermally activated,
the magnitude of the transient should be greater at higher temperatures.
Moreover, the calculations were based on rate constants appropriate to a
tetragonal zirconia scale while the experimental temperatures probably resulted
in a cubic zirconia layer and, at least during part of the excursion, in
liquid zirconium.
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VIII CONCLUSIONS

1. The energy released during oxidation of Zircaloy by steam appears
as planar sources of heat at the gas-oxide and oxide-metal interfaces. To a
good approximation, the sum of the heat releases at these two locations is
equal to the rate of weight gain multiplied by the enthalpy change of the re-
action of water vapor with zircaloy to produce hydrogen gas and zirconium dioxide.
The portion released at the gas-oxide interface is equal to the partial molar en-
thalpy of oxygen solution in Zr0, less the heat of formation of water. Knowing
the total heat release and the heat release at the surface, the heat source at
the oxide-metal interface follows by difference. The principal difficulty in
accurately assessing the partitioning of the heat release between the two inter-
faces is lack of reliable information on the partial molar enthalpy of solution
of axygen in ZrO; .

2. The thermal response of the oxidizing metal to the heat released by
the reaction is practically independent of the details of the location of the
heat sources inside the specimen. Despite the low thermal conductivity of the
ZrO, scale, spatial variations of temperature in the oxide and the metal phases
are negligible. The temperature of the specimen as a function of time is deter-
mined by a lumped capacity heat balance which divides the reaction enthalpy
into heat removal by external cooling or increase in specimen temperature.

3. The method of coupling the heat transfer problem with scale formation
kinetics is critical to accurate modeling. The conventional technique of assuming
Arrhenius temperature dependences of the parabolic scaling constants (which were
determined by isothermal experiments at different temperatures) is in principle
incorrect and in practice inaccurate. Linkage of heat and mass transfer must be
performed by according the appropriate temperature dependences to the basic
properties,which enter the conservation laws, namely the equilibrium interface
concentrations and the oxygen diffusion coefficients. |
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Figure Captions

Zr-0 equilibrium phase diagram; Urbanic, V.F., ""Oxidation of
Zirconium Alloys in Steam at 1000 to 1850°C," Zirconium in the
Nuclear Industry AS™M STP 633, A. L. Lowe, Jr. and G.W. Parry,
Eds., American Society for Testing and Materials, 1977,

pp. 168-181.

Composition dependence of the partial molar enthalpy of solution

of oxygen in zirconia.

Oxide scale growth and oxygen concentration distribution during
steam oxidation of Zircaloy.

Temperature perturbation due to inability to rapidly remove re-
action heat during oxidation of zircaloy at 1300°C. Heat removal
parameter Cg = 100 W/cmz. Three methods of calculating the tem-
perature transient are represented. '

Oxide scale growth during reaction in the temperature transient
displayed in Fig. 4. The results of three methods of coupling
the heat and mass transport processes are shown.
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