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INTERNAL CONDENSER TUBE CORROSION ON CONDENSERS
AND COOLERS IN POWER STATIONS

INTRODUCTION

Leakages in heat exchangers, where water with a high
salt content |s wused for cooling, have almost always
serious effects on the operation of power stations, bul the
immediate damage bears no relation to the possible
consequeniial damage. In extreme cases, unspotted
intrusion of cooling water |eads fo power breakdowns,
e.g. due to fube bursts in the evaporation lines or to
turbine blade breakage in the area of incipient steam
humidity in the turbine. As a rule, a falling-off in capacity
and a prolonged search lor the leakage are necessary.

Ot the damage to condensers and coolers investigated
over the last five years, the major part (> 90%) was
due, exclusively or substantially, to corresion of tubing in
the cooling water circuil. Qur own experience with damage
is restriced to systems in the Federal Republic of Ger-
many cooled with brackish waler or river water, and
where preference is given to copper alloy tubing. The
demoge was caused by local corrosive atiack an the
lubing (1 to 8), whereby a reduction in the frequency of
pitting, stress corrosion cracking, eresive carrosion, deal-
loying anc corrosion fatigue was observed.

The hich resistance to corrosion of the copper-base tube
materials in cooling waler is said to be due to the forma-
tion of a natural covering film of Cu;O with a maximum
thickness of several microns, This film contains alloy
elemenlts in a ftrace concentration (protective film pas-
sivity),

In order to understand the seleciive corrosive processes
leading to damage, It is necessary to examine more closely
the initial processes underlying the formation of uniform
covering films and their susceptibility to influence.

UNIFORM CORROSION

The oxide films en copper alloys are twofold. They consist
of one layer growing from the original surface into the

Figure 1

Double-tamellar covering fayer Cuy0 CwyO-Cu0 on a heat
exghanger tube of CuZn28Sn

alloy and, secondly, a growing layer with varying condifions
of thickness (9, 10). Mostly, the puter layer is formed of
leesaly linked single crystals anly (Figs. 1 and 2).

The topotactic conversion under direct anodic oxidation
to Cu,0, being the anodic reaction at the interface of
the phases Cu,0 ! Cu-glloy (anode spot), is termed as

2Cu+ H,0=Cu,0 +2H" + 2e" (1)

Also, a part of the anodic current s taken over by the
dissolving reaction of the copper

Cu=Cu" +e" (2a)
respectively, its alloy elements (Zn, Ni eic). for example

In=12Zn2" + 2e (2b)
The relationship between formation of Cu,O (1) and the
appearance of Cu™ and Zn% (2a and 2b) depends on
the alloy. since the volume of the corroded alloy film
is filled up with the lopotactically generated and mainly
pure Cu,0.

Topotactic reactions of the kind described are only
possible in the long run if the oxidizing species (H;O or
OH- ions) can reach the momentary phase boundary and
diffuse the ionic reaction products (Cu', Zn?', H*). Basically,
two transport mechanisms are concejvable: solid diffusion
of ©* and Cu” lons in the Cu,O layers (graln or grain
boundary diffuslon), or Ingress and elimination of the
oxidizing resp. generated ions via pore channels in the
Cu,0 layers through liquid diffusion. In view of the low
temperature-conditioned rate of ion diffusion In the Cu,O
lattice, pore diffusion will be the principal transport
mechanism. There is metallographic evidence of micro-
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pores in the topotactic Cu;O layer. The ions produced by

the anodic disselving reaction (2a and 2b) reach the

outer surface of the topotactic layer via the pore channels.
The one part of these ions is drawn away by the water
current, while for the other part there s the possibility
of cathodic segregation, with epitactic growth into the top
surface of the topotactically grown Cu,0O layer, in accord-
ance with the gross reactions:

2CU.'+H20 + 2e = CUzO"}L Hz (33)
Cu” + H;0 + e =Cu0 + H,
2Cu' +1/20; + 2e == Cu,0 (3b)

Cu +1/20, +e = Cul

In this way, the outer Cu;Q/CuQ layer is formed. The
same thing occurs, basically, in the case of the emerging
allay ions (Zn, Ni, Fe, Al) whose oxides can thus be
integrated, in a minor quantity, into the epitactic Cuy0
layer. Tin remains in the topotactic layer.

The phase interface epitactic Cu,O'water can thus be
regarded as a cathodic spot. Apart from the reactions (3),
the reduction of the oxygen dissolved In the water will
ensue as the principal cathode reaction, compensating out
the anodic reactions

0.+ 2H,0 + 4e =4 0H- (4)

The flow of electrons form the anodic to the cathodic
spot oceurs: in the electron-conducting CuzC layers.

The anodic and cathedic reactions occuring simultane-
ously on both sides of the double oxide layer are short-
circuited to a corrosion element via eleclrolyte-soaked
and electron-conducting Cu;O layers. The shori-circuit
currents which are, in the ideal case, gquantitatively alike,
and which flow in the numerous. neighbouring microcor-
rosion elements, determine, with relation te the total
macroscopic surface, the momentary rate of corrosion in
the alloy with z fully uniform oxidation depth,

The short-circuit current densities and. therewith also,
the rates of oxidation are influenced by the difference
between the cathede and anode potentials, by the diffusion
of the reaction partigcipants in the water to and from the
cathodic spels and, finally, by the inner electronic and
ionic resistance of the corrosion elements.

In the unifoerm corrosion of high-Cu alloys in aerated
water, the anodic reaction of the Cu;O formation (1) and
the cathodic reaction of the oxygen reduction (4) can be
regarded as being potential-determinant. The no-load
tension (AE = 0.757 —0.0147 log Pos) of such a cell Cu.
Cu0/H,0, H/O; (Cu,0) Is formally determined solely by
the oxygen concentration in the cooling water. As, in the
cooling water, the concentration can only fluctuate within
a certain range. its influence on the no-load tension is
insignificant (maximum 0.147 mV). Because of the spatial
separation of the cathodic and anodic spots. an additional
opposite pH value influence on the no-load tension, which
is- cancelled out in the overall reaction, {1 and 4), can bes
identified.

Rate-determining significance for the growth ot the cover-
ing film is imputed to the diffusion of the oxygen dissolved
in the water by virtue of the adhering liquid boundary
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Figure 3. SBchematic plan ol the defective lattice
a) pure CuiQ 6} Cu:0-Nio

layer, at least in the Initial stage. In the flooded tube,
the process can be controlled only within narrew limits.
The inner resistance of the corrosion elements can be
substantially influenced by change in the flaw structure
of the Cu,O layers, Cu™ ions are missing in the |atlice of
the flaw electron conductor (Fig. 3a). Electron neutrality is
croduced by additional, positive charges in the neighbour-
hood of the cation vacancies, whereby the said charges can
be regarded as being associated with a neighbouring ca-
tion. The high concentration of the defect electrans is the
cause of the good electronic conductivity of Cu,0. If ca-
tiens of a higher valency are intreduced Into this vacancy
structure or in the place of Cu® lons (for example: Zn, Ni
Fe, Sn), there will follow in each case the consumption
of one or more defect electrons and, thus also, an
increase in the specific electronic resistance of the oxide
layer (Fig. 3b). Given an equal difference of electrode
potential, the consequence is a diminution of the corrosion
current resp. rate of corresion. This explains the consider-
able decrease in the rate of corrosion when alleying Ni
and Fe into Cu-N| alloys resp. Zn, 'Sn and Al into special
brass as against pure copper. An introduction of higher-
valency cations inte the covering film can also ensue via
the cooling water. The specific electronic resistance of
agglomerated Cu,0 layers to CuNi30Fe increases, as
compared with the resistance 1o pure copper of Cu,0
layers that have arisen in NaCl| solutions, by the factor
10 [44]. The rate of corrosion is reduced accordingly.

The unfavourable Influence of chloride ions on the cor-
rosion rate of Cu alloys is also explained in terms of a
modification in the defect structure of the Cu,O caovering
films [44]. In this modification, Cl- ions replace O% ions
in the axide lattice. The electron neutrality is attained at
each substitution by the transition of a Cu' ion into the
agueous medium. It Is only now that the neutral cation
vacancles additionally formed thereby make possible or
easier the outward diffusion of Cu™ ions into the Cuy0
lattice. Electron neutrality can, in addition, be achieved
by excess electrons (enhanced electronic conductivity). By
acocumulations of vacancies and locally preferred introduc-
tion of CI- ions (CuCl), highly microporous covering films
with improved electren conductivity can be produced.

in chlorided waters, corresion rates that are from ten to
twenty times higher are the result.



Figure 4.
protective layer of Cu,O (pickled tube)

Pin-prick and broad-surface altack under a microporous

It will be clear from these statements that the corrosion
rale of copper alloys In cooling water can be effectively
influenced by the covering film structure, The model
conceplions used for this are based on observations and
on partially sifted, thecretical, individual canceptions.

PITTING CORROSION [11 to 16]

In microparous covering layer structures, the short-circuit
currents flowing in the individual surface zones are no
longer equal, since the electronic and ionic resistance of
the covering layer at the defect spoils is reduced in
comparison to the surrounding area. Greater short-circuit
currents in these places are identical with a greater
incidence of attack. Tubes with such covering films show
more or less finely scarred surface (Figure 4). Although
this corrosion shows the symptoms of pitting (pitting hole
diameter eqgual to pitting hole depth), It can be classed
as uniform corrosion an account of the very minar absolute

depths and the fairly uniform distribution. Only with a hole

depth of 01
pitting.

mm and upwards should one speak of

Origins ot pitting

Other conditions, apart from aggressive cooling water”,
are necessary for the appearance of such deep local
deteriorations (> 0.1 mm). According to our observations,
with new tubes in the (nitial operational phase, these
canditions are mainly operationally determined precipita-
tions of solids, surface anomalies due to manufacturing
causes and, after longer periods of operation (for example,
> 10.000 hrs) isolated local damage due to the peeling-off
of covering film or to cooling water concentration at

') The expression "agressive cooling water” is subjective. From the
corrozion standpeint, one will be on the safe side in adding

waiers with chloride-conditioned cenductivities of > 1000 «Siem

and mainly Organic Bodies in suspension > 10 mgikg.

Aburidant pitting in an auxiliary cooler tube (CuNi10Fe)
at the end of the first lew ogerating months

Figure 5.
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Figure 6. Sporadic pitting in-a condenser tube (CuZn20Al) after six
years of operation.

operational down-times. Accordingly, new tubes often show
numerous (Fig, B) pin-prick corrosion areas during the
initial operating phase, whereas only isolated cases of
pitting are observed over longer operating periods
(Fia, 6).

Operationally occurring solids (for example: slime, calcite)
can settle in layers on the tubes concurrently with the
formation of microporous covering films. Such layers of
more or less high conductivity act as expansive cathodic
zones In whieh small uncovered surface can become
anodic spots (Fig. 7). The covering largely inhibits the
anodic reactions on the alloy surface by stopping-up the
porous channels in the still thin Cu,0-specific covering
films. In contrast to this, the anodic reactions evolve at
a greater rate underneath the small surface not covered
with solid material because the entire cathodic current
of the coating surface is available for the anodic dissolution
current at that point (theorem of areas). Incipience of
pitting at such points is the consequence.

Further spots for the tendency to form deep pitting holes
during the initial operating period with new micropore-
layered tubes are oxidic or sulphidic slag bands rising
to the surface (Fig. 8) and cracked drawing lubricant
residues. At the boundaries of the non-metallic inclusions
resp. of the sintered carbon particles (Fig. 9), there
appear, in the growing specific covering film, fissures
which facilitate a mainly unhindered ingress of cooling
water resp. the almost unhindered discharge of corrosion
products. In conjunciion with the relatively good electronic
conductivity of the inclusion, an accelerated attack occurs
at these boundaries. These spots largely determine there-
fore the location of the pitting.
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Figure 7. Faormation of pitting under extranecus coalings
(scirematic).



Figure 8:

Manganese sulphide slags in CuNid0Fe,

Band structures in heat exchanger tubes resulting from
ingot segregations are also said to be places conducive
to pitting (Fig. 10).

Early pitting due to operational precipitations and produc-
tion-borne anomalies on the surface of the material
should be countered by the use of conlinuous cleaning
as early as possible and by the employment of new
homogenous inclusion-free tubes without traces of residue.
A uniform annealing skin Is an advantage.

The adhesion and the mechanical stability of natural oxide
covering films, which occur in cooling water with a high
chloride conductivity, are relatively slight. Desasication
during operational down-times can lead to the bursting-off
resp, dislodgment of these films. Local exposure of the
metallic undersurface in large and mainly undamaged
surface areas leads, on resumption of operalion, to isolated,
anodic spots which bescome established in large cathodic
areas, thus forming breeding zones for pitting.

In drying drops or puddles of cooling water. chemical
reactions can bring on the direct destruction of the Cu,0
covering, whereby hydroxides, chlorides, sulphides or
carbonates are formed. At such trouble points, the anodic
reactions of the alloy element easily become fixed. Points
of germination for pittting are here to be found.

Pitting at the end of operational periods, which is caused
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Figure 8. Formation of pitting at an (nclusion (schematic),

by the bursting of covering films and agglomerations, can
be widely avoided if, during periods of inactivity, at least
a partial flow-through is maintained.

Growth of pitting

The four starting-poinis of dangerous pltting shown in the
sketches are characterized as small-surface anodic spots,
surrounded by more or less covering-film-passive surfaces.
At these points, there is an accelerated dissolution resp.
oxidation of the alloy. The increased Cu concentrations
lead via hydrolysis to acidification of the pitling electrolyte.
This, in turn, causes a further acceleration of the active
corrosien (2a and 2b). In contrast to Cu and Sn, the
alloy elements Zn, Ni, Fe and Al are, according fo the
conditions prevailing, and with respect to pH value and
poiential, only existent [n their ionic form and are therefore
able to |eave the pitting hole in the direction of the cathode
(ccoling water flow).

By electrolytic transport, anions are reinforced in the
pltting hole electrolyte. When the solubllity product is
exceeded, CuCl, for example, is preclpitated as a low-
soluble salt.

These conceptions are In keeping with electron diffraction
analyses made at pitting locations in special brass CuNi
and even in NiCu alloys (Fig. 11)

Figure 10. Concentration tlucluations in CuNi30Fe tubes
resulting from block segregations.



Figure 11

Over longer periods, the pitting depth does not increase In
linear relation to the time. Periods of growth and standstill
alternate in uncontroiled fashion. Here, diffusion inhibition
and change in the covering film geometry exert a powerful
influence. With such discontinuous processes, any forecasts
as to when the hole will break through are impossible:
There is only a small likelihood of being able to halt the
active pitting in the growth stage at all poinis in the
tubing, for example, by applying induced covering films
and continuous cleaning. For this reason, degisive counfer-
measures for preventing the initial formation of pitting
should be adopted.

STRESS CORROSION CRACKING [17 to 21]

Stress corrosion cracking in heat exchanger tubes can only
be observed in brass alloys. Whergas In former years
intercrystalline, longitudinal cracks often occurred in the
first operational phases, this being caused by residual
stresses from manufacture, such defects have in fact been
no longer observed since the introduction of final stress-
relief annealing and the adoption of the ammonia test in

Figure 12

Stress corrosion cracking (n the fransition between the
rolfing-in zone and the free tube length.

Distribution of elemients (n a pitting location (NICU30Fe),

acceptance testing. On the other hand — if one disregards
the stress cracking resulting from mechanical defects
farmed on assembly and in operation — there appear
nowadays, after longer spells of operation. crosswise
transcrystalline cracks, approx. 3 to 5 mm from rolled-in
tube ends. which present a serious problem in connection
with heat exchanger leakages (Figs. 12 and 13). These
cracks in the transition zone are perpendicular to the
tensile stresses formed in the tube rolling-in process.
Rarely can such damage be attributed to improper tube
and tube sheet widenings during the expanding process.
It is also difficult, in most cases, to trace the medium NHs,
noted for its tendency to promote stress cracking, via the
continually present concentrations in the cooling water
(<< 1 ppm NHs) or in the coating, (< 1 weight % NH;)
As raster electron microscope studies of the relevant
surface area shaw, il is significant that such fissures have
their origin al poinis of finest covering film damage in
the transition zone.

Now, bearing in mind the theory of stress corrosion
cracking, for whose appearance the electro-chemisiry of
the corrosion processes, the atomistic processes in the
deformation at the crack nucleus, and the stress conditions
in the component are mainly significant, cracks can be
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explained in terms of the mechanism of stress corrosion
cracking, beginning with pitting holes in the rolled-in
tube zone, The formation of Cu,O covering films outside
and on the walls at the pitting points is always present in
conjunction with disselution in the pitting root. The lowest
stress limil necessary for
reached at the dislocation congsastions in the pitting root
subsequent to macrostructural slipping, because at that
point there s a summation of stains due to operating
pressure and to the natural stresses evoked by the rolling-
in process.

It ist not surprising that stress corrosion cracking can be
produced with ammonia-less NaCl solutions on stressed
samples of CuZn28Sn, if at the same time conditions
canductive to pitting prevail. Given a co-existence of Cu,
CuQ and Cull in a2 0.1 M NaCl solution with = pH 4.8,
the equilibrium potential of a pitting spot lies between 0.25
and 027 Vy. These are values which can lead, after
several hundred hours, to stress corrosion cracking.

For the most part, the transcrystalline fransverse cracks
in the transition zones remain approximately in the middle
of the tube wall. One explanation for this is the enfry
into the seemingly neutral deformation fibre, at which the
intrinsic strains transmuie to compressive strains, We
consider that only wvery few incipient cracks become
through-cracks, thus causing leakage, the being that the
additional tensile stresses leading to a complete break-
through are missing.

Apart from the already mentioned transverse cracks in
the rolling-In transition zenes, especially under microscopic
study with greater magnifications, longitudinal incipient
cracking patterns can be discovered in the conical
bulging zone of the rolled-in ends. These patterns are
also due to stress corrosion cracking under Introduced
tangential tensile strains. Such hairline cracks hardly reach
a depth of 100 microns and are therefore harmless.

A consequence to be drawn from what has been said
concerning stress corrosion cracking in the relling-in
area, a practicable remedy is — as in the case of pitting
corrosion — an improvement in the quality of the covering
film.

EROSION CORROSION [22 to 24]

The demand for improved resistance lo erosion corrosion
of copper-base heat exchanger materials in ceoling water
circuits has led to the development of special aluminium
brass and ferrous Cu-Ni alloys.

All according to the method of Investigation, testing
conditions and mode of interpretation, heavily fluctuating
intervals for the permissible cooling water flow rates with
respect to the individual materials are quoted. Such
values are only of a tentative character since, in the
individual case occurring in practice, varying ionic water
composition, changing ¢oncentration and form of air
bubbles and solids in the cooling water, fluctuating
temperatures, as well as component-dependent flow pat-
terns, are co-respensible for the mechanical-chemical
behaviour.

The prevalent idea is that erosion corrosion damage
occurs when the rate of covering film disintegration
exceeds the new building-up rate of the covering film.
After such incubation phases, which determine the useful
life, the actual erosive reduction of the bare tube proceeds
up to the complete break-through. This means that the

the formation of cracks is

Figure 14,
condenser tube (CuZn28Sn) caused by heavy intrusion of sand.

Erosfan corrosian at the cooling water inlel end ol a

erosion strengih, given constant flow conditions, Is a
direct function of the covering film's constitution. The
covering film structure and its restorative capacily are
narrowly tied up with the material in respect of the copper
allays here under review. In aggressive cooling waters,
the build-up of the covering film is — as already said -
at least equally dependent on the conditions of the
medium during the build-up phase. Hence, the case may
well arise in which an alloy (for example: CuNi30Fe).
which can actuaily be used with higher flow rates, may
fail (shallow pitting influenced by ercsion) as compared
with a lower-classed alloy (for example: CuZn285n), We
thus attach little importance to the classification of alloys
according to permissible flow rates with aggressive cooling
waters. '

The cases of damage arising from erosion corrosion, as
investigated by us, are confined to lhe inlel zones of the
first and second water passes, to the small-surface erosive
reductions in the free tube lengths, and to the effect of
the flow on shallow pitting locations. |dentical damage
was observed an tubes with a deficient protective film,
i.e. low resistance of the covering film to polarisation at
estimated average flow rates around 2.0 m/sec, The causes
recognized as being responsible for the erosion extending
up to 10 cm in the tubes were the sporadic intrusion of
sand (Fig. 14) resp. heavy incidence of air bubbles on
account of the rise in the cooling water temperature in
the summer months. Under such conditions, there is said
to be a helical flow turbulence at the tube inlet.

No explanation has been found for the causes underlying
the erosive corrosion peints which are distributed at

Figure 15.

Erpsive corrosion point in the free tube length {CuZn285n).



Figure 18,
(CLZn20Al) originating from corresion pitting.

random along the free tube lengthe. It can be assumed
that solids have been tempoerarily held up at lhose points,
thus interfering with the normal turbulence of the Reynolds
type (Fig. 15).

One practicable way of prolecting heat exchanger tubes
from erosive corrosion is the building-up of extraneous
oxide covering films in view of the limited possibility of
influencing the natural oxide covering films.

FATIGUE CRACK CORROSION [25, 26]

Faligue crack corrosion (corrosion fatigue) — characterised
by transcrystalline cross-cracks in condenser and cooler
tubes, can occur basically under -alternating mechanical
loads with tensile stress components using any cooling
water and in any material. All according to the form of the
alternating load, distinction is made between fissures
arising under low-cycle stress changes of small amplitude
(low-cycle corresion fatigue) and cracks developing under
vibrational loads of high frequencies and ampliludes.

With regard to the formation of low-cycle corrosion fatigue
¢racks, it is assumed that the material is in the active
condition, at least at the cracking point of origin. There
appear several parallel initial cracks which begin in wedge-

Figure 17
from the steam admission zone batween ballle plales:

Fatigue corrosion crack in a lube (CuZn28Sn)

Low-cycle elongation latigue cracks in an ofl cooler lube

like fashion and become finer towards the ends of the
cracks. They are very similar in form to stress corrosion
cracks, so that a similar originating mechanism can be
pre-supposed. Cracks of this kind are often observed in
oil cooler pipes in the primary water circuit and develop
mainly from pitting corrosion points (Fig. 18). It is evident
that in such cases the alternating load appears in the
form of temperature shocks after numerous operations of
the coolers.

Fatigue corrosion cracks which occur under high stress
frequencies can also appear in lubes with a completely
passive covering film. Often, only one crack running as a
sharp incision inte the material is observed (Fig. 17)
At the breaking surface of such cracks, isolated inter-
ference bands can be recognised as a typical feature of
allernaling stress. Occasionally but rarely, damages result-
ing from such a cause can be seen on domes and tubes
from steam admission zone where there is an intensive
surge current resulting from bypass resp. over-production
steam.

DEALLOYING [27 to 33)

Dealloying of the layer and plug types are special forms
of uniform corrosion and pitting which lead in all cases
to augmentalion ¢f metallic copper al the corresion points.
Examples of this are provided by the well-known
dezincification of brass, the denickelisation of CulNi altoys,
as well as the de-aluminizing of CuAl alloys. Whilst the
layer type of this selective carresion can practically no
longer be observed teday on account of the arsenic Inhibit-
ing of the special brasses, the plug type with remarkable
dissolution rates in the three mentioned alloy groups is
not uncommaon.

The basic differences in the explanations which have
persisted  for decades with regard to the effective
mechanisms are resolved into two standpoints which seam
ta be diametrically opposite. Whilst the one standpoint
assumes that lhe entire alloy first dissolves In the proper-
tion of the alloy elements with' subsequent re-precipiation
of the purer copper compenent (Mechanism 1), the other
theory speaks of an exclusive dissolution of the more
impure alloy compaonents Zn, Ni resp. Al whereby a
microporous surface layer of the purer copper metal with
the structural remant of the original alloy (Mechanism 11}
remains. In the last few years there has been an
approximation of the two standpeinis to the extent that
both mechanisms can ensue in accordance with the
external conditions of the elecirolyte composition and in
keeping with the no-load potential (Fig. 18). A first estima-
tion of the theoretical possibilities involved in the dealloy-
ing of monophase copper alloys can be obtained by


















