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Many non-volatile impurities accidentally introduced into the steam generator tend to
concentrate on its surface in restricted flow areas. In this way these impurities can lead
to stress corrosion cracking (SCC) on stressed tubes of the steam generator. Such im-
purities can be strong alkaline or acid solutions. To evaluate the effect of alkaline con-
centrated environments on SCC of steam generator tubes, the tests were conducted on
stressed samples of Incoloy-800 in 10% NaOH solution. To accelerate the SCC pro-
cess, stressed specimens were anodically polarised in a caustic solution in an electro-
chemical cell. The method of stressing of Incoloy-800 tubes used in our experiments
was the C-ring. Using the cathodic zone of the potentiodynamic curves it was possible
to calculate the most important electrochemical parameters: the corrosion current, the
corrosion rate, and the polarisation resistance. We found that the value of the corro-
sion potential to initiate the SCC microcracks was —100 mV. The tested samples were
examined using the metallographic method. The main experimental results showed
that the increase of the stress state promoted the increase of the SCC susceptibility of
Incoloy-800 samples tested under the same conditions, and that the length of the
SCC-type microcracks increased with the growth of the stress value.
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INTRODUCTION

The steam generator tubes of CANDU power
plant have been manufactured of Incoloy-800 — a
Fe-Ni-Cr alloy (type UNS N08800). This austenitic
alloy has a good general corrosion resistance because it
is covered with a passive layer in water at high temper-
ature; however, under certain conditions the stress
corrosion cracking (SCC) is observed.

Basically, the SCC appears in the presence of
the simultaneous action of a corrosive agent and a
mechanical stress.
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The corrosive environment may sometimes
appear due to the atypical chemistry of water from
the secondary circuit of CANDU nuclear power
plant. Another reason for the corrosion occurrence
is the concentration of dissolute impurities flowed
in within the process of infiltration of the cooling
water from condenser.

The stress state can appear in the rolling ex-
pansion regions of the steam generator tubes at the
joint with the tube plate and in the region of the
tube supports. Because of the high speed of heavy
water (6-10 m/s) the vibration appears, which is a
significant cause of the stress state. The formation of
the corrosion products in the limited areas can also
generate a significant stress condition. Accordingly,
the SCC mechanism can affect both the primary and
secondary sides of the steam generator, predomi-
nantly the areas containing concentrated impuri-
ties.

It is generally believed that the caustic con-
tamination of the steam generator water can appear
either from the ingress of river water containing so-
dium carbonates through leaking condensers or
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from the release of sodium hydroxide by ion ex-
change resins [1].

The steam generator damage indicates that
the reactor should be shutdown, which brings
about the very high costs for its repairing. For this
reason, it is necessary to find methods to avoid the
SCC appearance in the steam generators tubes.

Under normal conditions, a long time is
needed (approximately 10000 hours) before the
SCC cracks appear [2]. That is why the accelerated
clectrochemical corrosion tests must be used to
study the susceptibility of Incoloy-800 at SCC.

The C-ring method [3] has been chosen to be
the method for stressing Incoloy-800 in the experi-
ments. The ANSYS code was used to evaluate the
stress and deformation induced in Incoloy-800
rings [4]. ANSYS is a finite-element analysis pack-
age used widely in industry to simulate the response
of a physical system to the structural loading as well
as thermal and electromagnetic effects. Before the
experiments, it was checked by an estimation
whether the sample stress condition could be
achieved. The tested samples were examined using
the metallographic method to prove whether or not
there was the appearance of SCC cracks in an alka-
line solution.

EXPERIMENTAL

The Incoloy-800 tubes were manufactured
with the ASTM SB 407. The external diameter of the
steam generator tubes is 15.9 mm and the thickness
of the wall is 1.13 mm. The chemical composition of
the Incoloy-800, determined by the manufacturer, is
given in tab. 1. The mechanical properties of the al-
loy are shown in tab. 2, according to ASTM SB 407.

Table 1. The chemical composition of Incoloy-800
[wt %]

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 |0.010.31

Table 2. The mechanical properties of Incoloy-800

Temperature | 40 [MPa] o,[MPa] E [KN/mm?]
20 °C 170-205 450-500 198
>300 °C 95 390 180

The C-rings used in our experiments were ob-
tained by cutting the rings of 12 mm in length from
the generator tubes. These rings were afterwards
compressed by a screw (fig. 1) with the aim to ob-

Direction of stress

Figure 1. The C-ring to test the susceptibility of
Incoloy-800 to SCC (external diameter 15.9 mm,
height 12 mm)

tain the yield stress (0 59,) and ultimate stress (o),
of about 413 MPa and 582 MPa, respectively.

The ANSYS code was used to evaluate the
stress and deformation induced in Incoloy-800
rings. To check whether the sample stress condi-
tions were achieved, the estimation was made be-
tore the experiments. Thus we realized that it was
necessary to compress the ring to the diameter of
0.6 mm in order to obtain a value of the yield stress
around 413 MPa. To obtain a value of the ultimate
stress under 582 MPa, it was necessary to compress
the ring to 6.6 mm. The initial and final positions of
the rings and screws of both cases are presented in
fig. 2.

Figure 3. shows the stress state of both cases. It
is known that stress becomes weaker at the ambient
temperature. After the tightening of the C-rings,
the applied stress stabilised at the value known as
the “internal stress”. The studies effectuated on
Incoloy-800 showed that in practice the stress was
stabilised at 80% of the theoretical value [3].

To study electrochemically the susceptibility of
Incoloy-800 to SCC we used the potentiodynamic,
potentiostatic, and E,,/time techniques. We used the
Princeton Applied Research Model 273 Electrochem-
ical System, and several accelerated corrosion tests
were carried out. An alkaline solution (10% NaOH)
with pH = 13 was introduced into the electrochemi-
cal cell containing 3 electrodes (fig. 4, [6]). The elec-
trochemical cell was manufactured of Pyrex glass and
had a capacity of one litre. The testing temperatures
were the ambient temperature and 85 °C (the maxim
temperature supported by electrochemical cell).

When the potentiodynamic method was used,
the potential values ranged between —250 mV vs
E . and +600 mV vs SCE. Because the SCC pro-
cess needed a long time to be initiated, the scan rate
of the potential was 0.2 mV/s. To evaluate the cor-
rosion susceptibility of the system metal/environ-
ment to SCC in a specific solution, the most impor-
tant electrochemical parameters were calculated:
the corrosion current (i,,) and the corrosion rate
(Veorr), Using the methods of Tafel slopes and the
polarisation resistance.
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Figure 2. The displacement of the ring in the x direction
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Figure 3. The stress state corresponding to a displacement of the ring with
(a) 0.6 mm (around of the yield stress); (b) 6.6 mm (under the ultimate stress)

The selection of potentials for the tests performed
at the controlled potentials (potentiostatically) pro-
vided a comparison of SCC behaviour in three distinct
regions of potentiodynamic (PD) curves: active, ac-
tive-passive, and passive (fig. 5, [7]). In this way; it was
possible to determine the critical potentials characteris-
tic to SCC susceptibility [6]. The potentiostatic method
was applied at +80 mV, =100 mV, and —157 mV, the
samples being tested for 48 hours at 85 °C in 10%
NaOH solution degassed with nitrogen, pH = 13.

Another method consisted in the recording of
the variation of the open circuit potential (Eqcp or
E ) during the time period. These results are pre-
sented as E,/time curves.

RESULTS

Using the cathodic zone of the potentiodynamic
curves we calculated i¢o;, Veor, and the polarisation re-
sistance R,. In tab. 3 the experimental values of these
electrochemical parameters recorded in 10% NaOH
solution on the stressed samples at the maximum
value and the unstressed samples at several tempera-
tures are presented.

From the results of tab. 3, we drove following
conclusions in the case of samples tested at the same
temperature:

— the corrosion potential is less cathodic in the case
of unstressed samples; therefore the unstressed
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Figure 4. Electrochemical cell [6]

samples are less susceptible at corrosion than the
stressed samples, and

— the corrosion rates and the Ry, are greater in
the case of the stressed samples.

In the case of experiments performed at two
temperatures we remarked:

— both the unstressed and stressed samples pre-
sented a more negative potential at 85 °C
than at 25 °C, and

— the corrosion rates are greater at higher tem-
perature.

The PD curves for one unstressed sample
(curve 6) and the respective stressed sample (curve
4) both tested in 10% NaOH at 25 °C are shown in
tig. 6. The displacement of anodic current to higher
values indicates that the stressed sample is more sus-
ceptible to corrosion. The potentiodynamic curves
of an unstressed sample (curve 13) and the respec-
tive stressed sample (curve 12) tested under the
identical conditions, but at 85 °C are shown in fig.
7. In this case, the stressed sample is also more sus-
ceptible to corrosion than the unstressed sample.
The passivity range of PD curve corresponding to
the stressed sample is narrower than that of the un-

Transpassive region

Potential

Common regions
of SCC

Active-passive region

Active region

Log current density

Figure 5. The effect of potential to
SCC susceptibility [7]

stressed sample. Therefore, the increase of the tem-
perature determined the decreasing of the length of
the passivity range of the stressed sample; in other
words, the increase of the temperature can increase
the alloy susceptibility to SCC.

The E,,-time curves corresponding to the
unstressed sample (curve 6) and respectively
stressed sample (curve 4) tested for 24 hours at
25°Cin 10% NaOH solution are shown in fig. 8.
After about 2 hours the corrosion potential of
the unstressed sample decreased down to about
—300 mV. Afterwards, the value of the corrosion
potential increased slowly maintaining a rela-
tively constant value to the end of the test. The
curve 4 corresponding to the maximum stressed
sample presents an abrupt decrease of the poten-
tial up to -580 mV at the beginning, followed by
a few small variations in increase/decrease of the
potential. This process is due to the growth of a

Table 3. Experimental values of the electrochemical parameters recorded in 10% NaOH solutions for

Incoloy-800 samples

Ry, measurements Tafel slope measurements

System

/curve code E Rp I corr Vcorr E ﬁ ﬁ I corr Vcorr
[mV] [kQ/¢m?] | [uA/cm?] | [mm/year] [mV] ¢ a [uA/cm?] | [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
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Figure 6. The PD curves for the unstressed sample
(curve 6) and stressed sample (curve 4) at room tem-
perature
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Figure 7. The PD curves for the unstressed sample
(curve 13) and stressed sample (curve 12) at 85 °C

layer and its subsequent breaking. The mechani-
cal deformations and the residual stresses influ-
ence the deviation of the corrosion potential to
more negative values; therefore, the trend to the
more negative values of potential is characteris-
tic to an increased susceptibility to SCC of alloys
[8].

The stressed samples were tested for 48
hours at 85 °C in a 10% NaOH solution de-
gassed with nitrogen, pH = 13, with different
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Figure 8. E,,-time curves of the unstressed sample
(curve 6) and respective stressed sample (curve 4)
tested for 24 hours at 25 °C

values of the potential: +80 mV, -100 mV, and
—-157 mV, corresponding to the passive, ac-
tive-passive, and active region of PD curve 12
(fig. 7). These samples were investigated by the
metallographic method. To put in evidence the
grain boundaries, the samples were submitted to
an electrochemical etching in 10% oxalic acid so-
lution. The samples stressed to the stress maxi-
mum value of approximately 490 MPa (under
the ultimate stress) and maintained for 48 hours
in 10% NaOH solution at 85 °Cat—100 mV cor-
responding to the active-passive region of PD
curve showed intergranular microcracks (fig.
9a.). The microcracks spread from the surface
into the interior of the sample with an average
depth of about 15 um. Another sample tested at
the same conditions, but with the potential at
—-157 mV - the active region of PD curve —
showed the incipient microcracks with depths
around 10 pm (fig. 9b.). The fig. 9c shows the
metallographic image obtained at a similar sam-
ple tested at +80 mV (the passive region of PD
curve). In this case the SCC microcracks did not
appear.

To emphasise the influence of stress state on the
SCC initiation and the propagation of microcracks,
some samples stressed at approximately 390 MPa
(around the yield stress) were tested. The test condi-
tions were 10% NaOH degassed solution, tempera-
ture of 85 °C, and value of the corrosion potential
—100 mV during 10 hours. The appearance of some
incipient microcracks with the average depth of
about 5 um can be observed (fig. 10).
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(c) (x1000)

Figure 9. Microcracks initiated at the surface of the sample stressed at 490 MPa tested 48 hours at 85 °C at
following potentials: (a) —100 mV, (b) —-157 mV, and (c¢) +80 mV

Figure 10. Microcracks at the sample stressed at
390 MPa, tested 10 hours at 85 °C at -100 mV
(x1000)

CONCLUSIONS

The stressed samples of Incoloy-800 show a
higher susceptibility to SCC than the unstressed
samples. At room temperature and at 85 °C the pas-
sive range is shorter in the case of the stressed sam-
ples than in the case of the unstressed ones.

The increase of the temperature leads to the
increasing of the SCC susceptibility of the stressed
samples. At 85 °C the passivity tendency is smaller
than at the room temperature.

The value of the corrosion potential needed to
initiate and propagate the SCC microcracks at the

surface of the samples stressed at 490 MPa (tested for
48 hours in a 10% NaOH solution) was —100 mV.
An increase of the stress state promotes an in-
crease of the SCC susceptibility of Incoloy-800 sam-
ples tested at the identical temperature and environ-
ment conditions. The samples stressed at
approximately 390 MPa show some incipient
microcracks with depth of about 5 um. On the other
side, many incipient microcracks with spreading
from the surface deep approximately 15 pm may be
observed at the samples stressed at 490 MPa.
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Amnca ITUHY, Manyena ®YJITEP, dparomu JOHECKY,
Jdyunjan BEJITYNIY, Mapuja PAOYJIECKY

EJEKTPOXEMUJCKO IMPOYYABAIGE ITYHAILA JETYPE INCOLOY-800 YCIE
HAIIOHCKE KOPO3MNJE Y PACTBOPY HATPNIYMXUIPOKCHUIA
AEO IIPBU: Y30PIIN Y CTAILY UCIIOPYKE

MHore Hencnap/puBe HeUUCTohe CllyyajHO YHETE Y IapOre€HepaTop CKIOHE Cy HArOMUNIABamwy
Ha HEroBOj MOBPUIMHYU Y OrPaHMYEHMM 30Hama mporoka. OBe HeuncTohe, Koje cy Kuceau Ui 6asHU
pacTBOPHU, MOTy y MapOreHepaTopy AOBECTH 0 Nylaka UEBH MO NPUTHCKOM YCIIE] T0jaBe HAMOHCKE
koposuje. Pamu onene ytuiaja 6a3He cpefiiHE Ha HAIOHCKY KOPO3Hjy MaporeHepaTopa, 006aBbeHa Cy
WCOUTHBaka Ha TNpeTxogHo pAedopmmcannMm y3opuuma Jjerype Incoloy-800 y 10% pactBopy
HaTpujymMxuppokcupa. Pagm yOp3ama mnpoueca mnyunama, jgegopMucaHu ys3opuu Ouiam cy vy
eJIeKTpOoXeMujcko] henuju MOABPTHYTH aHOMHO] MONapU3alldjd y PacTBOPY HATPHUjyMXuApoKcupaa. 3a
noctusame Ae(OPMHUCAHOT CTamla IEBH Y eKCIepUMEHTy KopuitheHa je metoaa C-o6pyua. [Ipumenom
KaTO[IHUX 30HAa TNOTCHUMOJUHAMUYKUX KPHUBHUX, ouno je Moryhe n3pavyHaTu Haj3HaqajHHje
CJIEKTPOXEMHU]CKE MapameTpe: CTPyjy Koposuje, Op3uHY KOPO3Hje M OTHOPHOCT Tella NOJapU3aliju.
YtBpbeHo je fa je —100 mV BpegHOCT nOTeHNIKjada KOpO3Hje 3a MOYeTaK CTBapamba MUKPOIPCKOTUHA.
Tectupanu y3opuu Ounm Cy MCOHUTaHU MeTanorpadcku. HajBaskHUjM eKCIEpHMMEHTAIHH Pe3yNTaTH
yKa3yjy fla Ip¥ UCTUM YCIOBHMa HMCIUTHBamba, oceTsbuBOCT Incoloy-800 Ha mymame mpu HAIOHCKO]
KOPO3HjU pacTe ca IOpacToM CTeleHa leopManuje, Kao U fa ce Jy>KUHa MUKPOIPCKOTUHE noBehasa ca
nopactom iepopManyje.

Kmwyune peuu: HatioHcka koposuja y 6asHum paciisopuma, Incoloy-800, yopsaro uctiuiiusarse



