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ABSTRACT

The typical heat affected zone developed in an X-70 steel usually used to pipeline manufacture has been simulated via
thermal treatment. A non-equilibrium microstructure consisting on ferrite, bainite and some martensite has been
produced and characterized to have a much larger hardness and strength than the corresponding base metal but a lower
ductility. Different single end notched bend specimens (SENB) with different crack lengths (a/W between 0.1 and 0.5)
have been experimentally tested in order to assess the fracture behaviour of this product under different degrees of
congtraint. The J-Aa resistance curves at room temperature have been determined and the obtained results have been
explained due to the effect of constraint on the ductile crack growth.
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1. INTRODUCTION

Fracture assessment procedures play a key role in
design, fabrication and fitness-for-service
methodologies in the case of many engineering products
as pipelines, pressure vessels, etc. Fracture mechanics
approaches are based on the use of a single parameter,
most commonly the J-integral or the crack tip opening
displacement (CTOD), in the case of elastoplastic
behaviour, which defines the crack driving force, to
characterize the fracture resistance of the material.
Current engineering flaw assessment methods make
extensive use of these toughness parameters to define
design curves which provide simplified and
conservative criteria for fracture evaluation of structural
components containing defects[1,2].

Conventional testing standards used to characterize the
fracture resistance of metallic materials make always
use of deeply cracked specimens in order to guarantee
high crack tip constraint conditions and small scale
yielding (SSY) levels. However, structural defects in
pipelines and pressure vessels are very often surface
cracks that generate in the course of fabrication,
especially in the course of welding, or during in-service
operation (slag and non metallic inclusions, corrosion
damage, weld cracks, dents at weld seams, corrosion
damage, etc). It is well known that these crack
configurations generally develop low levels of crack-tip
triaxiality which sharply contrast to conditions present

in the standard deeply cracked specimens [3/4].
Consequently, predictions of fracture resistance based
on standard deep cracked specimens may be in these
cases unduly conservative and pessimistic and also can
greatly increase the operational and maintenance costs.

There are different ways to define the crack-tip
constraint. One of the most popular is the constraint
ratio defined as the ratio between the hydrostatic stress
to the Von Mises effective stress (on/oe). Other
constraint parameters are the T-stress [5,6] or the Q-
parameter [7,8]. Whereas the T-stress is an elastic
parameter which characterizes the geometrical
congtraint effect, the Q-parameter is a direct measure of
the elastic-plastic stress fields that describes the
deviation of the stress field, at a specified position
ahead of the crack tip, from the reference stress
distribution for which T=0 (SSY), which is fully
accepted to be the general solution for a deep crack in
an infinite specimen.
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where g is the biaxility parameter, dependent on the
considered geometry, K the corresponding stress
intensity factor, oy the yield strength and r and 6 the
polar coordinates taken from the crack tip. O"'Dowd and
Shih [7] demonstrated that, at least under small scale
yielding, Q and T are univocally related.

It is so necessary to develop more accurate procedures
for defect assessment when dealing with specific
structures subjected to low levels of constraint. These
approaches are based on the experimenta testing of
modified test specimens (shallow notch bend and tensile
specimens) subjected to a constraint level that matches
the one in the rea structure.

2. EXPERIMENTAL PROCEDURE

A hot rolled plate of API X-70 Nb-V microalloyed steel
with a final thickness of 15 mm has been employed.
The plate was controlled rolled below the non-
recrystallization temperature of the austenite and finally
coiled at 547°C. The chemical composition of the steel
isshownin Table 1.

Table 1. Chemical composition of the APl X-70 plate

%C | %Mn | %Si %S %P %Nb | %V

0.12 | 1.55 0.23 0.003 | 0.017 | 0.049 | 0.060

As it is well known, the longitudinal welded joints
produced during the manufacture of the pipeline
represent the most critical region because small cracks
and defects can appear and also the heat affected zones,
especially the coarse grain region which attains a very
high temperature, can be harder and have a much lower
toughness.

The grain growth region of the heat affected zone
produced when the plate is longitudinally welded to
make the pipeline was simulated by means of a heat
treastment. Several pieces of 200x120x15 mm® were
guenched in water after austenitizing at 1100°C during
40 minutes. The cooling rate at 700°C at the centre of
the thickness is about 80°C/s, which matches well with
the cooling rate produced when this steel is welded
using a low heat input (1.8-2 k¥mm? [9]. This point
was assessed using the Rosentha’s equation to
determine the cooling rate in the weld heat affected
zone for athree-dimensional heat flow [10]:
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being v the cooling rate at the temperature of interest Ty

(700°C), A the workpiece thermal conductivity and H

the heat input.

The microstructure of the materials were analyzed using
optical and scanning electron metallographies.

Tensile test specimens with a calibrated diameter of 10
mm were machined in the transversal direction of the
plate and were tested at room temperature a a
displacement rate of 3 mm/min.

Fracture toughness tests were performed using single
edge notched bending (SENB) specimens, with a TS
orientation and different crack length to width ratios
(&'W = 0.1, 0.22 and 0.5), in order to get different levels
of constraint. It iswell known that as long as the deeply
cracked SENB specimen (a/W=0.5) corresponds to a
high crack-tip triaxiality, there is a progressive
constraint loss as the a/W ratio of the SENB specimen
decreases. The length of the specimens aways
corresponded with the transversal direction of the plate
and their width and thickness were 14 mm.

Specimens were fatigue pre-cracked at ambient
temperature to the required nominal a/W at an R-ratio
of 0.1. Fracture tests were carried out at room
temperature in accordance with the ASTM E1820
standard [11] using a load-line displacement rate
between 0.2 and 0.4 mm/min.

The single-specimen method, based on the use of the
glastic unloading compliance was employed to
determine de J-Aa resistance curves and the obtained
results were corrected using the physical measure of the
crack determined at the end of each test by means of a
suitable low magnification microscope [12].

The J integral was determined from the procedure
developed by Sumpter for non-standard bending
specimens [13] and improved by Joyce [14], which
consists on splitting up its eastic and plastic
components. The elastic component was obtained from
the stress intensity factor, K, as:
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17, =0.32+12(a /W) —49.5(a /W)* +99.8(a /W)* (6)
when a/W < 0.282, and
7, =-12.769+79.976(a /W) -115.722(a /W)?>  (7)

when a/W < 0.325



Otherwise, n; and y; adopt the values given in the
ASTM 1820 standard [11]. P; and v; are the applied load
and the load-line displacement, E and v the €elastic
modulus and the Poisson ratio, By, W, a, the net
thickness, width and crack length and bi=W-a; [14].

Finally, the B parameter corresponding to the different
SENB tested specimens was calculated using the
following expression [16, 17]:

= - 0.462 + 0.461 (a/W) + 2.47 (alW)? (8)

Valid for 0.05 < aW < 0.7

3. RESULTS

Figures 1 and 2 show, respectively, the optical
microstructure of the APl X-70 plate and its simulated
heat affected zone (HAZ). X-70 steel has a ferritic
microstructure with only a small volume fraction of
pearlite (about 3.3%). The ferritic grain size was
between 11 to 12 ASTM (5-8 um). The microstructure
of the simulated heat affected zone consist manly in
acicular bainite with some intergranular ferrite and
small islands of martensite.

Figure 2. Smulated heat affected zone microstructure

The tensile mechanical properties and hardness of both
materials, X-70 plate and its simulated heat affected
zone, are presented in Table 2.

The smulated coarse grain heat affected zone has a
much larger yield strength, ultimate tensile strength and
hardness but a significant lower ductility than the
original plate, asit could be expected.

Table 2. Tensile mechanical properties and Vickers
hardness

Oys (M Pa) Ou (M Pa) A HV

(%)
X-70 545 660 24 205
Sim. HAZ 905 1206 12.4 318

Figure 3 shows the load versus load line displacement
plots experimentally obtained with SENB specimens
with different a/W ratios (0.5, 0.22 and 0.1). All the
specimens have exhibited an elastic-plastic behavior,
and the tests were considered ended after a significant
crack growth (determined by compliance measurement
during unloading) was attained. Afterwards, the
specimens were heat tinted and finally fully broken in
order to measure the real values of the origina crack
length, a, and crack growth, da. These measurements
were used to correct the Aa values obtained by means of
the already mentioned compliance technique.
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Figure 3. SENB load versus |oad-line displacement
plots corresponding to specimens with different a/W
ratios
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Figure 4 shows the JR curves experimentally obtained
on the X-70 smulated coarse grain heat affected zone
using the bend specimens with different a/W ratios.

The result obtained with the different geometries are
clearly different and the expected constraint effect on
crack growth is evident. The J initiation value, defined
at a crack growth of 0.4 mm is about 200 kJ/m? for the
deep cracked specimen but a twofold and threefold
increase was observed respectively in the case of the
specimens with shallow cracks (a/W=0.1, 0.22). The
slope of the J-Aa curves also depends on the specimen
geometry, hence the shorter cracks produce steeper J



crack growth resistance curves, and consequently, the
differences of the measured J values among the tested
geometries increase with the crack growth. For example
the J values a crack extension of 0.6mm are
approximately 260 k¥m? 640 kJm? and 1000 kJm?
respectively for a/W values of 0.5, 0.22 and 0.1. The
same effect of constraint on the slope of the J resistance
curves has been observed by different investigators in
experiments made with a wide range of cracked
geometries on several steels which failed in a ductile
manner [14, 17].
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Figure 4. J-R curves of simulated coarse grain HAZ for
different a/Wratios

4. DISCUSSION

Figure 5 shows the failure locus expressed as the Jy smm
and Joemm Versus the normalized T-stress, t (t = T/oy,)
for the X-70 simulated coarse grain heat affected zone.
The t factor was obtained using expressions (1) and (8)
with the K value corresponding to each case.
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Figure5. J -rfailurelocus of API X-70 simulated HAZ

Figure 5 relates the evolution of the J resistance of this
particular steel (coarse grain HAZ X-70 API steel) with
the constraint factor, expressed by the elastic =
parameter. J values at crack growth initiation or after
some particular crack growth are highly dependent on

the geometry constraint, with larger Jvaues as t is
more negative (lower constraint).

In order to apply these results to the evaluation of
pressurized pipelines, we have used the results
published by Cravero and Ruggieri [3], which have
made finite element analysis on axially cracked pipes.
The analyzed geometries typify current trends in high
pressure, high strength pipelines of high outside
diameters (508 mm) and low thickness (t=12.7 mm).
Typica externa and internal surface flaws with alt
ratios 0.1, 0.25 and 0.5 were employed (crack depth, a
= 1.27mm, 3.175mm, and 6.35 mm, respectively).

Cravero and Ruggieri [3] aso provide descriptions of
crack-tip constraint in terms of J-Q trgjectories for
different axially cracked pressurized pipeline
geometries and we have converted them in J-z, making
use of the polynomic relationship existing between
these two parameters, which is represented in Figure 6
[18]. As it can be seen that this relationship is
dependent on the materials constitutive law, we have
used the curve which better matchs our own steel,
E/c,=200.

Figure 6. Relationship between Q and zfor different
constitutive equations

The J-7 trgjectories of the axially cracked pressurized
pipelines with different crack sizes were aso
represented on Figure 5. The deep crack pipeline reveal
a higher congraint loss than the deep notch SENB
specimens, but the shallow crack pipelines exhibit much
significant loss of constraint, which is even higher as
the crack is shallower, but the crack location (internal or
external) was demonstrate not to have influence on this
point. Furthermore, the initial strong reduction in t
takes place when the global response of the specimen is
still elastic, while the region with smaller change int
with increasing Jlevels confirms a fully plastic
behaviour in the specimen.

It can be seen that in terms of constraint the deeply
cracked pipeline (a/t = 0.5) will attain at the failure load
a triaxiality ¢ factor of -0.4, which can be well
characterized by means of a SENB specimen with an
a/W ratio of 0.2 and the pressurized pipeline with
a/t=0.2, will attainat fracture a triaxiality r factor of



-0.7, which approximately corresponds to a SENB
specimen with an a/W ratio of 0.1. Finaly, when the
pressurized pipeline has a very shallow crack (a/t =
0.1), the triaxiality factor at failure will be about -0.85
and this constraint value approximately correspondsto a
SENB specimen with an a/W ratio lower than 0.1.

It can also be highlighted that the use of the critical J
values obtained with the standard specimens (deeply
cracked SENB specimens) give very low results, which
give rise to unduly conservative and pessimistic
expectations when they are used to predict the in-
service failure of pressurized pipelines with real defects.

Nevertheless, the present study using an homogeneous
microstructure corresponding to the simulated coarse
grain heat affected region of an APl X-70 steel is still
conservative, as areal crack present in the coarse grain
HAZ of an API X-70 pipeline will be embedded by the
lower strength base steel, giving rise to an overmatched
product (the yield strength of the region where the crack
is located, the HAZ region, is larger than the yield
strength of the base steel), which corresponds to a lower
constraint configuration. This overmatching component
behaves in the same way as an homogeneous material
with a characteristic constraint parameter, so that
mismatching and geometric effects can be
simultaneously taken into account by the superposition
of the normalized T-stresses, 7, originated by the
congtraint due to material mismatching and g,
originated by the geometrical constraint [19,20].

5. CONCLUSIONS

Thetypical coarse grain heat affected zone developed in
an X-70 steel usually used to pipeline manufacture has
been simulated via therma treatment. A non-
equilibrium microstructure consisting on ferrite, bainite
and some martensite has been produced and
characterized to have a much larger hardness and
strength than the corresponding base metal but a lower
ductility.

The effect of constraint on the J crack growth curves of
the aforementioned simulated microstructure was
studied by means of using SENB fracture specimens
with different a/W ratios and the failure J-7 (z = T/qy)
locus was aso experimentally determined. SENB
specimens with shallow cracks give aways much
higher initiation J values and resistant R-curves with a
larger slope than the standard deep cracked specimens.

Representing the J-7 trajectories of axially cracked
pressurized pipelines with different crack sizes on the
studied steel biparametric failure locus, the necessity to
find a SENB specimen with a crack depth with a
constraint similar to that of the cracked pipe was
demonstrated in order to assess the real fracture
behavior of these structural components.
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