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Since nuclear power plants are being operated under high temperature and high pressure, on-line monitoring
technique to detect corrosion could be more effective than off-line method in shut-off period. In this operating
condition, electrochemical noise method may be suitable to monitor the corrosion. This paper aims the
analysis on the relation between the cracking and electrochemical noise signal of Alloy 600 under U-bending.
When electrochemical noise monitoring technique was used during SCC test, it was judge to be obvious
that if cracks generate, its generation can be detected by electrochemical current noise. Cracking-related 
noise was defined as the noise showing 5~10 times greater than the average value of background noise
bands. On the base of crack noise, crack initiation time was determined. From SCC test and electrochemical
noise monitoring in 25 ℃, 0.1 M Na2S4O6 solution (Reverse U-Bended Alloy 600 SE+), average crack
initiation time was obtained as 9,046 seconds and from its initiation time, it could be defined that net
crack propagation rate is the crack length divided by ΔT(= total test period - crack initiation time). Therefore,
average net crack propagation rate was obtained to be 1.18x10-9 m/s.

Keywords : alloy 600, stress-corrosion cracking, crack initiation time, crack propagation rate, electro-
chemical noise
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1. Introduction

  Since Kori unit 1 nuclear power plant has begun commer-
cially to operate in 1978, 20 units in Uljin, Wolseong, 
and Yeonggwang are currently being operated and the are 
sharing 40% of domestic electric power.1)

  In pressurized water reactor, the reactor and pressurizer 
yield the primary water in high temperature and high pres-
sure which steam is generated in the steam generator (S/G) 
by heat transfer from the primary water to the secondary 
water. Steam operates the turbine generating the electric 
power. Many problems including wastage, denting, pitting, 
fretting, SCC (Stress Corrosion Cracking), intergranular 
attack have occurred in nuclear power plants because of 
high pressure, load, and temperature. Among these prob-
lems, SCC is a main corrosion damage. SCC is charac-
terized to have brittle fracture as materials are subjected 

to tensile stress in specific corrosion environment. The oc-
currence of SCC may be extended to radiation accidents, 
shut-down and  economic loss from increased maintenance 
cost.2)~8)

  Steam generators of pressurized water reactors have 
used Alloy 600 and Alloy 690 as the tubing. Alloy 600 
and Alloy 690 meets the requirement of design and have 
shown good corrosion resistance. However, since the fa-
cilities have been operated in continuous and long periods, 
S/G tubing has been suffered from SCC and repaired by 
means of sleeving and plugging. Some of steam generators 
have experiences to be replaced by new ones in extreme 
cases.9) Therefore, new technologies are needed to be ap-
plied for monitoring and controlling corrosion damages 
including SCC in nuclear power plants. 
  Corrosion monitoring techniques can be categorized as 
weight loss method, electrochemical method, surface acti-
vation method and ultrasonic method. Electrochemical 
monitoring methods include polarization, current monitor-
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ing, linear polarization, electrochemical impedance, elec-
trochemical potential noise measurement, electrochemical 
current noise measurement, and zero resistance ammeter 
techniques. 
  Since nuclear power plants are operating under high 
temperature and high pressure, on-line monitoring techni-
que in operating plants could be more effective than off- 
line method in shut-off period. In this condition, electro-
chemical noise method can be suitable to monitor the 
corrosion. Electrochemical noise methods was developed 
by Iverson in 196810) and it could give useful information 
about electrochemical reaction.11)~12) Furthermore, during 
last 10 years, electrochemical technique has shown the 
beneficial effect on the energy-related industry including 
oil and gas plants and nuclear power plants that are ex-
posed to aggressive corrosive environments. Researchers 
are trying to improve further the accuracy and applicability 
of electrochemical noise method until now.11),13)~20)

  Corrosion monitoring method using electrochemical 
noise method is applied to the field of pitting and stress 
corrosion cracking. Electrochemical noise monitoring on 
pitting corrosion are performed on 409 stainless steels in 
0.6 M NaCl+0.1M HCl.13) The effect of nonmetallic in-
clusions on the localized corrosion of 2507 duplex stain-
less steel in 80 ℃ 4 M NaCl was investigated.10)

  Stress corrosion cracking tests include constant load test, 
slow strain rate test(SSRT) and constant strain tests(C- 
ring, U-bending). Using the electrochemical noise method, 
the relation was investigated between measured noise and 
cracking of 304 stainless steel under U-bend and slow rate 
load in magnesium chloride solution.21) It was found that 
typical characteristics of the electrochemical noise fluctua-
tions generated by SCC were varied with corrosion system. 
Sulfur has been identified as one of the major impurities 
introduced into the secondary water of pressurized water 
reactors.22) Under steam generator operating conditions, 
sulfates are reduced by hydrazine to lower-valence sulfur 
species, such as tetrathionate, thiosulfate, or sulfide. Many 
researchers have investigated the effect of sulfur-species 
on the SCC of Alloy 600,22)~25) but they didn't try to use 
the electrochemical noise technique to detect the initiation 
of SCC. 
  As reviewed above, many studies on pitting and SCC 
by electrochemical noise method have been reported but 
there are few about relations between cracking and electro-
chemical noise signal. Therefore, the purpose of this paper 
is to analyze the relation between cracking and electro-
chemical noise signal of Alloy 600 under U-bending. 

Fig. 1. Dimension of RUB specimen.

2. Experimental procedures

2.1 Materials
2.1.1 Heat treatment 
  Alloy 600 tubing(diameter : 19.05 mm) was solution 
annealed at 1100 ℃ for 30 minutes (Alloy 600MA(Mill 
Annealed), Ni-17.3Cr-10.1Fe-0.03C). Alloy 600SE+ was 
sensitized at 600 ℃ for 48 hours. 
2.1.2 RUB(Reverse U-bend) specimen
  Alloy 600 tubing was bisected longitudinally by wire- 
cutting method and then the holes were created with drill-
ing for bolt-tightening after U-Bending. The bi-sectioned 
tubing was reverse U-bended by the mandrill. The inside 
of tubing was ground gradually up to #2000 using SiC 
paper and cleaned with acetone, methyl alcohol and dis-
tilled water using an ultrasonic cleaner. Fig. 1 shows the 
dimension of RUB specimen.

2.2 SCC test and electrochemical noise monitoring
  SCC test was performed in deaerated 25 ℃, 0.1 M 
Na2S4O6 and saturated calomel electrode was used as a 
reference electrode. The unstrained Alloy 600 bi-sectioned 
tubing was used as counter electrode. During the test, elec-
trochemical noise was measured using EN 120 pro-
gram(Gamry co.) under open circuit potential at 1 Hz. 
After SCC test, liquid penetration test(GS Chem. Ltd) was 
applied and the cracked areas (surface and cross section) 
were observed with OM(Axiotech 100HD, Zeiss) and 
SEM(JEOL, JSM-6300).

2.3 Microstructure observation
  Microstructure and carbide precipitation were re-
spectively observed by etching in HCl 80 ㎖ + HNO3 20 
㎖ and H3PO4 80 ㎖ + distilled water 10 ㎖ at room tem-
perature.
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(a) (b)
Fig. 2. (a) Current Noise and (b) Potential Noise measured during stress corrosion cracking test in 25 ℃, 0.1 M Na2S4O6 
solution (Reverse U-Bended Alloy 600 SE+, Noise was measured for 132 hours in 1 Hz).

(a)

(b)
Fig. 3. Surface and cross section morphology after SCC test (reverse U-bending specimen) for 132 hrs of Alloy 600 SE+ 
in 25 ℃ 0.1 M Na2S4O6 solution.

3. Results and discussion

  In order to find the relationship between electrochemical 
noise and SCC initiation, Alloy 600 SE+ was tested in 
0.1 M Na2S4O6 at 25 ℃. Na2S4O6 solution facilitates the 
formation of stress corrosion cracking - sulfur ions adsorb 
on the oxide surface and forme voids. Then the oxide layer 

becomes unstable and finally cracked. 
  Fig. 2 shows (a) electrochemical current noise and (b) 
electrochemical potential noise measured during SCC test 
in 25 ℃, 0.1 M Na2S4O6 solution. Reverse U-Bended 
Alloy 600 SE+ was used and electrochemical noise was 
measured for 132 hours in 1 Hz using EN120(Gamry co.). 
In general, if corrosion takes place, electrochemical current 
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(a) (b)
Fig. 4. (a) Current Noise and (b) Potential Noise measured during stress corrosion cracking test in 25 ℃, 0.1 M Na2S4O6 
solution (Reverse U-Bended Alloy 600 SE+, Noise was measured for 80 hours in 1 Hz).

(a)

(b)
Fig. 5. Surface and cross section morphology after SCC test (reverse U-bending specimen) for 80 hrs of Alloy 600 SE+ in 
25 ℃ 0.1 M Na2S4O6 solution. 

noise will show positive value and potential noise will 
show negative value than those of background noise.10) 
As shown in Fig. 1, many negative noise peaks were gen-
erated in case of current noise and lots of positive potential 
noise peaks were formed in case of potential noise. 
Therefore, negative current noise peaks and positive poten-
tial noise peaks are meaningless and thus those should 

be discarded. As shown in Fig. 2(a), background current 
noise bands having a range of 10-9~10-10 A/cm2 were 
obtained. 92 cracking-related noises that were higher than 
noise bands were detected and first noise started at 1,110 
seconds after testing. As shown in Fig. 2(b), background 
potential noise bands under 1*10-5 V were obtained but 
almost positive potential noise bands were detected. 
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Therefore, it seems reasonable to judge that electro-
chemical current noise rather than electrochemical poten-
tial noise is more sensitive to detect SCC.
  Fig. 3 shows surface and cross section morphology after 
SCC test (reverse U-bending specimen) for 132 hours of 
Alloy 600 SE+ in 25 ℃ 0.1 M Na2S4O6 solution. The 
specimen was cleaned after SCC test and in order to con-
firm the generation of crack, penetration test was per-
formed. Fig. 3(a) shows SEM images of apex area and 
many cracks were observed. Fig. 3(b) shows the cross sec-
tional images by optical microscope of reverse U-bending 
tube. Cracking mode was confirmed as intergranular 
cracking and most of cracks were generated near apex ± 
30o.  
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Fig. 6. (a) Current Noise and (b) Potential Noise measured during 
stress corrosion cracking test in 25 ℃, 0.1 M Na2S4O6 solution 
(Reverse U-Bended Alloy 600 SE+, Noise was measured for 
18 hours in 1 Hz).

  Fig. 4 shows (a) current noise and (b) potential noise 
measured during stress corrosion cracking test in 25 ℃, 
0.1 M Na2S4O6 solution (Reverse U-Bended Alloy 600 
SE+, Noise peaks were measured for 80 hours in 1 Hz). 
Similarly in Fig. 2, background current noise band having 
a range of 10-9~10-10 A/cm2 was obtained. 15 cracking- 
related noise bands that are higher than those of the back-
ground noise band were detected and the first noise peak 
started at 990 seconds after testing. As shown in Fig. 4(b), 
the background potential noise band under 1*10-5 V were 
obtained but almost positive potential noise peaks were 
detected. Therefore, it is obvious that the  electrochemical 
current noise is more effective than electrochemical poten-
tial noise to detect SCC.
  Fig. 5 shows surface and cross section morphology after 
SCC test (reverse U-bending specimen) for 80 hrs of Alloy 

(a)

(b)

(c)
Fig. 7. Liquid penetration test for crack observation after SCC 
test in 25 ℃, 0.1 M Na2S4O6, (a) 132 hrs, (b) 80 hrs, (c) 18 
hr.
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(a)

(b)
Fig. 8. Surface and cross section morphology after SCC test (reverse U-bending specimen) for 18 hrs of sensitized Alloy 
600(SE+) in 25 ℃ 0.1 M Na2S4O6 solution.

600 SE+ in 25 ℃ 0.1 M Na2S4O6 solution. Similarly in 
Fig. 3, cracking mode was confirmed as intergranular 
cracking and most of cracks were generated near apex ± 
20o.  
  Fig. 6 shows (a) current noise peaks and (b) potential 
noise peaks measured during stress corrosion cracking test 
in 25 ℃, 0.1 M Na2S4O6 solution (Reverse U-Bended 
Alloy 600 SE+. Noise was measured for 18 hours in 1 
Hz). Like shown as Fig. 2 and Fig. 4, a background current 
noise band having a range of 10-9~10-10 A/cm2 was obtained. 
3 cracking-related noise peaks that were higher than noise 
band were detected and first noise started at 555 seconds 
after testing. As shown in Fig. 6(b), a background potential 
noise band under 1*10-5 V was obtained but almost pos-
itive potential noise peaks were detected. Therefore, it is 
judged to be that electrochemical current noise is more 
effective than electrochemical potential noise to detect 
SCC.
  Fig. 7 shows the liquid penetration test for crack ob-
servation after SCC test in 25 ℃, 0.1 M Na2S4O6. (a) is 
the photo on the apex after 132 hrs testing, (b) is the photo 
on the apex after 80 hrs testing, and (c) is the photo on 
the apex after 18 hrs testing. As shown in Fig. 7(a), red 
colored cracks can be observed near the apex, but red col-
ored cracks hardly observed by liquid penetration test in 
the case of short period testing such as 80 and 18 hours. 

  However, many cracks were observed by microscopic 
methods as shown in Fig. 8 for 18 hrs tested specimen. 
Fig. 8 shows surface and cross section morphologies after 
SCC test (reverse U-bending specimen) for 18 hrs of Alloy 
600 SE+ in 25 ℃ 0.1 M Na2S4O6 solution. Similarly in 
Fig. 3 and Fig. 5, cracking mode was confirmed as inter-
granular cracking and most of cracks were generated near 
apex ± 40o.
  As discussed above, it is obvious that if cracks generate, 
its generation can be detected by electrochemical current 
noise method. However, current noises made by cracking 
had different values and moreover background noise bands 
having a broad band also generated during the test. There-
fore, cracking-related noise criteria is needed to detect the 
cracking by SCC using electrochemical noise method. Fig. 
9 shows noise criteria for determination of crack initiation 
time by (a) electrochemical noise monitoring during SCC 
test and evidences by (b) surface morphology and (c) cross 
section of crack  after SCC test(reverse U-bending speci-
men) of sensitized Alloy 600(SE+) in 25 ℃ 0.1 M 
Na2S4O6 solution. In this work, cracking-related noise was 
defined as the noise showing 5~10 times greater than the 
average value of background noise band on the base of 
10 experiments. Therefore, crack initiation noise means 
the first noise greater than noise criteria among crack-
ing-related noises and also it is considered that crack ini-
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(a) (b) (c)
Fig. 9. Noise criteria for determination of crack initiation time by (a) electrochemical noise monitoring during SCC test and 
evidences by (b) surface morphology and (c) cross section of crack  after SCC test(reverse U-bending specimen) of sensitized 
Alloy 600(SE+) in 25 ℃ 0.1 M Na2S4O6 solution.

(a) (b)

(c) (d)
Fig 10. Cracking related noises greater than crack criteria in different SCC tests of sensitized Alloy 600(SE+) in 25 ℃ 0.1 
M Na2S4O6 solution.



Y. S. KIM, H. S. NAM, Y. H. KWON, S. W. KIM, H. P. KIM, AND H. Y. CHANG

64 CORROSION SCIENCE AND TECHNOLOGY Vol.9, No.2, 2010

10

100

1000

10000

100000

1000000

0 100000 200000 300000 400000 500000

Testing time, sec

C
ra

c
k
 i
n
iti

a
ti
o

n
 t
im

e,
 s

ec
  

  
  
.

Fig. 11. Crack initiation time determined in different 7 SCC 
tests of sensitized Alloy 600(SE+) in 25 ℃ 0.1 M Na2S4O6 
solution.

tiation time is the time when the first noise signal is de-
tected during the test. 
  Fig. 10 shows cracking related noises greater than crack 
criteria in different SCC tests of sensitized Alloy 600(SE+) 
in 25 ℃ 0.1 M Na2S4O6 solution. Horizontal red lines in 
the Figs. means the crack criterion at each test. Fig. 11 
shows crack initiation time determined in different 7 SCC 
tests of sensitized Alloy 600(SE+) in 25℃ 0.1 M Na2S4O6 
solution. In the case of 18 hours-tested specimen, crack 
initiates at 555 seconds after SCC test begins. In the case 
of 95 hours-tested specimen, crack initiates at 27,500 sec-
onds after SCC test starts. As like these, many tests reveal 
very different initiation time and scattered data, and thus 
further researches should be needed to apply this technique 
to detect the SCC. However, average crack initiation time 
in this paper was determined as 9,046 seconds.
  Crack length was determined using optical micrographs 
obtained in SCC test in 25 ℃, 0.1 M Na2S4O6. Crack 
length in this work was defined as a straight distance from 
the surface to maximum crack tip. Fig. 12 shows crack 
propagation rates determined in different 7 SCC tests for 
sensitized Alloy 600SE+ in 25℃ 0.1 M Na2S4O6 solution; 
(a) is apparent crack propagation rate and (b) is net crack 
propagation rate. Apparent crack propagation rate means 
the crack length divided by total test period but it didn't 
consider the effect of crack initiation process. However, 
net crack propagation rate is the crack length divided by 
ΔT(= total test period - crack initiation time). As shown 
in Fig. 12, apparent and net crack propagation rates in-
creased with SCC test time and average net crack prop-
agation rate is 1.18x10-9 m/s. 
  As shown above, when test period was increased, crack 
propagation rate also was increased. This is contrary to 
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(b) 
Fig. 12. Crack propagation rate obtained in different 7 SCC tests 
of sensitized Alloy 600 in 25 ℃ 0.1 M Na2S4O6 solution; (a) 
apparent crack propagation rate, (b) net crack propagation rate.

general trends. It is judge to be that this behavior was 
due to corrosion properties of sensitized Alloy 600 in the 
test solution. When a crack in reverse U-bended alloy (i.e. 
constant strain) initiates, crack propagation rate will be 
usually decreased because of stress release. However, the 
sensitized Alloy 600 corroded by intergranular mode in 
this test environment, and the crack propagation rate was 
increased because intergranular corrosion rate would be 
higher than the effect by stress release.
  Fig. 13 shows the relationship between noise density 
and crack density obtained in different 7 SCC tests of sen-
sitized Alloy 600 in 25 ℃ 0.1 M Na2S4O6 solution ; (a) 
is noise density versus crack density and (b) is the ex-
pansion for Part A. Noise density can be defined noise 
numbers divided by test period, and crack density implies 
crack numbers divided by angle 180o. Regardless of test 
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(a)

(b)
Fig. 13. Relationship between noise density and crack density 
obtained in different 7 SCC tests of sensitized Alloy 600 in 
25 ℃ 0.1 M Na2S4O6 solution ; (a) Noise density versus Crack 
density, (b) Part A.

periods, crack density also increased as noise density 
increases. That is, it means that noise density was closely 
related to crack density, and its relationship showed the 
equation as like "crack density = 331 ln (noise density) 
+ 549".

4. Conclusions

  1) When electrochemical noise monitoring technique is 
used to detect the cracking during SCC test, it was obvious 
that if cracks generate, its generation can be detected by 
electrochemical current noise. Cracking-related noise was 
defined as the noise showing 5~10 times greater than the 

average value of background noise band. On the base of 
cracking-related noise, crack initiation time could be 
determined. 
  2) From SCC test(Reverse U-Bended type) and electro-
chemical noise monitoring in 25 ℃, 0.1 M Na2S4O6 sol-
ution (sensitized Alloy 600), average crack initiation time 
was determined as 9,046 seconds and, from its initiation 
time, it can be defined that net crack propagation rate is 
the crack length divided by ΔT(total test period - crack 
initiation time). Therefore, average net crack propagation 
rate was obtained to be 1.18x10-9 m/s. 
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