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Abstract

Lithium and boron content in the coolant are known to influence the oxidation

behaviour of the fuel cladding. Since new PWR operating conditions could consist in

an increase of the lithium and the boron concentration in the coolant early in the

cycle, a specific study has been conducted to analyze and to predict the effect of

such new water chemistry conditions on the oxidation kinetics of the Zircaloy-4

material. Experimental studies have been performed in out-of-pile loop tests, under

one and two phase flow heat transfer in various water chemistry conditions

(0<Li<350 ppm, 0<B<1000 ppm, 0<K<56 ppm). A simulation of the effect of

elevated lithium on the corrosion has been made using the semi-empirical COCHISE

corrosion code.

Under one phase flow heat transfer conditions, the addition of lithium

hydroxide in the coolant increases the oxidation rate, essentially in the post-

transition regime for low lithium levels (< 75 ppm) and immediately in the pre-

transition phase for very high lithium level (350 ppm). Under two phase flow heat

transfer, an enhancement of the corrosion is observed in the area of the rod

submitted to boiling. Based on the out-of-pile loop test performed in presence of

KOH instead of LiOH, such an enhancement of the corrosion appears to be due to a

lithium enrichment in the oxide layer induced by boiling and not to a pH effect.

The simulation of the increase of lithium content in the coolant from 2.2 to 3.5

ppm leads to an enhancement in corrosion rates which becomes only significant at

high burn up. This predictive result of elevated lithium effect on corrosion is then

compared with oxidation data derived from reactors operating under an elevated

lithium regime.
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1. Introduction

The new types of fuel management (extended cycle up to 18 months, higher

burn up) will bring to think over new primary coolant chemistry (for example, an

increase of the boron content in the coolant). Nevertheless, to maintain the PH300 of

the primary coolant between the recommended values of 7.2 and 7.4, it will be

necessary to increase the lithium content in the fluid above 2.2 ppm, typically to 3.5

ppm. Moreover, another current trend to improve the performance of PWRs is to

increase the water temperature. This trend towards high thermal efficiency can lead

to boiling over a small fraction of the fuel rods and can increase the concentration of

lithium hydroxide and boric acid at their surfaces. Such increases of lithium and

boron in coolant and at the surface of the fuel rods are known to have consequences

in cladding corrosion [1-4]. So, before operating such new conditions in reactor

(longer cycle, higher burn up and coolant temperature), it is necessary to complete

these previous studies and, particularly, to predict the effect of an increase in lithium

content in the coolant on the corrosion performance of the fuel cladding.

In this work, the corrosion behaviour of the Zircaloy-4 cladding is investigated

in out-of-pile loop tests, under one and two phase flow heat transfer, with various

water chemistries. After reporting experimental results, the effect of lithium and

boron on corrosion is analyzed and modelled empirically. A corrosion code based on

these experimental results is then developed and used to predict the impact on

corrosion of increasing lithium content in the primary coolant from 2.2 to 3.5 ppm.

The result of this simulation is then compared with in reactor oxidation data.

2. Experimental procedure and corrosion model

2.1. Out-of-pile loop corrosion tests

The material tested in the experimental program is standard Zircaloy-4

cladding tubing in a stress relieved state. It is oxidized in out-of-pile loop tests

simulating the PWRs operating conditions except the neutron flux. Boiling regimes of

the primary fluid are obtained for higher temperature and power levels. The

parameter used to characterize the boiling phenomenon is the void fraction (a). It is
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Tab.1 . Thermalhydraulic and chemical conditions of the oxidation tests performed in

out-of-pile loops.

Corrosion

Tests

C12
C13

CX1
CIR

RE1

RE2
RE5

Li
(ppm)

10

0

5

2.2

40

75

350

B
(ppm)

1000

1000

650

650

0

0

0

K
(ppm)

0

56

0

0

0

0

0

pH300

7.7
7.7

7.5

7.2

9.1

9.3

9.8

Flux

(W/cm2)

103

103

100

100

100

100

100

Twall

CO)

344

344

347

347

363

363

363

P
(bars)

150

150

154

154

190

190

190

Void fraction

(%)

<35

<35

<30

<3

<3

<3

<3

Time

(EPFD)

50

50

171

368

31

13

11

defined as the percentage of surface occupied by the vapor phase in the section of

the hot channel and calculated using the CEA thermalhydraulic code FLICA. In this

work, a is ranging between 0 (no boiling) and 40% (high boiling rates). The

corrosion behaviour of the Zircaloy-4 tubing is studied under various lithium and

boron concentrations in the primary fluid, in the range of 0 to 350 ppm for lithium and

0 to 1000 ppm for boron. An additional out-of-pile loop corrosion test is performed in

equivalent coolant pH but in presence of KOH instead of LiOH to separate pH and

cations (Li+, K+) effects. The average thermal/hydraulic and chemical parameters of

these oxidation tests are presented in Table 1. The thicknesses of the oxide layer

grown on the fuel rods are measured by the eddy current technique.

2.2. Corrosion model (COCHISE code)

The corrosion data measured from the out-of-pile loop tests are used to

develop a semi-empirical corrosion growth code (COCHISE). In this model, the

Zircaloy-4 oxidation kinetics are represented by Arrhenius type laws such as D = D Q

exp (-Q/RT). The two stages of the corrosion kinetics, in the pre- and post-transition

regimes which are characterized respectively by cubic and linear oxidation rates [5],

are then described as follows :
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In the pre-transition regime : — - = Kpre exp

In the post-transition regime : K

where S = oxide thickness

K = frequency factor in the pre- and post-transition regimes

Q = activation energy in the pre- and post-transition regimes

Tj = metal-oxide interface temperature

T w = wall temperature

<|> = heat flux

X = oxide thermal conductivity

The COCHISE code and, particularly, the means to determine the frequency factors

and the activation energies through experimental corrosion data have been

extensively described previously [6]. This corrosion code is then used to predict the

corrosion behaviour of the Zircaloy-4 cladding in out-of-pile and in reactor

conditions.

3. Experimental results : Lithium effect under two phase flow heat transfer

The axial profile of oxidation measured on the cladding corroded during the

C12 CIRENE corrosion test is presented in Fig.1 as a function of the void fraction.

The main result consists in an acceleration of the corrosion kinetics in the part of the

fuel rod submitted to boiling conditions (i.e. high void fraction). As observed in this

figure, the corrosion rates increase with the void fraction. This phenomenon is

characterized by an oxidation enhancement factor (Fa) described as followed :

where Sa = oxide thickness measured in the area of boiling

SQ = oxide thickness measured in the area of one phase flow

heat transfer conditions (at the same wall temperature).
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Fig. 1 . Oxide thicknesses grown on the cladding during the C12 corrosion loop test

versus void fraction : axial oxidation profile.
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Fig.2 . Factor of oxidation enhancement of a fresh tube versus void fraction. Tube

oxidized during the C12 corrosion loop test.
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Fig.3 . Lithium concentration in the oxide layer grown during the C12 corrosion loop

test versus the void fraction.

This factor increases gradually from 1 to 20 up to a void fraction of 34% and then

increases strongly for upper void fraction (Fig.2).

After measuring oxide thicknesses, a lithium concentration profile has been

determined in the oxide layer by atomic absorption as a function of void fraction. The

results of these analysis are presented in Fig.3. They show that the lithium

concentration in the oxide layer increases with the void fraction, from a few ppm for

low void fraction (a < 3%) to more than 150 ppm for higher void fraction (a « 30%).

This indicates therefore that, on the one hand, the boiling conditions induce a lithium

enrichment in the oxide layer and, on the other hand, the acceleration in corrosion

kinetics is related to this lithium enrichment.

However, if the acceleration in corrosion kinetics can be induced by a lithium

enrichment in the oxide layer due to boiling conditions, a local increase in coolant

pH can also be involved. In order to check the particular lithium effect, the above
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Fig.4 . Comparison between the oxide thicknesses grown on the cladding in LiOH

environment (C12 test) and those grown in KOH environment (C13 test), versus the

void fraction : a) axial and b) azimuthal oxidation profile.
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results have been compared with those obtained in the C13 CIRENE corrosion loop

test which has been performed at the same coolant pH but in presence of KOH

instead of LiOH. As presented in Fig. 4a and 4b, the oxide thicknesses obtained

during this test (with KOH) remain constant along the rod (about 2 jim thickness)

and are independent of the void fraction for both axial and azimuthal oxidation

profiles. So, in opposition to the corrosion test performed using LiOH, no

enhancement of the corrosion rates are observed with potassium hydroxide, even in

the area of very high void fraction (a = 35%). In addition to these oxidation kinetics

considerations, SIMS analysis have been conducted on oxide layers grown in LiOH

and KOH environments. They reveal a lithium enrichment in the pre-transition oxide

layer grown in the presence of LiOH (Fig.5a) while no significant trace of potassium

is observed in the one grown in the presence of KOH (Fig.5b). This result can be

related to the difference in the potassium and lithium ionic radius which are equal to

1.33 A and 0.78 A, respectively. The analysis of the post-transition oxide layer

grown in LiOH environment shows an uniform lithium distribution in the external

porous oxide layer.

The C12 corrosion test has also been performed in order to study the

behaviour of a pre-oxidized cladding. Before this oxidation test, an oxide layer of

about 3 (im thickness had been developed on this tube for 128 EPFD under one-

phase flow heat transfer conditions with a lithium and boron content in the coolant

equal to 2.2 and 1000 ppm, respectively. During the C12 corrosion test (Li=10 ppm,

a max=35%), no significant accelerated corrosion is observed on this pre-oxidized

fuel rod, even in the area of very high void fraction (Fig.6), while, as reported above,

fresh tubing exhibited high accelerated corrosion rates. In the case of the corrosion

of pre-oxidized cladding, the enhancement factor of oxidation never goes beyond 3

(at a=35%) compared to 60 for fresh tubing (Fig.7). This singular behaviour of the

pre-oxidized tube with respect to the fresh one can be related to the presence of the

oxide film of 3 jim thickness, grown in low agressive conditions (2.2 ppm of lithium,

in liquid phase) prior to the corrosion test performed in more agressive conditions

(10 ppm of lithium, boiling conditions). This pre-transition oxide layer formed
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appears therefore to keep a protective effect with regard to more agressive

conditions.

4. Modeling results

4.1. Lithium and boron effect under one phase flow heat transfer

In the COCHISE code, the influence of lithium and boron content on the

oxidation kinetics is taken into account based on the experimental program

conducted in out-of-pile corrosion tests under various chemistry conditions.

Lithium effect: From out-of-pile loop test performed under one phase flow heat

transfer, it is observed that the increase of lithium content in the coolant increases

the oxidation rates of the Zircaloy-4 cladding. This result is valid in presence or not

of boron and is consistent with those previously reported by Kass [1], Hillner [2] and

Me Donald [3]. In absence of boric acid, at low lithium levels (<75 ppm), this

corrosion enhancement occurs essentially during the post-transition phase while, at

very high lithium level (350 ppm), no pre-transition phase is observed. These results

are consistent with those of Evans [7] who has shown that, in the absence of boron,

oxidation rates are enhanced in the post-transition phase for lithium levels > 7 ppm

while, in the pre-transition regime, they are increased only for very high lithium

levels (> 420 ppm). The analysis of these results have led to the development of

correlations betweeen the lithium content and the two following parameters : the

frequency factors (K) and the activation energies (Q). The lithium effect is then

expressed as follows:

Qp r e=16950 + 23[Li]

For Li<5 ppm :

Ln Kp re = -2.19204 + 0.11962 [Li]

Ln Kp0St = 15.75685 + 0.17819 [Li]
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For 5 < Li < 350 ppm :

Ln Kp r e = -1.81964 + 4.5142 10"2 [Li]

L n Kpost = 16.44013 + 4.1535 10"2 [Li]

Boron effect: The boron effect is taken into account from experimental results

obtained from standard Zircaloy-4 tubing oxidized in static autoclave with two

different boron contents, typically 0 and 650 ppm (Tab.2). The main result is that, for

a lithium content in the coolant equal to 1.5 ppm, the increase of boron content from

0 to 650 ppm leads to a decrease of the oxidation rate close to 35%. Moreover,

according to other unpublished results obtained from out-of-pile loop tests and at

boron content ranging between 200 and 1000 ppm, this boron effect does not

appear to depend on the boron level. Therefore, the boron effect on the oxidation

kinetics is expressed in the corrosion code in the form of a multiplicative coefficient

which can be applied to the frequency factors as follows :

B = 0 : Fb o r o n = 1

200 < B <1000 ppm : Fboron = 0.SA (for Li<70 ppm).

Using this semi-empirical correlations, oxidation kinetics under one phase

flow heat transfer conditions have been calculated for several lithium and boron

concentrations in the coolant and are presented in Fig.8.

Tab.2 . Effect of boron content on the oxidation rate of Zircaloy-4 tubing oxidized in

static autoclave.

[Li]

(ppm)

0

1.5

1.5

[B]

(ppm)

0

0

650

pH300

5.7

7.7

7

Oxidation rate at 360°C

mg/dm2/day

0.5 [3]

0.55 [3]

0.35
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Fig.9 . Effect of an increase in lithium content from 2.2 ppm to 3.5 ppm on the

oxidation kinetics of fuel cladding. Prediction calculated by the COCHISE code for

two types of fuel management: a) 12 month-cycles, b) 18 month-cycles.
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4.2 Prediction of in reactor corrosion under elevated lithium conditions

The corrosion model extended to varied chemistry conditions from out-of-pile

results is now used to predict the corrosion kinetics of Zircaloy-4 cladding in

pressurized water reactors. However, as the model is based on out-of-pile corrosion

data (i.e. without neutron flux), an additional enhanced factor has been taken into

account to simulate the irradiation effect on the corrosion kinetics. This coefficient,

determined by the comparison of out-of-pile loop and PWRs corrosion data, is close

to 3 (in the post-transition regime). Previous work [8] has shown that this corrosion

code provides satisfactory results of in-reactor corrosion behaviour, the oxide

thicknesses measured in several commercial reactors being close to those predicted

by the code.

In this work, this corrosion model is used to predict the effect of increasing the

lithium content in primary coolant from 2.2 to 3.5 ppm (i.e. new trends of operating

conditions) on the fuel cladding corrosion. Predictions are made for two types of fuel

management:

-12 month cycles up to a final Burn up of 60 GWd/tU (Fig.9a).

-18 month cycles up to a final Burn up of 50 GWd/tU (Fig.9b).

In both cases, the increase of lithium from 2.2 to 3.5 ppm leads to an enhancement

of external corrosion. However, this enhancement of corrosion rates can be

considered significant only beyond a critical burn-up, which is close to 50 GWd/tU

for 12 month-cycle reactor and to 40 GWd/tU for a 18 month-cycle one.

5. Discussion

5.1 Effect of lithium on corrosion under two phase flow heat transfer

From out-of-pile loop test performed under two phase flow heat transfer

conditions with lithium hydroxide in the coolant, it is shown that the corrosion rates

of the Zircaloy-4 material increase in the area of the rod submitted to boiling

conditions. Some PWRs data reveal that these phenomena can occur in the hottest

channels of some PWRs reactors. However, as observed from the C13 out-of-pile

loop test, in the same coolant pH and boiling conditions, such an enhancement of
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the corrosion rates does not occur in presence of KOH instead of LiOH. We can then

assume that the accelerated corrosion kinetics observed in the fuel rods area of high

void fraction is essentially due to a lithium effect. Moreover, since it is related to a

local lithium enrichment in the oxide layer, the enhancement of corrosion occuring

under boiling conditions must involve two phenomena : a lithium enrichment in the

oxide layer induced by boiling and a chemical effect of lithium on the oxidation

process. Therefore, in order to simulate the corrosion kinetics of the Zircaloy-4

material under two phase flow heat transfer (boiling at the surface of the cladding or

within the porosity of the oxide), the lithium enrichment in the oxide layer is assessed

in the COCHISE corrosion code. The determination of the lithium enrichment factor,

which depends on the thermalhydraulic conditions and on the characteristics of the

oxide layer (porosity), is currently under progress using experimental oxidation data

and theoritical studies. One mechanism involving the porosity of the oxide layer has

been proposed elsewhere [9] to interpret such a lithium enrichment in the oxide layer

induced by boiling.

5.2 Effect of elevated lithium on corrosion : comparison between predictions and in-

reactor oxide data

The simulation of the effect of elevated lithium on fuel cladding corrosion

leads to an increase in corrosion kinetics which is getting significant for burn up

upper than 50 GWd/tU for 12 month cycle reactor and than 40 GWd/tU for 18 month

cycle one. To valid this result, the oxidation data derived from several reactors

operating under elevated lithium regime (Ringhals-3 [10,11], Millstone-3 [10], St

Lucie-1 [10] and Reactor A) are analyzed and compared with COCHISE code

prediction (Table 3).

After four cycle (three of which being operated at elevated lithium

corresponding to A D u r n u p equal to 33.8 GWd/tU), the Ringhals-3 oxide data do not

show any significant enhancement in corrosion rates. This result confirms the

predictions presented in Fig.9a where no significant corrosion enhancement is

expected for such a burn up. At St Lucie-1 and Millstone-3 after burn ups equal to
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Tab.3 . Effect of elevated lithium on the fuel cladding corrosion : comparison

between in reactor oxidation data derived from Ringhals-3, Millstone-3, St Lucie-1

and reactor A [10,11] and prediction.

TYPE OF
PWRs

Ringhals-3

MilIstone-3

St Lucie-1

Reactor A

OPERATING CONDITIONS
cycle length chemistry conditions

1 12 months Li = 0.7 ppm

2 - 3 - 4 12 months Li = 3.2 - 3.5 ppm until pH 7.4

1 12 months coordinated pH 6.9 chemistry

2 18 months Li = 3.2 - 3.5 ppm until pH 7.4

1-2 18 months coordinated pH 6.9 chemistry

3 18 months Li = 3.2-3.5 ppm until pH 7.4

1 18 months Li = 3.2 - 3.5 ppm until pH 7.4

2 12 months Li = 3.2 - 3.5 ppm until pH 7.4

3 12 months Li = 3.2 - 3.5 ppm until pH 7.4

CYCLE AT
ELEVATED LITHIUM
number

3

1

1

1

2

3

Burn up

33 GWd/tU

20 GWd/tU

20 GWd/tU

18GWd/tU

32 GWd/tU

44 GWd/tU

ACCELERATED
CORROSION

Measured

No

Yes

<15%

No

<15%

>30%

Calculated

No

<15%

<15%

No

20%

25%

to



about 43 and 40 GWd/tU respectively, the corrosion rates appear to be, on

average, somewhat higher than expected when compared with other experiences

under standard coordinated water chemistry. Recent results derived from the

Reactor A show that no significant elevated lithium effect on the corrosion is

observed after a burn up equal to 32 GWd/tU while, at higher burnup (44.7

GWd/tU), an increase in the oxide thickness of 10 |xm is shown.

If the enhancement in corrosion rates observed at Millstone, St Lucie and

Reactor A are related to elevated lithium concentration, some other causes (material

effect, crud deposition...) could also be involved. Nevertheless, it seems to appear

that an increase in corrosion rates of the fuel cladding can be calculated or

measured only when a critical burn-up is reached. However, more in-reactor

oxidation data and at higher burn-up (50-60 GWd/tU) are needed to confirm these

predictions and, especially, the value of the critical burn up.

5.3 Effect of elevated lithium on the activity level of the primary circuit

In order to reduce the contamination of primary circuits by corrosion products

and hence to decrease dose rates, PWR operation with high coolant pH is now

recommended in France. This result is based on simulations using computers codes

[12], loop tests [13] and PWRs data. In France, where PH300 was up to now

maintained at 7.0, circuit contamination was controlled in 6 EDF PWR reactors with

a PH300 ° f t n e primary coolant maintained at 7.2 throughout the cycle. After a few

cycles, a first evaluation reveals that the effect of pH increase on PWR

contamination is not very significant and less than predicted by loop tests and

theoretical studies [14]. Therefore, if the effect of elevated lithium on the dose rates

reduction cannot be considered as a good argument to increase the lithium content

in the fluid from 2.2 to 3.5 ppm, coordinated chemistry based on a lithium level of 2.2

ppm at the beginning of longer cycles of 18 months can lead to a significant increase

in the contamination of the primary circuits.
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6. Conclusion

The corrosion studies performed in out-of-pile loop tests under various

chemical conditions, in one and two phase flow heat transfer, lead to the main

conclusions :

- Under one phase flow heat transfer conditions, the addition of lithium hydroxide in

the coolant increases the oxidation rate, specially in the post-transition phase.

- Under two phase flow heat transfer conditions and in presence of LiOH, an

enhancement of the corrosion kinetics is observed in the area of the rod submitted to

boiling, while such a phenomenon is not observed in KOH environment (at the same

PH).

- The enhancement of the corrosion kinetics occuring under lithium and two phase

flow heat transfer appears to be due to a lithium enrichment in the porosity of the

oxide films formed.

The predictive study of the effect of increasing lithium content from 2.2 ppm to

3.5 ppm on the fuel corrosion, based on a semi-empirical corrosion code

(COCHISE), shows that elevated lithium conditions do not increase significantly the

corrosion rates at low burn-up. However, when the fuel burn-ups reach a critical

value, typically about 50 GWd/tU for 12 month fuel cycles, and 40 GWd/tU for 18

month fuel cycles, a noticeable enhancement of the corrosion rates can be expected

in presence of elevated lithium. These predictions are in a good agreement with the

in-reactor oxidation data derived from Ringhals-3, Millstone-3, St Lucie-1, Reactor A.
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