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Many non-vol a tile im pu ri ties ac ci den tally in tro duced into the steam gen er a tor tend to 
con cen trate on its sur face in re stricted flow ar eas. In this way these im pu ri ties can lead
to stress cor ro sion crack ing (SCC) on stressed tubes of the steam gen er a tor. Such im -
pu ri ties can be strong al ka line or acid so lu tions. To eval u ate the ef fect of al ka line con -
cen trated en vi ron ments on SCC of steam gen er a tor tubes, the tests were con ducted on 
stressed sam ples of Incoloy-800 in 10% NaOH so lu tion. To ac cel er ate the SCC pro -
cess, stressed spec i mens were an od i cally polar ised in a caus tic so lu tion in an elec tro -
chem i cal cell. The method of stress ing of Incoloy-800 tubes used in our ex per i ments
was the C-ring. Us ing the cath odic zone of the potentiodynamic curves it was pos si ble
to cal cu late the most im por tant elec tro chem i cal pa ram e ters: the cor ro sion cur rent, the 
cor ro sion rate, and the polar is ation re sis tance. We found that the value of the cor ro -
sion po ten tial to ini ti ate the SCC microcracks was -100 mV. The tested sam ples were
ex am ined us ing the metallographic method. The main ex per i men tal re sults showed
that the in crease of the stress state pro moted the in crease of the SCC sus cep ti bil ity of
Incoloy-800 sam ples tested un der the same con di tions, and that the length of the
SCC-type microcracks in creased with the growth of the stress value.
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IN TRO DUC TION

The steam gen er a tor tubes of CANDU power
plant have been man u fac tured of Incoloy-800 – a
Fe-Ni-Cr al loy (type UNS N08800). This austenitic
al loy has a good gen eral cor ro sion re sis tance be cause it 
is cov ered with a pas sive layer in wa ter at high tem per -
a ture; how ever, un der cer tain con di tions the stress
cor ro sion crack ing (SCC) is ob served.

Ba si cally, the SCC ap pears in the pres ence of
the si mul ta neous ac tion of a cor ro sive agent and a
me chan i cal stress.

The cor ro sive en vi ron ment may some times
ap pear due to the atyp i cal chem is try of wa ter from
the sec ond ary cir cuit of CANDU nu clear power
plant. An other rea son for the cor ro sion oc cur rence
is the con cen tra tion of dis so lute im pu ri ties flowed
in within the pro cess of in fil tra tion of the cool ing
wa ter from con denser.

The stress state can ap pear in the roll ing ex -
pan sion re gions of the steam gen er a tor tubes at the
joint with the tube plate and in the re gion of the
tube sup ports. Be cause of the high speed of heavy
wa ter (6-10 m/s) the vi bra tion ap pears, which is a
sig nif i cant cause of the stress state. The for ma tion of 
the cor ro sion prod ucts in the lim ited ar eas can also
gen er ate a sig nif i cant stress con di tion. Ac cord ingly,
the SCC mech a nism can af fect both the pri mary and 
sec ond ary sides of the steam gen er a tor, pre dom i -
nantly the ar eas con tain ing con cen trated im pu ri -
ties.

It is gen er ally be lieved that the caus tic con -
tam i na tion of the steam gen er a tor wa ter can ap pear
ei ther from the in gress of river wa ter con tain ing so -
dium car bon ates through leak ing con dens ers or
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from the re lease of so dium hy drox ide by ion ex -
change res ins [1].

The steam gen er a tor dam age in di cates that
the re ac tor should be shut down, which brings
about the very high costs for its re pair ing. For this
rea son, it is nec es sary to find meth ods to avoid the
SCC ap pear ance in the steam gen er a tors tubes.

Un der nor mal con di tions, a long time is
needed (ap prox i mately 10000 hours) be fore the
SCC cracks ap pear [2]. That is why the ac cel er ated
elec tro chem i cal cor ro sion tests must be used to
study the sus cep ti bil ity of Incoloy-800 at SCC.

The C-ring method [3] has been cho sen to be
the method for stress ing Incoloy-800 in the ex per i -
ments. The ANSYS code was used to eval u ate the
stress and de for ma tion in duced in Incoloy-800
rings [4]. ANSYS is a fi nite-el e ment anal y sis pack -
age used widely in in dus try to sim u late the re sponse
of a phys i cal sys tem to the struc tural load ing as well
as ther mal and elec tro mag netic ef fects. Be fore the
ex per i ments, it was checked by an es ti ma tion
whether the sam ple stress con di tion could be
achieved. The tested sam ples were ex am ined us ing
the metallographic method to prove whether or not
there was the ap pear ance of SCC cracks in an al ka -
line so lu tion.

EX PER I MEN TAL

The Incoloy-800 tubes were man u fac tured
with the ASTM SB 407. The ex ter nal di am e ter of the 
steam gen er a tor tubes is 15.9 mm and the thick ness
of the wall is 1.13 mm. The chem i cal com po si tion of
the Incoloy-800, de ter mined by the man u fac turer, is
given in tab. 1. The me chan i cal prop er ties of the al -
loy are shown in tab. 2, ac cord ing to ASTM SB 407.

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

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

20 °C 170-205 450-500 198

>300 °C 95 390 180

The C-rings used in our ex per i ments were ob -
tained by cut ting the rings of 12 mm in length from
the gen er a tor tubes. These rings were af ter wards
com pressed by a screw (fig. 1) with the aim to ob -

tain the yield stress (s0,2%) and ul ti mate stress (sr),
of about 413 MPa and 582 MPa, re spec tively.

The ANSYS code was used to eval u ate the
stress and de for ma tion in duced in Incoloy-800
rings. To check whether the sam ple stress con di -
tions were achieved, the es ti ma tion was made be -
fore the ex per i ments. Thus we re al ized that it was
nec es sary to com press the ring to the di am e ter of
0.6 mm in or der to ob tain a value of the yield stress
around 413 MPa. To ob tain a value of the ul ti mate
stress un der 582 MPa, it was nec es sary to com press
the ring to 6.6 mm. The ini tial and fi nal po si tions of
the rings and screws of both cases are pre sented in
fig. 2.

Fig ure 3. shows the stress state of both cases. It 
is known that stress be comes weaker at the am bi ent
tem per a ture. Af ter the tight en ing of the C-rings,
the ap plied stress sta bi lised at the value known as
the “in ter nal stress”. The stud ies ef fec tu ated on
Incoloy-800 showed that in prac tice the stress was
sta bi lised at 80% of the the o ret i cal value [5].

To study elec tro chem i cally the sus cep ti bil ity of
Incoloy-800 to SCC we used the potentiodynamic,
potentiostatic, and Ecorr/time tech niques. We used the
Prince ton Ap plied Re search Model 273 Elec tro chem -
i cal Sys tem, and sev eral ac cel er ated cor ro sion tests
were car ried out. An al ka line so lu tion (10% NaOH)
with pH = 13 was in tro duced into the elec tro chem i -
cal cell con tain ing 3 elec trodes (fig. 4, [6]). The elec -
tro chem i cal cell was man u fac tured of Py rex glass and
had a ca pac ity of one litre. The test ing tem per a tures
were the am bi ent tem per a ture and 85 °C (the maxim
tem per a ture sup ported by elec tro chem i cal cell).

When the potentiodynamic method was used, 
the po ten tial val ues ranged be tween -250 mV vs
Ecorr and +600 mV vs SCE. Be cause the SCC pro -
cess needed a long time to be ini ti ated, the scan rate
of the po ten tial was 0.2 mV/s. To eval u ate the cor -
ro sion sus cep ti bil ity of the sys tem metal/en vi ron -
ment to SCC in a spe cific so lu tion, the most im por -
tant elec tro chem i cal pa ram e ters were cal cu lated:
the cor ro sion cur rent (icorr) and the cor ro sion rate
(vcorr), us ing the meth ods of Tafel slopes and the
polar is ation re sis tance.
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Fe Ni Cr C Si

Balance 30-35 19-23 0.02 0.52

P S Mn Ti Cn Al

0.009 0.004 0.50 0.47 0.01 0.31

Fig ure 1. The C-ring to test the sus cep ti bil ity of
Incoloy-800 to SCC (ex ter nal di am e ter 15.9 mm,
height 12 mm)



The se lec tion of po ten tials for the tests per formed 
at the con trolled po ten tials (potentiostatically) pro -
vided a com par i son of SCC be hav iour in three dis tinct
re gions of potentiodynamic (PD) curves: ac tive, ac -
tive-pas sive, and pas sive (fig. 5, [7]). In this way, it was
pos si ble to de ter mine the crit i cal po ten tials char ac ter is -
tic to SCC sus cep ti bil ity [6]. The potentiostatic method 
was ap plied at +80 mV, -100 mV, and -157 mV, the
sam ples be ing tested for 48 hours at 85 °C in 10%
NaOH so lu tion de gassed with ni tro gen, pH = 13.

An other method con sisted in the re cord ing of
the vari a tion of the open cir cuit po ten tial (EOCP or
Ecorr) dur ing the time pe riod. These re sults are pre -
sented as Ecorr/time curves.

RE SULTS

Us ing the cath odic zone of the potentiodynamic 
curves we cal cu lated icorr, vcorr, and the polar is ation re -
sis tance Rp. In tab. 3 the ex per i men tal val ues of these
elec tro chem i cal pa ram e ters re corded in 10% NaOH
so lu tion on the stressed sam ples at the max i mum
value and the un stressed sam ples at sev eral tem per a -
tures are pre sented.

From the re sults of tab. 3, we drove fol low ing
con clu sions in the case of sam ples tested at the same
tem per a ture:
– the cor ro sion po ten tial is less cath odic in the case

of un stressed sam ples; there fore the un stressed
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Fig ure 2. The dis place ment of the ring in the x di rec tion
(a) to ob tain a stress around of the yield stress; (b) to ob tain a stress un der the ul ti mate stress

Fig ure 3. The stress state cor re spond ing to a dis place ment of the ring with
(a) 0.6 mm (around of the yield stress); (b) 6.6 mm (un der the ul ti mate stress)



sam ples are less sus cep ti ble at cor ro sion than the
stressed sam ples, and

– the cor ro sion rates and the Rp are greater in
the case of the stressed sam ples.

In the case of ex per i ments per formed at two
tem per a tures we re marked:

– both the un stressed and stressed sam ples pre -
sented a more neg a tive po ten tial at 85  °C
than at 25 °C, and

– the cor ro sion rates are greater at higher tem -
per a ture.

The PD curves for one un stressed sam ple
(curve 6) and the re spec tive stressed sam ple (curve
4) both tested in 10% NaOH at 25 °C are shown in
fig. 6. 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. The potentiodynamic curves
of an un stressed sam ple (curve 13) and the re spec -
tive stressed sam ple (curve 12) tested un der the
iden ti cal con di tions, but at 85 °C are shown in fig.
7. In this case, the stressed sam ple is also more sus -
cep ti ble to cor ro sion than the un stressed sam ple.
The pas siv ity range of PD curve cor re spond ing to
the stressed sam ple is nar rower than that of the un -

stressed sam ple. There fore, the in crease of the tem -
per a ture de ter mined the de creas ing of the length of
the pas siv ity range of the stressed sam ple; in other
words, the in crease of the tem per a ture can in crease
the al loy sus cep ti bil ity to SCC.

The Ecorr-time curves cor re spond ing to the
un stressed sam ple (curve 6) and re spec tively
stressed sam ple (curve 4) tested for 24 hours at
25 °C in 10% NaOH so lu tion are shown in fig. 8. 
Af ter about 2 hours the cor ro sion po ten tial of
the un stressed sam ple de creased down to about
-300 mV. Af ter wards, the value of the cor ro sion
po ten tial in creased slowly main tain ing a rel a -
tively con stant value to the end of the test. The
curve 4 cor re spond ing to the max i mum stressed
sam ple pres ents an abrupt de crease of the po ten -
tial up to -580 mV at the be gin ning, fol lowed by
a few small vari a tions in in crease/de crease of the
po ten tial. This pro cess is due to the growth of a
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Fig ure 4. Elec tro chem i cal cell [6]

Fig ure 5. The ef fect of po ten tial to
SCC sus cep ti bil ity [7]

Ta ble 3. Ex per i men tal val ues of the elec tro chem i cal pa ram e ters re corded in 10% NaOH so lu tions for
Incoloy-800 samples

System
/curve code

Rp measurements Tafel slope measurements

E
[mV]

Rp
[kW/cm2]

Icorr
[mA/cm2]

Vcorr
[mm/year]

E
[mV]

bc ba
Icorr

[mA/cm2]
Vcorr

[mm/year]

Unstressed –
25 °C/6 -410 65.7 1.55 0.46 -408 323 604 1.27 0.49

   Stressed –
25 °C/4 -424 35.8 1.7 0.6 -422 346 593 1.3 0.55

Unstressed –
85 °C/13 -440 2.5 0.74 0.72 -441 302 164 0.76 0.32

   Stressed –
85 °C/12 -554 1.89 1.41 0.54 -537 157 319 1.18 0.49



layer and its sub se quent break ing. The me chan i -
cal de for ma tions and the re sid ual stresses in flu -
ence the de vi a tion of the cor ro sion po ten tial to
more neg a tive val ues; there fore, the trend to the
more neg a tive val ues of po ten tial is char ac ter is -
tic to an in creased sus cep ti bil ity to SCC of al loys
[8].

The stressed sam ples were tested for 48
hours at 85 °C in a 10% NaOH so lu tion de -
gassed with ni tro gen, pH = 13, with dif fer ent

val ues of the po ten tial: +80 mV, -100 mV, and
-157 mV, cor re spond ing to the pas sive, ac -
tive-pas sive, and ac tive re gion of PD curve 12
(fig. 7). These sam ples were in ves ti gated by the
metallographic method. To put in ev i dence the
grain bound aries, the sam ples were sub mit ted to
an elec tro chem i cal etch ing in 10% ox alic acid so -
lu tion. The sam ples stressed to the stress max i -
mum value of ap prox i mately 490 MPa (un der
the ul ti mate stress) and main tained for 48 hours
in 10% NaOH so lu tion at 85 °C at -100 mV cor -
re spond ing to the ac tive-pas sive re gion of PD
curve showed inter gra nu lar microcracks (fig.
9a.). The microcracks spread from the sur face
into the in te rior of the sam ple with an av er age
depth of about 15 mm. An other sam ple tested at
the same con di tions, but with the po ten tial at
-157 mV – the ac tive re gion of PD curve –
showed the in cip i ent microcracks with depths
around 10 mm (fig. 9b.). The fig. 9c shows the
metallographic im age ob tained at a sim i lar sam -
ple tested at +80 mV (the pas sive re gion of PD
curve). In this case the SCC microcracks did not
ap pear.

To emphasise the in flu ence of stress state on the 
SCC ini ti a tion and the prop a ga tion of microcracks,
some sam ples stressed at ap prox i mately 390 MPa
(around the yield stress) were tested. The test con di -
tions were 10% NaOH de gassed so lu tion, tem per a -
ture of  85 °C, and value of the cor ro sion po ten tial
-100 mV dur ing 10 hours. The ap pear ance of some
in cip i ent microcracks with the av er age depth of
about 5 mm can be ob served (fig. 10).

 78 Nu clear Tech nol ogy & Ra di a tion Pro tec tion –1/2005

Fig ure 6. The PD curves for the un stressed sam ple
(curve 6) and stressed sam ple (curve 4) at room tem -
per a ture

Fig ure 7. The PD curves for the un stressed sam ple
(curve 13) and stressed sam ple (curve 12) at 85 °C

Fig ure 8. Ecorr-time curves of the un stressed sam ple
(curve 6) and re spec tive stressed sam ple (curve 4)
tested for 24 hours at 25 °C



CON CLU SIONS

The stressed sam ples of Incoloy-800 show a
higher sus cep ti bil ity to SCC than the un stressed
sam ples. At room tem per a ture and at 85 °C the pas -
sive range is shorter in the case of the stressed sam -
ples than in the case of the un stressed ones.

The in crease of the tem per a ture leads to the
in creas ing of the SCC sus cep ti bil ity of the stressed
sam ples. At 85 °C the pas siv ity ten dency is smaller
than at the room tem per a ture.

The value of the cor ro sion po ten tial needed to
ini ti ate and prop a gate the SCC microcracks at the

sur face of the sam ples stressed at 490 MPa (tested for
48 hours in a 10% NaOH so lu tion) was -100 mV.

An in crease of the stress state pro motes an in -
crease of the SCC sus cep ti bil ity of Incoloy-800 sam -
ples tested at the iden ti cal tem per a ture and en vi ron -
ment con di tions. The sam ples stressed at
ap prox i mately 390 MPa show some in cip i ent
microcracks with depth of about 5 mm. On the other
side, many in cip i ent microcracks with spread ing
from the sur face deep ap prox i mately 15 mm may be
ob served at the sam ples stressed at 490 MPa.
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Fig ure 9. Microcracks ini ti ated at the sur face of the sam ple stressed at 490 MPa tested 48 hours at 85 °C at
fol low ing po ten tials: (a) -100 mV, (b) -157 mV, and (c) +80 mV

Fig ure 10. Microcracks at the sam ple stressed at
390 MPa, tested 10 hours at 85 °C at -100 mV
(´1000)
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Alisa DINU, Manuela FULGER, Drago{ JONESKU,
Lu~ijan VEL^IJU, Marija RADULESKU

ELEKTROHEMIJSKO  PROU^AVAWE  PUCAWA  LEGURE  INCOLOY-800  USLED 
NAPONSKE  KOROZIJE  U  RASTVORU  NATRIJUMHIDROKSIDA

DEO  PRVI:  UZORCI  U STAWU  ISPORUKE

Mnoge neisparqive ne~isto}e slu~ajno unete u parogenerator sklone su nagomilavawu
na wegovoj povr{ini u ograni~enim zonama protoka. Ove ne~isto}e, koje su kiseli ili bazni
rastvori, mogu u parogeneratoru dovesti do pucawa cevi pod pritiskom usled pojave naponske
korozije. Radi ocene uticaja bazne sredine na naponsku koroziju parogeneratora, obavqena su
ispitivawa na prethodno deformisanim uzorcima legure Incoloy-800 u 10% rastvoru
natrijumhidroksida. Radi ubrzawa procesa pucawa, deformisani uzorci bili su u
elektrohemijskoj }eliji podvrgnuti anodnoj polarizaciji u rastvoru natrijumhidroksida. Za
postizawe deformisanog stawa cevi u eksperimentu kori{}ena je metoda S-obru~a. Primenom
katodnih zona potenciodinami~kih krivih, bilo je mogu}e izra~unati najzna~ajnije
elektrohemijske parametre: struju korozije, brzinu korozije i otpornost tela polarizaciji.
Utvr|eno je da je -100 mV vrednost potencijala korozije za po~etak stvarawa mikroprskotina.
Testirani uzorci bili su ispitani metalografski. Najva`niji eksperimentalni rezultati
ukazuju da pri istim uslovima ispitivawa, osetqivost Incoloy-800 na pucawe pri naponskoj
koroziji raste sa porastom stepena deformacije, kao i da se du`ina mikroprskotine pove}ava sa
porastom deformacije.

Kqu~ne re~i: naponska korozija u baznim rastvorima, Incoloy-800, ubrzano ispitivawe


