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Abstract

In connection with the safe storage of high level nuclear waste, effect of H202 on the corrosion
behavior of 304L stainless steel was examined. Open circuit potentials and polarization curves were
measured with and without H202. The experimental results show that Hz0z increased corrosion po-
tential and decreased pitting potential. The passive range, therefore, decreased as Hz02 concen-
tration increased, indicating that pitting resistance was decreased by the existence of Hz0:z in the
electrolyte. These effects of H20O2 on corrosion of 304L stainless steel are considered to be similar
to those of r-irradiation. To compare the effects of HzOz with those of Oz, cathodic and anodic
polarization curves were made in three types of electrolyte such as aerated, deaerated, and stirred
electrolyte. The experimental results show that the effects of H20: on the corrosion behavior were
very similar to those of Oz such as increase of corrosion potential, decrease of pitting resistance,
and increase of repassivation potential. In acid and alkaline media, the corrosion potential shifts by
Hz02 were restricted by the large current density of proton reduction and by the le Chatelier’s prin-
ciple respectively.
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1. Introduction

The safe disposal of high level nuclear waste mat-
erals in geological media requires barrier packages
that must be environmentally stable for time periods
of 300-1000 years. In connection with this develop-
ment of barrier package, many studies have been de-
woted to the comrosion of austenitic stainless steel and
titanium.

Glass[1] reported that corrosion potential shift of
austenitic stainless steel in the positive direction and
decreased pitting resistance were observed under
gamma irradiation. He suggested that these results
be associated with the radiation-induced production
of hydrogen peroxide.

According to Saito’s paper{2], IGSCC of 304 stain-
less steel was accelerated by gamma-ray irradiation
under normal water chemistry.

Oriani[3, 4] have studied Grade 12 titanium under
gamma-radiation and reported that radiolytically prod-
uced hydrogen peroxide plays an important role in
determining the corrosion condition in the irradiated
solution.

Lin and others[5-7] have studied on the corrosion
potential of austenitic stainless steel in connection
with SCC of piping materials and referred to H20: as
an important parameter determining corrosion po-
tential of austenitic stainless steel.

The interaction of gamma radiation with aqueous
solution produces a host of transient radicals, ion

and stable molecular species including -H, -OH, e,,,
H:O*, OH", Hz, H:0z, Oz, Oz~ and HO27[8-10).
According to the recent paper of Lin[11], H:O: is
one of the stable products radiolytically produced in
the boiling water reactor(BWR) coolant. And under-
standing the chemical properties of hydrogen per-
oxide has become an important factor in dealing with
material corrosion problems in the radiation environ-
ment. .

In this paper, H2O2 has been chosen as an exper-
imental variable to simulate gamma-irradiation effects
on corrosion of as-received 304L stainless steel that
was selected as a canister material at Korea Atomic
Energy Research Institute. To find out the effect of
Hz02 on the corrosion behavior of 304L stainless
steel, open circuit potential and polarization curve
measurements were carried out. Pitting resistance
was analyzed in terms of passive range with and wit-
hout H202. These results were compared with those
of gamma-irradiation. The comparisons of the effects
of H202 on corrosion with those of Oz and H* were
made to compare the degree and direction of cor-
rosion behavior changes with the other oxidants. In
various pH conditions, corrosion potential shifts were
investigated and discussed with H* reduction reac-

tion.
2. Experimental Procedure

Austenitic stainless steel AISI 304L., which is spent
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Table 1. Chemical composition of Test Specimens.

Comp. Fe C Fr Ni Mo

Mn Si P S N Cu

w.% Bal.

0016 1827 1005 0070 1090 0650 0025 0.001

0041 0210

fuel storage canister material, was used as a flat spec-
imen, and the composition of the alloy is given in
Table 1. The specimen was polished before immer-
sion with 240 grit SiC paper, followed by 320, 400,
600 SiC paper, 1uAlO: paste and 1y diamond pas-
te.

Fig. 1 [12] shows that the steady state concen-
tration of hydrogen peroxide has a certain limit.
When the radiation intensity is above 1.0X10%
eV/em?®, the HxO2 conceniration becomes a satu-
ration value of 1.0 10-3M/liter approximately.

In regard to Fig. 1, H2O2 concentration was selec-
ted to be about 107*M range. In order to find out
the minimum concentration of H:02 for making po-
tential shift of 304L stainless steel, 107*M, 10°°M,
107*M, and 10"'M range of H202 concentrations
were examined. To compare Hz202 reduction reaction
with H* reduction reaction, various pH conditions of
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Fig. 1. Accumulation of Hydrogen Peroxide During the

Irradiation of Water Saturated with Oxygen.
(Ref. 12.]

test solutions were made by using HzSOs and NaOH.

Fig. 2 shows block diagram of the experimental
apparatus.

Scanning potentiostat, EG & G Model 362, con-
trols potential between working electrode and refer-
ence electrode. And it receives the controlled poten-
tial, open circuit potential from the cell, and current
between working electrode and counter electrode. All
these analog outputs of potentiostat were transfor-
med into digital signals by way of analog digital con-
verter and the transformed digital signals were read
in the personal computer screen.

With stirrer and nitrogen gas, three electrode con-

*Two Graphite Counter Electrodes
+Saturated Calomel Reference Electrode
*Flat Specimen Holder(=Working Electrode)

Corrosion Cell

Stirret/Heater

L-—-———>
[———>

Nitrogen gas Q

Scanning
Potentiostat

:

Analog Digital
Converter

Personal Computer
Data Aquisition

Fig. 2. Block Diagram of the Experimental Apparatus.
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ditions were generated such as aerated, deaerated,
and stirred condition. Stirred condition was made by
stiring electrolyte continuously with magnetic spin
bar. Deaerated condition was made by blowing nitro-
gen gas into the cell with the constant flow rate of
200cc/min.

1.3x107“M H:z0: dropping into the ceil was made
by dropping 10ul of 30% H:0: into the electrolite
composed of 1 liter solution which had been stired
continuously with magnetic spin bar.

3. Results and Discussion
3.1. Potential Shift by H:0:

Potential shift: Fig. 3 shows that initial one drop
of H202 makes 120mV potential shift in the noble di-
rection in open circuit potential and that successive
equal Hz0: additions produce successively smaller
potential shifts than the initial addition does, which
indicates a tendency toward an eventual saturation
effect.

When the temperature increased from room tem-
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Fig. 3. Effect of HzO2 Add*tion.on the Open Circuit
Potential in Stirred 0.02M NaCl Solution.
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perature to 52'C, the amount of potential shift
increased slightly. It is thought to be due to the
increased diffusion rate of Hz0o.

Permanent change of oxide layer:In order to
find out whether these observed potential shifts were
passing phenomena with the existence of H:O:z or
whether permanent change of oxide layer was made
with H202 reduction reaction, subsequent immersion
test in Fig. 4 was carried out.

This test showed that H2Oz made permanent chan-
ge in the oxide layer. Specimens that had been im-
mersed in the 0.02M NaCl with various H20z concen
trations for 9000 sec were taken out of the 0.02M
NaCl+xM Hz0z, cleaned with acetone and distilled
water, and then reimmersed in fresh 0.02M NaCl.
Fig. 4 shows that with increasing H2Oz concentrations
in the previous 0.02M NaCl, increasingly noble open
circuit potentials are developed on subsequent im-
mersion in 0.02M NaCl. 1t is clear that H2O2 prod-
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Fig. 4. (a) Open Circuit Potential in 0.02M NaCl with

Various Hwydrogen Peroxide Concentration. (b)
Subsequent Immersion of (a) Specimens into fres-
h 0.02M NaCl Solution(=Without Hydrogen Per-
oxide) After 5 Minute Ultrasonic Cleaning of the
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uces a change in the oxide that persists to modify
the open circuit potentials in the fresh 0.02M NaCl.
This result is in good agreement with the result of

gamma-irradiation{1].

Stirring effect : Fig. 5-a shows that when the elec-

trolyte was stirred the potential shift could be generat-

ed by increased O2 concentration on the surface of

the specimen.
When 3.8x107*M Hz20: was put into the 0.02M
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Fig. 5. Effect of Stirring on the Corrosion Potential in
0.02M NaCl, (a) Without HzO2, (b) with 3.8 x
10*M H:0..
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NaCli(Fig. 5-b), the potential shift by stirring was lar-
ger than the previous shift in Fig. 5. a. This is thoug-
ht to be due to H2O2 reduction rate increase by stir-
ring.

Minimum concentration for potential shift and
the dependence of potential shift on log[H:0:] :
Potential shifts by H20z became smaller when the
concentration of H20. was reduced. This is shown in
Fig. 6.

The potential shift, AE, represents the corrosion
potential change by H202. In the Hz0O¢ concentration
range of 10™'M, there was no shift detected by Hz0-
addition. The minimum concentration of Hz202 for
producing potential shift in 0.02M NaCl solution was
found to be about 6.3 107°M. This is thought to be
due to the fact that H202 reduction rate decreases as
HzOz concentration decreases. If the oxygen exceeds
HO2 in cathodic reaction rate, H202 might hardly af-
fect the potential. Above minimum value of H20:
producing potential shift, potential shifts were in pro-
portion to log[Hz0:]. Lin[5] showed that the electro-
chemical potential of austenitic stainless steel was in
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Fig. 6. Dependence of Corrosion Potential Shift on
H20: Concentration.
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proportion to log[Oz2], and he proved this with theor-

etical equations. Like O, the H202 effects on the cor-

rosion was proved to be a logarithm function of its
concentration shown in Fig. 6. Lin’s experiment was
carried out in high temperture. This experiment was
carried out in room temperture. In this point of view,

it is not the temperture but the concentration of oxid-

ants that makes the changes of electrochemical po-
tential in proportion to log[O2] or log[Hz0¢]

3.2. Polarization Behavior Changes By H:O:

Similar effects of H:0: to r-irradiation: Fig. 7
shows that Hz20: shifts corrosion potential in the nob-
le direction by additional cathodic reaction of HzO:2
and decreases pitting potential.

Fig. 8 shows pitting potential, corrosion potential,
repassivation potential, and passive range variations
with respect to Hz0z concentration.

Approximately, 20mV decrease in pitting potential,
200mV increase in corrosion potential, and 220mV
decrease in passive range were made by the exist-

ence of 40x107*M H:0: in the electrolyte. Simi-
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Fig. 7. Potentiodynamic Polarization Curves in Aerated
0.02M NaCl.
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larly, 10mV decrease in pitting potential, 200mV in-
crease in corrosion potential, and 210mV decrease in
passive range were made by the existence of
gamma-irradiation in the electrolyte as shown in Fig.
9.

It is, therefore, thought that H2Oz produces similar
effects on corrosion to gamma-imadiation in the
Hz02 concentration of about 107*M.
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Pitting resistance : To observe pitting potentials,
specimens were polished again, and pitting potentials
were measured with different H2Oz concentraions. As
shown in Fig. 8. the decreased pitting potential by
HzO: can be thought to be due to the promotion of
depassivation and suppression of repassivation by the
increase in hydrolysis reaction by cation and can be
summarized in the following reaction. [8, 9, 10, 15,
16]

H202+H:0+3 e =3(0OH) ™ +H
M=SM?* +2e”
M2+ + 2H20=>M(OH)z2 + 2H*

The increased reduction reaction by H2QOz will in-
crease metal dissolution reaction and the increased
metal cation will increase hydrolysis reaction. The
increased proton on the metal surface will promote
depassivation and suppress repassivation of the oxide
film in 304L stainless steel.

In addition to this model, multiple oxidants effect
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Fig. 10. Comparison of the Potentiodynamic Anodic Pol-
arization Behavior for 316L Stainless Steel in
0.018M NaCl Solution in Deionized water with
and Without Gamma Irradiation. [Obtained

from Ref. 1]

can be thought. The electrolyte with multiple oxid-
ants is likely to promote pit initiation by producing
more defects in the oxide layer than the electrolyte
with only a single oxidant. Fig. 10 proves this expla-
nation.

In this figure, the pitting potential in the electrolyte
containing HzOz, H*, and HeO: (stirred with 6.4x
107*M Hz02) is lowest. But the pitting potential in
the electrolyte containing only H* (deaerated with no
He02) is highest. It is thought that this pitting poten-
tial change is closely related to the permanent chan-
ge of oxide layer, as shown in Fig. 4.

Passive range, the difference between pitting po-
tential and corrosion potential, represents pitting re-
sistance. This passive range decreases as Hz0z con-
centration increases, which is shown in Fig. 8-b. Ther-
efore, it is thought that the pitting resistance of 304L
stainless steel decreases in the H202 bearing environ-

ment.

Repassivation potential : As shown in Fig. 8-a. ,
the repassivation potential increases as H202 concen-
tration increases, and the corrosion potential increas-
es also. In spite of the increase of repassivation po-
tential, the corrosion potential is still higher than the
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repassivation potential. Therefore, if the pit is formed
on the surface of 304L stainless steel, the pit will
propagate in open circuit state. The repassivatioﬁ po-
tential represents the critical potential for SCC in the
case of austenitic stainless steel. It is, therefore, in-
fered that the critical potential for SCC may in-
crease in the H2O2 bearing environment.

Similar effects of H20: to O::Fig. 10 shows the
comparison of H:0z effect with Oz effect on the cat-
hodic reaction rate, pitting potential, passive range,
and repassivation potential. Oz concentration on the
metal surface in aerated electrolyte must be higher
than in deaerated electrolyte. Similarly, Oz concen-
tration on the metal surface in stirred electrolyte
must be higher than in aerated electrolyte. Deaer-
ated, aerated, and stirred condition, therefore, repres-
ents Oz concentration on the metal surface. As show-
n Fig. 10, the pitting potentials are in proportion to
Oz concentration and Hz02 concentration. In this t-
able, the passive range and repassivation potential
are inversely proportional to H20z and Oz concen-
tration. From the above observations, it is clear that
Hz02 effects on corrosion behavior of 304L stainless
stee! are similar to Oz effects.

3.3. The Effect of H:O: in Acid and Alkaline Me-
dia

The pH was hardly changed with 6.3x107‘M
Hz02 addition in all test solutions. The pH which is
going to be mentioned from now on means the in-
itial pH measured before addition of the HzOe.

In acid media : Fig. 11 shows that the more acid
the solution becomes, the smaller the potential shift
by Hz02 becomes.

At pH=0.7, no potential shift could be produced
by HeO2. This is thought to be due to the fact that
H* exceeds H20: in cathodic reaction rate and that
the relatively smaller cathodic reaction rate of H202
can hardly affect the corrosion potential.

As shown in Fig. 12, cathodic reaction lines of H*
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and Hz0: obtained from Tafel extrapolation method
(13, 14] confim the above explanation. In this Fig-
ure, H* line exceeds H20z in current density.

In alkaline media : As shown in Fig. 11, the ex-
tent of potential shift by Hz02 decreased as pH of
the solution was increased. It is thought that by the
le Chatelier’s principle H202 reduction reaction is lik-
ely to be hindered by high concentration of OH™ in
alkaline media[15]. As shown in Fig. 11, the higher
the OH™ concentration was, the smaller potential shif-
t was produced by Hz02.

Theoretical consideration : Potential dependence
of Hz02 reduction on pH was calculated thermod-
ynamically in the following manner{16, 17]

(i} In acid selution.
H02+2H* +2e"=2H:0 E°=1.76V
1
[HO)HF
=AG®+RT In [H;0,] +4.606 RTpH
where AG® =339634 joules/mole
R =8.3144 joules/mole
T=298 K
pH= —log[H"]
AG=—2FE
Where F =96487 coulomb/mole
When [H20:2]=0.00013M, E=166—0.059 pH (1)
When [Hz0:2] =0.00064M, E=164—0.059 pH (2)
(i) In neutral and basic solution.
H0:5H* +HO2™ Krr=1.5%x10"%

AG=AG’+RT In

H*+e =H E=0V
HOz2+H0+2e~=3(0H) -
E°=0.87V
+

Hz20z+H20+ 3e"=3(0OH)~ +H E°=0.87V

The driving force of above reduction reaction, that
is the Gibbs free energy change, is

AG =AG’+RT In {{{OH) P/[H:0:]!
Krr =[H*][HOz"1/[Hz0:]
Kv=1.0x10""=[H"][(OH)"]
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AG=AG*—96.7RT+69pH RT—RT in [H20:]
where AG° = —251831 joules/mole

AG=—-3FE

When [Hz02] =0.00013M, E=1.62—0.059 pH (3)
When [H202] =0.00064M, E=1.63—0.059 pH (4)

Reduction potential of H20z, which is over the cal-
culated value, is higher than Oz and H*. Equations
(1), (2), (3), and (4) were put into Pourbaix diagram
(17], and Fig. 13 was made with the above calcula-
tions.

As shown in Fig. 13, H20O2 reduction potential is
higher than Oz and H* regardless of pH.

The dependence of H20: effect on pH : As shown
in Fig. 13, the reduction potential of H20:z is higher
than H™ regardless of pH. But, it turned out to be
that in acid and alkaline media Hz02 effects on cor-

rosion become smaller than in neutral water environ-
ment as shown in Fig. 11.

4. Conclusions

The conclusions are :
1) In neutral water environment, above 6.3Xx
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Fig. 13. Calculated Potential Dependence Upon pH.
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107°M H:z0z, H-O: shifted corrosion potential in pro-
portion to log[Hz0z]. Below 6.3 X 107M H20z, H20:
hardly affected potential, which was due to the fact
that Oz exceeds H202 in cathodic reaction rate. It is,
therefore, inferred that only the concentration of
Hz02 more than this critical value can affect the cor-
rosion behavior of 304L stainless steel.

2) By the existence of Hz0z, pitting potential was
decreased and passive range was decreased, which
represented the decrease of pitting resistance. It is
closely related to the permanent change of oxide lay-
er, and these effects of H2O2 are considered to be
similar to those of Oz.

3) By the existence of H:0z, repassivation poten-
tial was increased. From this, it is inferred that the
critical potential for SCC will increase in the H:02
bearing environment.

4) The effects of H2O2 were observed to be similar
to those of gamma-irradiation. Therefore, it may be
possible to simulate gamma-iradiation effect with
Hz0:.

5) In acid and alkaline media, the corrosion po-
tential shifts by H2O2 were restricted by the large cur-
rent density of proton and by the le Chatelier’s prin-
ciple respectively.
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