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The electrochemical corrosion behavior of grade L-80, type 13Cr
casing steel was investigated in cement-synthetic pore solution
(CSPS) exposed to CO, and H,S using in-situ electrochemical
methods and ex-situ surface analyses at 85 and 200 °C,
respectively. Total system pressure was 10 MPa. Corrosion rates
increased significantly when the temperature increased from 85 to
200 °C. Limiting current behavior was observed for the anode
reaction, while charge-transfer control was observed for the
cathode reaction. Surface analyses revealed the presence of CaCO;
on the surface at both temperatures and FeCOs-like deposits at
200 °C.

1. Introduction

As deeper wells are drilled for oil and gas extraction, the exploration and production
tubulars encounter higher pressures, temperatures, and concentrations of corrosive
species in the downhole environment. Thus, it becomes increasingly important to
consider the integrity of the casing steel that provides both support and isolation of the
well during the production. (1-3) These casings are commonly cemented to provide better
sealing, and the alkaline environment provided by the pore water at the cement-casing
interface typically puts the steel in a passive region. (4-5) However, exposure to acid
gases such as CO, and H,S can cause degradation of the cement and thus lower the pH at
the cement-steel interface. (6-8) Furthermore, many formation waters are brines
containing high concentrations of chlorides, which could penetrate the cement and cause
depassivation or passive film breakdown on the casing steel surfaces. (9,10) These factors
increase the risk of corrosion and failure of the well casing. Also, literature data indicate
that steels are more susceptible to sulfide stress corrosion cracking with the presence of
H,S for both carbon steels and 13Cr-martensitic stainless steels. (11-13)
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In previous tests, the cement pore solution composition was determined after exposure
of Class H cement to acid gas CO, and formation brines, and the corrosion of casing steel
L-80 was investigated in the cement synthetic pore solution (CSPS) in contact with 10
MPa COs,. (14) Therefore, in this work, the corrosion behavior of casting steel L-80 was
further investigated in the CSPS in contact with a CO;, and H,S mixture at 85 °C and
200 °C, respectively. In-situ electrochemical measurements, ex-situ surface analyses, and
mass loss sample measurements were performed to study of H,S and temperature effects.

2. Experimental

2.1. Materials and Preparation

The steel investigated in this study was grade L-80, type 13Cr, which is commonly
used as casing steel by the oil and natural gas industry. The chemical composition of L-
80 is listed in TABLE I. (15) This grade has been approved for sour environments under
ANSI/NACE MRO175/1ISO 15156. (15) Use of higher-alloyed casing materials,
particularly 13Cr alloys, has reportedly increased in recent years as operators have started
to plan for possible extensions of well life beyond original designs. (16)

TABLE 1. Chemical composition (max, %wt.) of L-80. (15)

Grade Fe C Cr Ni P S Mn Cu

L-80 Bal 0.15-022 12-14 05 02 0.1 0251 0.25

The steel was machined to plate samples with the dimensions of 10x10x5 mm. The
plate samples were coated with an epoxy over all the surfaces except for one of the 10x10
mm faces, which was exposed to the test solutions and faced the counter electrode. The
exposed surface was wet ground with 600 grit SiC paper. The steel electrode was cleaned
with propanol and distilled water and then wiped dry with lint-free wipes. The wire
attached to the steel samples were coated with shrinkable polytetrafluoroethylene (PTFE)
tubing to protect the leads and avoid a short circuit with the autoclave vessel.

2.2. System Setup

The electrochemical measurements were performed using a typical three-electrode
system in the autoclave vessel. The working electrode was the prepared steel samples,
and the counter electrode was a platinum plate or mesh with the dimensions of 10x20x1
mm, which was coated with epoxy similarly to working electrodes. All the wires attached
to the electrodes were covered with PTFE shrinkable tubing. Three working electrodes
were sealed into a PTFE plate using epoxy such that all three polished faces were
exposed on a flush surface. A counter electrode was placed through a hole in the PTFE
plate near each working electrode, and the leads were bent at a right angle to provide a
parallel surface with respect to the working electrodes.

A double-junction Ag/AgCl electrode was used as the reference electrode to
minimize the contamination from the corrosive test solutions. The fill solution for the
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outer junction was 5 %wt. NaCl(aq) solution to minimize the junction potential
difference from the concentration gradient between the reference electrode and the test
solutions. The inner junction was prepared by sealing the Ag/AgCl at one end of an
alumina tube and filling the tube with a reference solution-zirconia sand mixture. The
purpose of the sand was to provide a diffusion barrier and extend the life of the electrode.
The inner junction was closed with a porous zirconia-magnesia cement. The outer
junction was formed by sealing a PTFE tube to the outside of the alumina tube. This
junction was again filled with a reference solution-zirconia sand mixture and close with
porous zirconia-magnesia cement. The potentials versus the standard hydrogen electrode
(SHE) were calculated using data from HCh thermodynamic software to be 0.193 and
0.076 V at 85 and 200 °C, respectively. (17) The values were confirmed by comparing
against thermodynamic properties and activity coefficients found in literature. (18)

Gaseous

Aqueous

11
12

Figure 1. Schematic of the autoclave system.
1- Connection to pressure transducer; 2- Heating mantle; 3- Autoclave stainless steel
vessel; 4- PTFE liner; 5- polymer-coated thermocouple; 6- dip tubing; 7- Epoxy-coated
stirrer; 8- PTFE-coated lead; 9- Ag/AgCl reference electrode; 10- PTFE assembly; 11-
working electrode; 12- Pt counter electrode; 13- CO, cylinder; 14- supercritical CO;
pump; 15- H,S/N, cylinder.

The autoclave was a Parr 4560 system, which consisted of a 450 mL stainless steel
reactor vessel, a PTFE liner which was used to contain the corrosive test solution, and the
autoclave lid. The available volume of the autoclave was 360 mL when assembled.
Mounted in the lid were a thermocouple, a pressure transducer, and a steel dip tube for
the injections of gas and solutions. The thermocouple was inserted into a 316 stainless
steel thermowell so that the sensor could be protected from corrosion. Working with the
thermocouple, a heating mantle around the vessel was used to control the temperature.
The stainless steel stir rod inside the vessel was coated with epoxy to prevent undesired
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corrosion. PTFE compression glands were used to seal the wires coming out from the
vessel. A schematic diagram of the autoclave is shown in Figure 1.

2.3. Test Solutions and Experimental Procedure

The test solution was designed to simulate the pore water present at the cement-
casing interface in the presence of CO, and H,S over a temperature range from 85 to
200 °C. The simulated pore water was based on a previous study on cement-casing
corrosion in a supercritical CO, environment, and the composition is presented in
TABLE 2. (11) It has been reported in literature that in deep wells the ratio of CO,:H,S
can be expected to be on the order of 1000, and this ratio was selected for the tests
reported here. (14) A mole ratio of 0.05 for CO,:H,O was selected, as this allowed an
adequate volume of solution to ensure coverage of the electrodes and weight loss samples
at both 85 and 200 °C. The solution pH was calculated using OLI Analyzer software
taking account of temperature, system volume, and solution composition. The pH values

are also given in TABLE 2.
TABLE 2. Solution composition (mol kg™ H,0) and pH for assembled systems.
H, H,
KCl NaCl Na,SO; CaCl, Ca(OH), CO, H,S N, 8‘; ov 23’0 oc

0.0395 0.0476 0.125 0.00557 0.190 278 0.00278 0.025  5.28 5.93

The solution was prepared with 243 g of deionized water at 85 °C and 171 g at
200 °C. These values were calculated using OLI Analyzer software to provide the desired
test conditions at each temperature while ensuring that the autoclave would be at least
halfway filled with solution. The autoclaves were assembled dry with the electrodes and
weight loss samples. The desired amount of each salt from TABLE 2 was added to the
bottom of the vessel before it was sealed. After sealing, the vessel was deaerated by
purging with CO; and brought back to just above ambient pressure. Next a gas mixture of
10%vol. H,S in N, was added to the vessel to dose with the required amount of H,S.
Deionized water was deaerated with argon for at least 1 hour before a high pressure
diaphragm pump was used to inject at a rate of 10 mL min™ to provide the desired
amount of water. The system was pressurized to 700 psi with CO, and then brought to the
test temperature. Once the final temperature was reached, a supercritical CO, pump was
used to pump in more CO;, and bring the total system pressure up to 10 MPa. At this
point the corrosion measurements were started.

Electrochemical measurements were performed using a computer-controlled Gamry
Reference 600 and PCI450 potentiostats. The in-situ electrochemical measurements
included linear polarization resistance (LPR), electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), and linear sweep voltammeter (LSV) for Tafel slope
analysis. The autoclave was stirred at 140 RPM. LPR was carried out over the potential
range of £10 mV with respect to the corrosion potential (E.or) equal to the open-circuit
potential (E,pc) after 60 hour-sample exposure, and the scan rate was 0.1 mV s, EIS was
measured over the frequency range of 300 kHz to 5 mHz with the amplitude of 10 mV.
After 60 hours of sample exposure, CV was performed at scan rates of 100, 50, and 10
mV s from -500 mV to +750 mV vs Ecor. LSV was carried out at a scan rate of 1 mV s™
After the corrosion tests, the corroded surfaces were investigated using scanning electron
microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS). The mass loss
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samples were cleaned and weighed according to ASTM G1-03 using Solution C.3.5 (HCI
and hexamethylene tetramine) from Appendix Al. (20)

2.4. Calculation of Corrosion Rate

In a three-electrode cell, when corrosion was under activation control and a small
polarization was applied, the corrosion current density, jeorr, can be calculated according
to Stern-Geary equation, shown in Equations [1] and [2]. (21,22)

1/Rpol =jcorr B’ [1]

B’ = (In10) (b + b,) / (b. b,) [2]

where Ry, 1s the area-specific linear polarization resistance and B’ is a simple
combination of the cathodic, b, and anodic, b,, Tafel slopes. Rp, was measured from
LPR and corrected for the area-specific solution resistance (Rs,1) obtained from EIS. The

Tafel slopes were calculated according to Equation [3] assuming the anodic and cathodic
symmetry coefficients, f, and ., to be 0.5.

be= by=1n10 (RT)/(BenF) = In10 (RT)/(BunF) [3]

where R is the ideal gas constant, 7 the absolute temperature, n the electron number being
transferred, and F the Faraday constant.

The corrosion rate, defined as the depth of corrosion penetration per time, can be
calculated following Equation [4].

Corrosion rate (CR) = jeorr M / (nFp) [4]
where M is the molecular mass of the corroding metal and p is the metal density.
3. Results and Discussion

3.1. Primary Species

The dominant species in the aqueous phase at each temperature were predicted using
OLI Analyzer thermodynamic modeling software. In both cases the majority of Ca
(>95%) was predicted to precipitate as either calcium carbonate or calcium sulfate. Due
to the low solubility of calcium hydroxide and the reaction between Ca(OH), and CO.,
the pH was predicted to be directly dependent on the ratio of Ca(OH),:CO; in the system.
For a ratio above 1, only some of the Ca(OH), turned into CaCOj3 through carbonation,
and the solution would be readily saturated with calcium hydroxide and the pH would
hold steady around 10.95 at 85 °C and 9.67 at 200 °C. As the ratio approaches 1, the
calcium is totally converted to calcium carbonate and the pH begins to drop. Once the
ratio drops below 1, the pH becomes dependent on the solubility and dissociation of
carbonic acid and the subsequent reactions with other species, and an acidic environment
is created. The tested conditions contained a Ca(OH),:CO; ratio well below 1, resulting
in a weakly acidic environment of 5.28 and 5.93 at 85 and 200 °C, respectively. The low
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solubility and high content of Ca(OH), in Portlandite cement provides a considerable
buffering capacity to maintain high pH; however, once the calcium is converted to
calcium carbonate the buffering is minimal.

Due to the lower pH, the dominant form of sulfide was predicted to be undissociated
H,S(aq). Interestingly, the model predicted roughly equal distribution of H,S between the
predominantly aqueous and CO; phases. Much like CO,, the dominant effect of H,S on
the pore solution is expected to be the neutralization of Ca(OH),. Thus, unless the ratio of
Ca(OH),:H,S approaches 1, the presence of H,S is expected to have a minimal impact on
the solution pH.

3.2. Corrosion Rates

The corrosion rates for the L-80 material (referred from here on as Electrodes)
calculated from the LPR and EIS results and measured from mass loss samples are listed
in TABLE 3. The averages and standard deviations were calculated using three sequential
data points after 60 hours of exposure. While general agreement was seen between the
LPR and EIS results for each sample at 85 °C, it can be seen that there was significant
variation in corrosion rate between the samples. While the corrosion rate from Electrode
1 agreed with Sample 2 for mass loss, Sample 1 gave a higher corrosion rate by a factor
of 10 while Electrodes 2 and 3 were lower by about a factor of 3 to 5. By comparison,
measurements for the same alloy in the same solution but at 100 °C and 10 MPa of CO,
found corrosion rates that ranged between 0.02 and 0.14 mm y'. (11) This would suggest
that the presence of H,S slowed the overall corrosion rate by up to as much as a factor of

10.
TABLE 3. The corrosion rates (mm y”') from LPR, EIS and mass loss samples.
Temperature LPR EIS Mass Loss
Sample 1 0.0210+0.0046 0.0281+0.0068 0.372+0.006
85°C Sample 2 0.00492+0.00152 0.00274+0.00007 0.0337+0.0167
Sample 3 0.00738+0.00381 0.00782+0.00293 -
Sample 1 1.61+0.01 0.529+0.060 0.0724+0.0335
200 °C Sample 2 0.506+0.020 - 0.0747+0.0320
Sample 3 1.55+0.09 - -

The electrochemical results had a much stronger agreement with each other at 200 °C,
and the corrosion rate was seen to increase by two orders of magnitude. This was similar
to results observed by the authors for high strength drill pipe steel in alkaline solutions
with H,S where an increase in temperature from 85 to 200 °C resulted in an increase of
corrosion rate by a factor of 10. (23) However, the mass loss samples had a corrosion rate
much lower than the electrochemical measurements, and were on a similar order to the
results at 85 °C. It is currently undetermined what caused the drastic variation between
the various samples. As all samples at a single temperature were present in the same
autoclave vessel at the same time, they were exposed to the same environment. Thus, any
differences affecting the corrosion rates must have derived from the respective samples
surfaces. One possibility is that unwanted differences in surface preparation had an
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unexpected yet dramatic effect on the resulting corrosion rate values Another possibility
is that calcium carbonate precipitation resulted in uneven scaling on the sample surfaces,
and thus affecting the corrosion rate values.

6000 100
5000 1 20 -
% 4000 - &
B . 5 60 1
S 3000 - -7 <} -7
~ 7z g '
= 2 = 40 _--
N2000 1 N -
/ 20 el
1000 A P
O T T T T T 0 '\V_I T T T T
0 1000 2000 3000 4000 5000 6000 0 20 40 60 80 100
Z./(Qcm?) Z./ (Qcm?)
10000 1000
)
N
—~ 1000 Ny —
- \ S 100 1 N
: . 5 3
G 100 A \ G N\
= N = N
N ~ N 10 1 h
=~ 10 A See o = e P —
1 T T T 1 T T T
0.001 0.1 10 1000 100000 0.001 0.1 10 1000 100000
Frequency / Hz Frequency / Hz
30 30 n
4 ,’
O\ 0 ] L2 5 0\ 0 1  ailan ' 1 <
[ £ (3} 7
< -30 1 -7 2301 - L’
Q 7, o = -
£ -60 N _ o & 60 1
-90 T T T -90 T T T
0.001 0.1 10 1000 100000 0.001 0.1 10 1000 100000
Frequency / Hz Frequency / Hz
Sample 1 Sample 2 = = = Sample 3 Sample 1 Sample 2 = = = Sample 3

Figure 2. The EIS results of L-80 electrodes corroded in CSPS at 85 °C (left) and 200 °C
(right).
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3.3. EIS Results

The EIS results of L-80 electrodes corroded in CSPS at 85 and 200 °C are given in
Figure 2. At 85 °C two well-defined time constants can be seen in the phase angle plots,
which were fit using the equivalent circuit shown in Figure 3. Results from the fitting are
given in TABLE 4. The low frequency phase angle peak extended well beyond -45 °,
suggesting that Warburg diffusion from the bulk solution did not have any observable
effect on the corrosion behavior. This was further confirmed by performing
measurements at unstirred conditions, where the impedance curves were found to overlap
almost perfectly with the stirred measurements. It appears that the low frequency time
constant correlated with the passive film on the sample surface.

As with the LPR results, it can be seen that the total impedance dropped by about 100
times when the temperature was increased to 200 °C. Electrode 1 showed a similar two-
time constant behavior as the tests at 85 °C. However, the impedance results for
Electrodes 2 and 3 were less consistent and could not be readily fit by any of the common
equivalent circuits. Results under unstirred conditions did not change from the stirred
case, suggesting again that diffusion from the bulk solution was not affecting the
corrosion process. An investigation is currently underway to determine any impedance
models that could explain the observed behavior, as well as to explain why three samples
in the same solution could display such differing behaviors.

Rsol CPE1
A\ >
R1 CPE2
>_
R2

Figure 3. The equivalent circuit used to fit the EIS results.

TABLE 4. The fitting results of EIS results using the equivalent circuit in Figure 3.

T/°C Sample Ry /Qcm’ R1/Qcm’ R2/Qcm’

1 5.99+0.13 13.3£1.3 5,669+255
85 2 6.81+0.08 23.6+4.1 65,569+3582

3 7.76+£0.20 37.2+12 18,042+3,785
200 1 4.53+0.01 10.0+0.4 465+46

3.4. CV Results

The CV results of L-80 at 85 and 200 °C at 100, 50, and 10 mV s™ are given in
Figures 4 and 5, respectively. At 85 °C an obvious limiting current effect was observed in
the anodic region, as well as a set of redox peaks between 0 and 0.1 V vs. SHE. The Ecor
was -0.353+0.014 for the samples, meaning that these peaks occurred at polarizations
well beyond where the corrosion was occurring. These peaks were not observed for L8O
in the same CSPS at 100 °C and 10 MPa CO,, meaning that the redox reaction likely
corresponded to a sulfide-containing reaction. (11)
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The limiting current around E.. appears to be due to passivation from the high
chromium content of the steel. Effects due to capacitive charging were apparent, as the
current magnitude steadily decreased with decreasing scan rate. At 10 mV s™', it was
observed that the backward scan in the anode region had a higher current than the
forward scan. Also, a hysteresis was observed, which can be correlated to pitting
susceptibility of the L-80 material. (24)

The behavior at 200 °C was considerably different. The redox couple at large anodic
polarization was not readily observed, and the effect of scan rate on the current
magnitude was much more pronounced. A limiting current on anodic polarization was
still present, though it was only observed at 10 mV s'. The sweeps at 50 and 10 mV s™
could not be extended beyond 0 V vs. SHE, as it resulted in excessive noise during the
cathodic sweep. Low levels of this noise can be seen between -0.5 and -0.75 V vs. SHE
for the 100 mV s sweep.
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Figure 4. The CV plots of L-80 at 85 °C at the sweep rate of 10, 50, 100 mV s~
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Figure 5. The CV plots of L-80 at 200 °C at the sweep rate of 10, 50, 100 mV s™".

3.5. LSV Results and Tafel Analysis

The LSV plots of Sample 3 at 85 °C and Sample 2 at 200 °C are given in Figure 6.
The Tafel analysis results for all the samples are listed in TABLE 5. As mentioned earlier,
the sweeps were performed in each direction starting at the measured E..r. However, at
85 °C it can be seen that E., shifted in the negative direction after the anodic
polarization. This shift was not seen at 200 °C, suggesting that the surface at 85 °C was
much more sensitive to polarization effects. Generally, the current density was higher at
200 °C than at 85 °C, confirming again that the corrosion rate was faster at higher
temperature.

For the anodic region, a limiting current was observed at 85 °C, and a slightly inclined
slope at 200 °C, indicating that the anodic reactions were limited at 85 °C and depressed
at 200 °C. This behavior was also observed in the CV curves at 10 mV s'. It was
expected that this limitation was due to passivation from the formation of a chromate-rich
layer. While the effect was still observed to some extent at 200 °C, it is believed that the
elevated temperature either led to an increased rate of dissolution of the passive film or a
higher prevalence of defects.

1.0E-02
1.0E-03
1.0E-04

1.0E-05

Current density / (A cm?)

85 °C
1.0E-06 —
08 -07 06 -05 04 03| =02 291C |00

Potential / V, vs SHE

Figure 6. The LSV plots of Sample 3 at 85 °C and Sample 2 at 200 °C with the sweep
rate of 1 mV s™.

TABLE 5. The Tafel analysis results.

V dec™ 85 °C 200 °C

b, limiting >1

be 0.131£0.011 0.308+0.044
b-VH 0.142 0.188
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For cathodic polarization, linear regions were observed. One commonly accepted
mechanism for hydrogen evolution reaction (HER) is the Volmer-Heyrovsky (VH)
mechanism. (24) The cathodic slopes of VH mechanism were calculated according to
In10RT/(f.F) and are listed in TABLE 5 for comparison. The cathodic slope (b.) at 85 °C
indicated the VH mechanism, whereas b, at 200 °C was much larger and might be related
to a different mechanism. At both temperatures no limiting current effects were observed
over the potential regions swept.

3.6. Corrosion Products

The corroded surfaces after the tests at 85 and 200 °C were analyzed with SEM and
EDS, and the SEM images are shown in Figures 7 and 8, respectively. EDS spot analyses
were performed at representative spots on the surfaces which are marked in the images,
and the results are listed in TABLE 6.

At 85 °C, the steel surface was covered with a very thin light white color film noted
through visual observation. The SEM results showed that the thin film consisted of small
crystalline particles with a size of 1 — 5 um on the surface. EDS results showed that the
crystalline structure has a chemical composition similar to CaCOs(s), like Location 1 in
Figure 7. In some areas, almost the steel bare surface was exposed, like Location 3 in
Figure 7. The result here is from Electrode 3, where the measured corrosion rate was
notably lower than from Electrode 1 or either of the two weight loss samples. Uneven
scaling of CaCOj; between all of the test samples at 85 °C may help explain the
discrepancy between the measured corrosion rates.

Figure 7. The SEM image of L-80 corroded in CSPS at 85 °C.

At 200 °C, the steel surface was covered with a black film. The SEM results showed
that the film was very non-uniform. The sizes of particles on the surface were larger (5 -
10 pm). EDS results showed that the chemical composition was very close to a mixture
of FeCOs(s) and CaCOs(s). The higher amount of FeCOs(s)-like scales at 200 °C were
probably due to the faster corrosion rate, like Location 3 in Figure 8.
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At both 85 and 200 °C it was noted that the chromium content was very low at most
regions. This suggested that the chromate film was either too thin to be observed at the
accelerating voltages used or was poorly formed in the test environments. Sulfur content
on the surface was also typically quite low. While this may mean that the formation of
iron sulfide products were not preferred in the test environment, previous experience of
the authors with similar H,S-containing corrosion systems suggests that any formed
sulfides may have been unstable and readily degraded into iron oxide and H,S on
exposure to air and rinse water. The low pH may also have increased the solubility of
iron sulfide.

50 pm

Figure 8. The SEM image of L-80 corroded in CSPS at 200 °C.

TABLE 6. EDS chemical analyses (%at.) on the corroded L-80 surfaces in selected locations marked in
Figures 7 and 8.

No. Location Fe C (0] S Ca Cr

1 264 1816 60.03 097 17.19 -

85 °C 2 1021 2841 4927 074 993 -
3 7458 563 - - - 1931
1 1.9 1857 5957 02 187 -

200 °C 2 9.62 2508 5049 03 0.08 597
3 1726 19.86 5871 0.05 4.13 -

4. Conclusions

Corrosion testing was performed for a casing steel grade L-80, type 13Cr in a simulated
cement pore solution exposed to CO, and H,S at 10 MPa. Thermodynamic modeling
predicted that all calcium hydroxide would be converted to calcium carbonate at the
conditions tested, resulting in a weakly acidic solution. Electrochemical tests showed a
considerable increase in corrosion rate from 85 °C to 200 °C. Mass loss results were
inconsistent and did not always agree with electrochemical tests. EIS generally showed
two time constants, and the impedance at 200 °C was smaller than at 85 °C. The cathodic
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region was found to be charge-transfer controlled, while anode regions showed limiting
current behavior at both temperatures. The cathodic slopes at 85 °C matched what was
predicted assuming the Volmer-Heyrovsky mechanism for hydrogen evolution. Cyclic
voltammetry showed obvious anodic current peaks for 85 °C that were not present at
200 °C. Surface analysis found considerable CaCOs-like phase at both temperatures and
more FeCOs-like phase at 200 °C, confirming the higher corrosion rate at higher
temperature and suggesting that scaling may have had a significant effect on the
corrosion behavior.
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States Government. Neither the United States Government nor any agency thereof, nor
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apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or any agency
thereof.
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