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Abstract:



X90 pipeline steel was processed with the simulated coarse grain heat affect zone (CGHAZ) thermal cycle with heat input varying from 30 kJ/cm to 60 kJ/cm, the microstructures were investigated by means of optical microscope (OM), scanning electron microscope (SEM), electron backscattering diffraction (EBSD), and transmission electron microscope (TEM), and the impact properties were evaluated from the welding thermal cycle treated samples. The results indicate that the microstructure is primarily composed of lath bainite. When decreasing the heat input, both bainite packet and block are significantly refined, and the toughness has an increased tendency due to the grain refinement. The fracture surfaces all present cleavage fracture for the samples with different heat inputs. Moreover, the average cleavage facet size for the CGHAZ is nearly equal to the average bainite packet size, and the bainitic packet boundary can strongly impede the crack propagation, indicating that the bainitic packet is the most effective unit in control of impact toughness in the simulated CGHAZ of X90 pipeline steel.
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1. Introduction


High-grade pipeline steels have been developed for many years to meet the requirements of the high-pressure transportation for crude oil and nature gas [1]. With the further application of pipeline steels for long distance transportation and in harsh environments, the combination of excellent toughness and weldability becomes more and more important, in addition to high strength [2]. However, the balance of high strength and good toughness in steels can be disturbed by the thermal cycles experienced during welding, resulting in the poor toughness of local areas [3]. Particularly, the toughness in the coarse grain heat affected zone (CGHAZ) of high grade pipeline steels deteriorates severely after the welding thermal cycle [4]. In order to evaluate and improve the toughness of the welding joint [5,6], it is necessary to show the evolution of microstructure and toughness in the CGHAZ with varying welding heat inputs, as well as the effective microstructure unit in control of toughness.



Many studies have been done to investigate the relationship between the microstructure evolution and the resultant mechanical properties in CGHAZ [7,8,9]. The microstructure of high grade pipeline steel after the welding process generally includes lath bainite, granular bainite, and the secondary phase martensite/austenite (M/A) constituent, which mainly disperses at the bainite ferrite boundaries [10,11]. For lath bainite or martensite, the austenite grain is divided into packets (bundled by group of blocks with the same habit plane), and each packet is further subdivided into blocks (bundled by laths with the same orientation) [12,13,14]. Early works by Lee et al. [15] and Kim et al. [16] indicated that prior austenite is the effective microstructure unit in control of the toughness of bainite steels, and crack can propagate across the packet boundaries without changing the direction. On the contrary, studies by Wang et al. [14] and Rancel et al. [17] showed that packet boundaries can strongly hinder fracture propagation and can act as an effective microstructure unit in control of the toughness for cleavage fracture. Zhang et al. [18] further confirmed that block is the minimum structure unit in control of the toughness of steels. In recent works by Yang et al. [19], they attributed the excellent toughness in the CGHAZ to the optimized density of the high angle boundary (crystallographic packet boundary) with a misorientation angle greater than 15°, as well as the refinement of the brittle M/A constituent.



The aim of this work was to investigate the relationship between the microstructure and the impact toughness in a simulated CGHAZ of X90 pipeline steel with varied heat inputs. The microstructure of the specimens with different heat inputs was characterized by optical microscopy (OM), scan electron microscopy (SEM), electron back scattering diffraction (EBSD), and transmission electron microscopy (TEM) to better understand the microstructure evolution in the welding thermal cycle and to clarify the microstructure unit in control of the impact toughness in a simulated CGHAZ of X90 pipeline steel.




2. Materials and Methods


The steel used in this study was X90 commercial pipeline steel with a thickness of 14.7 mm (chemical composition is listed in Table 1). It should be noted that 0.09 wt. % Nb was added to the steel because it may additionally provide a strong pinning effect on the moving grain boundary during the welding thermal cycle with the peak temperature of 1350 °C [20]. The microstructure of the pipe steel is shown in Figure 1, which consists of granular bainite and M/A islands.


Figure 1. SEM (scanning electron microscope) image of X90 steel with multi-phase: granular bainite (black matrix) + M/A islands (white secondary phase). M/A—martensite/austenite.
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Table 1. Chemical compositions of the test steel (wt. %).







	
C

	
Si

	
Mn

	
P

	
S

	
Cr

	
Cu

	
Mo

	
Ni

	
Nb

	
V

	
Ti

	
Al






	
0.06

	
0.30

	
1.90

	
0.005

	
0.002

	
0.36

	
0.26

	
0.19

	
0.14

	
0.09

	
0.02

	
0.02

	
0.03










The cubic specimens with a size of 11 × 11 × 80 mm3 for the simulated welding thermal cycle experiment were cut from the steel pipe along the longitudinal direction. The single-pass welding thermal cycles (Figure 2) were conducted in a Gleeble-3500 system to simulate the CGHAZ at heat inputs of 30, 40, 50, and 60 kJ/cm with a mean heating rate of 100 °C/s and a peak temperature of 1350 °C for 1 s. Four specimens were simulated for each heat input—one for microstructure observation and three for Charpy impact tests.


Figure 2. Graph of the simulated thermal cycle on the Gleeble for the steel with different heat inputs.
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After the simulated thermal cycle, specimens for metallographic observation were cut on the plane perpendicular to the axis of the simulated specimens and near the monitoring thermocouple. After being polished and etched by a 4% nital solution, microstructures were observed via optical microscopy OM (Axiover-200MAT, Göttingen, Germany) and scanning electron microscopy SEM (Hitachi S-4800, Hitachi, Japan). At least 10 micrographs were taken for each specimen to determine the average prior austenite grain (PAG) size and bainite packet size. Quantitative measurements of the volume percent of M/A phase were made on SEM micrographs with a point count method. For each condition, at least 10 fields at 1000× magnification were measured with a grid of 400 points, giving a typical standard deviation of ±0.5 vol. %. Thin foils for transmission electron microscopy were prepared using the twin-jet method and observed with a high-resolution transmission electron microscope TEM (JEM-2010, Tokyo, Japan). Electron back scattering diffraction EBSD (TSL-EBSD, Tokyo, Japan) examination was performed on a SEM (Hitachi S-3400N, Hitachi, Japan) equipped with a TSL-EBSD analysis system with a step size of 0.2 μm and applied to estimate the average bainite block width and grain boundary misorientation distribution. The highlight line method (point to point approach) was used to study the misorientation distribution between the neighboring prior austenite boundaries, and the bainite packet and block boundaries.



The standard Charpy V-Notch (CVN) specimens (size: 10 × 10 × 55 mm3) were prepared from the thermal cycle treated samples and tested at −20 °C on a Tinius Olsen impact tester according to ASTM E23 (Norwood, MA, USA). After the Charpy impact tests, fracture surfaces of the specimens were observed by SEM, and the cleavage facet size was calculated as the equivalent circle diameter related to the individual cleavage facet area. The average size was statistically measured by averaging at least 1000 facets for each heat input. The specimens cut on the plane perpendicular to the fracture surface were observed by SEM to characterize the secondary crack propagation after being etched by a 4% nital solution.




3. Results


3.1. Microstructures of the Simulated CGHAZ


Optical micrographs (OM) of the specimens varying with welding heat input are shown in Figure 3. The transformed microstructures of the specimens with different welding heat inputs are predominately lath bainite and a relatively small amount of granular bainite. With the decreasing welding heat input, the lath bainite increases at the expense of granular bainite. In addition, the prior austenite grain is gradually refined (Figure 3), and the average size decreases from 68.6 to 30.4 μm (Table 2).


Figure 3. The optical micrographs of the simulated thermal cycle treated specimens with different heat inputs: (a) 30 kJ/cm; (b) 40 kJ/cm; (c) 50 kJ/cm; (d) 60 kJ/cm.
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Table 2. Results of the microstructure quantification.







	
Heat Input (kJ/cm)

	
Block Width (μm)

	
Packet Size (μm)

	
PAG (μm)

	
Cleavage Facet Size (μm)

	
fM/A (%)






	
60

	
16.2

	
40.8

	
68.6

	
42.3

	
6.1




	
50

	
13.1

	
29.7

	
50.4

	
30.3

	
5.9




	
40

	
12.5

	
26.1

	
40.6

	
25.1

	
5.3




	
30

	
8.6

	
18.9

	
30.4

	
20.5

	
3.2










SEM micrographs of the specimens varying with welding heat input are shown in Figure 4. It is revealed that the prior austenite grain was divided into several bainite packets, and a minority of M/A constituent disperses at the bainite ferrite boundaries. With a decreasing welding heat input, the bainite packet are refined with an average size of bainite packet decreasing from 40.8 to 18.9 μm, and the amount of the M/A constituent, fM/A, decreases from 6.1% to 3.2%, as shown in Figure 4 and Table 2.


Figure 4. SEM images of the specimens with different heat inputs: (a,b) 30 kJ/cm; (c) 40 kJ/cm; (d) 60 kJ/cm. PAGB—prior austenite grain boundary and M/A—martensite/austenite.
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The block boundary cannot be revealed clearly by means of conventional OM and SEM until the occurrence of the EBSD technique. Recently, the block structure was successfully indicated with the assistance of EBSD for SEM and a definition of grain misorientation higher than 15° as the block boundary [14]. The EBSD misorientation maps of the specimens varying with welding heat input are shown in Figure 5. The bainitic block is indicated by arrows in Figure 5a,c, and the average block widths at different welding heat inputs are shown in Table 2. It is indicated that the average block width decreases from 16.2 to 8.6 μm as the welding heat input decreases from 60 to 30 kJ/cm. Moreover, the prior austenite grain and bainitic packet boundaries can also be recognized in the EBSD misorientation maps. The misorientation distributions between the neighboring prior austenite grain boundary, the bainite packet boundary, and the block boundary are measured by the highlight line method (Figure 5b), shown in Figure 5d–f, respectively. It is indicated that the prior austenite grain boundary (Line 1) and bainitic packet boundary (Line 2) have high misorientation angles near 55° and 48°, respectively, while the misorientation angle of the bainite block boundary (Line 3) is only near 23°.


Figure 5. EBSD (electron backscattering diffraction) misorientation maps of X90 pipeline steel processed with different heat inputs: (a,b) 30 kJ/cm; (c) 60 kJ/cm. The black (a,c) and the red (b) grain boundary all represent high angle boundary with misorientation angles greater than 15°. Line 1 (d), line 2 (e), and line 3 (f) reveal the misorientation distributions between the neighboring prior austenite grain boundary, the bainite packet boundary, and the block boundary, respectively.
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Representative bright field TEM micrographs of the specimens with heat inputs of 30 kJ/cm and 60 kJ/cm are presented in Figure 6 and Figure 7, respectively. In general, the microstructure is predominantly composed of bainite ferrite laths with high density of dislocations based on TEM observations. It is revealed that bainite ferrite laths in the sample with lower heat input (Figure 6a) are much finer than in the sample with higher heat input (Figure 7a). Moreover, a higher density of dislocations (Figure 6b) are observed in the sample with lower heat input.


Figure 6. The TEM (transmission electron microscope) micrographs of the typical microstructure morphology in the specimen with heat input of 30 kJ/cm: (a) fine bainite ferrite lath; (b) dislocation distribution.
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Figure 7. TEM micrographs of the typical microstructure morphology in the specimen with heat input of 60 kJ/cm: (a) broadening bainite ferrite lath; (b) dislocation distribution.
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3.2. Charpy Impact Properties of the Simulated CGHAZ


The low-temperature (−20 °C) Charpy impact energies of specimens varying with welding heat input are shown in Figure 8. It is indicated that, with the heat input decreasing from 60 to 40 kJ/cm, the impact energy remains at a low level due to a relatively high amount of M/A constituents acting (Table 2) as the brittle phase [21,22]. However, it still slightly increases as a result of microstructure refinement (Figure 3, Figure 4 and Figure 5). When further decreasing the heat input to 30 kJ/cm, the impact energy is significantly improved simultaneously by even finer microstructures (Figure 3, Figure 4 and Figure 5) and a significant decrease in the amount of M/A constituents (Table 2). The impact energy stands for the resistance energy to fracture, and a higher impact energy indicates that the materials are more resistant to fracture, leading to the harder inducement and propagation of cracks [23].


Figure 8. Charpy impact energies of the specimens with different heat inputs.
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The morphologies of the fracture surfaces of the Charpy impact specimens (tested at −20 °C) varying with heat input are shown in Figure 9. All fracture surfaces present cleavage fracture, and the average cleavage facet sizes of the specimens with different heat inputs are listed in Table 2. When the heat input is 60 kJ/cm, the cleavage facet size is 42.3 μm, calculated as the equivalent circle diameter related to the cleavage facet area. With the heat input decreased to 30 kJ/cm, the cleavage facet size remarkably decreases to 20.5 μm. Moreover, despite the cleavage facet, secondary cracks can also be observed in the SEM fractographs. It is revealed that the secondary crack in the sample with lower heat input (Figure 9a) is much shorter than that in the sample with higher heat input (Figure 9b), which indicates that the microstructure in the specimen with lower heat input is more resistant to crack propagation than the one with higher heat input.


Figure 9. SEM images of fracture surfaces of the specimens with different heat inputs: (a) 30 kJ/cm; (b) 60 kJ/cm.
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In order to investigate crack propagation, the secondary cracks underneath the fracture surface of the impact samples were observed, as shown in Figure 10. Figure 10a reveals that the secondary crack firstly deviates at the prior austenite grain boundary (identified by the white arrow in Figure 10a), then propagates through the substructures (blocks) in the packet, and finally deflects at the boundary between the two packets (identified by the yellow arrow in Figure 10a). Figure 10b shows that the secondary cracks propagate through the block boundaries (identified by the white arrow in Figure 10b) directly without deviation, and then are arrested at the boundary between the two packets (identified by the yellow arrow in Figure 10b). Hence, it is indicated that the block boundary (a misorientation angle of 23°) could not impede the propagation of the cracks, while the packet boundary (a misorientation angle of 48°) and the prior austenite grain boundary (a misorientation angle of 55°) could effectively deflect the crack propagation direction or arrest the cracks in the test steel.


Figure 10. The secondary cracks underneath the fracture surface of impact samples: (a) cracks deviate at the prior austenite grain boundary and the bainite packet boundary; (b) cracks propagate through the bainite block boundary and are arrested at the packet boundary.
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4. Discussion


4.1. Microstructure Evolution during the Simulated Welding Thermal Cycle


The evolution of the final microstructure can be explained as follows. Coarse austenite grain will be formed when the specimen is reheated to 1350 °C. During the continuous cooling process, lath bainite ferrite nucleates, austenite (γ)/ferrite (α) interface moves forwardly, and supersaturated carbon in ferrite diffuses to the γ/α interface [24]. The untransformed austenite thus becomes carbon-enriched due to the partitioning of carbon. With the lowering of the transforming temperature, the remaining austenite transforms into lath bainite ferrite continuously, and the retained austenite is further carbon-enriched and fully stabilized until the transformation becomes thermodynamically impossible [25]. In the following cooling course, part of the carbon-enriched austenite could transform to martensite, and the retained austenite would coexist with the martensite.



Lath bainite is known as the typical transformation product in the CGHAZ [7]. With the decreasing welding heat input, i.e., the increasing cooling rate, prior austenite grains are significantly refined (Table 2) together with the increasing austenite grain boundaries density due to the shorter staying time in the high temperature zone (austenite zone). Moreover, the transformation start temperature decreases accordingly [26]. All these will result in a higher thermodynamic driving force for lath bainite formation [27], an increase in dislocation density in lath bainite [28], and a refinement of lath bainite ferrite, which is related to an increase in the nucleation rate and a decrease in grain growth [29].




4.2. Effect of Grain Boundary on Impact Toughness in the Simulated CGHAZ


Grain boundary is well-known as the microstructure unit controlling the toughness of steels [14,30,31]. It owns high potential energy to impede crack propagation, and the increase of grain boundary density, namely the refinement of grain, can significantly improve the toughness of steels. Particularly, there are three kinds of grain boundaries in the CGHAZ of X90 pipeline steel: the prior austenite grain boundary, the bainite packet boundary, and the bainite block boundary. Moreover, in this study, the fracture mode for the specimens at all heat inputs is cleavage fracture; thus, the average cleavage facet size (Table 2) was measured and analyzed to better evaluate the effectiveness of different kinds of microstructure unit in control of impact toughness in the CGHAZ of X90 pipeline steel.



Figure 11a presents the linear relationship between the average cleavage facet size and average prior austenite grain size, and the fitting function is as follows:
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(1)




where dc is the average cleavage facet size, da is the average prior austenite grain size, and the correlation coefficient of this linear fit is 0.99.


Figure 11. Cleavage facet size as a function of (a) prior austenite grain size; (b) bainite packet size; and (c) block width.
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The average cleavage facet size of the experimental steel processed with different heat inputs is in a good linear relation to the average prior austenite grain size (Figure 11a). Moreover, it is observed that the secondary crack deviates at the prior austenite grain boundary (identified by white arrow in Figure 10a), which indicates the prior austenite grain boundary could effectively impede the crack propagation. However, the average prior austenite grain size is nearly twice as much as the average cleavage facet size, suggesting that the prior austenite grain may not be the most effective microstructure unit in control of impact toughness in the CGHAZ of X90 pipeline steel.



Figure 11b presents the linear relationship between the average cleavage facet size and average bainite packet size, and the fitting function is as follows:
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(2)




where dc is the average cleavage facet size, dp is the average bainite packet size, and the correlation coefficient of this linear fit is 0.96.



The average cleavage facet size of the experimental steel processed with different heat inputs is in a good linear relation to the average bainite packet size (Figure 11b). Moreover, it is observed that the secondary crack deviates or can be arrested at the bainite packet boundary (identified by yellow arrow in Figure 10a,b, respectively), which indicates the bainite packet boundary could effectively impede the crack propagation or arrest the cracks. It should be further noted that the average cleavage facet size is nearly equal to the average bainite packet size, indicating that the bainite packet ought to be the most effective microstructure unit in control of impact toughness in the CGHAZ of X90 pipeline steel.



Figure 11c presents the linear relationship between the average cleavage facet size and average bainite block width, and the fitting function is as follows:
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(3)




where dc is the average cleavage facet size, db is the average bainite block width, and the correlation coefficient of this linear fit is 0.79.



Despite the relatively good linear fitting result, it is observed that the secondary crack propagates through the bainite block boundary (identified by white arrow in Figure 10b), which indicates the bainite block boundary could not effectively impede the crack propagation. Moreover, the average cleavage facet size is nearly triple as much as the average bainite block width, suggesting that the bainite block is not an effective microstructure unit in control of impact toughness in the CGHAZ of X90 pipeline steel.



Hence, it is indicated that the bainite packet is the most effective microstructure unit in control of impact toughness in the CGHAZ of X90 pipeline steel. Moreover, based on the mechanics model of cleavage fracture, the fracture stress σf can be expressed as [14,32]:


[image: there is no content]



(4)




where E, γP, and υ are all constants, which represents Young’s modulus, the plastic deformation energy, and the Poisson’s ratio, respectively, and d is the effective grain size, which corresponds to bainite packet size (dp) in this study.



The critical fracture stress represents the maximum external load the structures can undertake to keep materials from being fractured. The increasing fracture stress means that the materials becomes more resistant to fracture [14,31]. In this study, dp reduces significantly (Table 2) when decreasing the welding heat input, leading to the notable increase in the critical fracture stress. Therefore, with the decreasing welding heat input, the increasing impact toughness (Figure 8) is achieved as a result of the grain refinement (mainly packet refinement in this study) and the consequent increase of the critical fracture stress.



Several studies have been carried out to deal with the relationship between the impact toughness and the effective microstructure unit for lath bainite or lath martensite steels [14,17,19,33]. The studies by Wang et al. [14] and Rancel et al. [16] indicated that the packet boundaries can strongly hinder fracture propagation and can act as an effective microstructure unit for cleavage fracture. Moreover, in recent work by Yang et al. [18,34], they revealed that high angle boundary (including packet boundary) remarkably contributes to a good toughness of the CGHAZ in high-grade pipeline steel. The present results are in good agreement with the previous works above on the relationship between the impact toughness and the effective microstructure unit.





5. Conclusions


The microstructures and the impact toughness of X90 pipeline steel after a simulated thermal cycle with different heat inputs was investigated in this work. The major conclusions are summarized as follows:

	
The microstructure of the simulated CGHAZ is predominantly composed of lath bainite with different welding heat inputs. With the decreasing heat input, prior austenite grain, bainite packet, and block are all obviously refined.



	
With the decreasing heat input, the impact toughness significantly improves. The fracture surfaces all present cleavage fracture for the samples with different heat inputs, and the average cleavage facet size decreases when the heat input is decreased.



	
The average bainite packet size for the CGHAZ is nearly equal to the average cleavage facet size, and the bainite packet boundary can strongly impede the crack propagation, indicating that the bainitic packet is the most effective unit in control of impact toughness in the simulated CGHAZ of X90 pipeline steel.
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