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(approximately 1 mm) tubes, which form the interface
between the primary reactor coolant (relatively pure water
contaminated with boric acid, acting as a neutron absorber
and hydrogen added to suppress oxygen generation) and fluid
in the secondary, or steam side (purified river, lake or
sea water), these +tubes being in an inverted 'U'
configuration and sealed in a base plate to form a
continuous loop. In this manner the primary coolant is

continually recirculated.

Steam generators in PWRs experience a wide range of
degradation problems on boih primary and secondaryvsides of
the tubing. On the ©primary side, watér heated to
approkimately 325°C via contact with the core, is prevented
from boiling by pressure applied to the sealed loop from
pressuriser units. Problems associated with the primary
side of SG tubes result from the presence of high levels of
stress in a corrosive environment maintained at a high
temperature. The principle degradation mode of Alloy 600
in such environments is stress corrosion cracking of the
intergranular form (IGSCC); The superheated water
circulating on the primary tube side heats water on the
secondary side via conduction across the tube wall, the
number of tubes being calculated to provide the necessary

surface area for adequate heat exchange.

Water on the secondary side 1is not pressurised and
therefore boils, producing steam which subsequently drives
turbines to generate electricity. During boiling, non-

volatile impurities present in the secondary side feedwater
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A more recent analysis of worldwide tube performance,
covering the period up to 1983-84, has been conducted by
the same author (6). Figure 3 graphically depicts the way
in which stsible degradation mechanisms have accounted for
actual or suspected tube failures over the period 1972 -
1984.- Thermally treated Alloy 600 tubing has only been
introduced since the early 1980's and so is not included in
this data. The information relates to mill annealed
material which is widely reported to have a significantly

higher degradation rate.

For tabulating purposes, a steam generator tube defect (or
failure) 1is defined as any tube plugged, to effectively
~ isolate it from the steam system, for whatever reason. It
is important to note that tubes which actually fail by
developing a primary to secondary 1leak are a small
proportion of the total number of tubes plugged. During
1983 and 1984, 1.1% and 1.3% respectively, of tubes plugged
had actually 1leaked. Additionally, 0.6% and 1.0%
respectively, represent tubes taken out of service
(extracted) for metallurgical examination. The majority of
tubes are plugged because they have been identified as
potential future 1leakers by non-destructive testing, or
because of their position in failure prone areas of some
steam generators. Figure 4 details the number of reactors

affected by tube failure as a result of the various
degradation modes. These forms of degradation are
discussed at length later in the survey. Figure 5 further
analyses this information in terms of the actual number of
tubes plugged as a result of the specific degradation

modes.
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Final Cold Reduction to Finished Size Via
Cold Pilger or Drawing Process
Drawing used for Strictest Dimensional

Requirements

Final Mill Anneal

Roll Straightening

Surface Preparation

Blasting on ID and Grinding on OD

Non-Destructive Examination

Eddy Current and Ultrasonic Techniques

Special Thermal Treatment (TT)

(Optional)

Bending of 'U' Sections

Stress Relieving of Tight U-Bends

Final Inspection and Packing
The successful production of tubing suitable for PWR steam
generators relies on the strict control of each processing
stage. The method of manufacture and condition of supply

are arrived at via discussion with the customer and an

in-depth appreciation of the final service requirements.
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Another alternative evaluated was to increase the alloy's
resistance to SCC by 1lowering it's yield strength.
Modifications to cast chemistry (principally carbon) and
processing (mill annealing temperature) brought about ﬁhis
change. However, this approach proved unacceptable due to
the mechanical property requirements by the users. The
possibility of shot peening to ensure compressive surface
stresses was also considered, but deemed to be difficult to

control within very tight limits and therefore unreliable.

The final decision was to move to a thermal solution to the
problem which would simultaneously relieve residual
manufacturing stresses and fully desensitise the
microstructure. The selection of a special thermal
treatment, consisting of 15 hours at 704°C was arrived at,
after consideration of the process of desensitisation and
the requirement for stress relieving without introducing
distortion. Desensitisation relies upon the alloy being
held for a sufficient time period inside the precipitation
domain where chromium carbides form. Initially, carbon
held in solid solution (from the final mill anneal) will
precipitate as chromium carbides, principally at sites of
greatest diffusion rate such as grain boundaries and grain
boundary triple points, with an 1initial surrounding
depletion of the matrix chromium level. Additional time at
temperature allows further chromium diffusion to occur and
a 'healing' of depleted regions surrounding the carbides.
The end result is a microstructure which is stress free and
consists of relatively few intragranular carbides remnant
from mill annealing, with fully desensitised carbides
‘located mainly at the grain boundaries.
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{1) The selection of a 12 inch thick tube base plate.
This base plate is a ferritic steel forging and may suffer
from an expansive corrosion product, leading to crushing or

‘denting' of the SG tubes.

(ii) The existence of a 'Crevice', where the tubes are
sealed into the base plate and where they pass through

support plates positioned along their length, Figure 2.

(iii) Vibration of the tube bundle (each SG contains
several thousand tubes, Figure 1), which is a consequence
of compromising the necessary tube configuration against
the attainment of adequate secondary fluid flow, to ensure

satisfactory heat extraction.

2.3.1.1 Tube Denting and Pitting

Corrosion of the tube base plate results in local crushing
of the tubes and 1is termed ‘'Denting’. Widespread
examination of tube base plate intersections removed from
operating steam generators has confirmed this mechanism

(10).

The occurrence of substandard feedwater conditions, arising
from the presence of sea, river or lake water salts,
ingressing via leaking condensers in the turbine plant, has
allowed the concentration of corrosive salts to occur in
the tube Dbase plate crevice. Such concentrations have
caused corrosion of the ferritic steel base plate and

resulted in tube denting. The cause of denting is well
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crevices. The phosphates added to control acid corrosion
were themselves concentrating to corrosive levels, causing
tube degradation. Phosphate induced tube thinning, or
wastage, was sometimes widespread and could occasionally be

accompanied by stress corrosion cracking (ScCC) (5).

As the sludge (a combination of phosphates and metal
oxides) builds up in crevice locations, a critical height
is reached where liquid can no 1longer penetrate to the
lower sludge region to replace liquid being wvapourised by
boiling during steam generation. These processes are
essentially the same as those postulated for the
concentration of acid salts in the tube base plate crevice
which results in denting. At large sludge heights a steam
blanketing condition probably exists near to the base and
support plate which allows no liquid to circulate and hence
no associated build-up of solids to occur. The temperature
in this region approaches the primary coolant temperature.
Near the upper surface of the sludge, adegquate circulation
of 1ligquid exists and no concentration of aggressive
phosphates occurs. The most corrosive region is judged to
be the intermediate region where alternate wetting and
drying occurs, figure 2. It soon became noticeable that
the adoption of phosphate treatment was proving
unsatisfactory in the prevention of tube sheet corrosion,
since it brought about its own corrosion problems. 2As a
result, the industry opted to reduce ion ingress from the
feedwater by wusing an all volatile treatment (AVT)

chemistry.
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tubes and their support plates situated along the tube
bundle length. Fretting will result in detrimental local
metal loss, thus reducing the tube wall thickness, and can
also leave these regions highly susceptible to fatigue
cracks (17). It has been observed that under such
conditions fatigue cracks can be initiated close to the
tube surface at very low stresses,'well below the fatigue

1limit for non-fretted material.

In the recirculating steam gdenerators +the most 1likely
regions for vibration and possible fatigue failure to occur
is the inlet region above the tube sheet and in the U-bend
region where velocities are highest with fluid flow
transverse to the tubes. Fatigue cracking has not been
reported in these areas of PWR steam generators, but
cracking has occurred in once through units where secondary
side coolant is discharged after steam has been raised, and
considerably greater operating experience exists for such
cases (17) (18). Additional factors which may affect such
failures include entrained water (flow 1loading), uneven
flow distribution and bowing of lance tubes (bending
stresses), where lance tubes are incorporated to facilitate
the mechanical removal of built-up sludge in static flow
regions. Turbine valve testing, auxiliary feedwater
injection and water hammer are further factors leading to
cyclic tube stresses (19)(20). Evidence presented by the
CEGB (21) concludes that vibration induced damage is not a
problem . on model 'F' steam generators (as designated for
Sizewell 'B'), due to the introduction of anti-vibration
bars which effectively damp out operating and transient
vibrations.
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