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Abstract

The anisotropy of mechanical properties in the context of steels used to fabri-
cate large diameter pipes can be detrimental to the design and performance
of the pipes. We examine here the anisotropy of strength and toughness,
and with the help of detailed characterisation show that there is a com-
plex interaction between the ability of the steel to delaminate on the rolling
plane, and the crystallographic texture which promotes brittle fracture on
the macroscopic fracture plane of Charpy specimens.
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1. Introduction

Large diameter pipelines are often made from plate which is wound into
spirals to form the cylindrical shape, followed by welding. The original plate
usually has anisotropic properties, which then are inherited in the pipe. Be-
cause of the spiral fabrication, the longitudinal direction of the plate is not
parallel to that of the pipe. The lowest toughness direction in the plate is
found at 45° to its rolling direction, which corresponds to the circumferential
orientation of the pipe. Therefore, the toughness of the pipe will be mini-
mum at the hoop orientation which also experiences the largest stress due to
internal pressure [1-4].
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The orientation dependence of toughness in hot-rolled steels is a well-
researched area [5-24] and the cause is attributed to anisotropic inclusions or
nonuniform distribution of inclusions, microstructural anisotropy and crys-
tallographic texture. Such anisotropy limits the optimum design and ex-
ploitation of the steel.

In this context, some critical experiments on a specific X80 steel' have
been reported that separate the roles of texture and other features that con-
tribute to toughness anisotropy [26, 27]. Tt is the intention here to explore
whether the conclusions reached are generic across different X70 and X80
linepipe steels.

2. Experimental method

The steels studied are listed in Table 1 along with the reference steel from
previous work. The carbon content of the X80 steel is lower than that of
X80rrr to enhance low temperature toughness. In contrast, the X70 has a
reduced manganese concentration to mitigate banding in the microstructure.
The processing conditions are also listed in Table 1 and the final thickness
of the steel was 18 mm.

Tensile specimens were prepared as illustrated in Fig. 1 and tested at
ambient temperature, using a crosshead speed of 3.6 mmmin~! (strain rate
~ 0.001s71). Full-sized Charpy specimens 10 x 10 x 55mm, each with a
2mm-deep V-notch, were tested between ambient temperature to -100°C;
details of the orientations are presented in Fig. 1c¢, which also contains the
definitions of terminology. The Charpy samples were machined by removing
4mm from each surface of the steel plates to achieve the 10 mm thickness.

Most of the observations of microstructure and crystallographic texture
were conducted on four surfaces: the rolling plane, and on surfaces normal to
the rolling plane but parallel to the expected planes of fracture of the three
orientations of the Charpy specimens (Fig. 1). Micrographs were taken at
random locations on these surfaces using optical and field emission scanning
electron microscopy. The specimen preparation techniques have been de-
scribed elsewhere, including those for transmission electron microscopy and

!The letter ‘X’ refers to pipe steel containing Cr, Cu, Mo, Ni, Si, Ti, V, Nb and Zr in
any combination, whereas the digits specify the minimum yield strength in ksi [25]



electron back scattered diffraction [26].

3. Results and Discussion

3.1. Microstructure and Hardness

The microstructure of X80rgr has previously been reported [26]; it is
banded with coarse allotriomorphic ferrite and fine bainitic ferrite, together
with pearlite, cementite, and the so-called MA constituent that contains a
mixture of martensite and retained austenite. Full details are available in the
original publication and a huge quantity of experimental observations have
been archived on http://www.msm.cam.ac.uk/phase-trans/2012/X80.html

Figs. 2a,b show the microstructure of the X80 steel, with fewer precip-
itates than X80gzgr because of its lower carbon concentration, although a
degree of banding is evident. Fig. 2c is an EBSD map showing the spread in
crystallographic orientation; darker contrast indicates grains which are crys-
tallographically homogeneous, i.e., with little internal misorientation due for
example, to dislocation clusters. Allotriomorphic ferrite is associated with a
low dislocation density and hence can be separated as the grey regions within
which the misorientation is < 1.5° and where the microhardness was found
to be 221+ 4 HV. The remainder of the microstructure is bainitic ferrite with
relatively larger dislocation density than grey regions and a greater hardness
of 250 & 4HV. There is also evidence of MA phase in Fig. 2d, but unlike
X80gpr, pearlite is absent, again consistent with the relatively low carbon
concentration.

The essential features of X70 are similar to the X80, Figs. 3, with the
exception that there is some evidence of pearlite in the MA regions and
the hardnesses of the allotriomorphic ferrite and bainitic regions are slightly
greater at 227+5 and 256+4, respectively. The quantity of allotriomorphic
ferrite is also larger in the X70 steel. Table 2 lists the quantitative data de-
termined using electron back-scattered diffraction in its image quality mode.

The grain size relevant to mechanical properties is not always that mea-
sured using optical microscopy [28]. Many adjacent, optically visible grains,
may in fact be similarly oriented and hence have substantial crystallographic
continuity across their boundaries. In such cases, it is the cluster of similarly
oriented grains that define a size that correlates with the scale of cleavage



facets during brittle fracture. The definition of a crystallographic grain size
requires an assumption of the misorientation that can be tolerated within
the grain. Unfortunately, the specification of this misorientation can be ar-
bitrary; for bainitic steel it has been assumed to be 15° [29] and 12° for
thermomechanical controlled rolled steels [30]. Whether this is the correct
choice remains to be proven. Therefore, the grain sizes calculated as a func-
tion of misorientation (2°, 15°) are listed in Table 3. They do not differ
much between the steels studied, irrespective of the definition of the crystal-
lographic grain size. The consequence of the choice is illustrated in Fig. 4,
which also highlights the banded form of the microstructure.

Inclusions, such as complex oxides or alumina and calcium sulphide, were
observed but mostly in spheroidal form and hence are judged not to influ-
ence the orientation dependence of Charpy toughness. These results are not
reported here but are available for inspection [31].

3.2. Tensile and Charpy Properties

The tensile properties measured on samples machined parallel to the
rolling plane (Fig. 1) are listed in Table 4. They reveal little variation as
a function of test orientation, although all three alloys are strongest when
tested normal to the rolling direction, consistent with reported observations
on pipeline steel where the greater strength along the transverse direction
was attributed to a strong presence of (110) directions parallel to the rolling
direction, a crystallographic texture which according to model predictions
maximises the strength parallel to the transverse direction [32]. The reason
for this behaviour is that when (110) || RD the {110} planes which repre-
sent the prominent slip planes in ferrite tend to be parallel to the transverse
direction, making slip relatively difficult. As seen later, this is precisely the
kind of texture observed in the present studies.

When compared against the tensile strength data, the Charpy properties
are found to be much more orientation dependent when tested in the temper-
ature range corresponding to the ductile-brittle transition Fig. 5. It is noted
that the extent of anisotropy is less than previously reported for X80grgr
[26]. The fracture surfaces of the broken Charpy specimens are shown in
Fig. 6; they consistently show that delamination occurs for all the sample
orientations when the test temperature falls in the ductile-brittle transition
regime (-20 to -60°C for X80 and -60 to -80° for X70) which explains the



reduced anisotropy relative to X80gzpr, Fig. 5,. The minimum in toughness
seen at the D-D orientation for samples tested at -80°C in the X70 steel is
clearly because of the lack of gross delamination when compared against the
two adjacent orientations (Fig.. 5). Similarly, the smaller minimum observed
at the D-D orientation for the X80 steel tested at -60°C is attributed to the
relatively smaller delamination compared with the other orientations.

Delamination is associated with banding due to rolling. It remains to
address why delamination is less pronounced for the D-D orientation. The
plane on which the separation occurs is normal to the long direction of the
notch. Therefore, for all the Charpy orientations, the delamination occurs
on the rolling plane. In contrast, the fracture plane of the Charpy specimen
(parallel to its cross-section) has its normal within the rolling plane. Cleavage
fracture occurs easily if this macroscopic fracture plane has a high probability
of encountering {100} ferrite planes on which cleavage normally occurs [33].
Such a scenario would lead to brittle behaviour at a stress which is not large
enough to induce delamination.

To summarise, the Charpy energy recorded will be small when the stress
required to cleave along the macroscopic fracture plane of the test sample is
smaller than that required to produce delamination in the rolling plane. This
reason may be associated with texture, and hence the experiments reported
below.

3.2.1. Role of crystallographic texture

Experiments were done to assess any role that crystallographic texture
may have on the observed anisotropy of mechanical properties. Fig. 7 shows
the ¢o = 45° sections of the ODF (orientation distribution function) of the
bulk texture in all the steels. The textures of the two steels are similar.
The pole figures are shown in Fig. 8, revealing a strong {112}(110) and the
rotated-cube texture {001}(110) components. It is seen from Fig. 8 that
the rotated-cube texture makes the diagonally oriented Charpy specimens
particularly prone to brittle fracture with a strong alignment of the {100}
planes parallel to the macroscopic fracture plane. This is consistent with the
earlier interpretation that low toughness due to the absence of delamination
occurs when cleavage parallel to the macroscopic fracture plane becomes the
easier option.

Fig. 9 shows the estimated fraction of ferrite grains as a function of the



angle between the {100} plane normal and the rolling direction, obtained
from the EBSD analysis with a tolerance angle of 11.25°. This particular
value of tolerance angle corresponds to half of the tilt angle 22.5° which per-
mits the optimum capture the ferrite grains whilst avoiding overlap among
grains in the calculations [26]. The fraction is balanced about 45° to RD,
because of the symmetry of {100} plane in the cubic lattice. The fractions
quoted at 0°, 90° to RD and at 22.5°, 67.5° to RD, therefore come from
the same grains. A hypothetical fraction of randomly oriented 10,000 grains
was created in a computer simulation for comparison. The set of generated
grains satisfied the distribution of misorientation angles for a randomly tex-
tured polycrystalline sample [34]. Tt is evident that the diagonal Charpy-test
orientation is most susceptible to easy cleavage parallel to the macroscopic
fracture plane.

Finally, it is appropriate to point out that considerable work was done
to investigate whether the density of grain boundaries is a function of test
orientation, and to study any anisotropic distribution of inclusions. Neither
of these were found to be relevant [31].

4. Conclusions

The orientation-dependence of Charpy properties in two variants of hot-
rolled linepipe steels has been studied.

1. The toughness is found to be particularly sensitive to the orientation
of the test samples relative to the macroscopic frame of reference of
the rolled plates, when the toughness is measured in the temperature
regime corresponding to the ductile-brittle transition.

2. Broken Charpy samples which exhibit delamination parallel to the
rolling plane are associated with a greater energy absorbed during frac-
ture than those which do not delaminate, but fail by cleavage.

3. The toughness is reduced when the conditions necessary to promote
cleavage parallel to the macroscopic fracture plane of the Charpy test
become less onerous compared with that required to cause delamina-
tion.

4. Those Charpy-test orientations where the crystallographic texture is
such that there is a high probability of finding {100} planes parallel to
the macroscopic fracture plane, have poor toughness in the temperature
regime where the material experiences a ductile-to-brittle transition.
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5. It is the texture, therefore, that explains the dip in toughness experi-

enced when the long direction of a Charpy specimen is at 45° to that
of rolling.
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Table 1: Chemical composition (wt%) and thermomechanical processing conditions. Ars
represents the temperature at which austenite begins to decompose during cooling. Please
note that the exact chemical composition and processing is proprietary information.

Steel C Mn Si P+S  Nb+Ni+Mo Ti+Al V+Cr+Cu N
X80gpr [26] < 0.08 <2.0 021 <0.013 <038 0.03 - < 0.0036
X380 <0.06 <20 0.31 - < 0.5 0.02 0.30 -
X70 <0.08 <1.7 0.25 - <04 0.03 0.15 -

Reheating temperature 1100-1180°C
Cooling start—temperature Above Ars
Finish rolling temperature Above Arg
Coiling temperature > 500°C

Table 2: Fractions of phases in the steels.

Steel Allotriomorphic ferrite Bainitic ferrite Others
X80rer [26] 0.174+0.02 0.83+0.02 MA, Pearlite
X80 0.14+0.01 0.86+0.01 MA
X770 0.2940.07 0.71£0.07 MA, Pearlite
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Table 3: Grain sizes of the steels in pm. Crystallographic grain sizes defined by for two

different assumptions regarding misorientation, > 2° and 15° respectively.

Steel Misorientation > 2° Misorientation > 15°
X80gpr [26] 1.5+1.5 10.34+3.8
X80 1.44+1.5 11.3+4.2
X770 1.6+1.5 9.14£3.0

Table 4: Tensile test data representing mean values of three tests done at each orientation.
The data for X80ggr are from [26].

Steel Orientation  Yield strength Ultimate strength Total Uniform
MPa MPa elongation % elongation %
X80gpr transverse 634+29 707+16 14.7+1.1 7.1+1.4
diagonal 600+£35 663£10 15.8£1.9 7.7+1.9
longitudinal 602+35 676+4 13.0£2.0 714+1.7
X80 transverse 633+£8 722+4 15.840.7 8.6+0.3
diagonal 582413 66746 19.7+0.7 10.2+0.3
longitudinal 57249 69143 17.1£0.9 10.14+0.3
X710 transverse 581+2 657+5 17.1£1.5 9.5+0.4
diagonal 528+2 608+3 21.6+0.5 10.440.3
longitudinal 528+17 631+5 15.441.2 9.940.2
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Figure 1: Orientations of test samples relative to steel plate. ‘RD’, ‘TD’ and ‘ND’ repre-
sent rolling, transverse and normal directions. (a) Tensile test sample. (b) Orientations
of tensile test samples. “T’, ‘D’ and ‘L’ stand for transverse, diagonal and longitudinal
respectively. (c) Orientations of Charpy specimens with ‘L-T’, ‘T-L’ and ‘D-D’ designa-
tions, in which the first letter represents the sample direction and the second the impact
direction.
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Figure 2: Microstructure of X80. (a) Optical micrograph of section parallel to rolling
plane, and (b) normal to the rolling plane. (¢) Map showing the spread in crystallographic
orientation; boundaries are identified by misorientations > 15°, and the dark areas are
allotriomorphic ferrite in which the grains have internal misorientations < 1.5°, whereas
the white regions contain much greater internal-misorientations and are bainitic. (d)
Scanning electron micrographs of surface normal to the DD direction.
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(a)

Figure 3: Microstructure of X70. (a) Optical micrograph of section parallel to rolling
plane, and (b) normal to the rolling plane. (c) Map showing the spread in crystallographic
orientation; boundaries are identified by misorientations > 15°, (d) scanning electron
micrograph of surface normal to rolling direction.
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Figure 4: Grain maps of surface normal to RD in X80 steel. The maps represent the
difference in grain size between when grain boundary misorientation is greater than (a)

2° and (b) 15°. Black lines represent grain boundaries and each grain is highlighted in its
own colour.
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Figure 5: Charpy impact test results as a function of temperature of (a) X80rgr [26], (c)
X80 and (e) X70, and as a function of orientation of (b) X80rgr, (d) X80 and (f) X70.
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Figure 7: Sections of the orientation distribution function at ¢o = 45° with ¢, ¢; ranging
from 0 to 90°. (a) X80 and (b) X70.
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Figure 8: {200} pole figures showing significant texture components: @{112}(110),
M{001}(110) and A{001}(100). (a) X80; (b) X70; (c) dashed lines showing the traces
of the macroscopic fracture plane of each Charpy test sample orientation.
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Figure 9: Fraction of grains for which the {100} plane normal is within the tolerance angle
of 11.25° have a {100} plane parallel to the macroscopic fracture-surface, as a function of
angle between the normal to the {100} planes and the rolling direction. Note that the sum
of the fractions will not equal 1 because not all grains have {100} parallel to the fracture
surface within the tolerance angle.
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