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Abstract

The orientation dependence of Charpy toughness has been investigated in API-X80 linepipe

steel. The occurrence of delamination and preferential alignment of {100} cleavage planes

are found to contribute to the observed anisotropy in Charpy properties. Delamination is

also related to the presence of banding in the hot–rolled alloy, and the additional plasticity it

entails during the process of fracture leads to an e!ective increase in toughness. As a conse-

quence, the toughness is worst when the Charpy specimen is machined at 45! to the rolling

direction because the extent of delamination at that orientation is minimal. The rolling and

transformation textures also lead to a greater propensity of {100} ferrite planes parallel to

the fracture surface for the 45! orientation, leading to a further decrease in toughness. Some

revealing results are also reported for unconventional Charpy test orientations in which the

notch is prepared parallel to the plate.
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1. Introduction

Pipes can be manufactured by welding spirals of hot-rolled steel; this process has a cost

advantage relative to one in which the steel is seam welded after bending into a tube shape.

Even though properties such as the Charpy toughness and strength meet minimum specifi-

cations, the existence of anisotropy can compromise, for example, the stability of the pipe to

buckling [1]. In the case of spiral pipes, the least tough Charpy orientation also happens to

coincide with the circumferential direction which experiences the largest (hoop) stress [2].

It is known that orientation–dependent properties in linepipe steels are related to inclusions,

microstructural anisotropy and unfavourable crystallographic texture. In the context of

inclusions, manganese sulphides and silicates become elongated during the rolling process and

hence contribute to mechanical anisotropy. Bands of pearlite resulting from solidification–

induced chemical segregation obviously lead to directional properties, but mostly in the

ductile fracture regime rather than in the temperature range corresponding to the ductile-to-

brittle transition [3–12]. An elongated grain structure, for example that generated by warm–

rolling with a low finish–rolling temperature, has been shown to cause variations in the tensile

strength and impact properties according to direction relative to the elongated structure

[13]. The role of crystallographic texture on the Charpy anisotropy is usually explained in

terms of the exaggerated alignment of cleavage planes along particular orientations, but such

interpretations could benefit from a greater degree of scrutiny [14–16]. Indeed, some early

results on planar anisotropy in a di!erent context suggest that the e!ect of texture is small

and largely on ductile fracture [17], especially when the grain structure itself is directional

[13]. In contrast, work on modern X80 linepipe tends to show no clear correlation between

the {100} planes and ductile fracture parallel to the rolling plane [18].

The purpose of the present work was to clarify the origin of anisotropy in Charpy energy in

API-X80 linepipe steel, as a function of test temperature, but focusing on the range where

the fracture mode changes from ductile to brittle failure. The impact properties between
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!100!C and 20!C are quantified for rolling, transverse and diagonal directions and combined

with a fracture surface analysis. Some special orientations of Charpy samples are additionally

studied in order to reveal detailed information on the role of delamination.

2. Experimental Method

The chemical composition and processing conditions of the steel are listed in Table 1. The slab

was subjected to austenitisation (T > 1100!C) and hot–rolled above the Ar3, the temperature

at which austenite begins to transform into ferrite during cooling. The final thickness of the

steel was 18 mm. Note that all samples were 10 mm thickness, with 4mm removed from each

surface by machining, and hence represent the central layer of the plate.

Microstructural studies were carried out using optical, scanning electron and transmission

electron microscopy. The samples for the former two methods were prepared by polishing and

etching using 2% nital. Thin foil samples for transmission electron microscopy were made

from 80–90µm thick and 3mm diameter discs, which were electropolished in 5% perchloric

acid with 95% acetic acid at 15!C. Samples for electron back–scattered di!raction (EBSD)

and crystallographic determinations were mechanically polished with colloidal silica in the

final polishing stage. Orientation images were taken at an operating voltage of 20 kV, a

working distance of 20 mm and a tilt angle of 70!. The size of the scanned regions was

100" 100µm2. Data were collected using a step size of 0.2µm at a magnification of "2000.

Tensile specimens were machined according to the ASTM E8 standard as shown in Fig. 1a.

Tensile tests were conducted at room temperature, using a crosshead speed of 3.6 mmmin"1

with full–sized test coupons with a gauge length of 50mm. The orientations of the tensile test

specimens are shown in the Fig. 1b, with ‘L’, ‘T’ and ‘D’ standing for longitudinal (parallel

to the rolling direction), transverse and diagonal orientations respectively.

Full–sized V–notched Charpy specimens of dimensions 10 " 10 " 55 mm, each with a 2 mm-

deep V–notch, were used in tests conducted between ambient temperature to -100!C. The test
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temperature was controlled using a K-type thermocouple attached to the specimen. Fig. 1c

shows the conventionally specified orientations of the Charpy specimen relative to the steel

processing directions; in the designations L-T, T-L and D-D, the first letter represents the

sample direction and the second the impact direction. The notches in this case are normal to

the plane of the plate. Fig. 1d shows additional tests done but with the notches parallel to

the plate, with L-S, T-S and D-S orientations. Here, S stands for short–transverse direction

parallel to the plate normal. Note that the planes on which fracture occurs are the same for

the conventional and additional orientations in Fig. 1, but the di!erence originates from the

direction of impact during the Charpy test.

3. Results and Discussion

Microstructure

Figures 2a,b show the micrographs of the steel in its hot–rolled state. There is a mixed mi-

crostructure of coarse allotriomorphic ferrite together with some finer transformation prod-

ucts, i.e., pearlite and the so–called MA constituent [19] which is a mixture of martensite and

retained austenite. Allotriomorphic ferrite [20, 21] is sometimes referred to as ‘proeutectoid

ferrite’ but the latter is a more general term which can include, for example, Widmanstätten

ferrite. Its di!usional mechanism of formation leaves it with a relatively small dislocation

density and as a consequence, each grain of such ferrite is free from large distortions and

has a uniform crystallographic orientation. Its presence and distribution can therefore be

revealed as the black grains in the grain orientation map shown in Fig. 2e, where boundaries

are identified by black lines across which the misorientation is greater than 15!, and there is

an orientation spread less than 1.5! within each black grain. Therefore, the black regions are

regarded as allotriomorphic ferrite whereas the white regions have large orientation gradi-

ents because they correspond to a predominantly bainitic microstructure as will be discussed

later.
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There is also evidence of microstructural banding of the type associated with chemical segre-

gation, particularly manganese, inherited from the solidification stage and spread into layers

by the rolling deformation. Manganese is known to play a prominent role in the develop-

ment of bands because transformation to allotriomorphic ferrite occurs first in Mn–depleted

regions so that the residual austenite becomes enriched in carbon, to transform subsequently

into pearlite or harder phases such as bainite depending on the rate of cooling experienced

by the steel. The hardness (HV) values in the fine microstructure and the region containing

allotriomorphic ferrite are found to be approximately 266±2 and 230±3, respectively.

Some of the structure is too fine to resolve using optical or conventional scanning electron

microscopy, but transmission electron microscopy suggests that it is some form of plate-like,

heavily dislocated structure, probably bainite given that the steels are cooled continuously,

Fig. 3a. Notice that structures like these are often referred to as ‘acicular ferrite’ in the

terminology of linepipe steels, but they do not resemble the acicular ferrite that is found in

steel weld metals, where plates nucleate intragranularly on non–metallic inclusions to form

a chaotic microstructure which is good for toughness [22–24]. Instead, the microstructure in

Fig. 3a is a consequence of continuous cooling transformation in which the final morphology

is influenced not only by the shape of individual plates during growth, but also impingement

between independently nucleated plates as the austenite is exhausted. It is for this reason

that some grains appear more equiaxed than plate–like. There is also evidence of some

cementite precipitation, as shown by the arrow in Fig. 3b, but the quantity involved is very

small due to the low carbon concentration of the steel.

Mechanical properties and fracture surfaces

The tensile properties measured as a function of orientation are summarised in Table 2,

representing three tensile tests at each orientation. The transverse orientation is the strongest

although a somewhat greater ductility is associated with the diagonal test–orientation, but

the di!erences in ductility are small and within the scatter observed at each orientation.
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Fig. 4 shows the Charpy test data for what is designated here as the conventional notch

orientation where the notch is parallel to the plate–normal, in order to distinguish these

results from the additional tests that are reported later in the text, where the notch lay in

the plane of the steel plate (Fig. 1d). As might be expected, and consistent with the tensile

test data, anisotropy is minimal when failure is in the ductile regime, or when the sample fails

in a completely brittle manner during tests at -100!C. In contrast, the orientation dependence

of Charpy energy is marked in the ductile-brittle transition temperature range, with the D–D

orientation faring worst; this might be expected given that Fig. 4a shows that the impact

transition temperature itself is orientation-dependent. Note that it is unlikely that the small

di!erences in strength noted in the data of Table 2 can be responsible for the observed

anisotropy of Charpy properties [25]. Fig. 4c–e shows that the change in fracture mode as

the test temperature is reduced, from fully ductile to brittle failure, is gradual, consistent

with the gentle slopes of the Charpy impact energy curves as a function of temperature.

A striking feature of many of the fracture surfaces of the impact specimens is the splitting

apart of the steel on planes normal to that of overall fracture, as highlighted by the white

arrows on Fig. 5. This phenomenon is often referred to as delamination and is seen to occur

parallel to the rolling plane for specimens with L–T and T–L orientations for -20!C to -60!C

but with D–D orientation only for -20!C (white arrows). This weakness parallel to the rolling

plane is a consequence of inclusion alignment or microstructural anisotropy.

Delamination in the ductile regime is reported to reduce the upper shelf energy because it is

related with separation on {100}! cleavage planes [26]. It can contribute to the toughness

in the transition region when the split occurs on a plane not containing the notch. From

the variation in Charpy energy and the corresponding fracture surfaces shown in Figs 4

and 5, it is evident that the L–T and T–L orientations with higher impact energy in the

ductile-brittle transition region always have the delamination as a part of the fracture energy

absorption process. For the D–D orientation, the impact energy is comparable to those of
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other orientations at -20!C where the delamination is a feature of all fracture surfaces, but

the energy decreases sharply at lower temperatures in the absence of splitting. This clearly

indicates a relationship between the observed Charpy–energy anisotropy and the occurrence

of delamination at fracture surface.

Role of Crystallography

It is possible that a propensity of grains which have {100} planes parallel to that of fracture

during Charpy testing can lead to brittle behaviour. Fig. 6 shows the estimated fraction of

ferrite grains as determined using EBSD and assuming that a grain is defined by a misori-

entation of 11.25! relative to its neighbour. The plot is therefore as a function of the angles

0!, 22.5!, 45!, 67.5! and 90! between the {100} plane normal and the rolling direction (RD).

The choice of the angle 11.25! is because it is half the tilt angle 22.5!, so that overlap of

information is avoided between the scans. Notice that the bar chart is symmetrical about

the 45! angle relative to the rolling direction because of the symmetry of the {100} planes

which are mutually inclined at 90!C. Therefore, the fractions at 0!, 90! to RD and at 22.5!,

67.5! to RD came from the same grains.

The experimental data are compared against what is expected if the distribution of grain

orientations is random; the computer simulation considered a set of 10,000 grains, with

care being taken to ensure that the set of generated grains satisfied the distribution of

misorientation angles for a randomly textured polycrystalline material [27]. It is obvious

that the steel has pronounced crystallographic texture relative to a random distribution,

Fig. 6, and that the there is an exaggerated fraction of grains having {100} plane–normals

at 45! to the rolling direction. This in turn implies that the crystallographic texture in

the hot–rolled steel makes it vulnerable to brittle fracture in the D–D orientation because

there is a preponderance of {100} planes which are parallel to the fracture surface. Such an

interaction between texture and properties would be most pronounced at low temperatures

where cleavage occurs, as is observed experimentally.
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Further Aspects of Delamination

It is well known in fracture mechanics that the constraint to plastic deformation is maximised

in thick samples under plane strain conditions, so that the energy absorbed during fracture

is reduced when compared with a thin sample subjected to plane stress conditions [28]. It is

for this reason that a notched tensile specimen behaves in a brittle manner when pulled in

tension, relative to one with the same cross–sectional area but without a notch. This is also

the reason why shear lips occur on the edges of broken Charpy samples, since the constraints

are relaxed in the proximity of the free surfaces [29]. It has been pointed out previously in a

study of thickness e!ects [30] that the occurrence of delamination reduces the out–of–plane

constraint; this would in turn lead to an increase in the tendency for ductile fracture and

hence a higher impact energy in a Charpy test. So–called delamination toughening has long

been known to lead to improved toughness in a wide variety of materials, for example in

ceramics [31], carbon [32], and fine–grained steels [33–36]. In particular, delaminations that

form parallel to the plate surface can lead to a reduction in the impact transition temperature

[37] although excessive fissuring can compromise the upper shelf energy of Charpy tests [38].

It is interesting that the delamination itself is created by brittle fracture, as illustrated in

Fig. 7, but nevertheless leads to an increase in Charpy toughness as long as it precedes gross

fracture. We have verified using fractography on many samples that the majority of the

fracture leading to delamination occurs in a brittle manner.

The occurrence of delamination might be attributed to crystallographic texture; cleavage

delaminations are known to occur in warm–rolled steel and have been discussed in terms

of texture [39]. Other causes include intergranular failure along prior austenite boundaries,

segregation of P and S, anisotropy of microstructures, banding and aligned particles and

inclusions [40–42]. Some of these factors can clearly contribute in the present context, but

Fig. 8 indicates that microstructural banding is an important culprit. A close examination

of the (arrowed) regions on either side of the separation in Fig. 8b shows that the delam-
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ination occurs between the relatively clean and coarse ferrite, and on the opposite side, a

refined region richer in the harder phases. This might be expected given the mechanical

incompatibilities that must inevitable exist between the bands.

However, there also seems to be a significant di!erence in the crystallography of the fully

brittle regions on either side of the delamination, as shown by the orientation maps in Fig. 8c;

in other words, the microscopic texture is di!erent in the coarser and refined bands, and this

in turn must add to the mechanical incompatibilities. Similar strong di!erences are seen in

the grain orientation spread maps which relate to variations in orientation within allegedly

uniform grains.

Additional Charpy Notch Orientations

To further establish the role of delamination, Charpy tests were conducted with the notches

parallel to the rolling plane in the hope that this would promote delamination since the

maximum principal (tensile) stress then should be normal to the rolling plane. Fig. 9 shows

clearly that all such specimens tested at -20!C and -40!C show a large, single split. For the

samples tested at 20!C, the delaminations occur in a deep and narrow manner, and they

become wider when tested at -40!C. Consistent with these observations, Fig. 10 shows that

the extent of anisotropy in the transition temperature range is significantly reduced, thus

confirming the seminal contribution of delamination to the anisotropy of properties.

4. Summary

There are many causes to be found in the literature for the anisotropy of fracture toughness in

linepipe steels. A set of experiments has been performed to establish the cause of orientation

dependence in a specific variant of X80 steel.

1. It has been established experimentally that Charpy specimens with notches along the

plate normals, exhibit relatively low impact properties in the transition temperature
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region, when machined from an orientation which makes an angle of 45! to the rolling

direction.

2. These results cannot be understood in terms of relatively minor variations in tensile

strength and ductility as a function of orientation within the hot–rolled steel plate.

3. By conducting Charpy tests in conventional orientations as specified in standards,

and comparing against additional notch orientations parallel to the plane of the plate,

it has been possible to demonstrate that delamination plays a large role in causing

the anisotropy of impact toughness. The cause of the delamination is attributed to

the presence of microstructural banding, with variations in crystallography between

adjacent bands.

4. A secondary contribution to anisotropy comes from crystallographic texture which in

some orientations places a large density of cleavage planes parallel to the fracture plane

of the Charpy specimen.
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Table 1: Chemical composition (wt%) and thermomechanical processing conditions. Ar3 represents the
temperature at which austenite begins to decompose during cooling. Please note that the exact chemical
composition and processing is proprietary information.

C Mn Si P+S Nb+Ni+Mo Ti+Al N

< 0.08 < 2.0 0.21 < 0.013 < 0.8 0.03 < 0.0036

Reheating temperature 1100–1180!C
Cooling start–temperature Above Ar3

Finish rolling temperature Above Ar3

Coiling temperature > 500!C

Table 2: Tensile test data. ‘L’, ‘D’ and ‘T’ stand for longitudinal, diagonal and transverse orientations of the
test specimen.

Orientation Yield strength Ultimate strength Total elongation Uniform elongation
MPa MPa % %

L 601 ± 35 676 ± 4 13 ± 2 7 ± 2
D 600 ± 35 663 ± 10 16 ± 2 8 ± 2
T 634 ± 29 707 ± 16 15 ± 1 7± 1
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(a) (b)

(c) (d)

Figure 1: Orientations of mechanical test samples relative to steel plate, where ‘RD’, ‘TD’ and ‘ND’ stand
for the rolling, transverse and normal directions. (a) Dimensions of tensile sample in mm. (b) Orientations
of tensile test samples. (c) Conventional orientations of Charpy specimens. (d) Additional orientations of
Charpy specimens.
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(a) (b)

(c) (d)

(e)

Figure 2: (a,b) Optical micrographs, (c,d) scanning electron micrographs, (e) grain orientation map with
values misorientations greater than 15! identified as boundaries.
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(a) (b)

Figure 3: Transmission electron micrographs of (a) coarse–grained region (STEM image) and (b) ‘acicular’
ferrite region with cementite (TEM image).

(a) (b)

(c) (d) (e)

Figure 4: Charpy impact test results for ‘conventional’ notch orientations. (a) As a function of temperature,
(b) as a function of orientation. (c-e) Fracture surfaces of L–T orientation Charpy specimens broken at room
temperature, -60!C, and -100!C respectively.
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Figure 5: Fracture surfaces of Charpy specimens with delamination indicated by white arrows.
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Figure 6: Fraction of grains which within the tol-
erance angle of 11.25! have a {100} plane paral-
lel to the fracture surface, as a function of an-
gle between the normal to the {100} planes and
the rolling direction. Notice that the sum of all
the fractions from X80 or the simulation does
not equal 1 because not all grains will have their
{100} parallel to the fracture surface within the
tolerance angle.

(a) (b)

Figure 7: Fracture surfaces of an L–T orientation Charpy specimen broken at -60!C. (a) Overall features.
(b) Showing cleavage within the large delamination illustrated in (a).
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(a) (b)

(c)

Figure 8: Delamination, L-T orientation Charpy sample broken at -40!C. (a,b) Optical micrographs showing
the relationship to microstructural banding, (b) corresponding SEM image, orientation maps and grain
orientation spread (GOS) maps with the key in degrees.
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Figure 9: Fracture surfaces of additional Charpy specimens with notch parallel to the rolling plane, with
delamination indicated by white arrows.

(a) (b)

Figure 10: Charpy impact test results for samples in which the notch is parallel to the rolling plane. (a) As
a function of temperature, (b) as a function of orientation.
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