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ABSTRACT. The main aim of this study is to assess the effectiveness of a
composite repair system in severely corroded circumferential welds in super
duplex stainless steel pipes as a preventive measure against the premature
corrosion damage at the welds. Artificial defects were fabricated on the super
duplex steel tube in order to reproduce the localized corrosion damage defects
found in real welded joints. Three kinds of through thickness defects were
considered: 25%, 50% and 96% of the perimeter of the pipe. The
performance of the repaired pipe was assessed by hydrostatic tests as per ISO
24817 standard. The results showed that the composite repair system can
sustain the designed failure pressure even for the pipe damaged with through-
wall defect up to 96% of the perimeter of the pipe. Hence, the composite
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repair system can be used as a preliminary tool to protect the unexpected or ~ Copyright: © 2018 This is an open access
. . . . article under the terms of the CC-BY 4.0,
premature failure at the welds and maintain an adequate level of mechanical which permits unrestricted use, distribution,
strength for a given operating pressure. This composite repaitr system can 20d reproduction inany medium, provided the
. - . i . original author and source are credited.
assure that the pipe will not leak until a planned maintenance of the line.
Nevertheless, further work is still desirable to improve the confidence in the

long-term performance of bonded composite.

KEYWORDS. Pipe repair; Super duplex steel; Corrosion; Composites;
Hydrostatic tests; Offshore.

INTRODUCTION

teel pipelines are commonly used for transportation of fluids over long distance due to its good mechanical properties.

However, it becomes corroded as it is exposed to harsh environment without any protection, which causes frequent

repair of system or replacement and it ultimately imposes more cost [1-4]. Traditionally pipelines with severe corrosion
problems have to cither be repaired using welding technique ot replaced by new ones. In both cases, the offshore unit needs
to be shut down as it involves hot work (welding), which can be dangerous, resulting in huge economic loss and delay in
productions [4-6].
Nowadays, the super duplex stainless steel pipes are increasingly used due to an excellent resistance to corrosion in harsh
environments combined with good mechanical properties. However, despite the high resistance to corrosion, the welding
process of this material is not simple and is susceptible to corrosion, if the welding parameters are not propetrly controlled
[7-9]. Thus, it is possible to have duplex or super duplex steel piping assemblies with significant corrosion damage at the
welds (Fig.1).

Figure 1: Super duplex steel piping assembly: (a) uncorroded welds (b) corroded welds.

The unequal wall thickness welded joint often suffers more serious corrosion damage than the other parts of the pipe. More
stress concentration at the joint due to welding is generated, as it involves metal melting and solidification, which change
the material properties between the weld zone, heat affected and base metal zone [10]. Hence, failures at welded joints of
metal pipes have begun to occur more frequently, causing more repair and requiring maintenance, which adds more cost to
the operators [11].
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A new repair method using a polymer based composite system has been developed for the damaged part of the offshore
unit. Nowadays, it is possible to repair pipelines in short time without interrupting the routine operation and without
increasing risk for explosion as it involves a cold work process and it prevents corrosion [12-15].

ASME PCC-2 and ISO 24817 composite repair standards were developed to provide the guidelines for designing a reliable
repair of metallic pipelines, which guarantees structural integrity [16,17]. These standards cover a wide range of defects,
mainly through wall and wall loss defect. Continuous research is ongoing on the material characterization and design analysis
of composite repair system for an assurance of structural integrity [18-20]. Da Costa et al analyzed an epoxy repair system
for metallic pipelines undergoing elastic or inelastic deformations with localized corrosion damage [21]. A simple
methodology was proposed to estimate the failure pressure of thin and thick walled metallic pipelines with arbitrary localized
corrosion damage [22-25]. Hydrostatic tests performed in different laboratories were used to validate the proposed
methodology, showing that a simple expression allows estimating a lower bound for the failure pressure [25, 26].

The repair of corroded pipelines with fiber reinforced composite materials is a well-developed practice in the oil and gas
transportation industry [27-29]. However, there are many parameters such as composite material properties, composite
repair thickness, geometry, etc., which influence the life of repair structures [28, 29]. Therefore, it is important to know
whether a composite material used in a structural application will continue to perform satisfactorily over the lifetime of the
structure under real environmental condition. This includes the material’s ability to both sustain a load and resist further
deformation while subjected to harsh environmental conditions, such as elevated temperatures, chemicals, or moisture.
The main motivation of this study is to rehabilitate corroded circumferential weld pipes using a polymer-based composite
in offshore platforms. The objective is to assure an adequate application of a composite sleeve in such a way that the pipe
will not leak after repair until a planned maintenance. This methodology is conceived to adequately repair weld joints
presenting damage through-thickness defect up to 96% of the perimeter of the pipe.

EXPERIMENTAL PROCEDURE

n the present study different percentage of the perimeter through-thickness defects in metallic pipes were analyzed by
performing hydrostatic tests on the specially fabricated pipe specimens.

Materials

Super duplex stainless steel tubes ASTM 2507 were used for the study. Super duplex stainless steel pipes are increasingly
used in offshore platform due to the improved mechanical properties in addition to the excellent resistance against
corrosion. The basic properties of super duplex stainless steel pipe material are Young’s Modulus Epipe = 200 GPa; yield
stress oy = 550 MPa and ultimate strength 6, = 750 MPa.

A bidirectional fabric of glass fibers oriented at 0° in its longitudinal direction and 90° to the transverse direction was used.
The resin-woven proportion used was 2:1. The fabric should have approximately 66% of their fibers oriented in its
longitudinal direction (circumferential direction of the pipe) and 34% in the transverse direction (axial pipe direction).

A bi-component epoxy resin, PIPEFIX developed by Novatec Ltd (Nova Friburgo RJ, Brazil) and qualified by Petrobras
Research and Development Center (CENPES) in accordance with ISO 24817 standard [17] was used. The curing time was
2 hours at room temperature. The properties of the constituent materials used in the hand lay-up process supplied by the
manufacturer are presented in Tab.1.

Materials Material Density (g/cm3) Young’s modulus (GPa)
Fiber glass 2.55 72
Epoxy resin 1.38 3.5

Table 1: Material properties used for manual lamination.

In order to obtain the material properties of the composite laminate, tensile test specimens were prepared as per the standard
ASTM D3039 [30]. The specimens were tested in a universal testing machine (Shimadzu AGI 100 kN) at room temperature
and relative humidity of 50%  10%. Five specimens were tested at a crosshead speed of 2 mm/min. Fig.2 shows the tensile
test setup with an extensometer (model SG50-50 Shimadzu) attached to the specimen. The load—displacement curve of
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specimens obtained from was recorded. The Young’s modulus and tensile strength values in both directions (circumferential
and axial) were calculated and the results can be seen in Tabs. 2 and 3, respectively. The average circumferential elasticity
modulus of the laminate is Ey = 16.60 GPa, the axial elasticity modulus is E, = 9.52 GPa and the Poisson's ratio is v =
0.1326.

Figure 2: Tensile test set up with an extensometer

Specimen Thickness Width Gauge Length Max. tension Young’s
(mm) (mm) (mm) (MPa) modulus (GPa)

1 2.0 19.0 50.00 355.45 17.11

2 2.0 19.1 50.00 345.66 16.43

3 2.0 19.1 50.00 350.34 16.66

4 2.0 19.2 50.00 336.70 16.72

5 2.0 19.2 50.00 350.57 16.57
Average 347.74 16.60

Standard deviation 7.08 0.25

Table 2: Tensile test results of composite laminate along circumferential direction.

Specimen Thickness Width Gauge Length Max. tension Young’s
(mm) (mm) (mm) (MPa) modulus (GPa)

1 2.0 19.0 50.00 154.31 8.93

2 17 19.0 50.00 186.09 10.83

3 1.9 19.2 50.00 165.02 8.74

4 1.8 19.1 50.00 165.41 9.57

5 1.8 19.2 50.00 185.73 9.53
Average 171.31 9.52

Standard deviation 14.05 0.82

Table 3: Tensile test results of composite laminate along axial direction.
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Methods
The hydrostatic tests were designed to evaluate the performance of composite repair system on superduplex tube test
specimens that have a through wall defect simulating a weld bead failure.
The test specimens were fabricated with sections of super duplex stainless steel tubes with a diameter of 4" (114.3 mm) and
a thickness of 3.05 mm and axial length of 700 mm. The damage that simulates the weld bead failure is in the central region
of the tube section. The artificial defects aim to reproduce localized corrosion damage in the heat-affected zone found in
real welded joints. Three kinds of artificial through-thickness defects were considered as follows:
1) 25% of the perimeter through-thickness defects were fabricated and the size of defects is 90 mm x 5mm. (Fig.3a).
2)  50% of the perimeter through-thickness defects were fabricated. Two defects of approximately 90 mm x 5 mm
were machined. Among the defects, a 5 mm section was left in order to guarantee the spacing and to keep the tube
attached (Fig.3b).
3) 96% of the perimeter through-thickness defects were fabricated. Two damages of approximately 90 mm x 5mm
and a single damage of approximately 180 mm x 5mm were machined (stretches of 5 mm were left between the
defects in order to guarantee the spacing and keep the tube attached (Fig.3c)).

©
Figure 3: Through thickness defect: (a) in 25% of the perimeter (b) in 50% of the perimeter (c) in 96% of the perimeter.

Surface Preparation

In order to achieve the desired level of roughness value for better adhesion between the machined defect surface and the
selected adhesive, the surface preparation was carried out [31]. A recyclable abrasive blasting media was used to achieve a
white metal appearance and to remove dust particle and the oxide layer. For surface treatment, an abrasive blasting with the
sponge-jet was used. Roughness parameters, namely average roughness (R,), maximum roughness (R,), root mean square
(Rg) and maximum height of the profile (R;) were used to evaluate the surface roughness of the tube specimen [32].
Measurements were performed in different areas (five points), near to the defect region of the tube (Tab.4).

Specimen Preparation
Pipes with 114.3 mm (4”) diameter and wall thickness of 3.05 mm with a machined through-thickness defects (25%, 50%
and 96% of the perimeter) section were closed with stainless steel flanges using welding process. A machined (defect) section
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of super duplex stainless steel tube was cleaned with acetone to remove dust and foreign particles and then a layer of primer
NVT was applied, as shown in Fig.4. The defect pipe is wrapped with concentric layers of a fiberglass tape with laminating
resin (32 layers with approximately 0.298 mm thickness each). The calculation of composite repair thickness was based on
the ISO 24817 standard. The calculated composite repair thickness was 9.5 mm. The repair system used PIPEFIX, adhesive
and 32 turns of the laminate being applied with an axial length of 300 mm. Each laminate turn was followed by a layer of
resins and pressed with a metallic roller for compact, as shown in Fig. 5.

Tube specimen Readings Ra [pm] R, [pm] Ry [pm] R [pum]
1 7.73 49.32 10.20 68.86
2 4.83 35.83 6.62 48.83
01 3 5.59 33.25 7.27 50.85
4 7.58 43.21 9.54 50.10
5 6.31 33.02 7.76 49.84
1 6.35 37.40 7.88 52.87
2 9.06 46.68 11.03 65.81
02 3 7.51 41.13 9.28 69.59
4 9.57 54.43 12.26 67.15
5 5.71 42.17 8.32 70.18
1 5.14 32.63 6.68 54.78
2 5.13 35.35 6.77 50.88
03 3 3.99 29.30 5.58 51.61
4 7.28 41.29 9.07 64.68
5 7.27 48.08 9.74 67.55

Table 4: Surface roughness measurements.

Figure 4: Primer Layer.

Figure 5: Pre-impregnated, bi-directional composite.
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Hydrostatic Testing

The hydrostatic tests were performed in the bunker at room temperature condition. The specimen used in the hydrostatic
test is presented in Fig.6. For the hydrostatic test, the Flutrol's Test Pac equipment was used. The pressure was increased
by approximately 1 bat/second and after reaching a certain level, the pressute was maintained for 30 minutes. Then again
raised by 1 bar/second up to next level, until the repair system fails. Load the tube specimen for 30 min at a particular
operating pressure and then increased for next pressure level. Each test shall be monitored by a PID system to record the
test results.

Figure 6: Hydrostatic testing.

RESULTS AND DISCUSSIONS

perimeter. All three through-thickness defect (25%, 50% and 96% of the perimeter) specimens sustained a calculated

design pressure of 4 MPa. The failure pressure of the specimen (i) with a through-thickness defect in 25% of the
perimeter was 9.5 MPa. The tube specimen resisted constant pressure of 3MPa, 6 MPa and 9 MPa for 30 min each for the
specimen with 25% through thickness defect. The tube specimen with a through thickness defect in 50% of the perimeter
resisted constant pressures of 2 MPa, 4 MPa and 6 MPa. However, it fails at higher pressure at 10 MPa. The failure pressure
of the specimen with a through thickness defect in 96% of the perimeter was 8.5 MPa, which is lower than the failure
pressure observed for the other two defects, as expected. Pipe failure was considered when a fluid leaking was observed
between the pipe and the composite or when the pressure dropped suddenly.

T ab. 5 shows the failure pressure by the tube specimen with through thickness defect 25%, 50% and 96% of the

Through thickness defect ~ Through thickness defect Through thickness defect in
in 25 % of the perimeter ~ in 50 % of the perimeter 96 % of the perimeter

Specimen Failure
pressure

9.5 MPa 10 MPa 8.5 MPa

Table 5: Failure pressure in the tests.

It has been observed that the failure pressure of the pipe with a 25% through thickness defect is lower than the one with
higher through thickness defect 50%. The same trend has also been observed by Watanabe Junior et al. [11], pipe fails at
lower pressure for smaller defects than the bigger defect in pipe. It is known from practical applications that to avoid leaking
through a small defect in a pipe, conveying a liquid under high pressure can be sometimes more difficult than in the case of
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a bigger defect. The design of composite repairs must also take into account the strength of the interface adhesion between
composite and metal [33]. The main result is that the repair system can resist to elevated pressures even with a complete
(96%) through-wall defect. Hence this composite repair system can avoid unexpected failure and also premature failure of
the pipe, which help to extend the maintenance deadline. The effectiveness of the repair depends on several factors such
as: the composite properties, thickness and length, the surface preparation, the adhesion between the pipe and composite
layers, etc. Therefore, it is important to study the composite repair performance, subjected to different parameters such as
composite repair material, repair thickness, surface preparation, etc.

CONCLUSIONS

used in the offshore and onshore units, as it is mote suitable and economical than the others maintenance

alternatives. This study evaluates the effectiveness of composite repair on severely corroded circumferential welds
in super duplex stainless steel pipes. This problem can be eliminated using a polymer-based composite system to repair and
reinforce the corroded welds. It is suggested to apply the composite sleeve over the weld bead as a precaution to assure that
pipe can operate safely until the next planned maintenance stop, even in the case of through- thickness corrosion damage.
The present study verified that the polymer-based composite can effectively avoid leaking in the case of through thickness
damage. The present composite repair system sustained the design pressure for the nearly complete (96%) through thickness
defect corroded pipe. The results conclude that this methodology can be used in weld joints presenting damage of through-
wall defects up to 96% of the perimeter of the pipe. Therefore, it can assure the pipe operation during the progression of
the corrosion and also when the through thickness metal loss is verified, if the reinforcement system is used as a preliminary
and additional measure to protect the welds. In addition, it can maintain an adequate level of mechanical strength for a given
operating pressure and can prevent leakage until a planned maintenance of the unit.

T he use of polymer-based composite systems to repair metallic pipes with localized corrosion damage has been widely
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