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Stress corrosion cracking (SCC) in a caustic medium may affect the secondary circuit
tubing of a CANDU NPP cooled with river water, due to an accidental formation of a
concentrated alkaline environment in the areas with restricted circulation, as a result of a
leakage of cooling water from the condenser. To evaluate the susceptibility of
Incoloy-800 (used to manufacture steam generator tubes for CANDU NPP) to SCC,
some accelerated corrosion tests were conducted in an alkaline solution (10% NaOH,
pH = 13). These experiments were performed at ambient temperature and 85 °C. We
used the potentiodynamic method and the potentiostatic method, simultaneously monitoring the variation of the open circuit potential during a time period (Ecorr/time curve).
The C-ring method was used to stress the samples. In order to create stress concentrations, mechanical precracks with a depth of 100 or 250 mm were made on the outer side
of the C-rings. Experimental results showed that the stressed samples were more susceptible to SCC than the unstressed samples, whereas the increase in temperature and
crack depth lead to an increase in SCC susceptibility. Incipient microcracks of a depth of
30 mm were detected in the area of the highest peak of the mechanical precrack.
Key words: caustic stress corrosion cracking, Incoloy-800, CANDU nuclear power plant,
steam generator

INTRODUCTION
It is known that stress corrosion cracking
(SCC) is due to a process involving conjoint corrosion and straining of a metal due to residual or applied stresses [1]. SCC is an insidious form of corrosion, because it produces a marked loss of
mechanical strength with little metal loss. Although
the damage is not obvious by casual inspection,
stress corrosion cracks can result in a rapid growth
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of fracture and catastrophic failure of components
and structures. Fortunately, the occurrence of SCC
depends on the simultaneous compliance of three
requirements: susceptibility of material to SCC, an
environment that causes SCC of a specific material
and sufficient tensile stress to induce SCC.
The SCC mechanism can affect both components of the primary and the secondary side of the
nuclear power plant, depending on the existing system metal/environment and predominantly in areas
containing concentrated impurities [2]. In the case
of the secondary side of a CANDU NPP cooled
with river water, an accidental formation of a concentrated alkaline medium in areas with restricted
circulation, as a result of a leakage of cooling water
from the condenser, can lead to the damage of steam
generator tubes made of Incoloy-800 (type UNS
N08800) [3]. Another reason for corrosive environment occurrences may be the abnormal water
chemistry in the circuits of a CANDU NPP. Stress
can appear in the rolling expansion regions of steam
generator tubes, at the joint with the tube plate and
in the region of tube supports. It may also result
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from vibrations due to the high flow rate of heavy
water, or may be generated by the formation of corrosion products in limited areas.
Because steam generator damage involves the
shutdown of the reactor and extremely high costs of
repairs, it is necessary to find methods to avoid SCC
occurrence in steam generators tubes.

EXPERIMENTAL
The material tested in our experiment was
Incoloy-800, which is an austenitic Fe-Cr-Ni alloy
(UNS N08800), manufactured according to
ASTM SB 407. In tab. 1, the chemical composition
determined by the supplier is presented. Values of
yield stress s0,2% and ultimate tensile stress sr of uniform elongation A and of elastic moduls E for
Incoloy-800 tubes, obtained in the circumferential
direction, are shown in tab. 2 [4].
Table 1. The chemical composition of Incoloy-800
[wt %]
Fe

Ni

Cr

C

Si

P

S

Mn

Ti

Cu

Al

Rest 30-35 19-23 0.02 0.52 0.009 0.004 0.50 0.47 0.01 0.31

Table 2. The mechanical properties of Incoloy-800 at
room temperature [4]
s0,2% [MPa]

sr [MPa]

A [%]

E [kN/mm2]

170-205

450-500

35

198

The C-ring method [5] was chosen as a mode of
stressing Incoloy-800 tubes. The C-rings were obtained by cutting rings 12 mm in height from the
tubes of the generator. The outer diameter of these
tubes is 15.9 mm, wall thickness 1.13 mm. The
C-rings were then compressed using a screw (fig. 1).
To obtain a concentrated stress in a certain zone,
some samples were mechanically precracked. The
mechanical cracks had two depths: 100 and 250 mm.
The length of these mechanical precracks is 12 mm
(the height of the C-rings).
S

S
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The stresses and deformations induced in
Incoloy-800 rings were evaluated by using the
ANSYS code. This code is a finite-element analysis
package, widely used in industry to simulate the response of a physical system to structural loading,
thermal and electromagnetic effects. The estimation
made at room temperature shows that the maximal
value of stress at the highest point of the mechanical
crack is around 614 MPa in both cases (precrack
depth 100 and 250 mm) [6]. Because the stress becomes relaxed at ambient temperature after the
tightening of the C-rings, the applied stress stabilizes at a value known as the “internal stress”. Studies performed on Incoloy-800 showed that, practically, the stress was stabilized at 80% of the value
theoretically applied [7]. Therefore, the value of the
real stress at the highest point of the mechanical
crack was stabilized below the value of ultimate
stress.
The concentration of NaOH in the area of
crevices formed in the hot zone of the steam generator tubes may be 3% after 10,000 hours of exposure
and increase up to 50%, after a very long time of exposure [8]. A solution of 10% NaOH (pH = 13)
was used in these experiments.
Since it takes a long time to initiate SCC-type
cracks (approximately 10,000 hours [9]), accelerated electrochemical corrosion tests were performed using the Princeton Applied Research
Model 273 Electrochemical System. In the electrochemical cell, containing tree electrodes (work electrode, reference electrode, and auxiliary electrode
[3]), an alkaline solution (10% NaOH, pH = 13)
was introduced. The tests were carried out at ambient temperature and 85 °C (the maximum temperature at which the electrochemical cell can operate).
When the potentiodynamic (PD) method
was used, the po tential values ranged between
–800 mV vs. Ecor and +1600 mV vs. SCE (Saturated Calomel Electrode), with a scan rate of the
potential of 0.2 mV/s. The samples potentiostatically tested at -100 mV were maintained between
24 and 48 hours at 85 °C in a 10% NaOH solution (pH = 13). This potential value was chosen
from the active region of the potentiodynamic
curve. Another method that permitted the assessment of the susceptibility to SCC consisted of recording the variation of the open circuit potential
over a time period (Ecorr/time curve).
The samples tested potentiostatically were examined by the optical microscope NEOPHOT2.

RESULTS AND DISCUSSIONS
Figure 1. The C-ring used to test the susceptibility of
Incoloy-800 to SCC; (a) unstressed sample, (b)
stressed sample

In the case of precracked samples with 100 mm
crack depth, the PD curves for unstressed and
stressed samples, respectively, both tested at 25 °C,
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Figure 2. PD curves of the precracked samples with
100 mm depth of precrack tested at 25 °C;
9 – unstressed, 11 – stressed

are shown in fig. 2. The potentiodynamic (PD)
curve shows the evolution of corrosion potential E
function of the corrosion current I. The displacement of anodic current to higher values indicates
that the stressed sample is more susceptible to corrosion. Figure 3 presents the influence of the temperature increase on the susceptibility to SCC of
stressed samples. It is noticed that the samples

Figure 3. PD curves of the stressed and precracked samples tested at room temperature and 85 °C (100 mm
depth of precrack)
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Figure 4. PD curves of the precracked samples with
250 mm depth of precrack; 8 – unstressed, 10 –
stressed

tested at room temperature have a greater passivity
tendency than the samples tested at 85 °C. At the
same time, the passive region of the samples tested
at room temperature is larger than the passive region of the samples tested at a higher temperature.
Therefore, the susceptibility to SCC increases with
the increase of temperature and stress.
The same results were obtained in the case of
mechanically precracked samples with a 250 mm
depth of crack. Figure 4 shows the PD curves corresponding to these samples, stressed and unstressed,
tested at room temperature. Figure 5 displays the
overlap of the PD curves, corresponding to the
stressed samples tested at room temperature and at
85 °C, respectively.
Because the anodic current is displaced to
higher values in the case of samples with a 250 mm
depth of precrack, we can state that the increase in
crack depth led to an increase in SCC susceptibility
(fig. 6).
The stressed samples with the depth of mechanical precracks of 100 mm were tested potentiostatically
in two stages: the duration of the first stage was 14
hours, of the second one 20 hours. Between these
stages, the sample remained into the solution at room
temperature; hence, the total duration of the real test
was 34 hours. Potentiostatic curves, which represent
the evolution of corrosion current function of the
time, are presented in fig. 7. The establishment of the
anodic current on a certain constant value (about few
nA) in the first stage, shows that a passive layer was
formed on the sample surface. Also, 2.5 hours after
the start of the experiment (fig. 7a), the occurrence of
an anodic current peak could be observed, which
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Figure 5. PD curves of the stressed and precracked samples tested at room temperature and 85 °C (250 mm
depth of precrack)

Figure 6. PD curves of the precracked and stressed
samples tested at 25 °C

could represent the initiation of SCC cracks. During
the second stage, one could observe certain increases
of the anodic current, due to the breaking of the passive layer and to the propagation of SCC cracks (fig.
7b). The first important peak of the anodic current occurs 14.5 hours after the beginning of the experiment
(14 hours the duration of the first stage and 0.5 hours
after the start of the second stage - fig. 7b).
In the case of the samples with the depth of the
mechanical precrack of 250 mm, the potentiostatic
test was performed in three stages, i. e. for 5.5 hours
(first and second stage) and 10 hours (third stage).
The total duration of this test was 21 hours. In this
case, SCC cracks initiation occurred 1 hour after the

start of the experiment (fig. 8a) and the first important increase of the anodic current occurred 8 hours
after the beginning of the test (fig. 8b). In the last
stage, numerous peaks developed representing the
propagation of SCC cracks (fig. 8c).
The Ecorr–time curves corresponding to the
stressed samples tested at 85 °C in a solution of
10%NaOH are presented in fig. 9. The variations of
potential values show a process due to the growth of
the passive layer and its subsequent breaking. In the
case of the samples with a depth of the mechanical
precrack of 250 mm, the potential decreased dramatically down to about -629 mV, which can represent the breaking of the passive layer and the start of

Figure 7. The potentiostatic curves obtained on a stressed sample with the depth of the mechanical precrack of
100 mm; (a) first stage (14 hours); (b) second stage (20 hours)
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Figure 9. Ecorr-time curves of the stressed samples
tested at 85 °C in a 10% NaOH solution with the
depth of mechanical precrack; (a) 100 mm, (b) 250 mm

erally in the area with the maximum stress estimated by
ANSYS code (fig. 10).

CONCLUSIONS

Figure 8. Potentiostatic curves obtained on a
stressed sample with the depth of mechanical
precrack of 250 mm;
(a) first stage (5 hours),
(b) second stage (5 hours),
(c) third stage (10 hours)

SCC cracks. The values of the potential had more
negative values in the case of the sample with a
depth of the mechanical precrack of 250 mm. Therefore, this sample is more susceptible to SCC.
In the case of the samples tested potentiostatically,
optical microscopy emphasised the presence of incipient SCC cracks. The cracks propagated up to the depth
of approximately 30 mm. It was noticed that these incipient cracks occurred in the area of the deepest point
of the mechanical precracks. These cracks initiated lat-

The potentiodynamic tests which allowed
SCC evaluation showed that:
(a) the stressed samples are more susceptible
to SCC than the unstressed samples. The passive
range is shorter in the case of the stressed samples
than in the case of those unstressed at room temperature and at 85 °C,
(b) the increase in temperature led to the increase in SCC susceptibility of the stressed samples.
At 850 °C, the passivity tendency is lower than at
room temperature, and
(c) the increase in the depth of the mechanical
precrack determined an increase in SCC susceptibility.
Potentiostatic tests indicate that the chosen
value of corrosion potential (-100 mV) is able to
initiate and propagate SCC microcracks at the surface of the tested samples and that the time of SCC
microcracks initiation decreases with the increase in
the depth of the mechanical precrack.
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Figure 10. SCC microcracks in the deepest point of the mechanical precrack of stressed samples tested
potentiostatically in a 10% NaOH at 85 °C and -100 mV; (a) depth of mechanical precrack - 100 mm, (b) depth of
mechancal precrack - 250 mm (´500)

Using the metallographic method, it was possible to detect the presence of incipient SCC
microcracks in the area of the highest point of the
mechanical precrack. The average depth of these incipient microcracks is approximately 30 mm.
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Alisa DINU, Marioara ABRUDEANU, Marija RADULESKU, Lu~ijan VEL^IJU
ELEKTROHEMIJSKO PROU^AVAWE PUCAWA LEGURE INCOLOY-800 USLED
NAPONSKE KOROZIJE U RASTVORU NATRIJUMHIDROKSIDA
DEO DRUGI: UZORCI SA PRETHODNOM NAPRSLINOM
Pucawe cevi usled naponske korozije i curewe hladne vode iz kondenzatora posledica su
slu~ajnog nagomilavawa baznog sadr`aja u zonama ograni~ene cirkulacije, {to mo`e da poremeti
sistem sekundarnog kola nuklearne elektrane tipa CANDU hla|ene re~nom vodom. Sprovedena su
ispitivawa ubrzane korozije u baznom rastvoru (10% NaOH, pH = 13) koja su imala za ciq da se oceni
osetqivost na pucawe usled naponske korozije legure Incoloy-800 (kori{}ene za izradu cevi
parogeneratora nuklearne elektrane CANDU). Eksperimenti su obavqeni na sobnoj temperaturi i
85 °C. Kori{}ene su potenciodinami~ka i potenciostati~ka metoda uz istovremeno pra}ewe
promene potencijala otvorenog kola tokom jednog vremenskog intervala (kriva Ecorr/vreme). Uzorci
su prethodno deformisani primenom metode C-prstena. Da bi se ostvarila koncentracija naprezawa,
na spoqa{woj strani C-prstena ve{ta~ki su izazvane naprsline debqine 100 i 250 mm.
Eksperimentalni rezultati ukazuju da su prethodno deformisani uzorci osetqiviji na pucawe nego
nedeformisani, kao i da porast temperature i dubine naprslina dovodi do porasta osetqivosti na
naponsku koroziju. U okolini najve}e deformacije prvobitne naprsline zapa`eno je obrazovawe
po~etnih mikronaprslina dubine 30 mm.
Kqu~ne re~i: pucawe usled naponske korozije u baznim rastvorima, Incoloy-800, CANDU
jjjjjjjjjjjjjjjjjjjjjjjjnuklearna elektrana, parogenerator

