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EXECUTIVE SUMMARY

ABSORPTION OF DISSOLVED HYDROGEN FROM LITHIATED nJATER DURING
ACCELERATED CORROSION OF ZIRCONIUM-2•5 wt % NIOBIUM ALLOY

A.V. Manolescu, P. Mayer, E.M. Rasile and J.W. MummenhoEE
Corrosion and Thermal Plant Section
Metallurgical Research Department

Accumulation of LiOH in the crevice between fuel bundle bearing
pads and pressure tubes causes accelerated corrosion and forma-
tion of non-adherent loose scale. Because o£ the nonprotective
nature of this scale a concern was rtised that the deuterium
dissolved in the primary heat transport coolant may permeate
and cause hydriding of the pressure tube. A series of
laboratory experiments was carried out under simulated crevice
conditions to establish the extent of deuterium absorption from
the solution.

Zirconium-2.5 wt % Niobium alloy was exposed at 340°C to 1 M
LiOH aqueous solution containing up to -70 cm3/L of dissolved
hydrogen. The results indicate that the dissolved hydrogen con-
centration in the solution has no effect on either corrosion
rate or hydrogen absorption of the pressure tube material. This
evidence leads to the conclusion that the actively corroding
crevices in the operating reactors are not permeable to the
deuterium dissolved in the primary heat transport coolant.
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ABSORPTION OF DISSOLVED HYDROGEN FROM LITHIATED WATER DURING
ACCELERATED CORROSION OF ZIRCONIUM-2.5 wt % NIOBIUM ALLOY

A.V. Manolescu, P. Mayer, E.M. Rasile and J.w. Mummenhoff

ABSTRACT

A series of laboratory experiments was carried out to
determine the extent of: dissolved hydrogen absorption
from lithiated water by Zirconijm-2.5 wt % Niobium
alloy during corrosion. The material was exposed at
340°C to 1 M LiOH aqueous solution containing 0 to
~70 cm /L of dissolved hydrogen. Results indicate
that dissolved hydrogen has no effect on the corrosion
rate or on the amount of hydrogen absorbed by the
material.

1.0 INTRODUCTION

Pressure tube markings were seen during examinations of
Pickering 'A', Units 3 and 4 tubes in water bays at CRNL and in-
reactor inspections/1/. These markings were caused by
accelerated corrosion in the crevice between the pressure tube
and fuel bundle bearing pads. This enhanced metal wastage is
the result of a concentration of LiOD at this location due to
boiling and restricted flow. Zirconium alloys have been found
to corrode rapidly in concentrated lithiated water in
out-reactor tests/2,3/. Penetrations into the pressure tube
wall neither jeopardize the leak-before-break design criterion,
nor present a safety hazard to the public, as all reactors are
designed to handle a single tube break. However., failures, if
they occur, will lead to a substantial economic loss to Ontario
Hydro.

In December 1976 a task force/4/ was organized to coordinate
work for determining the nature, cause and implications of
existing pressure tubes, and to develop method? to reduce or
eliminate the accelerated corrosion process. The thrust of this
work at Ontario Hydro has been on three major items:

monitoring the extent of pressure tube corrosion in current
reactors;
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re-designing bearing pads to minimize crevice corrosion;
and

investigating crevice corrosion in order to anticipate
possible problems, provide background information to
Nuclear Generation for safety assessments and evaluate
remedial actions.

The Research Division in cooperation with the Nuclear Generation
Division (CMS) is actively involved in work on the third
item/5,6/. This work was initiated in 1980 and is divided into
three parts:

investigations of the crevice corrosion mechanism leading
to an. understanding of the process;

investigations of specific crevice corrosion parameters
directly affecting the reactor's operation and performance;
and

- evaluation of remedial measures.

Work on the corrosion mechanism was completed in 1980. The pro-
gram for 1981 focussed on investigations of specific crevice
corrosion parameters directly affecting reactor operation and
performance. The specific oDjectives of this- program, fully
funded by Central Nuclear Services, Nuclear Generation Division
of Ontario Hydro, were:

to estaDlish the rate of pressure tube corrosion at the
crevice site after refuelling, ie, removal of the LiOD
concentrating crevice/7/;

to estaDlish the 23rmeaDi.lity of the actively corroding
crevice site by dissolved deuterium1 from primary heat
transport coolant; and

to esitablish the influence of operating stresses on cor-
rosion rate and hydride reorientation/8/.

This report describes the work carried out to achieve the second
objective.

2.0 EXPERIMENTAL INVESTIGATIONS AND RESULTS

The hydrogen permeability of the corroding surface was deter-
mined by measuring the amount of hydrogen absorbed by the
tested pressure tube material, Zirconium-2.5 wt % Niobium
(Zr-2.5 Nb) . This measurement was performed while the pressure
tube material was exposed to an environment containing variable
amounts of dissolved hydrogen. This; type of environment caii be
expected to develop in the crevice during the reactor operation.

Hydrogen (H2) and light water (H2O) were used in the
present investigation.
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The PHT coolant in the reactor, is maintained alkaline at pH 10
(25°C) Dy the addition of LiOH. Only a small amount of LiOH,
0.00045 mol/L, is needed to raise the pH of high purity hoavy
wf.ter to this level. The concentration of LiOH may be substan-
t ia l ly higher in the crevice, due to boiling and restricted
flow. It was estimated/1/ that solutions containing 0.1 to
1.0 mol/L may form at this location. The upper limit of this
ranye was selected for the present tests since the loose
scale/2/ which results from exposure to this solution was
believed to be permeable to dissolved hydrogen. Theoretical pH
of the selected test solution at 25°C is 14.

Although the temperature of the primary heat transport coolant
in the fuel channel of the reactor is between 250° and 293°C,
the temperature in the crevice is higher due to restricted
flow. Calculations/1/ show that temperatures as high as 340°C
are possible, and as a result 9ll present tests are carried out
at this temperature.

The PHT coolant in the reactor is kept very low in oxygen by
running under slightly reduced conditions with a few cubic
centimetres per l i t re of excess deuterium in the coolant. Dur-
ing normal operation the concentration of deuterium is main-
tained at 5 to 15 cm3/L, however in the present tests , the
concentration in the test solution was controlled by purging at
room temperature with He-H2 mixtures containing 0, 5, 10 and
20 Vol % of hydroyen. The corresponding concentrations in the
test solution at 25 and 340°C are listed in Table I, and were
calculated using the equations in the Appendix.

2.1 Testing Methods and Procedures

Specimens used in the corrosion tes ts were machined from a new
' T - 2 . 5 Nb pressure tube that was in the same metallurgical con-

dit ion as those used in CANDU reactors, ie , cold drawn 20 to 30%
and stress relieved at 400°C. The rectangular specimens
(17 x 10 x 4 mm) were cut from the tube in such a manner that
the 17 mm edges were paral lel with the main axis of the pressure
tube and the 4 mm edges were parallel with the radial-axial
direction of the tube. After machining to the desired dimen-
sions, the specimens were pickled in an aqueous solution con-
taining HF, HjSO ,̂ HNO3 and H2O as recommended for Zr-Nb alloys
and described in ASTM Standard G2-74.

Corrosion tes ts were performed in high pressure, high tempera-
ture s t a t i c autoclaves with an internal volume of 3.78 L. The
vessels were made of Inconel 600 and Monel 400, with Nickel 201
l ine rs . The autoclaves and sample arrangement were described in
a previous repor t /2 / .

Only one test solution was used in the present t e s t s : 1 M
aqueous solution of LiOH (theoretical pH 14.0). The solution
was prepared by adding a weighed amount of the base (LiOH 99%
pure, BDH Cat No B29073-34) to deionized, degassed water. No
attempt was made to control or measure the pH during the t es t .
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Approximately 1000 mL of the solution was placed in the nickel
liner before each test . The specimens were suspended from the
liner on Nichrome wires and the whole vessel was purged with an
He-H2 gas mixture for at least three hours. The onset of the
test was considered to be the instant when the sealed autoclave
reached the test temperature. The duration of each test was one
day and, on completion, all the specimens were rinsed, dried and
weighed.

The advancement of the corrosion process was determined by mea-
suring the weight gain of the specimens after termination of the
test . The weiyht gain is proportional to the metal wastage
which occurred curing the corrosion. Weight gain of one micro-
gram (yg) per square decimeter of the sample surface (dm2) is
approximately equivalent to 0.068 micrometers (pmv of corroded
metal.

Hydrogen analyses of the specimens were performed by the vacuum
extraction method. Three separate determinations were performed
on each specimen with all oxide removed by filling beforehand.
The quantities of absorbed hydrogen during the tes ts , reported
in milligrams per unit area of specimen surface (mg/dm2), were
obtained by subtracting hydrogen content in the specimen Defcre
tests from the post-test concentration.

2.2 Results of Tests

2.2.1 Scale Morphology

The one day exposure of the specimens to pH 14 solution at al l
hydrogen concentrations produced corrosion scales with the same
morphology. Friable and spalling white scale, which are
typical/2,9/ in this environment, were observed.

A microscopic examination of the corroded Zr-2.5 Nb samples re-
vealed that the scale is composed of loose, subraicron-sized
equiaxed grains extending directly to the tretal-oxide inter-
face. No evidence of a thin and compact o>iae layer at this
interface could be detected.

2.2.2 Weight Gain

Over the period of one day, the weight gain of corroded speci-
mens is plotted as a function of dissolved hydrogen concentra-
tion in the test solution (Figure 1). The results indicate that
dissolved hydrogen has virtually no effect on the corrosion pro-
cess and that corrosionis about the same in solutions contain-
ing 0, 35.5 and 71.1 cm3 H2/L. The slightly higher weight gain
observed in the solution containing 17.8 an H2/L is insignifi-
cant.

2.2.3 Hydrogen Uptake

Hydrogen absorbed by the specimens during exposure to the test
solution originates from two sources. One source is the hyaro-
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gen freed through the decomposition of water as a part of the
corrosion process. Since this hydrogen evolves in the close
vicinity of the metal-oxide interface, part of it is absorbed by
the metal. Our earlier work/2/ indicates that Zr-2.5 Nb alloy
absorbs about 1% of the corrosion hydrogen.

The second source is the hydrogen dissolved in the test solu-
tion. Figure 2 shows the hydrogen uptake observed in the
present tests, plotted as a function of dissolved hydrogen in
the test solution. The hydrogen uptake decreases with the
increasing amount of hydrogen in the test solution, for the
solution containing 17.8 cm3 H2/L. In this Ca.se hydrogen uptake
increased slightly when compared with the uptake observed ir»
solution containing 0 cm3 H2/L.

3.0 CONCLUSIONS

It was demonstrated that the corrosion rate and hydrogen uptake
of Zirconium-2.5 wt % Niobium alloy exposed to the environment
that can be expected to develop in the crevice between fuel bun-
dle bearing pads and pressure tubes, is not affected to any sig-
nificant extent by the amount of hydrogen dissolved in the test
solution. This evidence leads to the conclusion that the
actively corroding crevices in the operating reactors are not
permeable to deuterium dissolved in the primary heat transport
coolant.
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Hydrogen Content in Autoclave Water at 25'C (cm3/kg)
0 0.94 1.88 3.75

Hydrogen Content in Autoclave Water at 3403C (cm3/kg)
0 17.8 35.5 71.1

600

0 5 10 15 20

Hydrogen Content in He - H2 Purging Gas (Volume
 :
;)

FIGURE 1
CORROSION OF COLD-WORKED Zr - 2. 5 v»t% Nb ALLOY

IN 1M LJOH AQUEOUS SOLUTION AT 340°C
WITH HELIUM CONTAINING HYDROCEN

159193 RD



Hydrogen Content in Water at 25"C (cm3/kg)

0 0.94 1.88 3.75

Hydrogen Content in Water ?t 340°C (cni3/kg)

0 1.78 35.5 71.1

0 5 10 15 20

Hydrogen Content in He - H2 Purging Gas (Volume \)

FIGURE 2

HYDROCEN UPTAKE PER UNIT AREA OF CORROSION SAMPLE
IN 1M LiOH AQUEOUS SOLUSION AT 3«0°C PURCED

WITH HYDROGEN CONTAINING HELIUM
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TABLE I

HYDROGEN CONCENTRATION IN AUTOCLAVE WATER

Hydrogen content in
He-H2 purging gas
mixture (vol %)

5
10
20

Calculated Concentration of H 2

in autoclave water (cmVkg)

25°C

0.94
1.88
3.75

340°C

17.8
35.5
71.1
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APPENDIX

CALCULATION OF K z CONCENTRATION I.V THE WATER
PHASE IN AN AUTOCLAVE WITH A HYDROGEN OVERPRESSURE

1.0 EQUATIONS

The total number of moles of H 2 in an autoclave at 25°C can be
calculated by adding the amounts in the vapour and water
phases. The"number of moles of H 2 in the vapour phase is:

where

nv = number of moles of H 2 in vapour (mol)

Vv = volume of vapour above water (cm3)

PHV = partial pressure of hydrogen in vapour (atm)

R = gas constant equal to 82.05 (cm3-atm/mol/K)

Tj = temperature in K (25°C + 273)

The number of moles of H2 in the water phase can be calculated
from:

~ x S x p x V x p
A2 1 v •" 2

nl ~ molar weight oF~H^" ( 2 )

where

n^ = number of moles of H ^ in water <mol)

~ = density of H 2 at temperature 25°C (kg/cm3)

S T = solubility of H 2 in water (atm/cm3/kg) from Figure 1

p = partial pressure of H 2 in water. At equilibrium
1 P H = PHv (atm).

V^ = volume of water (cm3)

= density of water at temperature 25°C (kg/cm3)
H £)

Adding nv from Equation 1 and n-̂  from Equation (2) gives the
total number of moles of H 2 in an autoclave at 25°C. In a
partially filled autoclave (Vĵ  _< V y ) , the values of n̂^ are
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very small in comparison with n^, therefore, in simplified
calculations nĵ  may be neglected, and the total amount oE
moles of H 2 in the autoclave is approximately equal to n^.

At the elevated temperature, the volume by liquid in the sealed
autoclave can be calculated/1/ from the following equation:

VL = V2 ' X2 = V2 " VV

where

V2 = the internal volume of autoclave and elevated temperature
T2

X2 = ratio of internal volume occupied by vapour and liquid at
T2

Vy = volume of vapour phase at T 2

i
from:
The internal volume of the autoclave at T 2 can be calculated

V2 = l ( W ' L1 + YA (T2 " V J} = ( V V i <4)

where Y» is the coefficient of cubical expansion of the
autoclave material.

The racio of internal volume occupied by vapour and water at T 2
can be calculated from

Xxa - yg # X2e - y
X2 = B(l " y)

 if B = 1 X2 = - j - ; — - - (5,6)

where

p̂ , „ at Tl

XH 0 a t T2

pH20
 fc T2

0 = density of water vapour (kg/cm )
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The concentration of H 2 (CT )
 in the autoclave water at ele-

vated temperature T 2 can then be calculated from the following
equation:

T2 b T 2
 VV

2.0 CALCULATION OF H, CONCENTRATION IN AUTOCLAVE WATER

2.1 Concentration at 25°C

The amount of hydrogen dissolved in the autoclave water during
purging at room temperature is calculated as:

Tl Tl
PH = S

v 1

Variables Values

PHV 0.1 atm (10 vol % at 1 atm total pressure)

S 0.0533 (atm/cm3Ag)
Tl

The calculated concentration of H2 is 1.88 cmVkg. Similar cal-
culations were carried out for solutions purged with other H2-He
mixtures and are given in Table I.

2.2 Concentration at 340"C

The equations (1 to 10) and following values were used to calcu-
late the concentration of hydrogen in autoclave water at 340"C
acid purged at R.T. with He-10% vol H 2 gas mixture.

Variables Values

V 278 5.4 cm3

v
V 1000 .0 cm3

PHV = p H (RT) 0 . 1 atm (10 vol% a t 1 atm t o t a l p r e s s u r e )

R 8 2 . 0 5 (cm3 •atm/mol/K)

TL 25°C = 298 K

n 0 .0134
v

0.0533 at 25°C (atm/cm3/kg)
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pu 0.0899 (g/cm3) at 25°C = 8.99 x 10"5 (kg/cm3)
H2

pu „ 1.00 (g/cm3) at 25°C = 1 x 10"3 (kg/cm3)
n 2O

molar weight
of H2 1.01
n. 2.4 x I0~8 (negligible compared with n )

V2 = V + V, approximately

P u „ 0.616 (g/cm3v a t 340°C
H2O

a 1.623

X,_, 0.0027 (g/cm3) at 340°C = 613 K
H2O

y 0.2

Xi 0.264

X2 0.4251

V 1 6 0 9 . 1 7 era3

V 2 1 7 6 . 2 cm3

PH 0 . 2 4 9 a tm

S_ 0.0067 at 340°C (atm/cm3/kg)
T 2

The calculated concentration of H2 is 35.5 cm3/kg. Similar
calculations were carried out for solutions purged with other
He-H2 mixtures. Results are given in Table I.
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FIGURE 1

SOLUBILITY CONSTANT OF HYDROGEN IN WATER
AS A FUNCTION OF TEMPERATURE
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