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Abstract

:

Thermo-mechanical controlled processing (TMCP) is employed to obtain the required level of mechanical properties of contemporary high-strength low-alloy (HSLA) steel plates utilized for gas and oil pipeline production. The strength, deformation behavior and resistance to the formation and propagation of running fractures of the pipeline steel are mainly determined by its microstructure and crystallographic texture. These are formed as a result of austenite deformation and consequent γ→α-transformation. This present study analyses the crystallographic regularities of the structural and textural state formation in a steel plate that has been industrially produced by means of TMCP. The values of the mechanical properties that have been measured in different directions demonstrate the significance of the crystallographic texture in the deformation and failure of steel products. An electron backscatter diffraction (EBSD) method and crystallographic analysis were utilized to establish the connection between the main texture components of the deformed austenite and α-phase orientations. This paper demonstrates that the crystallographic texture that is formed due to a multipath γ→α-transformation results from the α-phase nucleation on the special boundaries between grains with γ-phase orientations. The analysis of the spectra of the α-γ-interface boundary angle deviations from the Kurdjumov–Sachs (K–S), Nishiyama–Wassermann (N–W), and Greninger–Troiano (G–T) orientation relationships (ORs) allows to suggest that the observed austenite particles represent a secondary austenite (not retained) that precipitates at intercrystalline α-phase boundaries and correspond to the ORs with regard to only one adjacent crystallite.
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1. Introduction


Contemporary HSLA steels and a specific industrial method of their processing that comprises controlled hot rolling and adjustable accelerated cooling (thermomechanical controlled processing—TMCP) are used to obtain the required combination of mechanical properties in steel plates designed for natural gas and crude oil pipeline production [1,2,3,4]. Increased resistance to the localization of plastic deformation and failure resistance are characteristic features of the pipeline products manufactured by means of TMCP. The mechanical and functional properties of high-strength pipeline steel (API-5L X70-X80 and above) are determined by its microstructure that predominantly consists of products of displacive phase transformation (primarily bainite), with an average grain size ~1 μm [1].



The fine microstructure of steel plates forms during TMCP due to successive processes that include austenite deformation during hot rolling, which takes place almost without recrystallization at its final stages [5,6,7], and γ→α-transformation during accelerated controlled cooling. The structure that is formed as a result of TMCP is characterized by a pronounced crystallographic texture [5,8,9,10,11,12,13,14,15,16]. According to [8,9] the texture of hot-rolled steel is generally represented by main orientations from {100}<011> to {211}<011> and from {211}<011> to {332}<113>. A study [10] determined the texture component fraction of pipeline steel (X100 strength grade) with a bainite and martensite structure after TMCP: {112}<110>, {223}<110>, {332}<113> and {001}<110>. Other studies [11,13,17,18] have established that the main crystallographic texture components after the γ→α-transformation are formed from the texture components of deformed or recrystallized austenite corresponding to the K–S, N–W ORs [19,20,21,22,23].



Studies [4,5,10,11,12,13,14,15,16,18,24] have pointed out the significance of crystallographic texture after TMCP in the formation of anisotropy of mechanical properties—foremost, ductility of a material that determines the level of resistance to the formation and propagation of the running fracture. More specifically, a study [10] demonstrated that the anisotropy of mechanical properties of steel plates is determined by {112}<110> and {223}<110> components. The strong ‘isotropic’ component {332}<113> provides for a balanced combination of high strength and impact toughness.



Texture can affect steel strength and crack resistance in different ways, depending on the direction. Both theoretical calculations and experimental data provide reliable evidence that allow to conclude that the propagation of a brittle crack in α -Fe, i.e., in a metal material with a body-centered cubic (bcc) lattice, occur along {001} crystallographic planes [14,15,16,24,25,26].



It is important to note that the crystallographic texture characterized by a relatively small number of components is formed as a result of γ→α-transformation, which is a multi-path process that progresses according to ORs [11,12,13,27,28]. One austenite orientation can result in 12 (according to N–W ORs) or 24 (according to K–S or G–T ORs) ferrite orientations, as a result of phase transformation in steel and due to the absence of limitations for phase nucleation localization [29,30,31,32,33]. Therefore, the total number of the developed ferrite orientations within one γ-grain can be almost as high as 9 × 12 = 108 or 9 × 24 = 216 (where 9 is the number of stable deformation orientations of austenite, according to [29]). Twelve orientations of α-phase (4–6 in a packet) crystallites were observed in a study of bainite transformation [29] at 600 and 300 °С after warm rolling of a carbon medium-alloy pipeline steel. Almost all possible α-phase orientations (24 orientations in four packets) were observed [30] within austenite grains in a low-carbon low-alloy steel with ferrite and bainite structure after γ→α-transformation. Singular bainite packets that contained 1–2 crystallographic orientations were only observed in the narrow strips that had formed between ferrite grains. Therefore, the development of all possible ferrite orientations in one parent austenite grain (or the minimal number ~6 that provides for stress relaxation during phase transformation) should lead to the development of an almost textureless state. However, all contemporary studies regarding the structure of HSLA after TMCP indicate that a pronounced texture that influences the finished product failure behavior is formed in the low-carbon low-alloy steel after TMCP [5,13,18]. The development of a limited number of orientations as a result of a multi-path γ→α-phase transformation in a material with a complex structure suggests that there are several structural factors that significantly restrain the development of all possible orientations during phase transformation [28,29,34,35,36].



Several studies [15,26,37,38,39] have determined that the structure of low-carbon steel after TMCP contains fine, microstructurally non-homogenous regions with martensite and austenite (M-A constituent). It is assumed that some of the carbon enriches relatively small regions of the γ-solid solution and decreases its starting temperature of γ→α-transformation. Therefore, the phase transformation in these regions is carried out at lower temperatures, last of all with partial austenite retention. The significance of the M-A regions as possible crack formation sites during HSLA steel fracture is pointed out in [15,26,39]. Within the scope of this present study, it is important to note that the structure of M-A regions that have partially undergone martensite transformation should most precisely characterize the crystallographic regularities of crystal lattice rearrangement during displacive transformations.



This present study is focused on the determination of the main crystallographic regularities of the phase transformations of hot-rolled austenite in HSLA steel that has undergone TMCP. The information regarding these crystallographic features, obtained as a result of this present study, should both broaden understanding of the transformation mechanisms of crystal lattices during polymorphic phase transformations and serve as a basis for the development of means of industrial material structure design during thermal and deformation processing in order to provide the specific combination of physical and mechanical properties of finished steel products.




2. Materials and Methods


This study was conducted on specimens of the HSLA steel that had undergone oxygen converter smelting (~0.05 Wt% C, ~1.5 Wt% Mn, ~0.2 Wt% Mo, ~0.05 Wt% Nb, the remainder comprising Fe and unavoidable impurities), designed for the production of X70 large diameter pipelines. The specimens were obtained from a plate that had undergone industrial TMCP.



A starting temperature of γ→α-transformation (А3 ~ 840 °C) was calculated from the chemical composition using Thermo-Calc-3 software (Thermo-Calc Software, Stockholm, Sweden). А3 was estimated to lie in the range of 830–850 ℃ with the accuracy of the chemical element concentration measurement taken into account.



The industrial processing of the specimens was carried out with the finishing rolling temperature of ~880 °С. Therefore, the specimens underwent finishing hot rolling at the temperatures above the calculated А3, i.e., within a single γ-phase temperature range. The reduction percentages during the roughing and finishing passes of the hot rolling were ~57% and ~80%, respectively. The accelerated cooling was carried out after the hot rolling. The cooling rate of 25–40 °/s for different layers of the plate was calculated according to the method provided in [40].



The samples for specimen preparation were separated from the central region of the ~26–27 mm thick plate after TMCP. The integral texture of the plate that has a significant influence on the mechanical properties is best represented by the texture of the central region of the plate; therefore, the samples have undergone milling in the RD plane of the plate on both sides until their thickness reached 10 mm.



The separation of the samples for the investigation of mechanical property anisotropy was carried out along three directions: rolling direction (RD), transverse direction (TD) and at an angle of 45° to RD. Strain at the stage of necking was measured according to the method described in [4,41].



Tensile testing according to ASTM E8/E8M-21 was carried out on standard cylindrical specimens with a diameter of 5 mm and a gauge length of 25 mm on an Instron 3382 testing machine (Instron, High Wycombe, UK) at a 5 mm/min crosshead speed at room temperature.



Impact bending testing of the standard Charpy specimens (60 × 10 × 10 mm) was conducted using an Instron CEAST 9350 (Instron, High Wycombe, UK) drop tower impact system equipped with an environmental chamber, at an energy of 600 J, impact hammer starting speed of 3.7 m/s and temperature of –60 °С.



Scanning electron microscopy (SEM) was carried out on a ThermoScientific Scios 2 LoVac with an Oxford Instruments Symmetry EBSD Detector (Oxford Instruments, Abingdon, UK) at an accelerating voltage of 20 kV. Orientation estimation inaccuracy did not exceed ±1° (±0.6° on average). The orientation maps (surface area ~40 × 40 μm2, scanning step = 25 nm) were used in order to establish the orientations of individual grains, as well as to conduct an analysis of the ORs and local crystallographic texture. The orientation maps (surface area ~1000 × 1000 μm2, scanning step = 1 μm) were used for the integral crystallographic texture analysis. The investigation of the integral texture was conducted utilizing the orientation distribution functions (ODF).



A coordinate system (X, Y, Z) with Х—parallel to the RD, Y—parallel to the normal direction (ND) and Z—parallel to TD was used in both the structural studies and the textural analysis. The Z-axis also coincided with the normal to the surface of the metallographic samples. Therefore, Z (TD) was the direction under investigation. In all figures presented in this paper that demonstrate an orientation study by means of EBSD (with the exception of the ODF), axes Y (ND), X (RD) and Z (TD) are directed vertically, horizontally and perpendicular to the plane of the figures, respectively.



The reconstruction of the high-temperature parent γ-phase was carried out using the AZtech Crystals software (Oxford Instruments, Abingdon, UK) according to the methods described in [42,43].




3. Results


Tensile and impact toughness tests were conducted in order to demonstrate the significance of the texture (both crystallographic and morphological) influence on the anisotropy of deformation and the failure of the steel that had undergone TMCP. The direction of testing affected the strength properties (YS and UTS) significantly; the influence was less significant for plastic properties (reduction area, total and uniform elongations) and impact toughness (KCV−60), as shown in Table 1. The texture had the greatest impact on the behavior of deformation and failure at the necking stage of tensile testing (Figure 1). The fractures in specimens ∥RD and ∥TD acquired an ellipsoid shape (Figure 1a,b), which was more pronounced in the ∥RD; the major ellipse axis was strictly parallel to the rolling plane. The fracture of the 45° RD specimen acquired a shape close to a circle (Figure 1с). Therefore, the texture provided for a relatively uniform deformation of all regions of the material at the failure stage.



Scanning electron microscopy revealed that the microstructure of the specimens (Figure 2) consists of different-sized non-equiaxial grains with dissected boundaries. Some of the grains (Figure 2a,b) can be consolidated into regions with smoothed boundaries. These regions extend in the RD and evidently represent the austenite grains (GBγ) that have been deformed during the hot rolling. The structure of the specimens also contains relatively fine regions (better visualized at a higher magnitude) of tempered martensite (Figure 2c,d) that appear to represent the M-A constituent [12,38,39]. It is also important to note that some regions contain fragments of the ferrite grains (Figure 2c,d), i.e., disperse polygons that appear to be separated by low-angle boundaries decorated with cementite precipitates. The average size of the α-phase grains in the studied specimen was determined to be 2.2 ± 0.6 μm by means of orientation microscopy.



Orientation microscopy allows to observe a relatively pronounced texture: <111> and <100> crystallographic directions are parallel to ND and <112> and <110> directions are parallel to RD for the majority of the crystallites (Figure 3a,b).



The intercrystalline boundary spectra correspond to the structure obtained as a result of displacive phase transformations (Figure 3c,d) in accordance with the ORs, intermediate between the K–S and N–W ORs [12,34]. The majority of the high-angle boundaries lie within the range of the 47–60° misorientation angles (Figure 3c,d). Within the special boundary spectrum of the α-phase Σ3, Σ11, Σ25b CSL-boundaries (coincidence site lattice) are predominant; a small number of Σ7, Σ9, Σ17b, Σ29b, Σ31b, Σ33c, Σ39b, Σ41c, Σ43c, Σ45c CSL-boundaries can also be observed. The Σ3, Σ11, Σ25b, Σ33с, Σ41с boundaries have been formed during the γ→α displacive transformation [12]. The presence of the rest of the boundaries is connected with the beginning of the relaxation processes (polygonization, primary recrystallization) in the bcc-lattice, according to the analysis conducted in [34]. The structures obtained by TMCP are evidently bainite with inclusions of tempered martensite.



The reconstructed austenite structure is also characterized by a well-pronounced texture (as indicated by the colouring). The main directions parallel to ND are <110> and <111>; the prevailing direction parallel to RD is <111>, but the <112> and <100> directions are also of note (Figure 3e,f).



The γ-phase spectrum of special boundaries after data reconstruction regarding austenite contains mostly Σ3, Σ11, Σ17b, Σ25b, Σ33с Σ41, Σ45c CSL-boundaries that correspond to the texture after deformation of the face-centered cubic (fcc) metal [44].



A detailed analysis of the crystallographic texture (Figure 4) of the specimens reveals that the integral texture after TMCP is comprised of a range of scattered and, therefore, overlapping components: {001}<110>, {113}<110>-{112}<110>, {223}<252>, {332}<113> and {332}<023>. Two orientations close to {112}<110> demonstrate the intensity that greatly exceeds that of the other orientations. These two orientations are mutually connected by the Σ3 CSL misorientation (twins). These findings coincide with the TMCP texture presented in [4,8,12,13,14,15,16].



It is important to note that the most intensive {112}<110> orientations contain {100} planes (cleavage planes in the bcc-lattice), which are located in the greatest proximity (~10° deviation) to the geometrical planes of pipe fractures that form and propagate during ground tests of trunk pipelines [45], i.e., the planes that contain the pipe axis (that coincides with RD) and is inclined at 45° to the rolling plane.



The texture of the reconstructed γ-phase (Figure 3e,f) consists of the {113}<332>-{112}<111>, {001}<001>, {110}<112> and {110}<001> components. Two orientations close to {112}<111> demonstrate the intensity that greatly exceeds that of the other orientations. These two orientations are mutually connected by the Σ3 CSL misorientation (twins). It is noteworthy that the reconstructed orientations coincide (strong) or are close to (weak) the stable deformation orientations of fcc steel that are formed during hot rolling [17,46]. A pronounced crystallographic directionality of the γ-α-transformation, i.e., a definite crystallographic orientation of the majority of the α-phase grains, should be noted. This directionality is triggered by the initial austenite grain orientations, with a significant variability of possible orientations that can develop during phase transformations that proceed according to K–S, N–W, G–T and other ORs. A significant intensity increase of {112}<110> orientations is a result of the nucleation of the α-phase grains on the special boundaries [13,16,28,34,47,48,49] that are formed between the grains of the matrix phase main orientations.



According to [47,49,50], α-phase nucleation should take place on the γ-phase boundaries with angle misorientations from the entire range of the possible angles between α-phase orientations that are formed in accordance with the ORs (N–W, K–S, G–T and others). Nucleation of a new phase on the Σ3 CSL-boundaries of the γ-phase is fully consistent with this mechanism. These types of grain boundaries are predominant within the misorientation spectrum of the possible α-phase orientations (Figure 3d). The γ→α-transformation on the coherent twin boundaries limits the range of the possible ORs that are determined by the stressed state during the course of the γ-α-transformation, grain orientation and boundary plane. This limits the number of new α-phase orientations, which leads to the formation of the α-phase texture (when texture is present in the γ-phase). The presence of boundaries with special properties in the γ-phase structure, e.g., special boundaries in the CSL-model [51,52], may determine the directionality and intensity of the phase transformations in steel [11]. This results in a crystallographic texture formation in the austenite decomposition products connected with the γ-phase texture.



Therefore, the formation of the nuclei of a new phase on the special (close to Σ3) intergranular boundaries of the initial phase was established to be the main reason for the limitation of the multi-path nature of transformation. These boundaries form between the grains of the parent phase that are characterized by stable orientations obtained as a result of deformation, i.e., a pronounced directed treatment of steel.



Note that the crystallographic texture, formed by the rolling of the fcc-lattice with its consequent displacive transformation into the bcc-lattice, almost perfectly coincides with the texture of the bcc-lattice rolling.



The orientation investigation conducted on a smaller scale confirms (Figure 5) the regularities established above (Figure 3 and Figure 4). The major α- and γ-phase orientations are practically repeated (Figure 5a,b,e,f) and the CSL-boundary spectra are reproduced (Figure 5d,h). In addition, it becomes evident that the grid of grain boundaries decorated with a carbon containing phase (Figure 2d) is represented by low-angle boundaries that confine the regions, the majority of which contain an increased dislocation density (Figure 5a,b). The latter is evidence of their displacive (not polygonizational) origin. The orientation studies at this level provide the identification of the largest γ-phase precipitates and their orientation connection with adjacent α-crystallites (Figure 6 and Figure 7).



The interphase orientation analysis reveals that the spectra of the α-γ-interface boundary angle deviations from ORs are discrete. Only a minority of γ-phase precipitates are in the ORs with α-crystallites similar to K–S (4.5–5.5° at most, Figure 6b). Additionally, pronounced peaks at the angles close to 9.5–10.5°, 16.5–23.5° and 31.5–34.5°, and the most intensive at 42.5° are present within the spectra of the α-γ-interface boundary angle deviations from K–S ORs (Figure 6b).



The peak at the 42.5° angle corresponds to such a case when the orientations of the adjacent crystallites are nearly identical (Figure 6a and Figure 7a), which is evidently erroneous, as it cannot occur during γ→α-transformations that proceed according to any ORs (K–S, N–W and G–T). The absence of special misorientations between α- and γ-phase crystallites leads to a deviation from a precise OR at a constant angle (~42°) that corresponds to the minimal misorientation described by ORs. Such a situation can be attributed to an error in phase identification using OP-EBSD that is connected with the inaccuracies in the Hough transform [53].



A further interphase misorientation analysis was conducted by a ‘manual’ removal of the wrongly identified points from the orientation maps. Only the blurred peaks at low angles (<6°) and at angles close to 10° and 20° were registered within the spectra of the α-γ-interface boundary angle deviations from the K–S ORs following the additional error cleaning procedure. It is noteworthy that the γ→α-phase transformation during TMCP proceeded in accordance with the ORs close to G–T (Figure 6e).



The types of spectra of α-γ-interface boundary angle deviations from any ORs can be explained by suggesting that the γ-phase particles are not austenite retained during a polymorphic transformation. These particles are secondary precipitates that are formed over the course of an α → γII-transformation within a single austenite grain, whereby the transformation progresses on the ferrite crystallite boundary, but in accordance with ORs with regard to only one adjacent crystallite (Figure 7b–d). In order to test this hypothesis according to methods described in [28,49], all of the possible γ- and α-phase orientations that form during the γ-transformation were calculated: (1 orientation) → α (24 orientations in accordance with K–S, G–T ORs and 12 orientations in accordance with N–W ORs) → γII (24 × 24 orientations in accordance with K–S, G–T ORs or 12×12 orientations in accordance with N–W ORs). This was followed by the analysis of all possible misorientations between all α- and γII-phase orientations.



The calculations revealed that the experimentally obtained deviations from the ORs at angles close to 10° and 20° (±2°) also corresponded to ORs. These misorientation angles should be observed between the α-grains that have been formed during the direct γ→α-transformation and the γII-phase crystallites that have precipitated during the reverse α→γII-transformation. In other words, these misorientations fulfill ORs (K–S, N–W and G–T), however, they have been formed as a result of austenite contacting with α-phase crystallites that are not connected to austenite by an initial OR. This austenite is a newly formed secondary austenite, as its orientation differs from that of the parent austenite grain, within which it has been formed.



The problem of retained (preserved) or secondary (newly occurred austenite) is key in understanding the mechanisms of phase transformations in steels, including their kinetics (shear, diffusion or diffusion-controlled shear), which cannot be fully resolved within the framework of this single study due to the lack of experimental material and errors in determining the orientations associated with the Hough transform. We believe that it can be resolved only within the framework of establishing crystallographic relationships between the phases, by which the microstructure and chemical composition are fixed by the final heat treatment. The present experimental equipment is capable of solving this task. Previously in [54,55], based on the crystallographic relationships between the phases at different cooling rates, we have established that the β-phase observed at room temperature for Ti-6Al-4V and Zr-2.5%Nb alloys is secondary with respect to the high-temperature parent β-phase.




4. Conclusions


The few-component crystallographic texture that forms in HSLA pipeline steel due to the austenite deformation and multi-path γ→α-transformation during TMCP results from the α-phase nucleation on special CSL-boundaries (mainly Σ3) that are formed between two main γ-phase deformation orientations from the {112}<111> combination.



The majority of austenite orientations deviate from the precise ORs (K–S, N–W and G–T) at ~10° and ~20° angles. This allows to suggest that the observed γ-phase particles are not retained austenite but are formed during the γ→α→γII-transformation, whereby the second transformation develops on the ferrite crystallite boundaries, but corresponds to ORs (K–S, N–W and G–T) with regard to only one adjacent crystallite.
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Figure 1. Fracture surfaces of the cylindrical specimens of HSLA steel after standard tensile testing: ∥RD (a), ∥TD (b), 45°RD (c). 
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Figure 2. Microstructure of the specimen after TMCP (SEM, BSE-contrast): low magnification (a), the arrows indicate the boundaries of the initial austenite grains (GBγ) (b), the arrows indicate the tempered martensite regions (M-A) (c), the arrows indicate the M-A constituents and cementite on the low-angle boundaries (d). 
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Figure 3. Macro-texture after TMCP (a–d) and reconstructed austenite grains (e–h): orientation maps in ND (a,e); orientation maps in RD (b,f); distribution of the boundary misorientation angles (c,g); and distribution of the CSL-boundaries (d,h). 
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Figure 4. ODF cross–sections for φ2 = 0° and φ2 = 45° after TMCP (c,d); reconstructed austenite (e,f); standard ODF cross–sections (a,b); and the intensity scale (g). 
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Figure 5. Micro-texture after TMCP (a–d) and reconstructed austenite grains (e–h): orientation maps in ND (a,e); orientation maps in RD (b,f); distribution of the boundary misorientation angles (c,g); and distribution of the CSL-boundaries (d,h). 
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Figure 6. Phase map with the α-phase – blue, γ-phase – white, the boundaries between the α-crystallites misorientated at the 2–10° angles – thin black lines, the boundaries between the α-crystallites misorientated at the angles above 10°– thick black lines (a); K–S before error cleaning of maps (b); K–S after error cleaning of maps (c); N–W after error cleaning of maps (d); and G–T after error cleaning of maps (e). 
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Figure 7. Phase map regions with austenite precipitates; interphase boundaries are coloured according to the fulfillment of the K–S ORs (Figure 6c): (a)—erroneous orientation, ~42° deviation from K–S ORs; (b)—up to 10° deviation from K–S ORs; (c)—austenite precipitate on a low-angle boundary—up to 10° deviation from K–S ORs on one side of the boundary and up to 20° deviation on the other side; and (d)—austenite precipitate on a high-angle boundary—up to ~20° deviation from K–S ORs on one side of the boundary and up to ~24° deviation on the other side. 
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Table 1. Results of the mechanical testing of steel after TMCP.
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	Specimen Separation Direction
	YS/MPa
	UTS/MPa
	YS/UTS
	Uniform Elongation/%
	Total Elongation/%
	Reduction Area /%
	KCV−60 /J/cm2





	//RD
	520 ± 10
	630 ± 10
	0.83
	6.6 ± 0.4
	20.3 ± 0.4
	81.5 ± 0.5
	280 ± 20



	//TD
	550 ± 10
	670 ± 10
	0.82
	8.9 ± 0.5
	23.5 ± 0.4
	80.0 ± 0.5
	260 ± 20



	45°RD
	500 ± 10
	620 ± 10
	0.81
	7.5 ± 0.4
	23.5 ± 0.4
	84.5 ± 0.5
	270 ± 20







YS—yield stress, UTS—ultimate tensile strength, KCV−60—impact toughness at −60 °C.
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