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Stress cor ro sion crack ing (SCC) in a caus tic me dium may af fect the sec ond ary cir cuit
tub ing of a CANDU NPP cooled with river wa ter, due to an ac ci den tal for ma tion of a
con cen trated al ka line en vi ron ment in the ar eas with re stricted cir cu la tion, as a re sult of a 
leak age of cool ing wa ter from the con denser. To eval u ate the sus cep ti bil ity of
Incoloy-800 (used to man u fac ture steam gen er a tor tubes for CANDU NPP) to SCC,
some ac cel er ated cor ro sion tests were con ducted in an al ka line so lu tion (10% NaOH,
pH = 13). These ex per i ments were per formed at am bi ent tem per a ture and 85 °C. We
used the potentiodynamic method and the potentiostatic method, si mul ta neously mon -
i tor ing the vari a tion of the open cir cuit po ten tial dur ing a time pe riod (Ecorr/time curve).
The C-ring method was used to stress the sam ples. In or der to cre ate stress con cen tra -
tions, me chan i cal precracks with a depth of 100 or 250 mm were made on the outer side
of the C-rings. Ex per i men tal re sults showed that the stressed sam ples were more sus -
cep ti ble to SCC than the un stressed sam ples, whereas the in crease in tem per a ture and
crack depth lead to an in crease in SCC sus cep ti bil ity. In cip i ent microcracks of a depth of
30 mm were de tected in the area of the high est peak of the me chan i cal precrack.

Key words: caus tic stress cor ro sion cracking, Incoloy-800, CANDU nu clear power plant,
steam gen er a tor

IN TRO DUC TION

It is known that stress cor ro sion crack ing
(SCC) is due to a pro cess in volv ing con joint cor ro -
sion and strain ing of a metal due to re sid ual or ap -
plied stresses [1]. SCC is an in sid i ous form of cor ro -
sion, be cause it pro duces a marked loss of
me chan i cal strength with lit tle metal loss. Al though 
the dam age is not ob vi ous by ca sual in spec tion,
stress cor ro sion cracks can re sult in a rapid growth

of frac ture and cat a strophic fail ure of com po nents
and struc tures. For tu nately, the oc cur rence of SCC
de pends on the si mul ta neous com pli ance of three
re quire ments: sus cep ti bil ity of ma te rial to SCC, an
en vi ron ment that causes SCC of a spe cific ma te rial
and suf fi cient ten sile stress to in duce SCC.

The SCC mech a nism can af fect both com po -
nents of the pri mary and the sec ond ary side of the
nu clear power plant, de pend ing on the ex ist ing sys -
tem metal/en vi ron ment and pre dom i nantly in ar eas
con tain ing con cen trated im pu ri ties [2]. In the case
of the sec ond ary side of a CANDU NPP cooled
with river wa ter, an ac ci den tal for ma tion of a con -
cen trated al ka line me dium in ar eas with re stricted
cir cu la tion, as a re sult of a leak age of cool ing wa ter
from the con denser, can lead to the dam age of steam 
gen er a tor tubes made of Incoloy-800 (type UNS
N08800) [3]. An other rea son for cor ro sive en vi ron -
ment oc cur rences may be the ab nor mal wa ter
chem is try in the cir cuits of a CANDU NPP. Stress
can ap pear in the roll ing ex pan sion re gions of steam
gen er a tor tubes, at the joint with the tube plate and
in the re gion of tube sup ports. It may also re sult
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from vi bra tions due to the high flow rate of heavy
wa ter, or may be gen er ated by the for ma tion of cor -
ro sion products in lim ited ar eas.

Be cause steam gen er a tor dam age in volves the
shut down of the re ac tor and ex tremely high costs of
re pairs, it is nec es sary to find meth ods to avoid SCC
oc cur rence in steam gen er a tors tubes.

EX PER I MEN TAL

The ma te rial tested in our ex per i ment was
Incoloy-800, which is an austenitic Fe-Cr-Ni al loy
(UNS N08800), man u fac tured ac cord ing to
ASTM SB 407. In tab. 1, the chem i cal com po si tion
de ter mined by the sup plier is pre sented. Val ues of
yield stress s0,2% and ul ti mate ten sile stress sr of uni -
form elon ga tion A and of elas tic moduls E for
Incoloy-800 tubes, ob tained in the cir cumfer ential
di rec tion, are shown in tab. 2 [4].

Ta ble 1. The chem i cal com po si tion of Incoloy-800
[wt %]

Ta ble 2. The me chan i cal prop er ties of Incoloy-800 at
room tem per a ture [4]

The C-ring method [5] was cho sen as a mode of 
stress ing Incoloy-800 tubes. The C-rings were ob -
tained by cut ting rings 12 mm in height from the
tubes of the gen er a tor. The outer di am e ter of these
tubes is 15.9 mm, wall thick ness 1.13 mm. The
C-rings were then com pressed us ing a screw (fig. 1).
To ob tain a con cen trated stress in a cer tain zone,
some sam ples were me chan i cally precracked. The
me chan i cal cracks had two depths: 100 and 250 mm. 
The length of these me chan i cal precracks is 12 mm
(the height of the C-rings).

The stresses and de for ma tions in duced in
Incoloy-800 rings were eval u ated by us ing the
ANSYS code. This code is a fi nite-el e ment anal y sis
pack age, widely used in in dus try to sim u late the re -
sponse of a phys i cal sys tem to struc tural load ing,
ther mal and elec tro mag netic ef fects. The es ti ma tion 
made at room tem per a ture shows that the max i mal
value of stress at the high est point of the me chan i cal
crack is around 614 MPa in both cases (precrack
depth 100 and 250 mm) [6]. Be cause the stress be -
comes re laxed at am bi ent tem per a ture af ter the
tight en ing of the C-rings, the ap plied stress sta bi -
lizes at a value known as the “in ter nal stress”. Stud -
ies per formed on Incoloy-800 showed that, prac ti -
cally, the stress was sta bi lized at 80% of the value
the o ret i cally ap plied [7]. There fore, the value of the
real stress at the high est point of the me chan i cal
crack was sta bi lized be low the value of ul ti mate
stress.

The con cen tra tion of NaOH in the area of
crev ices formed in the hot zone of the steam gen er a -
tor tubes may be 3% af ter 10,000 hours of ex po sure
and in crease up to 50%, af ter a very long time of ex -
po sure [8]. A so lu tion of 10% NaOH (pH = 13)
was used in these ex per i ments.

Since it takes a long time to ini ti ate SCC-type
cracks (ap prox i mately 10,000 hours [9]), ac cel er -
ated elec tro chem i cal cor ro sion tests were per -
formed us ing the Prince ton Ap plied Re search
Model 273 Elec tro chem i cal Sys tem. In the elec tro -
chem i cal cell, con tain ing tree elec trodes (work elec -
trode, ref er ence elec trode, and aux il iary elec trode
[3]), an al ka line so lu tion (10% NaOH, pH = 13)
was in tro duced. The tests were car ried out at am bi -
ent tem per a ture and 85 °C (the max i mum tem per a -
ture at which the elec tro chem i cal cell can op er ate).

When the potentiodynamic (PD) method
was used, the po ten tial val ues ranged be tween
–800 mV vs. Ecor and +1600 mV vs. SCE (Sat u -
rated Cal o mel Elec trode), with a scan rate of the
po ten tial of 0.2 mV/s. The sam ples potentiostat i -
cally tested at -100 mV were main tained be tween 
24 and 48 hours at 85 °C in a 10% NaOH so lu -
tion (pH = 13).  This po ten tial value was cho sen
from the ac tive re gion of the potentiodynamic
curve. An other method that per mit ted the as sess -
ment of the sus cep ti bil ity to SCC con sisted of re -
cord ing the vari a tion of the open cir cuit po ten tial
over a time pe riod (Ecorr/time curve).

The sam ples tested potentiostatically were ex -
am ined by the op ti cal mi cro scope NEOPHOT2.

RE SULTS AND DIS CUS SIONS

In the case of precracked sam ples with 100 mm 
crack depth, the PD curves for un stressed and
stressed sam ples, re spec tively, both tested at 25 °C,
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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

s0,2% [MPa] sr [MPa] A [%] E [kN/mm2]

170-205 450-500 35 198

S

S

Fig ure 1. The C-ring used to test the sus cep ti bil ity of
Incoloy-800 to SCC; (a) un stressed sam ple, (b)
stressed sam ple



are shown in fig. 2. The potentiodynamic (PD)
curve shows the evo lu tion of cor ro sion po ten tial E
func tion of the cor ro sion cur rent I. The dis place -
ment of an odic cur rent to higher val ues in di cates
that the stressed sam ple is more sus cep ti ble to cor -
ro sion. Fig ure 3 pres ents the in flu ence of the tem -
per a ture in crease on the sus cep ti bil ity to SCC of
stressed sam ples. It is no ticed that the sam ples

tested at room tem per a ture have a greater pas siv ity
ten dency than the sam ples tested at 85 °C. At the
same time, the pas sive re gion of the sam ples tested
at room tem per a ture is larger than the pas sive re -
gion of the sam ples tested at a higher tem per a ture.
There fore, the sus cep ti bil ity to SCC in creases with
the in crease of tem per a ture and stress.

The same re sults were ob tained in the case of
me chan i cally precracked sam ples with a 250 mm
depth of crack. Fig ure 4 shows the PD curves cor re -
spond ing to  these sam ples, stressed and un stressed,
tested at room tem per a ture. Fig ure 5 dis plays the
over lap of the PD curves, cor re spond ing to the
stressed sam ples tested at room tem per a ture and at
85 °C, re spec tively.

Be cause the an odic cur rent is dis placed to
higher val ues in the case of sam ples with a 250 mm
depth of precrack, we can state that the in crease in
crack depth led to an in crease in  SCC sus cep ti bil ity
(fig. 6).

The stressed sam ples with the depth of me chan i -
cal precracks of 100 mm were tested potentiostatically
in two stages: the du ra tion of the first stage was 14
hours, of the sec ond one 20 hours. Be tween these
stages, the sam ple re mained into the so lu tion at room
tem per a ture; hence, the to tal du ra tion of the real test
was 34 hours. Potentiostatic curves, which rep re sent
the evo lu tion of cor ro sion cur rent func tion of the
time,  are pre sented in fig. 7. The es tab lish ment of the
an odic cur rent on a cer tain con stant value (about few
nA) in the first stage, shows that a pas sive layer was
formed on the sam ple sur face. Also, 2.5 hours af ter
the start of the ex per i ment (fig. 7a), the oc cur rence of
an an odic cur rent peak could be ob served, which
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Fig ure 2. PD curves of the precracked sam ples with
100 mm depth of precrack tested at 25 °C;
9 – un stressed, 11 – stressed

Fig ure 3. PD curves of the stressed and precracked sam -
ples tested at room tem per a ture and 85 °C (100 mm
depth of precrack)

Fig ure 4. PD curves of the precracked sam ples with
250 mm depth of precrack; 8 – un stressed, 10 –
stressed



could rep re sent the ini ti a tion of SCC cracks. Dur ing
the sec ond stage, one could ob serve cer tain in creases
of the an odic cur rent, due to the break ing of the pas -
sive layer and to the prop a ga tion of SCC cracks (fig.
7b). The first im por tant peak of the an odic cur rent oc -
curs 14.5 hours af ter the be gin ning of the ex per i ment
(14 hours the du ra tion of the first stage and 0.5 hours
af ter the start of the sec ond stage - fig. 7b).

In the case of the sam ples with the depth of the 
me chan i cal precrack of 250 mm, the potentiostatic
test was per formed in three stages, i. e. for 5.5 hours
(first and sec ond stage) and 10 hours (third stage).
The to tal du ra tion of this test was 21 hours. In this
case, SCC cracks ini ti a tion oc curred 1 hour af ter the 

start of the ex per i ment (fig. 8a) and the first im por -
tant in crease of the an odic cur rent oc curred 8 hours
af ter the be gin ning of the test (fig. 8b). In the last
stage, nu mer ous peaks de vel oped rep re sent ing the
prop a ga tion of  SCC cracks (fig. 8c).

The Ecorr–time curves cor re spond ing to the
stressed sam ples tested at 85 °C in a so lu tion of
10%NaOH are pre sented in fig. 9. The vari a tions of 
po ten tial val ues show a pro cess due to the growth of 
the pas sive layer and its sub se quent break ing. In the
case of the sam ples with a depth of the me chan i cal
precrack of 250 mm, the po ten tial de creased dra -
mat i cally down to about -629 mV, which can rep re -
sent the break ing of the pas sive layer and the start of
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Fig ure 6. PD curves of the precracked and stressed
sam ples tested at 25 °C

Fig ure 5. PD curves of the stressed and precracked sam -
ples tested at room tem per a ture and 85 °C (250 mm
depth of precrack)

Fig ure 7. The potentiostatic curves ob tained on a stressed sam ple with the depth of the me chan i cal precrack of
100 mm; (a) first stage (14 hours); (b) sec ond stage (20 hours)



SCC cracks. The val ues of the po ten tial had more
neg a tive val ues in the case of the sam ple with a
depth of the me chan i cal precrack of 250 mm. There -
fore, this sam ple is more sus cep ti ble to SCC.

In the case of the sam ples tested potentiostatically, 
op ti cal mi cros copy emphasised the pres ence of in cip i -
ent SCC cracks. The cracks prop a gated up to the depth
of ap prox i mately 30 mm. It was no ticed that these in -
cip i ent cracks oc curred in the area of the deep est point
of the me chan i cal precracks. These cracks ini ti ated lat -

er ally in the area with the max i mum stress es ti mated by
ANSYS code (fig. 10). 

CON CLU SIONS

The potentiodynamic tests which al lowed
SCC eval u a tion showed that:

(a) the stressed sam ples are more sus cep ti ble
to SCC than the un stressed sam ples. The pas sive
range is shorter in the case of the stressed sam ples
than in the case of those un stressed at room tem per -
a ture and at 85 °C,

(b) the in crease in tem per a ture led to the in -
crease in SCC sus cep ti bil ity of the stressed sam ples.
At 850 °C, the pas siv ity ten dency is lower than at
room tem per a ture, and

(c) the in crease in the depth of the me chan i cal
precrack de ter mined an in crease in SCC sus cep ti bil -
ity.

Potentiostatic tests in di cate that the cho sen
value of cor ro sion po ten tial (-100 mV) is able to
ini ti ate and prop a gate SCC microcracks at the sur -
face of the tested sam ples and that the time of SCC
microcracks ini ti a tion de creases with the in crease in
the depth of the me chan i cal precrack.
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Fig ure 8. Potentiostatic curves ob tained on a
stressed sam ple with the depth of me chan i cal
precrack of 250 mm;
(a) first stage (5 hours),
(b) sec ond stage (5 hours),
(c) third stage (10 hours)

Fig ure 9. Ecorr-time curves of the stressed sam ples
tested at 85 °C in a 10% NaOH so lu tion with the
depth of me chan i cal precrack; (a) 100 mm, (b) 250 mm



Us ing the metallographic method, it was pos -
si ble to de tect the pres ence of in cip i ent SCC
microcracks in the area of the high est point of the
me chan i cal precrack. The av er age depth of these in -
cip i ent microcracks is ap prox i mately 30 mm.
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Fig ure 10. SCC microcracks in the deep est point of the me chan i cal precrack of stressed sam ples tested
potentiostatically in a 10% NaOH at 85 °C and -100 mV; (a) depth of me chan i cal precrack - 100 mm, (b) depth of
mechancal precrack - 250 mm (´500)



 40 Nu clear Tech nol ogy & Ra di a tion Pro tec tion –1/2006

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 tem per a ture 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


