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Abstract

:

High-strength oil country tubular goods (OCTG) like C110, according to standard API 5CT (yield strength at least 758 MPa), are subject to requirements in terms of mechanical and corrosion properties. In this work, we studied the microstructure of seamless casing tubes made of class C110 high-strength steel with a 194.5 mm diameter and 19.7 mm wall thickness, and its influence on sulfide stress corrosion cracking (SSC). Casing tubes were obtained from continuous billets by screw piercing with preliminary quenching and tempering. It was shown that cracking during the tests always begins from the inner surface of the tube. Rough segregation bands were found on the inner tube surface, which occupies about a third of the thickness of the wall. To increase the resistance of 0.3C-Cr-Mn-Mo + 0.15(V + Nb + Ti) steel to SSC, primary recommendations for adjusting the chemical composition, production technology and heat treatment were developed.
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1. Introduction


During the development of deep oil and gas fields, casing is influenced not only by the aggressive environment of the well (H2S and CO2), but also by high pressures and temperatures [1,2,3,4]. If low-alloyed steel casing tubes are exposed to these environments, hydrogen cracking can occur, causing corrosion cracks in the hydrogen sulfide environment (SSC) [5]. Casing of high-strength groups in a corrosion-resistant design is used for those conditions, for example C110, according to ANSI/API 5CT (yield strength at least 758 MPa) [6,7].



Extreme operating conditions require high quality of steels and determine the requirements for the level of alloying and purity for detrimental impurities, as well as for the chemical and structural homogeneity of the finished casing tubes. Therefore, to produce these tubes, it is important to choose the optimal chemical composition of steel and consider that the formation of the final structure is influenced by all processes: melting and casting [8], rolling [9] and final heat treatment [10].



At high mechanical properties, determined under static tension, local weak points arise due to nonmetallic inclusions (NMIs) and segregations of chemical elements, which can lead to SSC in a corrosive environment [11]. Near a surface defect (nonmetallic inclusions, solid structural components), pitting may occur [12,13], hydrogen accumulates, which is then adsorbed, diffuses into the steel and leads to its embrittlement [11,12,13,14]. If segregations and defects are developed into the depth of the tube, then further opening and development of a corrosion cracks occurs along them [11].



The production of steel grades C110 is a challenging task. C110 is a borderline strength group in the relationship between mechanical properties and resistance to sulfide stress corrosion cracking. Due to the large number of potential causes of steel fracture during tests on SSC, a detailed study of each specific case is required to determine the causes of test failures and to develop technological recommendations to minimize them.



In this work, we studied the influence of seamless casing tubes microstructure with a 194.5 mm diameter and 19.7 mm wall thickness of class C110 high-strength steel 0.3C-Cr-Mn-Mo + 0.15(V + Nb + Ti) to sulfide stress corrosion cracking (SSC). The evolution of structure and segregations was studied at each stage of processing from a continuously cast billet to the final product. Casing tubes were obtained from continuous billets by screw piercing with preliminary quenching and tempering.




2. Materials and Methods


In this work studied samples of C110 casing tube with the same chemical composition were tested for resistance to SSC according to NACE TM0177 [15] and API 5CT [7] requirements for strength group C110—exposure in 100% hydrogen sulfide for 720 h at a load of 644 MPa.



The samples were tested at various loads to determine the threshold stress: at 50%, 62.5%, 75% and 85% of the minimum standard yield strength (MSYS) of 758 MPa. All samples, except those tested at 75% load or more, showed resistance to SSC (Figure 1).



To identify the causes of the negative results of the SSC tests, we studied samples of 194.5 × 19.7 tube. In this work, samples from three main stages of manufacturing were investigated: from continuous casting billet (CCB), after hot rolling (hot-rolled pipe billet—HRPB) and after heat treatment (casing tube—CT).



Mechanical properties were determined using a universal testing machine UM-10T using standard cylindrical fivefold samples. Testing was made on three cylindrical samples taken from different OCTG quadrants in accordance with GOST 1497 [16]. The macro-hardness of the casing tube was determined on a transverse template using a TK-2M hardness machine by the Rockwell method.



Longitudinal specimens were cut from the casing tube and from the tested samples, which were then ground, polished and etched with 4% nitric acid. Metallographic studies were performed using a Reichter light optical microscope (LOM) equipped with a Thixomet automatic image analyzer. The microhardness of individual structural components was determined using a microhardness tester according to the Vickers method with 180 g load (HV0.18).



The analysis of the dispersed structure and determination of the local chemical composition were studied using a Zeiss Supra scanning electron microscope (SEM) equipped with energy dispersive spectrometer (EDS).



Calculations and thermodynamic modeling of phase formation processes during solidification were performed in commercial ThermoCalc software (TCW5) equipped with TCFE6 databases [17]. The calculations were carried out according to the Sheil equation [18], which considers the nonequilibrium nature of solidification. The main idea of the calculation is the assumption that the diffusion of impurity elements in the solid phase is completely suppressed, and completely proceeds in the liquid phase.




3. Results and Discussions


3.1. Mechanical Properties and Analysis of Samples after SSC Tests


The test results are presented in Table 1. It presents the yield strength (YS), tensile strength (TS), elongation and hardness (HRC) of the studied samples.



According to the results of mechanical tests, the material of the casing tube sample corresponds to the strength class C110 (ANSI/API 5CT).



The fracture surface of the samples after testing on SSC at 85% (samples on Figure 1) of the yield strength was studied using SEM (Figure 2).



Crack nucleation on the samples always occurred from the side marked in red, followed by a ductile rupture zone (yellow) and a break zone (blue and magenta). The fracture structure Figure 2b has a brittle fracture. The structure of Figure 2c has numerous ductile fracture pits, which is typical for crack growth zones, the structure of Figure 2d is similar to the previous one, but it has multiple secondary cracks, which corresponds to the break fracture zone.



For metallographic studies, longitudinal thin sections (along the dashed line in Figure 3) were cut out from the samples after testing on the SSC so that the fracture surface fell into the thin section. A panoramic view of the structure of the cross-section part of the sample is shown in Figure 3.



Dark segregation bands were found on the sample, occupying about a third of the surface on the side of the inner tube surface. It is from this surface that the destruction of samples always begins during tests on the SSC. Moreover, the secondary cracks located perpendicular to the axis of the specimen, according to the stress state diagram during testing, as they develop and meet the segregation band, unfold parallel to the specimen axis.



The structure of SSC samples is composed of tempered martensite and sorbitic pearlite (Figure 4a). An inhomogeneity was also found along the tube wall thickness in the form of segregation bands located at the inner surface and occupying about a third of the thickness (Figure 4b). In segregation, the structure is more dispersed and contains NMIs.



This crude structural heterogeneity results in different properties across the samples, as measured by hardness. Closer to the crack growth zone (Figure 2c) of the sample, the hardness is lower than that of the central part but is within the permissible divergence (about 30 HV according to API 5CT). In microstructure closer to crack nucleation zone of the samples, there is an unevenness in hardness caused by the presence of segregation bands. The hardness between the structural heterogeneities differs by 40–50 HV0.18, 270–280 HV0.18 outside the bands and up to 325 HV0.18 in the bands.



The structure in the segregation bands is more dispersed and contains many small NMIs. According to the results of the chemical analysis of the dark and light bands presented in Table 2 and Figure 5, it was determined that in the segregation areas there is an increased content of molybdenum, chromium, and silicon, inherited from the zonal segregations in the central part of the continuous casting.



The reasons for the initiation of cracks on studied specimens of high-strength steel (strength group C110) after SSC testing are determined. The main reason for the destruction of samples is the presence of segregation banding (dark and bright bands of different degrees of tempering), localized on one of the sides of the sample, along which destruction occurs.




3.2. Metallographic Analysis of Samples of All Metallurgical Manufacture Stages


3.2.1. Metallographic Analysis of CCB


Figure 6 shows an image of the CCB template after hot etching with hydrochloric acid. All the characteristic structural zones that form during solidification are clearly visible: the zone of small subcortical crystals, formed at the initial moment of time, when the liquid metal touches the surface of the water-cooled crystallizer; the zone of columnar crystals growing in conditions of strong directional heat removal; and the central zone of differently oriented crystals growing under conditions of low temperature gradients and constitutional supercooling [18].



Depending on the forming dendritic structure, the nonmetallic phase is formed in different parts of the billet in different ways. This is clearly shown in Figure 7.



Numerous faceted nitride inclusions were found. Near the surface of the billet, where the cooling rates are the highest, nitrides are single, or in clusters of two or three inclusions (Figure 7a). Already starting from about 30 mm from the surface, the nitrides are large, elongated, located along the boundaries of the cast grains (Figure 7b). With distance from the cooling surface, and, accordingly, with a decrease in the solidification rate and, with an intensification of liquation processes, the sizes of nitrides increase, the degree of their branching increases (Figure 7c). The presence of nitrides both in the center of the billet and on the surface indicates that their formation is associated with the not optimal chemical composition of the steel. Liquation processes superimposed on this cause lead to the appearance of even coarser nitrides in the central part CCB.



Figure 8 shows the structure of a sample cut from the center of the CCB. It is well seen that around the carbonitrides there are large areas of reduced etching caused by an increased concentration of impurities. The microhardness of the metal outside the segregations was 290 HV0.18, and of these segregated areas—up to 500 HV0.18 (D = 26 µm and 33.9 µm mean the diagonal of indenter imprint), because, due to the accumulation of impurities in segregations, even at low cooling rates of the CCB’s central part, quenching structures are formed.



Elongated inclusions in segregations are niobium titanium and vanadium carbonitrides described in Table 3. Table 3 shows the chemical composition in segregations and in metal without segregation (see Figure 9).



In spectrum 1 (segregation), the content of chromium, manganese, molybdenum, and vanadium is increased. In the center of the segregation band, light elongated inclusions (spectrum 3) of niobium (95.66%), titanium (2.34%), and vanadium (2.10%) carbonitrides ((Nb,Ti,V)xCyNz) were found.




3.2.2. Metallographic Analysis of Hot-Rolled Samples (HRPB)


On polished samples taken from hot-rolled pipe billet (HRPB), NMIs were found, the distribution pattern of which is the same as in the CCB—they are smaller and single at the outer wall, and nitrides accumulations were found at the inner wall. Microstructure of samples shown in Figure 10.



The structure at the inner wall is crude (with large structural components) with pronounced segregations in the form of banding. The structure at the outer wall is more dispersed. Such a difference in the structure may be due to the inheritance of heterogeneity from the CCB. Since segregation in the CCB is present in the central part of the billet, it remains at the rolling stage and after.



Figure 11 shows a microstructure in base metal and segregation. Table 4 shows comparison of the chemical composition of the metal in segregations and outside them for a sample of HRPB at the inner wall.



As in the CCB sample, an increased content of carbide-forming elements, including niobium, as well as manganese, was noted in the segregations. Thus, the nonuniformity of the CCB caused by liquation processes is transformed into the banding of the structure after rolling. The difference in the concentration of elements in the segregations and in the base metal decreases relative to the CCB due to the diffusion of impurities during pre-rolling heating, rolling and heat treatment. Table 5 shows the chemical composition and Figure 12 shows morphology of carbides in the segregations and base metal of the HRPB sample.



Carbides in segregations are larger, and their content is higher than in the base metal. The segregations also contain manganese sulfides elongated along the rolling direction. These factors also cause uneven properties over the section of the pipe billet.




3.2.3. Metallographic Analysis of Casing Tube (CT) Samples


A casing tube is a final product obtained after heat treatment of a hot-rolled billet, and in which all defects formed at an earlier processing stage are inherited, including continuous casting and hot-rolling. The microhardness was measured along the tube wall thickness in the radial direction, the results are shown in Figure 13.



On average, microhardness values range from 300 to 320 HV0.18 (from 30 to 33 HRC according to ASTM E140). However, in the areas of segregation bands, the microhardness values increase to 330–350 HV (34–36 HRC, Figure 13), while the adjacent areas have a relatively low hardness in the region of 280 HV (28 HRC). These differences are caused by the liquation of alloying elements during solidification. Also, after heat treatment, the structure is leveled along the wall thickness in comparison with the features of microstructure noted in the HRPB samples (Figure 10).



As in the HRPB billet, this samples have a similar distribution of NMIs over the section. At the outer wall, there are fewer inclusions, including niobium carbonitrides, and their shape and arrangement are chaotic. A large accumulation of niobium carbonitride inclusions elongated into lines was noted near the inner wall. According to the results of measuring the volume fraction of inclusions, the volume fraction of carbonitrides at the inner wall is comparable with other inclusions (oxides and sulfides). The microstructures of the CT sample are shown in Figure 14.



The CT microstructure is tempered martensite (sorbitic pearlite), evenly distributed at the outer wall and with developed segregation bands at the inner wall. Figure 15 shows the areas for determination of chemical composition, Table 6 shows a comparison of the chemical composition of the segregation zone and in the base metal of the CT sample.



As in the case of the CCB and HRPB samples, an increased content of carbide-forming elements, as well as manganese, was noted in the segregations. The inhomogeneity of the CCB and HRPB remains after heat treatment. However, it is noted that the degree of chemical inhomogeneity decreases as different heat treatments are carried out.



Figure 16 shows the morphology of carbides (×30,000) in segregations and the base metal of the CT sample. Carbides in segregations are larger, and their content is higher than in the base metal. Also in the segregations are manganese sulfides found in the CCB and HRPB, elongated along the direction of rolling. The structure of segregations became dispersed in comparison with the sample of HRPB.



Chemical composition (Table 7) shows that in carbides in segregations the content of molybdenum is increased.





3.3. Evolution of Segregations


To correctly interpret the observed segregations that form in the continuously cast billet and persist throughout all further stages of manufacture, we calculated the solidification according to the rule of nonequilibrium lever (Sheil’s equation). The calculation results are shown in Figure 17 and Table 8, which also show the results of the experimental determination of the composition of segregations.



Thermodynamic modeling showed that steel of a studied chemical composition begins to solidify with the formation of delta-ferrite, which then turns into austenite. At the end of solidification, due to the liquation accumulation of impurities, it becomes possible to form niobium carbonitrides and manganese sulfides, which are found in segregation at all stages of casing tubes manufacturing. The formation of such high-melting compounds cannot be corrected at the stages of further processing of hot rolling and heat treatment. In this case, to prevent high segregation of these inclusions, it is necessary to reduce the temperature and casting speed, and to regulate the secondary cooling of the continuous casting machine. The most effective solution is to organize a soft reduction of the workpiece. Other solution is to adjust the chemical composition to exclude their significant liquation during solidification.



The composition of the liquation liquid at the time of the end of solidification is shown in Table 8, line 1. The Sheil’s equation gives a somewhat overestimated result [17] and trends persist for all elements. The content of Mo and Mn differs significantly from the results of studies with an electron microscope (segregations and base metal), and no niobium present. This is because the study of the area did not consider the presence of inclusions, where the concentrations of these elements are much higher.



The remaining rows of Table 8 summarize the data on the chemical composition in segregation bands found in CT. The degree of chemical heterogeneity during prerolling heating, hot rolling, heating for quenching and tempering decreases, but remains high.



At the very end of solidification at a temperature of 1395 °C, a significant segregation accumulation of sulfur, manganese, nitrogen and carbonitride-forming elements occurs, and carbonitrides based on niobium and manganese sulfides are formed. Thus, in steel with a niobium content of >0.05%, niobium nitrides will always form during solidification. As the cooling rates decrease, these processes will naturally receive more and more development, which is consistent with experimental observations.



In the present work, we determined the concentration of niobium at which carbonitrides are not formed in a liquid metal during nonequilibrium crystallization, which amounted to 0.03%.



Based on the research results, it was recommended to consider the possibility of reducing the content of carbon, niobium and manganese, as well as increasing the content of molybdenum and adding titanium to align the structural heterogeneity. It is necessary to increase the isothermal holding during tempering in order to align the microstructure.





4. Conclusions


	
It is shown that the main reason for the unsatisfactory resistance of CT samples to SSC is the presence of segregation bands and niobium carbonitrides, from which corrosion cracking begins.



	
Sample of CT corresponds to strength group C110 (API 5CT) in terms of mechanical properties (including macrohardness). However, it has structural heterogeneity and high values of microhardness in segregations. Thus, local deviations from the requirements for hardness values (up to 36 HRC in segregations) are observed, which leads to a decrease in corrosion properties and a manifestation of the material’s tendency to SSC.



	
Coarse segregations were found in the center of the CCB, in which the content of all alloying elements were increased, and also coarse niobium nitrides and manganese sulfides were found. The formation of these segregations is due to the chemical composition of the steel and is also aggravated by the specifics of manufacturing. In the structure of HRPB and CT, segregation bands were found near the inner wall of the tube. In segregations, there is an increased hardness in comparison with the base metal, an increased content of chromium, molybdenum, vanadium and niobium. In addition to dispersed molybdenum and chromium carbides formed during rolling and heat treatment, coarse carbonitrides of niobium, titanium and vanadium were found in the strips, which were formed in the solidifying metal due to liquation processes.



	
To increase the resistance of steel 0.3C-Cr-Mn-Mo + 0.15(V + Nb + Ti) to SCC, primary recommendations for adjusting the chemical composition, production technology and heat treatment have been developed.
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Figure 1. Samples after sulfide stress cracking (SSC) testing. 
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Figure 2. Fracture surface of the specimen after testing on SSC 85% yield strength (YSmin). (a) General view of the fracture surface, ×10; (b–d) enlarged images, respectively, in the red, yellow and blue regions, ×2000. 
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Figure 3. Secondary cracks in microstructure of the specimen after testing on SSC. 
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Figure 4. Light optical microscope (LOM) images of microstructure in bright (a) and dark (b) bands. 
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Figure 5. Scanning electron microscope SEM images of microstructure in dark (a) and bright (b) bands. In these pictures shown areas for the local chemical composition determination (magenta). 
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Figure 6. Continuous casting billet (CCB) template 100 mm long after macroetching with hydrochloric acid (HCl). 
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Figure 7. Nitrides at distances of 15 (a), 50 (b) and 90 (c) mm in CCB. 
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Figure 8. Microstructure in the segregation in CCB. 
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Figure 9. SEM image of microstructure in segregation in CCB. 






Figure 9. SEM image of microstructure in segregation in CCB.



[image: Metals 11 01843 g009]







[image: Metals 11 01843 g010 550] 





Figure 10. Microstructure in inner wall (a), central part (b) and outer wall (c) of hot-rolled pipe billet (HRPB). 
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Figure 11. Comparison of LOM (a) and SEM (b) images of microstructure in segregations and base metal in HRPB. Also shown are areas for determining the chemical composition. 
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Figure 12. SEM images of carbides in segregations (a) and in base metal (b) in HRPB. 
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Figure 13. Distribution of microhardness on cross-section of the wall of casing tube (CT). 
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Figure 14. Microstructure in inner wall (a), central part (b) and outer wall (c) of CT. 
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Figure 15. Comparison of LOM (a) and SEM (b) images of microstructure in segregations and base metal in CT. Also shown are areas for determining the chemical composition. 
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Figure 16. SEM images of carbides in segregations (a) and in base metal (b) in CT. 
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Figure 17. Thermodynamic modeling of impurities content. 
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Table 1. Mechanical properties of the OCTG samples.






Table 1. Mechanical properties of the OCTG samples.





	Sample
	YS, MPa
	TS, MPa
	Elongation, %
	YS/TS
	Hardness, HRC





	1
	795
	878
	18.7
	0.90
	26.0



	2
	785
	875
	19.1
	0.89
	26.5



	3
	800
	880
	20.1
	0.90
	26.0



	API 5CT (C110)
	758–828
	>793
	–
	–
	<30.0
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Table 2. Chemical composition in dark and bright bands (for Figure 5), wt. %.






Table 2. Chemical composition in dark and bright bands (for Figure 5), wt. %.





	
Element

	
Dark Band

	
Bright Band




	
Spectrum 1

	
Spectrum 2






	
Si

	
0.42

	
0.32




	
Cr

	
1.29

	
0.96




	
Mn

	
0.88

	
0.93




	
Fe

	
95.99

	
97.07




	
Mo

	
1.42

	
0.71
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Table 3. Chemical composition of segregation zone in CCB, wt. %.






Table 3. Chemical composition of segregation zone in CCB, wt. %.





	Element
	Si
	Ti
	V
	Cr
	Mn
	Fe
	Cu
	Nb
	Mo





	Spectrum 1
	0.61
	–
	0.30
	1.42
	1.03
	93.13
	0.30
	–
	3.22



	Spectrum 2
	0.39
	–
	–
	0.69
	0.66
	97.30
	0.32
	–
	0.63



	Spectrum 3
	–
	2.34
	2.10
	–
	–
	–
	–
	95.66
	–
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Table 4. Chemical composition of the segregations and the base metal of the HRPB sample, wt. %.






Table 4. Chemical composition of the segregations and the base metal of the HRPB sample, wt. %.





	Element
	Si
	Cr
	Mn
	Fe
	Cu
	Nb
	Mo





	Spectrum 1
	0.40
	0.84
	0.73
	96.48
	0.20
	0.24
	1.11



	Spectrum 2
	0.29
	0.68
	0.50
	97.88
	–
	–
	0.65










[image: Table] 





Table 5. Chemical composition of carbides in segregations and base metal of the hot-rolled pipe billet (HRPB) sample, wt. %.






Table 5. Chemical composition of carbides in segregations and base metal of the hot-rolled pipe billet (HRPB) sample, wt. %.





	
Zone

	
Segregation Band

	
Base Metal




	
Spectrum, №

	
1

	
2

	
3

	
4

	
1

	
2

	
3






	
Si

	
15.33

	
15.41

	
17.10

	
15.51

	
13.31

	
23.47

	
14.75




	
Cr

	
30.67

	
29.84

	
28.71

	
26.27

	
25.10

	
28.64

	
28.11




	
Mn

	
23.00

	
22.30

	
23.23

	
25.00

	
20.53

	
22.54

	
23.96




	
Cu

	
–

	
–

	
–

	
–

	
22.06

	
–

	
9.22




	
Nb

	
–

	
–

	
–

	
–

	
–

	
–

	
–




	
Mo

	
31.00

	
32.46

	
30.97

	
33.23

	
19.01

	
25.35

	
23.96
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Table 6. Chemical composition of the segregations and the base metal of the casing tube (CT) sample, wt. %.






Table 6. Chemical composition of the segregations and the base metal of the casing tube (CT) sample, wt. %.





	Element
	Si
	Cr
	Mn
	Fe
	Cu
	Nb
	Mo





	Spectrum 1
	0.47
	0.94
	0.78
	96.39
	0.33
	–
	1.08



	Spectrum 2
	0.31
	0.72
	0.63
	97.53
	0.24
	–
	0.58
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Table 7. Chemical composition of carbides in segregations and base metal of the CT sample, wt. %.






Table 7. Chemical composition of carbides in segregations and base metal of the CT sample, wt. %.





	
Zone

	
Segregation Band

	
Base Metal




	
Spectrum, №

	
1

	
2

	
3

	
4

	
1

	
2

	
3

	
4






	
Si

	
16.12

	
12.29

	
21.04

	
16.04

	
16.31

	
16.80

	
20.58

	
17.01




	
Cr

	
24.86

	
22.17

	
30.49

	
22.99

	
29.79

	
30.40

	
26.23

	
26.53




	
Mn

	
21.58

	
20.24

	
25.61

	
20.59

	
22.34

	
22.00

	
24.61

	
21.77




	
Cu

	
7.38

	
6.27

	
–

	
11.76

	
7.45

	
8.80

	
10.09

	
9.18




	
Mo

	
30.05

	
39.04

	
22.87

	
28.61

	
24.11

	
22.00

	
18.16

	
25.51
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Table 8. Chemical composition, wt. % (from Table 3, Table 4 and Table 6).






Table 8. Chemical composition, wt. % (from Table 3, Table 4 and Table 6).





	Element
	Si
	V
	Cr
	Mn
	Cu
	Nb
	Mo





	Thermodynamic modeling

(T = 1375 °C)
	1.2
	0.5
	1.00
	1.80
	–
	2.5
	4.60



	Segregations in CCB
	0.61
	0.3
	1.42
	1.03
	0.30
	–
	3.22



	Base metal in CCB
	0.39
	–
	0.69
	0.66
	0.32
	–
	0.63



	Segregations in HRPB
	0.40
	–
	0.84
	0.73
	0.2
	0.24
	1.11



	Base metal in HRPB
	0.29
	–
	0.68
	0.5
	–
	–
	0.65



	Segregations CT
	0.47
	–
	0.94
	0.78
	0.33
	–
	1.08



	Base metal in CT
	0.31
	–
	0.72
	0.63
	0.24
	–
	0.58
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