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ABSTRACT

The fourteen reactors in commercial operation in
the Nordic countries exhibit a great variety of
corrosion induced damages. The largest number of
such damages have affected turbine plants and
seawater cooling systems. More severe cases of
corrosion which have been experienced are inter-
granular stress corrosion cracking of steam
generator tubing, stainless steel piping, and
high strength bolts and screws, and erosion-
corrosion of structural steel in turbine plants.

In all units in operation some form of corrosion
damage has occurred.

In a worldwide perspective the corrosion problems
in the Nordic nuclear power plants have been of
manageable extent.

This compilation of corrosion problems in Nordic
light water reactors has been performed within
the Safety Programme of NKA, the Nordic Liaison
Committee for Atomic Energy.



1 INTRODUCTION

Worldwide, different types of corrosion in light

water reactors (LWR) have caused shutdowns and

created serious problems of plant availability

and economics to the utility industry. Well-known

examples are intergranular stress corrosion

cracking (IGSCC) in austenitic stainless steel

piping systems of boiling water reactors (BWRs)

and a variety of corrosion related phenomena in

pressurized water reactor (PWR) steam genera-

tors.

In the Nordic countries (Denmark, Finland, Norway,

and Sweden) there are presently fourteen LWRs in

commercial operation: two BWRs from ASEA-ATOM

and two PWRs of Sovjet type WER-440 in Finland,

and seven BWRs from ASEA-ATOM and three PWRs

from Westinghouse in Sweden. Another two BWRs

from ASEA-ATOM have recently started operation

in Sweden.

Within the Safety Programme of NKA, the Nordic

Liaison Committee for Atomic Energy (the programme

is partly financed by the Nordic Council of

Ministers) , one of the tasks (NKS SA"K4) deals

with corrosion problems. Within this task a

compilation of experiences of corrosion in Nordic

nuclear power plants has been performed.
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WORLDWIDE CORROSION PROBLEMS IN LWRs

2 .1 Overview

Many LWRs have despite, in many cases, several

years of operation, not experienced any serious

corrosion problems. In other plants, both BWRs

and PWRs, corrosion is, and has been, a problem

that has significantly affected the performance

of the units. In some cases damages have appeared

after only a very short period of operation.

In 1980 - 1932 in the United States different

corrosion problems together caused a capacity

factor los

units (1) .

factor loss of about 7 % as an average for all

Today the two major problem areas in nuclear

systems are:

IGSCC in the weld heat-affected zones
of austenitic stainless steel piping in
BWRs, and

different forms of corrosion (e.g.
wastage, intergranular corrosion, denting^
IGSCC from both the primary and secondary
side, and pitting) in PWR steam genera-
tors.

Both nuclear and non-nuclear power plants have

experienced serious problems with stress corrosion

cracking in steam turbine rotors.

Corrosion problems in condensers and cooling

water systems are treated in another part of the

NKS S&K4 project (2). Thus, it is not considered

in this report.

m

total quivalent full power hours lost for
events of interest/period hours or clock time



2.2 BWR - Stainless steel piping

IGSCC in BWRs first came to public attention in

1974. This type of cracking occurs mainly in the

weld heat-affected zones of stainless steel

piping associated with the recirculation system.

PWRs are not liable to this crack phenomenon

because of their water chemistry. Although IGSCC

has occurred in a low percentage of pipe welds

it has caused a lack of plant availability. Over

the last decade there has been an increasing

number of incidents worldwide (Figure 1). Today

more than six hundred incidents (cumulative) are

reported (3, 4, 5).

Generally SCC requires the simultaneous interac-

tion of a susceptible metallurgical condition,

stress, and a specific environment.

In the case of pipe cracking the susceptible

metallurgical condition is chromium depletion at

grain boundaries when chromium carbides precipi-

tate as a result of heating during welding

(sensitization) . The stress required is tensile

and must have a magnitude of at least the yield

stress of the material. The envxronmental

component is high purity water that contains a

certain amount of dissolved oxygen. The oxygen

is produced by radiolytic decomposition of water

in the core.

In plants operating under normal conditions the

nominal environmental conditions can be altered

by a number of water quality transients. For

example chlorides, sulphates and other anionic

impurities may be present in the BWR coolant.

Low temperature sensitization is discussed in
Section 5 below.



At least some of them has been found to accelerate

IGSCC (5, 6).

A number of remedies to mitigate IGSCC in BWR

stainless steel piping have been developed (5, 7).

These remedies attack the above-mentioned basic

factors that constitute IGSCC. One of the materialÉB

related remedies is to use stainless steel that

has a maximum concentration of 0.02 % carbon and

nitrogen levels around 0.07 % (maximum 0.10 % ) .

By this low carbon content weld sensitization is

avoided, while the nitrogen provides for design

allowable stresses similar to that of conventional

stainless steel grades. The stress related

remedies introduce compressive residual stresses

on the inside of the pipe at the heat-affected

zones. The environment related remedies work by

suppressing dissolved oxygen and hydrogen peroxide

levels in the water. This can be accomplished by

hydrogen injection into the feedwater (8,9). The

theoretical basis is that it is assumed that

cracking can be avoided by keeping the corrosion

potential of the stainless steel, Ecorrr below a

certain electrode potential, that is the critical

potential for IGSCC, E . . To avoid the possi-

bility for IGSCC in high purity water, oxygen

contents below 5 - 1 0 ppb O_ are needed

(Figure 2) (8, 9, 10). M

2.3 PWR - Steam generators

PWR steam generators have been designed to last —

the life of the power plant, that is 30 - 40 yearsJl

However, these steam generators have experienced

corrosion and mechanically induced damage which M

has significantly affected their reliability.

Between 1971 and 1980 about 4500 days of pro-

duction were lost, worldwide, due to such problems

(11). More than 90 % of tube failures have been ~



caused by some form of corrosion (12) . An overview

of different corrosion problems and their location

within the steam generator is given in Figure 3.

Some different materials have been used for

steam generator tubing (13). Alloy 600, a nickel-

base alloy with approximately 76 % nickel, 15.5 %

chromium and 8 % iron, is the most widely used

material. Alloy 800 (32.5 % Ni, 46 % Fe and 21 %

Cr) is used in reactors designed by Kraftverk

Union and Monel-400 (66.5 % Ni, 1.2 % Fe,

31.5 % Cu) in some CANDU reactors. Stainless

steel tubes are also used in some reactors. Out

of the five PWRs in the Nordic countries, two

(Loviisa 1 and 2) are equipped with stainless

steel tubes, and three (Ringhals 2, 3 and 4)

with Alloy 600 tubes.

Throughout the last decade the dominating failure

mechanism has altered (Figure 4) (12, 14, 15, 16).

In 197t3 - 1976 wastage was dominating. The wastage

or tube thinning occurred in steam generators

which used sodium phosphate for secondary-side

water chemistry control. It occurred in regions

above the tube sheet where sludge had accumulated.

To avoid the problem most units switched to- all

volatile treatment (AVT) of the secondary water.

Since then the wastage appears to have diminished

so that it is no longer a serious problem for

those reactors. However, units which continue on

phosphate chemistry have experienced further

wastage like some older German reactors with

Alloy 800 tubing.

Canada Deuterium Uranium. (Pressurized heavy
water reactors)
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After changing to AVT, about 1976, another corro-
sion phenomenon, known as denting, appeared in

many reactors. The feature of this type of attack i
is heavy magnetite build-up in carbon steel

support plate tube holes. When the carbon steel I

corrodes, magnetite is formed occupying about

twice the volume of the uncorroded carbon steel. U

Growth of this magnetite deposit squeezes the

tubing causing a distortion or denting* The ^

accelerated corrosion is attributed to acid JB

chloride attack in the crevice area. The source

of chloride is condenser inleakage. In 1981 H

denting had nearly been eliminated as a cause of

failures. This has been accomplished by control fÉ

of the secondary water chemistry by improved

condenser performance or condensate polishing ^

(17). W

Stress corrosion cracking of Alloy 600 tubes •

from the primary and the secondary side has

become a more important cause of tube failures •

since about 1979. Primary side cracking has

occurred at points of high stress concentration g|

such as the apex and tangent point of tight •

U-bends, roll transition regions within the tube —

sheet, and dented support plate intersections. |

The cause is presently not known, but it is

believed that the cracking is aggravated by •

hydrogen overpressure, dynamic straining and

cold work (15) . The use of so-called thermally g|

treated Alloy 600 or Alloy 690 (final heat ™

treatment around 710°C for 12 - 15 h) is ^

believed to reduce this problem (18). |

Steam generators with a deep tube-to-tube sheet I

crevice may experience secondary side IGSCC or

intergranular corrosion (IGC) in this area. In É

most cases the problems are found in reactors

which earlier used phosphate treatment of the I



secondary water. Units with closed crevices are

less likely to experience these failure types.

Although IGC and IGSCC are initiated in areas

where impurities, most likely caustic forming

impurities, concentrate as a consequence of

temperature gradients, the causes are not

understood.

IGSCC from the secondary side has also been

observed in a few reactors with no history of

phosphate treatment (12).

Recent studies indicate that the corrosion

reaction may be more complex (15). An indication

is that in the laboratory IGC has been produced

in a 12 % NaCO, solution without any other

additives (19).

Extensive pitting on the cold leg side of the

steam generator on the secondary side of the

tubes has been observed in some units. It is

speculated that the pitting is related to the

presence of sludge and scale, in particular

sludge and scale with high copper or copper

oxide content (20). The presence of chlorides

and air exposure may also play an important role

(15).

These different corrosion problems have been

experienced in a large number of units.



Steam generator problems in USA (August 1982) (20)

Problem

Denting

Wastage

Primary side

Number

(total

IGSCC

Secondary side IGC/IGSCC

Pitting

No problems

No problems (.> 5 years operation)

of

99

30

28

22

22

3

32

4

units

units)

*

(of 52)

In several units these problems have been halted

or slowed downed. However, at present seven

units have completed steam generator replacements,

six in USA (Surry 1 and 2, Turkey Point 3 and 4,

Point Beach 1, and Robinson) and one in Germany

(Obrigheim). Some other are considering replace-

ment as an alternative to solve their steam

generator problems, or have already decided to

replace them.

2.4 Steam turbine rotors

Stress corrosion cracking of steam turbine rotors

in both nuclear and non-nuclear plants has over

the last decade received attention because of

the significant number of detected cracks and

because of occasional rotor bursts. The cracking

is primarily observed in the shrunk-on discs of

the built-up rotor.

n
I!
I
I

Between 1971 and 1980 about 6400 days of production^

were lost in nulcear power plants, world wide,

due to problems in turbines and generators. That I
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is 40 % more than caused by the above mentioned

steam generator problems (11). Well over 60 % of

all low pressure steam turbine rotors in US

nuclear power stations have shown stress corrosion

cracking (21) . The cracks are generally inter-

granular but transgranular cracks have also been

observed. The cracking is believed to be due to

sodium sulphite and chloride contaminations.
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3 INCIDENTS IN NORDIC LWRs

In a worldwide perspective the corrosion problems

in the Nordic nuclear power plants have been of

a manageable extent. Anyhow, some incidents have

attracted attention, such as the cracked core

grid bolts at Forsmark and Olkiluoto (TVO), the

Ringhals 2 steam generator problems, and the

IGSCC in stainless steel piping at Ringhals 1.

Some selected topics are presented below, but

the earlier problems with condensers and sea-

water cooling systems, are not treated in this

report (see Paragraph 2.1).

3.1 Core grid bolts at Forsmark and

Olkiluoto

During the annual refuelling shutdown in 1982,

after only a few years of operation, extensive

cracking was detected in core grid bolts at

Forsmark 1 and 2 (22). Ultrasonic testing

indicated defects in about 30 % of the 700 bolts

in each reactor.

After receiving information on the failures at

Forsmark the corresponding bolts were inspected

ultrasonically at Olkiluoto. About one tenth of

the bolts were found to be almost broken and

about one third of them showed indications of

cracks (23).

In both Forsmark and Olkiluoto the bolt material

used was A286, a precipitation hardening

austenitic stainless steel with about 15 % Cr

and 25 % Ni. High tensile properties are obtained

by aging at 720°C for 16 hrs. The bolts were

loaded close to the yield strength and the

failures were caused by IGSCC. In older plants

components of A286 have experienced lower
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tensile stresses and no failures have occurred

(22) .

In the four affected reactors all of the about

2400 bolts were replaced by new bolts in other

materials, such as AISI 304L and 316L.

3.2 Stainless steel piping at Ringhals 1

As mentioned earlier IGSCC in stainless steel

piping is one of the major sources of operational

disturbance in BWRs. For many years the Nordic

BWRs were preserved. Only a few peculiar cases

have been reported (24). In 1982 the first case

which, due to results from non-destructive

testing, was believed to be of a generic nature

appeared at Ringhals 1. In april 1983 ultrasonic

testing was performed, according to an earlier

planned program, and thirtyfive indications were

obtained. Metallografic examinations of removed

parts later revealed only eight stress corrosion

cracks, out of which two were not picked up by

the ultrasonic testing (25)• All indications

were in pipes with a diameter of 100 mm. The

cracks were found in two heats of stainless

steel with a carbon content of about 0.05 % (8).

Although the cracking was not as extensive as

first apprehended the Swedish State Power Board

decided to replace about 275 meters of piping

by low carbon (<0.02 %) stainless steel pipes.

Other BWRs were also inspected for IGSCC and

only a few cases of IGSCC were detected in

Barseback and Oskarshamn (25, 26).

3 . 3 Steam generators

Ringhals 2 was put into operation in 1974, initi-

ally with a congruent phosphate secondary water
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chemistry, which was changed to all volatile

treatment (AVT) after a few months of operation

at low power. The steam generators have mill

annealed Alloy 600 tubing.

In the course of time the unit has experienced

several corrosion problems, for example (27, 28)

denting

primary side IGSCC at both tight U-bends
and roll transition zones

secondary side IGSCC in the tube-to-
tube sheet crevice region, and

slight intergranular corrosion from the
secondary side within the tube-to-tube
sheet crevice.

Moderate denting was first observed in 1977 and

during the next two to three years the secondary

water chemistry was improved step by step. After

having retubed the condensers with seal welded

titanium tubes (completed in 1980) denting has

been arrested.

Primary side IGSCC was first observed in tight

U-bends in 1979 and preventive plugging of all

row-1 tubes was performed. Two years later IGSCC

was observed at the roll transition zones on the

hot leg side (320°C) of the steam generators.

Examinations of removed tubes show that the

greater part of the tubes are subjected to this

type of cracking (28).

The most severe problem today is secondary side

IGSCC in the tube-to-tube sheet crevice region.

Since it was first detected in 1981, it has led

to a number of unscheduled shutdowns. Axial

cracks are found in the main part of the tubes

(27). The environment in the crevices is not
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fully established but analyses made on the

removed Ringhals 2 tubes show that the main

substances are iron, phosphate, nickel, silicon

and sodium. Minor amounts of a large number of

other species have been found.

In order to secure future operation of Ringhals 2

the Swedish State Power Board has decided to

replace the steam generators in 1989.

In Loviisa, which is equipped with horizontal

steam generators with stainless steel tubing,

pitting has been observed. It may be a manu-

facturing defect (13).

3.4 Erosion-corrosion

Erosion-corrosion in other parts than condensers,

has been experienced in both PWRs (Loviisa) and

BWRs (Olkiluoto, Oskarshamn, and Forsmark)

within the turbine plants.

At Loviisa the erosion-corrosion appears in high

pressure reheaters (29) . It is caused by corrosion

products originating from the condensate line,

where about 400 ppb of iron has been measured.

Low iron content in the water has been shown to

be important in keeping erosion-corrosion under

control in water steam circuits (30) . VJithin the

reheater the temperature is low (around 150 C)

and at that temperature the solubility of

magnetite in water is high. Thus, a protective

magnetite layer is not formed on the structural

steel, giving high corrosion rates.

At Olkiluoto and other BWRs erosion-corrosion in

structural steel parts exposed to wet steam or

steam/water mixtures at low temperature (following

the high pressure turbine) has caused trouble
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(31). Like

in Loviisa the erosion-corrosion is facilitated

by the absence of a protective magnetite layer

due to the low temperature. The problems can be

mitigated by replacing critical parts by stain-

less steel or applying a surface layer of a

resistant material.

3.5 Irradiation induced IGSCC

During the 1984 refuelling shutdown of

Oskarshamn 1 intergranular cracks were detected

in guide bar screws in the core grid (32). The

screws are made of Type 316 stainless steel and

are not sensitized. The cracking mechanism is

believed to be irradiation induced IGSCG.

Oskarshamn 1 has been in operation since 1972.

At present the extent of cracking is not

completely known.

3.6 Other corrosion related problems

One problem experienced by most BWRs in the

Nordic countries is IGSCC in screws in the top

tie-plate on the fuel bundle. These were made of

the high strength nickel-base Alloy X-750. The

counter-measure was to replace the parts by

components made of Alloy 800.

Moisture separator reheaters with stainless

steel tubing have experienced chloride induced

stress corrosion cracking front the shell side

(33, 34). Reheaters which have carbon steel or

Alloy 800 tubing in the outer tube rows have not

experienced SCC in this part.
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Apart from the described problem areas there are

^^ in each unit several others where corrosion may

(i deteriorate the structural material for instance

^D - IGSCC in core spray pipes,

IGSCC in generator end rings,

H - IGSCC in control rod guide tube pins,

^ - general corrosion in the cooling systems
H of the diesel units, and

• general corrosion in the cooling systems
tM of the generators.

•

Pi

3. 7 Synopsis

The corrosion damages experienced in Nordic

nuclear power plants are of different nature

like

stress corrosion cracking,

erosion-corrosion, and .

general corrosion in cooling water
systems,

and, a large number of systems and materials are

affected. Without any order of precedence these

.are

steam generator tubes in nickel-base
Alloy 600,

stainless steel piping in BWRs,

sea-water cooling systems (copper-base
alloys) ,

turbine plants (low alloy steel), and

structural core components (Type 316
stainless steel, A286, and nickel-base
Alloy X-750).
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4 SUMMARY

Within a joint research project between the

Nordic countries the corrosion problems in

Nordic light water reactors have been compiled

and compared to international experiences.

The fourteen Nordic reactors in commercial opera-

tion, nine BWRs and five PWRs, exhibit a great

variety of corrosion induced damages. The most

commonly experienced types of corrosion problems

are stress corrosion cracking (stainless steel

piping, steam generator tubes in nickel-base

Alloy 600, bolts and screws in hich strength

precipitation hardening stainless steel and

nickel-base alloys) and erosion-corrosion

(structural material in the turbine plant). The

largest number of corrosion damages has affected

turbine plants and sea-water cooling systems.

Internationally two major problem areas can be

pointed out:

intergranular stress corrosion cracking
in austenitic stainless steel piping in
BWRs, and

different forms of corrosion in PWR
steam generators.

Both these types of corrosion problems have been

* detected in Nordic reactors. The first-mentioned

problem has only occurred to a limited extent.

Corrosion damages in steam generators have only

been observed in one unit/ although severe in

that case, namely Ringhals 2. The corrosion

damages have led to a decision to replace its

steam generators in 1989.
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In an international perspective the corrosion

damages experienced in the Nordic nuclear power

plants have been few and of a manageable extent.

This is illustrated in capacity factors of the

BWRs considerably higher than the average for

other plants in the world (11, 26, 35). The best

performance of the Nordic LWRs is shown by the

Russian PWRs at Loviisa (3). The main reason why

the Westinghouse PWRs at Ringhals have not been

able to exhibit the same fine results, is

problems with the steam generators.
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5 WHAT TO EXPECT IN THE FUTURE

In the course of time different forms of corro-

sion have considerably affected the operation of

nuclear power plants all over the world. Often

corrosion becomes more extensive when the age of

the equipment increases. Today only a limited

number of nuclear units are older than ten years

while their designed lifetime is thirty to fourty

years. On the other hand large efforts are made

to eliminate or slow down known problems and to

avoid them in future plants.

When looking at IGSCC iii sensitized austenitic

stainless steel piping in BWRs it is the high

carbon material (max 0.08 %) that has caused

problems. In the Nordic countries lower carbon

contents (max 0.05 %) have been specified and

this may reduce the extent of cracking. Research

has, however, revealed a phenomenon known as low

temperature sensitization (LTS), that is sensi-

tization at normal BWR temperatures (286°C). It

is not known today whether LTS will cause any

problems during the lifetime of a reactor (26).

The efforts in USA and Japan to avoid BWR pipe

cracking have been focused on materials and

stresses. In Sweden the efforts have been concen-

trated on the environment. Tests with "alternative

water chemistry" (that is hydrogen injection -

see Paragraph 2.2) have been conducted in some

units, for instance Ringhals 1 (7, 8).

In PWR steam generators using nickel-base

Alloy 600 one corrosion problem has succeeded

the other. The remedial efforts made have been

successful but new problems have often

arisen in plants in operation (Figure 4). The

prospects for new steam generators (for new PWRs
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For PWRs using stainless steel tubing in their

•

steam generators (like Loviisa 1 and 2) the main

threat is ingress of chlorides through leaking

condenser tubes. These chlorides may cause trans-

granular stress corrosion cracking of the steam

generator tubes.

•

•

I
I
I
f
f
I
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or for replacement steam generators) are better.

In these more resistant alloys can be used, like

thermally treated Alloy 600 or Alloy 690

(see Paragraph 2.3). In general the need for a

better control of the secondary water chemistry

is being recognized (37, 38).

IGSCC in high-strength precipitation hardening

alloys (for instance X-750, 718 and A286) is a

problem common to both BWRs and PWRs. A number

of reactor components have been affected, like

bolts, pins, beams and springs (39). The majority

of the components are used in core and fuel

assembly locations. Recently some cases of IGSCC

in non-sensitized stainless steel bolts in core

components have been experienced in BWRs (see

Paragraph 3.5). What is the role of irradiation?

At present the causes for component degradation

is not understood.

An other area that may cause future problems is

erosion-corrosion in the turbine plants of

existing PVJR and BWR units. Deterioration rates

up to 1.5 mm/year have been measured in some

cases (30) . Important parameters are pH,

material composition (e.g. Cr, Cu, Mo), flow

path geometry, temperature, and oxygen level.
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Figure 1

BWR pipe cracking incidents (3, 4, 5)
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Influence of oxygen content on intergranular stress
corrosion cracking of BWR stainless steel piping.
Continuous curve gives Ecorr as a function of
oxygen content, and shaded line shows lower limit
of IGSCC, i.e. Ecrit (9).
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Worldwide distribution of steam generator
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