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ABSTRACT

Localized corrosion of carbon steel welds has been thought to arise primarily from galvanic effects due
to compositional differences between the deposited weld metal, the parent steel, and the heat affected
zone induced by the welding process. The location and morphology of the preferential corrosion is
influenced by a complex interaction of environmental parameters.

The effects of salt concentration and temperature on intrinsic and galvanic corrosion of the non-alloyed
standard carbon steel weldment in CO, environments have been investigated using different types of
electrochemical techniques. Experimental results show that for the non-alloyed standard weldment, the
intrinsic corrosion rates of parent metal, heat affected zone (HAZ) and weld metal are not significantly
different, but the corrosion of weld metal becomes worse and the parent metal is protected due to the
galvanic effects between the segments. The experimental results also show that an increase of salt
concentration (1~10 wt.% NaCl) significantly affected the intrinsic corrosion rate in a nonlinear fashion.
The galvanic currents were unaffected by the different salt concentrations.
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INTRODUCTION

For the oil and gas industry, welding is a fundamental process in the construction of transportation
pipelines, production tubing, and other related operational facilities. The welding process connects
metallic structures by melting a filler material in between the two structures at high temperature. Carbon
steel is by far the most frequently welded metallic material in all heavy industrial applications including
the petroleum and petrochemical industryl. Carbon steel weldment may experience all classical forms of
corrosion depending upon the environment to which it is exposed'. Weldment naturally possess
compositional and microstructural heterogeneities, therefore, the corrosion of a weldment appears to be
more erratic and is difficult to predict.

According to its special structures, a weldment can be divided into three sections': weld metal, heat
affected zone (HAZ), and parent metal. A schematic representation of a weldment cut directly from a
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pipeline is shown in Figure 1. The weldment was specially treated with 3% Nital (3% Nitric acid in
ethanol) solution to expose the region of the weld and HAZ. It is clearly seen that the parent metal is on
the side, the weld metal is in the middle and the heat affected zone is in between.

Parent metal

i N
Figure 1. The weldment specirhen etched with 3% Nital (3% Nitric acid in ethanol) solution.

The weld metal is the result of melting, which fuses the base metal and filler metal to produce a zone
with a composition that is typically different from that of the base metal'. It is located in the middle of
the weldment. The compositional difference could lead to a galvanic couple that may significantly affect
the corrosion process of the metal in close proximity to the weld metal.

The heat affected zone (HAZ) is the area of the base metal which has experienced extremely intense heat
during welding process'. The heat from the welding process and subsequent re-cooling produce solid-
state micro-structural changes in the heat affected zone, which may also alter the corrosion resistance of
the affected metal.

The parent metal is the base metal which is a certain distance from the weld area and is not affected by
the heat brought on by the welding process'. The metallurgical structure as well as the corrosion
resistivity of the parent metal remains unchanged during the welding process.

A weldment can experience different types of corrosion due to this dissimilarity of the metallurgical
structures within it. As mentioned before, the compositional difference of the weld and base metal may
cause a potential difference and hence lead to a galvanic couple. The galvanic corrosion may
significantly accelerate or retard the overall corrosion process. When only the corrosion without
galvanic effects is considered, then it is here called intrinsic corrosion. To study the weldment corrosion,
intrinsic and galvanic corrosion behaviors have to be considered simultaneously. The combined effects
of intrinsic and galvanic corrosion may cause a focus of corrosion attack in a specific location on the
weldment, thus lead to severe localized attack. This type of corrosion is also called preferential
corrosion of weldment'.

Preferential weld corrosion of carbon steel has been investigated since 1950s”. Studies have shown that
preferential weld corrosion is significantly affected by environmental factors’®. The morphology and
location of preferential weld corrosion in CO,-containing media are influenced by complex interactions
of several parameters, including the environmental (temperature, flow conditions, water composition,
pH value, organic acid and partial pressure of CO,), scaling effects, weld steel composition relative to
the parent pipe and welding procedure®.

Several issues related to corrosion of carbon steel weldments have been successfully identified in
specific cases’"; however, problems still exist today in different applications. It is still difficult to
predict whether an attack will occur on the HAZ, weld metal or both, in susceptible situations. Corrosion
models have not been established to successfully predict the location of weldment corrosion, corrosion
rates, and the effectiveness of inhibitors. To better understand the mechanism of weldment corrosion, a
study was initiated at the ICMT. This paper describes part of the research that has been done in the past
including temperature and chloride concentration effects on weldment corrosion.
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EXPERIMENTAL SET UP

All the experiments in this study were conducted in a glass cell under atmospheric pressure conditions.
The following paragraphs describe the experimental setup and procedures.

Sample Preparation

A weldment specimen was made from a carbon steel pipe sample that had a weld. All experiments were
performed on a “standard weldment” which has no alloying metals in the weld material. The
compositions of parent and weld materials are given in Table 1. It appears that there is no significant
difference between the compositions of parent and weld material.

Table 1. Elemental analysis (wt.%) of parent metal and filler material of the weldment.

Element Al As C Co Cr Cu Fe Mn Mo Nb Ni
Parent | 0.037% | 0.004% | 0.21% | 0.002% | 0.049% | 0.021% | 98.3% | 1.01% | 0.010% | 0.010% | 0.024%
Weld 0.013% | 0.005% | 0.12% | 0.002% | 0.042% | 0.046% | 98.2% | 1.07% | 0.013% | 0.005% | 0.033%

Element P S Sb Si Sn Ta Ti A\ W Zn Zr
Parent | 0.013% | 0.005% | 0.007% | 0.27% | 0.004% | 0.030% | 0.003% | 0.002% | 0.016% | 0.001 | 0.002%
Weld 0.012% | 0.007% | 0.008% | 0.39% | 0.004% | 0.031% | 0.002% | 0.003% | 0.014% | 0.001% | 0.003%

Sample segment A wedge shape weldment segment was cut from a pipeline to make a weldment

specimen. The machined specimen, prior to separation of weldment segment components, was 35mm
long, 8mm wide and 13mm thick. The segment was polished with 150 grit sandpaper on the underside
and sides where the weld is exposed. The specimen was then etched with 3% Nital (3% Nitric acid in
ethanol) solution to expose the region of the weld and HAZ (as shown in Figure 2). The colored
demarcations between weld, HAZ, and parent materials were added after visual observation.

Weld metal

Parent metal

Figure 2. Colored areas of weld and HAZ on the sample image for better visualization. The top of the
image would be on the outside of the pipeline while the bottom of the image would be on the inside of
the pipeline.

Weldment manufacturing The specimen was cut so that the portions of the weld that would be
exposed to the internal pipeline conditions would be used in the experiment. Demarcation lines were
drawn using proportional micrometer measurements on the inside pipe wall location of the weld to
separate the HAZ material from the weld material and from the parent material on both sides (Figure 3).
In order to use the electrochemical noise method, two weld material segments were needed, so an
additional weld element was added after the sample was cut in half. After that, wires were soldered to
each segment, the segments were arranged in a mold, and then the mold was filled with epoxy. The
outer pipe wall portion of the sample was left intact during manufacture of the weldment test sample in
order to maintain orientation and spacing, but was removed after potting in epoxy. The six segments
were then separated from each other so that external electrical connections could be made to each
segment. The finished specimen is shown in Figure 4. Two groups of segments were included in the
finished specimen. The reason why is explained in the following paragraphs.
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Figure 3. Initial metal cuts in weldment sample'to sepate parent material from HAZ and HAZ from
weld material.

Figure 4. A picture of the weldment sample used in the éxpefirﬁéf.

Each weldment surface was polished by silicon carbide sand paper, up to 600 grit, before it was tested.
After polishing, the specimen was immersed in an isopropyl alcohol ultrasonic bath for 1 to 2 minutes
and then air dried.

Experimental procedure

The experiment was performed in a glass cell as shown in Figure 5. A Saturated Calomel Electrode was
used as the reference electrode. The counter electrode was a platinum wire. The glass cell was filled
with 2 liters of de-ionized water and the required amount of NaCl to meet the designated chloride ion
concentration. Cell temperature was controlled by a hot plate with a thermocouple feedback. Before the
test, the solution was deoxygenated by purging with CO, gas for 40 minutes to 1 hour. Purging of the
glass cell with CO, was maintained during the test period. When the desired temperature was obtained,
the pH of the test solution was adjusted from equilibrium pH to the desired pH by adding a
deoxygenated sodium bicarbonate solution. A weld segment specimen was then placed into the solution
and all electrical connections were made externally for electrochemical monitoring.

Condenser

Reference Electrode

Temperature Probe

Counter Electrode

== Bubbler

Luggin Capillary

Working Electrode  —

Heating Plate

Figure 5. Electrochemical Glass-cell Set-up
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Two groups of weld elements were sealed by epoxy in one weldment specimen as shown in Figure 6.
One group was always uncoupled throughout the entire test period for linear polarization resistance and
potential measurements to observe general intrinsic corrosion rate results without the influence of
galvanic corrosion. To simulate the weldment service in reality, the other group was always coupled and
would be used to measure the galvanic currents.

Measurement

Group1
(Always coupled)

Galvanic current
SEM, IFM

H1 W1

Parent |:| HAZ E Weld

Group2
(Alwavs uncoupled)

Intrinsic corrosion rate (LPR)

Potential

Figure 6. Schematic representation of sample showing coupled segments and uncoupled segments of the
weldment with electrochemical measurement methods for each set of segments listed.

RESULTS AND DISCUSSION

The environmental effects including temperature and chloride concentration on weldment corrosion
have been investigated in a CO, system. The intrinsic corrosion rate of each segment and galvanic
current flowing between each segment were measured. Electrochemical noise measurement was also
conducted to monitor the possible localized corrosion events. The specimen surface was inspected to
support the noise data at different test conditions.

Considering the typical values of anodic Tafel slope (0.04 V/dec) for iron dissolution and cathodic Tafel
slope (-0.12 V/dec) for proton and bicarbonate reduction, it would be expected that about 3/4 of the
galvanic current relates to changes in the total corrosion rate’'. The total coupled corrosion rate was
obtained from the uncoupled intrinsic corrosion rate and the galvanic current corrosion rate.

The effects of temperature and chloride concentration on the weldment corrosion were studied in the
same series of tests. The results are summarized below.

25°C, pH 5.0, 1 bar total pressure, and 1, 5, 10 wt.% NaCl

Experimental data were shown in three categories: intrinsic corrosion rate, galvanic corrosion rate and
surface analysis.

Intrinsic Corrosion Rates The LPR intrinsic corrosion rates of uncoupled parent, HAZ, and weld
materials with time at 25°C, different chloride concentrations (1, 5 or 10 wt.% NaCl) are shown in
Figure 7, Figure 8, and Figure 9 respectively. It appears that the intrinsic corrosion rate does not vary
significantly for the various segments. The steady increase over time is due to the development of the
iron carbide (cementite) layer which is actually the uncorroded portion of the steel. The chloride
concentration effects on the intrinsic corrosion rate are summarized in Table 2. It is clearly seen that the
intrinsic corrosion rate of each segment did not change significantly when salt concentration was
changed from 1 wt.% to 5 wt.%. However, when salt concentration was further increased to 10 wt.%,
corrosion rates of all three segments deceased. This may be due to the absorption of chloride ions on the
steel surface, thus slowing down the corrosion by limiting the surface area available to corrosive
species?.
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Figure 7. Intrinsic corrosion rate of uncoupled weldment vs. time at 1 wt.% NaCl, 25°C.
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Figure 8. Intrinsic corrosion rate of uncoupled weldment vs. time at 5 wt.% NaCl, 25°C.
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Figure 9. Intrinsic corrosion rate of uncoupled weldment vs. time at 10 wt.% NaCl, 25°C.

Table 2. Average intrinsic corrosion rates of weldment segments at 25°C (P = parent metal, H = heat
affected zone metal, W = weld metal).

1 wt.% NaCl 5 wt.% NaCl 10 wt.% NaCl
P H W P H W P H W

Average intrinsic

corrosion rate (mm/yr) 0.74 | 071 | 0.71 | 0.71 | 0.75 | 0.73 | 0.65 | 0.52 | 0.68
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Galvanic Currents The galvanic current measurement results of coupled segments at different salt
concentrations are shown in Figure 10, Figure 11, and Figure 12. According to the test results, it appears
that parent and weld metal did not show consistent polarity. However, considering the total testing time
(6 days), the weld metal tends to exhibit anodic behavior with respect to the other segments while the
HAZ is the neutral section. For the same testing time, the parent steel was the more noble metal acting
as a cathode. The test results also show that the galvanic current of the weld metal was about 4 pA and
the galvanic current of the parent metal was around — 4 pA. The increase of chloride concentration from
1 wt% to 5 wt.% and 10 wt.% does not appear to affect the magnitude and polarity of the galvanic
currents.
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Figure 10. Galvanic current of coupled weldment vs. time at 1 wt.% NaCl, 25°C.
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Figure 11. Galvanic current of coupled weldment vs. time at 5 wt.% NaCl, 25°C.
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Figure 12. Galvanic current of coupled weldment vs. time at 10 wt.% NaCl, 25°C.
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The galvanic effects on the total corrosion rate of each segment of weldment are also clarified by
comparing them with the intrinsic corrosion rate results. The calculated total corrosion rates of the
parent metal, the HAZ metal, and the weld metal at 1 wt. % NaCl, 25°C are shown in Figure 13, Figure
14, and Figure 15 respectively. It appears that the corrosion of parent metal as well as HAZ was
mitigated by the galvanic effect. On the other hand, the galvanic effect accelerated the corrosion of weld
metal. However, the magnitude of galvanic currents at all test conditions is relatively small;
consequently, the galvanic current did not affect the total corrosion process significantly. As shown
earlier, chloride ions did not show a considerable effect on the magnitude of galvanic current.

1.7
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Parent 1 Corrosion Rate / mm/yr

Figure 13. Corrosion rate of Parent 1 metal compared to the intrinsic corrosion rate and galvanic
corrosion rate at 1 wt.% NaCl, 25°C.
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Figure 14. Corrosion rate of HAZ 1 metal compared to the intrinsic corrosion rate and galvanic
corrosion rate at 1 wt.% NaCl, 25°C.
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Figure 15. Corrosion rate of weld 1 metal compared to the intrinsic corrosion rate and galvanic corrosion

rate at 1 wt.% NaCl, 25°C.
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Surface Analysis The specimen surface was scanned by SEM after the experiment. The surface
morphologies of the parent, the HAZ, and the weld metal surface (with film) after different chloride
concentration tests are shown in Figure 16, Figure 17, and Figure 18. No evidence of localized attack on
any of the weldment segment surfaces was detected.

M (a) Parent " o (b) HAZ | (c) Weld
Figure 16. Surface morphology (with film) of parent, HAZ, and weld after 6 days at 1 wt.% NaCl, 25°C.

18KV - /X2,000 10 7 f Msky N2y Om  © ] 15KMe= X2,000  10pm %, IchT T,

(a) Parent (b) HAZ (c) Weld
Figure 17. Surface morphology (w1th ﬁlm) of Parent HAZ and Weld after 6 days at 5 wt. % NacCl, 25°C.

(a) Parent (b) HAZ (c) Weld
Figure 18. Surface morphology (with film) of parent, HAZ, and weld after 6 days at 10 wt.% NaCl, 25°C.

60°C, PH 5.0, 1bar total pressure, and 1, 5, 10 wt. % NaCl
Similar experiments were conducted at 60°C. The experimental results are shown below.

Corrosion rates The intrinsic corrosion rates of uncoupled parent, HAZ, and weld materials with
time measured by LPR at 60°C, pH 5 and 1, 5 or 10 wt.% NaCl are shown in Figure 19, Figure 20, and
Figure 21 respectively. The results suggest that the intrinsic corrosion rates of parent, HAZ, and weld
material are of the same magnitude under the same test conditions. The chloride effects on intrinsic
corrosion rate are shown in Table 3. Different from the results at 25°C, it appears that an increase of
chloride concentration from 1 wt.% to 5 wt.% at 60°C significantly increased the intrinsic corrosion
rates of all segments. When the chloride concentration further increased from 5 wt.% to 10 wt.%, the
acceleration of corrosion rate did not persist. The experimental results suggest that the interaction of the
chloride ions with the steel surface at high temperature may be significantly different from the
interaction at low temperatures.
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Figure 19. LPR corrosion rate of uncoupled weldment vs. time at 1 wt. % NaCl, 60°C.
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Figure 20. LPR corrosion rate of uncoupled weldment vs. time at 5 wt.% NaCl, 60°C.
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Figure 21. LPR corrosion rate of uncoupled weldment vs. time at 10 wt.% NaCl, 60°C.
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Table 3. Average intrinsic corrosion rates of weldment segments at 60°C.

1 wt% NaCl 5 wi% NaCl 10 wt% NaCl
P H W P H W P H | W
Average INSic | o3 |y 95 1253 [326 [3.07 [31 |3.05 [2.72 |286
corrosion rate (mm/y)
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Galvanic Currents The galvanic currents flowing between each segment at 60°C were also measured.
The results at different salt concentrations are shown in Figure 22, Figure 23, and Figure 24. According
to the test results, the galvanic current on weld metal was always positive, which suggests that the weld
metal acting as anode was always more active than the HAZ and the parent metal. The HAZ appears to
be the neutral section and the parent metal was the section that was cathodically protected. The result
also shows that the magnitude of galvanic current on weld metal increased from 4 pA to around 20 pA
when temperature was increased from 25°C to 60°C. However, the chloride ion concentration does not
appear to have a significant effect on the magnitude of the galvanic current and the metal polarity at
60°C, which was observed at 25°C as well.
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Figure 22. Galvanic current of coupled weldment vs. time at 1 wt.% NaCl, 60°C.
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Figure 23. Galvanic current of coupled weldment vs. time at 5 wt.% NaCl, 60°C.
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Figure 24. Galvanic current of coupled weldment vs. time at 10 wt.% NaCl, 60 °C.
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The total corrosion rates of each segment of weldment which combines the intrinsic and the galvanic
corrosion rate at 1 wt.% NaCl and 60°C are shown in Figure 25, Figure 26, and Figure 27. Apparently,
the total corrosion rate of the parent metal was reduced by the galvanic effect. The galvanic current
significantly accelerated the total corrosion rata of the weld metal.

5.5
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B Total corrosion rate
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Parent 1 Corrosion Rate / mm/yr

05 —+
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Figure 25. Corrosion rate of parent 1 metal compared to the intrinsic corrosion rate and galvanic

corrosion rate at 1 wt.% NaCl, 60°C.
5.5

Intrinsic corrosion rate
45 1 B Galvanic corrosion rate
H Total corrosion rate

35 T

25 T

1.5 1

HAZ 1 Corrosion Rate / mm/yr

05 T

-0.5
0.0 0.6 0.9 1.6 2.6 3.6 4.6 5.6

Time / days

Figure 26. Corrosion rate of HAZ 1 metal compared to the intrinsic corrosion rate and galvanic
corrosion rate at 1 wt.% NaCl, 60°C.
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Figure 27. Corrosion rate of weld 1 metal compared to the intrinsic corrosion rate and galvanic corrosion
rate at 1 wt.% NaCl, 60°C.
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Surface Analysis The surface morphologies of parent, HAZ, and weld metal (with corrosion
products) after experiments at different chloride concentrations are shown in Figure 28, Figure 29 and
Figure 30. A crystallized corrosion product was detected on the specimen surface under the condition of
1 wt.% NacCl, 60°C. The EDX analysis as shown in Figure 31 confirms it to be iron carbonate. However,
when the salt concentration was increased to 5 and 10 wt.%, the formation of iron carbonate on the
coupon surface was hardly observable by SEM. The iron carbonate layer was then removed by Clarke
solution®. The surface morphology is shown in Figure 32. Localized corrosion was not observed on the
surfaces of all segments. Based on the experimental results, even when the galvanic effects were
accelerated by an increase of temperature, localized corrosion event was still not observed at all chloride
concentrations.

" (a) Parent (b) HAZ () Weld
Figure 28. Surface morphology (with corrosion products) of parent steel, HAZ, and weld after 6 days at
1 wt.% NacCl, 60°C.

(a) Parent | | (b) HAZ c Weld
Figure 29. Surface ooloy f parent steel, HAZ, and weld after 6 days at 5 wt.% NaCl, 60°C.
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Figure 30. Surface morphology of parent steel, HAZ and weld after6 days at 10 wt.% NaCl, 60°C.
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Figure 31. EDX results of crystals on parent steel after 6 days at 1 wt.% NaCl, 60°C.
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(b) HAZ
Figure 32. Surface morphology (without crystals) of parent steel, HAZ, and weld after 6 days at 1 wt.%
NacCl, 60°C.

CONCLUSIONS

Temperature and chloride ion concentration effects were studied in this series of experiments. An
increase of temperature from 25°C to 60°C significantly increased the intrinsic corrosion rate of each
segment. The magnitude of galvanic current flowing through each segment was also increased by an
increase of temperature.

At 25°C, an increase of chloride concentration from 5 wt.% to 10 wt.% reduced the intrinsic corrosion
rate of each segment. This may be due to the absorption of chloride ions on the steel surface acting as a
mass transfer barrier. However, when the temperature was increased to 60°C, the effects of chloride ion
concentration on the intrinsic corrosion rate were opposite, i.e., the intrinsic corrosion rate was increased
with an increase of chloride concentration.

The intrinsic corrosion rate of each segment appears to have no significant difference from each other
under the same experimental conditions. The weldment metal always appears to be anodic with respect

to HAZ and parent metal.

No localized corrosion was observed at all test conditions.
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