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ABSTRACT 
 
Carbon steel is being considered as a candidate canister material for high level waste disposal in 
underground geologic repository systems where anoxic to reducing conditions dominate after the 
thermal period.  For example, the supercontainer concept in Belgium’s proposed Boom Clay repository 
concept comprises a carbon steel overpack containing the waste and an outer, stainless steel liner that 
defines an annulus containing a cementitious material.  The outer surface of the carbon steel overpack 
is expected to be in contact with concrete porewater with pH near 12.5 persisting for thousands of 
years.  In this study, both literature reviews and independent experimental studies were conducted to 
investigate carbon steel corrosion in anoxic alkaline water and the effects of chloride, sulfide, and 
thiosulfate on passive dissolution.  Experimental tests have confirmed low uniform corrosion rates in an 
alkaline anoxic environment with pH near 12 and have detected hydrogen produced from the passive 
dissolution process.  Depassivation effects were least in chloride, greatest in sulfide, and thiosulfate 
was in the middle on carbon steel passivity in this anoxic alkaline environment.   
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INTRODUCTION 
 
The Center for Nuclear Waste Regulatory Analyses (CNWRA®) is assisting the Nuclear Regulatory 
Commission (NRC) in identifying and analyzing potential regulatory and technical issues associated 
with high-level waste (HLW) disposal in a variety of potential repository designs and geologic media.  
Metallic waste packages could undergo chemical degradation (i.e., corrosion) when contacted by 
groundwater.  Long waste package lifetimes help to limit radionuclide release to the biosphere.  As 
such, corrosion of waste package is an important technical issue in HLW disposal.  To support NRC in 
maintaining staff capabilities and understanding of current HLW disposal science, CNWRA is 
conducting technical analyses on waste package performance for various repository designs and 
environments, including carbon steel corrosion experiments in anoxic environments. 
 
Carbon steel is being considered as a candidate material for waste packages in HLW geological 
disposal systems in several countries, including Switzerland, France, Belgium, Japan, and Canada.1  
One advantage is the industry is experienced with the fabrication and welding of thick-walled carbon 
steel structures, and the material is relatively inexpensive.  Carbon steel is a corrosion-allowance 
material that is reported to be passive in alkaline pore water, but it has been shown to exhibit active 
behavior in contact with compacted bentonite.1  Recently, NRC and CNWRA jointly developed a 
generic performance assessment model, named the Scoping of Options and Analyzing Risk (SOAR), 
with the intention to provide risk and performance insights for a variety of potential high-level 
radioactive waste geological disposal systems.  Jung, et al.2, discussed how the general and localized 
corrosion processes of carbon steel waste packages are abstracted and conceptualized to estimate 
waste package failure times in (i) an early, short-term oxidizing environment and (ii) a later, longer-term 
anoxic to reducing environment in a potential geologic disposal system.  Based on examination of 
literature data, the constant corrosion rates for carbon steel in anoxic environments used in SOAR were 
estimated to be 0.1 to 10 μm/year, with a pitting enhancement factor of 1.0. 
 
This paper provides independent analyses of carbon steel waste container material based on review of 
recent literature after Jung, et al.2, and experimental studies for an anoxic alkaline environment in the 
presence of a concrete overpack.  References3–5 show that carbon steel remained passive in simulated 
concrete pore water [Ca(OH)2 + 0.3 M NaOH + 0.1 M NaCl] under anoxic conditions and the passive 
oxide film behaves like an n-type semiconducting oxide film.  Newman, et al.6, detected hydrogen 
generated from carbon steel corrosion in cementitious grout under anoxic conditions.  The corrosion 
rate correlated to hydrogen gas generation was found to be less than 1 nm/yr.  In alkaline cement pore 
water, the primary corrosion product is Fe3O4 and corrosion rates are of the order of 0.01 to 0.1 μm/yr,1 
but carbon steel could still be susceptible to localized corrosion.  King1 commented that the main area 
of current interest for carbon steel is its anaerobic corrosion.  Uncertainties arise from the corrosion rate 
in determining the container failure time and the impacts of corrosion products, namely, H2 and Fe(II), 
on the properties of other barriers in the multi-barrier system. 
 
The specific objectives of this study are to (i) confirm the low uniform corrosion rates and long term 
passivity in an anoxic alkaline environment, (ii) evaluate hydrogen generation and hydrogen absorption 
accompanying passive dissolution, and (iii) study the effect of chloride, sulfide, and thiosulfate on 
passive dissolution. 
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EXPERIMENTAL APPROACHES 

Material and Solutions 

Material used in the test is the commonly used carbon steel A516 Grade 60 per ASTM A516/ 
A516M–10.7  The chemical composition from independent analysis is shown in Table 1. 

 
Table 1 

Chemical Composition of A516 Grade 60 Carbon Steel (wt%) 
Material C S Mn P Si Cr Mo Al V Fe 

Heat 
D84944 

0.18 0.011 0.90 0.011 0.30 0.02 <0.01 0.021 <0.01 Balance 

C = carbon, S = sulfur, Mn = manganese, P = phosphorus, Si = silicon, Cr = chromium, Mo = molybdenum, 
Al = aluminum, V = vanadium, Fe = iron 

 
The solution used is an anaerobic alkaline solution simulating cement pore water, which was prepared 
with saturated Ca(OH)2, without adjustment of pH.  The anaerobic condition was achieved by 
deaerating the solution before and during the test with ultrahigh purity (UHP) argon.  In some tests, Cl−, 
S2O3

2−, and S2− were added into the Ca(OH)2 solution to observe the effect of these species on 
passivity of carbon steel. 
 
Corrosion Rate Measurement 
 
Both weight loss and electrochemical impedance spectroscopy (EIS) were used to measure corrosion 
rates of carbon steel exposed to deaerated solutions at 50 and 80 °C.  Small coupons were used for 
weight loss analysis and the cylindrical specimen was used for open circuit potential (OCP) and EIS 
measurement over time.  EIS measurements were made using a potentiostat coupled to a frequency 
response analyzer (FRA) in a glass cell with argon deaeration.  Prior to each EIS measurement, the 
electrode was held at its open circuit potential for at least 7 days.  Polarization resistance, Rp, was 
obtained at each temperature from fitting the EIS data to an equivalent electric circuit.  The corrosion 
rate was calculated in accordance with ASTM G–102 from Rp and Equations (1) and (2) below.8  

 

p
corr R

B
i =  (1)

ρ

EW iK 
(mm/yr) Rate Corrosion corr=  (2)

where 

icorr = Corrosion current density in A/cm2 
B = Stearn-Geary Constant (0.027 V used here) 
Rp = Polarization resistance 
K = 3.27 × 103 mm⋅g/A⋅cm⋅yr 
ρ = Density in g/cm3 (7.86 g/cm3 for carbon steel) 
EW = Material equivalent weight in grams/equivalent weight (56/2 g for carbon steel) 
 
Hydrogen Generation Measurement 
 
Carbon steel coupons with dimensions of 3.18 mm × 25 mm × 75 mm were used in the tests.  The 
coupons were polished up to 600 grit sand paper before exposure and the actual dimensions were 
measured before the test.  In each test, six coupons were exposed to the Ca(OH)2 solution in an 
autoclave maintained at 80 °C.  The volume of the autoclave was 2.1 L and the solution amount 
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was 1.2 L, which gives 0.9 L vapor space.  The solution was deaerated with UHP argon gas before 
sealing.  Following this, the autoclave was sealed in a nitrogen gas purged glove box to achieve 
anaerobic conditions.  A valve was connected to the autoclave for gas sampling.  The gas from the 
vapor phase was sampled at 3 and 6 months using Tedlar® gas sampling bags and analyzed with gas 
chromatography immediately after sampling.  The gas chromatography instrument used has a 
hydrogen detection limit of 0.01%.  The posttest metal coupons were cut for hydrogen analysis in 
the metal. 
 
Scratch Repassivation Test 
 
The scratch repassivation test investigated the repassivation capability of carbon steel passive film 
when it was mechanically disrupted by scratching the metal surface.  A cell shown in Figure 1 was set 
up to measure the repassivation current of the carbon steel working electrode samples after a 
surface scratch was made while the electrode was polarized at −300, −200, −100, 0, 100, 200, 300, 
400, and 500 mVSCE, respectively.  The working electrode was a hollow cylindrical shaped specimen.  
The height, outer diameter, and inner diameter of the working electrode were 1.0 cm, 1.2 cm, and 0.64 
cm, respectively.  The working electrode potentials were measured with respect to the saturated 
calomel reference electrode.  A platinum mesh was used as a counter electrode.  All tests were 
conducted at 50 °C.  The test solution was deaerated with UHP argon gas.  A cartridge heater 
sheathed in a glass thermowell was used to heat up the solution.  In each test, 2 L Ca(OH)2 solution 
was used.  The scratch was made by impinging a diamond tip loaded on a stainless steel rod into a 
working electrode rotating at 30 revolutions per minute for 2 seconds; as such, one scratch was one 
complete revolution around the surface (30/60×2).  Two minutes after one scratch was made, another 
scratch was made at the same location.  This process was repeated at another location on the same 
sample by shifting the sample vertically at each test.   
 

Figure 1.  Scratch Repassivation Test Cell 
 

RESULTS  
 
Corrosion Rate from Immersion Tests 
 
Carbon steel specimens were immersed in alkaline Ca(OH)2 solution at 50 °C for 6 months and 80 °C 
for 3 and 6 months.  Figure 2 shows some posttest specimens.  Some areas of the samples were 
covered by a black film, which is possibly Fe3O4.  Examination under the microscope shows some 
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pitting in the specimens.  Examples of some pits are shown in Figure 2.  Not all pitting depths were 
measured.  For the pits measured, the depth was less than 100 µm, with most of them <40 µm.  
Corrosion rates were calculated from the weight loss data and summarized in Table 2.  The corrosion 
rates at 50 °C were lower than those measured at 80 °C. 
 

 

(a) 

 
(b) 

Figure 2.  Carbon Steel Specimens Exposed to Deaerated Ca(OH)2 for 6 Months at (a) 50 °C and 
(b) 80 °C  

 
Table 2   

Corrosion Rates of Carbon Steel Exposed to Ca(OH)2 at 50 and 80 oC Measured by Weight 
Loss Coupons 

Tests  
50 °C for 6 

months 
80 °C for 3 months 80 °C for 6 months 

Corrosion rate 
(µm/yr) 

Individual 
0.077, 
0.056, 
0.142 

1.16, 
1.42 

0.33, 
0.022, 
0.16 

Average 0.092 ± 0.045 1.29±0.13 0.17±0.15 
 
OCP and EIS Measurement 
 
A cylindrical specimen with outer diameter 6.4 mm and length 50 mm was used for OCP and EIS 
measurements.  EIS was measured weekly.  OCP was monitored while EIS was not running.  The 
exposure time was about 6 and 4 months respectively at 50 and 80 °C.  OCP data measured at 50 and 
80 °C are shown in Figure 3 and some of the EIS data are shown in Figure 4.  OCP shifted from −0.37 
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to −0.25 VSCE at both temperatures.  EIS data only showed one time constant and indicated passivity of 
the surface oxide film over a wide frequency range.  The data was fit to a  

 
Figure 3.  OCP of Carbon Steel Specimens Exposed to Deaerated Ca(OH)2 at 50 °C and 80 °C  

 

 

(a) 

 

(b) 
Figure 4.  EIS of Carbon Steel Specimens Exposed to Deaerated Ca(OH)2 at (a) 50 °C  

and (b) 80 °C  
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one-time constant electrical circuit.  Longer time EIS data at 50 °C indicated presence of another time 
constant.  The data could not be adequately fitted to the one-time constant electrical circuit.  This 
indicated that there was some passivity loss and repair events while the electrode was exposed to the 
solution.  The polarization resistance, Rp, obtained from the circuit model, was used to calculate 
corrosion rate based on Equations (1) and (2).  The corrosion rates are summarized in Table 3, which 
were in the range of 0.1 to 3 µm/yr.  At 50 °C, the higher corrosion rates measured at later times by EIS 
corresponded to the higher uncertainty in fitting the EIS data to the one-time constant electrical circuit.  
The corrosion rate data measured by EIS is in the same range as that measured from weight loss 
coupons shown in Table 2. 

 
Table 3 

Corrosion Rates of Carbon Steel Exposed to Ca(OH)2 at 50 and 80 oC Measured by EIS and 
Linear Polarization Methods 

50 °C 

Time duration 1─26 weeks 

Corrosion rate, 
µm/yr 

Individual 0.30, 0.10, 0.26, 0.12, 1.45, 1.60, 2.77, 1.39, 0.29* 

Average 0.92±0.93 

80 °C 

Time duration 1─6 weeks 

Corrosion rate, 
µm/yr 

Individual 0.23, 0.22, 0.22, 0.16 

Average 0.21±0.03 

*By linear polarization resistance method 

Hydrogen Generation Analysis 

After exposing the carbon steel specimens at 80 °C for 3 and 6 months, the amount of hydrogen gas 
detected from the autoclave was 0.0095 vol.% and 0.08 vol.%, respectively.  The test was repeated 
under the same condition and the hydrogen was at 0.10 vol.% at 3 months.  By assuming the corrosion 
reaction proceeds as Equation (3) and that all the hydrogen gas generated from the corrosion reaction 
was released to the vapor phase without entering into the steel and all the released hydrogen was 
captured, the corrosion rates were 0.004, 0.033, and 0.042 µm/yr, which was lower than those 
measured from weight loss and EIS listed in Tables 2 and 3. 
 

Fe + 2H2O → Fe(OH)2 + H2 (3) 

 

The test was stopped at 6 months and the autoclave was opened.  The posttest solution and coupons 
are shown in Figure 5.  The solution shown in Figure 5(a) remained clear and there was no indication of 
rust formation, indicating the anaerobic condition was maintained.  The coupons shown in Figure 5(b) 
were covered with a grey to black film, possibly Fe3O4, which is consistent with the reported carbon 
steel corrosion products formed under an anaerobic condition.  Observation under microscope shows 
minor pitting on the specimen, as shown in Figure 5(c). 
 
Three types of specimens were analyzed for hydrogen content along with one blank (not-tested) 
specimen:  (i) split the specimen shown in Figure 5(b) into half horizontally without any surface 
treatment, (ii) posttest specimen without any treatment, and (iii) remove surface layer.  The method 
used for hydrogen analysis is Inert Gas Fusion where a weighed sample is melted in a graphite crucible 
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in a stream of high purity argon.  Then, the released molecular hydrogen is separated and analyzed 
using a thermal conductivity cell.  Before the analysis, the instrument was calibrated with standard 
reference material. The dection limit for this method is 0.0001 ppm. Depending on the calibration 
standard, the uncertainty of the analysis could be ±1 ppm.  The hydrogen content is summarized in 
Table 4.  Type 1 specimen showed the highest hydrogen content, followed by the posttested specimen 
without any treatment.  This suggests that some hydrogen was absorbed into the metal and mostly 
deposited close to the surface. 

 
(a) 

 

(b) 

(c) 
Figure 5.  Carbon Steel Coupons Retrieved From Autoclave After 6 Month Test in 

Anaerobic Ca(OH)2 Solution at 80 °C (a) Posttest Cell With Solution, (b) Coupons, and (c) 
Coupons Showing Pits 

 
Table 4 

Hydrogen Content in Carbon Steel Specimens 
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1st type:  Specimen 
split into half 

horizontally without 
any surface treatment 

2nd type:  
Posttested 

specimen without 
any treatment 

3rd type:  
Remove 

surface layer 

 
Not-tested 
specimen 

Hydrogen 
content, ppm 

5, 5, 5, 3 3, 3 <1 1 

Effects of Chloride, Thiosulfate, and Sulfide on Passivity and Corrosion Rate  

Tests were conducted in deaerated Ca(OH)2 solution with the addition of 100 ppm Cl−, S2O3
2−, S2−, and 

500 ppm S2−, respectively, at 80 °C.  The specimen was exposed to the solution for 1 week, then linear 
polarization and a potentiodynamic scan were performed to determine the effect of these species on 
corrosion rate and passivity of carbon steel.  The open circuit potential and potentiodynamic 
polarization results are shown in Figures 6(a) and 6(b).  The polarization results show the addition of 
Cl−, S2O3

2−, and S2− increased the passive dissolution current and there is an active carbon steel 
dissolution peak at approximately 0 mVSCE for all tests.  The passive dissolution current is the lowest 
with the addition of Cl−, highest with S2−.  The effect of S2O3

2− addition is between these two.  With 
increasing S2− to 500 ppm, the OCP decreased and the passive dissolution current increased.  

Tests also were performed to observe the combined effect of Cl−, S2O3
2−, and S2− on carbon steel 

passivity.  Figures 6(c) and 6(d) show the comparison of OCP and potentiodynamic scan of carbon 
steel in Ca(OH)2 with the addition of both 100 ppm Cl− and S2−, separately and combined at 80 °C.  
Both OCP and polarization behavior are close to those with the addition of S2−, which has greater effect 
on passivity. 

The corrosion rate was determined from linear polarization and summarized in Table 5.  The corrosion 
rate increased after the addition of chloride, thiosulfate, and sulfide and the extent of increase 
increased from chloride, thiosulfate, and sulfide.  This set of tests shows that chloride increased the 
passive dissolution current the least and sulfide increased it the most.  Thiosulfate was the intermediate 
between these two. 

Effects of Applied Potential and Cl−, S2O3
2−, and S2− Addition on Repassivation Behavior 

Figures 7(a), (c), and (e) show the current versus time transient curves for carbon steel when four 
successive scratches were made at two locations on the surface of the rotating working electrodes at 
applied potentials of 0, 0.2, and 0.3 VSCE in deaerated Ca(OH)2 solution without and with the addition of 
Cl−, S2O3

2−, and S2−, respectively, at 80 °C.  Tests also were performed at other polarization potentials 
from above the OCP to 0.5 VSCE at 0.1 V interval.  Figures 7(b), (d), and (f) are the expanded view of 
the first transient at each polarization potential.  For all tested samples up to 0.5 VSCE with and without 
addition of S2O3

2− and S2− to Ca(OH)2 solution, once a passive film was mechanically disrupted by 
scratching, the anodic current increased abruptly to the peak current and thereafter decreased as 
repassivation occurred, typically in 2 to 3 seconds.  Figures 7(e) and (f) show that with the addition of 
Cl−, at the polarization potential of 0.3 VSCE, the material completely lost its passivity after scratching.  In 
the meantime, pitting, as shown in Figure 8, was observed on the electrode. 
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(a) 

(b) 

(c) 

 
(d) 

Figure 6.  (a) OCP and (b) Potentiodynamic Polarization of Carbon Steel in Ca(OH)2 and Ca(OH)2 
With the Addition of 100 ppm Cl−, S2O3

2−, and S2−, Separately at 80 °C; Comparison of (c) OCP 
and (d) Potentiodynamic Scan of Carbon Steel in Ca(OH)2 With the Addition of 100 ppm Cl− and 

S2−, Separately and Combined at 80 °C 

 

Table 5  
Corrosion Rates of Carbon Steel Exposed to Ca(OH)2 at 80 oC with Cl−, S2O3

2−, and S2− Addition  

Tests Ca(OH)2 only 
Ca(OH)2 + 100 ppm 

Cl− 
Ca(OH)2 + 100 

ppm S2O3
2− 

Ca(OH)2 + 100 
ppm S2− 

Corrosion rate, 
µm/yr 

0.29 0.55 0.70 4.7 
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(a) 
 

(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 7.  Current Versus Time Transient Curves for Carbon Steel When Four Successive 
Scratches Were Made at Two Locations on the Surface of the Rotating Working Electrodes at 
Applied Potentials of (a) and (b) 0, (c) and (d) 0.2, and (e) and (f) 0.3 VSCE in Deaerated Ca(OH)2 

Solution Without and With the Addition of Cl−, S2O3
2−, and S2−, Respectively, at 80 °C 
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Figure 8.  Carbon Steel Specimen After Scratch Test in Deaerated Ca(OH)2 Solution With the 
Addition of Cl− After Polarizing to 0.3 VSCE 

 
CONCLUSIONS 

 
This study investigated carbon steel corrosion rate, hydrogen generation, and passivity when exposed 
to anoxic alkaline water using electrochemical methods.  Specific conclusions follow: 

 
• Most corrosion rates ranged from 0.1─0.5 µm/yr for carbon steel exposed to anoxic alkaline 

water at 50 and 80 °C.  Several data points fell in the range of 1─5 µm/yr.  This is consistent 
with the range of carbon steel general corrosion rate (0.1─10 µm/yr) in an anoxic environment 
used in NRC/CNWRA SOAR model. 

 
• No significant difference on corrosion rate was observed between 50 and 80 °C. 

 
• Except for general corrosion, a small number of pits with width and depth less than 50 µm 

were observed. 
 

• Tens to hundreds of ppm of hydrogen was generated from the corrosion process over 3 months 
at 80 °C.  Some hydrogen was absorbed into the carbon steel specimen.  The absorbed 
hydrogen content was 3−5 ppm.   
 

• Chloride, thiosulfate, and sulfide increased carbon steel passive dissolution in Ca(OH)2 solution.  
Chloride increased the least and sulfide increased the most.  Thiosulfate was intermediate 
between these two.  
 

• Once a passive film was mechanically disrupted by scratching, carbon steel repassivated in 2 to 
3 seconds without and with the addition of 100 ppm sulfide and thiosulfate to Ca(OH)2 solution 
up to 0.5 VSCE.  However, the material completely lost its passivity after scratching with the 
addition of 100 ppm chloride at the polarization potential of 0.3 VSCE.  Carbon steel is more 
susceptible to pitting in chloride containing alkaline water. 
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