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Abstract
In this study, the Charpy V-notch (CVN) values were investigated in all directions [longitudinal-transverse (L-T), T-L, 
short-transverse (S-T), T-S, L-S, S-L, and at 45°] with respect to the rolling direction (RD) of American Petroleum Institute 
(API) 5L X52 steel welded by electric resistance welding (ERW). In addition, the microstructures and fracture surfaces 
were examined by scanning electron microscopy (SEM). The Charpy specimens were machined according to ASTM E23 
and tested at room temperature. The experimental results showed that the CVN values depended on the direction of the 
RD. Additionally, a fracture surface analysis performed with SEM showed fibrous fracture, dimples, and secondary cracks. 
Microstructures of ferrite and perlite were obtained, which are typical of X52 steel.

Introduction

The American Petroleum Institute (API) [1] determines 
the standard for the manufacture of two levels of product 
specification (PSL1 and PSL2) of seamless and welded steel 
pipes used in transportation systems in the oil and natural 
gas industry. API 5L steel pipes are widely used for gas, 
hydrocarbon, and crude oil transportation in the oil industry, 
which are generally designed for a minimum life of 20 years 
[2]. In the oil and gas industry, there are some methods to 
manufacture pipelines by seam-welding [3–5]. Electric 
resistance-welded (ERW), longitudinal-seam submerged 
arc-welded (LSAW), and spiral submerged arc-welded 

(SSAW) pipes are employed to fabricate seam-welded pipe-
lines. Seam-welded lines can be produced through a continu-
ous process from a rolled strip of a plate. A forming process, 
such as the U-forming-O-forming Expansion (UOE) or the 
J-forming-C-forming-O-forming (JCO) process, is usually 
employed [4–6]. During the pipeline manufacturing process, 
anisotropy is an important characteristic. Anisotropy affects 
the material properties, strength, and toughness [5]. In addi-
tion, anisotropy affects material properties as a function of 
the rolling direction (RD) [7]. The Charpy test measures 
material properties such as the ductility or toughness [8]. 
Toughness may be anisotropic, and the Charpy impact test is 
one method to measure impact toughness [9]. Some studies 
have determined pipeline toughness and anisotropy by test-
ing Charpy specimens in different directions with respect to 
the RD, obtaining excellent results [10–14]. However, only 
some Charpy V-notch (CVN) values have been obtained.

In this study, the CVN impact test was employed to meas-
ure the fracture toughness of an API 5L X52 ERW pipe. The 
CVN specimens were extracted in different orientations with 
respect to the RD. Based on the RD, longitudinal-transverse 
(L-T), T-L, short-transverse (S-T), T-S, L-S, S-L, and 45° 
directions were considered. The CVN samples were tested 
according to ASTM E23 [15].
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Experimental work

CVN impact test

The wall thickness and diameter of the API 5 L X52 ERW 
pipe were, respectively, 25.4 mm and 406.4 mm. This type of 
pipe (X52 ERW) is considered PSL 2 and has been removed 
from service. Figure 1a, b shows schematics of the pipeline 
and RD and extracted CVN specimens, respectively. CVN 
specimens were prepared in orientations such as L-T, T-L, 
S-T, T-S, L-S, S-L, and at 45° with respect to the RD. One 
Charpy specimen was tested for each orientation condition. 
These specimens were prepared according to the ASTM E23 
standard [15] using a Charpy model 74 tester with a capacity 
of 0.0–274 ft-lb. Charpy standard specimens with dimen-
sions of 10 × 10 × 55 mm were employed with respect to 
the RD. The tests were conducted at room temperature. The 
specimens were cut in the T-S, L-S, and L-T orientations 
for microstructure observations. After mechanical grinding 
and polishing, the metallographic specimens were etched 
with a 3% Nital solution and observed by scanning electron 
microscopy (SEM).

To achieve a length of 55 mm for the Charpy specimens 
in the S-T and S-L orientations, extension-welding was nec-
essary, and an X52 plate was employed. The tungsten inert 
gas (TIG) process was selected. To obtain the microstruc-
ture, the transverse direction (2-Plane T-S), longitudinal 
direction (3-Plane L-S), and upper direction (1-Plane L-T) 
were evaluated.

Results and discussion

CVN values

Table 1 lists the CVN values, and Fig. 2 graphically presents 
these data. The CVN values for all conditions were similar 

to each other. A comparison of the angle variation (T-L, 45°, 
and L-T conditions) with respect to the RD was performed, 
and the CVN values were higher for the T-L condition, fol-
lowed by L-T, and finally, the 45° condition. The Charpy 
energy values of the X52 pipe were compared with respect 
to the RD, and these values decreased in the order of S-T, 
T-L, T-S, L-S, L-T, 45°, and S-L. Different studies have 

Fig. 1   a Diagram of American 
Petroleum Institute (API) 5L 
X52 electric resistance-welded 
(ERW) pipe showing the roll-
ing direction, and b extracted 
Charpy specimens in the 
rolling direction, longitudinal-
transverse direction (L–T), and 
short-transverse direction (S-T)

Table 1   Charpy V-notch (CVN) values for an X52 pipeline

Specimens Joules

L-T (longitudinal-transverse) 206.10
T-L 211.82
45° 185.50
S-T (short-transverse) 229.71
T-S 210.85
L-S 209.76
S-L 182.49

Fig. 2   Charpy V-notch (CVN) values with respect to the rolling 
direction
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reported Charpy values in different directions with respect to 
the RD in pipelines, showing serious anisotropy depending 
on the notch direction [4, 10–14]. Anisotropy is an impor-
tant issue in the mechanical behavior of API 5L pipelines. 
[12, 16]. Anisotropy can arise from several factors, such 
as chemical segregation, variation in the shape and size of 
grains, non-metallic inclusions, and crystallographic texture 
[4]. Such stringer-shaped inclusions are known to cause ani-
sotropy in mechanical properties such as tensile ductility and 
fracture toughness [3, 6]. The mechanical properties of API 
5L pipelines depend on their microstructural characteristics 
[17, 18].

Microstructures obtained

Figure 3 shows micrographs of the ERW pipe in the T-S, 
L-S, and L-T planes. As shown in this figure, the ERW pipe 
had uniform grains in all directions because the grains were 
distributed along the RD during the manufacturing process. 
The grain size of the welded pipeline was 9.5–10 μm. The 
microstructures shown in Fig. 3a, c corresponded to general 
ferrite (white) and pearlite (black) structures, respectively, 
and the microstructures shown in Fig. 3b of the welded pipe-
line consisted of ferrite and pearlite strongly elongated in 
the RD. During plastic deformation in cold or hot work, 
grains are elongated in the direction of the applied stress. 
Therefore, the ferrite grain size varies along different direc-
tions, resulting in anisotropic mechanical properties [19]. 

The pearlite and ferrite grains were usually oriented in the 
direction of lamination. This behavior is known as band-
ing. In the 45° direction, a combination of microstructures 
was observed in the longitudinal and transverse directions. 
Banding is more visible in the laminate direction than in the 
transverse direction [20]. Grain size and shape variations in 
different directions can also cause anisotropy [19].

Fracture surfaces of the Charpy specimens

Figure 4 shows all the Charpy specimens fractured under 
all conditions. As shown in this figure, the Charpy surfaces 
exhibited substantial plastic deformation. All the speci-
mens had ductile behavior. This result occurred because the 
experiments were performed at room temperature, and API 
5 L X52 steel has this toughness behavior under these con-
ditions. Fractography of the specimens revealed a dimpled 
surface with fibrous fracture [9]. Macroscopically, plastic 
deformation associated with fracture was detected for all 
the surfaces with a shiny, fibrous appearance, indicating 
a combination of ductile and brittle fracture mechanisms 
[21, 22]. In addition, shear lips were presented owing to 
high shear stresses in combination with abrupt changes in 
the stress state toward the end of the fracture stage. Micro-
scopically, a combination of ductile fracture with nuclea-
tion growth and coalescence of microvoids was observed, 
which absorbed relatively large amounts of energy [23]. 
Figure 5 shows the fractography of several different Charpy 

Fig. 3   Microstructures for all conditions, a transverse short (T-S), b longitudinal short (L-S), and c L-T



1025Charpy impact toughness in all directions with respect to the rolling direction of API 5L X52…

1 3

specimens. These ductile fractures exhibited ductile dimples 
nucleated by inclusions or precipitates [24] (Fig. 5a). Ductile 
fractures have a dimpled surface owing to the tearing of the 
material and plastic deformation. In the case of ductile frac-
ture, secondary cracks indicate crack deflection with more 
energy absorption, resulting in better toughness (see Fig. 5b, 
c). The coalescence of voids results in the development of 
a shear lip, which is responsible for a higher upper-shelf 
energy fracture [9]. These holes have a parabolic profile. On 
the same surface, there are cleaved areas corresponding to 
fragile areas. The height and sharpness of the shear lips are 
directly proportional to the fracture toughness and ductility 
of the material.

Defects are present in the microstructures of steels used 
for the manufacture of pipes, such as delamination or non-
metallic inclusions [25, 26]. In most cases, non-metallic 
inclusions have a negative effect on the mechanical proper-
ties [27].

In the manufacturing of pipelines, delamination can occur 
in ferrite and pearlite microstructures with pearlite bands. 
For example, Teran et al. [20] reported delamination in the 
transverse direction of a pipeline. Delamination occurs in 
the planes parallel to the surface of the RD. Delamination is 
also observed in the S-T and T-S conditions. All the defects 
present in steel used for the manufacture of pipelines com-
promise the integrity of the steel pipeline, which can cause 

catastrophic failure. Similarly, these defects reduce the abil-
ity of the pipe to operate under safe conditions. In addition, 
the mechanical properties deteriorate.

Conclusion

The Charpy impact test was employed to obtain the CVN 
values in an API 5L X52 ERW steel in the L-T, T-L, S-T, 
T-S, L-S, S-L, and 45° directions with respect to the RD. 
The CVN values of the L-T, T-L, 45°, S-T, T-S, L-S, and 
S-L directions were 206, 211, 185, 229, 210, 209, and 182 J, 
respectively. The CVN values decreased in the order of 
S-T, T-L, T-S, L-S, L-T, 45°, and S-L. The microstructures 
obtained in API 5 L X52 steel were ferritic and pearlitic, 
elongated in the RD, causing anisotropy. In addition, the 
grain size was 9.5–10 µm. The fracture surface exhibited 
substantial plastic deformation, resulting in high toughness. 
In addition, the fracture surface had fibrous fractures, dim-
ples, cracks, and secondary cracks. With these defects, the 
mechanical properties of steel decreases and can compro-
mise the structural integrity of pipelines. The present work 
presents all the CVN values with respect to the RD in the 
API 5L X52 steel.

Fig. 4   Fracture surfaces of the Charpy specimens for all conditions (Abbreviations: L, longitudinal; T, transverse; and S, short)
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