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FOREWORD
Water coolant chemistry and corrosion processes are important factors in

reliable operation of NPP's, as at elevated temperatures water is aggressive
towards structural materials. Water regimes for commercial Pressurized Water
Reactors and Boiling Water Reactors were developed and proved to be
satisfactory. Nevertheless/ studies of operation experience continue and an
amount of new Research and Development work is being conducted for further
improvements of technology and better understanding of the physicochemical
nature of those processes. In this report information is presented on the
IAEA programme on fuel element cladding interaction with water coolant. Soir.e
results of this survey and recommendations made by the group of consultants
who participated in this work are given as well as recommendations for
continuation of this study.
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INTRODUCTION

ROLE OF WATER CHEMISTRY IN RELIABLE OPERATION
OF NUCLEAR POWER PLANTS

I. RYBALCHENKO
Division of Nuclear Fuel Cycle,
International Atomic Energy Agency,
Vienna

At present and for the near future nuclear power development in the world
is based mainly upon water-cooled reactors. At nuclear power plants water is
used as a reactor coolant, as a media in the secondary circuit and in a number
of auxiliary systems. At elevated temperatures water is an aggressive
substance towards structural materials when in contact. It means that
reliability of many systems at nuclear power plants depends much upon water
control there. It is especially important for primary circuits and fuel
cladding. Normally, reliability and safety are achieved by using proper
cladding and structural materials and special measures are taken to prevent
dangerous corrosion, erosion and other processes. Water regimes were
developed for both BWR and PWR which proved to be reliable. In recent years
again a growing interest in this problem can be observed. Nuclear water power
reactor experience shows that even in normal working conditions after a
certain period of time some undesirable influence in fuel element cladding
integrity can take place due to corrosion, erosion, hydrating and deposition
on heat transfer surfaces of corrosion products as well as other coolant
impurities.

Migration and transport of irradiation in reactor core corrosion products
and other impurities lead to formation of highly radioactive deposits in some
parts of the primary circuit and to radioactive contamination of primary pipes
and equipment (especially for BWR). This causes difficulties in maintenance
and repair because of the high radioactive dose and necessitates the
decontamination of some equipment and even the primary circuit as a whole.
More serious problems connected with interaction between water coolant and
cladding material might occur in abnormal conditions. For instance, zirconium
alloy-water coolant reaction during TMI reactor accidents has led to cladding
failure and hydrogen formation. The wish to decrease radiation doses from



Table A

IMPURITIES IN COOLANT CIRCUITS

No. Source of impurities Chemical composition
of impurities

Measures to prevent or
decrease impurity
accumulation

1. Initial water for
circuits

2. Make-up water

3. Cladding materials

4. Structural materials
(heat exchangers, pipes,
vessels, etc.)

5. Pressurizers (for PWR)

6. Coolant and condensate
purification systems

7. Coolant water and air
ejection in vacuum part
of turbine

8. Chemical additives for
conservation, decon-
tamination, etc.

Soluble salts and gases
+ + +2(Na , K , Mg ,

Ca+2, CÏ, No3, SiO^,

°2' N2' C°2 '••)
- ditto -

Corrosion products

Efficient purification
of water

Uranium and fission
products due to surface
contamination during
fuel fabrication
Corrosion products: Fe,
Co, Cr, Ni, Mu, Cu ...

V N2

Fine filter materials

Salts, particulate
matter, air

Acids, alkalis, salts

- ditto -
Suppression of corro-
sion by water condi-
tioning
Surface cleaning during
fuel fabrication

Suppression of corro-
sion by water condi-
tioning
Use pure helium or
vapour pressurizers
Use traps

Improvements in sealing
of turbine and condenser



primary circuit equipment and piping has led to new efforts to improve water
chemistry. Development of advanced water reactor concepts to achieve higher
burnup and better fuel utilization also requires additional safety measures
because of the longer residence time of fuel in reactors, in some cases higher
temperature of the coolant, possibility of nucleate boiling in PWR, etc.
Normal operational conditions related to water chemistry may be achieved by:

- Use of corrosion resistant materials for fuel cladding and other
components and piping contacting with water coolant in primary and
auxiliary systems;
Water conditioning by means of various additives to reduce corrosion
processes and influence on behaviour of impurities in the circuits;

Effective coolant purification systems to remove undesirable
impurities.

There are two main types of water-cooled reactors now being used: pressurized
and boiling for which water chemistry conditions differ significantly. High
purity water coolant should ensure adequate corrosion resistance of all
materials used (stainless and carbon steels, zirconium, copper, nickel
alloys etc.). Table A shows sources of impurities which could enter into the
reactor and measures to prevent or decrease accumulation of impurities.

In order to evaluate existing experience in this field the Agency has
initiated a survey on fuel element cladding interaction with water
coolant (1]. As a result information was collected and evaluated. Some
results of this survey and conclusions are presented here.
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WATER CHEMISTRY OF NUCLEAR POWER REACTORS.
EVALUATION OF SPECIFICATIONS FOR WATER QUALITY

I.D. DOBREVSKY
Vissh Khimiko-Tekhnologicheski Institute,
Burgas, Bulgaria

1. INTRODUCTION

The need to ensure the integrity of fuel element cladding and equipment
in the reactor, to increase their reliability and to minimize radiation dose
rate in the out-of-core parts poses certain requirements towards cooling water
quality. These specifications limit impurity concentration in reactor water
and set the concentration range of additives to the reactor water.

The specifications for coolant quality refer to water chemistry
conditions which aim at:

(a) Prevention of stainless steel stress-corrosion and limiting of
corrosion rates of the system's constructional materials;

(b) Decreasing of release rates of corrosion products from out-of-core
surfaces (some of these corrosion products, and particularly so of
the iron oxides, will produce radioactive nuclides as the result
of neutron exposure in the core and will later increase the
radiation dose rate in the out-of-core parts of the nuclear power
plant)>

(c) Minimization of solid deposition on the heat transfer surfaces of
the fuel elements (these deposits increase the fuel cladding
temperature and consequently the oxide growth and hydriding of Zr
alloys. The acceleration of this corrosion is the function of
thickness and morphology of the deposits).

The specifications of coolant water quality are different for the
different nuclear power reactors. These differences depend mainly on reactor
type (PWR, BWR, PHWR, SGHWR, etc.) and on type and composition of construction
materials for components.

The following survey of water chemistry in the nuclear power stations
will therefore be divided into two main parts, viz.:

PWR primary circuit water chemistry;

BWR reactor water and feedwater chemistry.

13



The special features of the heavy water reactors will be given under a
separate heading.

2. PWR PRIMARY CIRCUIT WATER CHEMISTRY

2.1. Light Water PWR

2.1.1. Description. Main characteristics. Construction materials
A specific feature of the PWR nuclear power plants is the presence of

two entirely separate circuits - primary circuit and secondary circuit, Fig. 1.

t ***** f t *»_,--.-I A» -i-»?.*, * f*N j~>' » Q-.Î» u-J i<

circulating
pump r ' | HP LP

,. * rshaaters

I f__ ._i_ ("V»rîfÎ£ï;'»r;r>iî\^—n n ^~;'/~,~ >•-*••--l ! LJ penning

Fig.1. PWR - Flow Diagram.

The primary circuit includes the reactor (the reactor vessel houses the
fuel element assemblies which form the reactor core) and cooling loops with
the circulation pumps. The pipes of the cooling loops interconnect the
reactor with the steam generators. In the light water PWR the normal (light)
water flowing through the core serves both as a neutron moderator and as a
cooler which removes the heat generated during the operation of the reactor
and transfers it to the heat transfer surface of the steam generator.

The cooling water does not boil due to the high pressure
(normally 15-16 MPa) which corresponds to the operating temperatures in the
primary circuit.

It is noteworthy that the cladding of the fuel elements (Fig. 2) and
the walls of the assemblies, (Fig. 3) in nearly all nuclear power plants

14



Fig. 2. Example af fuel
element design
and size
(reactor wuER-440).

Tig. 3. Example of fuel
element assembly
(reactor wvea-440).

throughout the world are made of zirconium alloys. The main construction
material in the primary circuit is stainless steel. The tubes of the steam
generators are mostly of Inconel, Incoloy or stainless steel. Normally, the
reactor vessel is manufactured of pearlite steel with stainless steel cladding.

Two main types of light water PWR are installed in the present-day
nuclear power plants, viz.:

(a) PWR, type WWER-440, developed by the USSR and installed in nuclear
power plants in the USSR, Finland, Bulgaria, GDR, CSSR and Hungary;
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(b) PWR developed by Westinghouse, Babcock + Wilcox Co.,
Kraftwerk-Union C.E., Framatome etc. and installed in nuclear
power plants in the United States, France, Federal Republic of
Germany, Italy, Brazil, Sweden, Japan, Spain, etc.

As representative of the first group we will consider the PWR installed
in Kozloduj nuclear power station, Bulgaria (delivered by the Soviet Union),
and as representatives of the second group we will consider the reactors
installed in Mihama-2, Takohama-1 and Ohi-1 nuclear power stations in Japan.
Information concerning the parameters of these reactors is given in Table 1
and Figs 2-6.

Table 1

LIGHT-WATER PWR: CHARACTERISTICS AND PARAMETERS OF MAIN
REACTOR SYSTEM AND EQUIPMENT (1, 2, 3}

Parameter

1

Thermal output
Electrical output
Zriraârï £1I.CÜ1̂ .

No. of loops
Pressure vessel:

Diameter
Height

hater volume in
reactor circuit
Primary coolant
circulation flow
rate
Type ot circulation
Pressure
Temperature
Steam generator:

Diameter
Height (length)

Heat transfer area
Steam generator:
Tubes

No. of tubes

Unit

2

MW
MW
Flow
diagram

-

m
m

m3

t/h

MPa
°c
m
m
m

Type
pcs

Kozlodu}
Bulgaria

3

1 375
440

Fig. 4

6

3.84
11.80

256

39 000
forced

12.5
285

Horiz.
3.2
11.9

2 500

I
5 146

R e a c
Mihama-2
Japan

4

1 456
500

Fig. 5

2

3.40
11.50

165

30 000
forced

15.4
300

vertical
3.1
19.3

4 100

U
3 300

t o r
Takahama-1
Japan

5

2 440
826

Fig. 6

3

4.00
12.40

260

45 000
forced

15.4
310

vertical
3.3
20.6

4 800

U
3 400

Ohl-1
Japan

6

3 423
1175
-

4

4.
12.

340

60 000
forced

15.
310

40
90

4

vertical
3.
20.

4 800

U
3 400

3
6

Type/fuel
Fuel rod diameter mm
Fuel rod length m

rod/U02
9.1

2.57/Fig. 2

rod/UO2
10.7
3.9

roa/UO2
10.7
3.9

rod/UO2
9.5
3.5

16



Table 1 (continued)

Number of fuel rods
per assembly 126 179 204 264

Coolant inlet
temperature
Coolant outlet
temperature
Coolant velocity
Heat flux (mean)
Burnup
Materials in
reactor circuit
Reactor vessel
Vessel cladding
Circuit pipes
Fuel element
cladding

°C 268

°C 301
m/s 3.5
kW/m2 450
MWd/kg 28.6

12x2MF-A

8CrNiTl.l8.10

ZrNbl(H-l)

239

320
4. S

540
39.0

C-steel
SS 304
SS 306

Zircaloy-4

287

322
4.4

600
39.0

C-steel
SS 304
SS 306

Zirca-

289

325
4.8

600
39.0

C-steel
SS 304
SS 306

Zircaloy-
loy-4

Steam generator
tubes

Reactor coolant
bypass pur if ica—
tion system
Pressure
Temperature
Maximum flow rate

MPa
°C
m3/h

CrNiTi.18.9

12.5
40
20

Inconel Inconel Inconel
600 600 600

1.4 1.4 1.4
53 46 46
20.4 27.2 27.2

Some PWRs of the WWER-44Û type have no vessel cladding.

Data contained in Table 1 reflect the main differences between the two
PWR reactors, viz.:

The WWER-440 reactors (like those installed in Kozloduj nuclear
power station) are provided with horizontal steam generators with
stainless steel straight tubing while most other PWRs have
vertical steam generators with U-shaped tubes made of Inconel 600
or Incoloy 800;
Fuel element cladding of the WWER-440 is made of zirconium-niobium
alloy H-l containing 1% niobium while the fuel elements of the
other reactors are clad mainly with Zircaloy;
Temperature and pressure as well as heat load are smaller in the
case of the WWER-440 reactors;

17



1 - reactor; 2 - steam generators; 3 - mam circulating pumps;
4 & 5 - main atop valves; £ r jr.sssurizer (steam type);
7 - inject pipeline; 8 - drain; 9 - gas bubble r ;

10 - reducer; 11 - collecting main; 12 - valves; 13 - valves;
14 - collecting main for scavenging; 15 - purified water inlet
valves: 16 - collecting nain for purified water; 17 - heat
exchanger-cooler/heater; 18 — tank; 19 - punp; 20 — cooler;
21 - ion-exchange filtaps; 22 - heater; 23 -^degasifier;
24 - faed puap; 25 - HP-typa ion-exchange filtern; 2ô - K?
typ« coolar; 27 - raganarating haat ucohanger - H? typa coolar/
haatar.

Fig. 4. Flow diagram of the p r imary circuit of PWR K o z l o j u l .

si
H-

rÄ-___[: ™"

iXT* tSL- Auillajrr Spray Li_n«t
3H- 3 «i t H«ad*r;

C'/Cj- CU« iic_l and Voluri«
Ca itrol Synto if

RCDT-itoactor Cool mt Or .in Tank|
.H-"1- ü»*ctor Coolant
R/V- Reactor V««a« l ,

RHR- Raaidtial H«at ^
PKW- Pdnary Hak* up
SI-oafaty InJ«ctlor

S L- Sanpilnc i-i"*(

Fig. 5. Co-o laut System Flow Diagraa - ÎÎPP Hihama-1
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Sta&oi—
ganaral: or

Jig. 6. Coolant Systwra Flow Dia«ram-NPP Takaiaœa-1 /~2/.*

The reactor coolant by-pass purification systems of the WWER-440
reactors are operated at the reactor circuit pressure (12.5 MPa)
while the same systems in the other reactors are operated at lower
pressure (1.5 to 2.5 MPa).

2.1.2. Specifications of water quality for reactor coolant. Observed
concentration ranges of impurities and additives. Reactor coolant
by-pass purification systems
A characteristic feature of PWR coolant water chemistry is the fact

that boric acid- (H BO ) is added to the reactor water. Boric acid
concentration variation between 0 and 2500 (4000) ppm boron (B) depends on
such physical factors as mode of operation and burnup conditions in the core.
Since boric acid causes a decrease of the pH value of pure water,(Fig. 7,9),
and this necessitates the need to use alkalizing agents for pH control.

In line with the PWR water chemistry concept of the Moscow Kurchatov
Atomic Energy Institute [5] the best solution to the problem of reactor water
alkalizing would be the use of KOH and NH, as alkalizing agents. Today, all
PWR of the WWER-440 type use KOH and NH to alkalize the reactor water [1].

V H3B03
reactors.

added as moderator to control reactivity in the nuclear

19



Pig. T.- Additives effaot of watar pn at various temperatures /4/
1 - ?ure water; 2. rUrs wa-ar 4- 1000 ?pm
i - Pore water * 2x10"' mol LiOH;.

4 - Pura water •«• 2 x 10 mol LiOH •«• 1ÛCO ppm 3

The other PWRs use lithium-7 hydroxide ( LiOH) as an alkalizing
agent. According to Schroeder [6] LiOH has the following advantages:

"- Li has a small cross-section for the neutrons, it produces
neither radioactive isotopes like Na and K nor breakdown products
like NH ;

"- LiOH has less effect on the fuel element cladding which
consists of Zircaloy-4;

"- Neutron absorption results in boron's isotope ( B) producing
Li, i.e. about 5-6 kg per fuel cycle of a 1200 MW(e) reactor.
In some circumstances excess Li must be removed from the
reactor vessel;

"- LiOH (99.99% Li) is available at a moderate price; its use
does not necessitate the use of additional alkalizing agents and
minimizes the degree of pH control" [61.

One of the main problems in reactor water chemistry is the setting of
the optimum range of pH values of reactor water for the operating

*/temperatures— . (Corrosion rate of the constructional materials and
corrosion product solubility, as well as corrosion product transport in the
primary circuit depend on pH at the operating temperatures [3, 9, 10].)

The concept of the Moscow Kurchatov Atomic Energy Institute [5] allows
for a rather small variation of the pH values of the reactor water, viz.
PH260°C 7.1-7.3 which corresponds to pH o = 9.9-10.1.

V pH of water is dependent on temperature; pH cannot be measured directly
at operating temperatures (260-320°C) but must be calculated [7].
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The Westinghouse water chemistry of PWR systems [11] allows for pH
variation in a wide range, viz. PH25°c = 4-2~10<5' respectively
PH300°C = 5-4-7'6

These differences in concept are reflected in the specifications for
reactor water quality, Tables 2 and 3.

For comparison purposes, Table 4 contains the specified qualities of
reactor water in the Japanese PWR [14] , the Babcock & Wilcox chemistry
specifications of reactor coolant [15], the VGB recommendations [6] for the
reactor water of PWR under steady state conditions.

Table 2
SPECIFICATIONS OP REACTOR WATER QUALITY FOR PWR-TYPE WWER-440

PWR IN KOZLODUJ NUCLEAR POWER STATION [13]

Indicator Unit Standard
values Remarks

pH at 260°C
Boric acid as {{3803
KOH as K+

Hydrogen

Chlorides, max.
Fluorides, max.
Oxygen r max.
NH3, rain.

Concentration of
corrosion products
such as iron, max.

9/1
ppm

cra3/kg

rag/1
mg/1
mg/1
mg/1

mg/1

7.1-7.3
0-12

2.5-18

30-60

0.1
0.1
0.01
5

0.1

Ref. Fig. 8

Depending onH3B03 concen-
tration. Fig. 8
As the result ofNH3 radiolysis

NH3 max. concen-
tration depends on
H concentration

The specifications for primary coolant in KWU PWRs allow pH variations
in the range pH2soc = 5-10.5 [6].
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Table 3
THE WESTINGHOUSE CO. REACTOR WATER QUALITY SPECIFICATIONS (11]

Indicator

pH at 25°C

pH at 300°C, Fig. 9
Conductivity at 25°C
Boric acid as boron
7LiOHl/ as 7Li+

Hydrogen
Chlorides, max.
Fluor ides, max.
Total suspended solids
Oxygen, max.

Oxygen, average

Unit

S/cm
mg/1
mg/1

cm3Ag
ppra
ppm
ppra
ppm

ppra

Standard
values

4.2-10.5

5.4-7.6
1-40
0-4000

0.22-2.2Ü/

25-35
0.15
0.15
1.0
0.1

0.005

Remarks

Depends on {53803
and 7LiOH concen-tration

•
As for pH 25°C

0.03-3.2 x
10~4 mol

For operating
temperatures in
excess of 250°F
During power oper-
ation when M 2 *s
maintained in the
coolant

Irrespective of 113803 concentration in coolant.
The recent data are "0.7-2.2" (Private communication, 1982).

Table 4
CHEMISTRY SPECIFICATIONS FOR REACTOR WATER OF PWR

Indicator

pH at 25°C
7LiOH as 7Li+

Boric acid as B

Hydrogen
Oxygen, max.
Chlorides, max.

Fluorides, max.
Total suspended
solids, max.

Iron, max.

Silicates, max.

Turbidity, max.

Unit

ppm
ppm

cc/kg
ppm

ppm

ppm

ppra

ppm

ppm
ppm

Japanese
PWR [14]

4.2-10.5
0.2-2.2

0-4000

25-35
0.005

0.05

0.05

-

0.05

0.5

1.0

Babcock &
Wilcox [15]

4.6-8.5

0.2-2.0
0-2100

15-40
-

0.10

0.10

0.1

-
-
-

VGB, FRG
[6]

-

0.2-2.0
-

2-4l/
0.05

0.20

-

-

-

-

-

Measured results are in ppb.
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It is evident that the specified reactor water qualities are not the
same. Most significant is the difference in the concept for change of
concentration of the alkalizing agent ( LiOH or KOH). Only the standards
for water quality of WWER-440, and presently of WWER-1000, allow that the
concentration of the alkalizing agent be dependent on H BO concentration
in the reactor water, Fig. 8. The interdependence between the concentration
of LiOH and H BO has been also adopted since 1979 at Biblis nuclear
power station, FRG, Fig. 10 [16].

Fig. 8. KOK1 concentration change as Z* as function of a-,30,
concentration in the ?K ranga Pa260« " 7*1~7«3 /57-

8.50

8.0O

7.50

7.00

pH 5.50

6.OO

5.50

5.00

4.50
0 ( <( 2 3 4 5 6 7 8 9

JOTAI HY:>SOXIOE COUCEHTRATION
mol

?ig» 9. High temperature pff of boric acid solutions.
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y.

v.
V-t

f. 5».> 40

XWC-KWU»n

Fig. 10. lithium concentration as function of boric acid
concentration in the reactor watar of NÎP 3i"blis /Ï6/.

The demand that the change of LiOH concentration does not depend on
H,B03 concentration has been reflected in the specifications for coolant
quality of all other PWR.

Worth mentioning are the considerably lower limits of the chloride and
the fluoride concentration in the Japanese specifications for coolant
quality. This is evidence of the accepted sensitivity of stainless steel to
low levels of halogen-ions impurity.

The limited number of parameters specified by the VGB is noteworthy [6].
However, there is consensus on the role and the influence of the water

coolant impurities and the additives, namely:
- Hydrogen is added to suppress water radiolysis (oxygen formation)

Low hydrogen content increases oxygen levels resulting from water
radiolysis. This low H content also reduces dissolved iron
to be obliterated in reactor water for constant H BO and
7LiOH content [17]. The net effect increases crud deposition on
fuel rod cladding [18];

Oxygen results in an increase in corrosion rates and the crud
concentration increases in the reactor water. This is accompanied
by the increase of deposits over the fuel rod surface. The
presence of both oxygen and chlorides or fluorides can cause
stress-corrosion of the stainless steel [19];

- pH control agents are used for corrosion protection and as a means
to limit corrosion product transport to the core and therefore to
control crud deposition on fuel element cladding
surface [8, 9, 10];
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The limitations for the chlorides and the fluorides have been
established in order to minimize the corrosion of coolant circuit
construction materials and particularly so that of stainless
steel. The control of fluoride concentration is also linked with
the tact that Zircaloy undergoes accelerated corrosion by fluoride
concentration above 2 ppm in the presence of lithium hydroxide
pH 10....5 [20].

It is useful to consider data from operating reactors under normal
operating conditions. Data contained in Table 5 reveal that the reactor water
quality in a number of PWRs in Europe, Japan and the United States of
America [2, 3, 16, 21, 22, 23, 24, 25, 26] practically corresponds to the
specifications. This is an indication of the realistic approach adopted when
establishing the specifications and of the successful control of reactor water
quality in the various nuclear power stations. In practice, this control is
achieved by water exchange (substitution of part of the reactor water by feed
water) or by polishing of the reactor water in reactor's bypass purification
system (by ion-exchange).

Table 5
OBSERVED CONCENTRATION OF IMPURITIES AND ADDITIVES IN (PWR) REACTOR WATER UNDER STEADÏ-STATE CONDITIONS

Nuclear power Chloride,
station (PWR) ppm

Takahama 1, Japan

Miharaa 2, Japan

Kozloduj, Bulgaria

Obrigheira, FHG
Neckerwestheim, FRG

Biblis A & B, FPG
Stade, FBG

Ringhals, Sweden

Doel 1 s 2, Belgium
Tihange, France-Belgium

Beznau, Switzerland

Zorita, Spain
Novovoronezh, USSR

BR-3, Belgium (1979-1980)

Oconee, USA

0.05

0.05

0.1

0.06
0.1

0.05
0.10

0.10

0.03

0.03

0.15

0.02

0.1

0.03

0.05

Fluoride,
ppm

0.05

0.05

0.1

-

-

-
-

0.05

0.01

0.02

0.05

0.02

0.1

-

0.05

Hydrogen,
ccAg

30

30

40-50

-
2-3 ppm

2-3 ppra
3.0 ppm

15-50

57-59

23-30

35

35

40

7-9

20

Oxyg en ,
ppra

0.005

0.005

0.005

0.03

0.01

o.oos
0.010

0.005

0.005

0.010

0.005

0.001

0.005

0.03

0.005

Suspended
solids, ppra

0.1

0.1

0.1

-
0.1

-
0.5

0.1

-

0.025

0.3

0.03

0.1

0.01-0.18

0.01

Li
ppm

-

-

2-17 K

1.4

0.7-2.0

0.2-2V
1.1-1.5
0.5-1.0

0.4-0.6

-
1.0

0.7
2-17S

0.9-1.1

0.4-0.5

P«

6.5-7.0
(at 300°C)

6.5-7.0
(at 300°C)

7.1-7.4
(at 260°C)

-

6.2-7.5

-
-

-

-
-

-

-
7.1-7.4

(at 260°C)
6-8

(at 25°C)
6

(at 300°C)

K"1" and Li concentration at Kozlodu], Novovoronezh and Biblis depends on f
(Ref. Fig. 3, resp. Fig. 10).

concentration
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The main elements of the bypass purification system are the
ion-exchange units. In some PWRs the bypass system is also provided with
mechanical filters before or after the ion-exchange units.

The chemical and volume control system (CVCS) of the Japanese PWR
consists of a mechanical filter, cation-exchange filter, mixed-bed filter,
Fig. 11 [3]. This system is widely used in PWRs manufactured by
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The coolant bypass purification system in Biblis [16] incorporates only
two mixed-bed ion-exchange filters. (Normally/ one of them is in continuous
operation while the other is operated only to decrease Li concentration in
reactor water.)

The bypass purification system in Kozloduj consists of three
ion-exchange units, Fig. 4, viz.:

a) Bed with cation exchanger in H-form;
b) Bed with anion exchanger in OH form;

c) Mixed-bed unit with cation exchanger in K-NH. form and anion
exchanger in 30. form.

Normally, only the mixed-bed filter is in continuous operation.
The anion exchange filter is operated periodically with the following

tasks:

tasks:

a) To decrease the concentration of Cl ions in the reactor water
(whenever necessary);

b) To decrease the concentration of boric acid in the reactor water
when H,BO concentration is below 1.0-1.5 g/L.

After exhaustion the anion exchanger is regenerated with KOH.
The cation exchange filter is operated periodically with the following

a) To decrease the K and Li ions and eventually the NH ions in
the reactor water in order to prevent pH increase»

b) To decrease the concentrations of all cations in the reactor water
before its treatment in the anion exchange filter when the latter
is used to reduce chloride concentration in the reactor water.

After exhaustion the cation exchanger is regenerated with HNO .

As has already been noted in Table 1, only the bypass purification
systems in PWR type WWER-440 (including those in Kozloduj) are operated at the
service pressure of the primary circuit, 12.5 MPa. In all other PWRs these
systems are operated at reduced pressures, 1.2-2.5 MPa. This reduced pressure
is connected with the partial separation of the dissolved gases in coolant
which can include radioactive gases. For this reason these systems are called
"Chemical and volume control systems".
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As evidenced by the available information, irrespective of their type,
bypass purification systems have practically the same effectiveness:

Decontamination factors for total activity range between 50
and 100 (depending on total activity of reactor
water)-7 [1, 3, 16]»
Decontamination factors for iodine isotopes range between
4 510 -10 , for Cs isotopes between 2 and 5, and for Cr isotopes

between 10 and 50;

The corrosion products removed from the reactor water when the
latter is purified in the bypass purification system vary between
15 and 30% of the production rate. (Approximately 90% of the
corrosion products in the reactor water are Fe products, the rest
being Cr and Ni products; some 70-80% of the corrosion products by
weight are below 0.45 ym.)

Usually, the flow rate of the bypass reactor water purification system
ranges between 20 and 40 m /h.

For all ion-exchange units the operating temperature is reduced to
40-50 C the maximum being 60 C.

The chemical parameters of the reactor water are measured by either
routine laboratory analysis or on-line instruments. Particulate matter
determination in the reactor water is by means of routine laboratory
analyses. On-line analysis is applied to measure the conductivity, oxygen
content and boric acid concentration. In some nuclear power stations gamma
monitoring methods are used to measure water activity during normal
operation [27].

Figure 12 shows the main sampling points in a PWR.
The extent and frequency of reactor water chemistry monitoring at

Biblis, FRG [16] is given in Table 6.

Concluding this chapter it should be noted from Mishima's
communication [14] that commencing in 1981 the pH of coolant in the Japanese
reactors will be reduced during shutdowns in order to increase dissolution of
crud deposited on the surfaces of the primary circuit thus facilitating some
decontamination, viz. "In order to reduce the coolant pH, lithium ion was

V The usual total activity in the reactor water is 10~4-10~5 Ci/kg,
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Fig. 12. T - ïïoactor water; 2 - '<Vatar part of pras-rurizar; 3 - - - . -
Sis part of pressuriser; 4 - Bypass raactor v/atar cie=./i-r.j.
systara; 5 - Gas volume régulation; 5 - Staas; 7 - Cur.dan
sata; ô - Feedwatar; 9 - 31ow-àowri of stosa generator;
Tu - Steaa from turbina

Table 6

Parameter Frequency
pH
Conductivity
Chlorides
Si02
Fe
Cr
Ni
Li
H3B03
Oxygen
Hydrogen
I isotopes
CPC
Cs ana Np isotopes
Sr isotopes

1 x weekly
1 x weekly & on-line
1 x weekly
1 x weekly
1 x weekly
1 x weekly
1 x weekly
1 x weekly
5 x weekly & on-line
on-line
1 x weekly
3 x weekly
1 x weekly
1 x weekly
1 x monthly
1 x monthly

removed by the CVCS cation bed immediately after the shutdown and boron
concentration was increased to the refuelling boron concentration
(above 2000 ppm) during the plant hot shutdown condition ... It was confirmed
that the long-time circulation of the coolant at low pH was an effective
measure to reduce the activity inventory in the primary coolant, Fig. 13" [14],
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The described variant of "soft decontamination" could be a useful
alternative to the Westinghouse method which has similar objectives, i.e. the
addition of HO to the reactor coolant after shutdown when its
temperature drops to 100 C [21, 24].
2.1.3. Evaluation of specifications for PfoR water quality and the relation

between water quality and fuel element performance and reliability
The majority of data from operating PWR experience indicate that the

reactor water specifications are generally effective in achieving chemistry
aims. Water chemistry as applied today in PWRs does guarantee the integrity
and reliability of the primary circuit including the fuel elements. The
generally low level of primary coolant total activity

-4 -5(10 -lu Ci/kg) [2, 14, 16] could be regarded as an indicator of
acceptable operation.

However, despite this optimistic conclusion certain facts relating to
more precise control should not be overlooked. In this connection the
investigations conducted by Thomazet, Noè and Stora [28] are important. Their
results revealed that effective prevention of fuel element cladding crud
deposits requires the maintenance of practically constant pH values during the
cycle by a continuous decrease of lithium hydroxide as iron levels decrease to
give a value of 7.5 at 280 C. The authors [28] claim that these "new
chemical recommendations with co-ordinate lithium to boron contents lead to
low core crud build-up".
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Results obtained by Thomazet et al. correspond with the earlier
practical conclusions made at Biblis in 1979 [16] on the need to maintain
reactor water pH within a narrow range through a suitable concentration
of H BO and LiOH, Fig. 10.

The need to vary the alkalizing agent concentration as a function of
the H BO concentration so as to maintain a practically constant and
sufficiently high pH of the reactor water is also supported by past experience
with PWR, type WWER-440 [1]. These reactors are operated in compliance with
the specifications presented in Table 2.

It seems advisable therefore that future PWR coolant chemistry
specifications should be amended to allow for a practically constant and high
pH value and maintained throughout fuel cycles. This will involve the
co-ordinated variation of alkali level with boron concentration.

Data presented by Mishima [14] about pH changes in the reactor coolant
in a Japanese PWR [4] for the period 1975-1981 (Fig. 14) indicate that such a
policy of pH control has already been achieved in practice. This is evident
from the results of the fifth reactor fuel cycle when a more constant high pH
value was maintained. Evidently, the concentration of the alkalizing agent
has been varied depending on the concentration of H BO in the reactor
coolant.
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65
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Fig.tfr . Primary Coolant pil during: Power Operation (Plant II)
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The communication of Garzarolli, Riess and Walter about fuel rod
corrosion at Neckarwestheim NPP should be regarded as a useful warning. "In
modern PWRs where sub-cooled boiling will occur, hydrogen can be stripped off
from the water phase to the steam bubbles. As a consequence of the local
reduction of the hydrogen concentration the concentration of the effective
oxidative radicals may increase in such areas ... and in turn this may lead to
an enhanced corrosion of the Zircaloy cladding". Under these conditions at
Neckarwestheirn sizeable concentrations of nitrites, nitrates and ions of
the NO type have been found even at 3 ppm H in the reactor coolant.

X t»

Of particular importance is the fact that the authors [22] link NO
A

appearance with the oxidation of ammonia contained in the reactor water.
This information from NPP-Neckarwestheim shows the need to review the

factors relating to corrosion processes in PWRs using ammonia for alkalization
of coolant. (Particularly in them local boiling of water due to local
overheating is possible.) In this connection it is necessary for the water
chemistry control of the PWR to incorporate the limitation of the NO -ion
concentration since this is an indicator of the specific oxidation processes
in the reactor coolant.

The behaviour and reliability of the fuel element cladding must also
take into account the adverse effect of any deviations from the reactor
coolant specifications on the fuel element cladding. According to Lippner,
Haas, Gubel, Van der Velde and Van Loon [18] the failure of the fuel elements
in the Belgian reactor BR-3 was due to the considerable amount of impurities
entering the primary circuit water during decontamination operations. These
impurities deposited on the fuel elements accelerated the oxidation and
corrosion of the element cladding.

An important operational factor influencing fuel rod failure in
the BR-3 reactor mention should be made also of the significant deviations
from the reactor coolant specifications [18]:

"Hydrogen concentration oscillated between 7 and 9 cm /kg,
i.e. a value smaller than the specified one (25-30 cm /kg) ...;

"Oxygen content in the reactor coolant was 0.03 ppm on average,
i.e. a value higher than the specified one (0.005 ppm)".

Evidently, low hydrogen content is the reason for the observed higher
oxygen amount resulting from water radiolysis on one hand, and the decrease of
dissolved iron concentration on the other. The comparatively low pH of the
reactor water during the reactor campaign (pH o = (to 8)) had also
contributed to this effect.
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Under these unfavourable conditions, the comparatively moderate
concentration of undissolved crud between 0.01 and 0.18 ppm (specified value
is 1 ppm) has been enough to form significant crud deposits on the fuel
element cladding. As a result, the process has led to corrosion damage.

2.2. Heavy, water PWR— '

Pressurized heavy water reactors are presently in operation in Canada,
Argentina, India and in some other countries. The high temperature - high
pressure primary coolant (DO) system of these reactors uses an alkaline pH
regime under controlled dissolved oxygen levels. The philosophy behind this
primary system chemistry control is to minimize the corrosion/release rates of
major constructional materials like carbon steel and Monel 400, and also to
favour the reduction of corrosion product residence time in the core. These
objectives would:

(a) reduce the deposition of corrosion products on fuel elements and
in turn the concentration of aggressive chemicals within the
deposits, and

(b) reduce the radiation field build-up on out-of-core surfaces.
The specifications of water quality for reactor coolant of NFS**/Atucha-1, Argentina — ' (1179 MW(th) and net electrical capacity 335 MW(e) is

typical of these PWRs.
The permissible concentration ranges of the various ions and compounds

are:
Li OH 1-2 ppm Li
D2O 6 ppm D
Oxygen 0.05 ppm
Chloride 0.2 ppm
pD at 25°C 10.5-10.9
Silicates max 4 ppm SiO
Dissolved iron 0.5 ppm
Crud 1 ppm

^J This part uses texts referring to the Indian PWRs, kindly placed at our
disposal by Dr. P.K. Mathur from Bhabha Atomic Research Centre (India).

**/ Data about Atucha-1 are taken from "Answers to IAEA Questionnaire -
NFS Atucha-1, Argentina (1981).
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The observed concentration for impurities and additives during normal
operation for PWR Atucha-1 and for RAPS (PWR of Rajastan Atomic Power Station)
are given in the following table.

Indicators

Conductivity, 25 C
Chlorides
Oxygen
D O
pD at 25°C
Li OH
Boron

Unit

US/cm
ppm
ppb
ppm
-

ppm Li
ppm

Atucha-1

10-15
0.01
5-20
1-2

10.0-11.0
0.7-1.1

0.5

RAPS

19-25
0.1-0.2

10
-

9.5-10.5
-
-

The monitoring schedule for chemistry control of PWRs is typified in
the next table which reflects the chemical analysis performed in the primary
circuit of Atucha-1.

Analysis

pD
Conductivity
T
Li
Na
Oxygen

Silica

Chlorides

Iron

Chromium

Nickel

Boron

Concentration
of D90

Frequency

daily
daily
daily
daily
daily

2-3 times
a week
weekly

weekly

weekly

weekly

weekly

2 times a
month

2 times a
month

Type

sample
sample
sample
sample
sample
on-line

sample

sample

sample

sample

sample

sample

sample

Technique

pH-meter
conductimeter
single channel
flame photometer
flame photometer
orthotoluidine

ammonium molybdate
spectrophot.
nitrate mixture
spectrophot.
thioglycolic acid
spectrophot.
diphenylcarbazide
spectrophot.
dimethyl glyoxime
spectrophot.
carminic acid or
curcumin
spectrophotometer
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Analysis
Tritium
Crud
131i to "Si
133Xe, 135Xe
41Ar
85mKr

Frequency
weekly
weekly
daily
daily
daily
daily

Type
sample
sample
sample
sample
sample
sample

Technique

liquid scintillator
filtration and weight
multichannel
multichannel
multichannel
multichannel

60Co,58Co, 59Fe,
54Mn, 56Mn, 51Crr134Cs, 136CS/ 137Cs
122sb, 124sb, 64Cu,
24
147
Cu

Na, 95Zr, 97zr,
W

PWRs:

2 times a
year

3 times a
year

sample
multichannel
(corrosion and
fission products)

P.K. Mathur points out the following features when operating the Indian

"The primary heat transport systems were heat conditioned during the
initial commissioning so as to remove loose corrosion products by
filtration and to form an adherent and protective magnetite coating on
system surfaces. The equilibrium circulating crud concentrations after
heat conditioning were much less than 0.1 ppm/ and levels continue to
remain so with the efficient filtration circuit being in line.
"In one of the reactors y-spectral measurements were carried out to
estimate the deposited activities on corrosion coupons representative
of system materials installed in a dynamic bypass autoclave. The
extent of deposition of major activities like Co and Co was
found to be in the decreasing order on carbon steel, stainless
steel-403, stainless steel-304, Zircaloy-2 and Monel-400. Hence, it is
expected that the corrosion product deposit levels on Zircaloy-2
cladding would be minimum relative to the carbon steel surfaces
out-of-core.

"The PHT system under different water chemistry conditions showed
interesting variations of activity levels. Whenever there was a

51 54temperature or oxygen transient (50 ppb) , the Cr and Mn
activities were also identified on the crud. The circulating steady
state crud did not carry these activities. This might be interpreted
as activities originating from heat transfer surfaces or surfaces
susceptible to oxygen-induced corrosion (Monel-400) . Autoclave coupon
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measurements also showed the association of Cr with only Monel—400
surfaces, hence supporting the above observation of crud release
behaviour.
"On-line Y-activity measurements on primary heat transport system
surfaces showed the migration of corrosion products across a
temperature gradient. The deposition was maximum on relatively
'colder' surfaces as expected based on a solubility model of activity
transport.
"The build-up of boiler cabinet radiation fields measured at specific
intervals after shutdown were appreciably lower than those observed in
other similar stations abroad at approximately the same operating
period. This shows that low crud levels in the primary heat transport
system due to good water chemistry control have resulted into much
lower radiation field build-up on out-of-core surfaces."
In conclusion, it is noteworthy to mention the relation between crud

residence time on fuel elements and the rate of growth of radiation fields in
*/PWRs (De Michaeli)- .

"The relation between crud residence time on fuel elements and the rate
of growth of radiation fields in FWRs: The continuous refuelling
strategy in these plants implies that fuel elements are being
constantly removed from the reactor without any previous chemical or
operational perturbation. The largest fraction of activity is removed
with the fuel elements, and it is true that if residence times of crud
on fuel elements could be substantially increased, a very effective
measure against out-of-core radiation field increases would be
achieved. This is only potential at present, as we have measured
typical residence times in Atucha of the order of 30 min,
against 200 days of average residence of the fuel element in core."

3. BWR REACTOR WATER AND FEED WATER CHEMISTRY

3.1. Light-water BWR
3.1.1. Description of main systems. Main characteristics. Construction

materials

In most modern BWRs the reactor has assumed the functions of a steam
generator. Steam generated in the reactor enters the turbine directly
(Fig. 15). In the typical light-water BWR the ordinary (light) water passes

Comments to this draft survey (1982) .
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Fig. 15. BVR. — Flow Diagram

through the core acting as both moderator and coolant removing heat from the
core. A proportion of the coolant then evaporates and enters the turbine as
steam. The condensed steam is collected in the hot-well located below the
condenser cooling tubes. The full flow of condensate passes through a
condensate polishing unit in order to remove the soluble and the insoluble
impurities. This high-purity water is heated and as feedwater is injected
into the reactor. The required reactor water quality is provided by
purification of a separate bleed in the reactor water polishing unit.

BWRs which use heavy water or graphite as moderator and light water as
coolant and service medium (steam) can be considered from a chemical viewpoint
as identical with the typical light-water BWR. For that reason, this chapter
on the light-water BWR will include also reference to the Steam Generating
Heavy Water Reactor in Winfrith [29] and the BWR, type RBMK-1000 in the
USSR [30]. The latter is a light-water BWR of the channel type with graphite
moderator.

Information on the main system characteristics, operational parameters
and the construction materials is given in Table 7 and Figs 16-19.

The BWR at Tarapur nuclear power station (Fig. 17} has the so-called
secondary steam generator. The primary side water of this generator is
reactor water while the secondary side water is taken from the feedwater
line. (Other BWRs in the FRG, USSR and USA have a similar process flow
diagram.)
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LIGHT-WATER SHR.

Table 7
INFORMATION ABOUT MAIN REACTOR CHARACTERISTICS AND PARAMETERS.

CONSTRUCTION MATERIALS (31,32,33,34,35)

Parameters

1
Thermal capacity
Electrical capacity
Coolant system data
Flow diagram
Primary coolant circulation
flow rate
Type of circulation
Number of loops
Steam production

Pressure
Temperature
Volume of water
Fuel elements
Typ«

Unit

2
HW
MM

t/h

t/h

MPa
°C

m3(t)

Number of fuel elements in core
Core
Heat flux, mean
Heat flux, maximum
Heat transfer surface
Neutron flux, mean

thermal neutrons
fast neutrons

Coolant velocity
Inlet temperature
Outlet temperature
Outlet void, mean
Outlet void, maximum
Burnup, mean
Materials in reactor
Reactor vessel
Vessel cladding
Pressure tubes
Fuel cladding
Reactor water clean-up
system
Recirculation loops

Materials in secondary aide
Steam piping
Condenser tuoes
L? feed heater
HP feed heater
Feedwater pipe

KW/m2
kW/m2

m2

n/cm2.s
n/cm2.s
m/sec

c-C
°C
%
%

MWd/t

type
type

type
type

type
type
type
type
type

WSGHRuw
3

330
100

Fig. IS

7 000
forced

2
550

6.4
230
38

Fig. 19

104

411
1 087
793.4

5.7 x 1013
1.3 x 1013

5.0
274
230
9

22.5
27 500

Zircaloy 2

St. 321

St. 304
70/30 brass
90/10 brass
90/10 brass

St. 304

Boiling-water
Tarapur
India

4

-
210

Fig. 17

10 500
forced

2
I - 875
II - 362

5.8
285

93.7

6 x 6

284

383
1 277
1 672

3 x 1013
1.8 x 109

2.17
267
285

21 600

St. 302
St. 308

Zircaloy 2

St. 304
SS316

St. 304

reactors in nuclear
Mahleberg
Switzerland

S

1 000
320

14 000
forced

2
1 800

7.1
276
100

8 x 8

240

457
1 003
2 200

0.7
190
276

25 000

St.ASOB
St. 304

Zircaloy 2

St. 304
St. 304

St. 45. 8

power stations
Tsuruga
Japan

6
1 070
357

Fig. 18

17 700
forced

3
1 935

6.99
285
160

7 x 7
8 x 3

308

370
1 120
2 793

3.6 x 1013
3.7 x 1013

2.0
189
235
59
69

25 000

St.302B
St. 308

Zircaloy 2

St. 304
SA106

A106
Admiralty

St. 304
AxlOCrNiTi 18/9

St. 35

St. 304
St. 304
A.106

Uamaoka 2
Japan

7

2 436
840

34 900
forced

2
4 750

7.2
236
212

8 x 8

560

452
1 105
5 147

4.6 X 1013
1.3 X 1014

236
42.2

27 500

St. 533
St. 371

Zircaloy 2

St. 304
St. 304

St. 304
brass
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The reactor at Winfrith (Fig. 16) differs from the majority of the BWRs
in that the steam generation takes place in individual tubes (channels) for
feedwater under high pressure. This reactor has two special steam
generators. Among the characteristics of this reactor we should mention that
the tubes of the turbine condenser and of the LP and the HP heaters are
fabricated of Cu-Ni alloys. In a number of nuclear power stations such as
Mühleberg, Tsuruga, Lingen, Würgassen, Gundremingen etc. copper-containing
alloys are used only for the tubes of the turbine condensers. In some
stations with BWRs such as the Swedish stations supplied by ASEA-ATOM the
turbine condenser tubes, initially of copper alloys, were replaced in 1981 by
Ti-tubes [37].

The avoidance of copper alloys in the BWR equipment is an increasing
topical and justifiable tendency. The elimination of copper alloys from BWRs
steam-water loops and particularly so their use as materials for the feedwater
heaters is a crucial factor reducing crud deposition on the fuel element
surfaces and thereby increasing their'reliability.

CONOIHJ«
70/50 ÎAASÎ
«ÎO/10 C./NI
7Oi'O Ct/K

HT HIATUS
STAINLESS CAWONsim situ

?ig. 16. .SIMPLIFIED FEEDWATER/COOLANT CYCLE FOR WSCHWR [z
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3.1.2. Specifications of feedwater and reactor water quality in BWRs. Amount
of impurities in feedwater and reactor water for different operating
conditions of the BWR. Plants for feedwater (turbine condensate) and
reactor water clean-up
A specific feature of BWR water chemistry is that water radiolysis in

*/core is not controlled (suppressed)—^ . Reactor operation at a given
capacity leads to water radiolysis at a constant level. In most cases

Unlike PWRs, water radiolysis suppression by maintaining certain H2
concentrations is impossible because the hydrogen added would be removed
continuously with the steam from the core.
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the 0 level in the recirculating coolant due to radiolysis is usually
between 0.1 and 0.3 ppm, and the 0 amount in the produced steam ranges
between 15 and 30 ppm. (Equivalent H amounts in the reactor water and the
steam correspond to these 0- amounts.)

The presence of such 0_ concentrations in the reactor water makes the
use of NH or hydrazine impossible to control water's pH because their
radiolysis can produce nitric acid which is corrosive. In BWR coolant pH
cannot be controlled even with the non-volatile KOH or LiOH because of the
danger of local concentrations of these bases in the core.

Under these circumstances, the minimization of the corrosion processes
in the BWR requires both the use of highly corrosion-resistant construction
materials and high-purity water throughout the cycle.

As seen from Table 7 the core is made of corrosion-resistant materials,
mainly stainless steel. However, in the presence of chlorides and oxygen
these materials are susceptible to stress corrosion cracking. For this
reason, the reactor water, and hence the feedwater of a BWR should have the
lowest possible chloride and fluoride concentration.

Other parts of the plant can use less corrosion-resistant materials
such as low-alloy steel. The corrosion products released from the large
surface areas of these materials must be removed from the feedwater before it
enters the reactor vessel in order to minimize the amount of material carried
to the reactor. In this way fuel surface deposits are minimized and flow and

' radioactivation problems reduced.
For that reason, corrosion product control from the water before it

enters the core is essential in BWR operation. The corrosion product
concentration amount in the reactor and the feedwater is therefore subject to
specification limits.

Evidently, both feedwater and coolant in the BWRs should have a high
degree of purity. This has been reflected in the specifications for feedwater
and reactor water quality in BWRs. Tables 8, 9 and 10 give the feedwater and
reactor water qualities in a number of BWRs as specified by various companies
and countries.

A comparison between Tables 8, 9 and 10 leads to the conclusion that
irrespective of some differences in the specified indicators and the
permissible amounts of the impurities in the feedwater and the reactor water
of the BWRs the specified main characteristics of reactor water and feedwater
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are essentially the same:
Feedwater is highly demineralized. Specific conductivity varies
between 0.1 and 0.2 uS/cm. Chloride level in the feedwater must
be sufficiently low so as to meet the requirements for chloride
concentration in the reactor water. (In a number of
specifications the chloride level in the feedwater is not
specified due to difficulties in the experimental determination
and the extremely low chloride ion concentration.)

Table 8
FEEDWATER SPECIFICATIONS FOR BWRs IN SOME NUCLEAR POWER STATIONS

Indicators

Conductivity
Chlorides
Silica
Corrosion products:
Iron
Copper
Cr total
Ni total
Total crud:
Oxygen
pH at 25°C

Unit

ps/cra
ppb
ppb

ppb
ppb
ppb
ppb

ppb

WSGHWR Tarapur Mühleberg Tsuruga Hamaoka 2
[32] [33] [31] [35] [34]

0.2 0.1 0.1 0.1 0.1
20 n.s.V n.s.V n.s.V n.s.V
30

20 5 ISlV 30
5(3) 2 2 2
( ) 15

15

14 20-200 20-200
6.5-7.5

^J Not specified but should be maintained low enough to satisfy the reactor water requirements.
**/ Total metal.
( ) Action level.

Table 9
REACTOR WATER SPECIFICATIONS FOR BWRs IN SOME NUCLEAR POWER STATIONS

Indicators

Conductivity
pH at 25°C
Chlorides
Silica as Si02
Iron (below 0.45 m)
Copper
Boron as B
Dissolved oxygen
1-131

„ . _ WSGHWRUmt [32]

Vi s/cm 1.0

ppb 200
ppb 2000 (1000)
ppb
ppb 35
ppb
ppb

nCi/1 100

Tarapur
[33]

1.0
5.6-3.6

100
1000

200
400
5000

Mühleberg
[31]
1.0

5.8-8.6
200
1000
20
50

Tsuruga
[35]

1.0
5.6-8.6

100

Hamaoka 2
[34]

1.0
5.6-3.6

200
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Table 10

Indicators

Conductivity
pH at 25°C
Chlorides
Silica as SiO,
Iron
Copper
Oxygen
Insolubles, below 0.45
total crud
Total activity

FEEDWATER AND REACTOR WATER SPECIFICATIONS FOR BWRs

Unit [3S1

fw

vis/cm 0.15

ppb ns^

ppb ns
ppb 25
ppb 3
ppb ns

ppb ns
pCi/1 ns

rw
1.0

200
4000
ns
ns
ns

ns
ns

KWU
Würgassen [39]
fw
0.1

6.5-7.5
10
5
ns
2
14

ns
ns

rw
1.0

5.6-8.6
100
ns
ns
ns
ns

ns
ns

General PBMK
Electric [401 [30] USSR

fw
0.1

ns
ns
13
2
ns

ns
ns

rw
1.0

200
4000
ns
ns
ns

ns
ns

fw
0.1

6.5-7.3
4

ns
10
2

ns

ns
ns

rw
1.0

**/100 — <

1000
200
50
ns

200
100

ns » not specified.
Total chlorides and fluor ides (50 ppb

Remark: fw = feedwater; rw » reactor water.
ppb fluorides)

The reactor water is also highly demineralized, the amount of the
respective impurities being in such ranges as to guarantee the
reliable operation of the fuel elements and the stainless-steel
equipment and pipes as well as the sufficient purity of the
produced steam. The specifications generally allow for max. 100
or 200 ppb chloride while the critical concentration
is 350 ppb [32].

The silicate ions are specified for two reasons - firstly, to avoid
deposits on the heat exchange surfaces in the core, and secondly, to avoid
impurities in the steam which could in turn lead to deposition in the
turbine. A silica concentration of 1000 ppb is sufficietly low to allow
this. However, in the case of ion-exchange make-up of water (specific
conductivity about 0.1 nS/cm) the maximum possible silica concentration is
between 20 and 30 ppb. Thus, silica from make-up water is rarely the source
of high coolant levels of SiO . Silicious matter, e.g. lagging and dust
from building materials, can however enter reactor systems at shutdown and
during maintenance and this is the main cause of high levels, particularly
after reactor startup.

As illustrated in Table 11, under normal operating conditions of the
BWR the feedwater and the reactor water qualities meet the specifications, or
are even better. Reactor water conductivity is 3 to 4 times lower than the
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Table 11
OBSERVED QUALITY OF FSEDWATER AND REACTOR HATER DURING NORMAL OPERATION OF BWR

(AVERAS E VALUES)

Indicator

Conductivity
p« at 25°C
Chlorides
Silica as Si02
Iron
Cobalt
Copper
Nickel
Chromium
Oxygen
Purification system

Unit

u s/cm

ppb
ppb
ppb
ppb
ppb
ppb
ppb
ppb
type

Remarks fw =» feedwater; rw

WSGHWR Tarapur
[321 [33]

fw
0.07
6.9
2
2
8

0.008
1

0.3

40
Pow

« reactor

rw fw
0.3 0.07

200

60
0.1
15 0.2
1
3
60 20

Pow DB

water

rw
0.3
6
20
200
50
0.4
1
2
5

250
MF/DB

Mühleberg
(311

fw rw
0.1 0.1

10
250

0.1 2
0.005
0.05 3
0.1 0.2
0.2 3

Pow Pow

Tsuruga
[351

fw rw
0.07 0.16

6.6
20
10

1.1 6.3
0.001 0.1
0.1 0.3
0.03 0.07
0.01 0.03
40 300
DB MF/DB

Hamaoka 2
[341

fw rw
0.06 0.24

6 8.0
10
163

6 11

29
DB Pow

Pow - Powdexj DB - deep bed» MF - mechanical filtration.

specified value. The same is true for the amount of silica in the reactor
water. In most BWRs, corrosion products present in the feedwater and the
reactor water are considerably less than the specified values.

It can be concluded therefore that the feedwater and the reactor water
qualities as required by the specifications are realistic and attainable.
This is an indication that under normal operating conditions of BWRs the
plants for condensate (feedwater} and reactor water clean-up can
satisfactorily meet the requirements for impurity removal from the processed
water.

Any change of operating conditions, startup or shutdown of the BWR can
lead to considerable deterioration of the feedwater and the reactor water
quality.

The effect of the transient conditions of operation of the BWRs is best
illustrated in Table 12 - BWR Mühleberg [31], and Figs 20 through 23 - changes
of conductivity and Cu and Fe amount in the feedwater and the reactor water at
3WR TVO-1, Finland [36]. They refer to normal operating conditions during
startup and shutdown during the the commissioning of the reactor (1978) and
two years later (1980). The comparison of data contained in Figs 20 and 21
with those in Figs 22 and 23 shows that the departure from the specifications
is particularly great during the commissioning period when debugging and tests
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Table 12
METAL IMPURITY CONCENTRATION IN THE FEEDHATER AND THE COOLANT OF THE BWR AT MÜHLEBERG

UNDER NORMAL OPERATING CONDITIONS, WHEN CHANGING THE MODE OF OPERATION
AND DURING STARTUPS [31]

Normal operation Startup Change of mode
Indicators Unit ———————————————— —————————————————— ——— —————————— ——

feedwater coolant feedwater coolant feedwater coolant

Iron ppb 0.1 0.3 1.5 50

Chromium ppb 0.02 2.1 0.1 4
Nickel ppb 0.1 0.1 0.1 0.1
Cobalt ppb 0.005 0.06
Copper ppb 0.05 2.0 0.1 3

500
300

(00
50
30

re OCh
200
100
SO
30

JO
5

1
0.5

i
ni
111!

'Ull

i Lk 0-5

00

1irv\i « , « * ' * ' * ' • ' .
\ \ 10' ————————————————————————UV \ ;

r
1 3 3 l S S 7 8 9 10 11 IJ O.S

10 1
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0.2 0.3

-
0.4 3

1
M U
III ill

1 f ,l\
M ' \1 \ '' I I L \ j

3 9 1 0 1 1 1 2Mon m

: utllLJ
CUCOB Monrn , , , ,.
in
5

0.5
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JLL
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impose changes in the operating conditions and frequent startups and
shutdowns. The extremely high amounts of corrosion products in 1978 showed
that the clean-up plants (for feedwater and for reactor water) were unable to
adequately remove the corrosion products contained in the treated water [36].

Many results indicate that during changes of operating conditions or
startup of BWRs the clean-up plant is not always able to adequately remove
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corrosion products and some ion impurities from the treated water. In the
case of WSGHWR the situation is as follows [32]:

"- Feedwater conductivity is higher than the specified value during
the first five hours after startup of the reactor and immediately
after recoating the Powdex-filters with powdered ion-exchange
resin in the plant for simultaneous clean-up of the feedwater and
the reactor water?

"- Silica amount in the feedwater is higher than the specified value
during the first five hours after startup and shutdown of the
reactor ;

"- Considerable increase of iron concentration in the reactor water
is observed for short periods after reactor perturbation but there
is no increase in the feedwater."

These points emphasize the importance of the plants for maximum
possible clean-up of the feedwater and some of the reactor water in BWR water
chemistry.

An indispensable component of the plants for purification of feedwater
(turbine condensate) and reactor water is the unit for ion-exchange
demineralization. Usually, it is loaded with a mixture of cation- and
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anion-exchange resins. The ion-exchange resins used have grain size 0.3-1 mm
or 0.02-0.06 mm. The first type is used in bulk in the ion-exchange units;
the second type forms a thin (0.2-0.8 cm) filtering layer in the special
pre-coated filters called in this case powdered resin or Powdex filters.

In a number of clean-up plants the ion-exchanger units are preceded by
mechanical filters. These are mostly pre-coated with cellulose, Solcafloc or
other filtering materials. The mechanical filters are mainly designed to
remove the main portion of the suspended corrosion products. To this end
electromagnetic filters have also been recommended [42].

Powdered resin filters, and in a number of cases Monobed— units act
simultaneously as mechanical filters and ion-exchange demineralizers,
i.e. they remove simultaneously both the suspended and dissolved impurities.

**/In the Winfrith SGKWR [32]—' the same plant (Powdex filters) treats
both the feedwater and the reactor water (Fig. 16). (Interesting in this case
is that only the feedwater after the LP heaters is treated.)

Although it poses certain operational conditions, the experience with
this unique plant is of undoubted interest:

"... The Winfrith SGHWR feedwtaer and coolant purification plant,
(Fig. 16), consists of two Graver Davis Powdex filters, operating to a
design temperature of 116 C coated with powdered ion-exchange resin.
(Normal resin mix is cationsanion = 2:1.) The units deal with the full
condensate flow of 550 t/h plus a coolant blow-down flow of 20-25 t/h.

"The life of each recoat is about two weeks. Normally, therefore, one
unit is recoated every 7 days. Weight of resin used per pre-coat
is 81 kg dry weight. Therefore, one unit treats 96 096 t between

-4recoats, i.e. resin composition is 8.4 x 10 kg per ton of water .
treated ...

"... On the basis of individual metalic impurities the plant removal
efficiency is about 90%:

"- Iron (95% insoluble): removal efficiency = 87-93%;

"- Copper (30-45% insoluble): removal efficiency = 79-89%;
"- Nickel (90% insoluble): removal efficiency = 82%;

^J In these cases it should operate with a rate about 120 m/h and
external regeneration.

*_*/ More detailed information is supplied by Comley [43].
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"- Chromium (90% insoluble): removal efficiency (average) = 60%;

"- Cobalt (45% insoluble): removal efficiency (average) = 73%.

"The removal efficiencies up to 85% are regularly achieved by the
Powdex plant for many activation and fission nuclides with inlet levels
up to 0.05 uCi/kg. These species are contained in the coolant
blowdown stream which is diluted by a factor of about 25 before
entering the plant. Whereas good removal efficiency from 65 to 85% are

C 1 eu Ç.C. C Qmaintained for activation species (e.g. Cr, Co, Zn, Fe)
associated with corrosion product crud over the normal bed life of 2
to 3 weeks, the removal rate for radioiodine with inlet levels up
to 1 yCi/L falls more rapidly from about 75 to about 30%
over 14 days. This suggests that the radioiodines are present largely
in anionic form (e.g. iodide or iodate) and that capacity is reduced as
thermal degradation of the powdered anion resin proceeds at
about 110°C. The Powdex capacity for radionuclides is much higher at
lower temperatures, a fact that was used to considerable advantage in
the early reactor days when some fuel pin failures were present and the
depressurized coolant had to be cleaned up at shutdown. On these
occasions up to 600 Ci of I and I (equivalent to only
about 2 mg of elemental iodine) was removed by a freshly recoated bed
over a period of 8 to 10 hours at about 30 C with inlet
concentrations reducing from several hundred to a few u Ci/kg.
"... That comparatively high removal efficiency is due to the fact that
under the existing conditions (total activity of water up
to 0.05 pCi/L) the activity is caused mainly by the cations ot the
respective Fe, Cr, Co, Zn, Mg isotopes etc. (These nuclides are
present in the coolant in the following ranges:

Co = 0.04-0.06 uCi/kg; 6°Co = 0.05-0.3 pCi/kg;
65Zn = 0.03-0.09 pCi/kg; 51Cr = 0.2-0.4 pCi/kg;

Fe = 0.03-0.2 uCi/kg.)
"... At 110 C this plant cannot remove the silica from the treated
water. (If necessary, the temperature should be reduced
to 55°C) ..." [32].
Usually, the individual plants for coolant clean-up are designed to

treat coolant taken from bypasses. The normal clean-up flow is about 2% of
the feedwater flow at 100% reactor power. (However, in some BWRs the amount
of bypass treated coolant is larger, e.g. in Tsuruga the plant for coolant
clean-up has a capacity 6.7% compared to that for feedwater [35].)
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The coolant clean-up plants operate at pressures 20-30% lower than in
the core. Treated water temperature is reduced to 30-60 C.

The demineralization units are generally loaded with a mix of cation
exchanger resin in H-form and anion exchanger resin in OH-form in a ratio 1:1
to 2:1.

Removal efficiency of impurities from treated coolant is about 90% when
the plan comprises only ion-exchange demineralizers of the Monobed type [36].

According to [33] the mechanical filters (pre-coat type) preceding the
Monobed remove 96-99% of the corrosion products from the coolant (size
about 0.45 u m).

Table 13 illustrates the decontamination capacities of Monobed
ion-exchange demineralizers (installed after the mechanical filters) in the
case of Tarapur NPS [33].

For comparison purposes, Table 14 illustrates the overall effect of
decontamination at Tsuruga NPS [44] whose coolant clean-up consists of:

Unit for mechanical filtration: pre-coated filter with Solcafloc;
- Unit for ion-exchange demineralization, Monobed type.
The usual life of the ion-exchanger is between 8 and 10 months after

which it is replaced or regenerated.

Table 13

Decontamination factors in the
Nuclides

«li
132t
133X
239NP
"TC

137Cs
134Cs
60Co

103Ru
"zr

ion-exchange units
clean-up plant at

Initial phase of
operating cycle

3000
3.1 x 104
5.2 x 103
7.1 x 104

-
5.3 x 103
5.3 x 103

over 1.5 x 102
-
-

of the coolant
Tarapur [33]

End of
cyclel/

16
2.6 x 103
1.3 x 103

670
6.5 x 103
1.2 x 102
1.4 x 102

1.7
5.9

1.52
This cycle ranges between 3 and 12 months.
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Table 14 [44]

Impurities, nue lid es

Conductivity at 25°C

Chlorides

Iron:

Copper :

Nickel:

Cobalt:

1-131

1-133

Cs-137

Co-60

a/ > 0.45 (jra

b/ < 0.45 urn

a/ > 0.45 \i m

b/ < 0.45 urn

a/ > 0 .45 urn

b/ < 0.45 ura

a/ > 0.45 urn

b/ < 0.45 lira

Unit

ys/cm

ppb

ppb

ppb

ppb

ppb

ppb

ppb

ppb

ppb

uCi/ral

UCi/ml

uCi/ral

UCi/ral

Inlet
mechanical filter

0.10-0.16

20

6.3

0.04

0.1

0.32

0.02

0.05

1.0

8.3

2.5 x 10~4

3.5 x 10"3

9.0 x 10~7

3.6 x 10"5

Outlet
mixed bed

demineralizer

0.05

20

0.02

0.01

0.001

0.005

0.005

0.007

0.1

1.0

2.7 x 10~8

5.2 x 10~7

1.1 x 10~7

4.6 x 10~6

Removal
efficiency

inlet concentr.
outlet concentr .

315

4

10

64

4

7

10

8.3

9360 - DP

6730 - DF

8.2 » DF

9 - DF

The efficiency of the coolant clean-up plants consisting only of
Powdex-fliters is usually higher than that with Monobed. The life of the
Powdex-filters is normally about a month. The experience of Mühleberg NFS
reveals that the coolant clean-up plant comprising only Powdex-filters treats
about 220 000 m monthly, and powdered ion-exchange consumption is
about 0.25 g per l m treated water.

The condensate clean-up plants consisting only of Monobed
demineralizers, when treating the whole amount of turbine condensate,
guarantee an efficiency close to that illustrated in Table 15 [44]. This
table contains results which are similar to the condensate clean-up plant at
Tsuruga NFS.

The efficiency of turbine condensate clean-up is usually higher in the
plants with Powdex-filters. However, a disadvantage is the short life in
cases when large amounts of salt enter the condensate as the result of leakage
in the turbine condenser. (This disadvantage is particularly important when
the turbine condensers are cooled with highly saline water, e.g. sea water.)
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Table 15 [44]

Indicator

Conductivity at

Iron ( > 0.
< 0.

Copper ( > 0.
< 0.

Nicfcel (> 0.

< 0.

Chromium (> 0.
< 0.

Cobalt (> 0.

< 0.

1-131
1-133

Co-60

25°C

45
45

45

45
45

45

45

45

45

45

y m

um)

u m

um)
vi m
um)

p m
y m)
u m
v m)

Unit

v s/cm
ppb
ppb
ppb
ppb
ppb
ppb
ppb
ppb
ppb
ppb

viCi/ml
yCi/ml

vci/ml

Inlet CCU

concentration

0.07

26.6
0.7

1.56

0.50
0.03

0.05

0.05
0.004

2.6
12.1

8.1 x 10~6

8.5 x 10~5

1.1 x 10~8

Outlet

0.06
1.6

0.4

0.03

0.03
0.004

0.007

0.004

0.002

0.3

0.9

1.1 x 10~8

1.3 x 10'7

1.3 x 10~10

Removal efficiency:
inlet concentr.
outlet concentr.

-
17

1.8
52

17
7.5

7.1

13
2

8.7

13

736 » DP
654 " DP

35 » DF

In order to guarantee operation under condenser leak conditions in some
BWRs (e.g. Ringhals, Sweden) the Powdex-filters are bypasses with deep-bed
demineralizers. Under normal operating conditions only the Powdex-filters are
in operation. When turbine condensate salinity (conductivity) increases the
Powdex-filters are bypassed, i.e. the deep beds are operated.

Water quality in BWRs is controlled by continuous monitoring of the
chemistry parameters and sampling for laboratory analysis. Figure 18
illustrates the sampling points in a BWR on the example of Tsuruga NPS.
Frequency of water parameter control varies. The usual pattern is as follows:
conductivity and pH - continuously; chloride concentration; total activity,
oxygen - daily; corrosion product amount and nuclides - weekly;
decontamination efficiency of the clean-up plant - monthly.

Table 16 gives a detailed schedule of the organization and procedures
of chemical and radiochemical control of WSGHWR [32].
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Table 16 ( 32 )

CHEMISTRY SAMPLING ARRANGEMENTS AT WSGHWR

Sample point

Pclttacy Coolant North)
Primary Coolant boutli)

Primary Coolant blow*
down to Clean-up Plant

Condensât«

Inlet to towdex
Polishing Plant

Outlet to Powdex
Poll shiny Plant

Final Feedwater

Type

1/8" (3 on) ooca
•
•
•

Isoklnetlc 0.030*
(0.5 ma) bore

•

1/8* (3 nn) bore•
•

Isoklnetlc 0.020*
(0.5 urn) bo:«

1/8* (3 nn) bor«

•
•
•

Isoklnetlc 0.030*
(0.76 mm) bore

1/8* (3 am) bore
•

•

Isoklnetic 0.030*
(0.16 mm) bor«

1/8* (3 mm) bor«
m

m

Isoklnetlc 0.030*
(0.76 am) bore

1/8* (3 an) bore
•

•
N

Isoklnetlc 0.020'
(O.S ma) bore

•

Specie«

Conductivity (2i°C)
Chloride, Silica131,, 133i( 239Np
Dissolved oxygen
Iron, Cobalt, 60Co
S8CO, 51Cr, *9Fe
54Mn. "in
Full gamma spectrum

Conductivity (2S°C)
pll
Chloride, Silica

Iron and Capper

Conductivity (25°C)

pH
Chloride, Silica
Dissolved oxygen
Iron, Cobalt, 60Co
«Co, 51Cr. 4*F«
5«Mn. «Zn
Conductivity (2S°C)
PH
Chloride, Silica
Iron, Copper

Conductivity (25°C)
PH
Chloride, Silica
Iron, Copper
(both Powdex 1,
Powdex 2 and common
outlets)

Conductivity (25°C)
pH
Chloride, Silica
Dissolved oxygen
Iron, copper

Iron, Cobalt. *°Co
«Co, 51Cr, ?"F..
5'Hrt, 6s2n

Freijuency of
Measurement

Continuous
Once daily
Once daily
Twice weekly

) Occasional programmes
) of integrated weekly
) samples
Once every 3 months

Continuous
Once daily
Continuous

Continuously Integrated
samples over 48- or
72-hour periods

Continuously

Once daily
Once dally
Twice weekly

) Occasional programmes
) of integrated weekly
) samples
Continuously
Once daily
Once daily
Continuously integrated
samples over 4fi- or
72-hour periods

Continuously
Once daily
Once daily
Continuously Integrated
samples over 46- or
72-hour periods

Continuously
Once daily
Once dally
Twice weekly
Continuously Integrated
samples over 48- or
72- hour periods

) Occasional programme
) of samples integrated
) over 3 weekly periods

Method of Measurement

tn-Unc meter, tecoider readout
Laboratory Autoanalyser
Laboratory gamma spectrometer
Portable oxygen meter
Millipore/Acropor packs in-line
followed by standard laboratory
techniques
Laboratory gamma spectrometer

In-line meter» recorder readout
Calculated
In-line autoanalysers (2 off
for Cl 4 1 for SiOj) recorder
readout
Millipore/Acropor pack« in-line
followed by standard laboratory
techniques

In-line meters, 3 off with
alarms on a 2 out of 3 basis.
recorder readout on all 3
Calculated
Laboratory autoanalysec
Portable oxygen meter
Millipore/Acropor packs In-line
followed by standard laboratory
techniques

In-line meter
Calculated
Laboratory autoanalyser
Hllllpore/Acropor packs in-line
followed by standard laboratory
techniques

In-line meter, recorder readout
Calculated
Laboratory «utoanalyser
Millipore/Acropor packs In-line
followed by standard laboratory
techniques

In-line meter
Calculated
Laboratory autoanalyser
Portable oxygen meter
Millipore/Acropor packs in-line
followed by standard laboratory
techniques
Millipore/Acropor packs in-line
followed by standard laboratory
techniques



Irrespective of the efforts to reduce activity, mainly in the core of
BWRs practice has shown that under certain conditions decontamination maybe
necessary. WSGHWR experience is useful in this respect. For that reason we
will quote a short description of this experience reported by the
representatives of WSGHWR [32];

"A decontamination of one half circuit of the reactor is carried out
annually. These decontaminations are timed to immediately precede
statutory inspections which also take place annually on a half
circuit. The south circuit was decontaminated in 1969, 1972, 1974,
1978 and 1980 while the north circuit was decontaminated in 1971, 1973,
1975, 1977 and 1979.

"The decontamination is carried out with all the fuel in place and
includes the fuel channels, risers, feeders, steam drum and blowdown
pipe.
"The reagent used is a proprietory brand of ammonium oxalate/citrate,
Turco 4521, the approximate concentration of which is 60% oxalate,
5% citrate, 20% NH.. The reagent is circulated as a 6% solution
at 82 C. The total quantity used for one application to one reactor
half circuit is 3 tons of Turco 4521.

"Procedure -

"Immediately following the reactor shutdown, the recirculating loop
from the reagent tank is connected up to the appropriate drum via the
level control chamber, and connections are made joining a separate
cooling loop into the circuit and teeing in the blowdown pipe,
(Fig. 24). When mechanical preparations are complete, two dummy runs
are carried out, the first to test circuit integrity and the second to
test the organizational aspects. These are carried out by injecting
hot water from the reagent tank. When all is satisfactory corrosometer
probes and corrosion coupons are inserted in a test section in the
cooling loop. The probes enable continuous monitoring of corrosion
rates during the decontamination while the coupons provide back-up
information and more detailed information of effects at welds. The
cooling loop allows accurate temperature control. At this stage the
reagent is prepared and recirculated up to the entry to the drum
(valve KK 50 in Fig. 24) to warm up the pipework. The coolant
circuit is drained to refuelling height and the reagent is injected via
pumps at the reagent tank. The reagent is prepared at about 8% in the
tank, to give 6% in the circuit when mixed with the heel remaining in
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P R I M A R Y C O N T A I N M E N T

R E A C T O R PIHWOKX
DECONTAMINATION MPEWOAK

nc.24.SIMPLIFIED FLOW DIAGRAM OF DECONTAMINATION CIRCUITS fjz 7

the reactor (also brought to 82 C). Circulation is carried out using
the main reactor circulating pumps. Continuous monitoring is carried
out for activity and metal build-up in the recirculating reagent. The
aim is to bring all the activity into a soluble state so that it may be
removed without redeposition. The decontamination is deemed complete
whenthe activity in circulation begins to reach a steady value and is
all soluble, There are also corrosion allowances set for the type 410
stainless iron and carbon steel (as present in the drain system). If
the corrosometer probes show these limits are being reached, the
decontamination is terminated. The circuit is then drained down as
quickly as possible and refilled and flushed. All transducer pipework
and dead legs are back-flushed into the circuit.
"Activity and metals removed -

"Table 17 shows the number of curies of activity removed by each
decontamination. All figures are circulated back to the day of reactor
shutdown. The total kilograms of various metals removed is also known.
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Table 17 (32)

A HISTORY OP WSCHHR DECONTAMINATION EXPERIENCE 1969-79

Date

Circuit

Et'PD between decontaminations

Number of applications

Dwell time of

Number of days

Cobalt-60,

Iron-59,

Zinc-65,

Manganese-54,

Cobalt-58,

Chromiura-51,
2irconiuui-95,

Niboium-95,

Ruthenium-103,

Antimony-124,
TOTAL,

Iron,

Copper,

Nickel,

Chromium,

Zinc,

Manganese,
Cobalt,

reagent (lira)

after S/D
Curies

Cur lea

Curies
Curies

Curiea

Curies
Curies

Curies

Curies

Curies

Curies

k<ja

kgs

kgs
kga
kgs
kgs

kga

August
1969

IS

275

2

8.5

50

276

117

359

68

143

782

-

-

-

-

1745

68.2

6.3

4.3

6.8

1.3

1.1

0.04

April
1971

IN

552

2

3.5

17

535

109

354

55

80

411

12

10

4

-

1572

40.2

4.7

1.9

1.2

1.01

0.46

0.08

April
1972

2S

526

2

4.25

27

483

173

51

70

69

425

0.9

1

-

-

1273

29.6

0.6

1.1

1.11

0.15

0.41

0.082

Hay
1973

2N

376

1

1.5

18

476

154

45

72

67

364

0.2

0.1

-

-

1178

22.9

0.58

0.7

0.14

0.06

0.33

0.060

October
1974

3S

469

1

2.0

47

317

82

29

50

41

189

0.1

0.05

0.8

-

709

23.7

0.26

0.73

0.08

0.05

0.22

0.036

May
1975

3N

469

1

1.5

15

291

73

38.5

50

47

303

1.4

1.7

1.2

5.6

812

22.6

0.5

0.7

0.14

0.06

0.33

0.060

May
1976

43

369

2

3.6

15

330

106

59

59

115

442

0.7

1.0

0.4

8.8

1122

20.3

1.8

1.03

0.45

0.17

0.26

0.054

May
1977

4N

437

2

6.2

16

346

100

39

53

131

718

S

7

5

8

1412

22.7

1.72

1.32

1.65

0.17

0.33

0.068

May
1978

5S

469

2

2.7

10

357

109

52

64

127

605

0.5

0.4

-

0.7

1316

21.4

1.07

1.19

0.52

0.16

0.31

0.056

May
1979

5N

530

2

4.1

7

554

176

105

118

144

550

11

11

12

15

1696

23.9

1.47

1.19

0.70

0.23

0.37

0.068



"The decontamination solution has no effect on the Zircaloy-2 fuel
cladding material, and up to three decontaminations have been carried
out on individual fuel elements during their life in core with no
deleterious effects.
"The most sensitive materials to Turco 4521 in the coolant circuit are
the type 410 stainless iron rolled joint hubs on the fuel channels. A
corrosion allowance of 25 y m per application of reagent is allowed for
this material. No corrosion of stainless steel occurs.
"During decontamination, corrosion rates of carbon steel, type 410
stainless iron and type 321 stainless steel are monitored continuously
using corrosometer probes. A variety of corrosion coupons are also
inserted for the duration of decontamination only.

"In 1980 and 1981 a new reagent has been used based on a dilute
solution of vanadous picolinate. This Low Oxidation Metal Iron (LOMI)
reagent was developed by CEG3 chemists and only used on the full
reactor circuits after extensive laboratory compatability testing of
all circuit materials.
"It is not possible to quantify a cost benefit figure for the
decontaminations, it can only be assessed on the basis of the number of
man rems saved."
Full details of the WSGHWR decontaminations up to 1976 were given at

the October 1977 Bournemouth BNES Conference on Water Chemistry of Nuclear
Reactor Systems - Paper 42 - decontamination of the SGHWR Prototype -
G K C Nash. Details of the development of the LOMI type reagent were given at
the October 1980 Bournemouth BNES Conference - Paper 56 - Low-concentration
Decontamination Reagent Development - D. Bradbury et al.

3.1.3. Evaluation of specifications for water quality in BWR and the relation
between water quality and fuel element performance and reliability
The available information from BWR operation shows that maintaining the

specified chemical quality of the reactor and the feedwater excludes any
operational difficulties or unreliable operation. In this regard, water
chemistry in BWRs requiring highly purified water without any additives is
absolutely correct. The adopted water chemistry guarantees the reliable
operation of both the fuel elements and the remaining components.

However, heavy deposition on the fuel elements and the ensuing troubles
were experienced when specifications of water quality were disregarded. This
can result from frequent changes of BWR output, or startups and shutdowns.

57



Then, impurity concentrations in the water are frequently at their highest and
the purification capacity of the plants for condensate and reactor water
clean-up can prove inadequate.

Experience shows that the presence of copper impurities results in the
greatest trouble in BWR operation. For that reason it is necessary to limit
and even eliminate the use of Cu-containing alloys in the feed system of BWRs.

Apart from that, some technological problems remain, e.g.:
Guaranteeing of sufficiently high clean-up capacity of the
condensate and reactor water treatment plants under transient
operating conditions of the BWR;

- Limitation of corrosion processes, mostly in the feedwater system
during transients and shutdowns.

In this connection, of particular importance are the results obtained
at Tsuruga [35] where the condensate clean-up plant can also clean the
feedwater under certain conditions, during startup and shutdown of the
reactor. Please refer to Fig. 18.

The attempt to limit steel corrosion in the feedwater system by adding
certain amounts of oxidizing agents to the turbine condensate has proved
useful. Thus, a resistant oxide layer is built up on the steel surfaces when
in contact with highly demineralized oxygenated water. Up to 80 ppb H 0
are added at Brunsbüttel for pre-oxidation and 20-40 ppb 0 at Tsuruga
during normal operation [39, 35].

The use of magnetic filtration for removing insoluble corrosion
products remains of potential interest. This could be of importance in
purifying high-temperature condensate which comes from the feedwater heaters
before being mixed with the turbine condensate or the feedwater.

As a contribution to decrease the amount of radioactive waste, the
reuse of powdered ion-exchange resins previously used in condensate clean-up
systems as ion-exchanger in the reactor water clean-up plants should be
considered.
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DEPOSITION AND MIGRATION OF
CORROSION PRODUCTS AND IMPURITIES

D.J. FERRETT, G.C.W. COMLEY
Atomic Energy Establishment Winfrith,
United Kingdom Atomic Energy Agency,
Winfrith, United Kingdom

1. INTRODUCTION

Experience gained over a quarter of a century with the operation of all
types of water-cooled nuclear reactor systems has highlighted a common
radioactivation problem. This results from the transport of activated
corrosion products in coolant circuits which were originally released from the
constructional materials of the power plant itself. The occupational dose
question that follows from this phenomenon is not the concern of this review
but it is the motivating factor behind continuing intensive programmes of
worldwide research. These programmes have focused on the question of
corrosion product release, active nuclide formation and transport processes in
water-cooled reactor circuits.

The selection of structural materials for earlier nuclear power plants
drew extensively on experience from conventional generating station designs
available in the 1950s. These were relatively advanced in terms of thermal
efficiency and reliability and in boiling water reactors the nuclear reactor
simply replaced the fossil fired furnance. The steam turbine and feedwater
systems were fabricated in conventional materials, often with considerable use
of non-ferrous alloys. Experience [1] with first-generation BWRs soon
indicated the shortcomings of this approach to nuclear systems design, leading
to the extensive use of austenitic materials and high alloy steels in current
stations. Whereas in more recent BWRs the coolant circuit and, in many cases,
the feedwater components also are fabricated largely from stainless steels, in
PWRs a large area of Inconel 600 or Incoloy 800 as steam generator surface is
in contact with reactor coolant. In some PWRs (e.g. the Soviet WWER-440 type)
the steam generators as well as the circuitry are in stainless steel. In
earlier CANDU-PHW reactors Monel 400 (Ni/Fe/Mn/Cu) was used but this has been
replaced by Incoloy 800 because the former material would corrode
significantly under localised boiling allowed in the recent CANDU-600
designs [2]. At the operating temperatures of WR coolants
(typically 260-310 C) the constructional materials referred to above are
covered with protective oxide films such that metal loss under steady-state
conditions is less than a few urn per year. However, because of the very
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large areas exposed, these low release rates are the basic cause of the
activity transport problem. In addition, in direct cycle systems feedtrain
components downstream of purification plants contribute significantly to
coolant circuit impurities. Here, although temperatures are lower,
erosion/corrosion effects often govern release rates from non-austenitic
materials. This chapter is concerned with the fate of impurities carried into
or released within WR coolant circuits. This is largely a question of
pollution by metal oxides other than from the Zircaloy fuel cladding. Only to
a limited extent are other deposit-forming elements (e.g. Si, Ca, Mg and Al)
involved.

2. THE SOURCES OF CORROSION PRODUCTS AND IMPURITIES

Before consideration can be given to the subsequent behaviour of
corrosion products and other adventitious impurities in water reactor coolant
circuits it is necessary to consider their sources and their initial and final
chemistry environments. In general, constructional alloys are the source of
most metal compounds found in WR coolant circuits. Other chemical impurities
are however present in light- or heavy-water coolants, some being adventitious
and others being present as a result of deliberate additions for water
conditioning purposes or for reactivity control. Unwanted impurities can
arise in BWR coolant circuits from (a) make-up water, (b) cooling water
in-leakage [3], (c) poor condenser vacuum, (d) inadequate condensate or
feedwater purification plant performance or (e) from ion-exchange resin
intrusion incidents [4]. In PWRs or indirect cycle systems such impurities
are largely associated with treatment chemicals or arise when the coolant is
stored for re-use in the reactor. Ion-exchange resins used for coolant
chemistry control can also be the source of unwanted chemical species in
most WRs.

Control limits for chemical impurities in various types of water-cooled
reactor coolants and feedwater (3WRs) are considered in detail in Chapter 1.
In this chapter we are primarily concerned with the transport of corrosion
products species in coolant circuits, although some consideration of the
effects of other adventitious impurities is also included in section 10. The
deposition behaviour and migration characteristics of corrosion products and
other species in the reactor coolant are determined by the physical chemistry
of the system. While many of the controlling variables arise from either the
reactor design itself (e.g. temperature, flow, chemical conditioning, circuit
materials, purification systems etc.) the effect of departures from chemical

66



impurity specifications can have a marked effect on deposition and release
phenomena [5]. In PWRs there are recorded instances of high crud (corrosion
product) releases and fuel surface fouling resulting from the presence of
oxygen in the coolant with insufficient hydrogen and/or low pH values due to
inadequate levels of lithium (Ringhals I, Palisades and Calvert Cliffs).

3. CIRCUIT MATERIALS AND RELEASE RATES

Comprehensive reviews of the main constructional materials in modern WR
circuits are given in Refs 6 and 7 and Chapter 1 also refers. The approximate
relative surface areas exposed are summarized in Table 1.

Table 1; Alloys used in coolant circuits

% Surface area of coolant
circuit

BWR PWR CANDU-PHW

Stainless Steel
Inconel-600, Incoloy-800 or Monel
Carbon Steel
Zircaloy (fuel cladding)

44
-
3
43

5
75
-
20

_
77
10
13

Ignoring the negligible contribution of Zircaloy to the question of
corrosion product migration being considered in this chapter, it is evident
that high nickel alloys dominate in the PWR case, whereas only stainless steel
and some carbon steel is exposed to the coolant in BWRs. But whereas in PWRs
only materials within the coolant circuit itself contribute to transportable
corrosion products, in the case of BWRs the principal source is the external
feedwater system [8], In the older BWRs the feedtrain contributes over 90% of
the crud released into the coolant circuit and this usually contains elements
from non-ferrous alloys such as brass and cupro-nickel. Ferrous alloys have
replaced such sources in all BWRs built since the mid-1960s [9]. It is common
for feedwater total iron levels in these stations to be less than 1 ppb.
Fe levels in the feedwater of five Swedish BWRs range between 0.3
and 0.8 ppb [10], indicating input rates into the coolant circuit of up
to 2.5 g h or about 15 kg during an operational year. About a tenth of
this quantity of corrosion products would be released from the stainless steel
coolant circuit itself over a similar operating period.

Similar estimations have been performed for releases from
a 1000 MW(e) W PWR surface allowing for the various alloys and the initial and
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Table 2; Metal releases in a mature 1000 MW(e) PWR

Region

Core

Out-of-
Core

Material

304 S3
Inconel-600
Zircaloy-4

304 SS
Inconel-600

Area

3.
6.
6.
1.
1.

9
5
1
3
3

1

X
X
X

X
X

dm2

10*
10*
105
105
106

Release cater mdm

0.5
1.5

Negligible
0.5
1.5

Total

Metal
per

0
0

1
32
34

release
year, kg

.2

.7

.1

.3

.3

steady state release rates [11] . The steady-state condition is summarized in
Table 2. Bearing in mind that these figures are for a 1000 MW(e) PWR compared
with the Swedish BWR examples of about half this output, it becomes apparent
that the quantity of metal released by corrosion into coolant circuits of
current water reactors is typically about 30 kg per year after protective
films have become established and where careful control of coolant and
of coolant and feedwater (BWRs only) chemistry is maintained. In the first
operational year release rates are high such that crud input could reach or
exceed 50 kg. Higher inputs also result from on-load physical or chemical
transients [12] or with frequent reactor outages which inevitably involve such
perturbations. While the order of the corrosion product input rate is
important the physical form and chemical composition of released species are
critical in determining its behaviour in the various zones of the reactor
coolant circuit. The corrosion products may be released as non-filterable
(soluble) or filterable (insoluble crud) or colloidal species. One definition
of insolubles widely used in water reactor technology is material retained on
a 0.45 um filter membrane, but the size of particles encountered ranges from
sub-micron to agglomerates of - 20 pm [13]. The chemical composition of
insolubles can also vary from that of the parent metal surface due to
differential solubility effects which are dependent on pH value, oxidizing or
reducing potential and temperature.
4. CORROSION PRODUCT GENERATION AND CONTROL

Having summarized the sources and levels of corrosion products released
to WR coolant circuits, further consideration must be given to their initial
form. The significant differences between BWR and PWR-type reactors are
immediately apparent, since in the case of the former we are concerned largely
with products generated external to the higher temperature coolant circuit.
These differences are summarized in Table 3, from which it is evident that the
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Table 3; A comparison of the initial formation of
corrosion products in BWRs and PWRs

System BWR PWR or PHWR

1. Sources ~ 90% from feedtrain;
All ferrous alloys (modern)
Some Cu-based alloys (older)

10% from coolant circuit:
Mostly stainless steel

All from coolant circuit:
~ 4% from stainless steel
~ 96% from SG material -
high-nickel alloys (600,
800, Monel)

2. Temperature
range °C

Feedtrain, 35-190
Coolant, 270-280

Coolant, 270-315

3. Chemistry Neutral, low conductivity,
oxygenated throughout

Alkaline or boric acid/
alkali buffered.
Hydrogenated, essentially
02 free

4. Elemental
composition

Fe ~ 98%
Cr, Mn, Ni, Cu , Co,
0.1-0.6%

Mainly Fe, Mi, Cr in that
order (varies with
as above)

sources

5. Chemical Predominantly aFc^O-.
Up to 10% Fe3oJ~in
coolant. Higher levels
fsjO^ possible in non-
oxygenated feedwater. On
stainless steel coolant
circuit surfaces spinels have
been found as follows t

NiCr04

Predominantly Fc^O^ sp ine l s
on stainless-steel surfaces
with Ni and Cr substitution.
Higher degrees of Ni substi-
tution on SG alloys giving
NiFe2U4 as well as non-
stoichiometric intermediates
NiCrO4 also reported

Reference 6 provides further supporting evidence.

higher iron oxides dominate in the BWR case while substituted magnetites are
general in PWR systems. In BWRs the need for reducing the iron-based

corrosion product input from the feedwater system is of prime importance.
Four major options exist to achieve this aim, viz:

(a) The use of an effective condensate and/or feedwater purification
system;

(b) The chemical suppression of corrosion;

(c) The wider use of low alloy and stainless steels throughout the
turbine steam/water system; and

(d) Adequate protection of surfaces during non-operational periods.

The location of the purification plant and the type of system used are

important factors in feedwater crud control. Two types of ion-exchange resin

are in use in BWRs. In the "deep-bed" system mixed cation and anion bead

resins are used in high flowrate, low temperature ( < 45 C) large exchangers
(2 m diameter by 2 m deep). These are located at the condenser discharge and
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are aimed primarily at condenser leak control rather than removal of suspended
corrosion products such as are released by erosion in the turbine and are fed
back to the condenser. Powdered resin systems offer much better filtration
efficiency for insoluble corrosion species and can be located further up the
feedstream at higher temperatures as in WSGHWR and Swedish BWRs [14]. A more
detailed comparison of the benefits and disadvantages of the two systems is
given in Ref. [l].

Some chemical control of corrosion product release from structural
steels is possible by minimizing all soluble impurities which influence
electrical conductivity. In general the condensate and feedwater conductivity
in BWRs should be less than 0.1 uS cm" and pH value between 6.5 and 7.5.
In order to achieve this it is necessary for the condenser to be leak tight
and the purification system efficient. If minimal impurity ion ingress is
achieved then protective oxide films can be established on steel surfaces
which inhibit the tendency for the base metal to corrode by anodic dissolution
as follows:

Fe + 2H 0 _________± Fe(OH) + H (1)
£• s ** £,

The ferrous hydroxide formed is soluble and stable at low
temperatures. It is, however, the conversion of ferrous hydroxide to
magnetite which provides the surface protective oxide film. Two reactions are
possible:

3Fe(OH)2 —————————^ Fe304 + 2H20 + HZ (2)

(The Schikorr reaction)

and/or 3Fe(OH)2 + \^^____^ Fe3°4 + 3H2° (3)

Reaction (2) is slow at the lower temperatures prevailing in the LP section of
power plant feedtrains (typically 35 C-100 C). It becomes increasingly
rapid as water is preheated to - 200 C in the upper feedtrain. The in-situ
oxidation reaction (3) of ferrous hydroxide by dissolved oxygen is, however,
rapid at the lower feedtrain temperatures, providing a chemical control method
of minimizing corrosion. This method was developed in conventional power
stations by Freier in the 1960s. He explained [15] the inhibiting role of
oxygen in relation to the corrosion of steel by reference to the Pourbaix
diagram for iron which relates stable iron species to changes in pH value and
Redox potential. The simplified Pourbaix scheme for iron and iron species
at 200°C is shown in Fig. 1. Whereas in neutral pH conditions pure
deoxygenated water steel develops a Redox potential of -0.6 to -0.7 V
favouring the production of ferrous ions, the addition of dissolved
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Fig. I. Simplified Pourbaix diagram for Fe at 200°C.

oxygen (60-80 ppb) increases the potential to +0.4 V with the formation of
Fe 0 and/or ̂ ^^-

Freier showed that at lower temperatures the oxide film of Fe,0. is
thin (2-4 ym) but microporous. This film normally allows corrosion to
proceed since Fe ions can diffuse through it. However in the presence of
dissolved oxygen Fe_0_ is formed plugging the pores and forming a
protective oxide layer. Other workers have since confirmed Freier's findings,
the concentration of dissolved oxygen advised varying in the literature
from 20 to 200 ppb (see also section 6.1).

A graph summarizing the results of experimental work by Brush and
Pearl [16] and, since, largely confirmed by work in the UKAEA (Fig. 2) shows
the inhibiting effects of dissolved oxygen on corrosion rates for carbon steel
from 30 to 200 C. Allowing for the scatter found in laboratory tests there
is a reduction of between one and two orders of magnitude in the corrosion
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Fig. 2 Carbon steel corrosion rate vsl temperature.
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rates of carbon steel. Typical steady-state release rates at 180 C from
carbon steel and low alloy steels on oxygenated water are 0.1 to 0.2 mdd. For
stainless steel Brush and Pearl [16] showed that by increasing the oxygen
from 3 to 200 ppb it reduced the release rate from -0.1 mdd to less
than 0.01 mdd at ~ 180°C.

Japanese experience in BWRs [17] shows that the amount of dissolved
oxygen necessary in feedwater to minimize the solution of iron as Pe(OH)_
and to form a coherent oxide film is 20 to 60 ppb. It seems likely that under
such oxygenated conditions the inner layer of oxide at the steel surface will
be Fe 0 with an intermediate layer of yFe^O acting as the barrier
against further corrosion by minimising anionic diffusion. During shutdown
the outer oxide layer is converted to a Fe 0 which is powdery and
non-adherent. At startup this can be released in semi-colloidal form.

Colloidal iron species (< O.Z^m) are considered by GE of USA to be
important in subsequent retention of cobalt species on fuel surfaces [18],
They urge the control of iron input into BWRs by obtaining maximum chemical
purity of feedwater, proper condensate polishing, improved shutdown and
startup practice and by dosing oxygen if necessary to give about 50 ppb in
feedwater. It is also beneficial to maximize the reactor coolant purification
rate to remove circulating impurities. In WSGKWR, for example, about 20% of
the input crud is removed by powdered ion-exchange purification [4], In most
PWRs P however, the small coolant purification flow (1% of steam) is not
intended for crud or activity removal but is concerned with general chemistry
control, the latter in turn minimizing the inventory of corrosion products. A
case has, however, been made for higher purification rates in CANDU-PWR
reactors [19]. Since crud particles have a short half-life in heat transport
systems, this limits the usefulness of coolant purification which can also
involve considerable thermal loss penalties. Crud half-lives of 8 to 12
minutes have been found in Douglas Point (PHWR) [19] and values of 6.5 to 40
minutes are reported in the WSGHWR [1] depending on the metal species.

BWR experience in general confirms that corrosion products in the
coolant are largely insoluble and based on Fe2°3 wit!ri some Fe30..
Only in the cases of copper (in older reactors) and cobalt is a significant
proportion of the circulating metal species in solution in BWRs. In PWR and
HWPWR coolants the total metals in circulation under steady operational
conditions rarely exceed 50 ppb [6, 7, 20]. Various measurements of the
"soluble" (< 0.45 pm) component have been made which suggest that between
20 and 50% of the total crud in PWRs, but usually less than 10 ppb in BWRs, is
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"soluble" during operation. Perturbations in chemistry or operational
conditions (including shutdown) cause crud bursts in all types of WRs. In
BWRs the insoluble crud levels rise to ppm levels at trips or following
chemistry perturbations such as resin intrusion incidents [4] and in PWRs on
shutdown (or with HO injection) similar increases are seen which are
accompanied by selective release of nickel as well as colloids [21].

5. TRANSPORT PROCESSES AND MECHANISMS

In the foregoing sections and in Chapter 1 a background has been given
to the source of corrosion products in water reactor coolants, the chemical
environment into which they are released and the raa^or forms of metal species
present. It is useful to put the transport process into quantitative
perspective. We have seen that after about a year's steady operation the
coolant circuit inventory of released corrosion products is likely to be
several tens of kilogrammes. It is also clear from considerable operating
experience that under steady-state conditions only a few tens of ppbs of
corrosion products are carried by WR coolants. This means that less than 20 g
or < 0.1% of corrosion product inventory is being transported at any instant
in time. In a non-radioactive environment, e.g. a conventional boiler, this
might be acceptable and not give rise to plant problems but in WRs the
situation is entirely different. Because of the large fuel surface area and
the internal reactor neutron flux, even slight deposition there produces
radioactivation products which become a significant problem to station
personnel when they are in turn transported to out-of-core surfaces. In
general fuel surface crud deposition is heavier in 3WRs than in PWRs by up to
an order of magnitude [6] and in PWRs it is more irregular. Even if the lower
PWR crudding (e.g. 0.05 mg cm ) levels are taken as applying to entire
cores this can account for over 3 kg in-flux after a year's operation in a
1000 MW(e) plant. Swedish BWRs have perhaps the lowest level of fuel surface

-2 -2touling (< 1 mg cm ) but in other BWRs fuel deposits of up to 5 mg cm
are typical [10], indicating in-core deposition involving several tens of
kilogrammes. Fortunately the open-textured iron-based deposit in BWRs rarely
leads to fuel cladding problems and in fact it can assist the free boiling of
coolant [1]. In PWRs the incidence of fuel cladding fouling is also rare but

-2deposits of up to 9 mg cm have been reported. In the worst cases this can
lead to increases in the shear stress and pressure drop across the core
resulting in a power reduction due to the Doppler effect [22]. It is possible4for over a thousand curies (> 3.7 x 10 GBq) of radioactivation products to
be present in fuel deposits when current WRs shut down for refuelling and
overhauls.
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The above data serve to illustrate the basic problem brought about by a
complex series of transport processes occurring in the coolant circuit. As
well as being detached from corroding surfaces, corrosion products are also
released from deposits on in-core and out-of-core surfaces. Both particulate
and soluble species are involved. In PWRs differential solubility effects are
important because of the range of temperature and chemistry changes involved
and in BWRs evaporative effects and metal oxide transformations can lead to
migration of corrosion products. The overall scheme is best appreciated by
diagramatic representation as shown in Fig. 3 which is widely used as the
basis for transport process modelling in water-cooled reactors. The figure
does not attempt to differentiate between soluble, insoluble and colloidal
material transport. As well as chemical and thermodynamic effects,
hydrodynaraic processes are also involved because of the high fluid flow rates
throughout the coolant circuits. There are indications in both PWRs and BWRs
that the in-core situation can tend towards an equilibrium state after several
months of steady operation but this might not occur in the first cycle of
reactor operation with high corrosion product release [11]. During the latter
period protective films are still in the process of stabilizing to the
physicochemical conditions of the operating regime. The preconditioning of
system surfaces is therefore important in relation to initial crud input rates
especially in direct cycle systems where large areas of ferrous material
outside the coolant circuit are involved.

In-core region

FROM REF: (1)

FIGURE 3: SCHEMATIC DIAGRAM FOR CORROSION PRODUCT TRANSPORT IN WR's
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In order to more fully understand or mathematically model the overall
process of corrosion product (and activity) migration in coolant circuits it
is necessary to define the component stages and superimpose upon these the
physical parameters for a specific reactor design. The stages or phenomena of
the transport process have been defined for BWRs and PWRs following extensive
laboratory investigations and field studies on operating reactors during the
1970s. Their prime aim is the forward prediction of activity formation and
deposition, and isolation of key variables for future design purposes. It is
clear that Co is the major cause of dose to operators of all WRs and that

58in PWRs Co is really important in the first few years of operation. While
some of the models developed are semi-empirical, being based partly on
hypothesis and observation, they are all ultimately concerned with the fate of
activity produced by activation of corrosion products more specifically with
respect to the cobalt isotopes. It should be stressed that while cobalt is
only a minor impurity (< 0.1 w/o) of most coolant circuit materials and is
thus a small contributor to corrosion product inventory, it nevertheless plays
a disproportionate role in activity transport. Co is usually the nuclide
responsible for most dose in WRs in the longer term of reactor operation.
5.1. Crud Transport Processes in BWRs [5] [23]

A number of separate stages may be defined to outline the complex
series of interactive transport processes at work in BWR coolant circuits as
follows;

(a) Metallic impurities in ionic, colloidal and insoluble oxide form
are released into the condensate and feedwater from corroding
ferrous alloy components (and in older plants from brass and
cupro-nickel) and pipework. A proportion of these species is
transported to the coolant depending on the type of
condensate/feedwater purification plant. Forward feeding of
heater drains will contribute to the insoluble material in
feedwater but because of its physical properties (> 1 urn) the
crud plays a minor role in subsequent radiation build-up
behaviour [24]. Feedwater impurity levels must be minimal to
reduce general corrosion rates (Chapter 1);

(b) Metal ions are also released to the coolant from the corroding,
mainly stainless steel, surfaces of the primary circuit. General
chemical impurity levels which increase coolant conductivity and
reduce the pH value should be minimal, hence the coolant
purification rate and the clean-up plant efficiency are crucial;
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(c) Particulate and colloidal metal species (oxides or hydrates) are
formed in the coolant when saturation levels for the particular
metal species are exceeded. This can occur at local concentration
sites as boiling proceeds along the fuel surface;

(d) Adsorption of soluble ionic species into crud particles carried by
the coolant can occur;

(e) Both crud and non-filterable species deposit on the fuel surface
with different mechanisms. Heat flux and coolant iron (crud)
levels have always been recognized as governing variables.
Nucleate boiling is known to promote very rapid deposition of
magnetite particles, for example compared with the non-boiling
situation [25], Particle deposition is not simply a physical
process; it can be greatly influenced by coolant chemistry, which
affects the surface upon which deposition is occurring [261•
Hydrodynamic factors such as Reynold's number are also important.
The nature of the insoluble iron-based crud initially deposited
governs the rate of in-filling by soluble species which include
Cu, Ni, Cr, Co, Mn as well as further iron fl]. Colloidal species
and smaller iron oxide particles are known to deposit more
effectively than larger more crystalline material on the boiling
surface, hence the link to efficacy of the feedwater purification
plant processes;

(f) The initial material deposited on the fuel is loosely held but in
thicker films this can be transformed into a tenacious inner layer
on the fuel surface. This effect can increase residence times for
neutron activation of in-filled elements (e.g. Co) or in the worst
case to fuel cladding failures due to poor heat transfer [1]. In
any event, neutron activation will occur in both the outer layer
of recently deposited material and inner layers giving rise to
radioactivation species of varying specific activity with depth.
It follows that BWRs with lower average fuel crudding levels (e.g.
the Swedish reactors [27] produce less radioactivation products
and in general have lower gamma radiation fields out-of-core;

(g) The radioactive species are released from in-core materials by
dissolution, ion-exchange and wear. Fuel surface deposits can be
released by erosion and spalling caused by hydraulic shear
forces. The distribution profiles of fuel surface deposits for an
older reactor (WSGHWR) [1] and Swedish BWRs [27] are compared in
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Fig. 4. This highlights the relationship between iron input rates

and deposition as well as the dependency of deposition profile on

channel conditions. Peak deposition corresponds to the zone where

boiling commences and as the steam/water ratio and resulting
velocity increases, deposition levels decrease due to erosive
effects. A correlation between deposit weight and fluid wall

shear for the Nine Mile Point BWR is shown in Fig. 5 in which

deposition profiles similar to those in Fig. 4 have been

observed [9];

2.0

1.5

Deposit
atg C.TI"'-

1.0

WSGHWR
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FIGURE 4: A COMPARISON OF FIEL CRUTDPJG LEVELS -
WSGHWR AND SWEDISH BWR's
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(h) While the released radioactive species are therefore in
non-filterable and filterable form, some redistribution can occur
in the bulk coolant with the circulating iron-based crud acting as
a scavenger. Small temperature changes around the circuit,
together with the scrubbing of dissolved radiolytic gases
(0 and H } to the steam may also affect the solubility
characteristics of released species at different locations;

(i) Soluble radioactive and non-radioactive species are retained on
out-of-core surfaces by different mechanisms from those on the
fuel. Experiments have established a link between surface
retention of radioactivation products (e.g. Co) and the
corrosion of the underlying metal under isothermal (BWR)
conditions [28] . Mathematical descriptions of the mechanisms
appropriate to stainless steel surfaces have been developed by
Lister [29] but will not be described in detail here. His model
assumes that Co is incorporated into the growing oxide film so
that the contamination rate is governed by corrosion kinetics of
stainless steel (Fig. 6). Initial logarithmic build-up of Co
implicit in this theory has been observed on BWR circuit
pipework [30]. Since the release rate is controlled by

78



COOLANT CONTAINING
RADIOACTIVE IONS

RADIOACTIVITY DIFFUSES
DOWN PORES

RADIOACTIVITY IS
INCORPORATED IN

PRECIPITATED CRYSTALS

OUTER LAYER
^^-••OCTAHEDRAL-

CRYSTALS

CORRODING M ETAL
RADIOACTIVITY IS
INCORPORATED IN
GROWING OXIDE

From Reference (35)

FIGURE <i. ACTIVATION OF TWO-LAYERED OXIDE FILM

solid-state diffusion, it is consequently slow in comparison with
retention. Diffusion processes governing pick-up and release of
Co are modelled in terms of a parameter characteristic of

the oxide layer. It is also possible for soluble species to be
incorporated by ion-exchange into the established oxide film but
this is a much slower process than that accompanying active
corrosion at the metal interface. Since the corrosion rate of
base metal is important with respect to retention of soluble
60Co activity, it follows that coolant purity in BWRs must be
regarded as a critical parameter (see also (b) above);

(3) Deposition of insoluble activated species also takes place when
particles are transported to the circuit material surtace by fluid
eddies and stick to the wall by their inertia. This transport
process is strongly size dependent, favouring larger particles.
Agglomeration of particles at the surface can follow;

(k) Thus, the out-of-core surfaces consist of double layers, the inner
from corrosion of base metal and the outer layer due to
coolant-borne crud transport. It is likely in BWRs that haematite
(Fe_0 ) from the oxidizing fuel surface environment is
transformed to magnetite (Fe 0 ) in the outer deposits,
particularly on coolant circuitry after steam separation where
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dissolved oxygen levels are at a minimum (100 to 300 ppb). It
should be noted that in the specified neutron oxygenated BWR
coolant at 280 C iron solubility is low [6] (a few ppb), cobalt
is less soluble (fractions of a ppb) but copper and chromium are
considerably more soluble, the latter being present as chromate.
Because of high specific activity cobalt solutions can transport
significant levels of Co at low chemical concentrations.

The above processes are described in greater detail and with supporting
evidence in the appropriate references. The descriptions in (a) to (k) are
intended as a brief for those wishing to explore the BWR transport phenomena
further. Computer codes are essential if models for transport phenomena are
pursued for predictive purposes. Those developed specifically for BWRs are
described in Section 9.1.

5.2. Crud Transport Processes in PWRs

Many of the physicochemical considerations discussed above for BWRs
apply to PWRs also. However, there are significant factors by which the
systems differ with respect to deposition and migration of corrosion
products. The most important of these are as follows:

(1) The reactor primary circuit is essentially a closed loop system.
Only the make-up water, the purification circuit and the reuse of
coolant water can introduce impurities and these are not generally
corrosion products (see Section 10);

(2) The use of large areas of high nickel alloys in the steam
generators is a major difference in materials exposed to coolant
at high temperature;

(3) Temperature differences around the circuit can be as much as
40 C compared with <10 C in BWRs. The difference between
core inlet and outlet temperature is critical with respect to the
differential solubilities of corrosion products carried in the
coolant. A positive temperature coefficient is necessary if fuel
surface deposition is to be avoided. This might be readily
achieved if the chemistry environment was constant? but

(4) Coolant chemistry is variable because of the incorporation of
chemical shim control which uses relatively high concentrations of
boric acid. The price of this regime is more rapid corrosion of
some circuit materials than would ensue in the absence of boric
acid. The overall benefits, however, continue to favour the
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Chemical method of reactivity control in PWRs [31]. It is now
accepted that the necessary change of borcn level as the fuel
cycle proceeds must be accompanied by optimized coolant pH control
(by Li OH) in order to minimize metal oxide deposition in-core

odue to the temperature gradient of ~35 C.
The degree of solubility of corrosion products in PWR coolants at

temperature has therefore been the subject of continuous research over the
last two decades. This has intensified as results from operating stations
have emerged and the parallel question of activity deposition out-of-core and
the man-rem problem have become more pressing. From loop experiments [32],
[28], [33] and in-reactor results [34-37] it was recognized that the finite
solubility of corrosion products in coolant was an important factor in PWR
crud transport phenomena. Solubilities for most of the system metals and
their corrosion products were also calculated from thermodynamic constants
relevant to high-temperature aqueous systems under the operating ranges of
alkalinity and hydrogen overpressure. MacDonald and co-workers at AECL
Whiteshell reported extensively on theoretical solubility levels [38-42].
They studied Fe, Ni, Co, Cu and mixed oxide systems. Practical determinations
with the dominating oxide, Fe 0 , had previously shown [43] that its
solubility decreased with increasing temperature and increasing alkalinity
(Fig. 7). More important, it was found that over the range of reactor
temperature, the minimum solubility of Fe304 (for minimum transport in
solution) occurred at varying temperatures under lowly alkaline conditions
relevant to buffered boric acid solutions. While laboratory measurements for
Fe 0 were largely confirmed by other workers, corresponding experimental
data for realistic Fe-Ni-Cr spinel oxides were notably sparse even
in 1979 [6], Some determinations [39] on synthetic nickel ferrites
(Ni Fe 0 ) indicated that,U » o *• * 4 4

(a) solubility of Fe from the ferrite is somewhat lower than from
FS3°4'

(b) solubility of Ni is considerably lower than that of Fe over a
range of alkalinities (i.e. various levels of Li),

(c) Ni solubility (and Co) increase in the presence of dissolved
oxygen (in practice its presence is possible at low H levels
of < 5 cm kg ), and

(d) Fe solubility under these conditions (as in (c)) is also higher
than theory, [Fe] a(pH ) / , requires.
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Figure 7 Solubility of FeiOii in Solutions Saturated
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Darras [7] concluded recently that (a) considerably more experimental
work was required, (b) the fundamental solubility data involved needed
strengthening, and (c) there was a need for parallel work on dissolution rates
for the simple and complex oxides involved. The 1979 EPRI survey [6] came to
similar conclusions regarding the available reactor/ laboratory and calculated
solubilities. Beslu has pointed out more recently (1981) [22] that
investigations are continuing into free energy values necessary to compute
equilibrium concentrations of metal oxides in the presence of other strong
ions. These uncertainties were also aired [44] in discussions at the Second
3NES Conference on Water Chemistry of Nuclear Reactor Systems where W reactor
data were reported showing that fuel deposits ranged in composition from
Ni , Fe Q0 to Ni QFe_ ..0.. It is known, however, that pH valueo • j. 2 » y 4 u • .7 ^ • .L 4
remains the dominant variable [45], higher alkalinities being beneficial in
limiting in-core deposition and corresponding steam generator dose
rates [46]. Because of this W modified their PWR coolant chemistry
specification in 1979 increasing the minimum lithium level from 0.2
to 0.7 ppm Li with the aim of achieving a positive temperature coefficient of
solubility (albeit based on Fe.,0.) over the in-core temperature range
of ~280-315°C (Fig. 8).
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In considering the transport of soluble corrosion products, other
factors besides the variable coolant chemistry in PWRs can influence
deposition phenomena. Darras [7] mentions (a) redox transitions, which can
result from lower levels of dissolved H. (or the presence of 02) ,
(b) hydrothermic transitions resulting in the co-precipitation of spinels from
soluble species of metal mixtures, (c) localized boiling effects which may act
to bring about (a) and (b). The adsorption of ions in relatively low
concentration (e.g. Co) on to insoluble metal oxides is another mode of
deposition {47, 48]. Adsorption can be followed by diffusion of ions and
their permanent incorporation in the adsorbent oxide matrix for example,
cobalt will form cobalt ferrite, CoFe 0 , the most stable of the
ferrites [42]. This is an important consideration with respect to the
transport of Co and Co activities in soluble form and their
incorporation into oxide films on out-of-core circuit surfaces, in particular
those of the steam generator.

The effects of the reactor radiation fields may also modify the
deposition potential of coolant-borne species but this seems more likely to
affect colloidal rather than soluble corrosion products [7]. For example, the
efficiency of deposition of fresh corrosion products involving colloidal iron
species was found to be enhanced by ionizing radiations and to increase with
pH value in laboratory irradiation experiments [49]. In-reactor behaviour
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however, is much more difficult to predict and it is impossible to obtain
samples representative of the coolant condition in-flux. Even the deposits on
fuel surfaces may change during the cool-down period following reactor
operation and before the fuel can be examined during pond storage. The
oxidizing condition at shutdown and during prolonged pond storage at ambient
temperature may bring about chemical changes in fuel surface deposits which
affect subsequent release of metal and activity species.

Finally, in considering transport phenomena in PWRs, reactor design,
engineering and operational aspects must be considered as being of similar
importance to those of chemistry control. Mention has already been made of
the importance of preconditioning of coolant circuit surfaces prior to full
reactor operation. Although this may only have a short-term gross effect
(e.g. during the first year of operation) on the release of corrosion species,
circuit surfaces may subsequently exhibit memory effects with respect to
longer-term adsorption of soluble species. This might explain differences in
behaviour found between systems of the same design and between loops in the
same FWR. Reactors of different design often utilize different materials,
their thermohydraulic characteristics and the conditions in sub-systems
(e.g. purification in the CVCS) may be substantially changed. Within the same
reactor, fluid velocities as well as temperature vary around the system, hence
physicochemical behaviour of corrosion products in ionic, colloidal or
insoluble form will behave variably. Operational factors such as transient
procedures for power raising and off-loading as well as the coolant chemistry
at shutdown are important variables. As far as fuel utilization is concerned,
most power reactors adopt similar programmes for reactivity purposes but the
accumulation in time of fuel with equilibrium levels of crud will obviously
affect corrosion product transport phenomena during early years of operation.

Reference should also be made to Soviet-type PWRs operating with boric
acid chemical shim but with pH control using potassium and ammonia. At the
Finnish Loviisa 1 station using this regime, over 99% of activity is said [50]
to be retained on fuel surfaces during normal operation. Crud transients have
been exploited to minimize activity deposition out-of-core. Total corrosion
product level in the Bulgarian Kozloduj reactor coolant is 30-60 ppb [51],
normal for PWRs with Inconel rather than stainless steel steam generators.
About 80% of the corrosion products carried by coolant are "soluble". There
seems no reason to suppose from available data that transport processes in
these reactors differ significantly from those in other PWRs, but oxide
composition will differ.
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5.3. Crud Transport in CANDU-PHW Reactors

It should be stressed that many of the transport processes referred to
under PWRs (5.2) apply similarly to Canadian pressurized heavy-water
reactors. There are, however, differences in concept, detailed design,
operational conditions, materials and chemistry. The major differences are
outside the scope of this review but are well documented [2, 52]. The coolant
chemistries are similar in that both alkaline (LiOD) and reducing conditions
(D-) are maintained (see Chapter 1). The main difference is that chemical
shim control of reactivity is achieved in a separate moderator circuit in the
CANDU-PHW design. In the absence of boric acid the coolant pH can be
maintained at a more constant high value limited only by the possibility of
concentration and subsequent accelerated corrosion of Zircaloy [53]. Loop
tests have shown that even with localized boiling (by design) in LiOD-dosed
coolant, Zircaloy attack was unlikely [2],

In comparing the CANDU-PHW and PWR coolant chemistries, it is
interesting to note that they become very similar towards the reactor
refuelling shutdown when most of the boron has been removed in PWRs leaving a
lithia dosed coolant. This might be expected to leave fuel in a similarly
crudded state at shutdown, whereas transport phenomena (and activity transfer)
during most of the operational cycle could differ because of the absence of
boric acid in the CANDU-PHW case. In practice, crud and activity levels and
system dose rates show strong similarities in PWRs and CANDU reactors, hence
pH value rather than the presence of boric acid appears the more important
variable. Tomlinson suggests that similar transport processes operate in
water reactors generally [26]. Time constants observed for the decay of
particulate transients at power were very similar in PWRs and CANDU-PHWRs.

Considerable research has been carried out by AECL over the
last 10-15 years covering the entire field of corrosion and activity transport
phenomena in PHWRs. This has used both the empirical approach based on
Canadian reactor experience and the fundamental approach. In the latter,
mechanisms have been postulated for transport phenomena which were then tested
in reactor loop, rig or laboratory experiments. The loop studies have
included the general effects of water chemistry on fuel deposition [54] as
well as the influence of filtration and temperature cycles and the solubility
behaviour of particulate crud [55], The overriding effect of pH and H
concentration in governing the formation, release and transport of corrosion
species is emphasized in these experiments. Much of this work was considered
by LeSurf [56] who summarized the current theory of activity transport as

85



proceeding by the following steps;

(a) Out-ceactor surfaces corrode;
(b) Corrosion products enter the coolant as particles and ions in

solution;

(c) The coolant transports the corrosion products to the core;
(d) Corrosion products are deposited on in-core surfaces primarily as

particles, where they become radioactive;
(e) Activated corrosion products redissolve in the coolant and are

transported out-core;
(f) Activated ions in the coolant exchange with ions produced from

out-of-core corroding surfaces or crystallize out on cooled
surfaces, rendering these surfaces radioactive.

Each of the above steps have been modelled and studied experimentally
providing a mathematical description of the processes involved and the effects
of system variables. Measurements at the more recent CANDU-PHW stations are
said to be in good agreement with predictions from overall modelling. In a
review of the loop work which led to the current understanding and predictions
for plant behaviour, Lister [57] suggested that data from the new Bruce and
post-Bruce stations would provide the "real test" of their applicability.

Experiments in the RAPS-1 200 MW(e) PHWR are in general agreement with
the above descriptions of corrosion and activity transport processes [58]. As
well as chemistry and material aspects, plant factors such as coolant
purification rate and efficiency and the removal of corrosion products at
reactor startup and shutdown are considered important.

6. CORROSION PRODUCTS IN OPERATING REACTORS

6.1. In BWRs

Recent data from operating BWRs has illustrated the significant
improvements that have been achieved in the last decade with respect to crud
transport in direct cycle systems. In this case the problem can readily be
monitored by measuring final feedwater corrosion product levels. In older
reactors (e.g. WSGHWR and early operation of Tsuruga) feedwater iron levels
reached and exceeded 10 ppb on occasions. Before remedial actions were taken
at Tsuruga iron input into the coolant circuit had reached several hundred
kilogrammes per cycle (Fig. 9). The improvements adopted [17] included
improved condensate purification as well as oxygen injection to the feedwater
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system at "40 ppb during normal operation and dry storage under shutdown
conditions.

Very large reductions in iron transport resulted with subsequent
improvements in activated corrosion product transport (Fig. 10) and some
reduction and stabilization of out-of-core radiation fields (Fig. 11). It
should be noted, however, from Fig. 9 that there was little change in the
soluble Co level of about 0.05 uCi/l~ in the coolant. The large
improvements at Tsuruga were largely brought about by control of the transport
of particulate iron species in the feed system. Similar improvements were
brought about at the Shimane BWR which now operates with less than 1 ppb of
total iron (75% insoluble) in feedwater dosed with 15 to 25 ppb of
oxygen [59]. The Hamaoka 1 and 2 BWRs on the other hand do not appear to have
been as successful as the following values of iron illustrate:
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Hamaoka 1 Hamaoka 2
Sol. Insol. Total Max. Sol. Insol. Total Max.

Feedwater ,
Fe ppb

Coolant,
Fe, ppb

3 1 1 1 4 2 6 8

24 83 11 29

Parallel results from Fukushima reactors (Fl to F6) and Tokai-2 are
very variable but within the ranges of corrosion product values for other
Japa n e s e BWRs.

At the Tarapur BWR the total metal concentration in feedwater
is 1 to 3 ppb (Cu 0.2 ppb) resulting in coolant levels of 13 to 75 ppb Fe in
coolant. Up to 50% of the coolant iron values are given as soluble
(through 0.45 P m filter). In the same reactor coolant copper and zinc are
significant impurities (at 1 to 10 ppb Cu and 3 to 15 ppb Zn) indicating that
brass is used in the LP feed system.

Good corrosion product transport performance is reported (Table 4) from
the Swiss Mühleberg BWR, where figures for feedwater and coolant are similar
to those reported for Swedish BWRs [27, 14]. It might therefore be predicted
that average fuel element deposition values would be similarly low. The

Table 4: Corrosion oroducts in feedwater and coolant
in the 320 MW(e) Mühleberg BWR

(All results in ppb)

Normal operation
and shutdown Startup Transients

Feedwater (Spec)
Fe (< 5)
Cr
Si
Co
Cu (< 2)
Fe+Cu+Cr+Ni ( < 15)

Coolant^/
Fe
Cr
Ni
Co
Cu

Average

0.1
0.02

< 0.1
0.005
0.05

0.3
2.1
0.1
0.06
2.0

Maximum

0.8
0.1
0.3
-

1.5
3
0.2
0.1
3

1.5
0.1

< 0.1

50
4
0.1
-
3

10
0.
0.

1
2.
0.
-
3

1
2

5
3

V Iron species in the coolant are up to 67% soluble (through 0.45 urn filter)
Chromium and copper species in the coolant are mostly ( > 90%) soluble.
Nickel species are approximately 50% soluble.
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reported "normal" ranges for the minor constituents in Mühleberg fuel crud
are, however, very similar to those found in WSGHWR fuel (Table 5). It is
important in such comparisons that the feedwater, coolant and fuel element
deposition data represent the same operational periods. This is uncertain for
the Mühleberg data.

Taole 5; A comparison of fuel element corrosion product deposition
levels: WSGHWR and Mühleberg BWR

Reactor
Date commissioned

Average crud deposition
level, mg/cm~2

Fe , mg/cra~2
Ni,
Cu,
Cr,
Mn,

1.

1
0.
0.
0.
0.

WSGHWR
1967

3 to 1.7

to 3
03 to 0.18
02 to 0.10
02 to 0.07
01 to 0.07

Mühleberg
1972

Probably < 0.5 (est.)

0.2 to 3 (max.)
0.02 to 0.07
0.02 to 0.15
0.01 to 0.03
0.01 to 0.03

The complexity of the transport picture emerges from similar
60observations on dose rate increase due to Co in two different types of

reactor. In the RAPS-1 (CANDU-PHW) and in the WSGHWR (BWR) dissimilar
behaviour in the deposition of Co with time has been observed on
out-of-core surfaces. In the case of RAPS-1 the relative increase of Co
on two identical boiler banks differed by a factor of 6 over 360 EFPDs. In
WSGHWR, feeder pipe contamination levels in one of the two identical coolant
circuits were a factor of 2 to 3 higher than on the other circuit
after 1200 EFPDs. In both cases the circuits were exposed to the same
chemistries. This illustration tends to suggest that pre-operational plant
history or some early operational feature could be responsible for the
different behaviour. We cannot therefore assume that design, materials or
chemistry are the only governing variables in the retention of activated
corrosion species.

6.2. In PWRs

In the PWRs the HWPWRs reported upon recently the total corrosion
product concentration in coolants under steady operational conditions is
variable but rarely exceeds a few tens of ppbs. For example, in French PWRs
iron is the major component, generally at 10 to 30 ppb, with smaller
contributions from nickel ( < 10 ppb), Cu, Mn and Co (< 2 ppb) [90]. Somewhat
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higher iron levels at Kozodluj (50-80 ppb Fe) may be due to the stainless
steel steam generators or the chemistry regime. The Japanese data shows that
most of the corrosion products are present as dissolved species (i.e. 98%
of 21 ppb). Enhanced corrosion product release is apparent at shutdown. It
is significant that the estimate of total annual crud production (13-27 kg) in
the 257 MW(e) Atucha (PHWR) reactor is similar to that estimated for other
water reactors of comparable size (Section 3). The operational level of
corrosion products in bulk PWR and similar reactor coolants therefore
corresponds to about 10 to 20 g in circulation at any time (Section 5), a very
small fraction of the corrosion product inventory.

6.3. Reactor Transient Effects

It is an established fact that coolant transients which occur under
abnormal operating conditions in reactor loops or in water-cooled reactors
give rise to changes in coolant-borne corrosion and activation products. In
general, because of the solubility considerations, these transients are
accompanied by significant increases in particulate species in the coolant.
The initiating factor is either a variation in thermal, chemical,
physicochemical or hydrodynamic properties of the bulk coolant [7].

Thermal transients accompany power changes, reactor.startup, controlled
shutdown or trip situations. The thermal gradient is highest at the fuel
surface, hence the crud release will favour in-core deposits and these may be
of higher specific activity than under steady operational conditions. Coolant
temperature reduction is accompanied by an increase in the viscosity and
density of water with consequential increase in the forces of erosion and
entrainment. Under reactor trip conditions suspended crud levels in WSGHWR,
for example, have increased by over two orders of magnitude from tens of ppbs
to several ppms. In PWRs some redissolution of soluble compounds also occurs
during cooling. This is linked to the increased acidity of the borated
coolant, since boric acide becomes relatively less weak at lower temperature.
Reactor evidence also confirms that such transport transients are reversed on
reheating or return to power when rapid redeposition occurs. Observations at
WSGHWR [30] suggest that activity levels on out-of-core pipework are not
largely atfected by such "crud bursts". It is possible, however, for
insoluble species released in transients to be retained preferentially in
low-velocity zones of coolant circuits or in dead-legs. The time taken to
restore normal operating conditions is important in this respect.
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Chemical transients can occur due to short-terra coolant contamination.
In direct cycle systems (BWRs) this can follow failure of feedwater
purification systems [3] or by the transport of ion-exchange resins to the
coolant circuit [4]. Coolant contamination from IX purifiers in PWR systems
has also occurred. Darras reports [7] that release of activity also follows
the addition of boric acid in PWRs producing a similar effect to that of
reduced coolant temperature. Oxygénation of PWR coolant, either deliberately
by addition of hydrogen peroxide, or by air under cool shutdown conditions
causes a more pronounced release and transport of radioactive species, in
particular the radiocobalt nuclides [60]. This possible redox effect is
associated with the preferential solubilization of some oxides through anion
formation (e.g. Cr). Again the materials released in this way originate
mainly from in-core deposits where short-lived radiolytic species will also
assist by bringing about chemical changes in the absence of excess hydrogen.

The separate effects of reducing temperature (240 —> 100°C) and the
addition of hydrogen peroxide in PWR circuits have been reported [92].
Nuclides such as Mn, Co, Co and Fe were found to be released
to a greater extent by cooling than as a result of adding 200 ppm

51 99 124of H2°2* In the case of Cr, Mo and Sb, the opposite effect
was noted. It is noteworthy that under normal conditions the former group of
nuclides is transported mainly in soluble or cationic forms (in PWRs) whereas
the latter tend to be present in insoluble or anionic form. The peroxide
therefore promotes the formation of soluble species from nuclides capable of
anionic combinations, e.g. Cr. The shutdown option of deliberately
adding H_02 in order to achieve a partial decontamination of the PWR
coolant circuit (or fuel surfaces) is still practised by some stations and
rejected by others as having only a short-term effect.

More recent investigations at Doel PWR indicated [21] that HO. has
only limited influence on activity released at shutdown. This work showed
that of the detectable elements in the coolant, nickel and silica increased by
the largest factors of x 2000 and 350 respectively. Non-filterable colloids
were believed to be present in the transient release situation. An
interesting feature recorded at a Japanese plant is that turbidity in the
reactor cavity water at shutdown was due to release from the CVCS
ion-exchangers [62]. At Atucha (PHWR) different crud release patterns are
reported at hot and cold shutdowns, the former reaching higher crud levels
(220 ppb). This should be compared with normal operating levels of 3

92



to 10 ppb. The latter low level increased dramatically to 3500 ppb with an
oxygen increase to 50 ppb.

Investigations have been carried out on the Winfrith SGHWR to measure
the etfects of coolant circuit transients on the size distribution of
particulates transported by the coolant [63]. In common with most water
reactors, the size range of coolant-borne particles carrying the bulk of
suspended material is from - 1 to ~ 20 pm. In the WSGHWR investigations the
etfects of power ramps, purification filter recoats and general coolant
chemistry changes were each covered by a series of particulate range
measurements during 1975. During steady plant operation at constant power the
particle concentrations in each of five size ranges between 2 and - 15 urn
remained essentially constant. The larger particle sizes were perturbed most,
by over an order of magnitude, during the more severe chemical transients
caused by resin ingress into the coolant circuit [4J. Smaller changes were
associated with large power ramps which involve considerable feedwater and
steam flow variations.

The authors concluded that corrosion product transport in WSGHWR
coolant was consistent with a first-order deposition rate process and that the
deposition rate constant did not exhibit a strong dependence on particle size
within the ranges studied. These studies have since been extended [64] in
relation to the efficacy of magnetic filtration for the removal of particulate

ospecies from the coolant at ~ 270 C.

7. WATER REACTOR FUEL SURFACE CRUDDING LEVELS

Some consideration should be given to the levels of corrosion product
deposition found on fuel surfaces in operational LWR systems. As well as the
problem of radioactivation (see Section 8) the thickness and composition of
the deposited crud layer determine the extent of interference with heat
transfer or the fluid dynamics across the reactor core. It has been
shown [65] in out-reactor heat transfer experiments, tor example, that porous
magnetite deposits on simulated fuel rods ao not result in large increases in

_2cladding temperature. At a heat flux of 100 W cm open-textured magnetite
of <100 p m thick was unlikely to result in more than a 10°C alteration of
cladding temperature under BWR conditions. A similar deposit but impregnated
with the salts normally associated with hard water (see Section 10) showed
that cladding temperature increase of 92 C was possible. The same series of
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laboratory experiments also demonstrated that the surface friction factor of a
crudded rod exceeded that of a clean rod by a factor of 3.3.

Both of these observations have parallels in early BWR experience when
crudding levels on fuel surfaces were high. This was the result of poor
feedwater purification and the use of non-ferrous alloys in the feed system.
In the first year of WSGHWR experience for example [1] with high feedwater
input iron and copper levels (> 20 ppb Fe and > 5 ppb Cu) deposits up
to 100 iim thick were formed on fuel pins towards the bottom of the core at
the onset of boiling. Copper infilling of the Fe-0,-based deposit
occurred leading in some cases to fuel cladding failures due to steam
blanketing and overheating. In WSGHWR this did not lead to overall
restrictions in bulk coolant flow or Ap across the core. In the Garigliano
3WR, however, infilling of fuel deposits by nickel and copper oxides led to
core inlet deposits which caused increased core pressure drop [66].
Subsequent operation of WSGHWR with considerably reduced Cu and Ni levels in
feedwater and lower overall crud input rates have led to no further fuel
cladding failures, although the fuel crud thickness peaks at about 25 ^m
corresponding to 1.5 to 2.0 mg cm of deposit. The porous deposits now
formed have been found to assist heat transfer by what has been termed "the
wick boiling mechanism" [65],

In second-generation BWRs with reduced iron levels in feedwater
( < 10 ppb) and with little or no use of non-ferrous alloys, few fuel defects
have occurred due to crudding. Deposition levels still vary considerably
depending on design, materials and operating factors, e.g. the type of
feedwater purification plant and its location or the addition of oxygen to the
feedwater. An indication of the improvement in deposition levels in the more
recently commissioned BWRs is illustrated by comparing data from WSGHWR and
the Swedish reactors in Fig. 4. A summary of fuel crud deposition levels for
various BWRs is given below:

Typical Fuel Crud Deposition _ _aw Reactor —"=——————————————c————— Reference
Levels, mg cm-2

WSGHHR l to 2 l
Swedish BWRs 0.1 to 0.5 27
Nine Mile Point < 1 to 10 9
German BWRs:

VAK (Kahl) 0.5 to 1.0 )Private
KWL (Lingen) 0,2 to 0.4 )Communication
KRB (Gundreraraingen) 3.3 to 7.6 )

Garigliano 1 to 4 66
Tsuruga 0.5 to 3 6
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In general, fuel deposition in PWR and CANDU-PHWR cores is less than in
BWRs by up to an order to magnitude [6], The sources of crud, its chemical
composition, the non-boiling coolant and the coolant chemistry itself are some
of the main variables responsible for this global conclusion. In a recent
review of Westinghouse PWR experience it was concluded [11] that:

(a) the heaviest deposits appear on the top of fuel assemblies,
especially on those in peripheral locations and to a somewhat
lesser extent on the bottom of the elements,

(b) deposition is invariably higher during the first (post-
commissioning) reactor cycle than in subsequent cycles, and

(c) the axial thickness distribution of crud appears to be inversely
proportional to the local power.

An earlier review of crudding at two W PWRs [67] highlighted the
variability of fuel surface deposition. It also concluded from short
residence times of activation nuclides that mobility of deposits was a PWR
core feature. The chemical composition of in-core deposits was not
predictable from coolant circuit material corrosion rates.

In the first KWU PWR at Obrigheim, which used Inconel 600 for the steam
generator tubes but with no pH control of coolant, resulted in fuel surface

_2deposits peaking at 8 mg cm [34]. At the Stade PWR and in more recent KWU
plants with Incoloy 800 steam generator tubes and with good pH control,
deposition is minimal and no up increase has been observed across the reactor
cores.

Deposition experience in the Canadian PHWRs has been summarized in
Ref. 6. Whereas in the prototype Douglas Point reactor early deposition

_2levels on fuel averaged 0.2 mg cm , these reduced to less_ 2than 0.07 mg cm in subsequent operation. In the Pickering reactors
deposition is said to be extremely thin to the point of being invisible,
i.e. <0.01 mg and less than 0.01 M m thick.

It is evident from the available data and from recent discussions
convened by the-IAEA leading to this review that no fuel failures have
occurred in commercial PWRs which have been attributed to fuel surface
crudding. There are currently no reports of fluid dynamics problems related
to core crudding. There is, however, some recent concern in Europe that
localized hard crud formation due to elements other than associated with
dominant corrosion products (e.g. Si, Al, Ca, Mg) could be a problem (see
Section 9).
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A summary of fuel crud deposition levels for various PWRs is given
below:

PW Reactor — ——— —— ———_~Typical Fuel Crud Deposition _ ,.-""•—————————————o————— Reference
Level, mg cm

Beznau 0.5 to 4.7 (1st cycle) )
Beznau < 0.01 to 0.48 (3rd cycle) ) 67
Point Beach < 0.01 to 0.46 (1st cycle) )
Saxton 0.5 to 0.8 (1st cycle) )
Yankee Rowe 0.7 to 1.5 (1st cycle) ) 6
Yankee Rowe 10 to 14 (2nd/3rd cycle) )
Obrigheim max 8 (1st cycle) ) _.
Stade negligible )
Douglas Point 0.1 to 0.5 (1st cycle) )
Douglas Point 0.05 to 0.07 (subsequently) ) 6
Pickering negligible )

Crud thicknesses associated with the above deposition levels vary
mir
-2

_2from <0.5 urn with minimum deposits of < 0.05 mg cm to 100 y m for peak
levels of ~" 10 mg cm

A general conclusion from this Section relating to observed fuel
crudding in all water-cooled reactors is that in the more recent commercial
plants deposits exceeding 25 urn in thickness are rare. There is no evidence
in the literature that fuel pin failures result from this degree of deposition
or that it significantly impairs coolant flow. An area of some uncertainty is
the extent and importance of localized deposits caused by the admixture of
corrosion products and adventitious impurities containing silica and alkaline
earth metals.

8. ACTIVATION NDCLIDES FOBMED FROM CORROSION PRODUCTS

In previous sections some reference has been made to various
radionuclides responsible for the activity build-up on coolant circuits. It
is noteworthy that despite the variations in system chemistries the general
nature and composition of the corrosion products are essentially the
same [68], They are transported to the core where following deposition and
residence for a finite time in flux they become activated either by thermal,
epithermal or fast neutrons. A relatively insignificant proportion of
corrosion product activation occurs while soluble or particulate material
passes directly through the core in the coolant. The activation nuclides
generally encountered in order of half-life are Cr, Fe, Co,

Zn, Mn and Co. Other activation products found regularly in water
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95 95reactor coolants include Zr and Nb (which are also fission products),
Sb, Ag and Tc, but these are not usually responsible for a

significant proportion of dose around the circuit. For example, it was
recently reported [61] that a significant proportion of station dose at the

Hafnium nuclides are also found
in PWRs using this element in control rods.
Loviisa-1 PWR was due to Sb and Ag,

The mechanism of Co generation in the Atucha reactor is however
different from that described above. In this case direct activation of
in-core Stellite components and subsequent release is said to contribute at
least 75% of the Co inventory [93].

A summary of the principle nuclides formed from water reactor corrosion
products under neutron flux is given in Table 6. It is evident that during

Table 6; Principal gamma-emitting nuclides formed f rom
corrosion products in water reactors

Gamma
Radio- Parent Formation Half- . Main source of
nuclide nuclide mechanism life parent nuclideenergy

MeV

51Cr 50Cr nf y 28 d 0.3 Stainless iron;stainless
steels ;
Inconel-600 j
Incoloy-800

59Fe 58Fe n/ Y 45 d lfl A11 gteels;
1.3 Inconel-600;

Incoloy-800

58Co 58Ni n, p 71 d 0.8 Stainless
steels; Monelj
Inconel-600?
Incoloy-800;
Cupro nickel
alloys

652n 64Zn n, Y 244 d 1.1 Brass (directcycle
condensers)

54Mn 54Fe n/ p 313 d 0>8 Most steels

6QCo 59Co n, Y 5.28 y 1.2 Cobalt ira-1.3 purity levels
in carbon
steel, stain-
less steels,
nickel alloys
(0.02-0.3%)
Hard-facing
alloys -
cobalt-based
(50-70%)

Abundance
of parent
nuclides
in natural
Metal

4.3% 50Crin
chromium

0.33% 58Fein iron

68% 58Niin nickel

49% 642nin zinc

5.8% 54Fein iron

100% 59Coin cobalt
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CO
the first few years of operation in PWRs Co activity is dominant in

C Q
transport and circuit surface dose rate phenomena. Co is subsequently
superseded by Co as the dose-dominating nuclide because of the latter's
longer half-life and more powerful gamma emissions.

In reviewing the longer term significance of Co as the most
important nuclide as far as dose rate around water reactors is concerned,
Charlesworth [69] presented the relative powers of the dominant nuclides
in MeV/sec as follows:

6°Co 1500
65Zn 2
58CO 1
51Cr 0.4
59Fe 0.07
54Mn 0.06

These relative values were calculated by taking a given weight of the
natural element and irradiating this to saturation in equal thermal and fast
neutron fluxes typical of water reactors. The values should, however, be
regarded only as a guide to the practical dominance of Co. In the case of
most PWRs, for example, it is the use of large areas of nickel-based alloys

5 8that leads to the early Co problem. From a recent Japanese review [17] of
nuclides responsible for radiation fields around BWRs, the average
contribution of Co in four different stations after 4.1 to 5.8 EFPYs
was 88%, confirming WSGHWR experience [1].

9. WATER REACTOR COOLANT CORROSION PRODUCT TRANSPORT iMODELS

As reactor experience was assessed during the 1970s, the complexity of
the corrosion product transport and activity deposition phenomena was
confirmed. Earlier workers [70, 71] had attempted to describe the processes
involved in mathematical terms based on the limited information available at
the time. More recently there has been an upsurged in the formulation of
models and corresponding computer programs applicable to the main water
reactor types. In general the aims of such models are to determine the
effects of the major system variables with operational time on material
corrosion, release and subsequent activation product redistribution. In
particular, models aim to determine (by comparing predictions with plant
results) what the important variables are from design and operational
standpoints. Accurately modelled descriptions of the processes involved can
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then lead to the choice of appropriate design and operational options. A
major objective is the optimizing of controlling variables to minimize
activity deposition on out-of-core circuit surfaces. This applies to all
water-cooled reactor systems. Models are, at best, limited approximations of
actual situations. They all involve the solving of complex differential
equations and the choice of constants derived from practical experience in
reactors or in loops. Due to the necessity for relative simplicity and
solution to the equations involved, a degree of uncertainty is inevitable. A
brief reference to current models for coolant circuits of water reactors
follows.

9.1 BWR Models
Four papers were presented to the 1980 BNES Water Chemistry

Conference [72] in which mathematical models for corrosion product transport
and resulting dose rates around BWRs were described. They relate to GE (US),
Japanese and Swedish BWRs. In each case the authors have allowed for feed
system corrosion product generation based on iron. The models concentrate on
the cobalt problem (Fig. 12 [73]) since radiation fields are primarily due
to 6°Co, although the Swedish version also allows for effects due to Mn, Ni
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and Zn. The interaction of cobalt species in soluble (ionic) and insoluble
form with the insoluble iron oxide are considered and a series of mass and
radioactivity balance equations are set up to describe their transport using
the best available constants for deposition and release rates. The individual
transport stages of the semi-empirical GE model [5] were described in
Section 5.1. The variable behaviour in operating BWRs can be accounted for by
its use and it has been able to predict radiation field reductions following
changes in operational procedures [17]. The Swedish model predicts saturation
levels for activity and radiation field increase at about three operational
years and shows that dose rates could be halved at this time by an increase in
coolant purification from 2% to 7% of feedwater flow. The control of
feedwater iron levels and overall cobalt release to coolant is implicit in
each model. It therefore follows that the cobalt concentration of BWR
constructional materials is a significant/ if not a directly governing,
variable in relation to coolant circuit activation [74]. The feed system is
the major source of cobalt but release from Stellite in the coolant circuit
could drastically change this situation [75].

BWR transport modelling and parametric studies have highlighted other
factors which are important. Two relate to water purity. The type of
condensate purification plant used (deep-bed IX or powdered resin filtration)
and its operational efficiency governs not only the amount of in-core
deposition of particulate iron but the efficiency of fuel surface deposition.
The use of the coolant purification ion-exchanger to maintain high ionic
purity (low conductivity, < 0.5 \i S cm ) is most important. The rate of
stainless steel corrosion is thereby minimized and incorporation of
soluble Co into the resulting oxide film reduced [18, 23, 64].

9.2 PWR Models

Whereas comprehensive models for BWR corrosion product generation and
transport did not appear until second generation reactors had operated for
some years, it was in 1959 that an initial theoretical attempt [70] was made
in tne USA to model the PWR situation.

A. CORA

The CORA computer code used by Westinghouse in the USA has evolved [76]
from this original model. The code is based on a multiple mechanism theory of
system activation which reflects the transport of activities originating in
corrosion products deposited on surfaces in-flux and from structural
components located in-core. It should be noted here that the activation of
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species in transit through the in-flux region contributes only a small
proportion to circuit activity inventory. This applies to all water reactor
systems. CORA can be best represented by a Nodal transport diagram
(Fig. 13). The various transport mechanisms are indicated between the
individual Nodes which represent homogeneous sources and sinks in and
out-of-core within the coolant circuit. The rate processes are analysed in
terms of first order equations. For example/ the transport of atoms of a
nuclide between Nodes 1 and 2 is given by

B2-l " ßl-2 = kmAl (C2 " Cl)
where 3 is the amount of material passing from Node 1 to 2
and 3 the amount transported in the reverse direction,fc"™ -L
A is the surface area of Node 1 and C and C are the effective
concentrations in the two Noaes.

The first order transfer coefficient for material M passing from
Nodes 1 to 2 is k .m
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The original code used a calculated input value for 37 coefficients
required for each nuclide. In subsequent revisions the coefficients can be
calculated based on plant variables, nuclide species and corrosion
parameters. Permanent deposits build up during operation while transient
deposits are assumed to quickly attain an equilibrium thickness.

The 1971 CORA model does not consider activity recoil processes as they
were found to be of low significance. Neither does it allow for crud traps or
the effects of temperature gradients on corrosion product solubility. The
last factor has dominated recent modelling work in France and Canada. The
CORA code nevertheless remains the most comprehensive model for PWR systems
and is currently being updated.

B. PACTOLE

This code was first described in 1977 [77] and has recently been
reviewed by P. Beslu [34]. This code considered over 20 different zones in
the PWR coolant circuit and characterizes each by mean temperature, flow rate,
hydraulic capacity or pipe diameter, material surface composition, neutron
flux and other main physicochemical variables. The exchange diagram for
"PACTOLE" is very similar to that envisaged in CORA. It is shown in Pig. 14.

— - - - „ participation
——•—•» dissolution
—(~\— ion «xchang«

Bas« mttal

Fig U. Physico-chemical processes of
corrosion product transport
in the primary circuit

From Seferenca (30)

Each application of the program takes into account reactor history, e.g. power
and chemistry changes and the effect of coolant purification. The governing
parameter is the variation of solubility values of compounds in the system.
Other processes such as corrosion product release, erosion, solubilization,
precipitation and particle transfer are allowed for. The parent nuclides

59considered are Fe, Ni, Cr, Mn and Co with their activated nuclides Fe,
Co, Cr, **Mn and Co. The code solves a series of differential
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equations describing the variations in system parameters which include:

The release rate of structural materials;

The mass of elements in suspension and solution in the coolant;

The mass of elements deposited on every area of the coolant
circuit;
The activities associated with soluble and insoluble species;

- The activities of deposits and surface oxides in each zone and
corresponding local dose rates.

The authors admit that despite good agreement of predictive data from
PACTOLE with operational results on French PWRs, there are some factors yet to
be modelled. The influence of oxygen and the effects of coolant transients
(chemical and physical) remain as uncertainties. Transient effects are
considered in Section 6.3.

9.3. Other Reactors
Reference has been made earlier in this chapter to the considerable

work of Canadian investigators in support of corrosion product transport
processes in CANDU systems. An early model by Burrill [73] considered just
particulate deposition in-core, dissolution and subsequent precipitation on
out-reactor surfaces due to coolant temperature and solubility effects. This
relatively simple approach was elaborated by Lister [48, 57] who considered
the effects of the double-layer model of corroding films. The movement by
diffusion of radioactive ions between the inner magnetite-based layer (from
metal corrosion) and the outer layer (from coolant by crystallization) is
considered. Coolant is assumed to have access to the corroding film through
pores in the outer layer. Isothermal and non-isothermal cases are analysed
with respect to solubility considerations. In a review of models relating to
the interaction of soluble species with oxide films on out-of-core PWR
surfaces, Thornton [79] critically reviews Lister's theory. He concludes that
it is not applicable to the PWR situation since it does not deal with
systematic coolant chemistry changes. The role of particulate material
deposition in contaminating out-of-core surfaces is also considered uncertain
by Thornton.

Heavier crudding observed at lower pH values has been explained by
Argentinian workers as the direct effect pH has on the deposition phenomenon,
rather than through the indirect solubility effect described by Burrill [94].
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A comprehensive study of deposition under turbulent conditions and taking into
account colloidal interactions between crud and fuel element surface has also
been submitted for publication [95].

A model developed to simulate radioactivity transport in the
Soviet-type WWER-400 PWR has been proposed by Horvath et al. [80], This model
identifies pH as the major influencing feature and attempts to account for
differences between existing models by considering the effects of pH value on
the solubility/temperature gradient, but based upon Fe-0 not substituted
spinels. While 20 activation nuclides are considered, the dominance of those
previously mentioned in the PACTOLE model is accepted. Again the coolant
circuit is divided into zones where measurements at Loviisa-I and other
similar plants are said to be in reasonable agreement with the model
predictions. A computer code, RADTRAN, has been developed for plant
applications. It can handle 18 system transients which include cold startup,
hot startup, burnup compensation, hot shutdown, cold shutdown, boric acid
changes and circuit leakage and purification effects. Horvath concluded [81]
that in the "high pH" case corresponding to positive crud solubility vs.
temperature, the out-of-core contamination will decrease with increasing pH.
He also considered that the data available with respect to the
"intermediate pH" was uncertain. This involves a variable solubility
coefficient for Fe O over PWR operating temperatures. The need for
improved solubility data, theoretical and experimental, for corrosion species
realistic to PWR coolants, is implied.

A comprehensive report [82] by Lauridsen of Denmark covers a model for
radiation fields around nuclear power plant components. Although this study
concentrated on GE BWRs Type 6, it was intended to apply generally to
water-cooled reactors. The model is essentially based on similar
first-order-rate equations as used in CORA. Attention is given to fission
product and other system-active nuclides besides the dominant activation
products. The report gives consideration to the geometry of circuit
components and the radiation fields expected externally from deposition of
radioactivity inside them. The behaviour of active nuclides in the static
shutdown case is also considered.

9.4. Final comments on models

The difficulties encountered in assessing the effectiveness of the
various techniques available to designers and operators of LWRs to control
radiation fields were summarized by Dr. R.A. Shaw of EPRI in 1980 [46]. With
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respect to modelling as one of these techniques, he made the following
comments:

"Modelling at its best for LWR plants remains semi-empirical. There
are too many aspects of corrosion product transport for which little is
known. A few which could be cited are (1) the mechanism whereby
corrosion products are deposited on fuel, (2) the nature at operating
conditions of circulating corrosion product ions, colloids and
particles, (3) the amount and form of cobalt released from various
surfaces, both high cobalt alloys and those containing cobalt as a
trace contaminant, (4) the effects of radiation on corrosion product
forms and transport and (5) the influence of coolant chemistry on
corrosion product deposition and incorporation in corrosion films. The
challenge is before us to develop models that (1) adequately describe
radiation build-up in present LWR plants and (2) reasonably predict the
effect of design and operational changes on these build-ups. We are
not yet there."

10. TRANSPORT OF COOLANT liMPURITIES OTHER THAN CORROSION PRODUCTS

While much R and D effort has been allocated to the problems associated
with corrosion product transport, little published information exists on the
role of other elements capable of fuel-surface deposition in water reactors.
The elements referred to in this context are normally associated with the main
station water supply, water treatment plant materials or as impurities in
chemicals used for water conditioning. They include calcium, magnesium,
aluminium, silicon and possibly carbon and barium which are capable of forming
compounds of low solubility in combination with each other or with the metal
oxides considered in previous sections. Silicon is also present in some
steels and alloys but generally in small proportion. There are several
reasons why the behaviour of these elements in water reactor coolant circuits
has not, up to the present time, been subject to systematic investigation.
They include the following:

(a) No radionuclides of significance are formed from Ça, Mg, Al, Si
and C;

(b) Modern water treatment plant processes for plant make-up supplies
are capable of producing consistently good quality water which can
be confirmed by routine monitoring;

(c) The further use of ion-exchangers within the reactor water systems
also assists in the reduction of levels of these trace elements?

(d) Strict specification limits are imposed for impurities in
commerical chemicals used for coolant chemistry control (PWR,
CANDU); and

105



(e) There is little evidence in the current literature of
fuel-cladding failures attributed to mineral elements.

There are, however, non-documented, more recent reports of fuel
integrity problems relating to fouling by hard crud based on mineral elements
in European PWRs. Such a problem could be aggravated by newer PWR designs in
which localized boiling is intended to occur. This is believed to be the
reason behind recent changes to PWR coolant chemistry specifications to
include new limits for silica (e.g. < 0.2 ppm), aluminium (< 0.05 ppm),
calcium (< 0.05 ppm) and magnesium (< 0.05 ppm).

A recent French review [83] of PWR experience is relevant. From this
report a summary of mineral impurity limits for make-up, coolant and boric
acid is given in Table 7. Amended W specification limits are shown for
comparison.

Table 7: Impurities other than corrosion products
in French PWR systems

Element Typical make-up
levels, ppb

Typical coolant
levels, ppb

W Spec

Boric Acid
impurity level,

ppm (wt.}

Calcium

Magnesium

Aluminium

Silicon

5

< 10

< 10

< 20

< 30

< 15

< 20

< 30

< 50

< 50

< 50

<200

< 5

< 5

< 5

< 10

From Reference 83.

A review of PWR and PKWR coolant specification limits from the 1981
IAEA survey reveals that none of the respondees are using limits for Ca, Mg
and Al. The coolant specification limit for silica is variable or
non-existent as shown in Table 8. The table also includes some information on
SiO in BWR coolants. For the Russian RMBK reactor (BWR) there is a total
hardness (Ca + Mg) limit for the reactor coolant. It seems likely that more
information will become available on the levels of mineral impurities in water
reactor coolants in the near future, particularly if the reports of
hard-crudding effects in PWRs due to Si, Al, Ca and Mg are confirmed.

It is useful to summarize WSGHWR experience as being relevant to the
transport of some mineral impurities in 3WRs. Of the elements listed above
only Si has been measured routinely over the reactor's 13-year life, the
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Table 8; Coolant silica limits and levels in some
water reactors

Reactor Si02, ppb
Specification limit deserved levels

HMPWRs
Canadian (CANDU-PHW)
Rajastnan
Atucha (pressure-vessel)

N.S. (Refs 2; 19? 52) No data
N.S. No data
4000 No data

PWRs
Mihama, Takahama, Ohi
Genkai
Kozlodu], Lovusa
Doel reactors
15 European PWKs

500
N.S.
N.S. (Refs 85, 86)
N.S.
None given by KWU, VGB

300
No data
No data
100 to 260 (Ref. 21)

3WRS
KWU
HSGKWR
Swedish
RBMK (Russia)
GE (USA)
Garigliano
Mühleberg
Japanese (General)
Japanese (Tsuruga)
Japanese (Tokai-2)
Japanese (Shimane)
Tarapur

or W in earlier specs
Recent W limit 200
(Rets 34, 20)

1000 to 4000 (Refs 84, 87)
2000
N.S. (Ref. 14)
N.S.
N.S. (Rets 6, 88)
N.S.
1000
N.S. (Refs 62, 17)
5000 (Addition to spec)
1000
1000 "
1000

40 to 300
(Avg. 150)

40 to 400
400 to 2000 (Avg. 600)
No data
No data
No data
< 5 (Ref. 39)
150-250
No data
< 10
20-170
44
20 to 200

N.S. = Not Specified.

Unreferenced data from 1981 IAEA Questionnaire.

coolant specification limit having been set at 2 ppm prior to operational
service in 1968. At this time there was no BWR experience relating Si (or Ca,
Mg and Al) levels in coolants to possible fuel surface deposition phenomena.
In common with other operators of direct cycle nuclear reactors the total
SiO limit in coolant was set in order to prevent deposition of silica-based
deposits on the turbine blades. For example, KWU1s limit is 4 ppm [84] which
ensures that the steam to the turbine contains less than 20 ppb, thus
preventing deposition on blades during expansion. In WSGHWR and in other
boilers and BtvR coolants silica levels peaked at the reactor commissioning
stage and also reached specification levels after subsequent material
(lagging, sand, mortar and dust) highlighting the need for maintaining clean
maintenance conditions. The problem can only be overcome by replacing coolant
by deliberate blowdown to waste or by SiO removal by anion IX at low
temperatures [4]. Poor make-up water quality can also be responsible for high
coolant SiO levels and, although not measured, presumably Ca, Mg and Al
will then behave similarly.
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Despite occasional peaks to values of 2 ppm SiO since 1970 and with
a range of average WSGKWR coolant levels from 0.3 to 1.0 ppra, no fuel-can
failure has been attributed to siliceous deposits. The fuel surface crud is
an open-textured alpha-Fe 0 -based deposit which is conducive to free
boiling [65]. Average values of mineral impurities in the general WSGHWR fuel
crud are as follows:

Average value, w/o Peak value, w/o
Si02 0.3 1.0
Ca 0.4 0.7
Mg 0.1 0.2
Al 0.2 0.7

In the post-commissioning period of operation, however, feedwater
impurity levels of iron and copper were abnormally high and some impregnation
of fuel crud with non-ferrous metals occurred. This led to some fuel pin
failures [2, 90]. The hard fuel surface deposits then contained up to
6 w/o SiO and 60% Cu. Since that time occasional very localized deposits
of silica-rich hard crud have been found in small crevices between the fuel
pin wear pads and the Zircaloy cladding, but this effect did not give rise to
failures.

This experience suggests that under BWR conditions no significant
concentration of silica will occur in general fuel surface crud with free
coolant flow. It is nevertheless apparent that localized interaction of
SiO and metal oxides is possible in any fuel surface zone with restricted
coolant access. Coolant salts including soluble silica can then concentrate
leading to the formation of metal silicates if local overheating occurs. This
should be borne in mind by fuel-assembly designers. French studies [83]
indicate that there is concern that mineral incorporation into PWR fuel
surface crud could lead to enhanced corrosion of the Zircaloy cladding or
build-up of deposits in stagnant cavities.

Confirmation that particulate matter in transit in WSGHWR coolant
contained silicon and other mineral elements was obtained in 1971 when
representative particles were studied by a transmission electron micrographie
technique. This work showed that particles were in fact floes or agglomerates
typically 3 to 4 urn across consisting of smaller constituent mineral particles
from 0.01 to 1 Mm. Next to iron, silicon was the most abundant element
followed by calcium, aluminium and other metals from steels and non-ferrous
alloys (Cr, Ti, Mn, Ni, Cu and Zn). The same survey also showed that other
non-metallic elements such as sulphur and phosphorous together with some

108



organic material was also present in floes. One source of organic material
and S is the powdered IX resin used for purification.

The same inhoraogeneity and particulate clustering was found in the
Pickering (CANDU-PHW) reactor coolants [91]. This study used autoradiography
as well as SEM with X-ray analysis to examine coolant particles. Considerable
differences in the radioactive strength, particle sizes (4 to 108 ym) and
elemental composition were observed. More radioactive particles were found in
the reactors with longer operating life. Silicon was again the most abundant
of the non-metals with S, Cu, P and Cl as minor constituents. The metals
found were Fe, Ni, AI, Cr, Mg, Zr, Ag, Sn and Mn. Despite the presence of
these elements in circulating coolant, other reports [6] on fuel element crud

-2at Pickering indicate that deposition is minimal (< 0.1 mg cm } and that
the elements present are Pe, Zn, Cr and Pb in order of dominance.

Riess also reports [34] that Si02 was the third most abundant
component (after Fe and Ni oxides) in the heavy fuel element deposits (up

_2to 0.8 mg cm ) at the Obrigheim PWR. This occurred during early operation
of the reactor when low hydrogen levels in the coolant led to the presence of
oxygen (maximum 300 ppb) and hence high corrosion release rates. Thus, there
is a parallel to early BWR experience in that when fuel-element depostion is
high and with crud in-filling by Cu or Ni then silica can play a significant
role in deposition, probably within the inner hard crud layer.

The studies at WSGHWR and Pickering reported above together with some
evidence from other water reactors illustrate the complexity of particulate
transport and deposition in differing systems. It is clear that in pursuing
coolant transport phenomena in general it is perhaps an over-simplication to
limit chemical considerations to the role of the dominant metal oxide
species. The part played by silica, for example, has not been investigated.
Previous mention has been made (Section 6.3) to the considerable release of
silica following peroxide addition at shutdown in the Doel PWR coolant. The
same report [21] confirms the presence of agglomerate particles up to 100 p m
in this PWR and again silicon is frequently a constituent under normal
operating conditions. It should be borne in mind that silicon may be present
(due to its various sources) in soluble form, as colloidal silica particles
and as crystalline and amorphous forms of SiO . The fact that many
identified particulates carried by coolants in different water reactors
consist of agglomerates of metal oxides associated with silica suggests that
some form(s) of SiO^ could act as seeds for crystallization from saturated
metal solutions. The role of the other trace mineral elements considered in
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this section is even less clear but it seems prudent that the coolant
concentrations of Ca, Mg and Al should be minimized in all water reactors.

11. CONCLUSIONS

11.1. General corrosion rates of all water reactor constructional materials
can be minimized by optimizing system chemistry and achieving high
purification plant efficiency. Some release of corrosion product inventory
does, however, occur. The subsequent deposition, activation and migration of
the oxides produced as well as other circuit impurities can lead to fuel
integrity and out-of-core activity problems.

11.2. The low level of fuel surface metal oxide deposition in modern
water-cooled reactors is generally well below 25 pm thick, equivalent to a

-2maximum loading of 1 to 2 mg cm . At this level and below there is no
evidence that crud deposits will lead directly to failure of Zircaloy fuel
cladding. There are some reservations with respect to the role of mineral
elements such as Si, Ca, Al and Mg when these admix with deposits based on
metallic corrosion products.

11.3. The activation problem in which gamma-emitting nuclides from in-core
surfaces are released and then retained on external circuitry has prompted
worldwide research into transport phenomena. While the reactor type, its
design, materials and chemistry all influence the complex transport mechanisms
involved, the overall process is surprisingly common to all water reactors
irrespective of design.
11.4. Although iron oxides form the basic structure of corrosion products,
other metals, mainly nickel, chromium and cobalt, play significant roles. In
particular, Co from nickel and Co from cobalt dominate the activity
transport problem, again a. common water-cooled reactor phenomena.

11.5. In BWRs the crud transport problem must be tackled by attention to the
condensate and feedwater system chemistry and purification of feedwater. In
PWR and PHWR coolants, pH control to an optimum alkalinity for minimum
corrosion and in-core deposition is the overriding factor.
11.6. looked at in detail different localized transfer processes may be
postulated for movement or deposition of corrosion products and other
impurities. Transport in reactor coolants can occur in solution (ions), by
colloids or as particulates, the latter from submicron sizes to agglomerates
up to 100 ^m. This means that physical, chemical and physicochemical
processes are simultaneously involved. Deposition in the circuit is the
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dominant mechanism. Only high purification rates can significantly remove
materials from the coolant circuit.

11.7. Any steady-state transport situation under operational conditions can
be disturbed by system perturbations. These are associated with power
changes, startup or shutdown or with chemical or purely mechanical
transients. Such disturbances may lead to a relatively large redistribution
of corrosion products and associated activity in a period of a few hours.
11.8. Semi-empirical and mathematical models have been developed to describe
the coolant transport processes in sufficient detail and accuracy to enable
forward predictions to be made for specific reactor types. Agreement between
plant observations and predictions is generally good but there is room for
improvement and model development continues.
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CORROSION AND HYDRID ING OF FUEL CLADDING MATERIALS

H.S. GADIYAR
Metallurgy Division,
Bhabha Atomic Research Centre,
Bombay, India

Abstract
The corrosion behaviour of zirconium alloys in the coolant water has

been discussed from the point of view of oxide growth and hydrogen absorption
in the context of their use for fuel cladding and pressure tube materials.
History on the development of alloys has shown work on two types of alloys.
In the first, studies based on the zirconium-tin system have led to the
emergence of two potential alloys Zircaloy-2 and -4. In the other, extensive
investigations on zirconium-niobium alloys have given rise again to two major
alloys, namely, Zr-lNb and Zr-2.5Nb. The major efforts regarding corrosion
studies were on the parameter studies which included coolant chemistry, flux
level, alloy composition and metallurgical condition.

The corrosion enhancements in PWR environments (pH 9-10.5, dissolved
oxygen < 50 ppb) are only marginal, for example, by a factor varying between
1.7 to 2.5. The synergistic effects of higher dissolved oxygen

14 2(50 to 200 ppb) and fast neutron flux (~ 1 x 10 n/cm /sec, > 1 MeV) can
lead to corrosion enhancements by a factor of eight in BWRs and can increase
further with increased oxygen content in the coolant. The oxide build-up on
Zircaloy cladding under the prevailing water chemistry conditions can be about
3-6 um per year for PWRs and 12-18 y m per year under BWR conditions. While
the corrosion rates are increased under oxygenated conditions, the hydrogen
absorption is correspondingly less (e.g. < 10% for BWRs as against < 20% for
PWRs). Zircaloy-4 absorbs lesser amounts of hydrogen compared to Zircaloy-2.
In view of the above observations, the following fuel cladding choices have
remained relatively constant: Zircaloy-2 for BWR fuel; Zircaloy-4 for PWR and
PHWR fuel (in some early PWRs and PHWRs, cladding is still Zircaloy-2); and
Zr-l.ONb for Soviet reactor fuel.

Zirconium-niobium alloys have shown either minimum or sometimes even
depression in corrosion rate under neutron irradiation. The hydrogen
absorption has been consistently less as observed from in-pile loop as well as
from in-reactor tests. Zr-2.5Nb alloy after proper heat treatment (quenched,
cold-worked and stress-relieved) has shown adequate corrosion resistance and
least hydrogen pick-up rates as compared to all other alloys including
Zircaloys.
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Transition observed during corrosion has been explained on the basis of
an oxide reorientation model, giving rise to pores of 10-50 A radius.
Dissolved oxygen and radiation affect the stoichiometry of the oxides, leading
to an increased number of pores. Pustule nucleation and nodular growth in BWR
environments have been explained due to local breakdown of protective oxide
film arising from stress variations in the oxide. The intermetallic particles
of the type Zr(Cr/Fe)„ might be a contributing factor for the enhanced local
oxide growth. Mechanistic aspects of corrosion still appear to be incomplete,
particularly for the understanding of the nodular corrosion.

Currently, the nuclear industry is assessing possible impacts of
reactor-induced corrosion on fuel management scenarios which propose to obtain
better uranium utilization fay extending the fuel residence in the reactor core.

1. INTRODUCTION

The cladding material for water-cooled thermal power reactors has to
meet the requirements of low neutron absorption cross-section, adequate
mechanical strength and excellent corrosion resistance. From considerations
of neutron economy alone, the suitability of materials is restricted to metals
like aluminium, beryllium, magnesium and zirconium or their alloys. While
pure aluminium (2S) has been used for cladding and structural components in
research reactors where operational temperatures are low (100°C or less) ,
severe blistering and accelerated corrosion has precluded its use for power

oreactor applications at temperatures above 150 C. Beryllium, magnesium and
their alloys, although possessing a low neutron absorption cross-section, were
not considered for cladding because of their failure to meet the mechanical
property and corrosion requirements at power reactor operating temperatures
(200-300 C). The potential of zirconium alloys for use as cladding was thus
recognized, and this was as early as 1946-47, when it was realized that
hafnium-free zirconium absorbs only a few neutrons and has all the qualities
required for cladding. The first use of pure zirconium for containing the
fuel was for the MARK I PWR in the Idaho prototype, developed for the MARK II
reactor being built for the nuclear submarine, Nautilus [1]. This is a very
significant event, since continued research on zirconium-based alloys has
subsequently led to the establishment of these alloys for cladding in
water-cooled reactors.

2. TECHNIQUES TO MEASURE CLADDING CORROSION

A well-adherent oxide is formed on zirconium alloys during their
exposure to aqueous systems. The out-of-pile corrosion assessment of the
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alloys is hence usually carried out by weight gain measurements and plotting
the data against time for a kinetic study. Deviation from a weight gain
(specimens experiencing weight losses after a series of weight gains) is an
indication of "oxide spall". Prom the weight gain data, the oxide thickness

2can be evaluated as, for example, a weight gain of 14.7 mg/dm corresponds
to an oxide thickness of 1 urn.

Metallographie techniques are used for studying the structure of the
matrix and for observing the distribution of hydrides formed during the
exposure. Both optical ana scanning electron microscopic (SEM) data are also
utilized for measuring the oxide thickness and, in addition, for their
morphology and adherence. Fairly accurate thickness measurements can be made
on oxides of thicknesses 50-100 urn within an error of < 5%. In those cases
where extensive spalling of the oxide has taken place, the thickness of the
oxide is generally deduced from the wall thinning of the clad tube observed at
the spalled region. The hydrogen content in the coupons is estimated by a
metallographic examination and is also checked through an analysis by
extraction using a vacuum fusion technique or through an isotopic
equilibration technique.

The assessment of the oxide growth on the cladding of the irradiated
fuel is carried out by metallographic as well as eddy current testing (ect).
In the latter technique, the thick patches of the oxide precipitation of local
massive hydrides can also be identified. However, it is possible that the
oxide thickness measurement may sometimes be masked by the presence of other
defects in the cladding. Quite accurate measurements of oxide thicknesses are
obtained through metallographic examination. As seen by Garzarolli et al. [2,
3] there has been good agreement between the measurements made by ect and
metallographic examination, which is shown in Fig. 1.
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3. HISTORICAL ASPECTS ON ZIRCONIUM ALLOY DEVELOPMENT

3.1. Unalloyed Zr

Very pure "crystal bar" zirconium was chosen for the cladding tubes to
encase the fuel for the first pressurized water naval reactor. Initial
experiments with this pure metal showed variations in its corrosion
behaviour [1]. By then, sufficient quantities of zirconium were produced by
the Kroll process, which had a purity better than 99.7%. It was soon
recognized that zirconium produced by either processes was not suitable for
cladding from corrosion and mechanical strength considerations [4, 5]. While
the metal produced by some batches had lustrous black adherent oxide film and
good corrosion resistance for extended periods of time, a few showed a rapid
increase in corrosion with white oxide on the surface. Others exhibited
intermediate characteristics. The change from the protective to the
non-protective regime was always accompanied by extensive spalling of the
oxide, this being termed as the "breakaway" point [6-10], The variation in
corrosion rates of zirconium has been due to the presence of impurities like
nitrogen, aluminium and titanium in small amounts which exert an unfavourable
effect on the corrosion resistance. Nitrogen is probably the most deleterious
amongst these because of the magnitude of the effect; concentrations as low as
50 to 130 ppm can cause accelerated attack in water [4-11]. The effect of
impurities in zirconium on its corrosion behaviour has been summarized in
Table 1.

Table 1

EFFECT OP IMPURITY ELEMENTS ON THE CORROSION RESISTANCE OF
ZIRCONIUM IN HIGH-TEMPERATURE WATER AND STEAM (4, 7]

Impurity

Nitrogen

Carbon

Oxygen

Hydrogen

Titanium

Alumin ium

Magnesium

Fluor ide

Lead

Effec t

Harmful

Harmful

Slight

Slight

H a r m f u l

Harmfu l

Harmfu l

Harmful

Harmful

Concentration at
which the effect
is noted, wt%

0 . 0 0 4

0 . 0 4

0 . 0 5

0 .05

0.1 to 5

0.1

Uncertain

0.002

About 0.01

Nominal composition ( w t % )
in arc-melted iodide Zr.

0 .002

0.01

0 . 0 4

0 .002

0 .002

0.003

0 .002

0.001

0 . 0 0 3
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The alloy development work was primarily aimed (i) to overcome the
deleterious effects of impurities, (ii) for achieving the desired mechanical
strength and (iii) for fortifying the oxide against cracking. The choice and
the proportions of the alloying elements were dictated by the following:
(1) the alloying element should not unduly increase the absorption of thermal
neutrons; (2) they should stabilize the corrosion resistance and reduce the
tendency to pick-up hydrogen; (3) they should have an out-of-pile
post-transition corrosion rate of 1 mg/dm /day or less and the oxide should
be adherent; (4) they should improve the mechanical properties; and (5) they
should not make the metal more difficult to process. Klepfer [12] eliminated
a large number of alloying elements from the above considerations and the
beneficial effects were seen by additions of Sn, Nb, Ta, Fe, Cu, Cr, Ni, V and
Mo. Of these, the first three have been observed to significantly combat the
deleterious effects of impurities, tin being the most effective one. Again,
Sn and Nb were found to be more beneficial in an aqueous medium (up to
360°C), while Fe, Cu and Cr were found to be good in steam above 400 C.
Alloying with Ta was not considered because of its high neutron absorption
cross-section. Table 2 summarizes the influence of some of the binary
alloying additions to zirconium on its corrosion resistance in water and steam.

Table 2

EFFECT OF BINARÏ ALLOÏING ADDITIONS ON THE CORROSION RESISTANCE OF ZIRCONIUM IN HIGH-
TEMPERATURE WATER (360°C) AND STEAM (400°C) [6, 7]

Alloying
element

Range of
concentration

Type of second
phase precipitate Overall effect

Tin

Niobiuia

Iron

Chromium
Nickel

Copper

Aluminium
Manganese
Molybdenum

Mg, Ca, Cd

0-5

0-5

0-2

0-2
0-2

0-1

0-2
0-5
0-3

0-2

3 -niobium

ZrCr

ZrjCu

Zr4Al

Tendency to counteract nitrogen» corrodes in the same way aa
Zr except that the oxide remains adherent after transition)
increasing the tin content decreases the corrosion resistance.
Tendency to counteract nitrogen» less effective than tin»
sensitive to heat treatment» corrosion resistance better
when present up to 1 wt%) i increasing amounts do not contribute
to corrosion resistance.
Corrosion resistance better in annealed state when present
in small amounts (up to 1 wt%); agglomeration of second
phase shows decreased corrosion resistance.
Same as observed for Fe.
Corrosion resistance decreases» its presence in Zircaloy-2
has been observed to be detrimental due to increased
hydrogen absorption.
Corrosion resistance improved when added in small quantities»
beneficial effects are seen in addition as ternary to Zc-Nb
alloys.
Corrosion resistance decreased.
Corrosion resistance decreased.
Beneficial when added in small amounts» corrosion resist-
ance decreased with increasing amounts» small ternary
additions to Zr-Nb, Fe binaries suggested.
Corrosion resistance decreased for binaries.
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3.2. Zircaloy group of alloys

It has already been mentioned that alloying with tin was most effective
in imparting corrosion resistance. Further, it was noted that there is an
optimum tin content and as the alloying tin approached this optimum value, the
harmful effect of nitrogen was counteracted [6]. Based on the nitrogen
tolerance limits, strength and fabricability, an alloy containing 2.5 wt% tin
was developed which was designated as Zircaloy-1. Experiments showed that
Zircaloy-1 did not possess adequate corrosion resistance in water and steam,
in that the rate of adherent oxide film build-up was very high.

It was soon recognized that the addition of small amounts of iron,
chromium and nickel to Zircaloy-1 improved the corrosion resistance properties
and this led to the formulation of the new alloy composition Zircaloy-2. This
has been discussed in detail by Chirigos [8], Kass [6] and others [13, 14].

Table 3
CHEMICAL COMPOSITION OF ZIRCALOY-2

Alloying Element Weight Percent
Tin
Iron
Chromium
Nickel

1.20 to 1.70
0.07 to 0.20
0.05 to 0.15
0.03 to 0.08

The sura of Fe, Cr and Ni should be within the range 0.18 to 0.38 percent

Maximum Impurity Limits in 2ircaloy-2

Element Concentration (ppm) Element Concentration (ppm)

Al
B
Cd
C
Co
Cu
Hf
H

75
0.5
0.5

250
20
50
100
25

Pb
Mn
N
Si
Ti
H
U
V

20
50
80

200
50
100
3.5

50

Mechanical Properties; (Test - Longitudinal Direction)

Grade Condition Temp.

Zircaloy-2 Annealed RT

Zr-2.5Nb Annealed HT

Tensile
strength min.
KSI (MPA)

60
(413)
65
(448)

„. Elongationstrength . .,„ „ „,. in 2 or(0.2 off-. . 51 mm, mm.set) mm.
KSI (MPA)

35 14
(241)
45 20

(310)

126



The composition and mechanical properties of Zircaloy-2 have been presented in
Table 3 and typical corrosion behaviour in aqueous medium [15] has been shown
in Fig. 2. The most important single property of Zircaloy-2 is its excellent
corrosion resistance to high-temperature water, and in this respect it is
vastly superior to unalloyed zirconium. The corrosion is characterized by the
formation of an adherent zirconium oxide film, which initially follows a
nearly cubic rate law. It is seen that at 360°C, transition occurs at a

2weight gain of 34 rag/dm after 112 days of exposure, and the transition is
quite reproducible and predictable [7]. The breakaway point mentioned for
Kroll Zr has been popularly referred to as "transition" point for zirconium
alloys, since the oxide is well adherent even after the change in oxidation
kinetics. The performance of Zircaloy-2 for water-cooled nuclear reactor
service has been very good in the temperature range 280-310 C, up to
saturation pressure. The assessment of Zircaloy-2 during its long residence
time in the reactor will be discussed at a later stage.

«00

IOO

100 1000
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aooo

rIG. 2-CORROSION OF ZIRCALOY-2 IN THE TEMPERATURE

RANGE 288*TO400*C (WATER 8 STEAM)'

Attempts to improve upon Zircaloy-2 have been made in the past,
particularly with respect to tin content; this is by reducing the tin just
enough to counteract the ill-effects of nitrogen and by substituting this by
iron. Such an alloy, designated as Zircaloy-3, contained 0.25% Sn
and 0.25 Fe, but this type of alloy has never been applied extensively because
of early appearance of white corrosion products in the form of stringers of
Fe-Cr intermetallic compounds.
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It was observed that the entry of the corrosion product "hydrogen" into
the zirconium metal had adverse effects on the physical and mechanical
properties due to precipitation of zirconium hydride, and excessive hydriding
of Zircaloy cladding could lead to performance limiting embrittlement. The
nickel content in Zircaloy-2 was shown to be responsible for increasing the
hydrogen absorption. The suggestion to eliminate the nickel completely from
Zircaloy-2 led to the alloy designated as "nickel-free Zircaloy-2". Further
to this, in order to achieve better corrosion resistance, Zircaloy-4 was
developed [8]. The composition of Zircaloy-4 is similar to Zircaloy-2, except
that the nickel content is reduced to 0.007 wt%. To compensate this, iron
content is kept at 0.18 to 0.24% and the sum of Fe and Cr at between
0.28 to 0.38% as compared to Zircaloy-2 in Table 4. The properties of
Zircaloy-4 are, in general, similar to those of Zircaloy-2, except that it
exhibits about one-half of the hydrogen absorption. An in-reactor test
designed to produce rapid failure by hydrogen embrittlement, confirmed the
superiority of Zircaloy-4 over Zircaloy-2 [6, 8, 161.

Table 4

CORROSION AND HYDROGEN ABSORPTION FOR SHEET SPECIMENS EXPOSED TO 290°C,
7.39 MN/ra2 IN DEGASSED WATER [31]

Alloy

H2/dm2

Scanuk-4
{Zr, O .SNb , O.SCr)

2ircaloy-2

Zr-2.5Nb

Zr-2.5Nb*
pressure tube

Zr-2.5Nb**
pressure tube

Exposure

mg 02/dra2

%H2

14.3

16.9

21.5

21.7

Exoosure

20.9

time - 28S6 hrs.

mg H2/dra2 %H2

0.2 10.7

0.88 41.9

0.38 14.0

0.30 11.0

time - 2688 hrs.

0.62 23.6

Exposure time - 8004

rag 02/dra2

20.2 0.15

21.7 1.05

33.4 0.28

28.7 0.19

Exposure time - 7836

27.9 0.52

hrs.

rag

5.9

38.8

6.6

5.4

hrs.

14.8

* Cold-worked.
** Water-quenched 880°C, tempered at 500°C, 24 hrs.

3.3. Zirconium-niobium alloys

Simultaneously with the advent of development of Zircaloys in the
United States, the Soviet Union developed the zirconium-niobium system. Their
extensive investigations led to the development of two potential alloys,
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namely, Zr-l%Nb and Zr-2.5%Nb [11]. long-term corrosion tests confirmed that
Zr-l%Nb would be suitable primarily for cladding purposes. The solubility of
niobium in zirconium at the eutectoid temperature of 610 C has been
reported [17] to be ~ 1.1% and hence this single-phase alloy reduces the heat
treatment sensitivity to the corrosion resistance. The alloy has shown a
consistent parabolic growth rate in aqueous medium at 350 C, with weight
gains slightly higher compared to Zircaloy-2 [18]. Detailed studies [19]
under low oxygen, high oxygen, and in-pile boiling water conditions have shown
the Zr-lNb alloy to possess adequate corrosion resistance, and that in the
absence of radiation the corrosion rate of the alloy is dependent on the
oxygen content of the corroding media. In the presence of radiation and
dissolved oxygen, there was an accelerating effect for the alloy (about
nine-fold) similar to that of Zircaloy-2. Present-day experience has shown
this alloy to possess equivalent resistance to that of Zircaloy-2.

Alloy Zr-2.5Nb has been developed by the Soviet Union and Canada for
use as structural material (such as pressure tubing) because of its higher
mechanical strength [11, 20, 21]. Initial out-of-pile corrosion data
indicated that the zr-2.5Nb alloy is slightly inferior to Zircaloy-2 and the
corrosion is more dependent on its metallurgical condition. Subsequent
experiments have shown that heat-treated the Zr-2.5Nb alloy exhibited low
weight gains -23 mg/dm after 175 days at 288°C in a low oxygen aqueous
medium [22]. Dissolved oxygen in the water adversely influences the corrosion
properties of the Zr-2.5Nb alloy [20-23]. Considerable increase in corrosion
has been observed. At present there is general agreement that by the
following combination of heat treatments, optimum corrosion resistance can be
achieved [24]: (i) quenching from high {a + B) region (850 C-900 C)

1
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FIG. 3 - CORROSION OP Zr-2.5 % Nt> ( O . C W . A) AND Z1RCALCY 'N

WATER24
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followed by (ii) cold working to 10-20% reduction in cross-section and
subsequently (iii) ageing at a temperature higher in a-phase (500 C-550 C)
for 24 hours. This is generally designated as Q, CW, A (or stress-relieving)
treatment. Figure 3 summarizes the long-term ex-reactor corrosion data for
Zr-2.5Nb (stress-relieved) in deaerated autoclaves and has also been compared
with Zircaloy-2 data. Tests conducted by Urbanic et al. [25] on Zr-2.5Nb
(stress-relieved) have shown that the alloy corrodes less in pressurized water
during in-reactor irradiation than during exposure to similar conditions
out-of-reactor. It should be noted here that dissolved oxygen in the medium
does not significantly influence the out-of-pile corrosion of Zircaloy-2.

3.4. Zirconium-niobium-tin alloys

In the search for alternate alloys possessing higher mechanical
strength as a possible replacement of Zircaloys, two prime candidate alloys,
Zr-3Nb-lSn and Soviet-developed ozhennite-0.5 have been studied [11, 15, 26,
27]. The ozhennite alloys constitute a group of alloying, which includes a
combination of tin, iron, nickel and niobium contents to a total varying from
0.5 to 1.5%. Ozhennite-0.5 has a total alloying up to 0.5% [28]. Tests on
Zr-3Nb-lSn have shown corrosion properties similar to Zircaloys, although no
definite advantages were observed. On the basis of out-of-pile tests,
ozhennite-0.5 showed excellent corrosion properties [13; 18, 29], but
irradiation tests conducted in deaerated water at 240-290 C indicated
inferior corrosion behaviour compared to Zircaloys or Zr-Nb alloys [30].

3.5. Scanuk alloys

In a collaborative research work carried out by scientists from the
United Kingdom and Scandinavia [31], tests were conducted to find the alloys
having properties better than Zircaloy-2, which were based on Zr-Nb (0.5 to 1
wt%) with additions of chromium and/or molybdenum. These alloys are referred
to as Scanuk alloys. It was thought that improvements in both mechanical and
corrosion properties could be obtained by alloying zirconium with elements
selected from groups VA, VIA and possibly VIIIA of the periodic table. The
alloys developed were expected to have better resistance to nodular corrosion,
as well as better performance under LOCA conditons. Scanuk alloys containing
1.0 and 0.5 wt% niobium with 0.5 wt% chromium appeared to possess improved

o ohigh-temperature properties in the range 250 C-400 C due to better
precipitate dispersion. Their resistance to corrosion in BWR environments
were observed to be quite good. The alloy containing O.SNb and O.SCr was
found to have optimum concentration. The alloys containing chromium were
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found to perform better than those containing molybdenum. Some of the
corrosion properties carried out-of-pile are summarized in Table 4.

3.6. Other experimental zirconium alloys
The interest in the further alloy development programme has been

aroused mainly due to two reasons: firstly because, although Zircaloys have so
far shown satisfactory behaviour, they may still be governed by certain
limitations at the burnup levels of 4000-5000 MWD/ton. Capability to
withstand pellet-clad interactions late in life or external corrosion and
spalling of oxide may become life-limiting at long-exposures. From the
studies based on aqueous corrosion ( ̂ 360°C) first, and subsequently in
steam (400-500°C), the alloying additions of Nb, Cr, Fe and Cu to Zr were
found to be beneficial for high-temperature steam service. Alloying with tin
has been observed to be beneficial only in aqueous environments. Two
experimental ternary alloys studied included Zr-lCr-0.1Fe (known as Valloy)
and Zr-l.lCu-l.2Fe [32, 33], Investigations were carried out at C.N.E.N. on
alloys Zr-0.4Fe-l.OCu, Zr-l.OSn-0.5Fe-l.ONb, Zr-0.2Fe-lCr in addition to
Zircaloys and Zr-Nb alloys [34], An overall advantage on the corrosion
behaviour of the alloy Zr-l.OSn-0.5Fe-l.ONb has been shown as compared to
Zircaloys. Coriou and others [35] have investigated properties of another
alloy, Zr-lNb-lCu. Considering the alloy development field, it is felt that
additions of Nb and Cr to Zr should give an alloy with adequate strength and
good corrosion resistance to water and steam. Based on these findings, an
experimental Zr-0.5Nb-lCr alloy was developed in India [36], The mechanical
properties of this alloy [37] have been compared in Table 5 and the corrosion
properties in Figs 4, 5 and Table 6. The yield strength, ductility and UTS of

Table 5

MECHANICAL PROPERTIES OF ZIRCONIUM ALLOYS [37]

Alloy

Zr-0.5Nb-lCr

Zircaloy-2

Zr-2.5wt%Nb

Metallurgical
History

Soaked 1 hr. at 900°C,
water -quenched and
tempered at 5QO°C for
24 ars.
Cold-worked 19%

Heat-tieated

Test
temperature

Room temp.
300°C

Room temp.
300°C

Room temp.

300°C

0.2% YS
<psi)

33

74

70

42

117

75

000

000

000

000

000

000

UTS
(PSl)

113
39

90

47

126

89

000

000

000

000

QOO

000

% Elongation

15.0

15.8

12.8

12.0

14.0

14.8

Calculated
macroscopic
neutron
absorption
cross-section

0.0103

0.0085

0.0087
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Table 6

KINETIC DATA ON THE CORROSION OF Zr-0.5Nb-lCr ALLOY [10]

Alloy

(i) Water at
Zircaloy-2
Zr-O.SNb-lCr
Kroll Sr

Slope of wt. gain-time curves

Pre-transition Post-transition

360°C
0.33 1.0
0.36 1.0
0.51

Transition
time (hr.)

2850
2800

Variable/
1000 hrs.
or earlier

Wt. gain at
transition

rag/dm^

29.5
31.0

Oxide spalled

(ii) Steam at 550°C
2ircaloy-2 0.42
Zr-O.SNb-lCr 0.35
Kroll Zr 0.45

1.12
0.77
1.02

37 78
95 85
32 86
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Zr-0.5Nb-lCr were found to be better than Sircaloy-2. While in aqueous media,
the alloy has equivalent corrosion resistance to that of Zircaloy-2, the
oxidation resistance in steam between 400 -500 C has been better than
Zircaloy-2. The important advantage of this alloy was reflected in its lower
hydrogen absorption than Zircaloy-2, both in water and steam. Also, the
experimental alloy has shown a lesser tendency for oxide spalling during
continued long exposure periods.

Table 7 summarizes the alloys currently acceptable under reactor
conditions and the experimental ones being investigated. The temperature
dependence of out-of-pile corrosion rates of some of these alloys are
presented in Fig. 6.

Table 7

ZIRCONIUM ALLOYS FOR WATER-COOLED REACTOR SERVICE
(ALLOYING ADDITIONS, WEIGHT PERCENT)

A. Commercial Alloys:

Zircaloy-2; Zircaloy-4; Nickel-free Zircaloy-2;

Zr-lNb> Zr-2.5Nbj Zr-3Nb-lSn.

B. Experimental Alloys:

Ozhennite-0.5 (Sn 0.2, Fe 0.1, Nb 0.1).
Scanuk-1 (Nb 0.91, Fe 0.026, Cr 0.01, 0 0.1, UTS (25°C),

kg/mm2, 47.0).

Scanuk-4 (Nb 0.52, Fe 0.036, Sn 0.06, Cr 0.49, 0 0.134,
UTS kg/mm2, 47.0).

Zr-lCr-0.1Fe (Valloy)
Zr-lCu-0.1 to 0.3Fe

Zr-1.OSn-1.ONb-0.5Fe
Zr-lNb-lCu

Zr-0.5Nb-lCr

u 1000 :

84O BIO 460 400 »8O 100

100 -

FIG.6-

TEMPERATURE DEPENDENCE OF OUT OF PILE
CORROSION FOR SOME ZIRCONIUM ALLOYS -
WEIGHT GAIN AFTER 250 DAYS 8O
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4. GENERALIZATIONS ON THE CHOICE OF ALLOYING ELEMENTS FOR MECHANICAL AND
CORROSION PROPERTIES
On the basis of various investigations carried out so far, it becomes

apparent that the addition of an alloying element should effectively decrease
the diffusion processes controlling corrosion, and compensate for the adverse
effects of impurities like nitrogen and aluminium. The alloying elements can
broadly be classified into two groups, viz. alpha formers and beta retainers.
Among the a-formers/ tin has been the most widely investigated element and
among the 3-retainers, elements like Nb, Cr, Fe, Cu have been studied.
Alloying with tin has been most effective for reducing the corrosion rate in
aqueous medium, particularly for counteracting the ill-effects of nitrogen.
In steam at 450 C and above, its presence becomes significantly
detrimental. The binary alloy systems of zirconium with the 3-retainers
mentioned above, are either of the form in which the ß-phase extends over the
whole composition range with no intermetallic phases (e.g. Nb and Ta) or of the
eutectoid type including intermetallic phases (e.g. Cr, Mo, Ni, Cu).
The solubility of these elements in ct-Zr is very limited and the strength
properties can be improved, taking advantage of dispersion strengthening by
precipitation of finely-dispersed intermetallic phases. Both Scanuk alloy and
Zr-0.5Nb-lCr have shown mechanical properties comparable with and, in some
respects even an improvement over, Zircaloy-2.

In order to achieve high yield strength at elevated temperatures, the
most effective a-stabilizers are Al and Sn and the S-stabilizers Mo and Nb.
Increased strengthening is obtained in ternary alloys containing combinations
of (o + ß) stabilizing additions so as to have both solution and precipitation
hardening contributions. Alloys of the type Zr-3Al-3Sn, Al-3Sn-1.5Mo have
been developed on the above basis [38], but poor corrosion resistance is the
major concern amongst these types of alloys. Zirconium alloys containing
aluminium have extremely poor corrosion resistance [39].

Considering the alloys of zirconium with Nb, Cr, Fe or Cu, it was
observed that coarse particles, agglomerates and selective grain-boundary
precipitates decrease the corrosion resistance. Better resistance to
corrosion is observed only when they are present in small amounts and when
there is a fine, uniform distribution of the second phase. The excess
precipitation of a phase like ZrFe , Zr Cu seems to be a contributing
factor for the decreased corrosion rates in water. For Zr-Nb alloys, the
improved corrosion resistance in the annealed state indicates that the
presence of S-Nb-Zr seems to be the contributing factor.
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The two important factors to be considered during the service life of
zirconium alloys are the hydrogen absorption and the irradiation damage [40].
The Zr-Nb alloy has definitely shown lower hydrogen pick-up compared to
Zircaloy-2 under PWR/BWR conditions. The effect of irradiation is to enhance
the corrosion of all alloys irrespective of the alloying element [41].

As already mentioned, the presence of hydrides in Zr would lead to
embrittlement .and cracking. Mainly the mechanical properties at lower
temperatures are influenced because of the temperature dependence of the
hydrogen solubility and because the hydride becomes plastic itself at higher
temperatures. Hence the hydrogen embrittlement is reduced at the operating
temperatures [42]. The extent to which the hydrides embrittle the clad,
depends upon the texture of the hydride. Formation of radial hydrides is an
undesirable situation [43, 44] j these greatly reduce the fracture ductility,
while circumferentially oriented hydrides impair ductility only to a minor
extent. For a favourable hydride orientation, texture control is therefore
necessary; during fabrication it is preferred that the tubes be in the
cold-worked and stress-relieved condition, have uniform small grain size and
the a-grains be oriented with the basal plane normals close to the radial
orientation [45]. In tubes/ circumferential alignment of plates parallel to
the operating hoop stress is ensured by avoiding unsupported sinking
operations during fabrication. Hydrogen uptakes of 300-400 ppm are possible
during the operating life of a pressure tube [46-48]. The maximum acceptable
design limit for hydrogen content varies, but the reported value is generally
around 400 ppm [49], In this context, it has to be stated that
stress-assisted hydride precipitation (in service) may lead to severe
embrittlement problems at room temperature [50]. The hydriding aspects of
zirconium alloys are considered separately in the later sections.

5. EXPLANATIONS OF THE EFFECT OF ALLOYING ON THE OXIDATION OF ZIRCONIUM

5.1. Considerations from Wagner's Oxidation Theory

The beneficial effects observed on the alloying additions to Zr from
Group VA and VIA are to be expected from the Wagner-Hauffe principles. The
principle states [51] that for metals which give rise to n-type of oxides, the
introduction of alloying metal ions possessing higher valency than the base
metal valency, results in decreasing the diffusion-controlled oxidation rates,
provided the alloying oxide is soluble in the base metal oxide. This approach
should be applicable to Zr-Nb and possibly Zr-Sn alloys, because Nb and Sn
have a reasonable solubility in zirconium at 400 C and 500 C. Microprobe
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studies [52] have indicated solubility of these oxides in oxide films of these
alloys. From these considerations Nb additions (valency +5, higher than Zr)
seem to be beneficial from a corrosion point of view, in water up to 360 C
and steam up to 500°C. The addition of tin (valency +4) in small
percentages (up to about 2%) does not adversely affect the corrosion
resistance in aqueous medium. The alloying tin in Zircaloy-2 enters the oxide
lattice and is generally present as Sn with anion vacancies [4]. Since
the fourth ionization potential of tin is slightly greater than that of Zr, it
follows that the energy grouping, Zr , Sn , VO** (VO'* is referred

+4 +3to as oxygen ion vacancy) is favoured, the ionic radii of Zr and Sn
being nearly equal. Hence, it is expected that the anion vacancies will be
increased and will also be associated with the Sn ion. The mobility of
the anion vacancies will be reduced owing to the anchoring action of
the Sn ion, which itself is essentially immobile. This anchoring action
explains the good corrosion resistance of Zr-Sn alloys at a lower temperature
such as aqueous medium up to 360 C. However, at higher temperatures
(450 C and above) this anchoring effect will be weakened which results in
high oxidation rates of Zircaloy-2.
5.2. Solute distribution between the oxide film and the substrate metal

The oxides of Fe, Cr, Ni and Cu are almost insoluble in ZrO_ [53].
Microprobe analyses indicated that Fe, Cr, Cu and Ni do not enter the oxide as
in the alloy. These get enriched near the metal-oxide interface and
redistribution of these solute oxides in ZrO_ takes place, depending upon
their AG values. Such an enrichment of alloying oxides in the ZrO_
layer has resulted in low oxidation rates for alloys with Cu, Cr, Fe and Ni in
high-temperature steam and oxygen [52, 54, 55].

5.3. Crystal structure and ionic size
It has been seen by X-ray diffraction analysis that mainly monoclinic

oxide is formed during the oxidation in steam or in aqueous media {36].
Monoclinic oxide is also the principal phase observed on irradiated and
unirradiated specimens [32]. In the initial stages (pre-transition oxide),
this monoclinic oxide will be in the distorted form and will remain in this
stage on account of the forces of interaction between the lattices of the
oxide and the metal [56]. The high stress accompanying the oxidation will aid
in retaining this distorted form. In pure zirconium these forces of
interaction decrease with temperature and time of oxidation and, as a result,
spalling or break-off of oxide is seen early. For better corrosion
resistance, conditions should be so favoured as to prevent the distorted
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monoclinic oxide from transforming to stable oxide. Elements with a cubic
lattice and which contract the zirconium oxide lattice by their presence will
be beneficial. The ionic radius of the alloying element is one of the
important factors to be considered in the above context. The ionic radii
of Nb, Cr and Sn are 0.66, 0.64 and 0.67 A", respectively, which are within 20%
of the ionic radius of the Zr ion (0.82 A). The replacement of a Zr ion by Nb
and Cr ions in the oxide favours conditions for retaining the distorted
monoclinic form and preventing its formation to stable oxide. As observed
this is beneficial for corrosion resistance. However, the Zr-Nb system has a
low phase-transformation temperature (610 C), which results in weakening of
the matching between the lattice of the alloy and the oxide. Accelerated
oxidation of Zr-Nb alloys is hence expected at elevated temperatures
(> 600°C). The beneficial influence of Nb and Cr alloys in the temperature

o orange 300 C-450 C has already been discussed earlier.
The counteracting effects of Sn on the deleterious effects of nitrogen

can also be explained from the ionic size and crystal structure
considerations. The replacement of the Sn ion in the oxide lattice leads to a
contraction of the lattice which is beneficial? however, tin has a tetragonal
lattice and has a disturbing effect on the distortion of the monoclinic
lattice. The replacement of oxygen by nitrogen (ionic radii 1.36 and 1.48 A,
respectively) in the oxide lattice leads to its dilation. In addition,
nitrogen entering the metal increases the lattice parameters of the base
metal, and thus reduces the degree of distortion of the oxide lattice. The
tin ion which produces the contraction, nullifies the effect of dilation
produced by the nitrogen ion, the net effect being beneficial from the
oxidation resistance point of view. Parfenov [56] has evaluated the amount of
tin required to nullify the detrimental influence of nitrogen from the
expression G_ = 4.85 (G„ - 0.05) where G_ and G„ are the quantitiesSn N Sn N
of tin and nitrogen in atom per cent, respectively. The anchoring action of
tin on the mobility of anion vacancies has already been mentioned.

6. EFFECT OF IRRADIATION ON THE CORROSION BEHAVIOUR OF ZIRCONIUM ALLOYS

Quite a number of studies have been carried out to quantify the
irradiation effects on the corrosion behaviour of zirconium alloys. The first
observation on the accelerated oxidation of Zircaloy-2 under irradiation,
carried out in uranyl sulphate solution, was from Oak Ridge [57]. Extensive
studies and reviews have become available since then on the effect of
irradiation [28, 32, 58-76J. The major parameters include water chemistry,
irradiation and alloy composition? other effects like surface condition
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(pre-treatment), metallurgical state (heat treatment), transfer experiments
and proximity to dissimilar metals have also been investigated.

Mention may be made here regarding the coolant conditions. Under BWR
conditions, since the oxygen is formed by radiolysis, the water chemistry is
different inside and outside the core. The dissolved oxygen in the primary
coolant (reactor water) in BWRs is about 50 to 300 ppb in the water phase. In
PWRs and PHWRs, the water is generally in the alkaline range (pH 9 to 10.5 by
the addition of lithium 0.2 to 2.2 ppm) and with residual hydrogen (2-4 ppm)
to suppress radiolytic oxygen formation (0_ < 15 ppb). In two-phase boiling
water, it has been suggested [74] that ammonia can be used to suppress oxygen
production.

6.1. Effect of dissolved oxygen and irradiation
Published data from loop studies and fuel cladding examinations have

shown that dissolved oxygen accelerates the corrosion of zirconium and its
alloys under irradiation. No measurable acceleration was noticed in
pH 10 LiOH at 270-280 C with - 30 cm /kg hydrogen over pressure
(0 < 0.5 ppm) for extended time periods [61], The tests carried out at
ETR, ATR and Chalk River Laboratories have clearly demonstrated this.
Figure 7 summarizes the results of in-reactor corrosion tests on Zircaloy
corrosion coupons in the temperature range 240 C-300 C (pressurized water,
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low dissolved oxygen) [75, 76]. A small but definite enhancement of corrosion
by fast neutrons was observed in low oxygen water [65]. Examination of the
Shippingport Blanket Fuel cladding [77] has confirmed this belief in that the
irradiated cladding had a thickness of 8.2 to 10.9 pm, as compared to
3.7 to 4.4 urn in the absence of radiation.

The corrosion acceleration in oxygenated water in-reactor [78, 79] has
been shown in Fig. 8. Controversy still remains on the role of oxygen in
causing the acceleration. Earlier out-of-pile data (no radiation) for
Zircaloys has not shown any effect due to dissolved oxygen [80], but this has
been disputed [66]. A combination of oxygen content in the water and flux
(either fission fragment or fast neutron) contributes to the acceleration of
corrosion [58]. This effect has been presented in Fig. 9, where clear
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acceleration in corrosion can be seen in around 1 ppm 0 at a fast flux of
13 22-10 x 10 n/cm , >1 MeV; between this value and an overpressure of

27 atm. 0 , only a small additional increase is observed. The largest
enhancements have always been in the water phase while only small enhancements
have been observed in the steam phase, the magnitudes being comparable to
those seen under hydrogenated conditions in water. The threshold values of
flux (in the presence of dissolved oxygen) causing the acceleration from the

19data of Johnson [61] are: as etched Zircaloy-2, between 3 x 10 and
19 27,8 x 10 n/cm ( > 1 MeV and varies for different lots).

Experiments by Asher et al. [71] have shown that the ten-fold
enhancement of corrosion under boiling water conditions (irradiation) can
occur and this is most significant in the temperature range 250 C-350 C.
At 400 C steam, no apparent enhancement in corrosion was seen. Under BWR
chemistry [81], it has been observed that the flux is a much more important
variable than the temperature and for a given flux the in-reactor corrosion
rate will increase only slightly with temperature. Experiments of ORNL [57]
showed that in oxygenated uranyl sulphate solutions (225-330 C), the
oxidation rate increased as the (power density) "0.4 while parabolic
dependence of oxidation on fast neutron bombardment has been observed in other
investigations [58]. Videm's analysis [81] under BWR conditions (280 C) has

3/4shown the best fit to be corrosion rate = constant x flux ; however,
Johnson's experiments [61] (270°-280°C, fluence range 1 x 10 to

22 21.5 x 10 n/cm ) suggested a linear dependence of corrosion on the flux.

6.2. Alloy composition

The in-flux corrosion rate variations on different alloys carried out
in a low-oxygen ETR coolant has shown that the corrosion rates accelerated in
the following order of increasing rate [32]: 2r-2.5Nb; Zr-3Nb-lSn
< Zircaloy-4<zircaloy-2; Zr-l.2Cr-0.08Fe < Zr-l.2Cu-0.28Fe. Although the
Zr-Cu-Fe alloy has shown excellent corrosion resistance [82] in steam at
500 C, its resistance in water is poor under both irradiated and
unirradiated exposures. In the oxygenated ATR coolant, the corrosion rates
were accelerated in the following order [28]: Zr-2.5Nb (stress relieved)
< Zircaloy-2; Zircaloy-4; Zr-3Nb-lSn; Zr-2.5Nb (Ann, CW) < zirconium (most
corrosion).

Thus the Zr-Nb alloys have shown good characteristics under
irradiation [21, 32, 65, 66]. In fact in the quenched and stress-relieved
condition, the weight gains were lower in-flux than out-of-flux in low oxygen
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exposures, which has been attributed to flux-induced ageing of the structure,
which tends to optimize the corrosion resistance [25].

The corrosion behaviour of some of these alloys was studied in the
Halden boiling-water reactor [83], In these experiments, the post-irradiation
examination of Cirene fuel bundles showed that the oxidation of Zircaloy-2 was
not uniform (BWR environment, temperature 240 C) and the enhancement of
post-transition corrosion was about 100-200 times; however, the corrosion

2rates were only 0.2 mg/dm /day [81, 83]. In the irradiation tests studied
at C.N.E.N., Italy, two experiments were performed [83]. In the first, the
coupons were exposed directly to the boiling heavy water of the reactor at
240 + 2 C and in the second, the specimens were tested in a pressurized
heavy-water in-pile loop at 240 C and 275 C (15 MPa). The specimens

23 2received irradiation in the range 3-7 x 10 n/m (E > 1 Mev) . The weight
gain and hydrogen/deuterium pick-up [34] have been presented in Figs 10 and 11.
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Under BWR-like conditions, it is seen that Zircaloy-2, Zr-2.5Nb and
2r-lNb-lSn-0.5Fe (first group) all had a corrosion rate of around
0.1 mg/dm /day (temperature of test 240 C) after 450 full-power days;
ozhennite-0.5, Zr-lCr-0.15Fe and Zr-lCu-0.4Fe alloys (second group) had four
times higher corrosion rates than the first group mentioned above. When
compared with out-of-pile tests, the irradiation enhancement was about seven
times that observed for the first group of alloys and much greater for the
second group. The irradiation enhancement on corrosion was not seen at
400°C and 450°C.

The results of tests after 180 days in PWR-like conditions showed that
Zr-lCr-0.5Fe had the highest weight gain at 275 C, being about twice that
shown by Zircaloy-2, Zr-lSn-lNb-0.5Fe and the Zr-2.5Nb alloy; ozhennite-0.5
had the lowest weight gain out of the tested alloys. However, the hydrogen
absorption on ozhennite-0.5 was the highest, which is dealt with in the later
section on hydrogen absorption. The results on corrosion were comparable to
those obtained in the out-of-pile environments.

Heat treatment effects on the corrosion were also studied in the ETR
loops [28, 61]. Zircaloy-2 specimens in the (a + 3) condition showed
accelerated corrosion. a-annealed and ß-quenched specimens exhibited similar
behaviour. Zr-2.5Nb coupons having a quenched- and stress-relieved structure
showed better resistance in an aggressive oxygenated coolant but only slightly
better resistance in the low-oxygen coolant.

6.3. Surface pre-treatment effects
The usual pre-treatment given to Zircaloy-2 cladding consists of

pickling in HMD -HF-H.O mixture followed by autoclaving at 300-400°C for
periods varying from 20 to 72 hrs. in water or steam, to obtain an oxide film
of 0.5 to 1 micron. This also serves as a proof test and is felt necessary to
avoid any surface contaminations and to protect the cladding from scratches
during pre-irradiation handling. However, this treatment has resulted in
higher corrosion and hydrogen pick-up values as observed in low-oxygen ETR
experiments [61, 68]. The effects of surface pre-treatment on corrosion and
hydrogen pick-up are presented in Table 8.

Anodic oxidation using H_SO and KOH electrolyte to form oxide
layers of 0.1 urn thickness have been attempted as an alternative surface
pre-treatment [49, 84]j the beneficial effects seen were, in particular the
counteraction of the fluoridecontamination £rom the pickling agent. The
presence of fluorine in the anodized film had no effect on the corrosion rate,
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Table 8

EFFECTS OF PRE-FILMING ON THE IN-FLUX WEIGHT GAIN OF ZIRCONIUM ALLOYS*

Pré-film conditions
Alloy

Zircaloy-2

Zr-2.5Nb

Zr-l.2Cr-0.08Fe

Temp.

As etched
360
400

400

As etched
360
400

400

360
400

400

Time
(hrs.)

120
35

163-215

60
120

30.5

120
61

216

Médium

water
steam
(100 psi)
02 (1 atm)

water
a t earn
(100 psi)
02 (1 atra)
water
steam
(100 psi)
02 (1 atm)

Pré-film wt.
gain

(sng/dra2)

-
15
20

19

-
12
21

20

14
14

20

Mean influx
wt. gain
(mg/dm2)

92
123
107

107

40
26
23

13

216
92

225

Influx hydrogen

(mg/da2)

4.3
7.8
6.4

7.4

0.2
0.2
0.2

0.1

2.3
1.4

3.3

absorption

(..

39
49
43

58

4
6
6

10

10
12

12

* In-ceactor exposure: ETR C-7 loop» 84 days, 6 x 1020 n/cm2, >1 MeV|
pH lONH^OH, during a period of oxygen excursion (32] .

in-pile as well as out-of-pile [85]. However, this method was not successful
for adoption, because of lack of sensitivity in detecting the quality of
surface finish and for revealing nitrogen contamination of the welds.

Currently for PWR fuels, surface treatment to have a ground surface
(such as belt grinding, centreless grinding) is being considered and adopted;
for BWRs mostly pickled and autoclaved surface has been used.

Surface treatments like wet grinding and electrolytic polishing were
studied by KWU [49] and an electrolytic polishing method in 70 wt% acetic
acid, 20 wt% perchloric acid and 10 wt% HO has been developed to remove
about 3-5 urn of tube material (for PWRs). No increased hydrogen absorption
after irradiation was noticed by either of the above methods. While using the
electrolytic polish method, the surface scratches during assembling were
avoided by a surface coating of nitrocellulose, which was subsequently removed
with a solvent.
6.4. Transfer and galvanic effects

Some transfer experiments have been conducted involving transfer of
coupons from aggressive oxygenated to non-aggressive low-oxygen
environments [67], Zircaloy lots corroded in oxygenated water to weight gains
of 460-740 mg/dm (thick oxide) on transfer to a low-oxygen environment,
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maintained accelerated corrosion corresponding to oxygenated water; on the
other hand, coupons having thinner oxide films (weight gains 125 to
160 mg/dm ) were found to be sensitive to environmental effects [61]. This
indicated that the thinner oxides remained sensitive to reactor environments/
while thicker oxides were not.

Galvanic effects on Zircaloy-2 explosively bonded to Inconel-600 in a
tubular configuration have shown increased hydrogen absorption [86], probably
due to Inconel contact with the metal acting as a window for getting in
hydrogen. Inconel is used as a spacer in some power reactor fuel element
designs and there is no evidence of increased hydriding effects, possibly
because under these conditions it is likely that ZrO_ rapidly reforms at
scratches or fretting marks, precluding the galvanic contacts between the two
metals.

7. HYDRIDING OF ZIRCONIUM ALLOYS

Hydrogen in zirconium alloys is nearly insoluble at room temperature
(solubility < 1 ppm at 25°C)[50], while during in-reactor range of
temperatures (260-310°C) the solubility could be between 50-150 ppm [87].
Accelerated hydrogen pick-up by zirconium alloy cladding could lead firstly to
a performance limiting embrittlement of these alloys, and secondly it could
also accelerate the corrosion and bring closer the point at which complete
failure could occur. A serious consequence of the cladding rupture would be
the transport of radioactive fission products to all portions of the coolant
circuit. It is then important to assess the hydrogen pick-up by various
alloys during normal operation of the power reactors and to identify the
circumstances or environments that could lead to higher hydrogen pick-up
rates. Three main sources of hydrogen exist in the reactor environments:
(i) corrosion product hydrogen from the reaction Zr + 2H 0——» ZrO_+2H ;
(ii) dissolved hydrogen in the environment or imposed hydrogen overpressures;
and" (iii) hydrogen from radiolysis of water. In practice, it is very
difficult to separate the contributions of hydrogen pick-up by these different
sources [87].
7.1. Out-of-pile studies

Hydriding behaviour of zirconium and its alloys has been discussed in
out-of-pile tests carried out in the early 1960s [50, 87-91]. Later,
generalizations have also been made from irradiation tests [32].
Investigations by Blanchet et al. [92] showed that very pure zirconium
(refined crystal bar) picks up more hydrogen compared to Kroll Zr (containing
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1200 ppm ?e) in 360°C water and 400°C steam. Further, the beneficial
effects of additions of Fe and Cu to zirconium were also demonstrated in steam
(400-500°C). Berry et al. [87] measured hydrogen pick-up in various
zirconium binaries as a function of alloying. It was demonstrated that Ni
definitely enhanced hydrogen absorption, tin was ineffective, whereas Fe and
Cr at low levels reduced the pick-up. While antimony addition as a binary to
Zr was effective for reducing hydrogen pick-up, its addition to zircaloy-2 had
little effect. Likewise Bi, As and Te had no effect when added to
Zircaloy-2. The beneficial effect of Fe and Cr has been attributed to the
cathodic nature of the respective intermetallic compound particles existing in
the structure. Zircaloy-4 and nickel-free Zircaloy-2 absorbed lesser amounts
of hydrogen compared to Zircaloy-2 [6, 8, 87].

Earlier investigations [93-95] on hydrogen uptake behaviour of Zr-Nb
alloys (360 C water and 400 C steam) were studied for different heat
treatments and the hydride distribution. Although higher corrosion rates
(out-of-pile) were observed for Zr-Nb alloys, the hydrogen pick-up tendency
was relatively low for these binaries, predicting lesser susceptibility to the
overall hydrogen embrittlement compared to Zircaloy-2.
7.2. Hydride precipitation and orientation

Hydrides precipitate as needles when present in very small amouunts (as
low as 15 ppm), and then appear as platelets of zirconium hydride with larger
amounts [50]. These hydride platelets are generally oriented along the
crystallographic habit planes, at grain boundaries and along the planes of
plastic flow, thus tending to restrict the plastic flow of the matrix to a
certain extent. The hydrides normally precipitate to an applied tensile stress
reduce the ductility severely, while those parallel to the stress have a
negligible effect [96]. It has been shown that hydride orientation is
influenced by the magnitude of the applied stress during precipitation and
also by material texture. Ells [50] in his review has described the physical
appearance of the room temperature hydride phase in zirconium alloys with
reference to the orientation of the hydride platelets and has stated that "to
avoid formation of radial hydrides, in the latter stages of production it is
necessary to have a large amount of compressive strain in the radial
direction. Cold drawings with small reduction in diameter and sheer forming
are particularly suitable for favourable hydride orientation, whereas sinking
is particularly unsuitable".

It has been mentioned earlier that radial hydrides in the tubes reduce
the ductility considerably, but circumferentially oriented hydride platelets
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impair the ductility only to a minor extent [49]. The orientation of the
hydride platelets depends upon the texture and internal and external stresses
of the metal [97]. A second factor is the mechanical stress during hydride
precipitation. The hydride platelets tend to align parallel to the
compressive stress and perpendicular to the tensile tress. To define the
hydride orientation, an arbitrary number, Fn, is marked out which is the ratio
between the number of hydrides oriented within 45 from the radial direction
to the total number of hydrides. These hydride orientation effects [97] are
shown in Fig. 12. It is stated [96] that brittle behaviour at a hydrogen
concentration of only 55 ppm would be expected with Fn = 0.95, while the same
behaviour would be seen at H? content of 1000 ppm with Fn = 0.05. Details
of hydride orientation effects are discussed elsewhere and are beyond the
scope of this review [45, 96-99].

RACIAL
HTTW7DE3

»7«

riO.1l. ORIENTED HYORIOES A3 SEEM OH TRANSVERSE MCTAIXOGRACHC SECTIONS OP

ZlHCAUJT'TUaiM«.

S» NUMBERS OEFlWNa Tl« ORIENTAT!O«S.

A low Fn number (< 0.45) would mean predominant circumferential hydride
orientation. In this connection, in addition to the standard corrosion
tests [100], a hydride test is recommended to be carried out (to obtain a
texture with basal poles oriented almost radially) , for qualification of the
fabrication process or any modification of the process or equipment. A change
in the hydride orientation under reactor operating conditions due to the
internal pressures have also been considered [49] and ruled out; tangential
orientation of hydrides in the fabricated tubes was often confirmed during
post-irradiation evaluation.
7.3. Hydrogen pick-up by various alloys

A series of test experiments were carried out [32, 101] in G-7 loop at
pH 10 (using NH OH and LiOH, average hydrogen 45 cc/kg of coolant) ,
temperature 270-280 C, on six alloy specimens, Zircaloy-2, Zircaloy-4,
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Zr-3Nb-lSn, Zr-2.5Nb, 2r-l.2Cu-0.28Fe and Zr-l.2Cr-0.08Fe, for exposure times
25, 37, 77 and 174 days in high flux, low flux, out-of-flux and out-of-reactor
environments. The specimens were exposed both in etched and prefilmed
(400°C steam) surface conditions. The study was conducted to compare the
influx corrosion and hydriding as a function of alloy composition and surface
treatment. The data is shown in Fig. 13. In the 174-day test, the corrosion
rates were accelerated on the six alloys at the high-flux position

21 2(1.7 x 10 n/cm , > 1 MeV). Prefilming adversely affected the corrosion
rates on high flux Zr-Cr-Fe, Zr-Cu-Fe, Zircaloy-2 and -4 specimens. The
alloys containing Nb were the most resistant to influx corrosion and
hydriding. Hydrogen pick-up rates generally followed corrosion rates. The
influx and out-of-flux corrosion rates were consistently highest for the
Zr-Cr-Fe alloy. The hydriding effect for specimens tested at the high-flux
position, are grouped in the following order of increasing hydrogen pick-up:
Zr-2.5Nb < Zr-3NB-lSn, Zircaloy-4, Zr-Cr-Fe (etched) < Zircaloy-2 < Zr-Cr-Fe
(prefilmed) « Zr-Cu-Fe.

I

o
§
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FIG. 13 IN-R.UX HYDROGEN ABSORPTION ON AS-ETCHED SPECIMENS
61

Experiments conducted at C.N.E.N. [83] (Fig. 11) have shown that the
alloys containing 1% or more of niobium had lower hydrogen pick-ups than
Zircaloy-2, both unaer PWR/BWR like conditions. The effect was most
significant under PWR-like conditions where the hydrogen pick-up was
considerably higher for Zircaloy-2, compared to Zr-Nb and Zr-Cr-Fe alloys,
although the alloys had shown almost the same weight gain. Ozhennite-0.5 had
the highest H pick-up, twice that of Zircaloy-2. At 270°C, zircaloy-2
had fractional pick-up of 40% under PWR-like conditions. It was obvious that
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Zr-Nb alloys were beneficial in alleviating H_ pick-up both under
PWR/BWR-like environments.

ASSESSiMENT OF CORROSION AND HYDROGEN PICK-UP FROM THE COOLANT WATER

Evaluation guidelines

(a) Out-of-pile experiments
The two corrosion regimes identified on zirconium alloys include
(a) pre-transition, which is characterized by the growth of a
smooth, continuous black or grey-black lustrous and adherent
protective oxide film/ and (b) post-transition, where the
protective properties of the oxide were partially lost; the film
still retains good adherency to considerable thickness (up
to 70-90 urn) and becomes mottled or grey on extensive
exposures [102] . Considering the in-reactor residence of the fuel
elements, one has to examine the post-transition corrosion rates
of the evaluation of zirconium alloys cladding.

Out-of-pile experiments have shown that dissolved oxygen in the
water has no significant influence on the corrosion rates; also
that the corrosion rates of Zircaloy-2 in high-purity water
(pH 7.0) and in lithiated water of pH 10.0 were similar [59].
Above pH 12, LiOH has an accelerating effect on corrosion.
Currently on the basis of out-of-pile linear post-transition
corrosion [48, 491, the rates at 310° and 360°C are 0.06 and

20.3 mg/dm /day, which are equivalent to 1.2 and 6.0 microns of
2metal corroded per year (weight gain of 1 mg/dm /day is

equivalent to 20 microns of metal corroded per year). Zircaloy-2
dirfers from Zircaloy-4 mainly in its nickel content. This is
reflected in the latter's lower hydrogen pick-up rates, but the
corrosion properties of Zircaloy-2 and -4 are similar.

(b) PWR/PHWR conditions (under reducing coolant environments)

Variations have been observed on the corrosion and hydrogen
pick-up rates in PWRs (reducing coolant) as compared to BtoRs
(oxidizing coolant). This is mainly due to the prevailing water
chemistries in the primary circuit. In PKWRs, the water is
generally in the alkaline range (pH 9 to 10.5 by the addition of
lithium 0.2 to 2.2 ppm) with residual hydrogen (2-4 ppm) to
suppress radiolytic oxygen formation. In FWRs where boric acid
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chemical shim is added, the pH (25 C) varies between
5-10.5 [49]. Under these conditions, the corrosion rates are
enhanced by about three times. At the operating temperatures of
300°-320°C, these rates lead to an oxide build-up of about
6 to 10 urn per year, which is quite low and the consequences will
be minor from the loss of wall thickness and the oxide build-up
point of view. On the other hand, in this low oxygen water, the
hydrogen pick-up rates have been observed to be more for
Zircaloy-2 than for Zircaloy-4 [24, 61]. For typical end-of-life
oxide layer thicknesses in PWRs, the hydrogen pick-up fraction [2]
was found to be less than 10% for Zircaloy-4 cladding, as
against < 20% for Zircaloy-2. Consequent to these observations of
hydrogen absorption, 2ircaloy-4 has been considered for cladding
in PWRs and PHWRs in preference to Zircaloy-2. Again, from the
same view point, Zircaloy-4 is preferred over Zircaloy-2 for
structural components.

(c) BWR conditions (oxygenated coolant environment)

Under BWR conditions, the dissolved oxygen in the primary coolant
(~ 0.05 to 0.2 ppm in the water phase) is a major consistent
factor which accelerates the corrosion. Neutron flux is another
important parameter for the increase. Increase with temperature
is not very significant [103]. In addition to uniform corrosion,
another localized pustule type of corrosion referred as nodular
corrosion has also been observed [102]. Either type of corrosion
increases with increasing neutron flux. Since nodular corrosion
can result in noticeable wall thinning, this will be dealt with
separately in the later section.

The in-reactor increase in corrosion rates of Zircaloy-2 under
these conditions (280-320 C) can be about eight times and this
can increase further with increased oxygen content in the
coolant. An oxide build-up rate under these conditions would be
around 10 to 16 microns per year on the cladding, which is again
within the acceptable design limits. While the corrosion rates
are increased under oxygenated conditions, correspondingly, the
hydrogen absorption is less. The pick-up rates do not normally
exceed 20% of the stoichiometric equivalent of the corrosion and
sometimes may be as low as 5%. The difference in hydrogen pick-up
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rates for Zircaloy-2 and -4 is much less in BWR environments,
nevertheless the pick-up being slightly lower for Zircaloy-4.

Table 9 summarizes some of the corrosion and hydrogen pick-up
rates for Zircaloy-2 under PWR and BWR environments.

Table 9

CORROSION AND HÏDROGEN PICK-UP RATES FOR ZIRCALOYS

Temperature

1. Out-of-pile
310°C
360°C

Corrosion rate*
mg/dm^/day microns/year

0.06
0.3

1.2
6.0

Hydrogen pick-up
rag/dm^/dayZircaloy-2 Zircaloy-4

0.004 0.0015
0.015 0.007

2. PWR conditions
290°-320°C 0.1 to 0.3

3. BWR conditions
280°-300°C 0.4 to 0.8

0.012 0.007
maximum 40% for Zircaloy-2
and 20% for Zircaloy-4

0.01 0.006
maximum 20% foe Zircaloy-2
and less for Zircaloy-4

* 1 mg/dm^ • day is equivalent to about 20 microns per year.

(d) Hydrogen pick-up estimates

Based on the corrosion and hydrogen absorption rates, an
evaluation of total hydrogen uptake by the cladding during its
service (2-3 years) in the reactor has been made. For PWR

2environments, considering a corrosion rate of 0.3 mg/dm /day
and with a fractional pick-up rate of 40%, the total hydrogen
absorption for 0.7 mm thick clad has been estimated to be about
350 ppm, and for BWR environments the estimated value is around
275 ppm. Regarding the maximum allowable limit for hydrogen, it
is stated that hydrogen contents up to 200 ppm would have little
influence on the mechanical properties of irradiated Zircaloys

oabove 300 C, provided a good hydride orientation is ensured.
Different design limits have been suggested and as per the current
assessment [49, 104], a reasonable limit is around 400 ppm. It
can be seen that in PWRs, hydrogen absorption has been more and
some reactors will be operating at near-design limit; hence
Zircaloy-4 has been recommended for cladding in PWR environments.

150



8.2. Factors influencing hydrogen pick-up
Some ot the factors influencing the hydrogen pick-up are summarized in

Table 10. The absorption under PWR and BWR environments has already been
dealt with in the previous sections. In the BWR coolant, the corrosion rate
of Zircaloy increases with flux, and the flux is a more important variable
than the temperature; however, the presence of oxygen in BWR coolant reduces
the hydrogen pick-up. Otherwise accelerated corrosion has always shown
increased hydrogen pick-up, e.g. in PWRs.

Table 10

FACTORS INFLUENCING HYDROGEN ABSORPTION ON ZIRCONIUM ALLOYS

I. Metallurgical Factors II. Environmental Variables

(i) Alloy composition (i) PWR vs. BWR {Water Chemistry)

Zircaloy-2 vs. 2ircaloy-4 ( i i ) Temperature

Zirconium-niobium alloys ( i i i ) Neutron Flux

Experimental alloys
Zr-3Nb-lSn, Zr-Cr-Fe
and Zr-Nb-Cr.

( i i ) Heat treatment

Cold work

Q, CW and A structure
(for Zr-2.5Nb alloy)

III. Fabrication Route IV. Internal Hydriding

Hydride orientation Moisture control in UÛ2
(avoid formation radial pellets,
hydrides) .

V. Other Minor Factors: (i) Pre-filming, autoclave treatment,
anodization, pre-treatment in 02»

(ii) Galvanic effects.

Regarding Zr-Nb alloy performance, Zr- l%Nb has been shown to possess
adequate corrosion resistance as cladding material [30, 1Û5, 106], Being a
single-phase alloy, the problems of increased corrosion at the welds are also
less. The corrosion is accelerated significantly in the presence of higher
dissolved oxygen in the environment. As for the Zr -2 .5%Nb alloy, both the

corrosion and mechanical properties have been generally observed to be better
than Zircaloy-2. Due to the sensitivity of corrosion both to dissolved oxygen

in the environment and heat treatment of the niobium-bearing alloy, welding
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has been a serious consideration. Resistance welding followed by stres-relief
anneal has been attempted successfully [49]. Hydrogen absorption is less on
Zr-Nb alloys, for example on the Zr-2.5Nb alloy. Cold work up to 20% has not
influenced hydrogen pick-up to any great extent, but excessive cold work
(above 50%) has shown an increase. The Zr-2.5Nb alloy in quenched and
stress-relieved state has consistently shown high resistance to hydriding [24].

The defects arising from the internal hydriding are characterized by
bulges or blisters on the clad surface, and are known as "sun bursts" [73].
These give rise to penetrating radial hydride needles which may lead to
cracking in the presence of stresses, induced by a sudden power ramp. These
cannot strictly be classed under coolant-clad interaction, since the hydriding
results from the moisture content arising from the fuel. However, once
initiated, the failures can become more severe by subsequent reaction with the
water coolant. The most effective way to eliminate internal hydriding is to
minimize the source of hydrogen, i.e. moisture, by decreasing the moisture
content in the fuel to a low level (less than 10 ppm). Another method
suggested is to introduce a hydrogen getter in the fuel rod plenum.

8.3. Effect of impurity elements on the corrosion resistance of Zircaloy-2

While the corrosion resistance of unalloyed zirconium is very sensitive
to the nitrogen content, Zircaloys are far less sensitive to variations in the
impurities. The impurity limits are well specified in the standard Zircaloy-2
(Table 3); however, during manufacture it is possible that some of the
impurities may exceed by a few ppm the normally set values. It is then
necessary to understand the corrosion behaviour of such Zircaloy-2 which can
contain small amounts of excessive impurities, to decide whether or not the
material can be used for its intended purpose. A detailed analysis on the
tolerance limits of N , Al and other impurities in Zircaloy-2 has been
carried out [107, 108] from batches which had impurities both within the
limits and in some where the impurities were slightly higher. The data were
also analysed from several such reported results [109-111], which are
summarized in Table 11. To set a few values, from the analysis, it is seen
that Zircaloy-2 can tolerate the impurities to the following limits up to
which no significant acceleration of corrosion of Zircaloy-2 would be felt:
(a) Al content 140 ppm; (b) N content 100 ppm; and (c) Mn content
290 ppm [107].

Fluoride ions cause increased attack, particularly, localized type on
zirconium alloys [59, 111]. Even residual fluorides picked up after the
etching treatment are known to cause accelerated attack on Zircaloys.
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Table 11

COMPARISON OF CORROSION DATA ON Al AND N2 IMPURITY IN ZIRCALOY-2 1107-109]

Reference

Aluminium
Bureau of Mines

Bettis Lab.

BARC

Nitrogen
BMI Data*

BMI Data**

Bettis Lab.

* Zircaloy-2 +
** Zircalov-2 4-

Composition
(impurity)

ppm

105
165
200

Normal (up to 75)

low Al
(53-79)
high Al
(151-199)

50
94
141

40
80
118
358
120
160
390

low N 2
(26-67)
high N2
(101-144)

N2 by adding ZrN to
N->. diffused at 130C

Time of
exposure
days

46
46
39
46

46

46

45
45
45

119
119
119
119
129
129
125
140

140

Zircaloy-2.
)°C.

Wt. gain in
As obtained

•jmg/dm

62
89
106
52-55

66

80

48
49
51

113
129
111
138
79
93
143
140

174

400°C, 1500 psi steam
As expected from spec.

2curve mg/dm

69
69
62
69

69

69

68
68
68

135
135
135
135
146
146
142
154

154

Remarks

Within limits
Higher
Much higher
Within limits
Within limits
Slightly high

Within limits
Within limits
Within limits

Within limits
Within limits
Within limits
Slightly high
Within limits
Within limits
Slightly high
Within limits
Slightly high
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Similarly, it appears that chloride and iodide ions in the water do not
exhibit any eftect on the general corrosion rate, but can cause pitting or
stress corrosion cracking. Residual fluorides of 0.3 to 0.5 pg F/cm left
atter good pickling procedures may not cause acceleration in corrosion [112],
but the effect may become significant [113, 114] at a fluoride concentration
of 1-2 pg F/cm . The fluoride stains if present on a Zircaloy surface, can
be detected during the pre-autoclave treatment though most of the residual
fluorides would be leached out during this treatment. There are
experiments [115, 116] to show that fluoride residuals can cause enhancements
in corrosion. Also, nodular corrosion can be caused by the fluoriaes [60].
These detrimental effects seem to justify attempting alternate treatments like
sand-blasting in place of pickling [111].

High-alkaline solutions have shown to have acceleration in the
corrosion rates, e.g. above pH 12 in lithium hydroxide solutions. The rate on
Zircaloy-2 at 300 C (out-ot-pile) in LiOH solution was higher by a factor of
two in a 5 gm/1 solution [91, 117, 118], which further increased drastically
in higher LiOH concentrations. The largest increase in the corrosion rate
occurred between 10-32 gm/litre.

Oxygen concentrations in Zircaloys up to 1000 ppm have not shown any
significant acceleration in corrosion. Oxygen is also picked up during
welding, which results in an increase in the hardness of the weld, but it has
only a slight effect on the corrosion resistance [111]. No influence of
oxygen contents up to 3000 ppm was noticed for specimens [119, 120] tested in
water and steam at different temperatures.

9. NODULAR CORROSION

9.1. Appearance and factors

Under the operating conditions of the reactors, in addition to unitorm
corrosion a special type of local attack termed "nodular corrosion" has also
been observed where local zones of thicker oxide have been seen on
irradiation [65, 121-127]. The nodular attack is characterized by discrete
nodules or coalesced patches of thicker white oxide against a background of
uniform thinner oxide. The circular patches are 0.2-0.5 mm in diameter and
with a depth of 10-100 um against a normal uniform oxide build-up of 5-7 pm.
A cross-section o£ the oxide reveals the attack to be lenticular in shape.
The phenomenon is also referred to as "pustules", "pimples" or "lenses".

The tendency of its occurrence varies from reactor to reactor or cycle
to cycle, but two important criteria are the existence of a threshold fast
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neutron flux and dissolvea oxygen in the environment. Nodular corrosion has
been reviewed extensively in recent years [123-132]. The observations can be
summarized as follows: (1) This kind of phenomenon has been observed even
during the development of 2ircaloys in early years; the initiation of stringer
type of attack on Zircaloy-3 and improperly heat-treated Zircaloy-2 was from
"pustules" due to non-uniform precipitation of intermetallic particles.
(2) Out-of-pile formation of nodules can be achieved by differential heating

oo£ the tube in steam above 500 C, e.g. by keeping the general temperature at
400 C-50Û C. If certain zones are locally heated to a high temperature
e.g. at 600 C for a short time, the white oxide nodules appear in these
areas [133]. In such tests, niobium-containing alloys have remained free of
noaules while tin-containing alloys have suffered nodular corrosion. The
Zr-lNb-lSn-0.5Fe alloy did not show any nodular attack as demonstrated by the
experiments of CNEN [34] (carried out at 500°C, 15 MPa for 68 hours).
(3) This attack usually occurs in BWRs, dissolved oxygen in the coolant as
well as high flux levels being the two important criteria. In the Halden BWR
environment, where the flux level and temperature are low

12 2 o(5 x 10 n/cro -sec and 240 C respectively) it has not been observed
even after burnup ot 30 000 MWd/t(U) [111]. (4) The data is not consistent in
oxygenated environments and non-boiling. The Hanford tests where oxygen was
present in the loops (but no boiling) it was not observed [61], while
Van der Linde [65] has observed this in similar non-boiling loop tests.
(5) The phenomenon is not usually observed in PWRs. However, it has been
observed in PWRs where the oxygen content in the coolant was not suppressed by
hydrogen overpressure [49]. (6) It is dependent on the flow pattern of the
coolant and local variations in water chemistry. The attack is concentrated
on spacers in fuel elements, particularly in those portions where steam
quality is low (exit ends) [111]. (7) Zr-Nb alloys are mostly not prone to
nodular corrosion. The Zr-2.5Nb alloy in the recrystallized condition was
more resistant than Zircaloys, but the Zr-Cr-Fe alloy suffered considerable
oxidation and spalling [123]. Johnson [126], however, has observed nodular
attack on the Zr-2.5Nb alloy in one of the loop tests. It is prevalent in
valloy, ozhennite and some of the scanuk alloys. (8) Contact to dissimilar
metals, e.g. stainless steel, promotes nodular corrosion. (9) The presence of
a heat flux through the alloy could be one of the factors. (10) It has been
observed on annealed and cold-worked Zircaloy-2 and -4. Alpha-beta and
3-anneals followed by fast cooling were effective in suppressing the nodular
attack on Zircaloys. Beta anneals followed by a slow cooling induced a
nodular attack [126]. (11) All authors are of consensus that hydrogen
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absorption associated with nodular corrosion is small. After three years of
full power operation, the wall thinning can be in the range 100 um or 15% of
the cladding wall, which can result in a local temperature rise between
20-3G°C.

9.2. Mechanism of nodular corrosion

The factors affecting the nodular corrosion in general are
precipitation, nature and distribution of second-phase particles in the alloy
matrix, heat treatment of the alloy, dissolved oxygen in the environment,
temperature and steam quality (hydrogen content) in the out-of-pile tests,
threshold flux and oxygenated water in the reactors, surface inhomogeneity,
high electrode potentials (anodic polarization) and contact between dissimilar
metals. Johnson [126] has classified sequentially the different stages of
nodular attack from his experimental observations. They are nodule
nucleation, growth, coalescence, accelerated uniform corrosion and complete
oxidation.

The fact that nodular corrosion is observed on a-annealed and
slow-cooled S-material in Zircaloys and that reproducible suppression of
noaule formation is seen with selective heat treatment, points to the fact
that second-phase particle distribution plays an important role in nodule
nucleation. Once nucleated, because of the high Pilling-Bedworth ratio (i.e.
oxide/metal ratio - 1.54), local stress variations give rise to development of
cracked, non-protective oxide which promotes the nodular growth. As nodules
begin to impinge on each other, they generate additional stresses and initiate
more cracking, further reducing the protective character of the oxide
(coalescence). After this stage, thicker oxides are generated, the most
lively accelerating factor being stress, leading ultimately to complete oxidation.

Studies by Lunde and Videm [134] on several zirconium alloys in steam
at 500 C showed dependence of nodular corrosion on the presence of hydrogen
in the environment. The corrosive attack on recrystallized Zircaloy-2 and -4
increased drastically with hydrogen content in the steam. For recrystallized
valloy and alloys more than O.SNb, the corrosion was independent of hydrogen
additions. On ozhennite-0.5 with less niobium, nodules were initiated, but
did not develop into severe localized corrosion. In areas around iron-rich
precipitates in Zircaloy-2 and -4, the oxidation of matrix was reduced under
test conditions leading to nodular corrosion. Nodules are initiated by oxide
cracking in grain boundaries, preferably in triple points in areas with few
intermetallic particles. Prehydriding the material did not increase the
nodular attack.
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Trowse [123] discusses nodule initiation due to the recrystallization
process in the oxide during growth, accompanied by loss of its protective
property attributed to stress relaxation giving rise to porosity in the
oxide. The in-reactor enhancement is a consequence of the combined effects of
fast neutron damage of the oxide lattice and radiolysis of water to provide
oxidizing species. Tyzack's concept [127] is based on intermetallic particles
acting as electron shunts through the oxide film, permitting cathodic
depolarization reaction, to enhance the anodic reaction to form ZrO_. The
thick oxide may be porous and non-protective, and the cathodic depolarization
reaction may then be transferred within the oxide close to the metal-oxide
interface, without the need for a shunt. The effect of stress leading to the
formation of non-protective oxide may also explain the spreading of nodules.
The effect of the stainless steel grids upon the corrosion pattern has been
ascribed to the "galvanic" and "flow" effects. In the former, the grid acts
as a cathode, permitting an increase of the anodic oxide growth and, further,
this enhancement would be confined to the grid region because of the ohmic
resistance of the coolant. In the flow effects, the concentrations of
radiolytic oxidizing species at the oxide-coolant interface would be increased
by disturbing the flow pattern at the grids, and therefore enhancing the oxide
growth locally.

Cox [125] has reviewed nodular corrosion at length classifying it into
initiation around second-phase particles and initiation away from the
second-phase particles. In all instances of localized attack around the
second-phase particles, the particle itself is usually little affected, but
remains at the centre of the nodule until it is covered by the white oxide
generated. This suggests that the important part played by the particle is
the provision of an abnormally easy path for electron conduction through the
oxide. The localized formation of thicker oxide around the particle results
in local stresses and stress gradients in the oxide leading to early cracking
ot the oxide locally. Once initiated, it spreads because of the
non-protective nature of the oxide and increases the size of the nodule with
time. In the absence of large particles, grain and twin boundaries are the
initiating sites, and high-compressive stresses can lead to the formation of
non-protective oxide.

The absence of a nodular corrosion effect on Zr-2.5 wt% Mb can be
explained due to the uniformity of the oxide during initial stages of its
formation and absence of any preferential oxidation of this alloy. These
observations correlate with the electron-current-imaging results, which showed

157



no localized current paths in Zr-2.5Nb, faut a higher uniform conduction than
for Zircaloy-2 [135].

The severe nodular corrosion on valloys, attack on some scanuks, as
well as on Zircaloys suggest that Zr(Cr/Fe}_ precipitates may be a
contributing factor for this type of corrosion, suggesting a change in the
chemistry of the iron oxide layers as being the critical factor [125]. The
effect of heat treatment on the distribution of nodules, especially the
absence of nodules from the seam-welds in BWR fuel boxes reported by Urquhart
and Vermilyea [130] supports the idea that the distribution ot second-phase
particles is important.

Another point to be noted is tne observation of nodular corrosion in a
PWR coolant without hydrogen addition. This suggests that a minimum oxygen
content is required before nodular corrosion can be seen and once this occurs,
further growth proceeds similarly to that in BWRs. Dickson et al. [129] have
interpreted this sensitivity to the coolant chemistry and also the galvanic
eftect created at spacer grid locations as contributing mainly to the nodule
nucleation stage. Subsequent growth is then controlled by similar factors to
the continuous oxiae film. These results are obtained from the
post-irradiation examination of fuel from both PWRs and BWRs.

Nodular corrosion observed in-reactor and the nodular oxidation studied
out-of-reactor in high-pressure steam have several factors in common, for
example with respect to heat treatment, surface preparation etc. However,
doubts still exist whether high-temperature steam nodules and BVvR water
noaules are ot the same origin and type. Further investigations are needed to
correlate and resolve some of the differing views on this nodular corrosion.

Post-irradiation examination of some of the fuel elements (BWR) [136]
after a burnup of 7000 to 13 000 MWD/MTU has shown the concentration of
corrosion nodules following the burnup profile as being greater in the region
of higher burnup. Lenticular-shaped nodules with diameters 200-500 urn and
thicknesses 15-55 him were observed on the cladding surface. Figure 14 shows
the distribution of corrosion nodules and fuel burnup along the length of the
fuel elements, while the variation of average and maximum nodule thicknesses
with fuel burnup is shown in Fig. 15. The nodular formation was as much as
4 cm wide at the spacer grid locations. The corrosion nodule thickness was
found to vary linearly with the fuel burnup in the range examined. Table 12
shows the results on nodular corrosion effects which indicate that this
corrosion could reduce the wall thickness by 9.6% at the spacer grid locations
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Table 12

EFFECT OF NODULAR CORROSION ON BWR FUEL ELEMENT [136J

Parameter
Estimation from post-irradiation

examination

1.
2.

3.

4.

Non-spacer grid
location

Oxide thickness
(microns) 105.5
% reduction in clad
wall thickness* 8.6
Estimated clad surface
temperature rise due to
clad oxidation, °C 34.6
Estimated clad outside
surface temperature, °C 406.0

Spacer grid
location

117.4

9.6

38.5

410.0
* The reduction in clad wall thickness has been calculated as a percentage

of 0.813 mm, the clad wall thickness of TAPS reload fuel. The maximum
wall thickness variation permissible in the fabricated clad tube is 9.4%.

** Design limit for clad surface temperature is 399°C.
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and by about 8.6% at the non-spacer sites. The uniform corrosion appeared to
be 8-10 times slower than the nodular corrosion.

10. CRUD EFFECTS IN RELATION TO FUEL CLADDING PERFORMANCE

Although various materials of construction to contain the coolant have
properly been selected to be compatible with the environment in both BWR and
PWR type of reactors, some amounts of corrosion products (called crua) are
released to the coolant and hence their transport and deposition are of
importance. The corrosion product deposition and migration aspects have been
dealt with in aetail by Comley "[137]. Crud on fuel rod surfaces consisting of
copper-rich corrosion products (60% Cu, 30% Fe, 20% Ni) has contributed to a
sequence of crud-induced failure in SGHWR and Big Rock Point
Reactor {138-140]. This was the result of poor feed water purification and
the use of non-ferrous alloys in the feed system. The crud deposition rate
depends upon the water chemistry, structural materials and the heat flux ot
the rods. In the first year of WSGHWR experience [141], for example, with
high-feed water input, iron and copper levels {> 20 ppb Fe ana > 5 ppb Cu),
deposits up to 100 pm thick were formed on fuel pins towards the bottom of the
core at the onset of boiling. Copper entering into the Fe_0 -based
deposit affected the heat transfer, leading in some cases to claa failures
due to steam blanketing and overheating. In commercial LWRs deposits
exceeding 25 pm are not generally encountered [111]. There were instances of
fuel rods having crud layers of up to 100 wn yet without failures. In modern
nuclear power stations, the general corrosion rates of all water reactor
constructional materials are minimized by optimizing system chemistry and by
achieving high-purification plant efficiency. With low levels of crud
deposition, clad failures are rarely seen on account of crud effects.

11. PERFORMANCE ASPECTS IN REACTORS AND OBSERVATIONS ON THE WATERSIDE
CORROSION OF FUEL CLADDING

11.1. General

Experience with water reactor fuels has been reviewed extensively
elsewhere [49, 73, 76, 111, 142, 143]. The main operational requirements for
LWR fuel are summarized [73] in Table 13. It can be seen that the operating
pressure in a PWR is about twice that in a BWR, while the coolant temperature

oexceeds a BVvR coolant temperature by 30-50 C. With regard to the status of
zirconium alloy corrosion, it can be stated that most of the problem areas
relating to hydriding, pellet clad interaction, wear ana fretting have been
identified, and wherever neeaed, the corrective measures have been taken
either curing fabrication or during operation {144, 145]. Experience with the
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Table 13

OPERATIONAL REQUIREMENTS FOR LWR FUEL (TYPICAL VALUES) [73]

Parameter PWR BWR

Average linear heat generation
rate (W/cm)

Residence time (a)

Hot channel factor

Steady state
Transient

Neutron flux, thermal
(cm~2 S"1)

fast (era"2 S"1)

155-255
3 years

1.5-2.1
2.3-2.5

4-6 x 1013

6-9 x 1013

155-230
4 years

1.8-2.2
2.3-2.5

3-5 x 1013

4-6 x 1013

Burnup target
(assembly average)
(GW.d/t(U))

Coolant pressure (bar)

Coolant temperature (°C)

28-34
145-153

303-316

22-23

72

287

U0_ fuel performance has shown very low (< 0.2%) failure incidence, which
has demonstrated that the operation of the reactors is not much affected by
fuel failure. Good results are also reported from high-rated HWR plants with
a < 0.03% bundle failure in CANDÜ reactors and with ag 0.01% rod failure in
PHWRs delivered by KWU [73].

It becomes apparent then that under maximum burnup conditions for
current fuel generations, waterside corrosion has not been a substantial
operational problem. However, delays in fuel reprocessing have motivated
several programmes to demonstrate whether light-water reactor fuel burnups can
be extended [146, 147], for example, to 35 000-40 000 MWD/te for BWR fuel and
to ~ 50 000-55 000 MWD/te for PWR fuel. In this context, it has been found
necessary to minimize corrosion for high-burnup fuel. The dissolved oxygen
concentration of the water has been shown to be of major importance with
respect to fuel cladding corrosion during irradiaton [148]. At dissolved
oxygen concentration above 15 ppb, accelerated corrosion has been observed and
is often characterized by the formation of nodular corrosion. When hydrogen
is added to the coolant to maintain reducing conditions in the system,
corrosion is uniform and irradiation-induced accelerated corrosion would be
small.
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Reported results with respect to influence of sub-cooled nucleate
boiling are inconclusive [148] . Although work reported from experimental
CANDU-BLW irradiations suggested that corrosion may be accelerated under
sub-cooled boiling conditions [75], examinations from higher powered German
PWR cladding did not indicate that it is of major influence [149].

11.2. PWRs and PHWRs
Since the PWR coolant temperatures generally exceed that of BWR coolant

temperatures, the PWR thermal corrosion rates are higher. However, hydrogen
is maintained in the PWR coolant to suppress oxygen, and hence the
radiation-enhanced corrosion of cladding is minimized. The corrosion pattern
in PWRs in general follows the out-of-pile rates and is dependent on the
temperature. An assessment of corrosion on PWR Zircaloy-4 cladding by
Dalgaard (1976) [145] suggested that rates of oxide formation on PWR fuel
cladding did not differ substantially from rates at the same temperature
without radiation. At temperatures above - 425 C, the oxide growth is quite
rapid and spalling ot the oxide is initiated in a relatively short time; this
becomes more prevalent with a further increase in temperatures.

Under normal operating conditions, maximum corrosion {oxide growth)
occurs at the upper third of the fuel rods. The cladding corrosion data of
PWR fuel rods at axial position of maximum corrosion vs. burnup have been
summarized by Garzarolli [103] and is presented in Fig. 16. The measured
values were higher as compared to those theoretically predicted from
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out-of-pile rate constants. This deviation to higher values has been
attnbutea to irradiation enhancement of corrosion, which increases with
increasing oxide layer thickness. The enhancement factor has been assessed as
being between 1.7 to 2.5. A more recent assessment [142] of Zircaloy-4
cladding corrosion was done by Garzarolli et al., based on analysis of data
from 13 PtoRs. They derived an equation to compare weight gains on Zircaloy
under irradiated and unirradiated conditions using a fitting factor F. For
unirraaiated cases, F is unity; oxide data for cladding from 12 PWRs had
fitting factors of 0.8 to 2.8, which included rods with burnups to
44 000 MWD/te. Thus, in general, the reactor environments showed accelerated
cladding corrosion. A large scatter in Zircaloy cladding corrosion data from
reactor to reactor and some variation from cycle to cycle for a given reactor
was also observed. Reactor-to-reactor differences were attributed in part to
differences in reactor thermal hydraulics (such as inlet temperatures, system
pressure and coolant rate) and to differences in power history. It was
concluded that there is not a sufficient basis to extrapolate current cladding
corrosion data to burnups of 50 000 MWD/te. A raa^or uncertainty in the
calculated models is the variation in oxide thermal conductivity over fuel rod
life. The uncertainty could only be resolved by actual corrosion measurements
on fuel rods with burnups exceeding 50 000 MWD/te.

It is worth noting that, in contrast to flux-enhanced corrosion of
Zircaloy, corrosion of Zr-2.5Nb coupons, consistently mildly suppressed in
PWR-like environments, compared to unirradiated controls [28]. The
explanation appears to involve radiation-enhanced ageing of the 2.5Nb alloy,
which improves the corrosion resistance by precipitating some niobium from
solid solution [25].

Hillner [143] has examined Zircaloy-clad fuel irradiated in the
Shippingport reactor (PWR) for 17 years (12.3 y at reactor operating
conditions). Maximum fuel burnups were ~ 41 000 MWD/te, reaching a maximum
neutron fluence of 7.8 x 10 n/cm , > 0.8 MeV. Corrosion films were
light grey and tightly adherent. Pre-transition in-reactor corrosion rates
appeared to be similar to corresponding out-of-reactor rates. However,
post-transition in-reactor rates were consistently accelerated compared to
corresponding out-of-reactor rates. (The mean post-transition in-reactor
corrosion rate was 0.093 mg/dm d; the corresponding out-of-reactor rate
was 0.024 mg/dm d. The range of clad temperature was estimated to
be 260-280°C.)
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11.3. BWRS

Two major types of flux-related corrosion have developed in the
oxygenated BWR coolants: a flux-enhanced uniform corrosion and a localized
nodular oxide phenomenon. Figure 17 shows the uniform and local oxide growth
of Zircaloy-2 cladding in BWRs [111]. There is continuing evidence from BWR

Klg.17- Uniform vnd local oxtde growth of Zîraloy-
m &WRs. Mostditicollected by AEG1".

fuel cladding investigations that uniform Zircaloy corrosion is accelerated by
the BVvR flux [103]. This observation correlates the earlier loop tests which
demonstrated that oxygen and radiation interact to cause the accelerated
uniform corrosion of zirconium alloys [28]. While nodular corrosion is
suspected to have been a factor in fuel failures at one or two reactors, it
has not appeared to be a substantial cause of cladding failures for the
current generation of BWR fuel [148]. Some cases of oxide coalescence on fuel
rods have been observed, leading to areas of contiguous oxide [123]. Oxide
spallation has occurred due to advanced nodular corrosion of BWR fuel
channels [150].

Since heavy nodular corrosion is accompanied by considerable wall
thinning, efforts are required to control this type of corrosion, particularly
at higher burnups. Considerable effort has developed to mitigate the nodular
corrosion of Zircaloys. It was demonstrated that anneals in the beta or alpha
plus beta regions followed by rapid cooling resulted in complete elimination
of nodules on subsequent autoclaving at 475-500 C in steam [126] .
Subsequently, Urquhart and Vermilyea investigated the relationship between
nodule development in a selection of out-of-reactor tests and nodular

odevelopment under irradiation in a BWR [150], They concluded that the 500 C
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steam test provided a reasonable simulation of BWR nodular corrosion
phenomena. More recently, Swedish workers also report that the 475-500 C
autoclave treatment forecasts in-reactor resistance to nodular attack [128].
They found that beta treatments prior to final rolling followed by an alpha
anneal were almost as effective as a final beta anneal to suppress nodular
corrosion of Zircaloy.

A third type of increased uniform oxide layer has been observed at (a)
the contact area between the flow channel and the upper core grid, (b) at
oxygen-contaminated heat-affected zones and (c) at flow channels made from
poorly heat-treated samples. This oxide has shown spalling above a thickness
of about 70 wn.

The corrosion rate of Zircaloy under oxygenated conditions at about
o280 C as a function of fast flux is summarized [81] in Fig. 18. The

increase in corrosion with flux can clearly be seen. Figure 19 represents
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hyarogen absorption data [73], Zircaloy-4 components pick up less hydrogen
compared to Zircaloy-2 and hence they are used for structural components both
in PWRs and in BWRs.

11.4. Fretting corrosion
Fretting corrosion, a type of accelerated attack caused by the relative

movement of two surfaces in contact, occurs mainly at the spacer contacts.
This is concerned more with design aspects rather than with corrosion, e.g. by
careful spacer design, particularly with respect to construction and selection
of materials, this type of attack can be prevented.

11.5. Alloy development

Under normal operating conditions of LWRs, the external corrosion of
Zircaloys is not considered to be life-limiting, which is evident from the
fact that a large number of fuel rods were brought to full design burnup

fc
without corrosion failures. In the context of minimizing clad corrosion, in
addition to water chemistry aspects, the following three options were also
suggested [148] : (i) to improve upon the current fabrication procedures for
Zircaloy cladding [151]; (ii) to modify the chemical composition of Zircaloy
with respect to impurity levels [107-109]; and (lii) to select an alternative
zirconium-based alloy [34, 152]. All these aspects have been dealt with
earlier. It may be mentioned that the alloy development did not get enough
impetus, because of fairly adequate in-reactor performance of Zircaloys.
Substantial alloy development work was conducted in the 1960s, but little went
on in the 1970s. Improved clad performance was achieved in Japan from their
work based on modified fabrication schedules and better control of chemical
composition both with respect to alloying and impurities [104, 152, 153]. By
this, it has been observed that the number of failed fuel rods in their LWRs
were far below that assumed in the reactor design.

The advent of programmes to investigate extending fuel burnups prompted
a study of alloys which might have better long-term in-reactor corrosion
resistance than the Zircaloys, particularly regarding nodular corrosion [34,
155]. Alloys Zr-2.5Nb and Zr-lNb-lSn-0.5Fe resisted nodular corrosion under
conditions which produce nodules on Zircaloy-2. Zr-2.5Nb was also reported to
resist nodular attack in the SGHWR [123]. To date (1982), the corrosion
performance of Zircaloy-clad fuel with higher burnups appears to be
acceptaole [103], but few detailed examinations are yet available on fuel with
the highest burnups.
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Early alloy development in the Soviet Union centred on alloys
containing niobium. The Zr-lNb alloy has been the principal cladding alloy in
Soviet reactors, both BWRs and PWRs [105, 156, 157]. The performance appears
to be satisfactory. The Zr-2.5Nb alloy has shown better corrosion resistance,
at least in some environments, but the neutron economy is not as good as
Zr-lNb. A marked characteristic of the alloys containing niobium is that they
have a lower tendency for hydrogen pick-up than the Zircaloys (Fig. 19). In the
stress-relieved condition, the alloy can be considered for fuel cladding for
prolonged high-temperature operation under normal PWR conditions. Welding may
disturb the optimum structure attained by the heat treatment, but as mentioned
earlier, these problems can be overcome by adopting resistance welding
techniques. Valloy, scanuk and ozhennite alloys have merits at and
above 400 C, but their advantages over Zircaloys or Zr-Nb alloys have not
clearly been established at the current operating temperatures.

12. MECHANISM OF ZIRCONIUM ALLOY CORROSION

12.1. Kinetic parameters (out-o£-pile)

The oxidation kinetics of zirconium alloys studied in high-temperature
water (up to 360°C) and steam (400-500°C) has shown that during the
initial stages, the oxidation is governed by the simple equation, AW = kt ,
where W is the weight gain, t is time, and n is the rate determining
parameter, usually varying between 0.3 to 0.6, and k is the rate constant. On
further oxidation, a transition takes place whereby, the weight gain increases
linearly with time, which can be expressed as,

AW = k^S + k2 (t-t0)

where tfi is the time to transition. Assuming cubic and linear kinetics
during pre- and post-transition periods, Hillner [24] has compiled a series of

o ocorrosion parameters from the available data between 280 C-400 C and this
has been presented in Table 14. In spite of several factors involved, a fair
agreement on the data can be seen.

The transition is reproducible, and at 360 C it occurs at a weight
gain of 34-36 mg/dm after 120 days of exposure for Zircaloy-2 [7]. At
280°C, this occurs after about 1800 days [61]. At 360°C and 400°C, the
kinetic curves have shown multiple rate transitions on individual
specimens [158, 159]. While the oxiae maintains good adherence on Zircaloy-2,
it could spall ana break off from the unalloyed Kroll Zr. The spall-off tendency

2for zircaloy-2 is prevalent after a weight gain of about 100 mg/am (oxide
thickness 70 un) .
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Table 14

SUMMAHV OF THE KINETIC PARAMETERS FOR THE EX-REACTOR (AUTOCLAVE) CORROSION
OF ZIRCALOY-2 AND -4 IN HIGH-TEMPERATURE WATER

Temperature

400°C
(a) Van dec Linde
(b) Dyce
(c) Dalgaacd
(d) Hillnec

360°C
(a)
(b)
(c)
(d)

316°C
(a)
(b)
(c)
(d)

288°C
(a)
(b)
<c)
<d)

Pce-tcansition
cate constant

*c

1569
1728
-
1014

361
389

282

56.9
54.9
-

56.4

15.1
13.8
-

17.8

(kc)1/3

11.6
12.0
-

10.0

7.12
7.30
• * • •

6.56

3.85
3.80
-
3.84

2.47
2.40
-

2.61

Post- t cans it ion
cate constant

"1

1.18
1.26
1.14
0.92

0.305
0.308
0.399
0.285

0.056
0.052
0.107
0.065

0.016
0.015
0.042
0.022

Time to
tcansition

days

36
40
-
36

125
120
-
110

590
600
-
470

1825
2000
-

1250

Wt. gain at
tcansition

mg/dra

38
40
-
33

35
36
-
31

32
32
-
29

30
30
-
28

Oxide film
thickness after
1000 days of
exposure Mm*

80
86
78
63

21
21
27
19

3.8
3.5
7.3
4.4

1.7
1.6
-
1.8

» 14.7 mg/dra^



12.2. Pré-transition oxide growth

The initial pre-transition oxide is under considerable compressive
stresses, black, anion deficient and has distorted monoclinic lattice. This
oxide offers the best protective properties. For Zircaloy-2 in aqueous
medium, mainly a cubic rate of oxide growth is followed. While parabolic
rates are explained on the basis of diffusion-controlled processes, this
deviation to cubic is rather complicated; the slowdown of the movement of
oxygen ion vacancies occurs possibly due to high compressive stresses in the
initial oxide film.

From the kinetic behaviour, it is possible that the growth of oxide
film during the pre-transition period is taking place mainly as a result of
diffusion of anions through the oxide film to the metal-oxide interface [59,
160], Experiments using inert markers have shown that, after oxidation, the
markers remain on the external side of the oxide film [161] , which means that
the oxide growth is taking place as a result of inward diffusion of oxygen to
the metal. Analysis of the protective black oxide film has shown that its
oxygen content does not correspond to stoichiometric composition but is
deficient [162] . The deficiency of oxygen indicates considerable
concentration of anion vacancies in the oxide film.

The driving force of the oxidation reaction is the free energy change
associated with the oxide formation { AG is - 244 Kcal/mole at 298 C
for ZrO-) and as a result, concentration gradients of the components are
established in the oxide. For an oxide scale with oxygen ion vacancies, the
vacancies are created mainly at the metal/oxide interface:

^Zr -H O — ————————— ̂ ^ZrO + Vo" + 2e~ (1)o ^ ——————————— 2

where 0 denotes oxygen in the lattice and Vo" is doubly charged oxygen
vacancy. These vacancies diffuse through the oxide and are consumed at the
oxide/environment interface and the following reactions are possible:

&). + Vo" + 2e~ 2 ————————— > 02 ^ ———— - ————— ' o

and in the 'aqueous environment,
H20 (liq) + Vo" + 2e~ < •* 2(H) +0 (3)

or

HO (liq) + Vo" < 2 2H' (ZrO_) + 0 (4)/ 2 O
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An equivalent amount of hydrogen appears as nascent hydrogen as in
equation (3), which may then form molecular hydrogen and enter into water, or
as proton (expression 4) which will be bound to the ZrO layer. The
hydrogen bound to the ZrO layer can now migrate to the Zr-Zr02 interface
through the oxide lattice - either through dislocation sites or through
pores - and can lead to the formation of hydrides in the metal.

The reaction between zirconium and water, steam or oxygen results in
the formation of ZrCL scales. In thin oxide films on Zr, the crystallites
are very small ( ~ 50 A), epitaxially oriented and immersed in an amorphous
matrix. With increasing oxide thickness, the crystallites grow at the expense
of amorphous oxide/ reorient and in successive layers, and become larger in
size with preferential growth at specific orientations [158]. For thick oxide
films ( " 3 um), a columnar crystal structure develops with the columns
perpendicular to the metal surface [163]. An examination of the oxide
structure at the metal/oxide interface of thicker oxides reveals grain

odiameters of 50-500 A and seems to indicate occurrence of a renucleation
process. The rate of oxygen diffusion through an oxide is similar to the
diffusion rate of oxygen in polycrystalline zirconia? also this rate is much
higher than the lattice diffusion rates in single crystals. These
observations indicated that the oxygen ions diffuse mainly along the grain
boundaries [164], The electron transport through the zirconia film seems to
be associated with the iron-containing intermetallics of Zircaloy. In other
alloys like Zr-Nb, where the intermetallics are absent, the electrons are
conducted more homogeneously through the oxide film, while in unalloyed Zr a
few stray impurity elements seem to provide the easiest routes [125], During
the oxidation of Zircaloy-2, the formation of a multi-layer structure of fine
and coarse grains indicate that a series of nucleation and growth steps take
place.

From the weight gain and electron microscopic observations, Co [165]
has suggested that the oxidation kinetics do not follow a regular rate law,
due to changes occurring from control by the electron current to control by
the ionic current with increase in the oxide thickness. The oxidation
mechanism may be a complicated balance between several processes arising from
factors consisting of microstructure, presence of intermetallic particles,
growth stresses in the oxide and oxide reorientation.

The compressive stress due to oxide formation is greatest at the place
closest to the metal-oxide interface and this will be responsible for slowing
down the movement of vacancies formed there. This results in slower oxidation
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rates than the parabolic rate law, leading to cubic rate. The alloying
additions aid either the retention or relaxation of the initial stress levels
which result in slight changes in kinetics from alloy to alloy. The additions
which help in retaining these initial stresses (i.e. which are beneficial from
the oxidation point of view) will slow down the movement of vacancies to a
greater extent leading to cubic growth rather than parabolic growth. This can
well be illustrated for Zircaloy-2, where the cubic growth rate is seen at

olower temperatures (280-360 C) and the parabolic growth rate at elevated
temperatures (~ 400 C).
12.3. Transition

The corrosion of zirconium and its alloys undergoes acceleration after
the initial high degree of resistance and, as already pointed out, this change
occurs at a point referred to as "transition". The most characteristic
examples of transition are observed during exposure to aqueous and steam
environment [4, 160]. During transition, several changes occur in the oxide
layer on the metal surface. The initial black colour of the film changes to
white or dull grey. Sometimes the material oxidizes rapidly after the
transition, particularly for zirconium, for which the term is referred to as
"breakaway oxidation". Impurity contents, especially nitrogen in the parent
metal, can bring this breakaway at earlier stages. The principal purpose of
alloying is to (1) increase the protective properties of oxide film,
(2) increase the time to transition, so as to increase the service life of the
alloy in a reactor, (3) obtain a lower and more uniform oxidation rate than on
the metal and (4) develop well-adherent oxide layers with minimum cracks and a
lesser tendency to break off from the surface. The transition is dependent
upon several simultaneously acting factors such as temperature, corroding
medium and alloying additions.

Detailed investigations on Zr alloys have shown that transition may be
more complex and may take place at different periods [15, 19]. Also there may
be several inflection points indicating multiple rate transitions which have
been observed during the oxidation of Zr and Zircaloy-2, particularly in
steam, by several investigators. Sometimes, a transition zone was seen
instead of a point [166]. The cyclic transitions may be due to the presence
of alloying additions or due to partial loss of protective property of the
oxide. Some investigators are of the view that the hydrogen pick-up by the
metal or the alloy during oxidation may be responsible for the
transition (167], and indeed this may be one of the factors associated with
it. However, transition has been observed during tests in gases other than
steam and water, showing that hydrogen is not the only cause of the same [168].
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12.4. Explanations for transition
The transition has been explained mainly on the basis of

(a) stoichiometric changes in the oxide film [162] , (b) crystallographic
change in the oxide (allotropie transformation) [169, 170], (c) mechanical
breakdown of the oxide film [171, 172] and (d) recrystallization or
reorientation of oxide (strain-induced recrystallization) [173]. The first
theory gained only a limited support, since sub-stoichiometric oxide was
observed at metal/oxide interfaces even during the post-transition period of
the film growth. The theory based on the transformation of cubic/tetragonal
ZrO„ into stable monoclinic oxide was also not supported by the experimental
data of several investigators. Monoclinic oxide has been observed during the
pre-transition oxidation period [174]. The rate of transition based on the
mechanical fracturing of the oxide has been explained from several studies
such as kinetics, stress measurements and metallography [171, 175]. However,
porosity and electron-microscopic studies by Cox [173] favour the
recrystallization hypothesis rather than the mechanical breakdown of the oxide
film. This is because, firstly the post-transition oxide remains
macroscopically uniform in thickness; and secondly the appearance of a network
of cracks near the transition point has not been conclusively demonstrated. A
further phenomenon which accompanies the oxide recrystallization is the
development of porosity (pores of 10-50 A radius) in the oxide, which is
established by mercury porosimetry. The development of this pore structure
seems to be the primary cause of the oxidation rate transition [59].

Stress measurements and X-ray diffraction studies have been carried out
to correlate the results with the transition [36]. The variation of stress
levels with time of oxidation (studied for Zircaloy-2) has shown that the
stress accompanying the oxidation gets relaxed continuously up to transition
and, further, a gradual decrease is seen for thicker films; this trend
suggests reorientation of the oxide during growth. The oxides showed
preferential growth with predominant planes (10Z) , (104) and (202") . Again,
excepting the (202") plane, the variation of pole densities was not
significant, indicating no major changes in texture in these planes. For the
(202~) plane, the variation of p* (pole density) and the intensities of the
peaks versus the square root of the time of oxidation showed two distinct
regions for pre- and post-transition as can be seen from Fig. 20. It is
deduced from these studies that the oxide reorients continuously in the (202)
plane during the pre-transition and attains a steady texture after the
transition.
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F1G.20 VARIATION OF P* AND RELATIVE INTENSITY Vs >/tmTe ; (202!
REFLECTION; ZIRCALOY-2, STEAM, 550*C.36

12.5. Post-transition

During the post-transition, it is explained that the protective
properties are partially lost, and that the oxide protectivity is now provided
mainly by the layers adjacent to the metal/oxide interface. Alloying
additions influence the post-transition oxidation rates mainly in two ways:
(1) they facilitate the formation of a new oxide film at the metal-oxide
interface thus hindering direct access of oxygen to the metal and reducing the
overall corrosion rate and (2) they change the physical and mechanical
properties of the oxide film itself and after the transition, a thick adherent
oxide film of adequate strength is formed [59, 61]. In the post-transition
oxiae, deterioration of the outer part of the oxide film is possible, due to a
stress gradient in the oxide and weaker bonding between the adjacent columns
of similarly oriented crystallites. The alloying elements modify the
properties of the oxide film, in particular the oxide plasticity.
12.6. Irradiation effects

The two factors which have been shown to be important in determining
the uniform oxidation rate in LWRs are the fast neutron flux and the water
chemistry. It is also important that one encounters post-transition regimes
of oxidation during the residence time of the fuel elements. Expressions have
been derived by Johnson [61] by combining the contributions
due to thermal parameters, flux parameters and pre-film weight gain. At high
fluxes in oxygenated coolants, linear, flux-dependent kinetics were rapidly
established for zirconium and most of the alloys.
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In the P^R environments/ it appears that at low temperatures
irradiation enhances the corrosion rates/ sometimes as much as 2-3 times. For
a detailed understanding, Garzarolli [164] has studied irradiation-induced
effects from heat flux calculations assuming an oxide thermal conductivity
value of 1.6 W/m*K; these values have then been compared with the observed
values by introducing a fitting factor F into the post-transition expression.
The flux-induced enhancements have been seen to be varying from reactor to
reactor or even cycle to cycle. Usually enhancements by a factor of 1.5 to
2.8 are seen. Cox [125] and Shirvington [176] have reviewed mechanisms based
on the influence of radiation on ionic transport in the oxide and its relation
to the electron transport, which is assumed to be insensitive to variation.
On the Zr-2.5Nb alloy (quenched and stress-relieved), the observed flux
depression is explained on the basis of radiation-induced ageing [61].

BWR environments contain 100-300 ppb of dissolved oxygen in the reactor
water. Shirvington1s study [176] of oxide film grown in irradiated oxygenated
water suggests an increase in porosity, and also Asher's [71] study has given
evidence of enhanced porosity in the oxide which would reflect in the enhanced
oxiae growth in these environments. Another factor which is of importance is
the creep of zirconia [125] in the presence of oxygen and irradiation which
would affect the stoichiometry of the surface layers giving rise to an
increased number of pores. Thus, there is considerable evidence that
radiation nucleates local oxide breakdown and porosity, which also includes
pustule nucleation and growth. Segregation of intermetallics enhances the
local oxide growth, giving rise to initiation of nodular growth. Alloy
composition and heat treatment clearly modify the corrosion response possibly
because of the different sites created by these factors. At elevated

otemperatures (400-450 C), the slow disappearance of the effect of
irradiation could be as a result of slow thermal healing of the damage in the
oxide [71].

12.7. Hydrogen absorption

It was pointed out earlier that the hydrogen formed during corrosion
can either escape to the environment or can get absorbed by the metal or the
alloy, forming hydride precipitates. The pick-up depends upon the nature of
the oxiae scale present on the metal or alloy. During the pre-transition
period, the hydrogen pick-up by the metal is expected to be very little due to
the well-adherent nature of the oxide. During the post-transition, the
hydrogen uptake depends upon the temperature, the environment and the alloying
additions. On Zircaloy-2 for example, about 40% of corrosion hydrogen can be
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absorbed in PWR environments, while in oxygenated coolants of BVvR this can be
only as much as 5-10%. The beneficial effects of Fe, Cr and Nb as alloying
additions to Zr against hydrogen pick-up have been attributed to the cathoaic
nature or the respective intermetallic compound particles existing in the
structure [87]. The intermetallics depolarize hydrogen and decrease the
possibility of its passage into the film. The functions of Zr-Ni
intermetallics are not clearly understood, but these enhance the ability of
H to enter the film, eventually to end up in the metal or alloy substrate.
The hydrogen pick-up effects have already been dealt with earlier.

13. SUMMARY AND CONCLUDING REMARKS

On surveying the literature on the corrosion of zirconium alloys for
use as cladding and other core components in light-water reactors, it becomes
evident that the oxide build-up due to uniform corrosion may not be a serious
problem under normal operating conditions. As far as the hydrogen absorption
is concerned, the pick-up rates on the cladding material in the oxygenated
environments encountered in BWRs, are well within the design limits. In PWRs,
the hydrogen absorption rates have been relatively more, but they still lie
below the design limits. For pressure tubes and core internals, Zircaloy-4 or
the Zr-2.5Nb alloy are superior materials from the hydrogen pick-up point of
view. The latter alloy, after proper heat treatment possesses superior
mechanical properties compared to Zircaloys.

At present Zircaloy-2 and -4 are widely used in the Western World for
fuel cladding application, while the Zr-lNb alloy is more popular in the
Soviet Union. Since Zr-2.5Nb has shown definite advantages over Zircaloy-2
from a reactor performance viewpoint, this alloy has a potential in the years
to come if Zircaloys approach performance limits on the basis of corrosion and
hydriding phenomena.

SuDtantial alloy development work was conducted in the 1960s, but
relatively little went on in the 1970s. The advent ot programmes to
investigate extending fuel burnups prompted a study of alloys which might have
better long-term in-reactor corrosion resistance than the Zircaloys,
particularly regarding nodular corrosion. The major uncertainty has been the
lack of knowledge of the temperature dependence on the growth rate of
nodules. Both Zr-2.5Nb and Zr-lNb-lSn-0.5Fe resisted nodular corrosion under
conditions which produce nodules on Zircaloy-2. Zr-2.5Nb was reported to
resist nodular attack in the SGHWR [123]. If it is found necessary to
minimize corrosion for high-burnup fuel, in addition to careful control of
water chemistry, the following three options have been suggested: (i) to
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improve the current fabrication procedures for Zircaloy cladding, (ii) to
modify the chemical composition of Zircaloy with respect to impurity levels,
and (iii) to select an alternative zirconium-based alloy [148].

The more disturbing factors on cladding failures have been attributed
to stress corrosion cracking by fission products (mainly iodine) and
subsequent corrosion and hydriding of the defected cladding. Design and
operational parameters are defined to overcome this serious phenomenon, which
is discussed in detail by Garzarolli [74] elsewhere. Internal hydriding of
the cladding, which is attributed to residual moisture present in the fuel, is
another occurrence observed during the initial stages of reactor operation.
Adopting proper moisture control in the fuel has alleviated this type of
hydriding. Crud deposits on the cladding may affect the heat transfer and may
give rise to fuel element failures, particularly in BWRs. Proper water
chemistry control of the coolant and clean-up of the primary heat transport
system are extremely important from this point of view. Materials for
feedwater systems have to be such as not to contribute to crud deposits and in
this respect copper components should be eliminated from the primary system of
the reactors.

Several explanations have been put forward to explain the various
aspects of zirconium alloys' corrosion, particularly on the transition and the
behaviour under actual service conditions. It still appears that more work is
to be done in fields such as the effect of microstructure, second phase and
heat treatment, environmental chemistry variation, fast-neutron flux, nodular
corrosion and surface effects. Quantifying the pore formation in the oxide
layers in the presence of dissolved oxygen and fast flux as a function of
temperature would be a contribution needed to understand more on corrosion and
hydrogen pick-up under BWR environments. Though, at this stage, a lot of
information is available on the zirconium alloy performance, it is yet felt
that the post-irradiation evaluation data can be compiled and compared for a
verification of the design codes.
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BEHAVIOUR OF FUEL CLADDING
UNDER ACCIDENT CONDITIONS

H. BAIRIOT, J. VAN VLIET
Société belge pour l'industrie nucléaire,
Brussels, Belgium

l. INTRODUCTION

The behaviour of the fuel cladding during accidental transients is a
key phenomenon which determines whether an actual or a design basis accident
will or will not lead to activity release to the coolant or to the
environment; it détermines also the extent of core damage which can possibly
penalize further power plant operation.

Zr alloys, in addition to their exceptionally low neutron absorption
cross-section, offer the advantage of a good compatibility with uranium oxide
and with the coolant, at least under normal operating conditions. This good
compatibility, resulting from a protective oxide layer appearing on both sides
of the cladding tube, can be enhanced by a proper control of the primary water
coolant chemistry, e.g. in PWRs the lowering of oxygen content (decrease
of pH) leading to an overall reducing environment. These points are
considered in other specific parts of the present report (Chapters I, III and
V).

In off-normal and accidental situations, a strong chemical interaction
may arise between Zircaloy and coolant. This results essentially from the
chemical affinity of Zircaloy for oxygen, together with the thermodynamic
conditions of the interaction. It is the objective of the present chapter to
review this type of interaction, on the basis of some recent publications, the
most important ones being listed in paragraph 8.

Large-size co-operative programmes involving major nuclear countries
address the various aspects of fuel behaviour under accident conditions. The
international discussions in this field, which have been pursued for many
years, assure that the safety-related features are adequately covered. They
have, however, resulted in large uncertainty margins being taken into account
in the safety analyses and thus influencing the economics of nuclear power
generation. These experimental programmes are being pursued with the aim to
observe actual behaviour in order to both decrease undue conservatism and
discriminate between critical and negligible parameters.
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2. SHORT REVIEW OF SOME ACCIDENT SITUATIONS AND RELEVANT EXPERIMENTAL
PROGRAMMES

2.1. Design basis accidents

The description of the thermomechanical duties acting on the cladding
during accidents is a complex problem. The possibility of two-phase flow with
departure from equilibrium between phases and the wide range of expected
time-pressure evolutions lead to a collection of significantly different
situations, a few of which have been or are being tested by experiment.

From the point of view of duties, one of the main parameters is the
coolant regime and the linear heat generation rate; this allows one to roughly
separate "loss of coolant" accidents from power transient ("reactivity-
initiated accidents'1) , although mixed-type transients like power-coolant
mismatches have also to be considered. This rough separation of accidents is
also reflected in the mechanical loading of the cladding.

In the case of power transients (e.g. uncontrolled RCC assembly bank
withdrawal, uncontrolled B dilution, excess load increase, RCC assembly
ejection, steamline break, and, in general ATWs and other RIAs), cladding
mechanical loading is immediate due to fuel cladding axial as well as
diametral interaction. Very high stresses and strain rates are observed in
the cladding, wnich fails (if it happens) by exhaustion of its ductility-^.
In that respect, one can correlate very well claa failures to the amount of
fuel expansion during the transient, which is in turn directly linked to the
energy deposited in the fuel. This concept applies of course to very fast
transients where one can consider, with a good approximation, the deposition
rate to be practically adiabatic. In case of energy deposition rates which
are slow in comparison with the fuel thermal time constant, this good
correlation does not exist because the clad failure is affected by
thermohydraulic factors, e.g. boiling and progressive clad dry-out start
before failure has taken place; this corresponds to a progressive transition
towards power coolant mismatch type accidents which are amongst the most
complex to analyse in terms of cladding behaviour. In all cases, the design
usually considers that a large margin to burnout should be maintained
(expressed as CHF for BWRs ana MDNBR for PWRs) although actual experience

Clad-effective ductility is strain-rate dependent; while intrinsic
material ductility increases with strain rate, it cannot be excluded
that clad flaws may act as crack nucleation sites at a very high strain
rate, resulting in clad fragmentation (typically for 1.2 to 1.5 kJ/g
U02 energy deposition rate) .
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already shows that short time operation in burnout conditions does not lead to
unacceptable deterioration of the cladding properties.

In case of loss of coolant accidents (including loss of flow,
accidental depressurization of RCCs and various break size LOCAs), the key
factors are reactor system pressure and coolant flow. After a blow-down phase
which depends very much on the size of the break, and that may not exist in
small LOCAs, the water level gets stabilized at a given height in the reactor
core, as was the case in TMI-2. This level does not correspond to a
clear-cut situation because boiling takes place and makes the transition
between the lower (well-cooled) fuel region and the upper (dried-out) fuel
region. Cladding behaviour depends then mainly on the pressure difference
between fuel rod inside and outside, on the time and on the embrittleraent and
thinning of the cladding by Zr oxidation. Pressure difference across the clad
is the key parameter because, in the high-temperature zone/ the clad creep
rate may become very large even at low or moderate stresses. This can lead to
two types of situations:

Cladding catastrophic collapse onto the fuel, with Zircaloy
intrusion in the fuel cracks, if the outer pressure is above the
inside rod pressure;
Cladding ballooning, which could be followed by bursting, if the
system pressure has dropped below the inner rod pressure.

2.2. Experimental programmes
Before attempting to describe as generally as possible the effects of

cladding-coolant interaction in accident situations, one has to pay attention
to the expanding experimental programmes under way in various countries. The
objectives of these programmes are various, but they share two preoccupations:

To provide experimental support to the existing or future
licensing regulations;
To investigate the physical processes involved in accidents, in
order to develop and validate models extrapolable to actual
reactor situations.

In order to simulate accident situations, specialized experimental
facilities or even reactors have been built.

Reactivity initiated accidents (RIA) were investigated before 1970 in
the SPERT reactor in the United States. Presently, numerous tests are being
performed in the Japanese NSRR facility on fresh rods corresponding to
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different designs. Tests on irradiated fuel are due to begin in 1983. Such
tests have already been performed in the PBF facility in the United States, in
order to reassess the SPERT results.

Power coolant mismatch (PCM) or LOCA tests are now being performed in
different research centres, particularly:

In the FR2 reactor at KfX Karlsruhe (PNS);

In the PBF facility at Idaho Falls, for the account of US NRC; the
latter tests also include Severe Fuel Damage (SFD) tests,
scheduled to start at the end of 1982;
In the NRU reactor, located at Chalk River (Canada), in the frame
of a joint USDOE/UKAEA/AECL effort, as described hereunder, but
also in the frame of specific CANDU tests;
In the BR2 reactor, located at Mol, Belgium;

In the ESSOR reactor, located at Ispra, Italy, in the framework of
Euratom;

In the USA/LOFT facility;

In the PHEBUS facility at Cadarache (France).
In addition to this non-exhaustive list of in-pile investigations,

numerous out-of-pile tests are performed on electrically heated rods under
LOCA conditions.

All these tests address a variety of different Zr-steam interactions,
which are summarized in the next paragraph.

Among the questions investigated in these programmes, the coolability
of the core in LOCA conditions with extensive ballooning should be
specifically mentioned. It is being investigated in a joint USDOE
(BNWL)-UKAEA-AECL programme in the NRU reactor at Chalk River. Its main
characteristic is to use full scale PWR 17 x 17 rods, with an active length of
about three meters; this is believed to be essential for the representativity
of the thermohydraulic conditions, which is already supported by the size of
the bundle (more than 20 fuel rods). Three tests were performed before the
end of 1981, together with a proper characterization of the cladding tubes in
regard to hign-temperature creep.

One of the main results concerns the coolability of a bundle with
severe ballooning and with 70% reduction in sub-channel cross-section: such a
partial blockage does not increase the local cladding temperatures; this can
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De explained by thermohydraulic considerations related to the non-equilibrium
between steam and water droplets. This programme could have a substantial
impact on licensing regulations.

3. EFFECT OF ROD DESIGN PARAMETERS AND OF PRE-ACCIDENT HISTORY

Fuel rod behaviour during an accident is significantly affected by some
rod design parameters and by the rod status before the accident. Most of the
parameters, including CCI, are interlinked; they are therefore briefly
summarized hereafter.
3.1. Cladding type and metallurgical state

A first important parameter is cladding type and metallurgical state.
The use of Zircaloy-2 in BWRs and Zircaloy-4 in PWRs stems from a marked
propensity of the latter for lower hydrogen pick-up rate and the higher pH of
the PWR primary circuit, with respect to the BWR value. Within experimental
accuracies Zircaloy-2 and Zircaloy-4 are not considered to exhibit significant

*/differences in accident situations— . From the point of view of
metallurgical state, the trend is now to optimize clad treatment in order to
minimize irradiation-induced clad creepdown. It has progressively become
apparent that a low dislocation density results in a reduced irradiation creep
rate: this favours a more annealed material, with a grain size which is
usually greater than in the older, but still largely used cold-worked stress-
relieved material. Metallurgical state has been reported to affect
significantly the creep rate in the high-temperature region of the
alpha phase, but available data are too scarce to take advantage, in safety
analysis, of a potential improvement» in the beta-phase temperature region the
effect of the metallurgical state has of course disappeared.

Another important variable is the texture of the Zircaloy tubing,
mainly in relation to its fracture properties. It has indeed been reported
that Zircaloy stress corrosion susceptibility is reduced when the proportion
of basal poles normal to clad surface is increased. The question of texture
effect on other fundamental properties, e.g. oxidation rate or oxygen
diffusion coefficient, has not yet been studied but should be minor.

In conclusion, concerning clad material parameters, it appears that
their impact on accident behaviour could still be improved; the benefit of an
improved data base must be assessed, however, by comparison with effects which
may be comparatively overruling, e.g. clad temperature history.

"_/ It is reported e.g. in TRG 2788(S) "A review of the Oxidation Kinetics
of Zr Alloys applicable to LOCAs", P.D. Parsons & W.N. Wilier.

193



3.2. Pressurization of the rod

Another key parameter is related to the pressure drop across the
cladding. The reactor system pressure depends on the whole primary circuit
response and has been given much attention in the safety studies. On the
other hand, the inner rod pressure appears to be a more recent topic in safety
analysis, because of the pre-pressurization of the modern LWR fuel to reduce
the cladding collapse rate under irradiation; pressurization levels range
presently from 10 to 30 bars for PWR fuel, and from 2 to 6 bars for BWR fuel.
Under operating conditions, the inner gas pressure is a temperature-weighted
average of the free volumes distributed along the rod, the greatest free
volume being in the plenum. This shows that in case of partial rod dry-out,
the induced fuel temperature increase will increase signficantly the rod inner
pressure and the kinetics of gas flow from the fuel region to the plenum must
be taken into account, together with its possible feedback effect on fuel
temperatures. Additional effects can be expected due to fission gas release
at high temperatures even in the absence of any fission rate, through fission
gas bubble precipitation and tunnelling processes. This sensitive balance
between inner and outer pressures determines to a large extent the ballooning
propensity of the fuel rod. The resistance to ballooning depends a.o. on the
cladding temperature and on its state, e.g. as a result of previous
corrosion. The failure criterion of Zircaloy at high temperature is complex:
different mechanisms acting in various accident scenarios have to be taken
into account.

Fuel rod pre-pressurization results in a better rod performance in
normal operation. Under accidental situations it may be beneficial (e.g. an
open gap increases the deposited energy failure threshold in transient
over-power), or penalizing, (e.g. if it increases ballooning; however, one has
to verify that ballooning effectively affects core coolability): recent
experimental results suggest that even significant ballooning,
i.e. sub-channel cross-section reduction of more than 50% does not affect
significantly the clad temperatures, as mentioned in paragraph 2. Therefore,
if it ever occurs, the ballooning does not necessarily imply core coolability
degradation.
3.3. Grid__ effects

A design parameter observed to play a positive role on clad accident
behaviour is the restraint exerted on the cladding at the level of the grids.
This restraint results from neutronic, thermohydraulic or mechanical•effects.
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Neutronic, because neutron absorption in the grid material locally
affects the power and fast flux distribution along the rod, reducing thereby
the local heat flux and so acting to reduce local cladding surface
temperature: this effect is important for Inconel grids, but is reduced for
Zircaloy grids.

Thermohydraulic, because grid obstruction increases locally coolant
velocity. In normal operation, this leads to a decrease in crud deposiion
rate. In accidental two-phase flow, sub-cooled droplets carried by
super-heated steam will impact onto the grid structure reducing not only the
local temperatures, but also the steam superheat: the grids will therefore
contribute to improve steam-droplets equilibrium, which leads to a decrease of

*/the temperature-^ .
Mechanical, because the spring force and in worst cases the grid cell

itself prevents ballooning at the corresponding level. St. Venant's
mechanical principle states that grid restraint will affect clad strains up to
a few diameters, i.e. a few centimeters away from the grid level.

3.4. Inner clad hydriding and oxidation

On the inside of the clad, the phenomena affecting clad behaviour are:
(i) Possible clad hydriding resulting from the release of fabrication

moisture contained in the uranium oxide; this phenomenon is
practically eliminated by a proper drying of the pellets and
cladding internals. Hydriding is to be avoided because it reduces
clad ductility at low temperature and thus promotes early clad
failure upon termination of an accident.

(ii) Inner clad oxidation, i.e. formation of a typical oxide layer up
to 10 Urn thick which protects clad against aggressive fission
product attack, unless it is broken or torn away by fuel-clad
mechanical interaction.

(iii) In parallel with these processes affecting the cladding in normal
operation, burnup leads to accumulation of fission products,
e.g. the fission gases and aggressive volatile fission products,
while a significant fraction of U is converted into plutonium
leading to an increased oxygen activity, and consequently

It is probably in a similar way, that local obstructions, e.g. cladding
ballooning may affect clad temperatures in a beneficial way, u_ at least
locally.
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increasing cladding oxidation and reacting, in the gap, with
caesium and fuel to form caesium uranate. This has consequences
discussed in section 4.4.

3.5. Outer clad oxidation and ccud deposition

On the outside of the rod, interaction of the cladding and coolant
results in the formation of an oxide and/or crud layer. These phenomena are
discussed in other parts of the present report, and will not be treated here.
However, two features which may be important in transients are:

The cracking of the outer crud or oxide layer. The cracks in that
layer may indeed possibly propagate into the unoxidized cladding
material, depending on the stress rate and the mechanical
properties of the layer;
The higher cladding temperature at the beginning of the accident,
due to the thermal barrier effect of the corrosion and/or crud
layer. This can result in the cladding reaching the allotropie
phase transformation (see paragraph 4.2) or reacting with steam
(see paragraph 4.3) for rather benign accidents that would not
have affected clean cladding.

4. 2IRCALOY PROPERTIES OPERATIVE IN ACCIDENT SITUATIONS

CCI is only one of the aggressive phenomena influencing cladding
behaviour during an accident. The various factors to be taken into account
are briefly summarized hereunder, to place CCI in a correct perspective.
4.1. Stress corrosion cracking (SCC) susceptibility

Stress corrosion cracking results from the chemical interaction of one
or more fission product with Zircaloy. This phenomenon may therefore not be
expected in very short power transients; ongoing international programmes are
assessing the effect ot moderate transients (+50 to 100% in about
10 seconds). SCC susceptibility has been investigated versus temperature, and

ocould play a role in LOCA situations around 700 C.

Zircaloy stress-assisted corrosion proceeds along the crystallographic
planes with the greatest spacing, i.e. parallel to the (100) basal planes and
is therefore in essence transgranular. If fission product activity on the
cladding inner surface is too low, fracture will be mainly intergranular, and
failure corresponds to ductility exhaustion which is considered hereunder
(paragraph 4.6).
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4.2. Zircaloy allotropie transformations

The room temperature structure of Zircaloy is hexagonal, close packed
o o(lattice parameters c = 5.148 A and a = 3.231 A), and corresponds to the

so-called alpna phase. For unoxidized Zircaloy, with a typical 0 content
of 1200 ppm, an allotropie transformation takes place above 800 C, with
apparition of bcc phase (lattice parameter at R.T. = 3.609 A) which is called
the beta phase; transformation into the beta phase is complete at 1010 C.
The range of temperature over which the transformation takes place increases
with 0 content. Other Zr alloys, Zr-Nb for instance, have a lower
transformation temperature. The main difference between the two phases is the
anisotropy of the alpha phase, which induces different phenomena such as:

Anisotropie creep benaviour of Zircaloy which is also enhanced by
texture effects;
Irradiation growth of stress-free Zircaloy.
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The simultaneous presence of alpha and beta phases of significantly
different crystallographic structure induces a poor mechanical compatibility
between adjacent crystallites; this explains the reduced ductility of the
alpha + beta phase with respect to the pure alpha or beta phases.
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Oxygen diffusion properties of the two phases are also considerably
different, diffusion being typically 30 to 100 times higher in the beta phase,
at identical temperature: although oxygen redistributes quickly inside beta
grains, such is not the case for the alpha grains.
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As oxygen concentration effects are larger in the alpha phase (creep
rate, ductility, fracture toughness (see next paragraphs))/ these effects are
expected to play a role only if oxygen diffusion is fast enough, i.e. if the
temperatures are high enough, or if a sufficient amount of the beta phase is
present to speed up diffusion.

4.3. Zircaloy oxidation by the coolant
The chemical affinity of quasi-pure Zr with oxygen is high, especially

at high temperatures ( _> 850 C) where this affinity becomes greater than
that for hydrogen. This means that Zr reacts with water to produce hydrogen
and zirconium oxide, the latter being defined at equilibrium by ZrO-. The
oxidation rate has received much attention, because the reaction is exothermic
and may significantly affect core heat balance during LOCA-type accidents.

Although the oxidation rate should depend on crystallographic
structure, this influence is weak with respect to the temperature dependence
as shown in Fig. 4.1. Isothermal oxidation rates are therefore satisfactorily
described by a single temperature function, such as that proposed by
Baker-Just; this does not exclude the possibility of a more refined
description, to reduce unjustified conservative margins in safety analyses for
some licensing cases. Oxidation is accompanied by a density decrease of the
material, so that the corresponding oxide layer fractures once its thickness
has reached a sufficient value. Oxygen diffusion through the oxide layer and
the previous effect largely control the progression of clad oxidation, but
another effect can also play a role: hydrogen released as a result of the
reaction may mitigate the reaction by a blanketing effect; however, the
thermohydraulic stability of this hydrogen blanket is uncertain when the flow
characteristics of the water/steam mixture is changing during the course of
the accident.

Studies on the high-temperature oxidation of Zr alloys have been
developed to investigate the phenomena which may occur in loss-of-coolant
accidents (LOCA) in reactor coolant systems. In the absence of adequate
cooling, when the cladding heats up as a function of time, there are several
temperature-dependent changes that take place in the cladding. These include
deformation and rupture over a wide pressure-dependent range (paragraphs 4.5
and 4.6), eutectic formation with non-Zr core components like Inconel
grid-spacers at elevated temperatures and significant metal/water reaction.
If the reaction is not terminated, the transient would eventually reach
temperatures high enough to melt any remaining part of the cladding. Concern
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regarding LOCA situations arises due to:

Ballooning of the fuel cladding and the consequent blocking of the
coolant channels (paragraph 4.6);

Embrittlement of the cladding by oxidation which would lead to
cladding failures and fission product release;
Generation of hydrogen by the high-temperature oxidation reaction
to create a chemical "explosion" threat;
Exothermic heat of Zr oxidation giving rise to a runaway or
burning situation.

The LOCA studies developed a practical significance, due to the Three
Mile Island Unit 2 accident, which resulted in corrosion-induced core
degradation under LOCA conditions. Current estimates suggest that at
least 80% of the TMI-2 fuel rods may have some damage, with at least 40% of
the cladding oxidized in the active fuel design.

Where Zr alloys are exposed to an oxidizing environment under LOCA
conditions (principally steam), several temperature-dependent processes can
occur: oxygen diffuses into the base metal, forming a layer of oxygen
stabilized alpha; the metal surface oxidizes, leading to rapid consumption of
metal at high temperatures; some hydrogen released by the corrosion reaction
will be absorbed by the metal. All three processes contribute to cladding
degradation. Oxygen and hydrogen absorption promote embrittlement of residual
metal not consumed by oxidation.

Pawell and Cambell studied Zircaloy-4 and zirconium oxidation
at 1000-1500 C in steam. Zircaloy-4 layer growth and oxygen consumption
kinetics were almost ideally parabolic. For pure Zr, the rates also are
parabolic over a similar temperature range, but growth rates for both phases
differ from Zircaloy-4. Oxygen diffusion in the metal layer is identical for
both materials but oxygen diffusion is slower through the oxide on Zr.
Different oxide morphologies on the two materials may be responsible.

Seifert examined 47 LWR fuel rods irradiated under postulated accident
conditions (1315 to > 2100 K). Cladding embrittlement was consistent with
previously established oxygen embrittlement criteria for intact rods.
Breached rods were more severely embrittled than corresponding intact rods,
associated with modified prior microstructure and enhanced hydrogen absorption
from stagnant steam conditions inside the breached rods.
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4.4. Zircaloy interaction with uranium oxide

When temperature increases significantly ( _> 1500-2000 C) the oxygen
potential of UO becomes less negative, i.e. uranium reduction at valences

4 +lower than U should become possible. As no such valence state exists,
reduction of UO at high temperature results in the formation of a mixture
of liquid metallic U particles and of stoichiometric oxide UO . This has
two main consequences:

(i) Zr-U eutectic formation
In the case of low power, e.g. during the reflood phase of the
LOCA, fuel temperatures are practically uniform across the pellet
section. If sufficient values are reached, oxygen can be gettered
by the cladding. Where the fuel is in contact with the cladding,
U diffuses into Zircaloy to form a (U-Zr-0) phase, with a low
oxygen content: it seems now established that the melting point of
this phase is below 1300 C, which can lead to premature cladding
perforation.
The importance of this eutectic formation stems from the similar
molar content of the rod for what concerns fuel and cladding,
i.e. about 0.03 mole/cm in both cases: any significant clad
oxidation from the inside will therefore result in a significant
uranium oxide reduction.

(ii) Accelerated diffusion mechanisms

Under low stoichioraetric conditions, oxygen vacancies are in high
concentration/ and diffusion-controlled reactions are
significantly accelerated. Fission product diffusion and grain
growth are such reactions. One can therefore expect high release
of gaseous and volatile fission products if such a diffusion
enhancement takes place. A similar acceleration of diffusion can
be obtained in case of fuel oxidation, i.e. in case of transfer of
oxygen from the coolant to the fuel, as may occur in rod
post-failure behaviour.

4.5. High-temperature creep rate of Zircaloy

Zircaloy creep rate is the factor which controls ballooning. It is
quite sensitive to both stress and temperature, but it is also affected by
oxidation and by phase changes.
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For unoxidized Zircaloy, creep investigations are considerably
osimplified by recovery: a temperature of more than 500-600 C is sufficient

to reach the regime where primary creep strains are becoming negligible. The
balance between hardening and recovery results then in a steady secondary
creep behaviour, which can be described by the Norton-type creep law:

ê = KGn exp (- A_)
RT

where £ is the strain rate, G is the stress, T is the absolute temperature
and n, A, K, R are constants. Typical values for the alpha and beta phases
are respectively 5.5 and 3.7 for the stress exponent n and 170 and
300 kJ/mole K for the activation energy A.

Oxygen content affects drastically the alpha Zircaloy creep rate; the
lattice distortion induced by the presence of oxygen in the Zr lattice
considerably impedes dislocation motion and may decrease the creep rate by
more than two orders of magnitude. A similar effect has been reported not to
exist for beta Zircaloy. This makes creep measurements very difficult to
interpret, because one has to consider oxygen diffusion as well as phase
changes material hardening.

The trend of material behaviour with increasing oxygen content is thus
a very important creep rate reduction, which is also accompanied by an
increase of the stress exponent n up to values which may exceed 20. This
leads of course to the question of clad ductility.

4.6. Ductility of oxidized or unoxidized Zircaloy

Ductility of Zircaloy is very significantly affected by interaction
with the coolant, i.e. by oxidation. This ductility is mostly measured by
burst tests, so that one usually speaks of burst strain.

Ductility of unoxidized Zircaloy depends strongly on two factors,
i.e. heating rate and metallurgical state (as shown in Fig. 2), the latter
being obviously strongly affected by temperature. In the alpha phase,
ductility is high, and burst strains of more than 100% can be reached for
burst stresses ranging typically from 100 to 200 MPa. The burst strain is
divided by about a factor two when the heating rate varies from 3 to 30 K/S.
Similar strains are obtained in the pure beta phase, but with burst stresses
which are in most cases under 50 MPa. In the alpha + beta range, the
ductility of the mixture of two types of crystals is decreased by a factor
of 2 to 3, with a sharp drop in burst stresses, corresponding to a threefold
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diminution between 1150 and 1200 K. Such a large temperature sensitivity of
the burst stress indicates that rod strain is exceedingly sensitive to
azimuthal temperature differences: in case of high azimuthal gradient, the
burst stress will be very low on the hot side, local ductility will be high,
but failure will occur without gross rod deformation. Large diametral strains
(ballooning) will occur when the azimuthal temperature variations are very
small: a variation of 20 K is sufficient to reduce the rod overall burst
strain by a factor of 2.

In its oxidized state, Zircaloy may fail by many different processes
and fracture may be either ductile or brittle.

In the case of ductile fracture, oxygen concentration affects rupture
elongation in an increasing proportion with decreasing temperature:
at 350 C, elongation is divided by two when oxygen concentration varies
between 0.9 and 1.7 wt%; at 700-800 C, the reduction in elongation amounts
to less than 30%. The difficulty in evaluating the effects of oxygen content
above that temperature is that of oxygen distribution between the alpha and
beta phase, the diffusion coefficient in that latter case being higher.

However, the most important oxygen effect in accident situation is the
oxygen embrittlement. Indeed, the quenching, which terminates practically
every accident involving coolant boiling, is responsible for very fast
temperature variations across the cladding, even if the latter variations may
be mitigated to some extent by axial conduction in the cladding. It appears
that the oxidized cladding is actually fractured at the Leidenfrost
temperature (i.e. 500-6ÛÛ C); at 400 C, Zircaloy-4 fracture toughness
decreases from more than 50 MPa-ra down to about 4 MPa>m when oxygen
concentration reaches 1.2 wt%: such a low fracture toughness corresponds
almost to the Griffith value for fully embrittled material,

1/2i.e. about 2 MPa-m . The transient temperature distribution in the clad
during quenching results in differential thermal strains which promote
propagation of incipient cracks and subsequent failure.

Due to the complexity, the material property fracture toughness is not
actually used to define the embrittlement criteria for licensing. The present
NRC criteria are related to a number of parameters including extent of
oxidation, i.e. equivalent metal converted to ZrO and a maximum
temperature. There are more recent criteria which reflect the difference
between quenching stresses and post-LOCA handling stresses, such criteria are
based on oxygen distribution through the clad wall after high-temperature
transient oxidation.
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5. ZIRCALOY INTERACTION WITH COOLANT DURING ACCIDENTS

A necessary condition for significant interaction between cladding and
coolant is that film boiling takes place over sufficient time/ so that
significant clad oxidation and heating takes place. This condition may be
satisfied with most types of accidents, even with RIAs because of the thermal
time constant of the rod which is usually about 10 seconds: in case of
sufficient energy deposition, boiling may take place during 10 to 20 seconds.

The temperature transient to which cladding is subject during a LOCA is
a variable of reactor design and the particular form of accident under
consideration. Studies on Zircaloy cladding ballooning in a LOCA situation
and results of burst tests with indirectly heated fuel rod simulators are
beyond the scope of this review.

%

Tests carried out to investigate the ballooning behaviour of Zircaloy
cladding (PWR) have shown that the deformation mechanism of the cladding tubes
is governed mainly by the distribution of temperature on the cladding. On the
case of non-uniform temperature distributions, maximum cladding deformation is
concentrated on relatively small hot zones on the cladding which prevents
large circumferential and axially extended strains. The two-phase cooling
during the reflooding phase enhances axial and azimuthal temperature
difference on the cladding tubes and contributes in this way to a limitation
of the circumferential strains and the resulting coolant channel blockage in a
rod bundle.

5.1. Behaviour during the initial phase of the accident

In most licensing-based accidents, the initiation phase is followed by
a transition from normal cooling to film boiling, resulting in a rapid
decrease of the film heat transfer coefficient, which drops from
about 2W/cm C down to values ten or a hundred times smaller.
Experiments show that, in a very short time, cladding temperatures rise until
clad either melts (severe accident simulations) or stabilizes at a given
level, usually 700 to 1000 C in PCM or LOCA situations. In these latter
cases, which are representative of power plant accident sequences, the
temperature results from an equilibrium between the heat produced and the heat
transferred to the coolant, which may be superheated steam with sub-cooled
droplets.

Due to the low heat transfer capability, clad temperatures in that
period are extremely sensitive to heat production and this explains why the

204



exothermic clad oxidation may play a dominant role in the temperature
evolution. The rise in clad temperature and also in fuel surface temperature
quickly induces an increase of the inner gas pressure, which is important for
the balance of the forces acting on the clad.

If the resultant inner pressure is less than the outer pressure, the
cladding collapses onto the fuel. Its high creep rate and ductility may lead
to extrusion of the cladding into pellet cracks. However, as a result of the
rod pre-pressurization, the clad usually moves away from the fuel, and if
conditions are fulfilled, ballooning may start. At that moment, three
parameters are important:

(1) The azimuthal temperature gradient around the rod;

(2) The extent of clad oxidation?

(3) The extent of alpha-beta transformation.

5.2. Clad failure

The three mentioned parameters determine by which mechanism the rod
might fail. The absolute value of the pressure difference across the clad is
of course also important? in that respect, one has to consider fission gas
release during film boiling as a possible additional contributor. Different
failure modes are, with decreasing clad temperature:

Clad melt-through;

Ductility exhaustion of oxidized material;

Stress-corrosion cracking due to gas pressure;
- Stress-corrosion cracking due to PCI.

Other possibilities for clad failures may arise from the contact
between neighbouring rods. One important point is that at high temperature,
brittle failure is difficult due to the intrinsic material behaviour, and also
due to the following fact: as the heat transfer capability from the clad is
very low, the thermal time constant of the rod is significantly higher than
the 10 seconds previously mentioned; the temperature variations are therefore
comparatively slow.

In the case of ballooning, failure depends on many parameters which
have been previously examined, i.e. oxidation rate, oxygen diffusion rate,
mechanical properties of the oxidized layer, phase changes; the azimuthal
temperature gradient determines whether the overall rod failure strain will be
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high or low, and this is obviously the key parameter controlling sub-channel
cross-section reduction and potential blockage inside the bundle.
5.3. Post-failure behaviour

Once failure has taken place, eliminating the pressure difference
across the cladding, the steam is brought into contact with the fuel and with
the still unoxidized (or only weakly oxidized) cladding inner surface. The
processes that may take place are, for example, the following:

Gross fuel swelling;

Fission product release;

- Failure propagation.
Gross fuel swelling is mainly observed in RIA tested fuel at high

burnup. The high temperatures experienced in such a situation lead to an
increase of fission product inventory on grain boundaries; fission gases or
volatile fission products precipitate into intergranular bubbles which can
induce significant swelling of the fuel; the latter is most important when
fuel, pre-irradiated at low temperatures, is brought up to the melting point.

High temperatures and high diffusion properties of the fuel lead to an
enhancement of fission product release: grain growth is accompanied by grain
boundary sweeping, and simultaneously, fission products diffuse more easily
out of the grain. This results in a fission product release from the fuel
which is large with respect to the release under normal operating conditions.

Clad failure propagation may affect the release, if it takes place
along one single rod, or if the propagation takes place between neighbouring
rods. Such a propagation has not yet been clearly demonstrated, and it
remains an open question.

5.4. Accident termination
Accidents terminate by the return to normal cooling conditions, with

decay heat as the only power production. The key phenomenon at this stage is
the quenching of the fuel rod.

The temperature decrease at the end of the accident results in the
beta-alpha transformation of oxidized Zircaloy if it has been into the beta
phase. Depending on the velocity of the quench front, the quenching may
result in two main phenomena:

The fragmentation of the oxide, i.e. "chunk" break-up, with
liberation of the gases present in the affected grain boundaries;
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in extreme cases, this may completely destroy the pellet stack
geometry;

The fragmentation of the oxygen-embrittled cladding under the
thermal shock.

These phenomena are extremely important because they lead to fuel
dispersal into the core.

6. SOME LICENSING CONSIDERATIONS

We shall not discuss here all licensing aspects of dad-coolant
interaction during accidents. The main question connected directly to fuel
element licensing are clad temperatures, clad oxidation, deposited energy
railure threshold, together with the basic demand for core coolability.

According to the US-NRC licensing rules, the clad temperature limit for
LOCA situations is 2200 F (1204 C), and the fraction of oxidized clad is
limited to 17%. The US licensing procedure has to demonstrate that these
regulatory limits are never exceeded. The discussion of these figures is
beyond the scope of this paper. However, one can remark that these limits are
to be supported by an adequate experimental data base, which is not presently
complete. In that respect, results from the TMI-2 accident and from the
safety-related experimental programmes will be welcome to reduce unnecessary
design margins.

Experimental evidence support for the RIA-related deposited energy
failure threshold has been recently gained through tests in PBF and NSRR. The
results of the previous SPERT tests were generally confirmed, with however a
trend to reduce the failure threshold from 280 cal/g UO down
to 265 cal/g UO .

From the viewpoint of coolability of a partially blocked bundle, it
appears to be better than is conservatively assumed in licensing calculations,
i.e. clad temperatures do not appear to be significantly increased by local
ballooning.

7. CONCLUSIONS

This chapter has presented the most important aspects of CCI in
accident situations: it is beyond the scope of this report to describe them
more quantitatively in detail. However, it appears clearly that
coolant-cladding interaction plays a dominant role in accident situations, ana
determines to a large extent the failure of the rods and the subsequent
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activity release and ultimately the loss of geometry with dispersion of fuel
within the primary circuit.

The dad-coolant interaction mainly arises from Zircaloy oxidation
through reaction with superheated steam. This oxidation reduces the Zircaloy
creep rate and induces embrittlement. Furthermore, the exothermic character
of the reaction, together with the reduced heat transfer capability of a
dried-out rod bundle, shows that, in accident situations, CCI must be
considered in the global frame of core thermal-chemical-hydraulic behaviour.

8. RECOMMENDATION

Safety analyses submitted in support of licensing submittals are
influenced to a very large extent by the phenomena described in this chapter.
Any expansion of the experimental data base is likely to result in the
reduction of conservative margins incorporated presently in the input data and
the criteria. It has practically resulted in the fuel being optimized more in
line with its licensability than for normal operating conditions; any
improvement in the data base will therefore ultimately improve fuel cycle
economics and even fuel performance for routine power plant operation.

The very large expenditures involved in the experimental programmes
favour continuation of international co-ordination and co-operation in this
field, as has practically been observed over the last ten years and has been
more pronounced since the last three years.
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DESIGN AND PERFORMANCE CONSIDERATIONS
OF COOLANT CLADDING INTERACTION

H. BAIRIOT, M. LIPPENS
Société belge pour l'industrie nucléaire,
Brussels, Belgium

1. INTRODUCTION

Crud deposits and cladding corrosion directly affect the fuel rod
performance by an immediate consequence which is a cladding temperature
increase. The ultimate damage which results from such a temperature increase
is a perforation of the cladding.

In order to eliminate or at least to postpone this event, the design
must define adequate .specifications firstly to reduce the cladding corrosion
and, secondly, to operate fuel rods with oxide layers. The first aspect is
related to the fuel and assembly design, and to the operation of the primary
circuit; the second aspect is related to power history (and therefore core
design).

The present chapter briefly summarizes the conditions which enhance
crud deposition and corrosion, the consequences of corrosion and some remedies
which can limit the crud deposits and cladding oxidation.

2. CRUD DEPOSITS

2.1. Conditions of deposition

Crud deposition is a general phenomenon of primary circuit carrying
impurities. The deposition rate on surfaces is controlled by the
concentration of impurities in the coolant, the pH of the water and the
surface temperature.

The crud may appear quickly (a few weeks) when favourable conditions
are created, after which it usually remains on the cladding with a thickness
which is approximately constant in time. In other cases, the crud deposition
is progressive over the entire reactor cycle. Generally, the crud is either
characterized by a hard layer adherent to the clad, a soft layer falling off
quite easily, or a composite layer hard near the cladding and soft on the outer
surface. These two cruds are porous and their thermal conductivity greatly
depends on this porosity.

In practice, this crud is usually not purely iron oxide but may contain
other components like copper, chromium, manganese, nickel and silicon. These
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latter elements close the porosity eliminating possible heat transfer by wick
boiling. The thermal conductivity of this crud is therefore lower than the
water or clad conductivity itself leading to a clad temperature increase
during reactor operation.

2.2. Consequences of crud deposits

The crud deposits and the low oxide density produce an increase of the
rod diameter, consequently reducing the coolant passage section.

The clad surface state is also modified; the roughness is increased
especially after thick crud deposits. The core pressure drop may thus
increase.

These two consequences, diameter and pressure drop increases, directly
produce a reduction of the mass flow which is not automatically compensated if
the primary pumps operate at constant power. The direct consequence of this
is an increase of the rod surface temperature.

The clad temperature, firstly increased by cooling condition changes,
is increased also by the crud deposits and oxidation themselves, due to the
lower thermal conductivity of these compounds. Therefore, all the
perturbations due to the waterside corrosion have as a principal consequence a
clad temperature increase. This temperature increase leads to enhanced
corrosion whch may lead ultimately to perforation of the cladding.

3. CLADDING CORROSION

3.1. Conditions of corrosion

Cladding corrosion (oxidation) develops independently of crud
deposits. The oxidation rate is governed by the coolant oxygen content and
clad surface temperature. The oxide thickness increases linearly in time
after a first transition period during which the oxide develops as t * .

The oxide is characterized by a lower density than that of. the
cladding, resulting in an increase of rod diameter when oxidation occurs. The
oxide is also characterized by a lower thermal conductivity than the cladding,
therefore producing an increase of clad-oxide interface temperature when the
clad operates under heat flux.

3.2. Factors affecting cladding operation

Temperature is the leading parameter for cladding corrosion. All
factors increasing the rod surface temperature therefore promote corrosion.
It is the case for reactors operating at high coolant temperatures and for
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fuel with high heat fluxes. In particular, a large power tilt across fuel
rods adjacent to an absorber, to a moderator, or to both can cause high
azimuthal flux differences and corrosion and crud deposits may develop in the
tilt direction.

Assembly designs with poor coolant distribution within and betweeen
sub-channels also favour corrosion. Design features such as pitch/rod
diameter ratios, distance between spacer grids and mixing vanes are important
in that respect (see para. 6).

Irradiation seems to enhance corrosion, since most experimental data
indicate a corrosion increase in the reactor compared to out-of-pile
isothermal tests. The enhancement factor is unfortunately not constant from
plant to plant and even, within a plant, from cycle to cycle and the reasons
for the variations are not fully clarified.

Corrosion increase is also observed under boiling conditions. Oxygen
concentrations and local pH modifications due to boiling are responsible for
this corrosion enhancement.

Finally, the clad oxidation may increase locally in front of fuel
pellet interfaces due to a more pronounced pellet-clad mechanical interaction
at these levels. This corrosion enhancement directly results from the clad
tensile stress state, which favours the formation of a corrosion product of
lower density than the intact alloy.

4. CATASTROPHIC NATURE OF CORROSION AND CRUD DEPOSITION

Crud deposits and zirconium oxide have a lower thermal conductivity
than the cladding materials. Corrosion under isothermal conditions is not
influenced by these conductivity modifications. However, in the reactor, the
thermal flux created through rod cladding by power generation modifies the
thermal conditions due to conductivity changes at the cladding outer surface
when the corrosion is progressing. In these conditions, catastrophic effects,
i.e. strongly accelerated corrosion, may appear due to a temperature increase
at the interface between the oxide layer and the intact cladding material.

The thermal conductivity of Zircaloy-2 is about 0.15 W/cm°K [1] and
the conductivity of the compact oxide is down to 0.016 W/cm°K [2]. This
means that for a 10 M m oxide thickness, the oxide-metal interface temperature

o 2is increased by about 6 C for a heat flux of 100 W/cm . Such a
temperature increase is not catastrophic. However, when the oxide thickness
is progresssively increasing (above 20 p m), the oxidized material does not
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remain compact and tangential cracks are noticed/ reducing the conductivity
down to 0.005 W/cm K [3]. For a 50 y m oxide thickness, and with a high flux
of 100 W/cm , the oxide-metal interface temperature is increased by 100 C,
multiplying the corrosion rate by more than a factor of 10. Therefore,
delaminated oxiae layers may produce catastrophic effects on the corrosion
rate.

These last conditions are not frequently observed in reactors today,
the oxide thicknesses do not exceed 10 y m in the present irradiation
conditions. However, the tendency to increase coolant temperature and
residence time induce a probability for catastrophic effects. This represents
a serious restriction in the trends for burnup increase in the most modern
power plants.

The oxide thickness increase is not the only cause of catastrophic
effects. Crud deposition may also favour conditions for such accelerating
corrosion. Literature has published several values for crud thermal
conductivity. They are widely discrepant due to the numerous crud structures
which may occur. A porous crud saturated with stagnant water or steam has a
thermal conductivity of 0.01 W/cm K [4] when measured on boiling-water
surfaces. A similar value {0.009 W/cm K) is given by Cohen and Taylor [5]
under no boiling conditions and for a porous crud saturated with water. For a
dense crud (i.e. an initially porous crud impregnated by impurities like
calcium or silicon), the thermal conductivity measured from boiling-water
surfaces is about 0.02 W/cm K [4],

Smaller crud thermal conductibility values are reported [6]: pure
magnitite at 320 C has a conductivity of 0.017 W/cm K. At the same
temperature, a magnitite deposit with 65% porosity has a conductivity
of 0.0079 W/cm°K in liquid water and of 0.0017 W/cm°K when saturated with
steam.

Despite the scattering of these data, it appears that the crud
generally has a thermal conductivity of the same order of magnitude or lower
than the zirconium oxide conductivity. This means that if favourable
conditions are created for crud deposition, catastrophic effects on clad
oxidation may also occur. The literature survey confirms the occurrence of
such events, most of the clad failures being due to watersiae corrosion
involving crud deposits [1,7,8.9].

A last catastrophic corrosion effect is produced by the local
separation between the various layers deposited on the clad. When the oxide
layer and crud deposit thicknesses become excessive, intimate contact between
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the layers is reduced due to differential stresses (density variations,
thermal expansion, rod power changes, etc.). Therefore, gaps are created
between the layers with, consequently, an immediate and strong local reduction
of the thermal conductivity. The water penetrating into these cavities is
immediately transformed in steam (conductivity about 0.007 W/cm K) leading
to a clad overheating and an accelerated oxidation. When favourable
conditions are created for this steam blanketing, the cladding may be
perforated within a few days by oxidation [8j.

5. EFFECTS ON ROD PERFORMANCE AND ON STRUCTURAL MATERIAL

5.1. The CCI directly affects the fuel rod performance:

- Under normal operating conditions, by cladding perforation which
can result from complete clad oxidation;

Under design basis accidents, by reduction of the effective
cladding thickness;

- In both cases, by the modification of clad properties resulting
fromt the temperature increase.

The first effect of clad temperature increase, besides the corrosion
acceleration, is a reduction of the clad creep strength. The creep rate
enhancement produces an acceleration of the clad creepdown, i.e. the fuel-clad
gap is closed earlier during rod life. The resulting pellet-clad mechanical
interaction is partly compensated by the clad creep rate enhancement itself,
producing a beneficial stress relaxation [10]. The performance is, however,
affected by an earlier exhaustion of the ductility limit. In most cases
therefore the clad temperature increase represents a performance limitation
from the viewpoint of PCI.

The clad temperature modifications by CCI have no important impact on
the behaviour of the fuel itself. The fission gas release and fuel mechanical
properties are modified to such a negligible extent that the intrinsic fuel
performance is not affected by CCI [10].

Low-temperature clad embrittlement by hydrogen pick-up (direct
absorption from the coolant or from inside the rod) was, at the beginning of
Zircaloy use, a limiting factor of performance. Presently, appropriate
specifications of fuel, cladding and coolant have considerably reduced the
risk of clad embrittlement. Additional hydrogen pick-up resulting from the
clad oxidation reaction should not result in a dramatic deterioration of the
present situation.
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5.2. The structural materials (channels of BWRs, spacer grids, guide tubes)
are irradiated in nearly isothermal conditions and at temperatures lower than
the cladding. Therefore, no important oxidation or acceleration occurs for
structural materials with adequate corrosion resistance. However, the
embrittlement by hydrogen pick-up remains a constant problem which limits the
residence times of some structures.

In some plants, the difference in corrosion rates between opposite
sides of BWR channels has resulted in important differences of effective wall
thickness, hence in differential creep and finally in a deflection sufficient
to cause a control blades movement blockage.

6. DESIGN CONSIDERATIONS

The performance limitations due to CCI can only be avoided by
minimizing the CCI itself. Once this CCI is initiated, performance
limitations must be specified.

6.1. The CCI is firstly reduced by acting directly on the water chemistry;
the specifications and controls should address mainly the oxygen
concentration, the hydrogen content and the pH or lithium content, as outlined
in Chapters II and III.

The CCI can secondly be reduced by decreasing the core inlet and outlet
temperatures, as well as the residence time of the fuel. This solution is
opposite to the present tendency to improve plant efficiency by increased
coolant outlet temperatures and to progressively increase discharge high
burnup.

For fixed core inlet and outlet temperatures, the cladding surface
temperature can be reduced by an appropriate flow distribution within and
between sub-channels. The pitch to rod diameter ratio and the dimensions
affecting assembly bypass flows are important factors in this respect. The
presence of spacer grids and specific grid design features, such as number ot
spacer grids and utilization of mixing vanes, promote homogenization of the
water conditions.

A phenomenon which increases the clad temperature is the reduction of
rod interdistances by rod bowing. Rod bowing is affected by grid spring, grid
interdistances, claa thickness and initial ovalization. The use within an
assembly of one single cladding fabrication routine and one single guide
thimble fabrication routine reduces the bowing due to differential growth.
Finally, the design should assure that rod growth does not result in
mechanical interaction with both end fittings of the assembly.
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The rod heat flux should also be limited to reduce the surface
temperature. For a given plant and water-to-fuel ratio only the core
management can influence heat flux by reducing as far as possible the maximum
LHGR and the nuclear tilt.

The CCI can also be reduced by using materials with a low corrosion
rate. Protection against waterside corrosion is sought by developing modified
Zircaloys, acting on the heat treatment (beta-treated instead of conventional
alpha-treated) or on the surface state (anodization or electropolishing
instead of autoclaving). Alternative zirconium-base alloys are also
investigated for improved corrosion resistance (see Chapter III); however,
potential advantages of improved alloys can hardly justify the costs and risks
associated with the commercial implementation of a totally novel material,
except for reactors in which any other remedy fails to accomplish necessary
improvements.
6.2. The performance limitations due to waterside corrosion are reduced as
far as possible by acting on the corrosion itself, as mentioned here above.
The corrosion, however, cannot be completely eliminated so limitations of fuel
rod performances are still to be considered during the design phase or during
operation to reduce the consequences of corrosion and so increase the rods and
structure lifetime.

The channel bowing resulting from differential corrosion is reduced by
adopting thicker wall channels, if this option is open in the core design.
The channel bowing is also reduced by the reshuffling policy, in reversing the
irradiation conditions of opposite faces.

For the fuel rods, reduction of the performance limitations due to
waterside corrosion is not so easy, taking into account that the corrosion
itself is the main damaging process. However, a proper selection of the power
history can reduce the penalty coming from the oxide layer's lower
conductivity. In this respect, it is more interesting to have the higher heat
flux at the beginning of life when the oxide layer thickness is negligible,
and a low heat flux later in the presence of a thicker oxide layer.

7. CONCLUS IONS

Cladding coolant interaction is normally not a performance limiter in
the present power plant irradiation conditions (i.e. coolant temperatures,
heat fluxes and residence times). When these conditions are not satisfied or
if inappropriate coolant chemistry exists, waterside corrosion leading to clad
perforation is observed. Today, these clad failures generally occur in
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experimental reactors or loops or in power reactors operating with high fuel
rod heat fluxes and inappropriate water chemistry.

For the future, the present favourable conditions limiting the cladding
outer corrosion will not be maintained. The tendency is to increase the
coolant temperature, the assembly residence time (burnup extortion) and even
the heat flux. The probability of failure of waterside corrosion will
therefore be increased [11]. In the absence of accelerating factors, the
present situation extrapolation at higher temperature and times does not lead
to fuel performance limitation. However, the existance of catastrophic
"snowball" effects due to the lower thermal conductivity of the oxide and crud
layers constitute a serious performance concern at high burnup for the most
modern power plants.

For the fuel assemblies to sustain these future irradiation conditions,
the following recommendations are proposed:

The coolant chemistry must be monitored and controlled in order to
reduce the amount of deposited crud and the oxygen potential;
Material specification features influencing corrosion resistance
of zirconium alloys should be assessed and enforced;

- The development of zirconium alloys having a higher creep
resistance without degrading corrosion behaviour should be pursued;
The assembly design must optimize thermohydraulic parameters which
reduce locally coolant temperatures;
The core reshuffling policy must include guidelines for reducing
local hot spots (e.g. power tilt across fuel rods), for limiting
the corrosion consequences (e.g. channel bowing inversions) and
for running crudded and/or corroded fuel rods at reduced powers
(e.g. the in-out-in reshuffling policy).
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CONCLUSIONS
I. Rybalchenko

Interaction between fuel element cladding and water coolant plays an
important role in normal operation, can have a dominant role in accidental
situations and can lead to failure of fuel rods and activity release. The
existing experience shows that there were no significant problems related to
water coolant chemistry in power reactors [1,2,3,4].

For the future, the tendency will be to increase the coolant
temperature, extend fuel residence time in the reactor core (for higher
burnup) and increase the heat flux. This can lead to increased probability of
fuel failures due to waterside corrosion, corrosion product accumulation and
deposition. In order to prevent cladding failures in new conditions, either
more resistant cladding alloys should be used or improvements in water
chemistry be introduced.

The coolant chemistry must be monitored and controlled in order to
reduce the amount of deposited crud and the oxygen potential. The assembly
design must optimize thermohydraulic parameters which reduce locally coolant
temperatures. Modified zirconium alloys should have a higher creep resistance
without degrading corrosion behaviour.

Differences existing in various countries in collecting and evaluating
experience data on water chemistry and corrosion require some attempts to be
made to unify analytical methodics and procedures for better understanding of
operational data.

Additional analysis and research are required to understand the process
of corrosion product behaviour as well as the development of an overall model
of physico-chemical processes in reactor circuits.
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