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The production of American Petroleum Institute (API) class steels using the traditional controlled rolling
route rather than the process involving accelerated cooling necessitates a careful adjustment of steel
composition associated with the optimization of the rolling schedule for the deformation and phase
transformation characteristics of these modified alloys. The current work presents a study of two, NbCr
and NbCrMo, steel systems. The microstructure obtained is correlated not only with the resulting mechan-
ical properties, but also with the weldability and resistance to damage in the aggressive environments to
which the materials are exposed. The evaluation of the steels was undertaken at two stages along the
production route, sampling the material as plate and as tubular product, according to the API 5L 2000
standard. Tensile testing, Charpy-V impact testing, and hardness measurements were used to determine
the mechanical properties, and microstructural characterization was performed by optical and scanning
electron microscopy. The results showed that it was possible to obtain good impact properties, for both
steels, in plate and tube formats. The Charpy-V impact energy, measured at —20 °C from 100 to 250 J
corresponds to a toughness level above that required by the API 5L 2000 standard, which specifies 68
to 101 J at O °C. The yield strength (YS) to ultimate tensile strength (UTS) ratio was determined to be
0.8, the API standard establishing a maximum limit of 0.93. Both of the alloys investigated exhibited a
bainitic microstructure and were successfully processed to fabricate tubular products by the “UOE” (bend-
ing in “U”, closing in “O,” and expanding “E”) route. With regard to weldability, the two experimental
steels exhibited a heat-affected zone (HAZ) for which toughness levels (using the temperature associated
with a 100 J impact energy as a base for comparison) were higher than those for both the base metal
(BM) and the weld metal (WM) itself. In order to perform the evaluation of the behavior of the steels
in an aggressive environment, more specifically their resistance to the deleterious effects of H,S, slow
strain rate tests (SSRTs) were carried out, immersing the samples in a sodium thiosulfate solution dur-
ing the tests. Though no secondary cracking was observed in the test samples, the ductility levels mea-
sured were lower than those for the same materials tested in air. Constant load tests were also conducted
according to the standard NACE conditions. Despite the more aggressive nature of the test solution in
these cases, no samples of either steel suffered failure.

I. INTRODUCTION

THE significant economic advantages of transporting crude
oil and gas by pipeline has led not only to a growing demand
for extensive pipeline networks, but also a need to increase
the capacity of the existing ones. Such an increase in capac-
ity necessitates the installation of larger diameter pipes and
higher operating pressures, and consequently requires the use
of thicker walled pipes or higher strength steels.

Increasing the strength of the pipeline material used can
permit a significant reduction in wall thickness, thereby result-
ing in economic benefits due to the reduction in overall weight.
Such savings are especially important for pipeline construc-
tion in remote locations, where any weight reduction can be
critical in reducing basic costs such as those associated with
transport and manipulation during construction and welding.

IVANI DE S. BOTT, Associate Professor, is with the DCMM/PUC-Rio,
Rio de Janeiro-RJ, 22453-900 Brazil. Contact e-mail: bott@dcmm.puc-rio.br
LUIS F.G. DE SOUZA, Adjunct Professor, is with the DEPMC/CEFET-RJ,
Rio de Janeiro-RJ, 20271-110 Brazil. JOSE C.G. TEIXEIRA, Senior Engi-
neer, is with the PETROBRAS/CEN PES, Rio de Janeiro-RJ, 21949-900 Brazil.
PAULO R. RIOS, Professor, is with the UFF/EEIMVR, 420, Volta Redonda-RJ,
27255-125 Brazil.

Manuscript submitted December 22, 2003.

METALLURGICAL AND MATERIALS TRANSACTIONS A

A particularly important advance in the development of
pipeline steels occurred in the 1970s with the introduction of
thermomechanical processing to substitute for the traditional
heat treatment production routes. This was the basis for the
manufacture of X-70 steels, which soon became the industry
standard for pipeline construction.!!!

The subsequent introduction of accelerated cooling after
controlled rolling led to the possibility of producing steels
with even higher strength levels.”?! The American Petro-
leum Institute (API) X-80 steels, though to date used little
in Brazil, have been very successfully exploited worldwide
in pipeline construction. These steels have been manufac-
tured using a production route, which includes accelerated
cooling at cooling rates of 15 to 20 °C/s until reaching a
temperature of around 550 °C, after which air cooling is used.
In Brazil, the production of API class steels using the tradi-
tional controlled rolling route, rather than the process involv-
ing accelerated cooling, necessitates a careful adjustment of
steel composition associated with the optimization of the
rolling schedule for the deformation and phase transforma-
tion characteristics of these modified alloys.

This work examines the feasibility of exploiting two steels
produced without accelerated cooling in pipeline applica-
tions. The microstructure-toughness relationship of the steel
as plate, tube, and longitudinal welded joint was evaluated.
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The effect of an aggressive environment on the body pipe
was also studied.

II. WELDABILITY

The “UOE” (bending in “U”, closing in “O,” and expand-
ing “E”) pipeline fabrication process involves internal and
external longitudinal submerged arc welding using the Tan-
dem technique. This process results in high heat input. When
applied to high-strength steels, this process can lead to heat-
affected zone (HAZ) softening, though not necessarily a
reduction in strength of the welded joint."!

The weldability, formability, and fracture toughness
requirements for typical pipeline steels led to the necessity
of maintaining a particularly low volume fraction of non-
metallic inclusions, which should be small and globular,
which in turn demands low oxygen and sulfur contents. The
established practice of aluminum-based deoxidation proce-
dures removes the majority of the oxygen from the melt in
the form of oxides. Some aluminum, however, remains in
the steel, and that which is not precipitated as alumina can
be exploited as a grain refining agent, when appropriately
precipitated as nitride. The precipitates, which effectively
influence the final microstructure and properties of these
steels, are those formed during the hot working procedures
themselves, or on subsequent heat treatment.

For a typical X-80 composition (all compositions in this
article are in weight percent) of 0.08 pct C and 1.50 pct Mn,
the resulting microstructure of the commercial alloys is one
containing ferrite and bainite. In order to increase the strength
without significant losses in toughness, a high volume frac-
tion of bainite is desirable. This is obtained, in practice, by
increasing the hardenability of the material through the addi-
tion of alloying elements such as Mn, Mo, and Ni, which
effectively retard the y — «a transformation.™

It should be remembered, however, that the excellent com-
bination of strength and toughness exhibited by modern
bainitic-ferritic microalloyed steels produced by controlled
rolling can be significantly degraded by the thermal cycles
imposed during the fabrication of the final pipeline product
and its on-site assembly for service. Welding processes impose
such cycles and can lead to local brittle zones in the HAZ,
more specifically in the intercritical coarse grain region.!>®!

In order to counteract such effects, especially the potential
loss of toughness of the HAZ, steel producers must take into
account the effect of such postrolling processing from the out-
set, when designing their steel’s composition. Small additions
of Nb (of the order of 0.02 pct) can effectively reduce the
nucleation of ferrite along prior austenite grain boundaries
and thereby promote an increase in the volume fraction of
bainite.!”! Moreover, the resulting grain refinement can off-
set the deleterious hardening effects otherwise produced by
welding, though the degree to which this will occur in practice
depends strongly upon the heat input effectively imposed. The
V can also be exploited to good effect, since around 0.05 pct
of this element can cause a reduction in the size and overall
volume fraction of the martensite-austenite (MA) microcon-
stituent, thereby improving the HAZ toughness.[®!

Improvements in weldability can be achieved by the use
of production routes that guarantee low levels of S and P,
inclusion control, and reductions in the levels of C, Mn, and
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Si. Additions of Mn effectively decrease carbon activity
in the austenite phase, thereby impeding the bainite trans-
formation and promoting instead the formation of the MA
microconstituent.®!

It has been shown!*!% that low fracture toughness typi-
cally associated with the HAZ is often provoked by certain
specific microstructural aspects. In general, in ferritic-pearlitic
C-Mn steels, MA occurs due to the intercritical reheating,
which is produced by the welding process’ thermal cycles.
The presence of this microconstituent tends to reduce HAZ
toughness. The actual morphology of this constituent, which
is usually categorized as either “massive” or “elongated,” is
also important. It is the elongated form that is principally
responsible for the loss in toughness. Other factors must also
be considered, one of which is the carbon content of the
MA. High-C MA (>0.05 pct) is generally considered to be
brittle.!'! Other factors include the volume fraction, size,
and distribution of the MA.!"%

III. STRUCTURAL INTEGRITY

The need to guarantee the structural integrity of pipelines
is an ever-growing concern, as the results of a catastrophic
failure would lead not only to environmental damage, but also
potentially injury and loss of life. Such a guarantee of secu-
rity can only be effectively achieved through an integrated
approach, which involves all aspects of quality control during
steel production, pipeline fabrication, and assembly as well as
during operation and pre-emptive maintenance.

The practical situation is complicated even further by the
fact that the oil and gas pipelines, once in service, not only
have to routinely withstand high operating pressures, but often
also high levels of CO,, H,S, and chlorides. The high-strength
steels exploited for these applications therefore must be resis-
tant to various aspects of in-service degradation. For example,
the nucleation and growth of cracks in carbon and low-alloy
steel pipes exposed to fluids containing H,S can readily lead
to catastrophic failure.'*) It can be appreciated, therefore, that
the steels to be used in oil and gas pipeline applications must
offer an especially wide range of appropriate properties, from
high strength and toughness to good weldability and elevated
corrosion resistance. The latter should also, in this case, be
taken to include resistance to hydrogen-induced damage.

It well known that three conditions are required for stress
corrosion cracking (SCC) to occur; the necessary type of
aggressive environment, a tensile load, and the susceptibility
of the material to such damage. A slow strain rate test (SSRT)
has been widely used as a laboratory technique to evaluate
the susceptibility of metallic materials to SCC and hydrogen
embrittlement. This test has become a popular tool to inves-
tigate steels, which are candidates for applications in the oil
and gas industries. The test provides rapid testing associated
with severe imposed conditions, thereby permitting a wide-
ranging evaluation of the material, which includes a signifi-
cant number of individual tests, within a relatively short period.

The SCC susceptibility is formally quantified according
to a rupture/no rupture criterion, using the technique speci-
fied in the NACE 0177-96 Standard—Method A (Standard
Tensile Test).!'¥ In this standard, test pieces are subjected
to constant, uniaxial, elastic tensile loading for a given time,
at ambient temperature and atmospheric pressure, in the
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specified aggressive medium. Both methods were used to
evaluate the steel susceptibility to cracking.

IV. MATERIAL AND EXPERIMENTAL
PROCEDURE

A. Steel Compositions

Table I shows the chemical compositions of the two groups
of microalloyed steels, an X-80 and an X-70, which were
studied. The X-80 steel, subjected to the same processing
conditions except for the finishing temperatures, was sup-
plied in the form of 16-mm plates (samples A through L)
and also as tubes A, D, G, and J, produced by the UOE
process. In the UOE fabrication process, the plate is cold
pressed into “U” and to “O” formats sequentially, followed
by internal and external welding runs of submerged arc; after
this welding stage, the pipe is “expanded” (E). The X-70
was supplied only as a tube. This same table shows the chem-
ical composition of the weld metal (WM) both for the inter-
nal and external longitudinal weld of the tube.

In order to more fully evaluate the performance of the
two steel systems under study, in addition to the postcon-
trolled rolling plate, the final tubular product and the HAZ
were also investigated.

B. Microstructure

The morphology and distribution of the MA microcon-
stituent were analyzed by observing 30 images per sample.
These images were captured on the scanning electron micro-
scopy (SEM) at a magnification of 3000 times. A quantitative
metallographic examination was performed using a 100-point
grid over the captured image. The absolute error was approxi-

mately *=1 vol pct for specimens containing 3 vol pct of
MA and *£1.7 vol pct for specimens containing 5 vol pct of
MA. The ferrite mean intercept length grain size, measured
by optical microscopy, was equal to 10 um and was approxi-
mately the same for all steels.

C. Welding Parameters

The submerged arc welding process (Tandem technique)
was used for the internal and external longitudinal welds
during tube production. The average parameters, for each of
the three wires employed for the industrial scale pipe welding,
were current = 750 to 1000 A, voltage = 35 to 40 V, and
welding speed = 177 cm/min, which generated a total heat
input on the order of 40 kJ/cm.

D. Hardness Measurements

All results for the plate were an average of ten measure-
ments along the longitudinal and transverse directions.
Results for the HAZ were an average of the measurements
taken at 1, 2, and 3 mm from the fusion line through the
thickness of the plate.

E. Sampling Procedure

Mechanical testing was undertaken according to the API
5L 2000"% standard, and included tensile testing, Charpy-V
impact testing, and Vickers hardness assessments, for the
plate material, body pipe, and HAZ, respectively.

Figure 1 is a schematic diagram showing the localization,
orientation, and dimensions of the Charpy-V specimens used
in this study relative to the body pipe, the WM, and the HAZ
regions

Table I. Chemical Composition!!s!*
P Elements (Wt Pct)

Sample Plate/Pipe (Pct) C Mn Si Nb Ti Cr Mo N
NbCrMo (X-80) A,B,C 0.18 0.07 1.76 0.18 0.071 0.014 0.20 0.16 0.006
D,E, F 0.15 0.04 1.75 0.17 0.073 0.013 0.21 0.16 0.004
NbCr (X-80) G, H I 0.16 0.04 1.85 0.18 0.073 0.016 0.32 0.03 0.004
J, K, L 0.16 0.04 1.86 0.19 0.075 0.017 0.33 0.03 0.005
X-70 — 0.06 1.55 0.18 0.055 0.017 0.02 — 0.0071

WM Internal** 0.08 1.97 1.97 0.045 0.010 0.17 0.283 —

External** 0.07 1.86 1.86 0.044 0.015 0.16 0.300 —

*All steels contain approximately (in wt pct): P-0.02, S-0.005, Al-0.03, Cu-0.01, V-0.005, Ni-0.002, and Ca-0.001.
**The terms “Internal” and “External” refer to the weld made during the tube fabrication, therefore corresponding to the longitudinal submerged arc weld.

Ralling Direction T
R
2
@ 4 Opposite to weld bead || @ 9 Weld Weld
e 10
10 ‘EI. |"_‘|
(@) (b) (c)

Fig. 1—Schematic diagram of the sampling procedure for the Charpy-V test pieces: (a) body pipe, (b)) WM, and (c¢) HAZ.
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F. Slow Strain Rate Test

Table II presents the chemical composition of the test
solution used in the SSRT. When the sample is immersed
in it, this solution effectively produces H,S on its surface.

The SSRT at a maximum axial loading of 2000 kgf
(1.961 X 10* N) was performed for both X-70 and X-80
steels using cylindrical test pieces as specified in the NACE
Standard and under two conditions, in air and in the hydrogen
charging solution detailed in Table IL.M”]

G. NACE TM 0177/96 Test—Method A (Standard
Tensile Test)

The NACE TM 0177/96 SCC test''"*! was also used in the
evaluation of the steels investigated, using the NACE

Table II. Chemical Composition of the SSRT Solution
in Volume Percent!!”!

SSRT Solution Composition

Sodium Sodium
Thiosulfate Chloride Acetic Acid
Component (Na,S,03) (NaCl) (CH;COOH)
Concentration 1073 mol/L 5 pet 0.50 pet

Table III. Chemical Composition of NACE “Solution B”
in Volume Percent!!”!

Chemical Composition
of the NACE “Solution B”

Sodium Sodium Glacial

Chloride Acetate Acetic Acid
Component (NaCl) (CH;COONa) (CH;COOH)
Concentration 5 pet 0.4 pct 0.23 pct

Standard’s “solution B,” the chemical composition of which
is detailed in Table III.

After completing the test, the test piece surfaces, which
had been in contact with the test solution, were chemically
cleaned according to the ASTM G 1-95 standard, in order
to permit a metallographic examination to assess whether
superficial cracks had been formed during the test.!'”!

V. RESULTS

A. Microstructure

Figure 2 shows typical scanning micrographs of the (a)
and (b) plate, (c) and (d) HAZ, and (e) and (f) WM. The plate
exhibited a ferritic microstructure with martensite-austenite
(MA) microconstituent. It can be observed by comparing
images 2a and 2b with 2c and 2d that the morphology of the
MA microconstituent changed for the HAZ. Table IV shows
the result of metallographic examination for the MA micro-
constituent volume fraction present in the plate and HAZ.
The cooling rates experienced by the HAZ produced an
increase of the MA microconstituent, but its morphology has
been modified (Figures 2(c) and (d)). The corresponding size
and area fraction of the MA microconstituent present in the
HAZ did not adversely affect its toughness.

B. Plate Weldability

The parameter that has been most used in practice to
measure steel weldability is the carbon equivalent (CE)
formula, where good weldability is in general obtained by
maintaining a low CE. This method of evaluation is based
upon the empirically identified tendencies in the variation
of the M, temperature as a function of the alloying elements
present in the steel.

[19]

Fig. 2—Typical ferritic microstructure with MA microconstituent, as revealed by scanning electron microscopy of samples of the two systems studied, (a)
NbCrMo and (b) NbCr, corresponding to the steel plates A and G, respectively. (c) and (d) The HAZ of the longitudinal weld of the tubes originated from
plates A and G. (e) and (f) The WM microstructure of these welds. All samples were etched in 2 pct natal.!!>18]
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Fig. 2—(Continued). Typical ferritic microstructure with MA microconstituent, as revealed by scanning electron microscopy of samples of the two systems
studied, (¢) NbCrMo and (b) NbCr, corresponding to the steel plates A and G, respectively. (¢) and (d) The HAZ of the longitudinal weld of the tubes
originated from plates A and G. (e) and (f) The WM microstructure of these welds. All samples were etched in 2 pct natal.l!>!8]

Table IV. MA Microconstituent Volume Fraction Present
in the Plate and HAZ!'>18]

MA Volume Fraction (Pct)

System Plate HAZ

NbCrMo A 5.1 8.3
D 52 73

NbCr G 34 53
J 2.6 7.2

METALLURGICAL AND MATERIALS TRANSACTIONS A

According to the API 5L 2000 standard, the choice of
equation to be used in determining the CE of X-80 steels
will depend on the C content itself. For alloys with C contents
equal to, or below, 0.12 pct, the CE (P,,,), or Ito and Bessyo
formula should be used (Eq. [1]),” for which the maximum
permitted CE (P,,,) value is 0.25 pct. For steels of higher C
contents, the ITW formula should be used.?!

Si  Mn, Cu Ni Cr Mo
30 20 20 60 20 15
+X+5B [1]
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In the two steels, NbCr and NbCrMo, under study, for which
the C content was between 0.04 and 0.07 pct, the CE values,
determined according to the API 5L standard, were as shown
in Table L.

In this study, it was observed that the MA volume frac-
tion increased with increasing CE (P,,,), for the same level
of carbon, 0.04 pct; the NbCrMo steel exhibited a slightly
lower P, than the NbCr steel. Naturally, the most signifi-
cant increase in P, was caused by the increase in the level
of carbon itself and, at a C level of 0.07 pct, the NbCrMo
steel exhibited a P, of 0.18 pct.

VI. MECHANICAL PROPERTIES
A. Plate Tensile Strength

An increase in strength was observed after forming. The
resulting yield strength (YS) to ultimate tensile strength
(UTS) ratio was below 0.93 (as shown in Figure 3), the maxi-
mum permitted by the API 5L Standard.

B. Plate Toughness

As shown in Figure 4, the temperature associated with
the 100 J absorbed energy level in the impact tests was seen
to decrease with decreasing MA volume fractions for both
steels investigated

C. Welded Joint Hardness

The different regions (base metal (BM), HAZ, and WM)
of the submerged arc longitudinal welds were compared with
the plate and body pipe, thereby quantifying the microstruc-
tural evolution and variations in mechanical properties of the
steels throughout not only the industrial-scale production, but
also pipeline fabrication routines.

Figure 5 shows the evolution of hardness for the steels under
investigation, from the as-rolled plate to the tubular product
and in the WM and HAZ (assessed by Vickers microhardness
measurements, performed using a load of 100 gf). It can be

1.0
Maximum Limit 0.93
0.94 N
U“—-———____Q_ﬂft""
0_8_ |— |—
5 J
vy 0.7
>_
—O— Tube
06 —— Plate
0.5 T T T T T
A D G J
Flate

Fig. 3—YS:UTS ratio for the plate and tube.!!>!8!
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seen that the HAZ exhibited the lowest hardness and the WM
the highest. There was no significant change from plate to tube.

D. Welded Joint Tensile Strength

It is known that the thermal cycles associated with the indus-
trial welding process used in pipeline fabrication and construc-
tion can lead to localized increases in hardness in the HAZ!?!
and a reduction in the YS. No such increase of hardness was
observed (Figure 5) or reduction of the UTS (Figure 6(a)) for
the steels and conditions studied in the current work.

E. Welded Joint Toughness

Figure 7 shows the Charpy-V impact tests for the welded
joint considering the BM, HAZ, and WM.

=30
| |
O 404 o
— A
g
b= // n
< -50 4 -
N e
8 P
2 a0 O 7
-
e i A m FT700°C
£ 701 7 A A o FT680°C
~ © A FT750°C
-80 T T T T T T T T T T T
1 2 3 4 5 5 7

MA Volume Fraction (%)

Fig. 4—Relationship between the MA volume fraction and the 100 J
absorbed energy level determined by impact testing, as a function of the
finishing temperature.!'>8!
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Fig. 5—Vickers microhardness results (100 gf) at several stages during
processing and for the weld.
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Fig. 7—Charpy-V absorbed impact energy curves.
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Fig. 6—(a) Comparison of YS and UTS for the steels under study. (b) Typical appearance of sample rupture in the tensile test, for the steels under study.
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The microstructural transformations imposed by the ther-
mal cycles to the BM during longitudinal submerged arc
welding did not affect the toughness of the HAZ. As shown
in Figure 8, the HAZ showed high absorbed energy for all
four tubes studied. In considering the three regions of the
welded joint, BM, WM, and HAZ, the toughness results
obtained for these alloys demonstrate that the HAZ was not
the weak link. It should be observed that the HAZ toughness
is compared with the body pipe as BM.

VII. RESISTANCE TO SCC AND
HYDROGEN-INDUCED CRACKING

Both steels exhibited ductile behavior when subjected to
the SSRT, testing in air, though the reduction in area (RA)
measured for the X-70 (68 pct) was higher than that mea-
sured for the X-80 (60 pct). When tested in the thiosulfate
solution described earlier (Table II), both steels exhibited a
cleavage fracture morphology and the RA measurements
maintained the tendency of the test in air, with the X-70 steel
presenting a higher value, at 17 pct, than the X-80 (7 pct).
The SCC susceptibility, as measured by the SSRT technique,
is quoted as a relative ductility parameter. It can be seen that
both steels were in fact found to be susceptible (Table V) as
their relative ductility levels were low (<1).*?! A further indi-
cation of this tendency was the cleavage fracture mode exhib-
ited by both steels, as previously mentioned.

No failure has been observed, after 720 hours, for the sam-
ples submitted to the traditional NACE test. Metallographic

examination of longitudinal sections of samples exposed to
both solutions, thiosulfate (Figure 8) and NACE (Figure 9),
during the test revealed no indication of lateral surface or inter-
nal cracks. In this type of test, the fractographic analysis under-
taken also showed no indication of secondary crack nucleation
during the test.

VIII. DISCUSSION

The steel properties after controlled rolling were within
the API standard specification. However, what makes the
development of pipeline steel particularly difficult is that it
is not enough to produce steels that attend the requirements
of the API standard specification in the as-rolled state. It is
also necessary to ensure that the steel will have good prop-
erties, including strength in aggressive environments, in
the final tubular product, after the UOE process, both in
the conformed plate and in the welded joint.

The main difference between the current pipeline steel and
the existing pipeline steels is the production route. While this
class of steels is usually produced by the process that involves
accelerated cooling, the steel studied was produced using the
traditional controlled rolling route. In order to do this, the
rolling schedule and the composition had to be carefully opti-
mized. To compensate for the absence of accelerated cool-
ing, a higher content of alloying elements was necessary to
provide a higher hardenability and a corresponding lower
transformation temperature capable of generating a microstruc-
ture that would result in the desired mechanical properties.

Table V. Results of the SSRT”!

YS UTS RS* El* RA* Time to Susceptibility
Test Piece (MPa) (MPa) (MPa) (Pct) (Pct) Rupture (s) RA* (Pct)
X-70 air 450 610 408 23.1 68 38,220 0.25
solution 460 611 522 — 17 27,120
X-80 air 490 696 481 24.6 60 41,160 0.12
solution 470 695 693 — 7 32,100

Note: RS—rupture strength, El—elongation, and RA—reduction in area.
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(b)

Fig. 9—Optical metallography of a section perpendicular to the NACE test
piece surfaces for the X-70 and X-80 steels.!!”!

The microstructure obtained was ferrite and contained the
MA microconstituent (Figure 2) for both the NbCr and
NbCrMo steel. In plate form, the steels under study presented
an average absorbed energy of 200 J at —20 °C. In tube form,
the same material, impact tested at the same temperature,
exhibited average values of 150 J for the BM and 190 J for
the HAZ. These results show that the steel properties meet
the desired standards.

In the section that follows, each relevant aspect of the
steel behavior, tensile properties after UOE processing, weld-
ability, and resistance to SCC, is discussed with reference
to the steel microstructure.

A. Tensile Properties after UOE Processing

It is well known that the mechanical properties of the
steels at the plate stage of production are different from those
of the final tubular product. For example, in considering the
tensile strength aspects of the plate steel, one must account
for the subsequent deformation from plate to tubular prod-
uct, since the UOE process involves cold working. This cold
working during the bending of the plate and the expanding

METALLURGICAL AND MATERIALS TRANSACTIONS A

of the tube will impose at least one stress reversal on the
material.*¥! It is important that after the UOE process, the
tensile properties still meet the API X80 standard.

In general, pipeline steels can be classified into two cat-
egories according to their stress-strain behavior: Those that
present a continuous stress-strain curve under tensile testing
and those that present discontinuous stress-strain relation-
ships. These differences in behavior can be explained in
terms of the steel microstructure. Different steel microstruc-
tures will respond differently, for instance, ferritic-pearlitic
steels tend to loose some strength after being UOE processed,
while bainitic steels do not exhibit such a loss. Figure 3
shows the increase in strength of the alloys of this study
through the YS/UTS relationship, after being subjected to
the UOE process. Yet for both conditions, plate and tube,
the YS/UTS relationship is below the maximum limit of 0.93
determined by the API 5L standard.

Therefore, the formability of these steels is adequate
because their tensile properties after the UOE process comply
with the API X-80 standard.

B. Weldability

The correct balance between strength and toughness can
be lost in the HAZ owing to the thermal cycles and heat input
levels typical of industrial welding processes. The pipeline
steel must be able to maintain this balance, which is depen-
dent on the chemical composition of the steel. As said pre-
viously, highly hardenable compositions had to be used here
to compensate for the absence of accelerated cooling. This
can have disadvantages with respect to weldability. This is
mainly because a higher content of alloying elements results
in a potentially higher CE, which should be in the range of
0.2 to 0.3 pct.?! Usually, the HAZ has a lower toughness
than the BM. Here, it was found that the HAZ had a slightly
higher toughness than the BM. This is discussed in what
follows with reference to the MA content of the microstruc-
ture. Moreover, the hardness and tensile properties of the HAZ
are also relevant and are also discussed.

1. HAZ toughness

In the 1980s, the technical specifications for pipelines indi-
rectly addressed the issue of weldability by the chemical
composition limits imposed. According to the API 5L standard,
the maximum carbon level for an X-65 steel was stipulated
to be 0.26 pct, whereas for the X-70 grade, this maximum was
lowered to 0.23 pct.?! More modern high-strength low-alloy
(HSLA) steels have been produced with a much lower C
content of around 0.1 pct, and the tendency is to exploit even
lower levels.

The current tendency to reduce the C level leads to a decrease
in CE and reduces hardenability. For steels with C levels of
around 0.1 pct, good weldability is achieved by the addition
of appropriate alloying elements. The addition of Mn inhibits
the formation of high-temperature transformation products such
as pearlite and polygonal ferrite as well as promoting solid
solution strengthening of the ferrite. Nickel, in addition to
increasing hardenability, also increases toughness. Aluminum
is exploited as a deoxidizing agent and, via nitride precipita-
tion, as a grain refiner, whereas Nb serves to guarantee the
precipitation processes, which retard austenite grain growth.?>)

The MA microconstituent volume fraction of the MA mea-
sured is related to the carbon content, in this study from
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0.04 to 0.07 wt pct. The addition of microalloying elements
also contributes to the formation of MA and thereby the
weldability. Carbide forming elements such as Mo, Nb, and V
retard the decomposition of MA. The addition of Mn, Cr,
and Nb lowers the B, temperature and promotes the formation
of MA.[?

In this study, it was observed that the volume fraction of
MA increased with increasing CE (P,,,). For the same level
of carbon, 0.04 pct, the NbCrMo steel exhibited a slightly
lower P, than the NbCr steel. Naturally, the most signifi-
cant increase in P, was caused by the increase in the level
of carbon itself and, at a C level of 0.07 pct, the NbCrMo
steel exhibited a P,,, of 0.18 pct.

In the published literature, it is mentioned that the presence
of MA can be considered deleterious to toughness. It has also
been observed, however, 1227281 that this deleterious effect
is not only associated with MA volume fraction, but also with
its morphology, size, and distribution in the matrix.

In the current study, the HAZ exhibited a higher MA vol-
ume fraction than the plate material (Table IV) as a result
of the thermal cycling and heat input suffered during sub-
merged arc longitudinal welding. Paradoxically, the tough-
ness of the HAZ was found to be higher than that for the plate
(Figure 8). This can be explained by reference to the differ-
ences in MA size and distribution, between the plate and
the HAZ. As can be observed in Figures 2(c) and (d), the
massive MA morphology was maintained for the HAZ of
the NbCrMo and the NbCer steel, but the average particle size
was observed to be smaller for the former, and the interpar-
ticle spacing was larger. Another factor that may have con-
tributed to the increase in toughness of the HAZ was the fact
that the MA particles are not interconnected. When the MA
morphology is elongated and the microconstituents show an
interconnected pattern, this results in low toughness. There-
fore, the presence of MA can influence the toughness accord-
ing to the MA morphology present in the microstructure.
As seen previously (Figure 4), the increase in MA volume
fraction for these alloys in the plate form resulted in an
increase of ductile to brittle transition temperature (DBTT)
when considering the 100 J absorbed impact energy level.
However, when considering the same level of energy for
the results obtained for the HAZ, a reduction in DBTT was
observed (Figure 7). Since it is the same group of alloys
and the only difference is the change of MA morphology
during welding, as shown in Figures 2(a) and (c), all of the
aforementioned MA-related factors, volume fraction, mor-
phology, size, and distribution, may have contributed to the
increase in the temperature associated with the 100 J absorbed
impact energy level, as shown in Figure 7.

In summary, the HAZ, despite the relatively high heat
input (~40 kJ/cm) and the high volume fraction of the MA
microconstituent in the resulting microstructure, was shown
to possess good toughness at low temperatures.

2. HAZ hardness and tensile properties

It is known that the thermal cycles associated with the
industrial welding process used in pipeline fabrication and
construction can lead to localized increases in hardness in
the HAZ! and a reduction in the YS. No such increase was
observed, however, for the steels and conditions studied in
the current work (Figure 5). A similar result was presented
by Dhua et al.”® for a quenched and tempered HSLA100
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steel of 14-mm thickness, with 0.04 pct C, 0.87 pct Mn,
0.25 pct Si, 0.5 pct Cr, 3.54 pct Ni, 0.57 Mo pct, and 0.038 pct
Nb, after welding at a heat input of 2 kJ/mm.

It should be observed that, in the case of this study, the
submerged arc process (Tandem technique), using three
wires, produced a total heat input of approximately 40 kJ/cm.
The reduction in hardness observed for the HAZ did not sig-
nificantly affect the UTS values of the steel as compared
with the plate and the welded joint, as shown in Figure 7(a).
It was also observed, on tensile testing of the welded joints,
that the rupture occurred in the BM away from the HAZ in
all cases, as typified by the macrograph in Figure 6(b).

Usually, the design of a welded joint is defined in order to
obtain a WM with similar or superior strength than the BM,
never inferior. There was a difference in hardness, as indicated in
the Figure 6(a); however, this difference is not enough to explain
a variation in strength. Additionally, the relationship between
hardness and strength is not linear for all microstructures.

Since the joint is constituted of three different regions,
WM, HAZ, and BM, only the UTS of the welded joint is
important. If the failure occurs in the WM, the material
would not be approved since it was designed to have higher
strength than the BM; if failure occurs at the HAZ, it is said
to be embrittled. Therefore, the best result for a joint is when
the failure occurs in the BM rather than the WM or HAZ

For the steels studied, for a given alloy, for example, NbCrMo
type, varying the C content while maintaining the same com-
position with respect to the alloying elements, in order to pro-
duce P, values ranging from 0.18 pct (for 0.07 pct C) to
0.15 pet (for 0.04 pct C), resulted in no significant change in
the HAZ hardness or the overall UTS of the welded joint.

C. Resistance to SCC

The capacity to design and produce pipeline steels with
higher strength levels permits, from a mechanical properties
standpoint, the use of thinner walled tubes for such appli-
cations. It must be remembered, however, that these mater-
ials are often exposed to aggressive service environments,
and therefore, corrosion-related aspects will be a critical con-
cern. With this in mind, the current study sought to com-
pare the X-80 type steels under investigation here with a
widely accepted X-70 pipeline grade of similar chemical
composition.

The X-70 steel studied exhibited a ferrite-pearlite microstruc-
ture and the X-80 used for the comparison (plate G) had a
ferrite with 3.4 pct MA volume fraction. It is important to
note that the test pieces were prepared from samples taken
from the body pipe.

Both steels exhibited ductile behavior when subjected to the
SSRT in air, though the RA measured for the X-70 (68 pct)
was higher than that measured for the X-80 (60 pct). When
tested in the thiosulfate solution described earlier, both steels
exhibited a cleavage fracture morphology, and the RA mea-
surements maintained the tendency of the test in air, with the
X-70 steel presenting a higher value, at 17 pct, than the X-80
(7 pct). The SCC susceptibility, as measured by the SSRT
technique, is quoted as a relative ductility parameter. It can
be seen that both steels were in fact found to be susceptible
(Table VI), as their relative ductility levels were low (<1).
A further indication of this tendency was the cleavage frac-
ture mode exhibited by both steels.
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In general, the SCC process is composed of crack initia-
tion and propagation, and the cracking of HSLA steels in
the H,S environment is dependent upon their hydrogen
embrittlement susceptibility, where the evidence of H pen-
etration is obtained from the presence of secondary micro-
cracks and quasi-cleavage mode of fracture.>

Metallographic examination of longitudinal sections of
samples exposed to both solutions, thiosulfate (Figure 8) and
NACE (Figure 9), during the test revealed no indication of
lateral surface or internal cracks. This is a good indication
of the steel performance, considering that H is able to dif-
fuse to sites with high triaxial tensile stress such as a crack
tip, building up to a critical concentration, which can lead
to hydrogen embrittlement.

A comparative analysis of the stress-strain curves is pre-
sented in Table V on the basis of the standard parameters:
YS, UTS, RS, elongation at rupture (El pct), reduction in
cross-sectional area at rupture (RA pct), and time to rup-
ture. In the case of the tests conducted according to the NACE
T™ 0177/96—Method A (standard tensile test). Standard
rupture did not occur for either of the steels investigated up
to a test period of 720 h, even though the H,S concentration
in the solution used was several orders of magnitude higher
than that in the thiosulfate solution used in the SSRT. A met-
allographic evaluation of the post-test specimen surfaces
revealed no cracking, as shown in Figures 9(a) and (b).

The observed reduction in plasticity can be understood, in
this case, as a reduction in the intrinsic toughness of the mater-
ial, independent of the presence or absence of secondary cracks.
The secondary cracking commonly associated with the internal
hydrogen atom recombination mechanisms is promoted by the
presence of nonmetallic inclusions. The observed loss of
strength and plasticity was evident at high stress levels where
a loss of toughness can be detected even for relatively low
levels of hydrogen contamination. Similar results indicating
high susceptibility were found for a X70 in the SSRT.!

Pipeline steels currently in service and widely studied are
obtained by termo-mechanical controlled process (TMCP),
which combines good toughness, high strength, and fine
microstructure. Recent findings™ showed that these microstruc-
tures play an important role in the crack initiation and propa-
gation, and structures predominantly with acicular ferrite more
suitable than ferritic-pearlitic microstructure for sour service.

The behavior of the two steels under study in the preceding
tests in aggressive environments can be interpreted as indicat-
ing good resistance to those hydrogen-induced damage mech-
anisms associated with the internal recombination of
hydrogen atoms introduced into the material as a result of
corrosion-related reactions, since no secondary cracks were
found in either test. However, since there was a reduction
in ductility for both steels in the SSRT, the microstructural
characteristics evidently result in some susceptibility to SCC,
as mentioned previously. It must be stressed that the SSRT
is useful for laboratory evaluations of hydrogen-associated
damage mechanisms, but that the dynamic nature of the
applied loading and stressing into the plastic regime imposed
in this type of testing are not typical of service conditions.
In this respect, the static, elastic regime, NACE test is
undoubtedly a better indicator of steel behavior in service-
like conditions.

In summary, the loss in ductility for both X-70 and X-80
steels tested, detected during the SSRT in sodium thiosul-
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fate solution, indicates some susceptibility to SCC. This type
of test, however, does involve hydrogen contamination dur-
ing plastic deformation, which is not a condition likely to
occur in pipeline service. The NACE test, under conditions
of nonplastic loading, showed the two steels to exhibit a
good performance in this respect, with no evidence being
detected of a loss in strength for the imposed conditions. In
neither test were secondary cracks observed.

IX. CONCLUSIONS

The production an of API class steels using the traditional
controlled rolling route with careful adjustment of steel com-
position demonstrated that it is possible to use a hardenable
steel to achieve ferrite/bainite in two, NbCr and NbCrMo,
steel systems. The microstructure obtained was correlated
not only with the resulting mechanical properties, but also
with the weldability and strength in aggressive environments
to which the materials are exposed. This shows that it is
possible to obtain steel of this class without accelerated
cooling attending the requirements of the API 5L standard
specification.
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