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1. INTRODUCTION

In a commercial nuclear power plant, a high-strength
low alloy steel (LAS) is used to make the reactor pressure
vessel (RPV), on which the inner surface is overlay clad
with 300 grade austenitic stainless steel (SS) of a few
millimeters in thickness in order to prevent corrosion in
the main coolant systems. However, exposure of the LAS
base metal directly to cooling water as a result of mechan-
ical damage of the SS cladding has occurred: the cladding
in the Yankee Rower reactor and Connecticut Yankee
reactor were worn through because of a surveillance cap-
sule that had come loose [1]. In addition, damage to the
cladding can also be caused when the penetration com-
ponent is replaced using a half nozzle repair technique [2].

Exposure of the LAS to cooling water can lead to
various types of corrosion such as corrosion wastage,
galvanic corrosion, crevice corrosion, pitting corrosion,
intergranular corrosion, and stress corrosion cracking
depending on the corrosive environment [3-7]. In particular,
the LAS base metal coupled with the SS cladding in a
RPV can primarily suffer from galvanic corrosion near
the weld interface.

In this work, the corrosion behavior of the dissimilar
metal couple of the SA-508 LAS and Type 309L SS was
evaluated under a simulated primary water chemistry of a
pressurized water reactor (PWR). Uniform corrosion and
galvanic corrosion rates were measured from the dissimilar
metal couple in three different conditions simulated for
power operation, shutdown, and power operation followed
by shutdown. The effect of the surface area ratio of the
cladding to the base metal on galvanic corrosion was also
investigated. Based on the experimental results, the corrosion
depth of the dissimilar metal couple was estimated as a
function of operating cycle simulated for a typical PWR.

2. EXPERIMENTAL

The dissimilar metal couple was constructed from SA-
508 LAS plate (Doosan Heavy Industries and Construction
Co. Ltd., Gr.3, Cl1.) as the RPV, and type 309L SS filler
metal (Kiswel Ltd., ER 309L) as the cladding. The chemical
compositions of the materials are given in Table 1. The
SS overlay was welded to at least 8 mm thickness on the
10 mm thick LAS plate using gas tungsten arc welding

The article presented is concerned with an evaluation of the corrosion behavior of SA-508 low alloy steel (LAS) and Type
309L stainless steel (SS) cladding of a reactor pressure vessel under the simulated primary water chemistry of a pressurized
water reactor (PWR). The uniform corrosion and galvanic corrosion rates of SA-508 LAS and Type 309L SS were measured
in three different control conditions: power operation, shutdown, and power operation followed by shutdown. In all conditions,
the dissimilar metal coupling of SA-508 LAS and Type 309L SS exhibited higher corrosion rates than the SA-508 base metal
itself due to severe galvanic corrosion near the cladding interface, while the corrosion of Type 309L in the primary water
environment was minimal. The galvanic corrosion rate of the SA-508 LAS and Type 309L SS couple measured under the
simulated power operation condition was much lower than that measured in the simulated shutdown condition due to the
formation of magnetite on the metal surface in a reducing environment. Based on the experimental results, the corrosion rate
of SA-508 LAS clad with Type 309L SS was estimated as a function of operating cycle simulated for a typical PWR.

KEYWORDS : Galvanic Corrosion, Low Alloy Steel, Power Operation, Reactor Pressure Vessel, Stainless Steel, Shutdown

773NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.44  NO.7  OCTOBER 2012

http://dx.doi.org/10.5516/NET.07.2011.054



(GTAW) according to the welding procedure specification
(WPS) qualified under ASME Section IX [8]. Post-weld
heat treatment was carried out at 620 oC for 42 h to remove
residual stress induced by welding. Extensive examination
of the welds by an ultrasonic test (UT) ruled out any weld
defects. After welding, the specimen for microstructural
analysis was chemically etched with a solution of 2 %
bromine + 98 % methanol, and then examined by optical
microscopy (OM) and scanning electron microscopy (SEM,
JEOL JSM-6360).

The coupon specimens for corrosion tests were prepared
as shown in Fig. 1 and their specifications are listed in
Table 2. The corrosion tests were carried out in a primary
water chemistry simulated for three different control
conditions: power operation (PO), shutdown (OH), and
power operation followed by shutdown (PO-OH). In the
PO condition, the specimens were immersed in an autoclave
containing a solution of 800 ppm B as H3BO3 and 2.2 ppm
Li as LiOH for 124 and 399 days at 300 oC after dissolved
oxygen content in the solution became steady below 5 ppb

and dissolved hydrogen content at 30 cc/kg. The solution
was circulated using a water loop system with a high
pressure diaphragm pump and the water chemistry was
measured using in-line monitoring sensors. In the OH
condition, the specimens were immersed in a glass bottle
containing a solution of 4400 ppm B as H3BO3 for 30, 60
and 90 days at 30 oC after dissolved oxygen content in
the solution was saturated at 8 ppm in air. In the PO-OH
condition, the specimens were first exposed to the simulated
water chemistry of the PO condition for 124 days, and then
subjected to the simulated water chemistry of the OH
condition for 30, 60, and 90 days. Potentiodynamic polar-
ization experiments were done on the coupon specimens
at a scan rate of 1 mV/s, and galvanic coupling current
measurements were performed between the LAS and SS
coupon specimens using a potentiostat (EG&G Model 273)
in the PO condition (reducing environment) and OH con-
dition (oxidizing environment).

After the corrosion tests, a surface oxide film formed
on the coupon specimen was characterized through X-ray
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Fig. 1. Schematic Drawing of the Coupon Specimens (a) LAS1, SS1 and LAS1SS1, and (b) LAS1SS11, LAS1SS34, and
LAS1SS106 (unit : mm).

Table 1. Chemical Composition of the Materials (wt%)

SA-508

ER309L

ND : Not detectable.

C

0.022

0.01

Si

0.21

0.44

Mn

1.22

1.57

P

0.007

0.024

S

0.002

0.002

Ni

0.68

13.31

Cr

0.17

23.01

Mo

0.46

0.07

V

0.001

ND

Al

0.021

ND

Cu

0.03

0.15

Ti

0.002

ND

Co

0.005

ND

N

ND

0.048

Fe

Balance

Balance

Materials
Composition
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diffractometry (XRD) using Cu Kα radiation at a scan rate
of 4 o/min. The uniform corrosion rate was measured from
the weight loss of the coupon specimen as given by [9],

where CRW is the corrosion rate measured from the weight
loss (mm/y), Wi is the initial weight (g), Wf  is the final
weight (g), ρ is the density (g/cm3), A is the surface area
of the specimen (cm2), t is exposure time (day), b is the
conversion factor for time (= 365 day/y) and c represents
the conversion factor for dimension (= 10 mm/cm). The
galvanic corrosion rate was measured from the depth of
wastage along the weld interface using surface profilometry
(Telstar Hommel, T8000). The corrosion rate was obtained
from at least three coupon specimens for each test condition
after the removal of the oxide film on the specimen. The
oxide film on the specimen surface was entirely removed
by applying a cathodic current of 100mA/cm2 in a 15 wt%
NaOH solution at 90 oC, without damaging the metal itself.

3. RESULTS AND DISCUSSION

Fig. 2(a) gives the microstructure of the weld interface
between the SS and LAS on the plane normal to the short
transverse direction (S) and the welding direction (L). As
shown in the magnified image of the interface in Fig. 2(b),
the SS weld overlay had a typical cellular dendrite structure,
and the LAS near the interface revealed a fine grained
structure in the heat affected zone (HAZ), as compared to
the typical bainite structure of the LAS matrix in Fig. 2(c).
The depth of HAZ was measured to be about 1.5 mm from
SEM and OM micrographs. As expected from the results
of UT, there was no weld crack in the interface.

Figs. 3(a), (b) and (c) present the uniform corrosion
rates measured from the weight loss of the LAS1, SS1, and
LAS1SS1 coupon specimens in the simulated primary

Table 2. Specifications of Coupon Specimens for Corrosion Test.

LAS1

SS1

LAS1SS1

LAS1SS11

LAS1SS34

LAS1SS106

SA-508

ER309L

SA-508/ER309L

SA-508/ER309L

SA-508/ER309L

SA-508/ER309L

20

20

20

20

50

50

-

-

-

5

7

4

1

0

1

1

1

1

0

1

1

11

34

106

Specimen Materials
L (mm) R (mm) SA-508

Surface area ratio

ER309L

Dimension

(1)

Fig. 2. SEM Micrographs of (a) the Welding Interface
between SS and LAS, and Magnified Images of (b) Region A

and (c) Region B.



water chemistry of three different control conditions. The
uniform corrosion rates of all specimens decreased grad-
ually with immersion time due to the formation of a passive
oxide film on the specimen surface. It was clear that the
309L SS (SS1) did not suffer from corrosion in the primary
water environment regardless of the control condition. This
is due to the formation of a Cr2O3 surface film, which is
well known to be very resistant against uniform corrosion.
Among the three conditions, the LAS base metal (LAS1)
and dissimilar metal couple (LAS1SS1) exhibited the

highest uniform corrosion rate in the OH condition, and
the lowest rate in the PO condition, which is attributable
to the difference in the passivity of the surface oxide film
as well as the cathodic reaction rate. Firstly, the effect of
the surface oxide film on the corrosion rate was confirmed
by the XRD analysis.

Fig. 4 exhibits the XRD pattern of the surface oxide
film formed on the LAS1 specimens exposed at different
water chemistries. After immersion for 399 days in the PO
condition, the surface film was identified as magnetite
(Fe3O4), which is typical iron oxide formed in a reducing
environment at high temperature. On the other hand, after
immersion for 30 days in the OH condition, the surface
film was proved to be ferric hydroxide (γ-Fe2O3·H2O)
formed in an oxidizing environment at low temperature.
The diffraction peak of the iron in Fig. 4 arose from the
metal beneath the surface oxide. As is well known, the
passivity of magnetite is much higher than that of other
forms of iron oxides such as hematite, hydroxide, and
hydrate [10], resulting in the lowest corrosion rate in the
PO condition and the highest in the OH condition. In the
PO-OH condition, the magnetite formed on the surface of
the specimen in the prior PO condition, markedly reduced
the corrosion rate in the following OH condition to about
a tenth of the corrosion rate of the specimen exposed only
to the OH condition.

The effect of the cathodic reaction on the uniform
corrosion rate was investigated by the analysis of the
polarization characteristics of the specimens. Fig. 5(a)
shows the polarization curves measured from each coupon
specimen of LAS1 and SS1 in the simulated primary water
chemistry of the PO condition (reducing environment)
and the OH condition (oxidizing environment). In the
case of the stainless steel, the corrosion potential and
current in the PO condition were lower than those in the
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Fig. 3. Uniform Corrosion Rates Measured from the Weight
Loss of LAS1, SS1 and LAS1SS1 Coupon Specimens in the

Simulated Primary Water Chemistries of (a) the PO Condition,
(b) OH Condition, and (c) PO-OH Condition.

Fig. 4. XRD Pattern of the Surface Oxide Film Formed on the
LAS1 Specimens Exposed to Different Water Chemistries.

The Diffraction Peaks with a Solid Triangle Indicator are Due
to the Iron Metal Beneath the Surface Oxide Film.



OH condition. Considering that the main cathodic reaction
would be the hydrogen evolution in the reducing envi-
ronment and the oxygen reduction in the oxidizing envi-
ronment, the lower corrosion potential and current in the
PO condition than those in the OH condition was simply
explained. Similarly, the corrosion potential and current
of the low alloy steel were much lower in the PO condition
than in the OH condition.

It is notable that the dissimilar metal couple (LAS1SS1)
exhibited a higher corrosion rate than the SA-508 base
metal (LAS1) itself in Figs. 3(a), (b) and (c), indicating that
galvanic corrosion was involved regardless of the control
condition. In the PO condition, the corrosion potential of
the stainless steel (-0.683 V vs. SHE) is higher than that
of the low alloy steel (-0.760 V vs. SHE) as shown in
Fig. 5(a), and hence it is easy to expect that the anodic metal
dissolution of the low alloy steel, and the cathodic hydro-
gen evolution on the stainless steel occur when the two
metals are galvanically coupled. Similarly, considering
the higher corrosion potential of the stainless steel (-0.015
V vs. SHE) than that of the low alloy steel (-0.399 V vs.
SHE) in the OH condition, it can be simply claimed that
the anodic metal dissolution of the low alloy steel, and

cathodic oxygen reduction on the stainless steel would
occur in the dissimilar metal couple. From the polarization
curves in Fig. 5(a), the galvanic current between two metals
in the OH condition is expected to be higher than that in
the PO condition. This was confirmed by the coupling
current measured between the two metals in Fig. 5(b).

Under the circumstances, the galvanic corrosion rate
of the dissimilar metal couple, LAS1SS1, was measured
from the depth of wastage along the weld interface using
surface profilometry after the corrosion tests. Figs. 6(a),
(b) and (c) present the maximum galvanic corrosion rates
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Fig. 5. (a) Polarization Curves Measured from Each Coupon
Specimen of LAS1 and SS1, and (b) Galvanic Coupling
Current Density Measured between LAS1 and SS1 in the
Simulated Primary Water Chemistry of the PO and OH

Conditions.

Fig. 6. Maximum Galvanic Corrosion Rates Measured from
the Surface Profile of the Weld Interface of LAS1SS1 Coupon
Specimens in the Simulated Primary Water Chemistries of (a)

the PO Condition, (b) OH Condition and (c) PO-OH
Condition. For a Comparison, Uniform Corrosion Rates of the
Specimens Measured from the Weight Loss in the Same Test

Condition were Also Plotted.
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measured from the surface profile of the LAS1SS1 coupon
specimens after the corrosion tests in the simulated primary
water chemistry of three different control conditions. For
instance, the ratio of the galvanic corrosion rate to the
uniform corrosion rate of the LAS1SS1 coupon specimen
after 30 days of exposure in the OH condition was about
1.2, which is nearly the same as the ratio of the depth of
the metal dissolution of LAS near the weld interface to
that of LAS matrix as shown in the cross-sectional view
of the weld interface in Fig. 7.

Since galvanic corrosion rate is strongly dependent on
the ratio of cathode-to-anode surface area, the area effect
as also investigated in this work. Fig. 8 provides the
maximum galvanic corrosion rates measured from the
LAS1SS1, LAS1SS11, LAS1SS34, and LAS1SS106
coupon specimens as a function of the ratio of SS to LAS
surface area in the simulated primary water chemistries
of different control conditions. The maximum galvanic
corrosion rates increased abruptly as the ratio of the cathode-
to-anode surface area increased to about 10, indicating that
the cathodic reduction was a rate-determining reaction,
i.e., the anodic dissolution current on LAS increased as
SS provided more surface area for the reduction reaction
near the weld interface. As the ratio increased further from
about 10, the maximum galvanic corrosion rate leveled off,
meaning that the anodic dissolution was a rate-controlling
reaction. From the experimental results of the corrosion
rates and the area effect, the maximum corrosion depth
of the weld interface between LAS and SS was estimated
as a function of the operating cycle. In this work, one cycle
consisted of a startup period of 3 days, power operation
period of 399 days, cool down period of 5 days, and
shutdown period of 30 days. For the sake of simplicity, it
was reasonably assumed that the corrosion rate in the
startup and cool down periods was the same as the value

measured in the OH and OP condition, respectively, based
on the primary water chemistries in each period.

Fig. 9 gives the increase in corrosion depth of LAS
near the weld interface with operating cycle simulated
for a typical PWR. If the magnetite formed on the LAS
surface in the reducing environment of the primary water
chemistry during the power operation can effectively
protect from further corrosion, the maximum corrosion
depth is estimated to be below 1 mm even over the 30
years of plant operation. However, if the exposed surface
of LAS in the damaged cladding area suffers steadily from
wear caused by a loose part of the reactor internals or
other components as experienced in several plants [1], and
hence the magnetite is removed, the maximum corrosion
depth increases to 4-times higher than the depth estimated

Fig. 7. The Cross-sectional View of the Weld Interface of the LAS1SS1 Coupon Specimen after the Corrosion Test in the
Simulated Water Chemistry of the OH Condition for 30 Days.

Fig. 8. Maximum Galvanic Corrosion Rates Measured as a
Function of the Ratio of Stainless Steel to Low Alloy Steel

Surface Area in the Simulated Primary Water Chemistries of
Different Control Conditions.



considering the existence of magnetite as a protective
surface film.

From the results, it was suggested that galvanic corro-
sion should be considered when LAS is exposed to the
primary water caused by unexpected mechanical damages
or repair of components even if the maximum corrosion
depth is still lower than the design margin of the RPV.
On the other hand, severe corrosion wastage and the
galvanic corrosion of LAS base metal coupled with the
SS cladding were reported in the upper head of the Davis
Besse reactor due to a leakage of the cooling water through
cracks in the penetration nozzle [3]. From an extensive
failure analysis, the wastage and galvanic corrosion due
to the condensation of boric acid, and erosion, flow-
accelerated corrosion and jet impingement caused by the
high leakage rate of the primary water were proposed as
the main causes [3, 5, 7]. For a more realistic estimation
of the corrosion rate for the assessment of the integrity of
the reactor components, the effects of boric acid conden-
sation, flow-accelerated corrosion, pitting, and stress
corrosion cracking should also be considered. Further
studies considering these factors are now in progress in
our laboratory and will be published in the near future.

4. CONCLUSIONS

Uniform corrosion and galvanic corrosion rates of
SA-508 LAS, Type 309L SS, and their weld couple were
measured in three primary water chemistries simulated
for the PO, OH, and PO-OH conditions of a PWR. Among
the three conditions, LAS and the dissimilar metal couple
exhibited the lowest uniform corrosion rate in the PO

condition due to the protective magnetite formation and
the hydrogen evolution on the surface and the highest
rate in the OH condition attributed to less passive iron
hydroxide formation and the oxygen reduction. Regardless
of the control condition, the dissimilar metal couple
exhibited a higher corrosion rate than LAS itself due to
the involvement of galvanic corrosion as expected from
the corrosion potential and galvanic coupling current,
and confirmed through the SEM analysis. Based on the
experimental results, the maximum corrosion depth of
the weld interface between LAS and SS was estimated as
a function of operating cycle when LAS was exposed to
the primary water due to unexpected mechanical damages
or the repair of components.
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