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1. INTRODUCTION

In the fall of 1970, an extensive study was started of the

transport of corrosion products (crud*) around the primary coolant

system or the Douglas Point Generating Station (DPGS). The objective

was to observe the release of radionuclides to coolant, to correlate

che release with reactor operation, and, if possible, to determine the

factors governing rrud release. As data were collected, and the magnitude

of the radionuolide release during a shutdown was observed, the potential

for a practical decontamination procedure became apparent, although this

was not foreseen at the start of the studies. The application of the

decontamination procedure, called "Cycling Techniques", has been reported

elsewhere '"' . In th:

movement, are discussed:

elsewhere '"' . In this report, the following aspects of crud, and crud

1. The chemical, radiochemical and structural properties of filtered

crud, and other deposits removed from the coolant system.

2. The mechanisms of crud release from Monel-400 surfaces.

3. The mechanisms of activity buildup in the DPGS coolant system.

4. The use and efficiencies of filters and ion-exchangers for the

removal of released radionuclides.

Crud is defined in this report as all solid corrosion products, both
oxidized and reduced, and both circulating and fixed (non-circulating).



2. MATERIALS OF CONSTRUCTION AMD CHEMICAL SPECIFICATIONS OF COOLANT

2.1 MATERIALS OF CONSTRUCTION

The materials of construction and surface areas of the DPGS

heavy water coolant system are:

Boilers: Monel-400 6.4 x 103 in"
(66 wt% Ni, 31 wt% Cu)

Headers, Feeders and 1.3 x 103 m2

Piping: Carbon Steel

Pressure Tubes and 2.06 x 103 m2

Fuel Sheathing:
Zircaloy-2

Different stainless steels are used for end fittings, shield plugs,

circulating pumps, and various other pumps with a total surface area

of ca. 450 ra2.

2.2 CHEMICAL SPECIFICATIONS OF COOLANT

The chemical specifications of the coolant recommended to

minimize corrosion of the construction naterials» and transport of corrosion

products, are:

pH 9.5 - 10.5 (by LiOH addition)

H2 0.223 - 0.6(.9 mmol/kg (5 - 15 cm3/kg)*

O2 <0.125 ymol/kg (4 pg/kg)

Cl" £0.5 mg/kg

F~ <0.1 mg/kg

* SI units for concentrations (mol/kg) are used in this report. However,
since gas concentrations are commonly expressed as cm3/kg (STP) or yg/kg,
both these and the SIU conversions will be listed.
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Until mid-1969, DPGS was operated without hydrogen addition to

the coolant. This resulted in oxidizing conditions existing in the coolant

system for long periods of time. During the last six months of 1969,

hydrogen was added intermittently until a hydrogen addition station was

installed. Since then, hydrogen has been added either on a continuous basis

or once per shift, thus maintaining reducing conditions.

The terms 'oxidizir1,' and 'reducing', when used to describe

coolant chemistry conditions, are not easily defined because of the non-

equilibrium levels of dissolved H2* and O2 that exist in power reactor

(4)
coolant systems. As shown previously , the concentration (or parti?l

pressure) of oxygen produced radiolytically in-core, is orders of magnitud--

greater than the value that would exist at equilibrium in a power reactcr

with a given (added) hydrogen concentration. As a result, it is possible

for both reduction and oxidation reactions involving the same pair of species

to be spontaneous processes, i.e. thermodynamically possible, and the

predominating phases are determined by kinetic factors '.

In this report, we have used the "working definitions" given

below to describe conditions that are oxidizing or reducing. These values

are based on experience at DPGS and represent conditions where oxidized

or reduced species are kinetically predominant, rather than conditions where

only one or the other of the possible phases is thermodynamically stable.

Oxidizing - 0 2 >0.125 ymol/kg (4 Ug/kg)

H2 <ca. 0.089 mmol/kg (2 cm
3/kg)

Reducing - H2 2:0-089 mmol/kg

0 2 <0.125 pmol/kg

* Although H2 is added to the coolant, this would quickly equilibrate to
give D2 in solution, i.e. D2 in D20. In this report we have assumed
the thermodynamic properties of H2(H20) and D2<DzO) to be the same, and
have quoted calculated numbers for reactions involving H2 and H20, rather
than D2 and D20. Preliminary calculations now underway indicate that
lower concentrations of D2, compared to H2, are required to maintain the
various systems materials and corrosion products in the reduced state.
The general conclusions drawn from the K2(H20) data are still valid
however. Detailed differences between H2(H20) and D2(D20) x*ill be given
in a later publication.



Thus, under normal operating conditions of 0.446 mmol/kg of H2 and <0.125

limol/kg of O2, the system is reducing. If hydrogen addition is stopped,

however, allowing H2 concentrations to decrease below 0.089 nsmol/kg, the

oxygen level will rire and the coolant will become oxidizing.

3. SAMPLING AND ANALYSIS

Suspended crud and coolant were sampled from either the bleed

line (Figure 1), through a cooler and pressure reducing coil, or from the

purification system inlet and filter outl it manifolds. Coolant was also

sampled from the outlets of the five ion-exchange columns. Suspended crud

was collected by passing cooled v.50°C) coolant through 0.45 um pore size

Millipore filters for 8 to 24 hours. During decontaminations, samples were

taken every 0.5 t • 2 hours.

Several samples of fixed (non-circulating) crud were obtained

by cuttiag pieces from piping removed from the DPGS coolant system during

modifications. In-core deposits were collected by scraping fuel cladding

surfaces.

Many filtered crud samples were analyzed at DPGS for metallic

and radionuclide composition by atomic absorption and Ge(Li) gamma

spectroscopy, respectively. Crud samples were also sent to the Whlteshell

Nuclear Research Establishment for emission spectrographic, X-ray diffraction,

and particle size analyses.

Cruds and pipe surfaces were analyzed as follows:
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ATOMIC ABSORPTION SPECTBOSCOPY

Weighed amounts of crud were dissolved in concentrated nitric

acid/hydrochloric acid mixture and boiled to dryness. The residues were

then dissolved in warm hydrochloric acid, cooled, and then diluted to

100 mH with demineralized water. The solutions were analyzed for Fe, Cu,

Mi, Co, Cr, and Mn by standard atomic absorption techniques.

GA1MA SPECTROSCOt:

Weighed amounts of crud on Millipore filters were analyzed as

flat sources on, or in calibrated positions above, the Ge(Li) detector.

EMISSION SPECTROGRAPHY

Weighed samples of crud were dissolved in concentrated hydro-

chloric acid and diluted with demineralized water to a suitable volume.

Aliquots of the solution were evaporated to dryness on carbon electrodes

for subsequent arcing in the emission spectrograph. Any insoluble residue

after the acid treatment was transferred to a carbon electrode for analysis.

X-RAY DIFFRACTION

X-ray diffraction powder patterns were obtained with either

114.6 mm Debye-Scherrer cameras (Co KQ- radiation, Fe filter), or a Philips

vertical goniometer diffractometer with Cu K monochromated radiation.

SCANlilNG ELECTRON MICROSCOPY AND X-RAY SPECTROMTRY

Several samples of Monel-400 and carbon steel piping removed

from DPGS have been examined for surface morphology and chemical composition



- 6 -

by scanning electron microscopy and X-ray spectrometry. This work was

performed with a Cambridge Stereoscan Microscope, Mark 2A, with an attached

X-ray spectrometer (Si(Li) detector), manufactured by EDAX International Inc.

4. RESULTS

4.1 PROPERTIES OF CIRCULATING CRUD

4.1.1 CRUD CONCENTRATIONS

Crud samples were obtained daily with the reactor operating,

and at frequent intervals when the reactor was shutdown. It was found

that U,2) ;

1. The total radionuclide concentration in the coolant closely followed

the crud concentrations.

2. During steady operation, crud concentrations were 0.005 - 0.020 rag/kg

when hydrogen (H2 + D2) >0.089 mmol/kg (2 cm
3/kg) and 0.100 - 0.200

mg/kg when hydrogen (Hz + D2) <0.089 mmol/kg*.

3. During a shutdown transient, crud concentration varied from 0.050 -

50 mg/kg depending on whether reducing or oxidizing conditions had

existed prior to the shutdown . There was no correlation between

the rate of cooling of the heat transport system (varied within the

design specification) and the concentration of crud.

4. Crud was released at shutdown and remained in suspension in coolant

until startup. Figure 2 shows crud concentration and coolant

temperature during a typical shutdown period. The crud concentration

* Tending towards oxidizing conditions by default, because the hydrogen
concentration was insufficient to suppress radiolysis of the coolant.
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increased from 0.010 mg/kg at the time the reactor was shut

down to 10 mg/kg during the cooldown and until the circulating

pumps were stopped. When the pumps were restarted, the crud

concentrations increased initially to 20 tug/kg, then decreased

to 2 mg/kg over the next 14 hours. It increased again to

10 mg/kg when the shutdown coolant system was valved out.

During the time when the crud concentration decreased from

20 to 2 rag/kg, it was redeposited* with a 200 minute half-life. At this

time there was no reactor power.

It was also found that the release of crud when the reactor

was shut down was effected by changing from reducing conditions to

oxidizing conditions just prior to the shutdown. Reversing the conditions

also produced a crud release '

4.1.2 CHEMICAL AND RADIOCHEMICAL COMPOSITION

Table 1 shows the average metallic composition of filtered

crud, determined by atomic absorption spectroseopic analysis of crud

samples during the period January 1971 to June 1971. The major elements

ware Fe, Si, and Cu, and the relative amounts varied over a fairly wide

range, as shown in Table 1. Also, the total metals in the samples varied

considerably. At times, the six metals analyzed by atomic absorption (Fe,

Nl̂ i Cu, Co, Cr, and Mn) accounted for over 90 percent of the total sample

(after conversion from elemental composition to oxide composition). At

other times, the six metals accounted for as little as 30 percent of the

total, even after element to oxide conversion. The constituents not

determined by atomic absorption consisted at least partially of other

In this report, redeposition of crud means loss of crud from the
coolant, excluding that Temoved by the purification system. This
loss may be caused by redeposition of the crud on fuel and boiler
heat transfer surfaces, and pick-up by numerous unknown traps around
the heat transport system.
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cations in fairly large quantities, and ion exchange resin or resin

decomposition products from the purification system. Emission sptctro-

graphic analysis of several crud samples, the results for two of which

are given in Table 2, showed the former to be taainly Al, Si, Ca, Mg, Pb

and Zr. The latter was at times observed visually in filtered crud as

a char, and was also detected by carbon and hydrogen analysis of samples

heated to 750°C in flowing argon.

The principal radionuclides found in the crud, their decay

half-lives, principal means of production, percentage of the total

radionuclides, and the percentage contribution of each radionuclide to

the total gamma energy, are listed in Table 3.

56Mn and 61*Cu did not contribute significantly to the total

gamma radiation because of their short half-lives (2.58 h and 12.9 h,

respectively) and the low energy of radiation from 6l*Cu. The most

important radionuclide was 60Co which contributed 95 percent of the

gamma energy from crud. The 60Co specific activity of the crud, sampled

before and during the initial decontaminations, varied considerably, but

generally averaged 3 - 7 Ci 60Co/kg of crud during reactor operation, and

5 - 25 Ci 60Co/kg of crud during a shutdown period. Since the major
(2 3)

decontamination period ' , the specific activity of the crud has been

much lower. It now averages between 0.1 and 1 Ci 6DCo kg of crud.

4.1.3 STRUCTURE

The solid phases in two typical filtered crud samples, iden-

tified by X-ray powder diffraction techniques, are listed in Table 2,

Iron was found only in spinel structures (either nickel, ferrite,

Ni Fe. O.Fe2O3, x = 0.8 ± 0.2, or magnetite, FegOif}. Both nickel and copper

were present in a reduced state, as elemental metal, and as oxides NiO and

CuO (Cu2O). The presence of both reduced and' oxidised phases in the same
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sample illustrates the non-equilibrium state of the filtered crud, as

discussed in Section 2.2. Other elements in the crud (Table 2) were not

present in large enough quantities to be detected by X-ray diffraction

methods as separate phases (the one exception being silicon, see Table 2).

Also, it is quite possible that some or all of the Co, Al, Cr, Mn, Ca and

Mg are in solid solution in the spinel structure ' .

4.1.4 PARTICLE SIZE

The radionuclides, 61*Cu and 6DCo, associated with crud samples

were used to indicate the retention of activity by filters of various pore

size, and thereby obtain an indication of the relationship between particle

size and activity content.

200 mH samples of cold coolant from the purification system

inlet were passed successively through smaller pore size filters. The

activity of the crud retained by each filter and the corresponding

effluent were determined before the next filtration. Thus a radionuclide

balance was obtiiined. This showed that no significant loss to the sample

container occurred.

Table 4 gives the percentage of radionuclides retained by

different pore size filters for two sets of coolant samples taken during
(21

a cyclic decontamination . The results indicate that:

1. Particles containing 6l|Cu were significantly smaller during oxidizing

conditions.

2. Particles containing 60Co were also smaller for oxidizing conditions,

although the effect was not so pronounced as for 6l*Cu.
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1. 95 percent or greater of 5l*Cu and 60Co was retained by an 0.45 Mm

filter for both oxidizing and reducing conditions. However, this

does not mean that 95 percent of the 6<*Cu and 60Co particles were

greater than 0.45 Via, since the membranes could retain smaller

particles.

4.2 REMOVAL OF RADIONUCLIDES BY PURIFICATION

Radionuclide analyses of coolant sampled from the inlet and

outlet manifolds of the filter, ion-exchange inlet manifold (filter out-

let) , and the outlets of each individual ion-exchange column (Figure 1 ) ,

indicated that for G 0Co:

1. New filters (nominal 10 ym pore size) removed 50 - 65 percent,

but as the crud coated the filters, the efficiency for 60Co

removal increased to 95 percent.

2. The ion exchangers removed essentially all the 60Co remaining

in the coolant effluent from the filters.

3. The overall efficiency of the purification system was better than

99 percent. Occasionally, however, pressure surges occurred, when

very high flow rates were being maintained through the purification

system, and these caused release of xadionuclides from the ion

exchangers. Fortunately, these occurrences were very infrequent.
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4.3 PROPERTIES OF FIXED (NON-CIRCULATING) CRUD

4.3.1 SUCTION SIDE OF THE PRESSURIZING PUMP

Samples of corrosion product oxide were scraped from small

sections of carbon steel piping (150° - 200°C operating temperature)

removeu from the suction side of the pressurizing pump after 620 EFPD*.

Chemical, radiochemical and structural data (Table 5) show that the

corrosion layer was essentially all magnetite, but that small quantities

of cations other than Fe, notably Ni, Cu, Al, Mn, Si and 60Co (13 mCi/m2),

were also present.

A. 3. 2 BOILER INLET AND OUTLET CARBON STEEL CONNECTORS

Snu.ll sections (ca. 1 cm2) of carbon steel coiu.ectors, removed

from the inlet and outlet of one boiler at DPGS in October 1970 after

420 EFPD, have been examined using the techniques listed in Section 4.3.3.

Detailed results of this woi

most important results are:

Detailed results of this work are discussed in a separate report . The

1. Crud on both inlet and outlet connectors comprised FesO^ and

NiFe20i». Small amounts of Al, Mn, Cr, and Si were also

observed by X-ray spectrometry. So elemental nickel, elemental

copper, or oxides of nickel and copper were detected.

2. The NiFe20i, was concentrated in the top one-half to one-third

of the corrosion layer.

3. The inlet connector crud contained more nickel ferrite (^2:1)**

and more 60Co (>2:1)** than the outlet connector crud.

* EFPD: Effective Full Power Days

** Results varied from section to section but inlet values were
consistently higher than outlet values.



- 12 -

A graphic illustration of the presence of NiFe2Oi, in the

inlet connector crud is shown in Figure 3. The oagnatite (hk.1 • 511)

spinel peak (26 = 56.92°) has a pronounced shoulder on the high

angle side. After acid stripping, which preferentiallv removed Fe30i»,

it is evident that the shoulder is centered at 2G ^57.40°. This value

corresponds closely to the (hkl • 511) spinel peak position of NiFc-2O«,*

(29 = 57.36°).

4-3.3 A MONEL-400 BOILER TUBE

One complete Monel-400 boiler tube hairpin, removed from DPGS

in October 1970 after 420 EFPD, has been examined by acid stripping,

chemical and radiochemical analysis, scanning electron microscopy and

X-ray spectrometry and diffraction. This work, reported in detail else-

where , has revealed that:

1. In the straight portions of the hairpin, deposition was primarily

in streaks aligned parallel to the flow axis of the hairpin. The

stTeaks were rich in iron, copper, manganese, chromium, aluminum

and zirconium, relative to the surrounding crud, and had a higher

60Co activity per unit area. The main phases in the crud (streaks

plus surrounding crud) were elemental copper, elemental nickel,

and NixFe3-x0i», x 'v 1/2, with some CuO, CU2O, and NiO.

2. In the downstream side of the hairpin bend, deposition was not in

streaks, but rather in a continuous layer that easily fractured

into irregular flakes. The upper, fragile crud was rich, relative

to the underlying material, in iron, aluminun and eoCo activity,

but deficient in nickel and copper. Major phases in the upper crud

were NiO, NiFezOt, and elemental nickel. No copper or copper oxides

were detected.

* The nickel ferrite is probably not completely stoichiom«tric, and
may contain some Al, Si, Ifa and Cr iti solid solution. r
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3. Co activity and chemical composition have non-uniform distri-

butions, both parallel and perpendicular to the direction of

coolant flow. For example, 60Co activity was highest at the

crud-coolant interface, decreasing rapid!v towards the interior

of the crud. As a function of hairpin length (hot end •*• cold

end), eoCo activity was non-uniform, reaching a maximum in the

downsrream bend section, an area where copper content was lowest.

4.3.4 FUEL SURFACE DEPOSITS

Crud that collects on DPGS fuel cladding comprises several

different phases . Nickel ferrite, NixPe3_xOi», has been observed in

all samples, with 0.5 <_ x <. 1. In addition, compounds whose constituents

come at least partially from sources other than structural metals have

been detected. These phases include a-quartz (Si02), FeAlzOt,, and

possibly silicates, with the last two containing both calcium and

magnesium. Relatively large quantities of boron have been detected by

eiuission spectrography, but no solid phases rich in boron have yet been

identified by X-ray diffraction analysis.

The chemical and radiochemical composition of fuel deposits

has varied considerably, and it is not possible to draw consistent

conclusions regarding specific activity of the radionuclides present.

However, examination of deposit weights indicates that:

1. The initial fuel discharged prior to 1970 was heavily crudded

( 1 - 5 g/m2).

2. The initial fuel discharged after 1972 was less heavily crudded

(0.5 - 0.7 g/m2).

3. Replacement fuel irradiated since 1970 has been lightly crudded

(0-03 - G.06 g/m2).
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5. DISCUSSION

5.1 BACKGROUND INFORMATION

5.1.1 GENERAL

When DPGS was operated without excess hydrogen, prior to mid-

1969, oxidizing conditions existed in the system because of radiolytic
(9)

decomposition of the coolant . Under these conditions, Monel corrodes

faster than under reducing conditions where the corrosion rate is approxi-

mately 0.02 g/mz*day . Also, ihe corrosion rate of carbon steel

increases with oxygen content, up to oxygen levels of ca. 50 mg/kg

Hence, a large inventory of corrosion products, including the Co impurity

in the Monel-400 and carbon steel, was formed in the coolant system*. A

fraction of these corrosion products was dsposited in-core and became

neutron activated, and subsequently was released to the coolant and

redeposited out-core. Figure 4 shows the increase of boiler room fields

up to the start of cycling decontaminations, and the results of the
(1 2)decontaminations .

Two models have recently been formulated to explain the rate of
(12")

increase of boiler room fields. The first, due to Burrill , postulates

that crud deposition is the major source of deposits in-cove, that dissolu-

tion of deposits is the mechanism for release from fuel sheath surfaces,

and thac crystal growth from super-saturated coolant is the prime source of

deposits in the boilers. The second model, due to Minns , is based on

solution transport, and the structure, location, and quantity of deposits

* A very approximate estimate of the weight of the cdrrosion products out-
core in DPGS, calculated using the data in references 5, 6 and 7, indicates
that the total weight of crud in the boilers plus the carbon steel
piping was £130 - 160 kg after 420 EFPD. Predicted values, using
long-term corrosion ratesO-Q)j are >88 kg for low oxygen exposure, and
^1075 kg for high oxygen exposure.
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are explained in terras of solubility effects. Insufficient data are

presently available to confirm either of these models, but it is probably

correct to assume that both mechanisms are operative, at least to some

extent. In the discussion that follows, both concepts will be used.

5.1.2 MONEL-400

Within the range of hydrogen concentrations possible in a

CANDU-PHW* reactor,Monel-400 corrodes either 'actively1, i.e. by dissolu-

tion only, or 'passively', i.e. by formation of a surface oxide, depending

on hydrogen concentration. The lowest corrosion rate is obtained with

active corrosion under reducing conditions. Although corrosion under

oxidizing conditions is passive, the metal is attacked much more

rapidly.

(4)
Thermodynamic calculations show that for the temperature range

of a CANDU-PHW, hydrogen concentrations of ca. 0.580 mmci/kg (13 cm3/kg)

and 0.184 mmol/kg (4 cm3/kg) are required at boiler inlet and outlet tempera-

tures of 294 and 25O°C respectively to maintain nickel in a reduced

state. Copper requires much lower levels (<L.8 x 10~6 mmol/kg at 300°C).

At hydrogen concentrations lower than those required to reduce nickel oxide,

Monel-400 corrodes to form a copper depleted oxide, essentially NiO, with

some Ni(OH>2 at lower temperatures ' ' . The oxxde tends to build up in

localized areas with subsequent release by spalling • Thermodynamic

calculations show that dissolved oxygen at any measurable concentration
(4)

C?4 ugO2/kg) will attack the metal to form NiO, &12O and CuOv . Subsequent

reduction may occur if the dissolved hydrogen concentration is higher than

the above limits.

Under reducing conditions, Monel-400 goes directly into solution

and nickel and copper species are transported through the system by solution

transport. Similarly, under oxidizing conditions, dissolution of NiO and

* Canada Deuterium Uranium - Pressurized Heavy Water
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Cu;O or CuO, will contribute nickel and copper species to solution transport.

In addition, particle transport of oxides can occur. Therefore, under boLh

oxidizing and reducing conditions, the solubilities of the possible Monel

corrosion products are important parameters. Calculated solubility data show

that:

1. In oxygenated solutions (>17.5 x 10~13 ymol/kg 0 2, lO"
4 mol/kg OH"),

the solubility of both CuO and Ni(T ' increases with tempera-

ture over the range found in a CANDU-PHW (250 - 294°C).

2. In hydrogenated solutions (3.9 mmol/kg H2, 10"1* mol/kg 0H~) , the

solubility of both elemental copper and elemental nickel

increases with temperature in the range 250 - 294°C

3. Over the temperature range 250 - 294°C, the order of solubility

is NiO > CuO > Ni > Cu^ ' . Hence, there is more copper and

nickel in solution under oxidizing conditions.

5.1.3 CARBON STEEL

Carbon steel, or more specifically, elemental iron, is unstable

with respec- to oxidation in water under all conditions experienced in a
(19)

CANDU-PHtT . Under reducing conditions, the stable oxide is magnetite,

Under oxidizing conditions, haematite, a-FejOa, is thermodynamically

stable with respect to FeaOifW, and a two-phase corrosion layer can be

formed. The solubility of FesO* in hydrogenated solutions (3.y mmol/kg H2,

10"1* mol/kg 0H~) increases only slightly in the temperature range 250 - 294°C

and is a function of H2 concentration, the solubility increasing with

increasing H2 concentration^ . The solubility of ct-Fe2O3 is much lower

than that of Fe3O.» (a factor of 10
1 2 at 300°C and 10""1 mol/kg of 0H~) and

decreases slightly with temperature in the range 250 - 294°C • \
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5.1. 4 INTERACTION OF MOMEL-400 AND CARBON STEEL CORROSION PRODUCTS

Under CANDU-PHW conditions, nickel ferrite (NiFe20O is stable

with respect to any combin .tion of elemental nickel or NiO, and Fe3Oi, or
(21)

a-Fe2Oa '. Furthermore, in order to reduce NiFe2Oi,, >1.25 nnnol/kg of

Hs (27.5 cm3/kg) are required at 250°C, with even higher levels required

for T > 250°C. For oxidation, concentrations >3.63 mmol/kg of O2 (116 mg/kg)

are required at 25O°C, again with higher levels required for higher tempera-

Cures
( 2 1 ).

CuFeO2 and CuFe20i, arr unstable under CANDU-PHW conditions,

nental copper, or Cu0(Cu20) does

corrosion products to form copper ferrites

so that elemental copper, or Cu0(Cu20) does not react with carbon steel
(21)

The concentrations of soluble species in equilibrium with

NiFe2Oi, in water are determined not only by pE, temperature, and 0 2 or h2

levels, but also by what other stable solid phase is present in the system,

i.e. a nickel phase (either elemental nickel or NiO) or an iron phase
(22)

(either FesOi, or 0t-Fe20O . Nickel ferrite dissolution is discussed in

more detail below.

5.2 FILTERED CRUD PROPERTIED AND RELEASE MECHANISMS

The presence of both oxidized and reduced phases ?n filtered

crud (Table 2), whether under oxidizing or reducing conditions, illustrates

that non-equilibrium conditions exist in power reactor coolant systems;

kinetic factors rather than thermodynamics determine which phases are pre-

dominant . However, the relative amounts of oxidized and reduced phases

change with changing oxidizing/reducing conditions, indicating at least

qualitatively the course of reactions.
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The X-ray diffraction data in Table 2, Column 2, show that

reduced phases were predominant under normal operating conditions. Under

oxidizing conditions (H2 level <0.089 mmol/kg, O2 levels as high as

3.13 yraol/kg), elemental nickel and copper were still observed, but minor

quantities of CuO(Cu20) and NiO were detected also (Table 2, Column 3).

Hence, the system had been shifted enough towards oxidizing conditions

that some of the elemental nickel and copper were oxidized.

The chemical analyses of filtered crud also si.ow a change in

relative amounts of metallic constituents (Tables 1 and 2). When the

system was made oxidizing and then subjected to a thermal cycle (reactor

shutdown), the crud became richer in nickel and copper relative to iron.

Furthermore, cyclic decontaminations removed only ca. one-fourth as much
( 7160Co from carbon steel surfaces as froii: Monei-400 surfaces . This

indicates that oxidizing conditions caused a preferential removal of

crud from Monel-400 surfaces (boilers) relative to carbon steel surfaces

(feeders, headers and piping). This behaviour is consistent with the

thermodynamic data for nickel and copper, i.e. Monel-400, if we postulate

the following:

1) In going from reducing to oxidizing conditions, corrosion product

in the boiler was oxidized creating stresses in the corrosion

deposit such that it spalled and was transported into the coolant.

2) A similar removal of carbon steel corrosion products did not occur,

because of a slower oxidation rate or surface stabilization by

nickel ferrite formation. This is reasonable in view of the

predicted increase of stability towards oxidation of NiFe2O(f

compared to FegO^

Crud bursts were also obtained following a return to reducing

conditions after the reactor was shut down* . This behaviour can be

explained using arguments similar to chose above, but invoking stresses

created by reduction of Monel-400 corrosion products rather than by

oxidation.
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Results of crud particle size versus activity content (Table A)

are ditficult to explain unambiguously because, among other things, the crud

structure of the various particle size fractions is not known. It may

be that, during an oxidizing crud burst, the particles released through

stressing were smaller than the particles released during a normal, non-

stressed release. Solubility effects may also have been involved in that

both nickel and copper oxides are more soluble than the corresponding

elements, and the particles which, under oxidizing conditions, may have

comprised elemental cores with an oxide outer layer, could have partially

dissolved after formation. In any event, 95 percent or more of the

particles appear to have been larger than 0.45 Urn under both oxidizing

and reducing conditions. Nearly all of the small fraction of participate

crud which was <0.45 Urn in size was retained by filters of size 0.22 -

0.01 Um.

Radionuclide removal by the purification system (Section 4.2)

indicates that particles smaller than 10 Um initially passed through the

10 Um filters, but that the effective pore si2e decreased as the filters

became coated, and the filters became more efficient. Essentially, all

small active particles and active ionic species (>99% Gf total) were

removed by the purification ion exchangers. The ion exchangers acted

as filters, and provided exchange sites for removal of ionic species.

The 60Co specific activity of the samples filtered during

operating and oxidizing conditions (Table 2) were the same within experi-

mental error, indicating that if there was release from in-core, it was

diluted by release from out-core deposits. At other times, however,

particularly during the initial decontaminations , the 60Co specific

activity was considerably higher during a burst, indicating that some

crud was released from in-core.

The presence of fairly large quantities of Al, Si, Ca, Mg, Pb

and Zr shows that materials other then Monel-400 and carbon steel were being

attacked. The zirconium in the crud came from the Zircaloy-2 pressure tubes
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and fuel sheathing, while it is probable that the calcium, magnesium,
(23)

aluminum, and silicon resulted from leaching of valve packings

The quantity of lead detected in the 15 March 1972 operating crud

(Table 2) seems too high to be attributed solely to valve packing

leaching, although some would be expected from this source. The source

of lead is unknown.

5.3 PROPERTIES OF FIXED (NON-CIRCULATING) CRUD

5.3.1 CARBON STEEL SURFACES

The presence of cations other than Fe and Mn in the corrosion

layer on the suction pipe of a pressurizing pump indicates that material from

the main heat transport loop bypassed the original purification system. This

is consistent with the fact that only ^10 percent of the 'Bleed"and-Feed'

flow passed through the purification system before it was enlarged in

October 1971 (640 EFPD).

The corrosion layer on the carbon steel connectors at the boiler

inlet and outlet have detectable levels of NiFe20ii (Figure 3). The possible

mechanisms of NiFe20i, formation on corroding carbon steel surfaces are

discussed in more detail elsewhere- '. The overall reaction for the formation

of nickel ferrite may be represented as*:

3HNiOl + 2Fe3O«, + H20(L) - 3NiFe20i, + H 2 + 30H"

Similarly, incorporation of 60Co may be represented as*:

(3x)H60Co 0 2 + 3(l-x)ENiO2 + 2Fe30^ + H20 = 3
60COx N i U x Fe2Olt + H 2 + 30H~

x "& 1

* HNiOI and HC0O2 are the most prevalent ions at high temperature and
IPH"!5* 10"* mol/kg(18,24) t but similar reactions involving other species
such as Ni(0H)+ are also possible
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The concentration of KiFe20^ in the outer one-half to one-

third of the corrosion layer indicates that the carbon steel corroded to

form a base layer of FeaCH before significant amounts of nickel species,

from boiler corrosion, were available to form NiFe2Oi4. The only explanation

for this is that the initial rate of carbon steel corrosion was much faster

than that of the Monel-400. The essentially nickel-free base layer probably

formed to a large extent during the commissioning period of DPGS in October

1966.

One would intuitively expect more 60Co incorporation near

the boiler inlet, rather than the boiler outlet, since the former

receives the outflow from the reactor core and hence the coolant at this

point should be richer in 60Co. Why the crud at the boiler inlet should

be richer in nickel is not so obvious since the boiler outlet stream should

be enriched in nickel and the inlet stream should be depleted in nickel.

However, this observation is consistent with the solution model of mass trans-

port which indicates that, under poor chemistry control (0.125 ymol/kg of 02

and 0.045 mmol/kg of H2) at PH25 = 9.6, nickel ferrite can form by exchange

(i.e. exchange of iron ions for nickel ions at the corroding carbon steel

surface) only at the inlet to the boiler and not at the outlet.

5.3.2 MONEL-400 SURFACES

The results of the Monel-400 boiler tube study (Section 4.3.3)

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. Radioactivity was trapped

in the crud during precipitation. Under reducing conditions, nickel and

copper metal would precipitate because of their decreasing solubility with

decreasing temperature. A similar solubility versus temperature dependence

for nickel oxide and copper oxide would necessitate their precipitation
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throughout the boiler under oxidizing conditions. Nickel ferrite could have

deposited in the boiler by two mechanisms : precipitation near the

boiler inlet with simultaneous release of nickel, and sudden precipitation

further into the boiler once the temperature drop had caused sufficient

supersaturation.

The observation of both reduced and oxidized phases is

undoubtedly due to non-equilibrium as discussed previously. Details of

the boiler tube deposits are given elsewhere

5.3.3 IN-CORE SORFACES

In-core nickel ferrite* deposits could have formed either by

precipitation or by particulate deposition. The former can occur in an

increasing temperature gradient at both PH25 = 9.6 and 10.6 if oxidizing

conditions predominate in-core and reducing conditions predominate out-

core^ . These conditions undoubtedly existed during the early operation

of DPGS, and it is during this period that heavy deposits were formed.

Particulate deposition of nickel ferrite could also have been important

during this period.

The presence of FeAlj:0i»» with smaller quantities of calcium

and magnesium phases, cannot be explained unequivocally because 'iigh

temperature thermodynamic data are not available. The source of these

elements is most likely valve packing. S102, found in relatively large

quantity in some in-core samples, could also have resulted from leaching

of valve packing. Si02 particles must have formed out-core and then

deposited on the fuel cladding, howevery since SiQz solubility increases
(25)

rapidly with temperature . The source and structure of in-core boron

phases have not yet been determined.

* Solubility data for nicfel ferrite have been calculated using thermo-
dynamic values for stoitehjlometricNiFe2Pi»(

21). As noted in the text,
many of the nickel fer*it<3s were nickel deficient, but solubility data
for these are lacking. It is assumed that their behaviour is similar
to that of stoichiomefiric
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5.4 MECHANISMS OF ACTIVITY BUILDUP

As stated previously, two models have been formulated to explain

the growth in out-core radiation fields - the particle transport model of

Burrill and the solution transport model of Minns '. Both of the

mechanisms described by these models are thought to have played a signifi-

cant role at DPGS, and both are invoked in the following discussion.

The operating history of DPGS coolant svstem can be divided into

three periods:

I Oxidizing conditions prior to mid-1969.

II Reducing conditions after mid-1970.

Ill A transition period between 1 and II.

During I, heavy fuel deposits (1.0 - 5.0 g/m2) were formed,

whereas during II the extent of fuel crudding was much less pronounced

(30 - 60 tng/m2) . It is also worth noting that:

1. In general, all the initial fuel charge that had experienced full

irradiation was heavily crudded.

2. Most fuel charges since mid-1970 have been lightly coated with

deposits.

3. Boiler radiation fields began to rise rapidly at ^300 EFPD (mid-1970)

and continued in this trend until the decontaminations started in

1971 ' • During I (oxidizing conditions), high corrosion rates

resulted in the formation of large quantities of suspended crud, a

quantity of which deposited on the fuel cladding. Simultaneously, nickel

ferrite precipitated in-core because of the oxidizing conditions. 59Co,

either deposited or co-precipitated with an iron-nickel phase, was

neutron activated to form 60Co. (Other radionuclides, such as 58Co,

slCri etc.» are of less importance (cf. Table 3) and are not discussed
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separately). The quantity of 59Co was too low to detect as a

separate phase and hence its location in the solid crud matrix

has not been experimentally determined. It is probable, however,

since 59Co forms stable ferrite spinels and is similar thermo-
(A)

dynamically to nickel , that cobalt is present in-core in a

fe-rrite solid solution, e.g. CoxNi1_xFe20i, x <<l. Similarly, of

course, it could also be present as a solid solution with

During II (reducing conditions), corrosion rates were much

lower , less suspended crud was formed, and less particulate crud

deposited in-core. Also, because reducing conditions predominated, in-

core precipitation decreased. (Fluctuations in hydrogen concentration

could cause local oxidizing conditions in-core, with resultant precipi-

tation. )

During period III and into period II, the.heavy fuel deposits

transformed to light fuel deposits because of the change in coolant

chemistry from oxidizing to reducing. The solubility gradient of nickel

ferrite reversed so that dissolution, rather than precipitation, took place
(I*7)

in-core. (This solubility release mechanism is common to both Burrill's

and Minns model.) Therefore, throughout the transition period, and

into period II, active species were released by dissolution from in-core

and exchanged with, or precipitated on, out-core surfaces. Specifically,

out-core radiation fields increased through nuclide:

1. Isotopic and ion exchange with the corrosion product on carbon steel

feeders, headers, and piping.

2. Precipitation in the boiler, and isotopic and ion exchange with

corrosion products on Monel-400 boiler tubes.

It is worth noting that copper was not observed to form mixed

oxides with other system metals, and was not detected in significant

quantity anywhere in the coolant system except in the boiler. Here it was

released to the coolant by Monel-40Q corrosion, and then reprecipitated

along the boiler because of the temperature gradient. These results.
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coupled with the observation that the copper content in boiler crud was a

minimum where ""Co activity was a maximum, are consistent with the postulate

that copper did not play a significant role in activity transport.
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APPENDIX A

RECOMMENDATIONS FOR FUTURE WORK

As the writing of this report progressed, it became apparent

that some areas require further investigation. For this reason, it is

recommended that the following work be undertaken:

1. Sample crud from hot coolant. This could be achieved by installing

a crud sampler before the cooler in the original crud sample line

(Figure 1) .

2. compare sampling errors, by radiochenical counting, between:

a) in-line filtered crud samples versus 10 mi coolant samples,

b) in-line filtered crud samples plus cation resin filter disc

samples versus 10 m^ coolant samples, and

c) in-line filtered crud samples versus lfc grab samples filtered

in the laboratory.

3. Determine the loss of crud/radionuclides during preparation of crud

for weighing.

4. Determine size distribution by filtering 1 I samples through

progressively smaller Millipore filters.

5. Obtain filtered crud samples for chemical, radiochemical,

structural, and size distribution analysis at WNRE.

Samples should be taken:

a) during a refuelling operation,

b) during steady operation under reducing conditions f

c) during a reactor shutdown under oxidizing conditions, and

d) during a rc?ctor shutdown under reducing conditions.
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6. Letenutise the efficiency of filtration and ion exchange,

separately and combined, for all operating conditions.

7. Determine fuel deposit weights and chemical and radiochemical

composition.
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TABLE 1

AVERAGE"*" METAL COMPOSITION OF FILTERED CRUD*

+ Average of 30 samples during the period January - June 1971

* Determined by atomic absorption spectroscopy

CONDITION

Reactor

Reactor

Operating

Shutdown

Average (wt '/-.)

Range (wt %)

Atomic Ratio

Average (wt A)

Range (wt 7)

Atomic Ratio

Fe

50

40-65

100

20

10-25

100

Ni

24

20-40

46

39

35-45

186

Cu

25

20-40

44

40

35-55

176

Co

0.

0.

0.

0

1

2

15

7

Cr

0

0

0

0

1

2

1

.5

Mn

0.4

0.8

0.4

2.0
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TABLE 2

CHEMICAL, RADIOCHEMICAL, AND STRUCTURAL DATA
FOR TWO TYPICAL DPGS FILTERED CRUDS

Conditions

Removal Date

EFPD

Element Atomic Ratio**
Fe
Ni
Cu
Co
Al
Cr
Mn
Ca
Mg
Pb
Zn
Si
Zr
Ti
Mo

60Co
Ci/kg of crud
Ci/kg of 59Co (x 10"

Solid Phases"1"
Major

Minor

Trace

Operating
pH=10, H2=0.22-0.45 mmol/kg
02 £ 0.125 Umol/kg

March 15, 1972

752

100
95
29
0.15
7.6
1.3
2.5
1.7
2.8
6.1
0.50

Not
Determined

4.5 ± 0.7
3) 15.0 ± 4.2

Elemental Ni
(NixFe1_x0«Fe203f

jx = 0.8 ±0.2 >
(FeaOO44"

Elemental Cu

CuO
SiO2 (a-quartz)

Oxidizing*
pH=10, H2 < 0.089 mmol/kg
max O2 determined -

3.1 ymol/kg

March 24, 1972

757

100
216
173
0.31
10
3.6
3.1
1.8
1,0
0.06
-
8.6
1.3
0.09
0.05

3.8 ± 0.5
1 . 7 + 3.3

Elemental Ni
{NixFei_xO-Fe2O3J
|x = 0.8 ± 0.2 )
(Fe3O,,)

++

Elemental Cu
CuO
NiO

CU2O

Sampled after adding oxygen to the coolant and shutting down the reactor
Determined by emission spectrography
Determined by X-ray .dLf fraction film techniques
Possibly present in minor quantities

*
**



TABLE 3

HALF-LIVES OF PRINCIPAL RADIONUCLIDES IN CRUD

RADIOHUCLIDE

60Co

58Co

slCr

61*Cu

56Mn

5"Mn

s9Fe

95Zr

95Nb

103Ru

HALF-LIFE

5.26

71

28

12.9

2.58

300

45

65.5

35

39.5

y

d

d

h

h

d

d

d

d

d

PRINCIPAL MEANS
OF PROJ/UCTION

54Co (nY)

!i8Ni (np)

50Cr (nY)

B3Cu (nY)

55Mn (nY)

5"Fe (np)

5BFe (nY)

9MZr (nY) and
Fission Product**

Daughter 95Zr

Fission Product

PERCENTAGE OF
TOTAL CURIES

75 •

5 -

5 -

1

1 -

1 -

1 -

<0.

- 80

- 8

- 8

2

6

6

5

PERCENTAGE OF
TOTAL Y ENERGY*

9C - 95

2.5 - 3.5

0.1

-

-

0.4

0.6-1

0.4 - 2

0.4-2

-

I

* Calculated from MeV Curies

** Since fission products are now so low in the heat transport system,
the principal means of production of 95Zr is probably via 91fZr corrosion product.
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TABLE 4

CRUD RETAINED ON FILTERS

Membrane

(Um)

12

8

5

3

1.2

0.45

0.22

0.10 .

0.05

0.01

6 if,

33

58

81

89

93

97

98

99

99

:u

.5

.5

.9

Percent

Oxidizing
60Co

23

49

75

85

90

95

97

99

99.2

99.4

Retained

Reducing
6*Cu

63

89

96

98

99

99.5

99.7

99.9

———-1

60Co

33

58

72

93

95

98

99

99.7

99.8

99.9



- 35 -

ELEMENT

Fe

Ni

Cu

Co

Al

Cr

Mn

Ca

Mg

Pb

Si

Zr

Ti

TABLE

CHEMICAL, RADIOCHEMICAL,

5

AND STRUCTURAL DATA
FOR CORROSION PRODUCT REMOVED*

FROM THE SUCTION PIPE OF ADPGS PRESSURIZED PUMP

CHEMICAL RADIOCHEMICAL

ATOMIC RATIO+

NUCLIDE

100 60Co

0.92 58Co

0.77 65Zn

<0.007 59Fe

1.15 5l*Mn

0.13 137Cs

1.0

0.06

0.11

0.05

0.46

<0.005

0.03

ECIFIC ACTIVI

mCi/m2

13

0.1

2.8

0.023

1.5

0.19

STRUCTURE

mCi/kg

3.7 Fe3O<,

0.029

0.80

0.0066

0.43

0.054

* Removed after 609 EFPD

+ Emission spectrography
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WITH CLARK'S SOLUTION
(X-RAY DIFFRAGTOMETER STEP SCANNING Cu K2 RADIATION, 0.02 °(20) STEBS,
400 SEC.)
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FIGURE 4 : BOILER ROOM S/D RADIATION FIELDS BEFORE AND AFTER

CYCLING DECONTAMINATION*2'

NOTE: S/D - SHUTDOWN
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