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ABSTRACT 

The operational experience of FRAHATOME 
plants now extends to more than B years with a 
total of 35 PUR plants «missioned and in ope
ration for periods of t i e * varying fro> 1 to 
7,5 years. Overall r the 1.600 Steam Generator 
(S.G.) tubes are significantly free from secon
dary side corrosion problems. On the primary 
side, several Instances of stress corrosion 
cracking have occurred, this cracking Is princi
pally i t the transitions of the «echinical ro l l 
1n 1.600 K i l l Annealed tubing. 

This ?*r*~ reviews the design and « i ter fa l 
changes whun nave been, or are being, introdu
ced to improve the resistance to corrosion. In 
addition, the application is described of the 
FRAHATOHE shot peering surface treatment to the 
priaary side tube surface of the mechanically 
rol led expansions. The objective of this t reat 
ment is to increase the resistance to primary 
side stress corrosion cracking by appreciable 
reduction of the surface tensile stresses. The 
steam generators of several operational plants 
have been successfully treated by this technique. 

INTRODUCTION 

At December 19BS, the operational experience 
of FRAHATOME designed and bui l t PVR plants exten
ded to 40 units cosnissioned and in operation 
of wtriclT^6_ units »n in France and 4 units are 
In Belgium and South Africa. The complete l i s t 
of plants Is given in Table ! together with the 
date of commercial operation. 

I t can be seen that the maximun operational 
experience at any one plant is almost 9 years 
(Fessenheim 1 commissioned early 1977) with 
12 units exceeding 5 years 1n operation. During 
this period of time no significant corrosion 
related problem has been found on the secondary 
side of the S.G. tube bundles. However, within 
the last 2-3 years some problems of primary side 
cracking (Inner surface of the S.G- tubes) have 
occurred on the 1.600 H i l l Annealed tubing of 
several units- mostly at the ro l l transition 
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zone at the top of the tube sheet 1. 

This paper reviews the significant design, 
material and operational aspects relevant to 
this operational experience, together with the 
measures taken to provide greater margins to 
corrosion resistance. In articular for prlaary 
side cracking. 
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These Improvements which have been applied 
to the tube Material together with the s t r ic t 
controls of the secondary water chemistry to 
avoid the entry of contaminants, are providing 
• good defensi against secondary side corrosion 
processes. 

PMHARV SIDE CORROSIOH BEHAVIOUR 

The occurrence of primary side stress cor
rosion cracking as a significant problem in 
French plants is relatively recent (since 1983). 
There are two main locations for the cracking : 

- at the f i r s t row bends at the transition point 
between the straight leg end the bend, 

• at the transition of the eechanicil roll at 
the lop of the sheet and, exceptionally, in 

•- the rolled zone within the tube sheet region. 

Both locations are characterised by locally 
highly stressed rones (residual + applied stres
ses) at geometric discontinuities and are not 
specific to FRAHATOHE plants. Similar cracking 
has been found in Belgium and Swedish plants as 
well as several U.S.A. and Japanese plants, a l l 
of the cracking to date has occurred 1n 1.6DOKA 
tubing. In contrast to the secondary side corro
sion phenomenon, there is no evidence of che
mical contamination playing a significant role 
In the cracking mechanism. I t 1s now recognised 
that the cracking 1s due to the combination of 
high stress and susceptible tube materiel of 
which the principal aspects ere : 

• a significant "incubation time" before i n i t i a 
t ion of cracking, 

- a strong temperature dependence (cracking 
occurs in the hot legs long before the cold 
legs a t the rol l transitions zones), 

- a large scatter-bind in 'cime to in i t ia t ion of 
cracks' in different heats due primarily to 
different Material susceptibilities. 

U-bend cracking 

A review of the U-bend cracking problem 
has been made by Begley et a l * . I t appears that 
the geometrical discontinuity i t the transition 
between the straight tube end the bend is a 
prime cause of the cracking. Such a discontinui
ty has been attributed to one method of tube 
bending used by one tube manufacturer, and 
indeed almost a l l the confirmed cases of crack
ing have occurred in tubing from this manufac
turer. At a l l events, the problem is restricted 
to the a u 11 radius bends -so far to row 1 . In 
France, a l l leaking row 1 tubes have been plug
ged and 1n some plants (as in the U.S.A.) a l l 
row 1 tubes from this one manufacturer have been 
plugged as a preventive measure. 

Roll transition cracking 

Good descriptions of the experience of this 
type of cracking in French and other plants in 
both partially rolled and ful ly-rol led tubes are 
given 1n References ?* B, 9, 10. 

As previously indicated, a l l tubes to date 
where cracking has been confirmed have occurred 
In the 1-600 KA condition. Operational experience 
with 1.600 TT (thermally treated tube) -no crack
ing to date- is United to about 35 000 K at 
Surry 2 (replacement S.G.) and about 20 000 H 
in France. 

The ini t iat ion of cracking in service (or 
more specifically the time to the confirmation 
of cracking by nan-destructive examination or 
by tube leaks) varies from about 10 000 H 
(Doel 3) to more than 50 000 H. Of course, «any 
apparently uneracked tubes exist 1n S.G.'s with 
operational exposures of up to about ISO 000 H. 
Apart from the slightly different operating 
températures which influence the time to i n i t i a 
tion of cracking, the var iabi l i ty of susceptibi
l i t y to cracking of the industrially supplied 
1.600 MA tuctng is probably the most important 
factor In determining the time to crack In i t ia 
t ion. 

Better cr i ter ia now exist for optimising 
the Bi l l annealing teaperature and carbon content 
to obtain a microstructure with good resistance 
to cracklngll, however, i t Is clear that the 
vast majority of tubing in the H i l l Annealed 
condition incorporated Into the operating S.G.'s 
does not conform to this optimisation and thus 
has a very variable and probably generally 
poor resistance to primary side cracking. 

Application of shot peening to S.S.'s on 
site to improve resistance pi tubing f5~ 
primary stress corrosion creciting 

In response to the specific objective of 
developing a preventive method to improve the 
resistance of the rol l transition zones of the 
5.6. 's tubing for application to newly construc
ted or operating plants, fRAMATWE have now 
qualified and applied a shot peening technique. 

The essential characteristic of the nethod 
is to provide * surface at the cr i t ica l zones 
on the Interior of the tube which has a much 
reduced tensile stress (or indeed a compressive 
stressj. Tne presence of a low tensile stress 
or a compressive stress effectively guarantees 
the prevention of stress corrosion cracking. 
This technique has already been applied in 1985 
to some French plants and some non-French plants. 
Table 4 ; further plants are scheduled to be 
treated 1n 1986/87. 



SECONDARY SIDE BEHAVIOUR 

The major corrosion problems confrontl ng the 
c i r ly operation»! ptoses of the f i r s t M r l d 
wide niR's (1967-75) «ere on the secondary side 
of the S.6. These problems are well known and 
documented*»* (stress corrosion cracking, thin
ning, denting, pitting) ; they are characterised 
by Inadequate design and material choice, and 
poor control of the secondary side water che
mistry -Table 2. 

l i l i [ J 

FRAMATOMF. started their major construction 
programs in 1970 and benefited to some extent 
fro» this early world vide operating expe
rience*. For example a l l the FRAJWTflHE S.G.'s 
have tubes fu l ly expanded 1n the tube sheet 
( a l l «re mechanically rolled except Fessenheiml 
which was explosively expanded) ; also, certain 
design Measures were Introduced to improve the 
horizontal water flow across the top of the 
tube sheet to minimise sludge deposit. However, 
the "denting" problem was not identified unt i l 
a f ter the start of the French construction pro
gram, so consequently the f i r s t 19 plants 
(57 S.G.'s) of the early units were fabricated 
with carbon steel support plates and with 
dr i l led tube holes (9 S.G.'s have carbon steel 
plates with quadrifoil holes). These S.G.'s 
have so far been in operation for periods up 
to 9 years without showing any evidence of 
"denting" corrosion even with sea water cooling 
(Gravelines plants). All S.G.'s subsequent to 
the f i r s t 19 plants have tube supports 1n 13 S 
chromium steel with qgadrlfoil tube holes. 

One of the principal reasons for the good secon
dary side performance Is the absence of signi
f icant contaminants in the secondary water. I t 
was realised in the early stages of the French 
PW program that good chemistry control was 
essential to avoid corrosion problems. Str ict 
at . f t t ion to cleanliness and severely minimi-
ï~ i the entry of contaminants have been key 

factors In the pre-start-up. commissioning and 
operational phases of the program. The plant 
operators have been successful 1n maintaining 
a vtry good chemistry as indicated by Table 3. 
The genera! trend with increasing experience Is 
to an average value of 0,30KS/cmZ ationfc 
conductivity during a complete fuel cycle. 
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Two additional improvementshave also been 
introduced in FRAMATCHf. plants which increase 
the resistance of the tube material to corro
sion -"kiss roll ing' and the application of the 

ff3 
fCial thenaal treatment to the 1.600 tubing 
.fiOO T T ) . 

The "kiss-roll" technique was introduced in 
1977 to reduce the high tensile stresses exis
ting on the outer surface of the tube at the 
top transition or the mechanical rol l thereby 
improving the resistance to secondary side 
Stress corrosion cracking. The "kiss r o l l " 
technique consists of applying a subsequent 
local l ight mechanical expansion to the rone of 
the transition of the fu l l mechanical ro l l as 
shown In the uottom part of Figure 3. The 
technique and i t s experimental just i f icat ion are 
well described5. (ffcrU that the equivalent 
French designation for kiss ro l l is *0.A.H."J. 

Subsequently, in 1979, the special thermal 
treatment (15 hours at 700"CJ was adopted for 
the standard tube material in place of 1.600 
Mill Annealed. The principal effects of this 
treatment are a reduction of the residual stres
ses 1n the tubing and a modification of the 
microstructure of the tubing in respect of 
carbide distribution at the grain boundaries, 
both of which contribute to an overall improve
ment in corrosion resistance. This improvement 
Is particularly marked in the resistance to 
stress corrosion cracking both to primary water 
and contaminated secondary watec Reference 3 
provides further information on this treatment. 
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The principles of the procedure are shown 
in Figures 1 and 2. The appropriate zone of the 
tube is treated by the insertion into the tube 
of • coaxial tube carrying a special nozzle from 
which snail metallic beads at high speed en 
projected under pressure over 360" directly on 
to the tube surface. Axial noveaent of the nozzte 
ensures complete treatment of the required zone. 
The space between the coaxial tube and the tube 
Inner surface 1s Maintained under severely re
duced pressure by a vacuun punp In order to 
recover the beads under suction for recycling. 
This suction limits the presence of the metallic 
beads to the part of the tube being treated and 
prevents the beads from entering further into 
the primary circuit ; complete recovery of the 
bead» is achieved. 

A=T 

*.i».VéH*M*WMW,*/f/fiVft* 
The shot peening parameters have been 

optimised to provide an effective and reprodu
cible compressive stressed zone w<th minim» 
effect on the tube external surface stresses. 
X-ray measurements, Figure 3. have shown the 
presence of a 600 MPs maximum compression stress 
at the surface, the zone under compression ex
tending to a depth of about 100 J*. (0,1 mm). 

The value and depth of the compressive stres
sed zone is not very sensitive to the parameter 
optimisation thus giving a useful flexibility 
for site application. Moreover» double treatment 
of a tube, 1f i t should occur by error, is not 
serious, as the compressive stress 1s really a 
saturation stress and no significant additional 
stress or Indeed deleterious effects occur. 



Strain gauge results on the outside surface 
of the tube after shot peenlng show that the 
tensile stresses r e n i n quite row. Table S ; the 
aaxlaua additional tensile stress lapartcd to 
the tube 1s of the order of 30-40 MPa. 

cracked tubes. 
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* tî&S£5£S rï corrosion tests_gn^shgt_OMned 

fïiillisËisl --—-—---— 
Hany corrosion tests have been made to 

confirm the effectiveness of the shot peening 
technique, these include stress indexing tests 
in boiling nagnesiin chloride solution on auste-
ni t ic stainless steel tubing and accelerated 
tests on 1.600 tube/tube sheet aock-ups in te t ra -
Uiion*te and 10 I caustic solutions at tempera
ture and pressure. Within the range of optimised 
parameters of shot peening, the treatment gave 
100 S protection whilst a l l the reference samples 
(not shot peened) cracked, for i l lustrat ion 
Table 6 summarises a series of tests carried 
out in 10 % caustic solution at 350°C with tubes 
under lâO b pressure. 

* î**î3_on_precracked^tubçs 

The shot peening technique is a method 
applied to prevent the ini t iat ion of cracks ; i t 
can not "recover" tubes which are already cracked 
although 1t can prevent the ini t iat ion of new 
cracks. In application of the aethod to $.E.'s 
which have already operated, i t oust be assuaed 
( i f not already known} that cracks aay already 
have In i t iated (but not necessarily propagated 
through-wall) in soae tubes. Consequently, I t 
was essentia) to deteraine that at least no 
significant deleterious effect would be created 
by the application of shot peening to already 
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Various tests have been carried out in 
stress indexing aagneslua chloride. 1n pressuri
sed 10 X caustic at 3S0*C and in pressurised 
water at 360"C. Test saaples were precracked, 
half were retained as reference saaples and the 
other half shot peened, a l l saaples were then 
tested in the appropriate test aedia. Figure 4 
I l lustrates the results obtained with test 
samples precracked in pressurised water and 
tested In pressurised water at pressures very 
auch higher than would be applicable to nomal 
operating conditions. 



The general conclusfon of these tests Is 
that the results conflm that the shot peening 
prevents In i t ia t ion of further cracks and does 
not cause significant deleterious effects on 
already cracked tubes. Additional verification 
tests are now being carried out In similar tests 
but at pressures more representative of service 
conditions. 

The treatment of one empiète steam gene
rator takes about 10 days i f t*s transition 
tone Is treated and about 16 days for the fu l l 
length of the tube in the tube sheet. Normally 
a l l S.G.'s «re treated in parallel to reduce 
total site time. 

Inevitably, on in operational S.G. pick-up 
of act iv i ty and man-rem exposures become impor
tant. The beads become slightly radioactively 
contaminated by pick-up from tube surfaces even 
through there is insignificant loss of metal/ 
oxide fro» the tube surface. 

Progressive site experience has resulted 
in a significant reduction in the total dose 
received as shown in Figure 5 and has been 
achieved by equipment Improvement. This dose 
could be s t i l l further reduced by a decontami
nating operation of the beads. 

Needless to say the shot peening procedure 
applied to a non-active S.G. (application before 
conjnissioning of the plant) has significant 
benefits which streamline the overall operation 
«nth consequent reduction of cost. 

Development is also In hand to extend the 
application of the method to the small U-bends 
which mould avoid the preventive plugging of 
row 1 tubes. 

TUBE HWBUM 

lnconel 600 TT has generally better overall 
corrosion performance than 1.600 KA «nd this 
applies also to resistance to primary side 
stress corrosion cracking. This Improvement 
has been demonstrated in many different envi
ronments tested in the laboratory -the vast 
majority being accelerated tests. However, i t 
is currently impossible to convert these 
•improvements" into precise quantitative factors 
for specific operating conditions due to : 

1 . the degree of improvement obtained in one 
accelerated environmental condition is not 
necessarily the same as In another environ
ment, and 

2. there 1s no currently igreed basis on how 
to establish a quantitative relationship. 

Several efforts are underway to attempt a 
quantitative relationship for primary side 
stress corrosion cracking but, at the moment. 
I t is d i f f icu l t to know with confidence whether 
1.600 TT tube material, under the sue opera
tional conditions as that which cracks 1.60Q HA. 
wi l l have a sufficiently long incubation time 
against cracking to last the lifetime of the 
plant. The variabi l i ty found 1n different heats 
of material in laboratory tests suggests that 
the factor of improvement achieved 1n some 
heats may not be sufficient. 

FRAHATOME adapted the Inconel 69D thermally 
treated materia) as i ts standard tube material 
in 1984 on the basis that this alloy exhibits 
even better overall corrosion resistance than 
1.600 TTÏ2 -particularly in respect of primary 
water stress corrosion cracking. This material 
is being Incorporated in the last two units of 
the French 1300 Ml series of plants and the 
f i r s t Trench 1400 Mf model (under construction) 
and wi l l be used 1n a l l future plants. 

Although the same di f f icul ty arises for 
I.690 in the quantitative assessment of impro
vement, a l l the laboratory tests indicate a 
significant improvement in resistance which 
therefore provides an even greater margin 
against corrosive action to the 5.6. tubes. 

CONCLUSIONS 

Progressive experience with the40 FWVUTOHE 
plants already operational and with a maxim» 
of 7 years operation has so far revealed very 
good performance against corrosion processes on 
the secondary side of the steam generators. 

Primary side stress corrosion cracking of 
Inconel 600 Mil l Annealed S.6. tubing has occur
red in a number of plants at two specific loca
tions -small radius bend transitions and in the 
expanded tube tones. The changes made to the 



tube u t e r l i l - In 1979 « chtnge to "Inconel 600 
specialty thermally treated' tube and then to 
"Inconel 690 themalty treated" in 1984- t r i l l 
laprove significantly the resistance to this 
type of cracking. 

The application of the FRAMATOHE procedure 
of shot peenlng of the Inner surface of the 
1.600 Mi l l Annealed tubing, at the zones aost 
susceptible to cracking, t r i l l Inhibit the i n i 
t iat ion of the stress corrosion cracks. This 
procedure has already been applied to five 
operational plants between July and December 85 
and at least 12 other operational plants tri l l 
be treated in 1986. 
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