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Abstract—Chemical decontamination is accepted as one of the effective methods for decreasing radioactivity from
radioactive materials existing in the systems of the nuclear power plants. In chemical decontamination processes, metal
oxides dissolve in chelating agents such as oxalic acid and EDTA (Ethylenediaminetetraacetic acid) in the dissolution
step for the chemical decontamination process. It is important to investigate corrosion behaviors with respect to
decontaminating agents in the development of decontamination process. In this study, the potentiodynamic method
was considered among electrochemical methods in order to investigate corrosion behaviors of stainless steels (SS 316,
SS 304) and a nickel alloy (Inconel 600). The corrosion behaviors observed in the potentiodynamic results agreed with
those of corrosion behaviors observed in the weight loss method, showing that the electrochemical study is a very useful
method for estimating corrosion behavior.
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INTRODUCTION

KMnOy (0.05%) + H;PO4 (0.025%)
85 °C and 6 hours Oxidation Step

Decontamination is generally accepted as an important mear

.. L. . . . l Removal of metal oxides (Fe, Cr, and Ni)
to eliminate or to lower radiation level of radioactive contaminants

existing on the surfaces of buildings, equipment, components, sy: Qe acid (0.2%) Reduction Step

tem, etc., which are excessively exposed to radiation in nuclear pow:

plants [Ocken, 1999; Wood et al., 1989; Varrin, 1996; Moon et al.,  Removal of MnO; and chromium oxide

1997]. The decontamination methods can be classified into mect EDTA (0.5%) + an additive (0.1%)

anical, electrical and chemical. Of methods, chemical decontami *Oxa‘gig aé“;rfgg :l/glrs Dissolution Step

nation is considered to be an effective method to dissolve cruds (r:

dioactive corrosion products) and metal oxidizing films on the sur- 10, "l

face of tubes or systems using chemical decontaminating agen Activated carbon tower .| Cation exchange resin tower

which consist of chemicals, such as chelating agents, reductan 85 °C and 2 hours 85°C and 2 hours

and oxidants [Ocken, 1999; Ayres, 1970; Lee et al., 2003]. o organics Removal of
In a previous study, a decontamination process using chemic: metals and complexes

decontamination agents was developed for the component deco Ani‘)g;{,‘éh:r‘llgzrﬁi‘istowef

tamination in the primary systems of Korean pressurized water rea Removal of remaining organics

tors (PWR_) [Kim et al., 200$a]. The che_mic?al decontqmina-tion PrOg Treatment of Process Wastes

cess consists of four steps, including oxidation, reduction, dissolutiol Decomposition/Cleanup Step

and decomposition/cleanup steps [Kim et al., 2004]. The schemati
diagram of the decontamination process is shown in Fig. 1. Of fouFig. 1. Flow diagram for the chemical decontamination process.
consecutive steps, metal oxides consisting of Fe, Cr, Ni as major

components and Co as a minor component are dissolved into the

solution containing chelating agents such as oxalic acid and EDTA It is important to select decontaminating agents having less cor-
(Ethylenediaminetetraacetic acid) in the dissolution step [Hur et al.rosive effect on base materials as well as high decontamination effi-
2003; Bayri et al., 1996]. Therefore, the dissolution step is consideiency for the development of decontamination processes [Varga et
ered to be the most important one to determine the decontaminat., 2001; Yang et al., 1996; Dubourg, 1995]. In addition, a proper

tion effectiveness in the chemical decontamination process. method should be considered to estimate the effects of the decon-

taminating agents on the corrosion with respect to base materials in
To whom correspondence should be addressed. a rapid and exact manner. The weight loss method measuring weight
E-mail: hj-lee@aist.go.jp difference of testing coupons between before and after decontami-
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nation experiments is accepted as one of the fundamental methods EXPERIMENTAL

for evaluating corrosion rates on the base materials. This technique

is considered to be the most satisfactory method of making a pre- The 3-electrode electrochemical cell of a cylindrical type con-
liminary selection to observe different corrosion behaviors. Howeversists of saturated calomel electrode (SCE) in a Luggin capillary tube
it has difficulty in determining localized corrosion and in estimating as a reference electrode and a platinum plate as a counter elec-
corrosion rate in a short time [Fontata, 1987]. As a complementaryrode, which is connected to the electrochemical system, Autolab
method for corrosion behavior estimation, electrochemical meth-30 Potentiostat/Galvanostat (Electrochime, The Netherlands) [Choi
ods are finding increasing practical applications of corrosion studet al., 2001]. In order to investigate different corrosion rates, stain-
ies. The electrochemical methods provide a better understanding tdss steels (SS 304, SS 316) and a nickel alloy (Inconel 600) were
the basic mechanisms and kinetics of the electrochemical reactionssed as working electrodes having an effective area of. T

which are related to the corrosion behavior of different material/scan rates were varied from 0.17 mV/s to 68 mV/s in order to in-
electrolyte combinations, the availability of improved electrochem-vestigate scan rate effects on the corrosion potentials and currents.
ical techniques for the study of corrosion phenomena, and the d&+he solution temperatures were changed betwetd 48d 80C.
monstration of corrosion monitoring and control [Bard and Faulk-The solution for the electrochemical methods was prepared with
ner, 1980; Rout et al., 2003; Kim et al., 2000; Park et al., 2003]. 3.6 MM NaFeEDTA (Aldrich, USA) in 0.5% N&aDTA (Aldrich,

Of electrochemical methods to measure corrosion rates of baddSA) as synthetic complex of metal/chelating agent. The chemical
materials, the potentiodynamic method is one of the commonly conspecies and concentrations in the study were determined from those
sidered methods in corrosion studies [Sedriks, 1990; Siebert, 1985)f the dissolution step, where the metal complexes of EDTA formed
The increase of potentials during the potentiodynamic measureas results of metal oxide dissolution [Kim et al., 2003a]. Through
ments causes a corrosion cell to produce electrical currents, whiameasurement of potentials and corresponding currents the solution
are recorded in a computer file together with the applied potentialgoH values were measured at 3.2+0.3 without pH control.

During the potentiodynamic measurements, both potentials and cur-

rents are plotted in a polarization curve to allow for the observation RESULTS AND DISCUSSION
of corrosion behaviors using the Tafel extrapolation technique [Tong,
1984; Lin et al., 2002; Veawab et al., 2001]. 1. Effects of Temperature on the Potentiodynamic Measure-

In order to investigate corrosion behaviors with respect to thements
chemical decontaminating agents by using the potentiodynamic meth- Potentiodynamic polarization measurement of metals and alloys
od, a nickel alloy (Inconel 600) and a stainless steel (SS 304) weriadicates the tendency of a metal to undergo active, passive and trans-
selected as testing materials for the laboratory decontamination eypassive behaviors [Ateya et al., 2002; Omanovic and Roscoe, 1999;
periments because they are base materials for a steam generator &inah et al., 2003b]. At the active region in the neutral environment,
tubes in the primary systems of PWR, respectively. In addition, S$he following reaction occurs in the solution as follows:
316 was considered as a reference material to compare corrosion
effects in the environment of chemical decontaminating agents (see 2H0O+26—>H,+20H. (12)
Table 1). And the results for the different corrosion behaviors werdJnder an acidic condition in these experiments, the occurring reduc-
compared with those of the weight loss method in the semi-pilotion reaction is as follows:
scale decontamination experiments. H+26—H, (1b)
The reaction for the hydrogen production is monitored with rela-

Table 1. Compositions of major materials existing in the primary  tionship between potential and corresponding current. Fig. 2 shows
systems of PWR

Steam generator Tube Reference

Base material i ]
Inconel 600 SS304 SS 316 / Transpassive
Relative Fe 8.0 65-70  65-70 i
composition (Balance) (Balance) VO e
(%) Ni 72.0 min 8-10.5 10-14 polarization Passive
(Balance) S 00
Cr 155 18-20  16-18 €
Mn 1.0 max 2.0 max 2.0 max 0 M— M™ + ne’
C 0.065 0.08 max 0.8 max < — Jv
S 0.015max  0.03max 0.03 max 200 { Ee Slope, fc
Si 0.5 max 1.00 max 1.00 max Cathodic 2H +2¢ - H,
P 0.015 max 0.045 max 0.045 max -4nojfl | poiastetiton Hl
Cu 0.5 max - - ' ' y '
Mo } } 2_3 1e-8 1e-7 1e-6 12e-5 1e-4 1e-3
Log i, Alcm
Density (g/crm) 8.45 8.00 8.00

- S . Fig. 2. Typical potentiodynamic polarization curve showing active,
Contacting area to coolant  75% o% - passive and transpassive regions.
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the typical electrochemical polarization curve for SS 316 in the acidic
solution. Considering the reactions on the working electrodes, th: |, |
dissolution of metals takes place; IS i N
-500 - N
M—M™+n €. 2 mo
-600 4
In the typical cathodic polarization data for different materials in < NG i
the acidic condition, the intersection between extrapolation of the £ 700 1 = A i
cathodic Tafel slopg) and the corrosion potential JEives the 800 4 AL i
corrosion current densnyc)(l.The corrosion current depsny is cal- _ I A
culated by using the following equation in the cathodic and anodic 1| —0— ss304
polarization curves,e: (PSS ot i »
i =ii_aap|:|_ﬁcﬁa g ) -1100 . . . . . . . i
¢ 2.30@ B +B.U 280 290 300 310 320 330 340 350 360
Temp. (K)

where, i,, is the applied current densifypthe polarization poten-
tial value, angB. andf3, the Tafel slopes of the cathodic and anodic Fig. 4. Temperature effects on the Tafel constanf3) with differ-
reactions, respectively. In general, the experimental anodic polariza- ent base materials.

tion curves do not correspond to the idealization, showing no sen-
sible linearity of the values of the anodic Tafel sigie [t is sug-

gested that anodic dissolution of metal is reversible in corroding -6 O ss316
solutions in the anodic polarization region [Fontata, 1987; Jones . g

1996; Kim et al., 2003b].

In order to investigate the effect of temperature on the potentio
dynamic measurements, the solution temperatures were varied fro
18°C to 8(°C at the scan rate of 3.4 mV/s. As shown in Fig. 3, the
corrosion potentials of SS 304 and Inconel 600 slightly increaset
with increasing temperature, suggesting that the passivities of th .15 |
metals decreased due to the solution containing EDTA. Meanwhile
the corrosion potentials of SS 316 showed similar values even wit
increasing temperatures. In addition, the Tafel constants with increa
ing temperatures for stainless steels and a nickel alloy were est i I g i il
mated and the results were shown in Fig. 4. In the investigation c
the temperature effects on the Tafel constants, SS 316 showed sil
ilar values (betweerb60 mV and-583 mV), indicating that increas-

Ln i, Alcm?
IS

T T
3.3 3.4 3.5

UT(/K)(107%)

Fig. 5. Estimation of activation energies with different base mate-

ing solution temperatures gave little corrosion effect. However, it rials.
was observed that the corrosion behaviors were affected with in-
creasing solution temperatures for SS 304 and Inconel 600. i.=Ae " ®)

The dependence of the rate of a metal dissolution process on tem- i , i ) .
perature can be explained by using an Arrhenius type equation: where | (A/cn) is the corrosion current, B)/mol) is the activation
energy of corrosion, and A is a pre-exponential factor [Omanovic

and Roscoe, 1999]. An Arrhenius plot of the corrosion currents for
SS 304 in Fig. 5 shows stronger effect on the solution temperatures.
The slope in the figure was estimated846, the least value among

il e MUY RS tested materials. The calculated result for the activation energy was
[ s s 0l found to be 25.3 KJ/mol. The results for SS 316 and Inconel 600
e (e N represented straight lines with the slope4897 and-4.799, re-

it spectively. The activation energies from the slopes of the lines in
Eqg. (5) were 36.5 KJ/mol for SS 316 and 39.8 KJ/mol for Inconel
600. It is well known that temperature has a profound influence on

-200 A

Ec (mV)

-300 -

-400 T T T

—0O—— 5SS316
— {0 — SS304
........ NI Inconel

280 290 300 310

Fig. 3. Temperature effects on the corrosion potential (fewith dif-

ferent base materials.

T

320
Temp. (K)

T

330

T T

340 350

360

the coefficients and diffusion rates, which is also explained by an
Arrhenius type equation;

-E,/RT

D =D.e ©6)

where D is the diffusion coefficient and B the temperature-in-
dependent pre-exponential coefficient. Eg. (6) means that the least
activation energy results in the highest diffusion coefficient [Om-
anovic and Roscoe, 1999]. Therefore, the least value of the activa-
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NI higher values of the scan rates showed smooth curves compared
il with the graph for the scan rate of 0.17 mV/s. It is assumed that the
/ effects of the electron transfer on the polarization curves were af-
I i fected by the scan rate in the potentiodynamic measurements.
Table 2 summarizes the results of the influences of scan rate on
the electrochemical properties, such as the Tafel congiaruof-
rosion potential (B, and corrosion current)(iConsidering the cor-
rosion potential of the cathodic polarization of stainless steels (SS
304 and SS 316) and a nickel alloy (Inconel 600), the corrosion po-
tential of SS 316 showed the lowest valueldgl mV, while those
of SS 304 and Inconel 600 showed the similar values-a8mV
N and—-55mV. The transition from the passive region to the trans-
g 167 g 105 i Mg passive one occurred around at 629 mV. It was found that corro-
Log i, Ao sion potentials reduced or became more negative at low scan rates.
However, all the scan rates (above 1.7 mV/s or higher) showed sim-
ilar values as shown in the figure. Meanwhile, the corrosion poten-
tials of the nickel alloy clearly decreased dowr4d2 mV as the
scan rates increased. In addition, the Tafel congauim the cath-
tion energy for SS 304 implies the highest value of diffusion coef-odic polarization region decreased at low scan rates (up to 3.4 mV/
ficients in the solution containing metal complex of EDTA. s) and then showed similar values, irrespective of different base ma-
2. Effect of Scan Rate on the Potentiodynamic Measurements terials. Since the Tafel constant is related to the hydrogen produc-
Fig. 6 shows the potentiodynamic measurement results of SS 31tébn, the increasing scan rates of potential decreased hydrogen pro-
with increasing scan rates from 0.17 to 68 mV/s (about 400-fold)duction during potentiodynamic measurements [Kim et al., 2003b].
As the values of scan rates increased, the current values increasisl the scan rates increased, the corrosion currents for the anodic
both in the cathodic and anodic polarization regions. The variatiordissolution in the active region increased.
of the current shown in the passive region of the anodic polariza- In the relationship between scan rate and corresponding current,
tion clearly presented electron transfer during electrochemical meat is known that the electrochemical system is diffusion-controlled
surements of the slowest scan rate (0.17 mV/s) [Siebert, 1985; Tongthen the resulting current is proportional to the square root of scan
1984]. Meanwhile, the potentiodynamic polarization plots at therate [Bard and Faulkner, 1980]. Fig. 7 clearly shows that corrosion
currents increased proportionally according to the square root of
the potential scan rates, suggesting that the rate of the charge trans-
fer in the system is mainly affected by diffusion. The slope of SS
316 in the figure showed the lowest value as 2.21. In addition, the

- 017 mV/s
— — 17mV/s -
34mVis o /

500, i | i i 6.8mV/is | "L
——- 68 mV/s

E (mV)

-500

Fig. 6. Potentiodynamic behaviors of SS 316 with increasing scan
rates.

Table 2. Electrochemical parameters for SS 316, SS 304 and In-
conel 600 in the potentiodynamic measurements

(a) SS 316 values of the linear slope in the plot of the root of scan rates and i
Scan rate (mV/s) B, (mV) E. (mV) ic (MA/cm?) for SS 304 and Inconel 600 were 2.93 and 4.92, respectively. The
— ~ highest value for the Inconel 600 implies that corrosion rates largely
0.17 314 114 1.3 . L . . -
increased with increasing potential scan rates. The results indicate
L7 045 ~236 3.0 that the rate-determining step of the anodic dissolution reaction in
3.4 560 ~251 6.0 g step
6.8 -583 —236 9.0
68 -565 —-280 19.0 i
(b) SS 304
- O sS5316
Scan rate (mV/s) S, (mV) E. (mV) i (UA/CM?) 40 4 O sS304 N
[ A Inconel i
0.17 -188 -56 1.4 §
1.7 -501 -118 6.1 %
3.4 -573 -159 6.0 g
6.8 -541 -190 6.7 3
68 -592 -274 25.0 2
(c) Inconel 600 8
Scan rate (mV/s) S, (mV) E. (mV) i (MA/cm?)
0.17 -452 -55 35
1.7 —-480 -138 5.1
34 -502 -159 6.0 Sqrt (scan rate), (mV/s)"?
6.8 553 ~190 7.8 Fig. 7. Relationship between square roots of scan rate and corre-
68 -516 —442 40.0

sponding corrosion current.
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18 the results of the weight loss method [Jones, 1996].

16 | 0SS 316 In order to compare the corrosion behavior, the corrosion rates
BT SS 304 were estimated based on the corrosion currents, and expressed as
AT = Incane mpy (mils per year) [Jones, 1996]. Fig. 8 illustrates the corrosion

rates with increasing scan rates and temperatures. In the ranges of
scan rate up to 6.8 mV/s, the corrosion rates showed low values,
O about below 4 mpy. The highest scan rate of 68 mV/s, however,
presented significantly high values for all base materials. The scan
rate effects on the corrosion rate were different with different base
® @ materials. Of base materials, the nickel alloy, Inconel 600, presented
the highest value among tested materials. Also, the corrosion rates
increased with increasing temperature for all base materials.

Based on the results of the semi-pilot scale experiments, the cor-
rosion rates for SS 316, SS 304 and Inconel 600 were estimated by
using the weight loss method after the oxidation and the dissolution
processes. The results showed that Inconel 600 had somewhat higher
values than stainless steels (SS 304 and SS 316) (See Table 3). Of
OsSs 304 materials, SS 304 showed the least corrosion rate of the planar spec-
& Inconel imens with the range of 0.63-0.93=%@g/cnt hr (0.012-0.017
20 mpy) and the average value of 0.77%hiy/cnt hr (0.014 mpy).

It is interesting that a nickel alloy, Inconel 600, showed the highest

corrosion rate with the range of 2.30-4.04%h@gy/cnd hr (0.039-

10 1 % 0.069 mpy). Still, the corrosion rates of the stainless steel and the
J

O

10

Corrosion rate (mpy)
(o]

o N O~ O

0.1 1 10 100
Scan rate (mV/s)

(a) Scan rate

35

oo

0SS 316

B0

28 i

<&

Corrosion rate (mpy)
O

nickel alloy are considered acceptably low compared with the refer-
ence values for the corrosion behaviors [Jones, 1996].

The estimated corrosion rates of the potentiodynamic measure-
ments at the experimental conditions of@@&nd 3.4 mV/s were
much higher than those of the weight loss measurements. It is likely
that the experimental conditions in the potentiodynamic measure-
Fig. 8. Estimation of the corrosion rates of base materials with scan ~ ments were more severe compared with decontamination experi-

rates and temperature. mental conditions. Despite the high values of the results, the cor-
rosion behaviors of different base materials were similar to those
of the weight loss method. It is considered, through the electrochem-

l

250 270 290 310 330 350 370
Temperature (K)

L !

(b) Temperature

volves diffusion of reactant species in the electrolyte. ical studies, that the potentiodynamic method is a very useful elec-
3. Estimation of Corrosion Rates in the Potentiodynamic Meth-  trochemical method for estimating corrosion behaviors in a short
od time.

The corrosion rate in the electrochemical method can be esti-
mated by the corrosion current density using Eq. (4): CONCLUSIONS

r:0.129% 4 Electrochemical methods were used in a solution containing metal

complex with EDTA in order to investigate corrosion behaviors of
where r is the corrosion rate expressed as mpy (mils per year), stainless steels (SS 316, SS 304) and a nickel alloy (Inconel 600)
atomic weight, n the number of electrons transferred, D the densitgduring chemical decontamination process. Of base materials, the
(g/c?), i, the corrosion densityid/cn). It is considered that the  nickel alloy, Inconel 600, presented the highest value of the corro-
resulting values of the corrosion rates are useful to estimate corrgion current among tested materials. Also, the corrosion currents
sion behaviors even though they show higher values compared withcreased with increasing temperature and scan rates for all base

Table 3. Estimation of the corrosion rates of materials in the potentiodynamic methods and the weight loss measurements

Potentiodynamic methor Weight loss methdd
(3.4 mVJs, 80C) Minimum Maximum Average
mpy (x10° mg/cnth  mpy  (x10°) mg/lcnth  mpy (x10° mg/cnth  mpy
SS 304 16.4 0.63 0.012 0.91 0.017 0.77 0.014
SS 316 30.8 1.26 0.023 1.32 0.024 1.29 0.023
Inconel 600 32.8 2.30 0.039 4.04 0.069 3.17 0.054

®Data were referred from the reference [Kim et al., 2004].
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materials. The corrosion behaviors observed in the potentiodynamic with UV/H,0, and UV/HO,/TIO, Processeorean J. Chem. Eng
results agreed with those of corrosion behaviors observed in the 20(3), 503 (2003).

weight loss method. It is considered that the estimated corrosiohin, H. C., Lin, K. M., Lin, C. S. and Ouyang, T. M., “The Corrosion
rates of the stainless steel and the nickel alloy were acceptably low. It Behaviors of Fe-based Shape Memory Allogsfrosion Scienge
was clearly confirmed that the potentiodynamic results corresponded 44, 2013 (2002).

to the results of the weight loss measurement, implying that the eledvoon, J. K., Byun, K. H., Park, S. Y. and Oh, W. Z., “Dynamic Simu-
trochemical method is a very useful method to estimate corrosion lation of Cyclic Voltammogram on the Electrochemical Reduction

behaviors. of VO lons; Korean J. Chem. EngdlL4(6), 521 (1997).
Ocken, H., “Decontamination Handbook; EPRI Report TR-112352
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