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Belgian Approach to Steam Generator Tube
Plugging for Primary Water Stress Corrosion
Cracking

Belgian s2am generators operate with numerous through-wali
cracks in the expansion transition region of the tubesheet without
impairing plant reliability or safety A crack-length-based plugging
limit coupled with advanced eddy-current inspection techniques
to determine actual crack lengths makes this possible.

For a number of years, three Belgian nuclear power plants have axperi-
enced primary water stress corrosion cracking (PWSCC) in the xpansion
transition area on a very large number of tubes. One of the pl ints has part-
depth rolled tubes, and others have full-depth expansion. The cracks in
these tubes are predominantly through-wall, and though they have posed
neither a safety nor a reliability problem, a unique management approach
has been needed to avoid the excessive plugging required with a depth-
based plugging hmit

o document the Belg.an experience with PWSCC in the tubesheet expan-
sion zone; 1o present the salety philosophy and underlying principles of a
crack-length plugging limit

The authors, scientific and technical personnel representing the Belgian
utilities, gathered historical information about the Belgian plants, including
In-service leak rate data. They examined the outage leak measurement
methods in use and made a statistical evaluation of the number and length
of cracks, determined by rotaling pancake eddy-current coil examination.
They also analyzed the development of plugging limits and supporting
bases. Two reports were prepared: EPRI report NP-6626-SD, a detailed
compilation of the results, and NP-8626-M, a brief summary.

Leakage expenenced with expansion transition PWSCC in three planis—the
Doel-2, Doe'-3, and Tinange-2—and pulled-tube examinations from Doel-2
and -3 correlate with eddy-current indications associated with these cracks.
Calculation procedures used i Belgium, ditferent from NRC Regulatory
Guide 1121 (drat), determine zritical crack sizes for axial and circumferen-
tial detects. A multifrequency eddy-current method using a rotating pancake

EPRI NP-8626s M

Elgotric Power Research Institute













ABSTRACT

Far & number of years, three Belgian nuclear power plants have
axperienced primavy water stress corrosion c¢racking ( PNSCC) 1n the
expansion Ltransition area on a very large number of tubes One of tha
plants has part depth rolled tubea and the others have full depth
axpansion The report presents a review of the leakage experience
associated with PHSCU in the Doel 2, Doel 3 and Tihange 2 Nuclear
Power Plants and illustrates the Lype of cracking observed on pulled

tubaa from Doel 2 and Doel 3

The felgian units operate with numercous through wall cracks without
impairing the safety and the reliabiiity of the plants. This 1ia
achieved by & safety approach based on the extens)ve use of advanced
non-deatructive axamination (NDE! techniques and the development of
new plugging limits These limitsn are derived from a realistic
interpretatiaon of NRC Regulatory Guide 1 121 and are backad up by a

pubstantial experimental progeam

The repaort details the eatabliahment of plugging limita for both axial ;
and circumferential eracks 1n the roll transition area of full depth f
rolled tubes. The LARORELEC eddy current rotating probe (RPC)

technology and aascoiated crack sizing methodology ar:» also descoribed
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Section 2

PLANT EXPERIENCE

2.1. INTROUDUCTION

For a number of years, three Belgian nuclear power plants have

experienced primary water stress corrosion c~racking (PRSCC) 1n the

expansion transition area., Some cracks have resulted in leakage during

operation. The characteristics of the roll transition area for these

plants are given in Figure 2Z-1. The corresponding plant and tube data

are shown in Table 2-1, together with the type of corrective action

taken. Eddy current inspection techniques have been developed to

detect and characterize the defects. Tubes have been pulled in order

to determine the type of ¢ sx.king Correlation between

observed

cracking on pulled tubes /- om Doel 2 and 3 and eddy current

indications is presented

2.2. LEAKAGE EXPERIE'CE

In Belgium, the first occurrence of PWSCC and associated leakage goes

back to 1977 at the Doel 2 power plant (1st criticality

December

1975). The defects were located in the upper roll transition of the

expansion zone made by two step rolling. Since that time, the

corrosion has progressed quickly and to date, 1t has reached up to 90

percent of the tubes in one sleam generator (estimated
of “bobbin co11" ECT). Several shutdowns for excessive
occurred since the plant start up but none of them was

transition cracking

In 1983, PWSCC was discovered in two other units (Doel
eriticality August 1982 and Tihange 2, 1st criticality
during their first cycle of operation. In these cases,

was located in the full depth rolled region and in the

figure on basis
leak rates have

related to roll

3, 18t
October 1982)
the cracking

transition
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between normal and kiss rcll expansion areas The rapid ¢rack
initiation and propagation was attributed to tubes being rolled 1nto
over-siged holes and cannot be considered as representative of the
entire tube bundle.

Section 7 gives a full history of the roll transition leaks for the
three units 1t should be noted that 1n a few cases only, the leak
rates reached the limits 1mposed by the technical specifications
(0.35 gpm - 79 1/hr) and forced the plant to shutdown (in FeLruary
1985 at Tihange 2 and in May 1987 at Doel 3).

Tables 2-2 and 2-3 give the list of tubes that ware pulled froiv the
Doel 2 and 3 SG's. The reasons for extraction are provided for
information 1n the tables but only the data related to the PWSCC

cracks are analysed hera,

Various types of cracking were observed both by eddy current
inspection and by metallographic examination of the pulled tubes, and

can be categorized in Ffour families

i

a axial eracks - hot leg
b - circumferential cracks -~ hot leg
¢ - axial cracks observed after shot peening - hot leg

d

axi1al cracks - cold leg.

a. Axial Cracks - Hot Leg (Fig. 2-2)

Axial PWSCC 1in the roll transition was observed at Doel 2 on the first
tubes pulled in 1980 (see case 1 below) As the number of cracked
tubes increased, the problem has been monitored by periodic bobbin
cotl EC itnapection, The last tubes were pulled in 1987 for the purpose
of examining nickal coatings which were deposited in 1985 and 1986,
Metallographic examination performed on these tubes confirmed that
primary water stresa corvosion cracks were not longer than 14 mm after
10 years of operation It should be noted that higher values have been
observed in the kiss rolled Doel 3 85G's (up to 22 mm -~ 0.B66 in). If
this observation is corfirmed 1n the future, the lower value could bhe
attributed to the single step of the roll transittion area so that once
the crack reaches the straight, undeformed portion of the tube,

stresses could be low enough to prevent further propagation

;

i
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However, a statistical RPC data base for the Doel 2 steam generators
has not been performed as i1t has for the Doel 3 and Tihange 2 steam
generators. Such an i1nspection 18 not needed for Doel 2 as the c¢racks
are judged to have no safety significance since they are inside the
tubesheet The conclusion about a maximum length must therefore be

used with care

Ax1al PHSCC has also been observed at Doel 3 by RPC inspection and
pulled tubes In this case, the following characteristics have been
observed : crack length can be much longer (up to 22 mm - 0. 866 in)
than those observed on tubes with a single step transition; two small
axial cracks can be generated separately in the same alignment to form
a single long crack; numerous small cracks (up to 20 in one transverse
cross section) can be seen; crack tnitiation and propagatien can be

tnfluenced by score marks

b. Circumferential Cracks - Hot Leg (Fig. 2-3)

This type of cracking has only been o! =2rved so far on a tube pulled
out of Boel 3 (case 3). The cracks were initiated and propagated in a
score mark ( probably resulting from thne rolling tool in fabrication)
in the circumferential direction. The longest circumferential crack

was however quite short (3 5 mm - 0.138 in),

¢. Axia) Cracks Observed After Shot Peening - Hot Leg

Fig. 2-4 shows typical cracking observed on the Doel 3 shot peened
tubes, from tube R27C52 pulled in 1986, Crack propagation seems to
have been stopped on the surface but not underneath It should be
remembered however that this pattern has been observed after a short
time period (one year! and that subsequent RPC i1nspections evidenced
¢rack propagation on a wider scale. The observed "bubble" shape of the

crack might have been a temporary condition

d Axial Cracks - Cold lLeg

BEPC inspection has not been performed routinely in the cold leg, and
therefore, noe trend can be given as far as PHSCC is concerned.

However, as part of a sample examination aimed at establishing the
cold leg tubes condition, ten tubes were pulled from the cold leg of a
Doel 2 steam generator. These tubes were selected firom a statistical
sampling of 150 tubes i1nspected with the rotating probe in 1984. Only
one tube had a ECT crack indication. Eight of the ten tubes were
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exarined and only one (with the ECT indication) of them showed some
cracking Most of the 2rack lengths were short (less than 4 mm -

0. 158 in}, none were through wall, and some could be associated with
vroller marks (Fig 2~2). Cracking was of the same type as in the hot
leg, 1 e IG SCC (5),

Three cases are detailed hereafter to 1llustrate the type of cracking
observed on pulled tubes and the corresponding eddy current

indications.

Case 1 - Tube R14C72 From Doel 2

The first 1mplementation of LABORELEC prototype rotating pancake coil
was performed in December 1979 to i1dentify the geometry of the PWSCC
defects in Doel 2. The eddy current results of the bobbin and rotating
coils can be observed {rom one pulled tube R14C72 The sequence of
inspection before and after pulling was

- bobbin co1l examination with multifrequency eddy current ana
one mixing to 1dentify the cracked area (Figure 2-5 (a));

- rotating probe i1nspection to identify the circumferential or
axial direction of the crack { Figure 2-5 (b)),

The metallurgical analysis (1) 18 shown on Figure 2-5 (¢! and resulted

in the following observations

- although the tube was not leaking, three through wall axial
intergranular cracks were observed, over a 90° segment,
The cracks extended upwards from the top of the roll
transition over & distance of about 7 mm ( 275 1in).

.- all the cracks had approximately the same axial extent on
both 00 and 1D surfaces, making it difficult to establish the
inttiation s1de of the cracking;

- detairled optical metallography and Scanning Electron
Microscopy ( SEM) examinationg revealed multiple shallow
cracking on the 1D surface at the elevation of, and adjacent
to, the through~wall cracks., 0D eracking was absent. No
additional cracking was found at elevations adjacent to, and
above, the through-wall c¢racks;

The EC inspection resulted i1n the following observations

- the bobbin coil signal of the cracked cross section needed
mixing to ~'Iuw clear i1dentification of the cracking;

R e e e Sl L8
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- the rotating probe showed each of the three cracks on the
cross section; the length, amplitude and azimuthal location
could be obtained from a single examination.

Consequently, although the rotating probe used for this examination
was a laboratory proetotype (slow and wobble sensitive), it showed a
definite advantage for PWSCC detection and identification in

comparison with the bobbin coil method

Case 2 - Tube R15C29 From Doel 3 (Figures 2-6; 2-7; 2-8; 2-9)

A leak rate of less than 2 1/h (0 009 gpm during the unit's first
evele prompted detailed investigation at the first refueling outage :

» A secondary side pressure test with fluorescein to detect the
leaking tubas (three tubes in the hot leg)

~ An extensive E{ inspection . bobbin coil (Figure 2-6),
rotatingy g e (ficure 2-7) and profilometry (Figure 2-8).

- Extraction of three tubes (only two were leakers)

Tube R15C29 has been selected ag an 1llustration, since it had cracks
both in the expansion transition and at some roll steps i1n the

tubesheet. The profilometry indicates that the rolling was abnormal.

During the extraction process, the tube broke at the level of the
14'" roll step, at & load half of the usual value experienced for tube
pulling. The metallurgical analygis performed on the portion of the
tube containing the expansion transition revealed the following

- 1 erack was evidenced by X-ray at the end of the mechanical

expanded zone YX-ray confirmed the crack length of 2 mm
(0.079 in) found previously by EC

= BC inspection detected cracks at three levels, out of which
only two were confirmed by X-rays and micrographic
examination,

The EC inspection performed before tube pulling gave the following

results

Multifrequency eddy currant ( MFEC) inspectio by the bobbin
coil with mixing technique showed indicatione between some
roll stepe (15'*, 11'* @g'* 7'"3;.  but the mixing signals
needed at least a minimum of 4 to 5 cracks on the ~ross
section before developing a detectable indication
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- MFEC 1nspection with the rotating probe showed cracking
indications at the same levels as those identified with the
bobbin ecoil, but i1n addition, it showed Y longitudinal crack,
2 mm long located 1n the roll transitiun at the limit of the
21*' {last) roll step

From the comparison bhetween the mechanical measurements
performed on the tube hole i1n the tubesheet during
manufacturingi line a on Figure 2-8) and the EC profilometry
(lines b on Figure 2-8), 1t could be assumed that there was
only a partial contact between the tube and the tubesheet.
The location of the cracks was clearly related to abnormal
profiles

Case 3 - Tube R23C23 from Doel 3

Shot peening was performed at Doel 3 in 1985 on the hot leg. roll
transitions (190 mm -~ 7 48 1n) Two tubes were pulled out one year

later in order to evaluate the effects of the shot peening

Two types of examination were performed (reference 8) : radiographic
examinaticn on the as-pulled tubes and visual examin “ion on the tubes

after flattening

On the tube discussed here, one circumferential ant » ) axial cracks
were observed by X-rays in an areca centered on Lhe v+ 1 sition bhetween
the last roll step and the kiss roll (see Fi1g. 2-10 for aefect
locatiron). The longesat corack was 8 mm (0.315 in) and resuvited from the
summation of twa cracks almost aligned with each other (see Fic.

S 4 i

The visual examination performea after tube flattening showed the real
cumnlated lenath of these two aligned cracks to be 11 mm (0. 433 in) on
the 1D The same visual examination indicated 17 axial, one "L" shaped
and 3 cireumferential cracks. Except for one axial & mm (0. 197 in)
long crack located in the kiss roll step, all the cracks were located
in the top hard roll to kiss roll tranasition The ecircumlerenti al
cracks (Fig. 2-3) were linked to ID scratches 1n the upper part of the
“hard"” roll. The longest single axial crack measured 8 mm (0 315 in)
and the longest circumferential crack was 3.5 mm (0 138 in)

Eddy current profilometry performed during pre-service ipvsp--tion did

not s.ow any defect, nor abnormal tube hole dimensions.

2-6
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Eddy current inspection performed with the RPC detected cracks at the ?
l1imit of the last roil to kiss roll transition. One signal had an }
amplitude of 340 mV and several indications were close to the )
detection threshold of about 80 mV, The length of the largest defect j
' was 9 mm (0. 354 in), which was comparable to the X-ray measurements

and the shortest i1ndications were in the range of 1 to 2 mm (0. 039 to

0 079 1n). The circumferential cracks were not detected by E.C., and

the maximum number of axial cracks detected were 10 to 12,

The results of the examination of the other tube were very similar
Figure 2-12 1llustrates the correlation between RPC indications and
visual examination (after flattening) on the two tubes. An average
length underestimation of about 1 mm (0 04 1n) results from the ECT
s12ing; this has been corrected to yield a new calibration curve (see

Fig. 4-13 and section 5]
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Fig. 2-10 TUBE FROM DOEL 3. S.G.-B. — LOCATION OF DEFECTS. "
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Section 3

SAFETY PHILOSOPHY

3. 1. HISTORICAL BACKGROUND

Basically, Belgian Utilities are committed to follow the U S. nuclear
safety rules; however duly justified deviations (or interpretations)
can be obtained on a case by case basis. In the plant Technical
Specifications defining the SG inspection requirements, the usual

"40 ¥ plugging limit" is implemented but an allowance is made for
alternative criteria based on Regulatory Guide 1.121. (1),

It 18 useful to recall the origin of the 40 % plugging limit. This
requicrement originater from the first generic problem encountered with
5G's which was a uniform loss of thickness through corrosion, i.e.
wastage 1n the sludge pile. Based on a factor of safety not less than
3 to be maintained under normal service conditiong, the required
minimum tube wall thickness was 40 % This valum was increased to

60 % in order to have an additional allowance to cover uncertainties
regarding measurement of the Flaw siz2ze and its growth between two
consecutive tnspections. The 60 % minimum wall thickness meant that
tubes with thinning of 40 % or greater were required to be plugged

Generalizing this same criterion to other types of more local flaws
{cracks in particular) can be excessively conservative. The ASME code
(3) stipulates the 40 % criterion, but only for flaws in the external
skin of the tube (art, IWB-3521.1); moreover further evaluation of
defects exceeding the allowable indication standards is possible (art.
IWB-3630) "by analyses acceptable to the regulatory Authority having
jurisdiction at the plant site"

On these bases the 40 ¥ limit was considered by BELGATOM not to be

mandatory i1n Belgium and alternate approaches were investigated.
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The Westinghouse P*, F* and L* approaches (4), (5] were reviewed :

P* is a criteria which allows c¢racks to be ignored below a
certain distance (P') below the top of tubesheet based on
interferences above the tube preventing tube pull out.

F* 1s a criteria which allows cracks te be ignored below a
certain distance (F*) from the top of tubesheet, or bottom of
roll transition, whichever is lower, based on resistance to
tube pull out generated by tube expansion in the tubesheat.

L* is a criteria which allows axial cracks to sxist above the

P* or F* distance, but below the L* distance from the top of
the tubesheet or bottom of the roll transiticn, whichever is
lower, based on the limited effect on primary to secondary
leakage of such cracks,

The three approaches were not considerei viable as they aveid the ugse
of the 40 % limit within the tubesheet but maintain it unchanged for
the roll transitions (#nd some depth below the secondary side of the
tubesheet) where practically all of the PWSCC cracks are actually
located . These latter cracks (above the top of the tubesheet) are
also the only tignificant ones for safety and reliability.

The Leak Before Break (LBB) philosophy was also considered (6), (7).
According te this approash "a flaw that would be critical {(unstable
propagation, leading to Steam Generator Tube Rupture (SGTR) ) under
acridental conditions (such as Steam Line Break or Feed Water Line
Break) would be reliably detected under normal service conditions
(i.e. under a much lower differential pressure) by a leak exceeding
the Technical Specification allowable limit (79 1/hr or .35 gpm)".

Belgatom considers LBB to be an instrinsically safe behavior usually,
but not always, exhibited by the tube material. Among the known
exceptions, the follewing are worth mentienning !

- occasional Steam Generator Tube Rupture (SGTR) without prior

notice by any measurable leak (such a case was experienced in
a first row U bend of a Doel 2 SG in 1979),

- in-service low leak rate (below the expected level from
laboretiry experiments) of relatively long axial cracks
{possibly due to clogging by c¢rud or precipitates),

w aligned axial crack components (separated by small axial or

offset ligaments), with an overall critical length, without
detectable leakage through the components.

32



One could e#lso 1wmagine long and deep (but not thruwall) cracks in |

erther axtal or circumferential directions (pousibly initiated by

surface scratchesg)

While some of these exceptions may bhe dealt with Lhrough use of |
probabilistic assenments, there 18 an associated trend to lower the :
allowahle i1n-sarvice leak rate (7) Thia latter consequence 18

believed to be unduly constraining to the plant aperator (possible

increase of unscheduled shutdowns)

Moreover, even ralatively large leaks cannot necessarily be located

and removed Such & cane hus been recently experienced by a Doel 3

SG, where a 20 to 30 )X/h (0.09 to 0 13 gpm leak could not be located

by using all possible detection methods inciluding the Helium leak

test, Plant operation was eventually resumed and the leak remained

practically unchanged during a full operating cycle (1987-88), After
plugging/sleevinyg about BO tubes (with the largeat detected roll

transition defects! during the June 88 scheduled outage, the 5G atill

evidenced the same leakage after start up At the date of writing

{January 1989, tha plant is etill operating under these condit:ions, :

On the other hand, extensive hardware and software developments by |
LABORELEC allowed generalization of RPC use for ECT inspection (data
acquisition and analysis of all roll transitions can be parformed in
lass than 2 days per 50G), This capability of reliably sizing the
ceracks (without any penalty on plant down-time) led to the decision to
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develop new plugging criteria derived from the R G 1 121 type
philosophy

' 3.2 CRACK STZE MEASUREMENT PRINCIPLES

s Conventional "bhebbin coil” ECT techniques have a low potential for

! detection of PHSCC; based on the extensive experience of LABORELEC in
using both the “bobbin co1l" and the "Rotating Pancake Coil”™ (RPC) in ,
roll transitions it can be concluded that several cracks (about 5) of |
significant length (about 4 mm - 0. 158 in) and depth (close to 100 %)

are required, 1n the same tube cross section, to achieve reliable :
detection by the “"bobbin coi1l"”, otherwise “"distorted signala" may be

l observed but do not necessarily correlate with actual eracking.
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The sizing capability of the "bobbin coil" is even poorer; phase angle
measurements are not likely to yield realistic defect depths when

| there are several cracks in the same section, while length
measurements suffer from an inaccurate knowledge of axial probe
location (especially in the roll transition), with a resulting
uncertainty in the crdey of 5 mm (€.2 in).

On the contrary, RPC has the potential for sensitive detection and ;
avourate length sizing of individual cracks; details of the specific

LABORELEC methodology are given under sections % and 6. It should be

noted that practically all of the cracks detected by RPC appeared to b
be close to 100 X% through wall. This has been further confirmed by
destructive examination of tubes pulled from Doel 3 (section 2).

Thus, without undue conservatism, any detected axial crack is assumed -
to be actually through-wall and is evaluated as such. Therefore, only |
the axial length needs to be measured and documented. Most of the
cracks to be found in v>sll transitions are in the axial direction.
Little circumferential sracking has been evidenced; *this is fortunate
as the corresponding detection capability of even the best available
RPC method is still racher poor (it is difficult to mix out the
gsimilar discontinuities awvsociated with the profile transition and the
outlet of the magnetic tubesheet). LABORELEC is developing a
substitute ultrasonic method which holds the promise of sensitive ﬁ
detection and reliable sizing. As such a method might be
gigniticantly more time consuming than ECT, there is an ongoing }
paralle]l development of the RPC method aimed at the reliable detaction
of circumferential cvracks of size close to the plugging limit.
However, "false calls" would not beée precluded and the detected
indications would finally be confirmed and sized by U.T.
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tntil further experience is gained about the depth sizing capability

of ultrasonics, detected circumferential cracks will also be assumed

to be through-wall and evaluated as such., This may prove ta be over
conservative: if this is the case, plugging criteria based on both

depth and length of defect will be sstablished when the NDT

performance warrants this, |

|
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3.3. CRITICAL SIZE CALCULATION PRINCIPLES

Regulatory Guide 1.121 allows the establishment of acceptable flaw

sizes based on the following safety factors (with respect to tube

bursting)

3 under normal service conditions,

a value consistent with the limits set by the ASME III Code
(3} art. NB-3225, tor accidental conditions (a LOCA, steam
line break, or feedwater line break concurrent with the SSE).

R.G. 1.121 Anes not specify whether

Also the
are used

the mechanical and geometrical characteristics of the tubes
must be taken at their nominal or most unfavourable value
{minimum for UTS. Y8 and thickness, maximum for the diameter,
etc.). The frequent reference to the design code (ASME III)
seems to imply this unfavourable combination (see, for
instance, article NB 3641.1);

an additional margin rust be applied to the dimension of the
detected flaw (prior to comparison against the acceptable
value) in order to account for

the uncertainty relating to the NDE measurement method,

the flaw growth over the period of service until the next

inspection,

The requirements of R.G. 1.83 and of ASME XI (together with
the historical basis of the 40 % criterion) suggest these
should be taken into account.

following interpretations (considered to be fully justified)
in order to establish a concrete set of c¢riteria :

Because of the high ductility of Inconel, tube rupture is
preceded by considerable plastic deformation (high COD =
Crack Qpening Displacement - it both ends of a crack, bulging,
etc) so that the “"secondary" stiesses (as defined by ASME)
are relieved and can be neglected {(whereas they play a major
part in the stress corrosion or fatigue processes). The only
"primary" type stresses are those resulting from the
differential pressure and, possibly, from the inertial
effects induced by a steam line break (SLB) or a feed water
line break (FWLB) concurrent with the Safe Shutdown
Earthquake (SSE). In case of S.L.B, or F.W.L.,B., it is clear
that the effects of the steam blowing out the S8G by the
ruptured pipe may be quite important on the tubes located
near the discharging nozzle