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Abstract

The corrosion resistance of API 5L X70 (UNS J02500) steel pipes at seams welded by electrical resistance was evaluated
by means of polarization resistance. The testing procedure was conducted according to ASTM G59-97(2009) [1]. Tests
were practiced on the internal surface of API 5L X70 steel pipes. Test solutions were acid brine and brine containing
H,S prepared according to NACE 1D 182 [2]. Results showed that the seam welded by electrical resistance corroded the
non-annealed pipe 27% faster than the base metal using the H_S solution, while 16% faster than the base metal using the
acid brine solution. The susceptibility of the non-annealed pipe that produced selective corrosion was studied using a 1
cm?sample by the stepped potential potentiostatic electrochemical test method. Tests were designed to identify predicting
susceptibility methods of selective corrosion in electrical resistance welded pipes. A metallographic section of the seam
pipe wall showed that the corrosion begins at the fusion line of the inside pipe surface. The study was completed with

metallographic and chemical sample characterization.
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Introduction

According to several authors, the excellent corrosion
resistance of stainless steel in many aqueous solution results
from its ability to protect itself from the corrosive environment
via formation of a thin passive film [3-4] which consists of a mix-
ture of iron and chromium oxides, with the hydroxide and wa-
ter-containing compounds located at the outermost region of the
passive film while the chromium oxide enrichment is found at
the metal/film interface [5]. This film varies in composition from
alloy to alloy and also temperature dependent. For all stainless
steel, this film is stabilized by chromium oxide and it is consid-
ered nonporous, inso-luble, passive and self-healing when at-
tacked [6]. Under conditions favorable to passivity, stainless steel

has so-lution potentials approaching those of noble metals [7].

Electrical resistance welded (ERW) pipes have been
widely applied, including oil and gas industries. Nevertheless,
certain of these pipes have failed in operation [8-10], particular-
ly by selective corrosion in the area of the seam weld as shown
in Figure 1 [11], causing serious doubts about the reliability of
this pipe type [12]. In Mexico, 'the number of failures direct-
ly attributed to corrosion of the ERW seam has been constantly
increasing in recent years, particularly in pipelines with water
settlement in the stream [11]. Therefore, although there have
been various studies to improve the understanding of the corro-
sion susceptibility of seam welds in ERW pipes [13-17], it is still
necessary to have tools that facilitate monitoring the problem, as
well as understanding its mechanisms and the effects of metal-

lurgical variables on this corrosion behavior [18-20].

For these purposes, the research was designed and
conducted to take advantage of the characteristics of the linear
Polarization Resistance (PR) technique. This technique allows
isolating specific zones of a surface such as the corrosion behav-
ior of the seam weld, which is several millimeters wide, can be
evaluated and compared to the behavior of the base metal in a
series of test solutions that simulate the different electrochemical
characteristics of the condensed water inside of gas and oil pipe-
lines. On the other hand, the mechanism of grooving corrosion
is believed to be a special case of pitting corrosion [15-17]. The
initiation of damage is galvanically driven by the segregation of
manganese sulfides, and the associated sulfur-enriched steel ma-
trix around the sulfides, to the weld seam. An accepted method
to evaluate the susceptibility of a material to pitting corrosion, or

other autocatalytic localized corrosion mechanisms, is through

the use of Stepped Potential Potentiostatic (SPP) electrochemical
test. In this technique, the working electrode is polarized to a
constant electrode potential then the current required to main-
tain the level of polarization is monitored as a function of time. If
localized corrosion begins, an increase in the current required to
maintain a given level of polarization is observed. This outcome

indicates that the material is susceptible to selective corrosion.

In the pipeline industry at present, there are no effective
means for predicting the susceptibility of ERW pipe to selective
corrosion prior to placing them in service [21]. For these pur-
poses, this research was designed to take advantage of the elec-
trochemical technique like SPP to have an accelerated screening

of susceptibility to selective corrosion of ERW pipe.

Figure 1: ERW pipe failed in service due to

selective corrosion at the seam weld

Materials and Methods

Material and Sample Preparation

Pipes with 610 mm (24”) diameter and 11.43 mm
(0.45”) thickness were studied. ERW pipe material was API 5L
X70 (UNS J02500) steel. One of them corresponded to a pipe

failed in service.

Nine samples of each pipe were cut to carry out the
analysis on the cross section: three 10 mm x 10 mm x 10 mm
samples were identified as base metal; three 20 mm x 10 mm x 10
mm samples that contained the failed seam weld were designated
as ERW seam (Figure 2); the last three 10 mm x 10 mm x 10 mm
samples from the welded section and base metal at the center

were identified as welded area. Nine more samples were obtained
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from an ERW pipe that did not fail in service to compare against

specimens of the failed pipe.

ERW longitudinal
seam /

Crack over the seam
external surface

Failed plate cut on
the seam weld

0.45”

Cut sample

Figure 2: Diagram of the of the sample section

Metallographic and Hardness Analysis

Samples were prepared for metallographic examination
following standard practices, grounded with 240, 320, 400, 600,
and 1500 grit sandpapers, and then, these were polished with 0.3
mm alumina and etched with 2% Nital for 30 s. Sample micro-
structure was revealed according to NACE TMO 169-2000 [22]
and observed by an optical microscope Olimpus. The quantifi-
cation of the metallographic constituents and grain-size mea-
surements were performed using a NIKON Ediphoto 670243
series image analyzer; according to the ASTM E45-13 [23] and
ASTM E1382-97(2010) [24] procedures, respectively. Vickers
micro-hardness (200gf, 12s) measurements were taken with
a Future Tech series FM7249 micro indenter at weld and base
metal zones of the pipe internal surface according to procedure
ASTM E-140-12 [25].

Electrochemical Test

A SPP electrochemical test method was used to eval-
uate the susceptibility of the ERW pipe to selective corrosion.
Work electrodes were taken from internal surfaces of annealed

and non-annealed pipes. The work electrode was assembled in

the electrochemical cell and polarized at a constant electrochem-
ical potential (-0.3 V) above the open circuit potential. The cur-
rent required to maintain the polarization level was monitored
for 3.3 h.

Two solutions were used for electrochemical tests, both
according to ID182 NACE standard. The first solution (brine)
was a mix with 106.58 g NaCl; 4.48 g CaCl,.2H,0; 2.06 g Mg-
CL.6H,0; 2 ml of 2% HCI as well as distilled water to 1 liter of
solution. The PH was adjusted to 3.0, and this solution was iden-
tified as “acid” The second solution was a mix of 106.58 g NaCl;
4.48 g CaCl,.2H,0; 2.06 g MgCl,.6H,0; 3.89 g Na S.9H,0 and
1.87 g CH,COOH; the pH was adjusted to 5.0 with acetic acid.
This solution produced an equivalent partial pressure of hydro-
gen sulfide (H,S) of 40000 Pa to simulate a sour environment and

was designated as “sour”.

The potentiostatic was verified according to ASTM
G59; £20 mV linear polarization scans vs open circuit potential
was performed at 0.166 mV/s scan rate; five tests were practiced
to obtain representative results. A saturated calomel electrode
with potassium chloride (KCI) was used as reference. Scanning

polarization parameters are shown in Table 1.
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Table 1: Polarization parameters
Potential E -0.020 V vs open circuit potential
Potential E, 0.020 V vs open circuit potential
Step height 0.100 mV
Scan rate 0.166 mV/s
Step time 0.602 s
Number of points | 401

MANOMETROS (R

(b)

Figure 3: Princeton EG and G applied research digital potentiostatic. (a) Gases system. (b) Cell used. (c) Computer system

Results
Chemical Analysis

Chemical analysis results of the samples are given in Ta-
ble 2 according to limits specified by API 5L 2000 standard

Metallographic Examination

The metallurgical microstructure evaluation was carried

out at the ERW seam area. Sample microstructures were first ana-

The equipment used to evaluate material in a corrosive
medium was a Princeton EG and G applied research digital po-
tentiostatic. This equipment has a software called Power Suite
that converts data obtained in potentiodynamic polarization
curves. Figure 3 shows the equipment used in the laboratory

tests.

(d)

lyzed at the base metal and at the ERW seam of the non- annealed
tube condition sample. The microstructure was ferrite and pearl-
ite with ASTM 8 grain size, as shown in Figure 4. The base metal
shows in Figure 4(a) ferrite and pearlite ware homogenously dis-
tributed. The welded area shows in Figure 4(b) a microstructure
with fine ferrite and pearlite uniformly distributed. The Heat Af-
fected Zone (HAZ) shows in Figure 4(c) a microstructure with

fine ferrite and pearlite but not uniformly distributed.

Table 2: Chemical analysis results (% W)
Sample % C % P % S %Mn | %Si | %Cu
Annealed 0.2 0.03 0.031 1.16 0.06 0.054
Non- annealed | 0.2 0.02 0.028 0.88 0.02 0.05
API5L2000 0.18-0.23 | 0.03 max | 0.031 max. | 1.40 - -
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Figure 4: Non-annealed pipe microstructure, etched with 3% Nital [26, 27]. (a) Base metal; (b) Welded area; (c) HAZ

The second metallographic analysis was performed at
the base metal and at the ERW seam area of the annealed pipe
condition, as shown in Figure 5. The metallurgical structure was
ferrite and pearlite, mainly with ASTM 10 grain size, were uni-
formly distributed. Non-metallic inclusions were mostly type II

(along grain boundaries) manganese sulfides [26]. A slightly de-

carburized zone is observed at the weld seam with an ASTM 11
grain size. The base metal shows in Figure 5(a) ferrite and pearl-
ite are homogenously distributed. Figure 4(b) shows fine ferrite
and pearlite uniformly distributed at the welded area. Figure 4(c)
shows fine ferrite and pearlite uniformly distributed. The uni-

form grain size was due to the normalization heat treatment.

Figure 5: Annealed pipe microstructure, optical microscope [27]. (a) Base metal; (b) Internal surface; (c) ERW seam

Results are shown in Table 3. % Vol. ferrite and pearlite

were evaluated, as well as nonmetallic inclusion, grain size and

hardness.
Table 3: Quantitative microstructure features of samples
Sample/features % VOl.. % Vf)l. % VOI.. AS"'FM' Vickers
inclusions | ferrite | pearlite | grain size | hardness
Annealed base metal 0.45 76 24 10 187
Annealed ERW seam 0.61 68 32 11 190
Non-annealed base metal | 0.62 73 27 8 214
Non-annealed ERW seam | 0.80 62 38 11.5 242
JScholar Publishers J Mater sci Appl 2022 | Vol 6: 304



Electrochemical Test
Linear PR tests

Linear PR tests were performed to determine the corro-
sion rate (CR) at the ERW seam weld and at the base metal in the
internal surface of API5SL X70 ERW steel pipes. Table 4 shows an

average of five samples that were analyzed.

SPP Electrochemical Test in Acid Solution.

Figure 6 shows a microstructure comparison of the
non-annealed ERW seam sample before the SPP electrochemical
test in Figure 6(a) and after the test in Figure 6(b). In Figure 6(c)
there is a small cavity where a slightly decarburized weld line was
visible by the metallographic examination. A significative corro-

sion appears at the ERW seam.

Table 4: Electrochemical parameters applied in the PR tests

Sour solution | Acid solution
pH=5 pH=3
Zone CR [mp/y] CR [mp/y]
Annealed base metal 23.20 36.26
Annealed ERW seam 28.15 40.10
Non-annealed base metal | 23.90 29.45
Non-annealed ERW seam | 30.45 34.16

Figure 6: Internal surface microstructure of the non-annealed pipe. (a) Before corrosion test; (b) After corrosion test (c) Corrosion product

Figure 7 shows a non-annealed transverse section of
ERW seam after the SPP electrochemical test. As observed, the
corrosion begins at the fusion line on the pipe inside surface;
the groove width corresponds to the area of coarse grained at

the HAZ. The corrosion sensitivity coeflicient at the groove, [J,

is defined [16] as: [ = h_/h , where h, is the depth from origin
surface to corrosion groove base; h, is the base metal corrosion
depth. The grooving corrosion sensitivity coeflicient average [
of non-annealed samples was 1.52, while annealed samples had
1.03.

(b)

Figure 7: Sample wall microstructure at the ERW seam after the SPP electrochemical test.
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Figure 8 shows a trend of current intensity in SPP elec-
trochemical test. There is no significant current difference to
maintain the level of polarization between the base metal and the
annealed sample, except at the beginning, what can be associat-
ed with the sample damage. However, the non-annealed sample

holds a significant current difference.

Figure 9 shows current intensity behavior of samples
during the SPP electrochemical test in sour solution. The base

metal sample increases the current until it reaches a steady value,

0.09

which can be related to uniform sample corrosion. The annealed
sample shows a significant drop over time, and some variation,
but they could not be attributable to selective corrosion in the
sample because the sample visual inspections did not show a
significant damage. Finally, the non-annealed sample present-
ed a gradual increase, reaching a peak and then decreasing to
a plateau which is approximately equivalent to the base metal;
this variation can be associated to a selective corrosion similar as

shown in Figure 4.

0.08
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Base Metal
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Figure 8: Current trend during 3.3 h SPP electrochemical test, corrosion test solution pH =3

Stepped Potential in Sour Solution
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0.08
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Figure 9: Current trend during 3.3 h SPP electrochemical test, corrosion test solution pH =5
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Discussion

The aim of this study (was) to assess and compare the
corrosion susceptibility of ERW seam and base metal on the
internal surface of API 5L X70 steel pipes. The study was con-
ducted by means of PR tests in acid and in sour brines, which
simulated the environment generated when the water condenses
inside the pipeline. Results showed that the corrosion rates of
the ERW seam are always higher than those of the base metal,
even though the difference is not as large as those observed in
in-service failures (Figure 1). For example, the highest difference
observed in the PR tests was approximately 27% (non-annealed
sample in sour solution). Furthermore, the differences in corro-
sion rate between the base metal and the ERW seam are a little
greater in the sour solution, even though the corrosion rates are

higher in the acid solution.

The different corrosion behavior between the ERW
seam and the base metal studied can be attributed to microstruc-
ture differences. The base metal sample has a microstructure of
equiaxial ferrite grains with pearlite, while the ERW seam sample
has a microstructure consisting of a fine carbide dispersed in a
ferrite matrix, as a result of the ERW. The most straightforward
explanation is that the ERW microstructure is simply more ac-
tive because it has more internal energy than the base metal. It
was reported [15] that generally, localized and general corrosion
rates vary slightly between different carbon steels, but the micro-
structure affects corrosion. Steel with coarse ferrite microstruc-
ture performs better in terms of average corrosion and the ferrite
microstructure shows the lowest corrosion rate. It was deduced
[15] that the metal at the fusion line should corrode faster than
other metal and it is difficult to explain the grooving corrosion at

the fusion line by these effects of the microstructure.

However, the former explanation is not enough to justi-
fy corrosion rates of ERW seam observed in service, which may
reach values of the order of hundreds of mp/y (as in cases sim-
ilar to that shown in Figure 1). Microstructural differences do
not explain different corrosion rates between the base metal and
the ERW seam. Corrosion rates of the base metal measured in
this work are indeed similar to those observed in service [6]. In
contrast, corrosion rates of the ERW seam are lower than those
observed in the field [6]. The relatively lower corrosion rates of
the ERW seam, as well as the smaller differences between these
rates and the corrosion rates observed in the base metal, are an
indication of the selective corrosion of the ERW seam, with its

most extreme form of damage. Corrosion rate differences of the

ERW seam observed in service might be the result of combina-
tion of the base metal and the ERW zone and not to the isolated

electrochemical characteristic of these two zones.

A SPP electrochemical test was used in this work to
evaluate the susceptibility of non-annealed ERW pipe to selec-
tive corrosion. The level of polarization was constant, measuring
-0.3 V above the open circuit potential during 3.3 h. Visual in-
spection after testing revealed that the exposed sample area has
experienced significant wall thinning by general corrosion, and a
grooving was observed in the sample. The experimentation was
called stepped potentiostatic because initially had considered
carrying increments the potential if it was not possible to ob-
serve damage in the samples; however, the potential of 0.3 mV
distinguished the susceptible sample. On the other hand, the po-
tential of 0.3 mV was selected taking into account Tafel curves
of samples. Metallographic examination showed that the groove
at the sample is centered on the weld seam. The groove width
appears to correspond to the width of the coarse-grained region
of the HAZ and the difference in shallow grooving corrosion was
greater in non-annealed pipes. The grooving corrosion sensitiv-
ity coeflicient [16] presented a similar result and confirmed that
heat treatments can effectively decrease the sensitivity to groov-
ing corrosion. The present study has an answer to that material is
more susceptible to selective corrosion, this with a lower poten-
tial (-300 mV) and less time (3.3 h). Results were reported [16]
with -550 mV vs potential. Calomed saturated electrode (SCE)
and polarized for 144 h. [17] Reported that grooving corrosion
sensitivity coefficient decreases when steel carbon content de-
creases. Samples had the same carbon content in this study so
that the coefficient variation is attributed only to different heat
treatment. Maricica Stoica et al. carried out a similar study, but in
solutions consisting of biocide (Oxonia-Active®) and Aspergillus
niger suspension, where they found that bio OA is more destruc-
tive to AISI 316L stainless steel [28].

Conclusions
Results showed that

1) The ERW seam in the non-normalized pipe corrodes
27% faster than the base metal in the H,S solution and 16% in the

acid brine solution.

2) The ERW seam weld in the normalized tube corrodes
21% and 11% faster than the base metal in the H,S and acid brine

solutions.
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3) The differences in corrosion rates are greater in
non-normalized pipes tested in the H_S solution. However, the

corrosion rates are larger in acid brine.

4) By the SPP electrochemical test, the sample showed a
small cavity in the place at which the slightly decarburized weld

line was visible with the metallographic examination.

5) It is evident that the corrosion was higher at the ERW
seam.
Summary

The PR test of the isolated ERW seam and base metal
zones in API 5L X70 steel pipe show that the ERW seam zone is
corroded faster than the base metal with greater differences in
corrosion rate in the sour solution. Even though the acid solution
gave the highest corrosion rates. The electrochemical behavior in
both cases was active with a mechanism of aqueous dissolution.
Corrosion behavior differences between the two zones were, at
first, attributed to microstructure differences between the base
metal and the ERW seam; however, this difference is not enough
to explain the greater differences observed in service, which in-
dicates that other factors may play an important role in defining
the overall corrosion rates, such as the combined behavior of the
base metal and the weld zone or an unfavorable area ratio. Con-
versely, the SPP electrochemical test could be a promising tech-
nique to accelerate ERW weld screening susceptible to selective
corrosion because testing has allowed a corrosion level differen-

tiation in a short time.
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