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A critical assessment has been made for the electric resistance welded API-J55 and P110 steel
pipes to clarify the metallurgical factors crucial to the occurrence of welding defects. Electric
resistance welding (ERW) is widely accepted due to its low cost and high efficiency of pro-
duction as a conventional manufacturing technology for the steel pipes. However, ERW pipes
are vulnerable to the defect formation because its welding zone has different characteristics
compared to the base material. It has been found that there were two major crack types in the
investigated steels: surface crack and hook crack (J-shaped crack). Macroscopic examinations
suggested that the causes and occurrences of the cracks were distinct among the investigated
steels. The small surface cracks were largely occurred in the API-J55 steel pipes. The mi-
crostructure in the vicinity of crack was identical to the matrix, but it was found that the
formation of the surface cracks was attributed to the sulfur and oxide inclusions. The energy
dispersive X-ray spectroscopy (EDS) analysis showed that the cracks were associated with
hydrogen and clusters of complex oxide inclusions with calcium such as Al-Ca-O and Fe-Ca-O.
Moreover, sulfur was found to be the major culprit for the surface crack formation in the
statistical evaluation. On the other hand, most of the hook cracks were large in size and
occurred in the API-P110 steel pipes even though the sulfur level was very low, where the
phosphorous was critical to the occurrence of hook crack. Although the EDS analysis showed
the similar oxides compared to the case of surface cracks, B and P segregation were found in
secondary ion mass spectrometry and electron probe micro analyzer analyses. In the vicinity of
the hook cracks, martensite (locally hardened microstructure) was formed because the segre-
gation enhances the hardenability. Eventually, the crack propagates along the martensite which
was the band of ferrite and pearlite. It is postulated that the hook crack in API-P110 steel pipes
is initiated from the oxides with hydrogen and propagated along the banded microstructure with
the prior austenite grain boundaries where culprit elements can be segregated.
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I. INTRODUCTION

ERW is widely accepted due to its low cost and
high efficiency of production as a conventional
manufacturing technology for the steel pipes. In par-
ticular, ERW steel pipes with high performance and low
cost for Oil Country Tubular Goods (OCTG) are
strongly demanding due to an increase in mining depth
and a pullback in natural gas prices.[1,2] However, ERW
steel pipes are vulnerable to the defect formation
because its welding zone has different characteristics
compared to the base material. This limits the applica-
tion possibility of ERW steel pipes and has become a
major concern.[3–7] In this study, a critical assessment

has been made for the electric resistance welded
American Petroleum Institute (API) J55 and P110 steel
pipes to clarify the metallurgical factors crucial to the
occurrence of welding defects. Various J55 and P110
steel pipes with different sulfur and phosphorous con-
tents were investigated to explore the effect of sulfur and
phosphorous on the defect formation. The experimental
analysis for oxide inclusions, finite element analysis for
effective stress, and statistical evaluation for defect
occurrences have been conducted in order to reveal
detailed information on the mechanism of crack forma-
tion and propagation.

II. EXPERIMENTAL TECHNIQUE

The chemical compositions and processing variables
of the steel sheets are listed in Table I. The slabs were
subjected to austenitization [T> 1373 K (1100 �C)] and
hot-rolled above the Ar3, the temperature at which
austenite begins to transform into ferrite during cooling.
Then the steel sheets were manufactured as ERW steel
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pipes. Detailed descriptions for ERW process can be
found elsewhere.[8–10] Processing conditions of ERW
were maintained the same during pipes manufacturing.
After the ERW process, P110 steel pipes underwent
additional heat treatments, for example, full body
normalizing (austenitizing), quenching, and tempering
processes to achieve the required mechanical properties
as shown in Figure 1(b), where API-J55 does not need
the heat treatment. Please note that tempering tem-
perature and time can be varied according to thickness
of pipes and limitation of facilities. The defects in the
pipes were revealed using ordinary ultrasonic inspection
after the ERW process and before the additional heat
treatment since the heat treatment cannot fix the defects
already established in the ERW process.[11] All the
chemical composition and processing conditions meet
the API-5CT specification.[12] The final thicknesses of
the steel sheets and outside diameters (OD) of steel pipes
were diversified to elucidate the relationship between
thickness over OD of pipe (T/D) and defect arrestability
(final thickness: <12 mm, OD: 4 to 16 in.) since T/D
can be used as the index to represent the amount of
plastic deformation given in the pipes. Also, the effect of
phosphorous and sulfur on the defect arrestability in
welding has been assessed by statistical evaluation.

Finite element analyses (FEA) using ABAQUS com-
mercial software[13] were carried out in order to inves-
tigate the effect of T/D and effective stress on the crack
arrestability. The properties of the materials for the
analyses are listed in Table II. Note that T/D for LTD55

was actually 4.82, but 4.92 pct was used in the simula-
tion to compare with LTD110. Ludwik’s equation
r = r0+Ken with n = 0.3 was used to apply the work
hardening effect during analyses, where r is the stress, r0
is the yield stress, K is the strength coefficient, e is the
strain, and n is the strain hardening exponent. Figure 2
shows the pipe forming during the simulation. Addi-
tional conditions for the numerical analyses can be
found in Reference 14. Furthermore, residual stress in a
steel pipe was measured using instrumented indentation
technique.[15] The reference sample was collected from
the steel sheet to evaluate the relative residual stress in
the steel pipe.
Microstructural studies were carried out using optical

and scanning electron microscopy (SEM). The samples
were prepared by polishing and etching using 2 pct nital.
Samples were mechanically polished with colloidal silica
in the final polishing stage for inclusion detection and
chemical composition/segregation analyses in the vici-
nity of defects using energy dispersive X-ray spec-
troscopy (EDS), secondary ion mass spectrometry
(SIMS), and electron probe micro analyzer (EPMA).
The fraction of microstructural constituents was
evaluated using an image analysis software.
Thermal desorption spectroscopy (TDS) with gas

chromatography was conducted at constant heating
rates of 100 K h�1 (100 �C h�1) to a maximum tem-
perature of 573 K (300 �C). The samples for TDS were
cut from base material and welding zone with/without
defect formation in the J55 steel pipes and P110 steel

Table I. Chemical Compositions (Weight Percent) and Thermomechanical Processing Variables

C Mn Si Cr+Mo+V Ni+Cu Nb+Ti+Al N B P S

API-J55 <0.3 <2.0 0.20 <0.03 <0.03 <0.05 <0.008 — 0 to 0.02 0 to 0.003
API-P110 <0.1 <0.003
Reheating temperature 1373 K to 1453 K (1100 �C to 1180 �C)
Start cooling temperature above Ar3
Finish rolling temperature above Ar3
Coiling temperature >773 K (500 �C)
Final thickness <12 mm

Ar3 represents the temperature at which austenite begins to decompose during cooling. Please note that the exact chemical compositions and
processing variables are proprietary information.

Fig. 1—(a) Requirements of mechanical properties in API-5CT specification.[15] Please note that there are no maximum limitations of tensile
strength in the specification but here we add the maximum lines for the clarity, and (b) A schematic diagram of the additional heat treatment for
API-P110. The duration times for austenitizing and tempering can be diversified according to the target temperatures.
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pipes before the additional heat treatment. Because of
the additional heat treatment can diffuse out all the
hydrogen in the specimen, it is not necessary to measure
the hydrogen contents for the P110 steel pipes after the
heat treatment. Since the experiment should be con-
ducted immediately after the pipe forming process in
order to avoid dissipation of diffusible hydrogen
contents, a single measurement was taken due to the
limitation of specimen preparations for each case (base
and welding zone with/without crack in J55 and P110).
The size of specimen was 75 mm 9 12 mm 9 thickness.
The sample gas was analyzed at 5 minutes intervals
using helium as a carrier gas when a standard mixture
He+10.2 volume ppm of H2 was used for the calibra-
tion. Desorption rate was defined as the amount of
hydrogen evolved in 1 minute per gram of the speci-
men.

Mechanical properties were evaluated by tensile,
Charpy, and hardness tests. Multiple measurements
were performed for obtaining the mechanical properties
(3 times for tensile test, 3 times for Charpy test, and
more than 10 times for hardness test). Tensile specimens
were machined according to the flat-test specimen
ASTM E8 standard with gage length of 50.8 mm. The
experiments were conducted at room temperature, using
crosshead speed of 3.6 mm min�1 (strain rate ap-
proximation 0.001 s�1). Tensile tests were conducted
that Charpy specimens were machined according to the
ASTM A370 standard, Charpy V-notched specimens.
The sizes of Charpy specimens were varied according to
the thicknesses of steel sheets/pipes, and the observed
energy of sub-sized specimen was converted into the
energy for full-sized specimen according to the absorbed
energy reduction factor of API-5CT specification (1.0

Fig. 2—Pipe forming during simulation.

Table II. Mechanical Properties of the Investigated Steel Pipes

Designation
Yield Strength

(MPa)
Tensile Strength

(MPa)
Elongation

(pct)
Thickness
(mm)

OD
(mm) t/D (pct)

J55 HTD55 500 660 27.5 5.51 73 7.6
LTD55 6.74 139.7 4.92

P110 HTD110 450 660 30 10.54 139.7 7.6
LTD110 9.53 193.7 4.92
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for full-sized, 0.80 for � sub-sized, 0.55 for ½ sub-
sized).[12] Hardness tests were carried out with various
loads and dwell times in order to ensure accurate
hardness value. Eventually, macroscopic tests were
conducted with a load of 0.5 kgf and dwell time of
10 seconds. Microscopic tests were also conducted with
a load of 50 gf and dwell time of 10 seconds to
discriminate microstructural constituents such as ferrite,
pearlite, and martensite in the investigated steels.

III. RESULTS AND DISCUSSION

A. Microstructure and Mechanical Properties

The microstructure of API-J55 steel sheets with
different phosphorous and sulfide contents in Table I
is typical ferritic-pearlitic as shown in Figure 3(a). The
fractions of the ferrite and pearlite are approximately
1:1. After the ERW process, the microstructure of the
base material had not been changed, but the welding line
showed allotriomorphic ferrite mostly (white area)[16]

due to the decarburization[17] during welding as shown
in Figures 3(b) and (c). Allotriomorphic ferrite is
sometimes referred to as ‘proeutectoid ferrite’ (also
grain boundary ferrite or polygonal ferrite), but the
latter is a more general term, and its diffusional
mechanism of formation remains it with a relatively
small dislocation density, and as a result, each grain of
such ferrite is free from large distortions and has a
uniform crystallographic orientation.[19] API-

P110 showed the same microstructure with API-J55 be-
fore and after the ERW process as shown in Figures 4(a)
and (b), but it was changed to tempered martensite
according to the additional heat treatment as shown in
Figures 4(c) and (d). Mechanical properties of J55 and
P110 steel pipes in Table III meet the requirement of
API specification as shown in Figure 1(a).

B. Defects

The welding region of J55 and P110 steel pipes was
investigated using ultrasonic inspection[11,12] after the
ERW process, and Figure 5 illustrates the percentage
fractions of important defects types found. Most of the
defectswere revealed as hook crack and surface crack. It is
interesting to note that the most of the hook crack were
found in P110 steel pipes when the most of the surface
cracks were majority in J55 steel pipes. Figure 6 shows
the optical micrographs of cross sections of surface and
hook cracks. The surface crack is relatively small, and the
hook crack is very huge. Although there is a possibility
that the crack was originated from the inadequate ERW
process, such as scratch occurred in cutting of the welding
flash resulting from the pressure during welding,[18] we
concentrate on the metallurgical factors here.

1. The surface crack in J55
The surface crack in J55 was formed relatively far

from the welding line but in HAZ. The size of heat
affected zone (HAZ) was approximately 2 mm, and
most of the cracks were found in the edge of HAZ. This

Fig. 3—Optical micrographs in API-J55: (a) microstructure of steel sheet before ERW process, (b) decarburized welding line, and (c) allotri-
omorphic ferrite in welding line after ERW process, indicated as (c) in the (b).
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implies that inhomogeneity between matrix and HAZ
was the latent cause of the crack formation. However,
the microstructure in the vicinity of the crack was
identical to the matrix as shown in Figure 6(a), but it
was found that the formation of the cracks was
attributed to oxide inclusions. The EDS analysis showed
that the cracks were associated with clusters of complex

oxide inclusions with calcium such as Al-Ca-O and Fe-
Ca-O as shown in Figures 7(a) and (b). Generally, oxide
inclusion is detrimental to the properties of material,[19]

since it serves to concentrate stress and nucleate voids.
Furthermore, the material experienced bending strain
up to 5 pct and longitudinal strain up to 3 pct coming
from the pass line change for the sake of pipe forming
during the ERW pipe forming.[20] In particular, there
should be tensile deformation in the outside surface area
of the pipe. This is the reason why the crack is formed
outside of the pipes normally. The formation of voids
causes crack initiation in the vicinity of the oxide
inclusions, and subsequently, the crack propagates
toward the outer surface because of the tensile stress
in the circumferential direction on the outside of pipes
during pipe forming. In particular, cracks are mostly
occurred in welding region due to the additional tensile
residual stress imposed on welding region during weld-
ing process.

Fig. 4—Micrographs in API-P110: optical micrograph of (a) steel sheet before ERW process and (b) optical micrograph of decarburized zone
after ERW process, (c) optical micrograph, and (d) scanning electron micrograph of steel pipe after the heat treatment.

Table III. Mechanical Properties of the Investigated Steel Pipes

Yield Strength
(MPa)

Tensile Strength
(MPa)

Elongation
(pct)

Charpy
Toughness (J)

Hardness
(HV)

Thickness
(mm) OD (in.)

J55 <12 4 to 16
After ERW 582 ± 9 680 ± 5 28.0 ± 0.3 144 ± 7 215 ± 6

P110
After ERW 582 ± 8 683 ± 7 27.6 ± 0.3 156 ± 11 220 ± 6
After Q&T 880 ± 27 985 ± 20 19.2+1.4 78 ± 4 294

Fig. 5—Percentage fractions of defects types found in the investigat-
ed steel pipes.
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2. The hook crack in P110
The hook crack is known to be the most critical defect

detected in the pipeline steel pipes.[21] The hook crack in
P110 was formed near to the welding line compared to
the surface crack. The propagation path of the crack
coincides with banded microstructure of the ferrite and
pearlite, especially quarter of the thickness. Also, similar
oxides were found in the crack as shown in Figures 7(c).
The microstructure near the crack is totally different
from base material as shown in Figures 6(b) and 8.
Along the crack propagation, martensite is observed
with higher hardness when the base material shows
ferrite-pearlite microstructure with lower hardness as

shown in Figure 8(b). This means that hardenability in
the vicinity of the crack is higher than the base material.
Figure 9 shows the results of SIMS analyses. Segre-

gation of C, B, and Mn was revealed in the crack
propagation path. Furthermore, segregation of P and S
was also observed from the EPMA analyses as shown in
Figure 10. Segregation of P at grain boundaries could be
a rejection from growing carbides.[22] In addition, except
S, it is well known that other segregated elements can
enhance the hardenability.[22,23] However, segregation of
C and Mn was found in the J55 steel pipes. Therefore,
the segregation, especially for the boron, markedly
retards the ferrite reaction[22] and consequently im-

Fig. 6—Optical micrographs of cross sections of (a) surface and (b) hook cracks. Note that the hook crack cannot be presented fully due to its
enormous size.

Fig. 7—Clusters of complex oxide inclusions with calcium, (a) Al-Ca-O, and (b) Fe-Ca-O in surface cracks of J55 and (c) oxides in hook crack
of P110.
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Fig. 8—Hardness in the vicinity of hook crack. Along the crack propagation, martensite is observed with higher hardness when the base materi-
al shows ferrite-pearlite microstructure with lower hardness. F+P stands for ferrite+pearlite.

Fig. 9—SIMS results for (a) base material and (b) the hook crack. Segregation of B, C, and Mn is observed in the hook crack. Note that the
hook crack is identical to Fig. 8(a).

Fig. 10—EPMA results for hook crack, (a) phosphorus and (b) sulfur.
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proved the hardenability. Therefore, it leads the locally
hardened microstructure which coincides with the band-
ed microstructure. It is interesting to say that phospho-
rous and boron were both segregated in the vicinity of
the crack although boron is known to suppress the
segregation of phosphorous due to its own segregation

on the prior austenite grain boundaries.[24] Presumably,
boron segregated in the prior austenite grain boundaries
first, and then phosphorous segregated in the bound-
aries and grains near the boundaries and stabilized the
prior austenite grains, which resulted in the enhance-
ment of hardenability. In common with the surface
crack, the oxide inclusions led crack initiation and then
the crack propagated along the hardened region with the
prior austenite grain boundaries in welding region under
tensile residual stress, which is vulnerable to the crack
propagation. Finally, the crack became larger.

C. Diffusible Hydrogen Content and Effective Stress in
the Welding Region

The oxide inclusions actually can be found in any-
where in the steel pipes. However, the cracks related to
the inclusions were normally found in the welding zone
in present study. Indeed, there are more points which
should be considered, such as effective stress and
hydrogen in the welding zone. It is widely accepted that
the presence of hydrogen in steels is deleterious to
properties. Even very small contents of hydrogen
(<2 ppmw) can be detrimental.[22,23,25] Since the diffu-
sivity of the hydrogen in ferritic (BCC) steels is high
enough, hydrogen can be accommodated in the trap site
easily[26,27] and result in rupture. Chapetti et al. reported
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that the lower bainitic or martensitic weld metal is
marginally susceptible to hydrogen embrittlement in
ERW X46 linepipe steels,[6] but hydrogen in welding
region is related to the degradation of mechanical
properties.[28, 29] With reasonable doubts, we evaluated
the diffusible hydrogen contents in the investigated steel
pipes. Figure 11 shows the TDS[27] results. The samples
from pipes without crack show smaller amount of

hydrogen both in base material and welding zone,
compared to the samples from pipes with crack.
Although absolute amounts of hydrogen contents are
very small (<1 ppmw), it shows the different order of
magnitude between the cases. To confirm the differ-
ences of hydrogen contents between pipes with or
without crack, TDS analyses were conducted for the
two samples that the one selected from the base
material without crack and the other from the welding
zone with crack in J55 steel pipes. It was expected that
hydrogen contents measured in both samples should be
similar and show same order of magnitude after the
second TDS experiment since the diffusible hydrogen
must be diffused out during the first TDS experiment.
After the second TDS, the hydrogen contents for
samples from base material without crack and welding
zone with crack were measured as 0.014 and
0.031 ppmw, respectively. It implies that the amount
of diffusible hydrogen contents in the welding zone of
ERW steel pipes would be the critical culprit for the
crack initiation in the vicinity of oxide inclusions as
discussed above.[26,27] However, it still needs much
more detailed studies to determine the critical limit for
diffusible hydrogen contents in the ERW steel pipes.
Besides the hydrogen contents, residual stress in the

welding zone is important for the defects formation.
Actually, when the stress is implemented, hydrogen
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diffusivity is effectively increased,[30] and defects will be
formed easily. This means that the pipe forming and
welding processes promote hydrogen embrittlement on
thewelding zone. In order to evaluate the effective stresses
in the pipes, FEA were conducted for 4 cases as listed in
Table II and the simulation results are represented in
Figure 12. As expected, the higher the T/D, the higher the
effective stress at all the directions in both J55 and P110
pipes. Especially, the effective stress in the welding zone
(0 deg in the graph) is much higher than other positions.
This is one of the reasons that the welding zone is
vulnerable to the defect formation. Figure 13 shows the
comparison among the steel pipes. It is worth noting that
identical values of T/D induce similar effective stresses
although they have different mechanical properties,
thickness, and ODs. This implies that the T/D is critical
to the effective stress in the pipe forming.

In order to specify the critical juncture of defect
formation, residual stresses were measured during ERW
processes. ERW process can be divided into several
steps: forming, welding, seam heat treatment, and
sizing.[9] The residual stresses were evaluated at each

step in the process. Figure 14 shows the residual stresses
in each step. The tensile residual stress was observed in
the welding zone after welding step only. This indicates
that the defect was formed just after the welding step.
Note that the residual stress cannot be measured in
0 deg after forming since the edges of pipe are not
connected yet.

D. Statistical Analysis

In the practical point of view, statistical analysis is a
powerful tool to account for the real complexity of
actual practices. It is helpful to determine the critical
factors for the pipe integrity in terms of manufacturing.
We have investigated over 250,000 pipes manufactured
in industry during 6 months and collected the pipe
inspection results. Data were gathered using an auto-
matic computerized system attached to the ultrasonic
inspection facility. The minimum detectable size of
defect was approximately 0.1 mm. Figure 15 shows the
results of the statistical analyses for the data collected.
In J55 steel pipes, sulfur is found to be the most critical
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Fig. 16—MnS found near the crack tip in J55 steel pipes.
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factor for the defect rate of pipes when P does not show
any impact (Figure 15(a)). This is interesting result since
the sulfur level (<30 ppm in this study) is already very
low for occurring defects.[31,32] However, MnS was
found near the crack tip as shown in Figure 16.
Presumably MnS also has a role for the crack forma-
tion, and the less the sulfur, the less the sulfide-
associated defect.[32] On the other hand, phosphorous
is appeared to be the most critical factor for the defect
rate of P110 pipes (Figure 15(b)). As discussed above,
segregation of P and B enhanced the hardenability of the
steel pipes, and it helps the crack formation. It is worth
noting that the T/D shows no importance here as shown
in Figure 15(a). Although the higher T/D can induce
higher effective stress as discussed above, the effective
stress cannot be the main culprit for the defect forma-
tion. Its role might be ancillary. Thus, in order to reduce
the failure rate, level of sulfur and phosphorous should
be managed as discussed.

IV. CONCLUSIONS

Several metallurgical factors for the defect formation
have been studied in two ERW API steel pipes. The
work shows that two important crack types: the
surface crack and hook crack, exist in the investigated
steel pipes. It can be postulated that the cracks have
formed after the welding step with tensile residual
stress in ERW, and the inclusion, diffusible hydrogen,
and effective stress are involved with the initiation of
the cracks. However, the surface crack cannot propa-
gate in a long distance since the microstructure in the
vicinity of crack is identical to the base material and
successfully might it retard the propagation. On the

other hand, the microstructure in the vicinity of hook
crack is changed to martensite after the welding due to
the increased hardenability with segregations of B, P,
and S. It promotes the crack propagation and results in
the huge crack. Mechanisms of the crack formation
can be deducted from the discussions as shown in
Figure 17.
Furthermore, statistical analyses for data collected

from industry have been carried out in order to provide
a simple way to avoid defects in actual manufacturing. S
is found to be important culprit for the J55 steel pipes
when P is responsible for P110 steel pipes. Interestingly,
the importance of high T/D cannot be sustained for the
defective products from the analyses. This implies that
the metallurgical factors such as S, P, and H are
important culprits for the defect formations.
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Fig. 17—Schematic diagram for the defect formations in this study.
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