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Abstract. The aim of this paper is investigate how the UOE process may influence the fatigue crack growth (FCG) rates
of an API 5L X70 PSL2, High Strength Low Alloy (HSLA) steel pipe. The fatigue crack growth rate test parameters and
the geometry of the Compact Tension (CT) specimens were both in accordance to the ASTM E647 standard. Specimens
had been machined from pipe samples taken from 90° and 180° of the longitudinal welded joint, and the Paris-Erdogan
Law has been used to determine the fatigue crack growth parameters C and m for both, 90° and 180° positions. The
results of the fatigue crack growth rate tests showed significant differences between regions situated 90° and 180° of
the welded joint region, which can be potentially related to the steel pipe manufacturing process.
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1. INTRODUCTION

The growing demand for energy resources has driven oil and natural gas exploration to harsh environments,
especially to ultra-deep water (Karampour et al., 2013; Mohtadi-Bonab et al., 2013), and according to Karampour et al.
(2013) it is estimated that approximately one-quarter of the offshore oil production will be in deep water by 2015.
Concerning Brazilian oil and gas industry, in the current scenario most of the country hydrocarbons come from offshore
wells, including the ultra-deep water Basin Pre-salt reservoirs. Brazilian National Agency of Petroleum, Natural Gas
and Biofuels (ANP), which regulates the oil market in Brazil, provides some important perspectives on country oil and
gas exploration. According to the data available in the ANP Biofuels Statistical Yearbook, Brazil had 15.6 billion
barrels of proved oil reserves as of December 31, 2013, of which over 94% are located offshore. Following a similar
trend, almost 85% of the 458 million cubic meters of proved natural gas reserves are located on the seabed (ANP,
2014).

Transporting both unprocessed and processed oil and gas (as well other fluids like lift gases) in deep and ultra-deep
water environment requires long offshore pipes and consequently the design of such structures poses many engineering
challenges that must take into account (COFS, 2012; Karampour et al., 2013). Offshore structural components such as
linepipes for oil and gas exploration are invariably exposed to some type of cyclic loads, which can result in high rates
of fatigue damage (Beden et al., 2012; Beltrdo et al., 2011). These dynamic loads comes from sources like waves,
(including those loads caused by slamming and variable pressures) and specially ocean flow currents, which can lead to
high frequency vibration of the riser pipe due to vortex shedding (Bay 2001; DNV, 2003; Gerwick, 2007).

Although the X80 linepipeline steel has become the state of the art for high pressure gas pipeline, the X70 (also
known as Grade 485) linepipe steel is still widely employed in the world (Jiang and Chen, 2012). APl X70 grade
linepipe steels are formed from individual plates which are shaped into pipes (Sohn et al., 2013). Large diameter and
thick wall linepipes, used in both deep and ultra-deepwater operations, are usually manufactured by the UOE method
(Chatzopoulou et al., 2014; Herynk et al., 2007; Zhao et al., 2013). In this process, the hot-rolled plate edges are first
crimped into circular arcs, then formed into an U-shape in the "U-press", and finally pressed into a circular shape in the
"O-press". After forming the pipe is welded by submerged arc welding, with subsequent mechanical expansion through
a hydraulic mandrel, longitudinally positioned inside the welded pipe, in order to improve its circularity (Herynk et al.,
2007; Toscano, 2009; Wen et al., 2001; Yang et al., 2008). The forming process accentuates the differences between
outer and inner walls properties of pipes due different strains, i.e., tensile strains on the outer wall and compressive
strains on the inner wall. In addition, the manufacturing steps of UOE process also introduce some variation in
properties around the circumference (Sohn et al., 2013, Kyriakides and Corona, 2007).
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Raffo et al. (2007) developed 2D finite element model to simulate the UOE process in order to analyze the influence
of each stage of the process on the material plastic deformations and residual stresses. As can be seen from Raffo et al.
(2007) work, in fact, the UOE process induces a significant gradient strains around the pipe’s circumference.

Historical data have shown that fatigue damage contributes to approximately 90% of all mechanical service failures
(Campbell, 2008). Oil and gas transmission linepipes have proved a good operational reliability (Cosham and Hopkins,
2002). However, like any engineering structure subjected to cyclic loading, linepipes can occasionally fail and fatigue
failure is the most common form of linepipe failure (Arora, et al., 2013; Beden, et al., 2012; Cosham and Hopkins,
2002). In a particular case of cyclic loading, the crack grows under a characteristic behavior called fatigue crack growth
(Dowling, 2007).

Modern defect-tolerant design approaches based on fracture mechanics concepts such as leak-before-break, which is
widely used in structural integrity design of pressure vessel and pipe, has been the subject of many scientific
investigations. The linear elastic fracture mechanics (LEFM) concepts provides a rational basis for establishing flaw
tolerance limits (Anderson, 2005).

The service life or inspection intervals can be estimated from assessment the crack growth behavior under specific
loading conditions and service environment (Campbell, 2008). Under (LEFM) conditions, fatigue crack growth rate can
be characterized by the stress-intensity factor (Anderson, 2005; Campbell, 2008).

Fatigue crack growth rate behavior in high strength low alloy (HSLA) linepipe steels has been a subject of intense
research (Beltrdo, et al., 2007; Beltrdo, et al., 2011; Li, et al., 2014). However, there are very few studies that
investigate the influence of UOE process on fatigue properties.

The aim of this paper is investigate how the UOE process can affect the fatigue crack growth rate. For this purpose,
two specimens had been machined from pipe samples taken from 90° and 180° of the longitudinal welded joint. Results
of fatigue crack propagation experiments were plotted on a log-log graph that relates fatigue crack growth rate (da/dN)
as a function of crack-tip stress-intensity factor range (AK), as can be seen in Figure 1. This typical experimental curve
is characterized by three stages which are generally designated to as stage I, 1l and Il respectively. The prediction of
fatigue crack growth rates were based on Paris law (Paris and Erdogan, 1963).
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Figure 1. A typical fatigue crack growth rate experimental curve (JANSSEN, et al., 2004).
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2. TEST MATERIAL AND EXPERIMENTAL PROCEDURE

2.1 Material

The material used in this study was obtained from an API 5L grade X70! pipe (used for oil and gas transportation)
with 700 mm outside diameter and 15.9 mm wall thickness formed by UOE-SAWL (Submerged Arc-welding
Longitudinal) process. The chemical composition (mass %, determined by optical emission spectroscopy - OES) of API
5L X-70 grade steel and the specification according to the American Petroleum Institute’s (API) standard 5L are shown
in Table 1.

Table 1. Chemical composition of API 5L X-70 grade steel specified by API 5L.

Mass fraction, based upon heat and product analyses Ca_lrbon
. equivalent
Steel Grade % maximum .
% maximum

C Si Mn P S V Nb Ti Other Pcm
API 5L X70 0.12 { 045 | 1.70 | 0.025 | 0.015 @ @ @ ®) 0.25
DNV-0S SMYS 485 | 0.12 | 0.45 | 1.75 | 0.020 | 0.010 | 0.10®@ | 0.08®@ | 0.06 @ ® 0.22

Experimental 5L X70 | 0.10 | 0.16 | 1.34 | 0.008 | 0.0013 | 0.059 | 0.0505 | 0.0078 | matched 0.1984

@ The sum of the Nb, V, and Ti contents shall be < 0.15%. ® Cu <0.50%; Ni < 0.50%; Cr < 0.50%; Mo < 0.50%.

As can be seen from Tab. 1, all alloy elements had measured values below (or close to) the maximum values set by
API standard code.
2.2 Material microstructure
The standard metallographic analysis of APl X70 steel was carried out through sectioning and cutting, mounting,
planar grinding, rough polishing, final polishing, and etching of two samples in 2% nital solution in order to reveal their
microstructures. For metallographic examination, two specimens of the base metal were removed from the pipe. One
from the longitudinal and one from the transverse section were removed with respect to the rolling direction. Both base
metal samples were taken from 180° position of the pipe body. The characterization and classification of the various
ferritic microstructures of base metal was based on ferritic classification system proposed by Bainite Committee of 1S1J.
2.3 Tensile tests
For mechanical property evaluation, tensile test has been performed in transverse direction to the axis of the pipeline
as suggested by API 5L standard (API, 2008). Due to the dimensional characteristics of the pipe (@ 27 '2” x 5/8” wall
thickness), subsized tensile specimens were machined with 25 mm gauge length and 6.25 mm gauge diameter (as per
ASTM A 370) as indicated in Figs. 2(a) and 2(b). Tensile tests were carried out on a 100 kN capacity Instron 8801

servo hydraulic testing machine. All tests were performed under low displacement rate of 1 mm/min at room
temperature. Tensile test specimens were taken from the 90° and 180° position.
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Figure 2. Schematic illustration: (a) geometry and dimensions of sub-size tensile specimens; (b) sub-size tensile
specimens employed in the experiments.

! The API X70 pipe has a minimum specified yield strength of 485 MPa and ultimate tensile strength of 570 MPa,
according to API 5L specifications.
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2.4  Fatigue crack propagation tests

Fatigue crack growth tests in standard compact-type C(T) specimens were carried out in the base metal machined
from 90° and 180° at the welded joint as shown in Figure 3(a). The dimensions and configuration of C(T) specimens
according to the ASTM E399-12 are shown in Figure 3(b). All C(T) specimens were machined C-L orientation,
according to ASTM standard procedure E399-12, (where C is the circumferential and L is the longitudinal direction). It
should be point out that, all C(T) specimens were taken from the same pipe ring.
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Figure 3. (a) Location and orientation of the fatigue crack growth rate testing (out of scale); (b) standard compact C(T)
specimen dimension (mm).

Following machining by electro-discharge, the specimens have been precracked under fatigue loading using
sinusoidal waveform at room temperature in an Instron model 8801 servo hydraulic testing machine according to
ASTM E647-08 guideline. After the precracking, the fatigue crack growth tests have been carried out in atmospheric air
and room temperature in the same machine. The fatigue crack growth tests were in accordance to ASTM E647, and
have been carried out under constant amplitude cyclic loading with a sinusoidal wave form at a frequency of 10 Hz, a
load ratio (R = Pmin/Pmax) 0f 0.1 and a load range AP = 8.1 kN. The crack length measurement was monitored by the
compliance technique employing a back face strain gauge extensometer with a 10 mm gauge length. The resulting
fatigue crack growth data were reported by means of a-N graph and FCG rate da/dN was represented graphically as a
function of the stress-intensity factor range, AK, to determine the Paris Law constants, i.e., crack growth rate parameters
C and m. According to the ASTM E647-08 standard for C(T) specimens, the stress-intensity factor range (AK), which is
calculated from expressions based on linear elastic stress analysis at the crack tip, can be determined from the following
expression:

AP (24a) B 5 - .
ﬁK - BAW ':1—1'1}5"'5 [DBBE + 4645‘ 13325{: + 14?2&! 56&: :] (1)

where, AP is the load range, B the specimen thickness, W the distance between point of load application and free
boundary [see Fig. 3(b)], and a= a/W, which is valid for a/W > 0.2.
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3. RESULTS AND DISCUSSIONS
3.1 Material microstructure

Figures 4(a) and 4(b) shows the microstructure on the longitudinal and transverse direction in relation to the rolling
direction, respectively.

&IA«

Figure 4. Microstructure of the API 5L X70 pipeline steel: (a) longitudinal section (500x) (b) transverse section (500x).

From the observation by optical microscope, the microstructure of the APl X70 linepipe steel is essentially
composed by typical ferritic-pearlitic microstructure of normalized steel. Note also that the ferrite forms with a variety
of morphologies. According to system proposed by Bainite Committee of ISIJ (Araki, et al., 1992), the ferrite
morphologies shown in Figure 4 consists of polygonal ferrite (PF) and quasi-polygonal ferrite (QF). In addition, it can
be noticed that the microstructure is dominated by ferrite phase due to a low carbon content, as can be seen from Table
1. According to Krauss (2005), the PF grains have equiaxed and continuous boundaries, and the QF grains have
irregular and jagged boundaries.

3.2 Tensile tests
The mechanical properties of API X70 steel obtained from pipeline transverse specimens, in accordance with ASTM
A 370, are set out in Table 2. As can be seen from this data, according to the specification of API 5L 44™ all the

specimens tested in present study satisfy the requirement of X70 grade pipeline.

Table 2. Room-temperature tensile properties of API 5L X70 steel in the transverse direction.

Pipe grade Tensile properties
Yield Strength (YS) [MPa] | Tensile Strength (TS) [MPa] | Yield Ratio (YS/TS)
180° 90° 180° 90° 180° 90°
L485Q or X70Q - Myzin "T"Max. | Min. | Max. | Min. | Max. | Min. | Max. Max. Max.
L485M or X70M
485 | 635 © © 570 | 760 © © 0.93 ©
Specimen 1 553.78 498.54 608.81 554.65 0.90 0.90
Specimen 2 563.46 500.95 613.83 566.40 0.91 0.88
Specimen 3 558.46 502.98 610.80 559.64 0.91 0.90
Mean values 558.57 500.82 611.15 560.23 0.91 0.89
Standard deviation 4.84 2.22 2.53 5.90 0.01 0.01

° The requirements for the results of tensile tests for specimens taken longitudinally from the pipe body 90° from
the seam weld are not specified by API Specification 5L.
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3.3 FCP Tests

Figure 5 shows the fatigue crack growth as a function of number of cycles (N) for the base metal 90° and base
metal 180°. According to the results, it can be noticed that there is a clear difference between crack growth when both
positions are compared. The specimens, which had been taken from the 180 ° position, have endured around 25% more
cycles before the fracture when compared to the specimens taken from the 90° position.
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Figure 5. Crack length (a) as a function of cycles (N). Figure 6. Fatigue crack growth rates curves.

The experimental data of da/dN versus AK are show in Figure 6. Concerning fatigue crack growth rates curves,
there are also noticeable differences between both positions for all the three stages of the crack growth rate. As can be
seen in Figure 6, the stress intensity near threshold (AKw), which is at the lower end of the AK range, is well
distinguished. The threshold region defines a critical stress intensity below which fatigue crack growth is not detectable.
Concerning Region I, it is noticed that specimens taken from the 180° position showed a tendency towards higher value
of AKw, when compared to the specimens taken from the 90° position. In the mid-region of stress intensities (Region 1)
for both positions, the log da/dN versus log AK curve show an essentially linear and stable behavior. The stress
intensities data of region Il were modeled according to the Paris Law (Paris and Erdogan, 1963), where the FCG rate,
da/dN, is described in terms of the stress intensity range AK according to the following relationship:

da __ m
2 = c(aK) 2

where C and m are experimental values obtained from fitting curve.
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Figure 7. Fitting of mid-region (region Il) with a Paris law.
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Using the results of Figure 7, when Region Il is analyzed, it can be noticed that specimens taken from the 180°
exhibits a higher value of m, which would suggest that a crack should grow faster in this position when it is compared
to the 90° position. However, the parameter C is two orders of magnitude lower for the 180° position which may
compensate its highest value of m. It should be emphasized that the steady state region (stage 1) of fatigue crack growth
is one of the most important parameter in damage tolerant design philosophy (Ribeiro et al., 2005). Furthermore, the
results show a tendency of the crack growth rate dependency upon the difference between mechanical properties of
different locations around the pipe circumference. In this case, the tensile test specimens and C(T) specimen taken from
the pipe body 90° from the seam weld show low yield stress and the higher FCG rate, respectively. Such an approach,
however, it requires a more detailed study to investigate the influence of variations in mechanical properties around the
circumference of the tube on the fatigue crack growth rates.

In complement, it can be noticed that there is a good fit between the test curves and the linear fit, with a value of R2
of 0.99 for the 90° position specimen and of 0.99 for the specimen taken from the 180° position. As the crack advances
and enters in Region Ill, it can be noticed that the values of AKc is slightly higher for the 90° position, thus the
specimens which had been taken from this position have failed some cycles before the ones that had been taken from
180° position.

4. CONCLUSIONS

In this work, a study of crack growth rate in different positions of an APIL 5L X70 steel pipe has been made.
According to obtained results, it can be noticed that there are significant differences between the crack growth rates
between samples taken from 90° and 180° from the welded joint. Differences in the AK near threshold and AKc values,
when 90° and 180° positions are compared, suggest that the UOE process impacts in the fatigue properties of the steel
plates. The base metal 90° position initially presented the highest fatigue crack growth rate. However, at higher AK
values both metal pipe positions show similar fatigue behavior. For this, a fatigue fracture is expected to happen early in
the 90° position, which is much more affected by the UOE forming, when it is compared to the 180° position, which in
terms of strain is much closer than the base material. However, it can be noticed that the values of m for the 180°
position are higher than the ones observed in the 90° position. This suggests that a crack will grow faster in the 180°
position, and this should lead to a fracture before the 90° position, due the power law nature of the Paris-Erdogan
equation. Although, the values of C are two orders of magnitude lower for the 180° position, which apparently
compensate its higher values of m.
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