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PROPRIETES CHIMIQUES, RADIOCHIMIQUES ET STRUCTURELLES
DÉS PRODUITS DE CORROSION SUR LES SURFACES

O'UN GENERATEUR DE VAPEUR CANDU EN MONEL 400

par

T.E. Runmery, G.A. Scott, D.G. Owen et Peter R. Trentaine

RESUME

La surface du côté primaire d'un tube de générateur de vapeur

complet en Monel 400 retiré de la centrale nucléaire de Douglas Point a

été soumise à une analyse détaillée au moyen de la microscopie électro-

nique à balayage, de la spectrométrie à rayons X dispersifs de l'éner-

gie, de la diffraction des rayons X et de l'analyse chimique. Le tube

a servi pendant 420 jours effectifs d'exploitation à pleine puissance.

Les dépôts principaux trouvés étaient le Cu et le Ni purs avec une im-

portante quantité de MO et de spinelle â cations mixtes Ni Fe, 0,.
60 J~x *•

La composition de la phase, l'activité en Co et la distribution des

dépôts dans le tube sont conformes aux changements du degré de sursatu-

ration dus au gradient de température le long du tube et à la stabilité

thermodynamique 3e la phase observée. La morphologie du dépôt est con-

trôlée par les effets hydrodynamiques.
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CHEMICAL, RADIOCHEMICAL AND STRUCTURAL PROPERTIES OF
CORROSION PRODUCTS ON CANDU MONEL-400 BOILER SURFACES

by

T.E. Runuery, G.A. Scott, D.G. Owen and Peter R. Trenaine

ABSTRACT

The surface of the primary-coolant side of a complete Mbnel-400

boiler tube removed from Douglas Point Nuclear Generating Station was

subjected to a detailed analysis by scanning electron microscopy, energy

dispersive X-ray spectrometry, X-ray diffraction and chemical analysis.

The tube had been in operation for 420 effective full-power days. The

major deposits found were metallic Cu and Ni with significant amounts of

NiO, and the mixed cation spinel Ni Fe, 0,. The phase composition,
60 X

Co activity, and distribution of deposits in the tube are consistent

with changes in the degree of supersaturation due to the temperature

gradient along the tube and with the thermodynamic stability of the ob-

served phases. The morphology of the deposit is controlled by hydrody-

namic effects.
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1. INTRODUCTION

All water-cooled nuclear power reactors have in common the

very important aspect that corrosion products produced out-core are

transported by the coolant into the core where they can deposit on fuel

sheathing and become radioactive through neutron bombardment. When re-

leased, they can redeposit out-core and result in a build-up of radioac-

tivity . To gain a better understanding of the transport of corrosion

products in a CANDU-PHW , and the role played by these products in the

generation and subsequent fixation of radioactive species, we have ex-

amined the surface of the primary-coolant side of a Mone1-400 (Ni-Cu

alloy) boiler tube removed from the Douglas Point Generating Station

(Douglas Point, Ontario) after 420 effective full power days (EFPD).

The composition and structure of the corrosion products on the tube sur-

face' are discussed in terms of the composition of the materials in the

primary heat-transport system, the solubility and hydrodynamic pars

ters of the system, and the current knowledge of the corrosion mechanism
**

of Monel-400 .

2. EXPERIMENTAL PROCEDURES

2.1 TUBE SECTIONING

One complete Monel-400 boiler tube, 1311 cm long, 1.3 cm O.D.,

0.90 cm I.D., shown schematically in Figure 1, was removed from a boiler

at the Douglas Point Generating Station (DPGS) in October 1970 after

420 EFPD. The heat flux and representative temperature profiles experi-

* CANada Deuterium Uranium-Pressurized Heavy Water system.

** A summary of this work was presented by T.E. Rummery at the Inter-
national Conference on the Water Chemistry of Nuclear Reactor Sys-
tems, Bournemouth, U.K., Oct. 1977 and is published in the confer-
ence proceedings (British Nuclear Energy Society, London, 1978).
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enced by such a boiler tube during normal operation are detailed, for

reference, in Figure 2. The tube was prepared for surface examination

by sectioning it with tube-cutters to obtain 10 pieces, each 40 cm long.

The locations of the pieces with respect to the coolant inlet of the

boiler are shown in Figure l(b). Each 40-cm piece was further divided

with tube-cutters to provide sections for chemical stripping (7.6 cm),

scanning electron microscopy and energy dispersive X-ray spectrometry

(1.9 cm) and physical scraping to obtain samples for X-ray diffraction

and chemical analysis (30.5 cm). Tube-cutters were used in preference

to a saw to avoid introducing fragments of base metal onto the interior

surface, and ultimately into the corrosion product sample.

2.2 SCANNING ELECTRON MICROSCOPY AMD X-RAY SPECTROMETRY

The interior surfaces (primary side) of sections 1.9 cm long

were exposed by axially halving the tube pieces. After analyzing for

Co content by y-spectroisetry, the morphology and chemical composition

of the corrosion products on these surfaces were determined by scanning

electron microscopy and energy dispersive X-ray spectrometry, respec-

tively. A Cambridge Mark 2A Stereoscan Microscope and an EDAX Interna-

tional Inc. X-ray spectrometer (Si(Li) detector) were used. No attempt

was made to correct the energy dispersive spectrometric data for matrix

effects. Because of this, and because oxygen cannot be detected by this

technique, absolute elemental concentrations were not calculated. Rather,

relative concentrations were assumed to be equal to the relative X-ray

intensities calculated from the measured (uncorrected) X-ray intensities.

2.3 CHEMICAL STRIPPING

Sections 7.6 cm long were successively stripped in nitric acid

solution (•v 8.2 mol/dm ) at room temperature. Other descaling solutions,

such as sulfuric and hydrochloric acids, were tried in preliminary work,

but only nitric acid was found to remove the corrosion products slowly
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enough that a depth profile could be obtained, but quickly enough that

the surface could be stripped in a reasonable length of time.

Exterior surfaces were cleaned with hydrochloric acid and #400

SiC paper prior to mounting each section vertically so that stripping

solution could be added to the top, held for a predetermined length of

time in the tube, then collected in a counting bottle. After each acid-

stripping of 60 s duration, the tubes were rinsed with distilled water

and acetone. The acid and washings from each stripping were combined

with more nitric acid to ensure complete solution of the removed corro-

sion products, and then analyzed for Co content by y-spectrometry.

The metal content of selected samples was determined by emission spec-

trography. The tubes were weighed before and after stripping, following

dessication to constant weight, to obtain the weight of surface removed

during each exposure to acid. Stripping was repeated at least 29 times

for each tube section.

2.4 X-RAY DIFFRACTION AMD CHEMICAL ANALYSIS

To obtain samples of the corrosion products for structural and

chemical analysis, tube sections 30.5 cm long were scraped, as com-

pletely as possible, with a tapered edge made from Teflon. The Teflon

scraping tool was used to avoid contamination with Monel-400 fragments

from the base metal, which were observed when stainless steel or other

metal tools were used. After mixing by grinding, the crystallographic

structure of a small fraction of the weighed samples was determined by

X-ray powder diffraction (114.6 mm Debye-Scherrer cameras, Co K radia-

tion, Fe Filter), and the remainder analyzed for metal content by emis-

sion spectrography.
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3. RESULTS

The results of the various techniques used to examine the cor-

rosion products on the primary side of the Monel-400 boiler tube can be

conveniently categorized under two headings: Morphology and Structure,

and Chemical/Radiochemical Composition and Deposit Weight. The data can

be described best as functions of position in the boiler tube; the hor-

izontal position which we define as the distance from the coolant inlet

of the tube, and the vertical position, i.e., the distance perpendicular

to the tube as Indicated by the number of successive acid strippings.

The first stripping removes material at the corrosion product/coolant

interface.

3.1 MORPHOLOGY AMD STRUCTURE

The morphology of the corrosion products (crud ) shown in Fig-

ure 3(a) is typical of the surface in the straight portions of the boil-

er tube (hereafter called the upstream leg and downstream leg) and in

the upstream bend-section (positions 1-6, 9-10, and position 7, respec-

tively, in Figure l(b)). The crud was localized in "streaks" aligned

parallel to the tube axis, as seen in Figure 4(a) where the lighter por-

tion at the bottom of the photomacrograph shows a section through the

Monel-400 tube wall. Higher magnification of the surfaces revealed that

the crud particles were essentially equldimensional in the range 1-2 vim,

with some particles ranging in diameter from 0.2 to 3 iim. The larger

particles appeared to be agglomerates of smaller particles. On some

specimens, a number of small needle crystals were observed (̂  0.03 um in

diameter and 0.3 ym long).

Crud is defined, for purposes of this report, as all fixed, i.e.,
non-circulating, solid corrosion products, both oxidized and reduced.
Crud may comprise corrosion products formed at the location under
examination, as well as deposited material transported from other
locations by the coolant.
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The downstream bend-section (position 8 in Figure l(b)) had a

different surface morphology than the other areas. Here the crud was

not localized, but rather was distributed in a continuous layer that

easily fractured into irregular flakes 100 - 150 pm in diameter as shown

in Figure 5.

The predominant phases in the boiler-tube crud, identified by

X-ray diffraction of scraped specimens, were element-1 nickel, elemental

copper, nickel oxide (NiO) and nickel-deficient nickel ferrite

(Ni_ cFeo cO.). The distribution of phases, as a function of tube

length, is indicated in Table 1. Elemental copper, and to a lesser ex-

tent, nickel ferrite, predominated over somewhat more than the first

400 cm of the upstream leg. For the remainder of the upstream leg, and

in both bend-sections, nickel phases predominated (elemental nickel, ex-

cept in the downstream bend-section where the non-localized crud was

mainly nickel oxide; see Table 1(B)). In the downstream leg, elemental

nickel, elemental copper and nickel ferrite were all present in signifi-

cant amounts. Trace quantities (< 5%) of copper oxides (Cu~0 and CuO)

were detected throughout the boiler tube.

3.2 CHEMICAL/RADIOCHEMICAL COMPOSITION AND DEPOSIT WEIGHT

The major elements in the crud, detected by emission spectro-

graphy, were nickel, copper and iron. Much smaller quantities of the

following were also determined by emission spectrography (in weight per-

cent): Cr(0.01-0.17), Mg(0.06-0.24), Mn(0.06-0.51), B(0.005-0.4),

Al(0.07-2.0), Ca(0.10-0.73), Co(0.001-0.13), Pb(0.04-0.13), Zn(0-2.5),

Si(0.02-1.0) and Ti(0.005-0.2).

Distribution of the crud along the tube, plotted on a relative

scale in Figure 6, shows a maximum in the bend-section of the tubing.

The concentrations of copper and iron in the crud relative to that of

nickel are shown in Figure 7 as a function of tube length. Copper in-
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creased rapidly in the first 400 cm of the upstream leg, then decreased

even more rapidly before the bend-section was reached. Its concentra-

tion in the bend-section and downstream leg remained low. Iron concen-

tration, again relative to that of nickel, followed a similar pattern,

except that it appeared to increase somewhat over the downstream leg

(from 800 to 1200 cm).

Typical examples of the variation in composition as a function

of crud depth are shown in Figure 8, with increasing depth from the

crud/coolant interface, corresponding to the number of successive strip-

ping steps which had been used. The lower plot indicates that the iron

content of a sample removed from near the inlet (position 2 in Figure

l(b)) was a maximum at the outer surface of the crud layer, and decreased

rapidly in the interior of the layer. The upper plot indicates that

within experimental error, the distribution of cobalt was constant

throughout the corrosion layer. This interpretation of the stripping

experiments assumes that the layer is removed reasonably evenly during

successive strippings. This is undoubtedly an approximation, but it is

consistent with the fact that the major source of iron is outside the

boilers, as discussed later.

Elemental distribution over the surface of the tube, both as

a function of tube length and surface morphological variation, is given

in Figure 9. The X-ray spectrometric data, plotted as shaded rectangles,

were obtained by spot analysis of the streaks (see Figure 2(a)), where-

as the open rectangles indicate results from spot analysis of the non-

localized crud, i.e., the general background surrounding the streaks.

As noted above, the surface of the downstream bend-section did not show

streaks. In this case, the non-localized crud, and the surface beneath

the crud (cross-hatched rectangles) were analyzed by X—ray spectrometry

(see Figures 5(a) and (b)).

Obtained by holding the bt.am of the scanning electron microscope
stationary during X-ray counting, as opposed to operating in the
usual beam-scanning mode.
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The data in Figures 9Ca) to (g) show that the concentrations

of Cu, Fe, Mn, Cr, Al, Zr and possibly Si, relative to that of Ni, were

higher in the streaks than in the non-localized, background crud through-

out the length of the tube. Expressing the data in terms of nickel con-

centration, Figure 9(h), leads to the complementary conclusion: the

concentration of nickel, compared to the total metal in the crud, was

greater in the surrounding, non-localized crud than in the streaks.

Figure 9 also shows that in the downstream bend-section, the elements

cited abov. , with the exception of copper, were higher in the non-local-

ized, background crud than in the surface beneath the crud, all compared

to the concentration of nickel. Copper had approximately the same con-

centration (Figure 9(a)) and, by difference, nickel was at a lower level

in the non-localized crud than in the surface underneath (Figure 9(h)).

The data in Figure 9 indicate a general increase, after an

initial constant value over the first 200 cm of the upstream leg, in the

levels of Cu, Fe, Mn, Cr, Al and Zr in the streaks. With the exception

of the copper content, the concentrations then decreased in the streaks

in the upstream bend-section. As noted previously, no streaks were ob-

served in the downstream bend-section. The levels of these elements in

the downstream leg were essentially constant.

Additional evidence for preferential elemental concentrations

is given for two tube locations by the elemental X-ray maps in Figures 3

and 5. Comparison of Figures 3(a) to (d) shows that iron and copper

were more concentrated in the streak than in the background crud, with

the reverse true for nickel. Comparison of Figures 5(b) to (d) shows

that the non-localized crud in the downstream bend-sections (e.g., posi-

tion A) had more iron and aluminum than the surface under the non-local-

ized crud. X-ray maps for Cu and Ni, not included in the figure, showed

slightly higher relative concentrations of each in the underlying sur-

face. ,
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A typical stripping curve is shown in Figure 10. By back-ex-

trapolation from the plateau in the curve to the activity axis, an esti-

mate of the total Co activity in the sample was obtained. Since ap-

proximately three years had elapsed between the removal of the boiler

tube from service and the surface examination reported here, the shorter-
58 59 51

lived nuclides ( Co, Fe, Cr, etc.) were not detectable. Accumu-

lated activity curves for Co as a function of accumulated weight re-

moved are plotted in Figure 11 for each of the locations designated in

Figure l(b). These curves clearly illustrate the large variation in

Co activity as a function of position. The same effect is also shown
60

in Figure 12, in which the total Co activity measured in stripped sam-

ples is compared to that measured by direct y-counting of sections used

for microscopic analysis. When plotted on a unit area basis, the two

sets of data agree well in indicating that the Co content of the crud

decreased rapidly over the first part of the tube, levelled off approxi-

mately mid-way through the upstream leg, and then increased again in the

downstream bend-section. The Co content remained essentially constant

throughout the downstream leg.

The distribution of Co as a function of morphological varia-

tion is evident from comparison of Figures 4(a) and (b). The activity

of the streaks (see position 1 in the two figures) was obviously higher

than tt»at of the non-localized background crud. Autoradiographs of the

downstream bend-section indicated that the activity was somewhat higher

in the non-localized crud than in the surface under the crud, and that

it was uniformly distributed over the surface.

Examples of the distribution of Co as a function of corro-

sion layer depth are given in Figures 13 and 14 (as specific activity

and activity per unit weight of crud, respectively). Following a dis-

tribution pattern similar to that of iron (Figure 8), the Co activity

was a maximum at the crud/coolant interface, and decreased rapidly in

the interior of the crud.
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The total weight of crud as a function of tube length could

not be determined from the stripping curves (e.g., Figure 10) using

back-extrapolation as was done to determine total activity. The weight

data did not exhibit a marked change of slope at any point in the strip-

ping curves to indicate when the crud/metal interface had been reached.

This was not unexpected, however, since the crud contained significant

amounts of elemental components, and therefore exhibited similar disso-

lution behaviour to that of the underlying metal .

The stripping curves did allow estimates of "active" crud.

This is crud into which activity had been incorporated during formation

of the crud layer, and which was subsequently removed during stripping

at the same time that activity was removed. These data were obtained by

vertical extrapolation from the activity to weight curve as shown in

Figure 10.

The weight of active crud per unit area is shown as a function

of tube length in Figure 15. This curve, which indicates that the weight

distribution was similar to that of Co activity (Figure 12), would not

be expected to represent the total weight of crud in the boiler tube,

since some crud would have formed in the system before significant levels

of activity had been transported into the boiler following neutron ac-

tivation in the core. To determine whether the curve in Figure 15 rea-

sonably represents the distribution of total crud in the boiler tube,

the weight of crud scraped from the tube sections was determined as a

function of tube length. These data, although not sufficiently accurate

to predict absolute values, did indicate, when plotted on the basis of

relative weight change as a function of tube length, that the distribu-

tion of active crud shown in Figure 15 can be taken as representative of

the distribution of total crud along the boiler tube.

Stripping experiments performed in these laboratories using magne-
tite-covered carbon steel coupons gave stripping curves with marked
inflection points indicating the oxide-metal interface. Again,
this result would be expected, however, since the dissolution rate
of magnetite (FejO,) in acid is quite different from that of ele-
mental iron.
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The distribution of Co activity per unit weight of active

crud, obtained by combining the data in Figures 10 and 13, is shown in

Figure 16.

4. DISCUSSION

4.1 REVIEW OF CORROSION AND SOLUBILITY PARAMETERS

4.1.1 Corrosion of Monel-400

The aqueous corrosion of Monel-400 (composition in weight per-

cent: Ni 65.8, Cu 31.9, Fe 1.4, Mn 0.9) follows two distinct nodes, de-

pending on whether the aqueous phase is 'oxidizing* or 'reducing*.

Under oxidizing conditions (H2 < 0.09 mmol/kg, 0,, > 0.125 umol/kg)* ,

Monel-400 corrodes passively to form an initial layer at the solid/solu-

tion interface comprised entirely of Ni(OH)» . Under DP6S conditions

(pH,,.o_ - 9.5-10.5, temperature 250-294°C), the Ni(0H)o, which is formed
13)by an ionic dissolution and precipitation mechanism , is (meta)stable

(A)

for some time, but slowly dehydrates to NiO . Following the formation

of the nickel hydroxide/oxide layer, copper phases eventually nucleate

and grow at the solid/solution interface when the aqueous phase becomes
(3)saturated with soluble copper species . Under oxidizing conditions

and at the pH and temperature values given above, the stable copper

phase is CuO . Under reducing conditions (H. > 0.089 mmol/kg,
(2) ~

0- < 0.125 Mmol/kg) , nickel and copper metal are stable with respect
(5)to their oxides , and Monel-400 corrodes actively, i.e., no oxidized

film is formed at the metal/coolant interface, and Monel-400 undergoes
(3)

direct oxidative dissolution .
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4.1.2 Corrosion of Other Materials in the Heat Transport System

Other materials in the heat-transport system must be consid-

ered since their corrosion can contribute to the total crud found in the

boilers. In the DP6S heat-transport system, the alloy other than

Monel-400 which makes a major contribution to crud production is carbon

steel (headers, feeders and piping). Of less importance in this respect

are Zircaloy-2 (pressure tubes and fuel sheathing), various stainless

steels (end fittings, shield plugs and pump components) and alumino-

silicate valve packings. Carbon steel corrodes to form either magne-

tite, Fe,O., under reducing conditions, or a dual haematite/magnetite

(a-Fe_O-/Fe_O,) layer under oxidizing conditions but only Fe,O, has

been observed on out-core surfaces at Douglas Point . Certain soluble

species, transported to the carbon steel surfaces by the coolant, can

participate in the corrosion reactions, forming, at the oxide/coolant

interface, mixed cation spinels of the form M Fe._ 0«M Fe, 0^ .

Examples of K x are Ni* and Mn , and of M1 , Al and Cr .

The corrosion rates of Zircaloy-2 and stainless steels are

relatively low under CANDU-PHW conditions , and the contribution of

these alloys to system crud is small. The decomposition/dissolution of

aluminosilicate valve-packing results in the formation of participates

rich in Si and Al, and containing small quantities of Na, Mg, Ca, K, Cl

and S<7>.

4.1.3 Formation and Mass Transport of Predominant Soluble Species

The solid corrosion products formed during both passive and

active corrosion of Monel-400, Ni(OH)2 •*• NiO, Cu2O and CuO, and Ni and

Cu metal, respectively, are all thought to have positive coefficients of

solubility under the constant alkalinity conditions present in CAHDU-

PHWs( ' . This prediction, based on an extrapolation of room-tempera-

ture data*11', has been confirmed experimentally for CuO*12* and Ni(OH)2*
13).
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Hence, In a flowing non-isothermal system, such as this, the corrosion
of Monel-400 under both oxidizing and reducing conditions results in the
transport of nickel and copper from hot to colder regions. The predomi-
nant nickel and copper species in solution are Ni(0H)9, Ni(OH)~, Cu(QH),

- /q in i« ^ •* ^

and Cu(OH)3, respectively^*'
 u*x . As a result, the solubilities of

NiO, Ni(OH)_ and CuO are independent of the system's oxidation poten-

tial. The dissolution of Cu,O, and metallic Ni and Cu, to form these
IIH aqueous species involves a change of oxidation state which causes

their solubilities to increase markedly when the solution chemistry is

changed from reducing to oxidizing conditions ' . This is thought
(2)to be a major mechanism for Ni and Cu release , although the spalling

(14)of solid phases produced by passive corrosion may also be a contributor

The solubility behaviour of magnetite under reducing conditions

has been studied extensively ~ . The temperature coefficient of its

solubility is positive at alkalinities above about 4 x 10~5 mol LiOH kg"1

in H_0. Hence, the corrosion of carbon steel in CANDU-PHW, D-0 coolant

is thought to result in the transport of iron from hot to colder re-
{19 20)gionsv ' . The solubility of a-FeJ0~ follows the same pH dependence

as Fe.O, because, of course, both dissolve to form the same aqueous spe-

- - m
cies, Fe(OH)2, Fe(0H>3, Fe(0H)3 and Fe(0H)4 under CANDU-PHW conditions

As the oxidation potential is increased, the solubility of a-Fe.O.. de-

creases relative to that cf Fe~0, until, under oxidizing conditions, it

becomes the thermodynamically stable phase.
4.1.4 Stability and Solubility of Mixed Cation Spinels

Under conditions of interest in this report, NiFe.O, and

CoFe90. are stable with respect to their constituent single oxides, but
(5)CuFeO- and CuFe-0, are not . The solubility behaviour of nickel and

cobalt ferrites is complicated by the fact that dissolution and precip-

itation may be incongruent. For example, dissolution of the phase

Ni Co Fe, 0, must proceed until equilibrium is reached with respectx y J—x—y H
to reactions of the type
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5H2O + ± H2 *• xNi(OH)~ + yCo(OH)~

+ (3-x-y)Fe(OH)~ + 3H+

Mass balance considerations dictate that such dissolution reactions may

involve changes in the surface stoichiometry. Such mixed ferrites may

be regarded, thermodynamically, as solid solutions of pure ferrites. As

a result, phases of intermediate composition will tend to form when

Fe,O, or nickel and cobalt oxide surfaces are exposed to solutions con-

taining appreciable amounts of Fe, Ni and Co.

The solubility of nickel ferrite, Ni Fe, 0,, has been studied
(21) x x

experimentally by Sandier and Kunig in solutions buffered with

LiOH/B(OH)3> The detailed solubility behaviour of nickel ferrite in

constant molality LiOH solutions can, in principle, be calculated by

combining these results with the data of Tremaine and LeBlanc ' and

Sweeten and Baes . No such calculations have yet been reported. The

nickel cobalt ferrite, Ni Co Fe, 0, (y < 0.1) presents a less tracta-

ble problem since, while some of the required aqueous phase data is
(22 23}available ' , the thermodynamic activity of the Co in the solid is

difficult to estimate. For the present study, we assume, by analogy

with Fe 0/ , that the saturation concentrations of Ni, Co, and Fe

increase with temperature, for any given ferrite stoichiometry, under

CANDU-PHW conditions.

4.2 FORMATION OF MONEL-400 BOILER TUBE CRUD

In general, results of the examination of the Monel-400 boiler

tube are consistent with an ionic model in which copper, iron and nickel

ions, plus others in smaller quantity, were precipitated as the coolant

flowed through the boiler and the temperature decreased. A quantitative

description of crud deposition would require a knowledge of kinetic fac-

tors such as crystal growth, corrosion and particle dissolution rates as

a function of temperature, that is not presently available. The obser-
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vations presented here are, however, consistent with the qualitative

description of the corrosion-layer formation presented below.

We assume that coolant leaving the boiler was at or near satu-

ration with respect to the nickel and copper components in the Monel-400

tubes. Mthough the alloy contains less than 1% Fe, the coolant was

very probably also near saturation in Fe, with respect to the Ni Fe. 0,

corrosion product deposits, as the following discussion will show. Be-

cause of their positive solubility coefficients, no nickel or copper

phases would be expected to precipitate in the carbon steel piping,

which is isothermal or in-core, where the temperature rises from 250°C

to 294°C. During its passage through the carbon steel piping, however,

the coolant probably became saturated with respect to Fe-0,. Meanwhile,

some nickel was undoubtably lost through ion exchange with Fe_0,, pre-

cipitation as dilute nickel ferrites (Ni Fe, 0,, x < O.I)*21* * or
126)some other sorption mechanismv . Also, when they passed through the

core, suspended copper (and nickel) particles probably partially dis-

solved, increasing the copper (and nickel) concentrations of the coolant.

Upon entering the boiler, the coolant rapidly became saturated, if it

was not already saturated because of particle dissolution, when more

soluble copper and nickel species were released to the coolant because

of Monel-400 corrosion. However, the temperature was dropping (Figure 2),

and copper, nickel and iron phases were precipitated shortly after en-

tering the boiler and continued to do so over approximately 700 cm of

the upstream leg. It was this precipitation that resulted in the up-

stream deposits shown in Figures 3 and 4 and the flaky upper crud layer

in the bend section, shown in Figure 5. Shortly past the downstream

bend section, the degree of supersaturation of the coolant apparently

decreased to the point where the rate of precipitation was sharply re-

duced, at least with respect to copper and iron. As the coolant passed

on into the downstream leg, the temperature continued to decrease to the

point where the dcree of supersaturation was again high enough to pre-

cipitaie iron and copper (Figures 6 and 7). Unpublished data , ob-

tained from a different boiler tube, suggest that these deposits may

become quite large in the 1000 to 1200 cm region of the tube.
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Figures 5 and 9 show that the non-localized crud in the down-

stream bend section consists of iron-rich flakes which comprise a con-

siderable amount of material. The very heavy total deposits in this

area, shown in Figure 6, are due to the much larger nickel-rich deposit

lying under the flakes. This underlying crud deposit, largely NiO,

could have formed either by in-situ corrosion of the Monel-400 or by the

precipitation of dissolved nickel; NiO produced by the two mechanisms

could not be differentiated. The size of this deposit, and its position

under the iron-rich layer, suggest that it formed earlier in the life of
(2)the reactor when the coolant was run under oxidizing conditions . The

hydrodynamic effects in the downstream bend section, discussed below,

favour both increased deposition and increased base-metal corrosion due

to more efficient mass transport.

The predominance of reduced phases (elemental nickel and cop-

per, nickel ferrite) in the upstream leg suggests that the coolant was

reducing just prior to removal of the boiler tube. Also, while iron and

nickel precipitated as a mixed cation spinel, Ni Fe, 0,, no copper

spinels were observed, consistent with the predicted stability of these

phases under reducing conditions . Clearly, nickel plays an important

role in driving iron out of solution. Prior oxidizing conditions are

indicated by the presence of NiO in the downstream bend-section, i.e.,

the downstream part of the system was not yet in equilibrium with respect

to oxidation/reduction . We note that it is not unusual to find some

bulk solid phases which are thermodynamically unstable with respect to

the overall reduction potential of the system since, once formed, the

rate of conversion can be slow.

The morphology of the deposits was strongly affected by hydro-

dynamic effects. During precipitation in the straight portions of the

boiler tube and in the upstream bend-section, deposits apparently started

because of local surface'or hydraulic effects. Subsequent deposition

occurred preferentially downstream of the initial deposit, presumably
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because of Improved mass transport, brought about by increased turbu-

lence at positions just downstream of the original protuberance. In the

downstream bend-section, perturbations in the flow field resulting from

the pipe curvature caused a heavy uniform deposit around the pipe cir-

cumference, obscuring any preferred axial deposition that may have taken

place.

The Co, produced by neutron irradiation of the Co in-core,

was clearly trapped in both the transported material which precipitated

to form the streaks shown in Figure 4 and in the crud formed in-situ by

corrosion of t\e base metal. The mechanism of trapping was probably

coprecipitation as a dilute solid solution, Ni Co Fe, 0, (y < 0.1),
x y j-x-y n

or a mixed Mi, Co oxide or hydroxide in the former case and adsorption
(22)followed by incorporation into the growing NiO, Ni(0H)2 layer in the

latter. The relatively uniform specific Co activity in crud samples

from throughout the tube, shown in Figure 16, suggests that both mech-

anisms are important. The extent of Co incorporation by precipitating

copper is not known but is thought to be small compared to incorporation

by NiFe?0, or nickel phases. As mentioned previously, copper ferrites

are unstable under CANDU-PHW conditions, and copper oxides were present

only in trace quantities.
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TABLE 1

STRUCTURE" OF CRUP SCRAPED FROM A HOHEL-400 BOILER TUBE

Sample.
Number*

1

2

3

4

5

6

7

8

9

10

8

D°
(+ 15 cm)

30.5

99

206

312

419

526

617

693

808

1234

(B)

693

Major ,
?hase(s)d

(A)

Cu- N1xFe3-x°4
Cu

Cu

Cu

Cu

N1- NixFe3-x°4
Nl

NiO

Cu» NixFe3-x°4
(x>0.5)

Ni

Minor,
Phase(s)d>e

Scrapings of Bulk Crud

Nl

NixPe3-x°4
NixFe3-x°4

Ni- NVe3-x°4
N1xF«3-x°4

Cu, NiO

Cu, NiO (?), NixFe3_xO4

Cu, Ni, HixFe3_xOA

Ni, NiO

Cu, NixFe3_xO4

Trace Phase(s)

Cu2O, CuO, unid.
e (d - 0.71, 0.36, 0.34 nra)

Ni, CuO, unid. (d • 0.71 na)

Cu.O, CuO

Cu2O, CuO, unid. (d » 0.33 nm)

CuO

CuO, unid. (d • 0.72 nm)

CuO, unld. (d - 0.33 nm)

Cu.O, CuO, unld. (d - 0.78, 0.23 nm)

Cu20, CuO, unid. <d - 0.77, 0.33 nm)

Cu2O, CuO, unid. (d - 0.77, 0.55, 0.33 nm)

Crud Flakes From The Surface Illustrated in Figure 5

NIO N1> NixFe3-x°4
(x >. 0.5)

—

a Determined using 114.6 mm Debye-Scherrer cameras, CoKa radiation, Fe Filter.

b Sample numbers correspond to positions in Figure l(b).

a D Distance from DjO inlet of Honel-400 boiler tube.

d All NixFe3_xO4 samples had x = 0.5, unless otherwise indicated.

e Unidentified phases, "unid.", have their major d spacings listed in parenthesis.
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Schematic of a Boiler and Mcael-400 Boiler Tube in the Douglas
Point Generating Station
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(b) Monel-400 Boiler Tube

X Indicates approximate positions of tube sectioning for
surface examination
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FIGURE 2: (a) Average Heat Flux Across A Honel-400 Boiler Tube In the
Douglas Point Generating Station. Range Given for a
Coolant Flow Rate of 851 L/s (Lower Limit) to 1684 L/s
(Upper Limit).

(b) Representative Temperature Profiles in Monel-400 Boiler
Tube in the Douglas Point Generating Station.

— : Bulk D.O Temperature
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.. (a) -

FIGURE 3: Surface of Monel-400 Boiler-Tube Section. Distance from 0'0
Inlet = 808 ± 24 cm. Location Corresponds to Position 9 in
Fig. l(b). (a) SEM Photomicrograph; (b), (c) and (d), X-ray
Maps of Area Shown in (a); (b) NIK ; (c) FeK ; (d) CuK .
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FIGURE 4: Surface of Monel-400 Boiler-Tube Section. Distance from D-0
Inlet - 31 ± 15 cm. Location Corresponds to Position 1 in
Fig. l(b). (a) Phototnacrograph;
Shown in (a)«

(b) Autoradiograph of Area
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(a)

FIGURE 5: Surface of Monel-400 Boiler-Tube Section. Distance from D.O
Inlet = 693 ± 24 cm. Location Corresponds to Position 8 in
Fig. l(b). (a) SEM Photomicrograph; (b) SEM Photomicrograph
of a Different Location on the Surface Shown in (a); (c) and
(d) are X-ray Maps of Area Shown in (b); (c) (d) AlKa.
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FIGURE 6: Relative Weight of Total Crud as a Function of Monel-400
Boiler Tube Length.

Hi : Weight of Crud Scraped from Tube

I—I : Weight of Metals in Scraped Crud as Detenained by
Emission Spectrography
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FIGURE 8: Weight Percent Iron and Cobalt in Crud Removed During Successive
Stripping of a Monel-400 Boiler-Tube Section. Distance from D-0
Inlet - 99 ± 19 cm. Location Corresponds to Position 2 in
Fig. l(b). Area of Stripped Surface * 21.55 cm2. Stripping
Solution 50 Volume Percent HNOj. Stripping Time - 50 s.
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FIGURES 9(a) and (b): X-ray Intensi t ies , I , Determined by Energy Dispersive
X-ray Spectrometry (Uncorrected for Matrix Effects).
(a) CuK (b) FeKa, Normalized to INIK 100.
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FIGURE 10: Accumulated Co Activity and Accumulated Weight Removed
During Successive Stripping of a Monel-400 Boiler-Tube
Section. Distance from D.O Inlet * 206 ± 19 cm. Location
Corresponds to Position 3 in Fig. l(b). Area of Stripped
Surface - 21.55 cm . Stripping Solution 50 Volume Percent
HNO . Stripping Time - 60 s. 1 yCi » 37.0 kBq.
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FIGURE 11(a): Accumulated Co Activity as a Function of Accumulated
Weight Removed During Successive Stripping of Monel-400
Boiler-Tube Sections. Curve Numbers Correspond to Sample
Positions in Figure l(b). D - Distance from D.O Inlet.
Area of Stripped Surface = 21.55 cm*. Stripping Solution
50 Volume Percent HNO-. Stripping Time - 60 s.

(NOTE: 1 yCi - 37.0 kBq)
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FIGURE ll(b): Accumulated Co Activity as a Function of Accumulated
Weight Removed During Successive Stripping of Monel-400
Boiler-Tube Sections. Curve Numbers Correspond to Sample
Positions in Figure l(b). D • Distance from D.O Inlet.
Area of Stripped Surface - 21.55 en2. Stripping Solution
50 Volume Percent HMO.. Stripping Time - 60 s.

(NOTE: 1 yCi « 37.0 kBq)
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FIGURE 12: Co Activity per Unit Area as a Function of MoneL-400
Boiler-Tube Length.

| | : Determined by Addition of Activity in Stripped Samples.

Determined by Y~spectroscopy of Pipe Sections Used for
Microscopic Analysis.

NOTE: 1 MCi/cm2 * 0.37 kBq/m2'.
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FIGURE 13: Co Specific Activity of Crud Stripped From a Monel-400
Boiler-Tube Section. Distance from DO Inlet - 99 ± 19 cm.
Location Corresponds to Position 2 in Fig. l ( b ) . Area of
Stripped Surface = 21.55 cm . 50 Volume Percent HN0
Stripping Solution. Stripping Time = 60 s. 1 Ci « 37.0 GBq.



- 37 -

30
Stripping Solution Number

FIGURE 14: Co Activity per Unit Weight of Crud Stripped from a Monel-400
Boiler-Tube Section. Distance from 0,0 Inlet - 206 t 19 cm.
Location Corresponds to Position 3 in Fig. l (b) . Area of
Stripped Surface
Solution.

21.55 cm'2 50 Volume Percent HN0_ Stripping
Stripping Time - 60 a. 1 mCi - 37.0 MBq.
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