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Abstract

:

As a promising alloying approach, the modification of chemical composition by increasing the B content and decreasing the N content has been applied to improve the creep resistance of various 9–12% Cr heat-resistant martensitic steels. This paper presents an overview of the creep strength and related microstructural features of the 9% Cr and 10–12% Cr martensitic steels with high B and low N contents. The factors that determine the optimal B/N ratio in steels are considered. The creep properties are compared with those for similar steels with conventional B and N contents. The relationships between the stability of lath structure and precipitates of M23C6, Laves, and MX phases and the creep strength of steels are considered. Further perspectives of this modification of alloying by high boron and low nitrogen are outlined.
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1. Introduction


In the fossil power plant industry, 9–12% Cr martensitic steels are widely used materials for such components as boilers, pipes, turbines, rotors, and blades, etc. [1,2].



An increase in the operation temperature to 650–720 °C and pressure of power units with ultrasupercritical (USC) and advanced ultrasupercritical (A-USC) conditions require the development of new generation steels with enhanced creep resistance. Heat-resistant materials, such as austenitic steels and nickel-based superalloys, are used only for some parts of fossil power units (approximately up to 15%) [3]. Therefore, the high-chromium heat-resistant martensitic/ferritic steels remain as the main materials for fossil power units due to their excellent combination of creep resistance and fatigue resistance and smaller thermal expansion and larger thermal conductivity compared to austenitic steels and nickel-based alloys, as well as their low cost [4].



The 9–12% Cr steels have to exhibit high long-term creep strength, oxidation resistance in a high temperature steam, low cycle fatigue resistance, impact toughness, etc. The creep resistance is the main critical requirement: the minimum long-term creep rupture strength on the base of 100,000 h should be 100 MPa or higher at 650 °C. The feasibility of a widely used P92 commercial 9% Cr steel is limited by approximately 600 °C; its creep rupture strength is approximately 60 MPa at 650 °C for 100,000 h [5,6]. Therefore, extensive research work and development regarding so-called creep-strength-enhanced ferritic (CSEF) steels with higher long-term creep rupture strength are carried out by materials scientists.



The creep resistance of high-chromium martensitic steels is determined by the stability of the non-equilibrium hierarchical microstructure. Prior austenite grains (PAG), packets, and blocks with martensite laths are the structural elements of the typical martensite lath structure [7,8] (Figure 1). Two main dispersion strengthening phases are the nanoscale M23C6 (where M—Cr, Fe, W, etc.) carbides and the fine MX carbonitrides (where M—V, Nb and X—C, N). During tempering, the M23C6 carbides precipitated on boundaries, while the MX carbonitrides homogeneously precipitated in the lath interiors. Both M23C6 carbides and MX carbonitrides prevent the dislocation climb and slow down the migration of low-angle boundaries through suppressing the knitting reaction between the dislocations comprising lath boundaries and lattice dislocations [9,10]. The transformation of the lath structure into the subgrain structure results in degradation of creep resistance.



One of the most effective ways to enhance the creep resistance was suggested by researchers at the National Institute for Materials Science (NIMS) in Japan. The method consists of increasing the B content and decreasing the N content [11,12,13]. Microalloying by approximately 0.01 wt.% B can increase the long-term creep resistance of the steels [1,7,8,14,15,16,17]. Boron has a positive effect on the coarsening resistance of M23C6–type carbides [7,8,15,18]. A nitrogen removal to approximately 0.01 wt.% prevents the BN formation and can also positively affect the creep resistance [7,8,13,15].



Currently, new 9% Cr steels, as well as 10–12% Cr steels, are being developed using this approach. This paper presents information on the creep resistance of 9–12% Cr steels with increased boron and decreased nitrogen contents. The features of their microstructure and precipitates are considered in detail.




2. Obtaining and Heat Treatment of Steels


2.1. Chemical Composition of Steels


Chemical compositions of considered 9% Cr, 10% Cr, and 11–12% Cr steels with the increased B and decreased N contents are presented in Table 1. Moreover, chemical compositions of other 9–12% Cr steels with conventional B and N contents, used for comparison, are shown in Table 1.



Advanced steels contain 2–3% Co, which is known to have a positive effect on the microstructure and creep strength of high-Cr steels [19,20,21,22,23]. The main purpose of the Co addition is to suppress the formation of undesirable δ-ferrite during normalizing. Helis et al. studied the effect of 0–5% Co on the 9Cr-3W-0.2V-0.05Nb-0.08C-0.05N steel [19]. It was found that addition of 1% Co reduced the δ-ferrite fraction from 6% to 0.4%, while 3% Co completely eliminated the δ-ferrite. This fact is due to Co being an austenite-forming element, and it extends the austenite region on the phase diagram. The absence of δ-ferrite in high-Cr steels increases the stability of the tempered martensite lath structure [19].



On the other hand, although precipitates do not contain Co, the addition of 3% Co provides an increasing amount of MX carbonitrides and M23C6 particles. It was revealed that the number of precipitates around PAG boundaries significantly increased at 3% Co from 6 (at 0% Co) to 14 per μm2 [19]. Co also affects the chemical composition of precipitates, increasing the V content in MX particles, and the Fe, Cr, and W content in M23C6 particles. Therefore, Co indirectly affects the precipitation strengthening of 9–12% Cr steels.



The most advanced steels contain 3%W–0%Mo in order to increase the precipitation strengthening and boundary strengthening. As was shown by Abe [24], the 3W–Mo steel exhibits the longest creep rupture time as compared with 0W–.5Mo and 1.8W-0.6Mo steels. The addition of 3% W was found to be more effective to stabilize the fine distribution of M23C6 carbides along the PAG and packet and lath boundaries than Mo [24]. Therefore, a part or all of Mo is substituted with W in the steels.



2.1.1. The 9% Cr Steels


The 9% Cr steels are represented by the advanced CSEF steels, such as MARBN, G115, and SAVE12AD steels, and experimental 9Cr-1.5W-3Co steel.



The MARBN steel is the Japanese 9% Cr steel developed by National Institute of Materials Science (NIMS), in co-operation with private companies in Japan, for application to thick section boiler components in USC power plant [11,25,26]. MARBN is a MARtensitic 9Cr steel strengthened by B boron and N nitrides [11,25,26]. Various compositions of MARBN steel are presented in literature, differing in concentrations of B and N [11,25,26,27]. In this work, we consider the compositions with 139 ppm B/34 ppm N and 135 ppm B/79 ppm N presented by Abe et al. [11,25,26] and with 100 ppm B/80 ppm N studied by Abstoss et al. [27].



The G115 steel is the 9% Cr Chinese steel developed by the China Iron and Steel Research Institute (CISRI) and Bao Steel [28,29,30]. This 9Cr-3W-3Co-1CuVNbB steel is recommended for use in USC power plants at operation temperatures up to 650 °C in China owing to its excellent overall properties. It is reported that G115 with 2.8%W–3%Co is for piping and with 3% W–3% Co for tubing [30]. Composition of the G115 is similar to MARBN steel, while approximately 1% Cu is added in order for additional strengthening by fine Cu-rich particles, by analogy with P122 steel [6,31]. The G115 steel with 140–150 ppm B/80–90 ppm N is considered in works of Liu et al. [16] and Xiao et al. [32,33].



The SAVE12AD steel is the new 9% Cr steel, additionally alloyed by Nd and Ta, developed by Nippon Steel of Sumitomo Metal Corporation, Japan for large diameter and heavy wall thickness pipes and forgings of fossil-fired power boilers [5,34,35,36]. The SAVE12AD is presented in works of Hamaguchi et al. [34,35]. This steel was designed as an improvement on 11% Cr steel, SAVE12 (0.1C-11Cr-3W-3Co-V-Nb-Ta-Nd-N, in mass %) [37], by decreasing the Cr content from 11 to 9% in order to enhance the long-term creep strength. The steel is alloyed by 0.03 wt.% Nd to improve ductility and suppress creep rupture through suppressing the S segregation [36]. Concentrations of B and N are reported to be 0.01 wt.% B and 0.01 wt.% N, corresponding to the range 70–150 ppm B and 50–150 ppm N [36].



In the experimental 9Cr-1.5W-3Co steel studied by Tkachev et al. [18,38], the W content is reduced to 1.56%, content of B is increased to 0.012%, while N is 0.007%.




2.1.2. The 10% Cr Steels


The 10% Cr steels are represented by the experimental 10Cr [8,15] and 10Cr-0.2Re [39,40,41] steels designed on the base of TOS 110 steel. As known, TOS 110 steel was developed in Japan at Toshiba with the main composition of 10Cr-0.7Mo-1.8W-3Co-VNb-0.01B-0.02N for turbine rotor application at 630 °C [42,43,44]. The experimental 10Cr steel is a modification of TOS 110 steel by decreasing the N content to 0.003% and addition of Ti (0.002%) while maintaining the high B content of 0.008%. It was shown that this modification results in enhanced long-term creep rupture strength [8,15]. The NF12 [2] and HR1200 [43,45] steels were used for comparison of creep resistance of the 10Cr steel.



The 10Cr-0.2Re steel was designed on the base of the following approaches: (1) the most part of Mo is replaced by W for increasing the precipitation strengthening (2.86% W–0.13% Mo); (2) rhenium is added (0.2% Re) to improve creep strength as it was found that Re not only increases the solid solution strengthening but also has a retardation effect on the W diffusion [39,40,41]. TOS 203 steel with 0.2% Re [46] was used for comparison of creep strength of the 10Cr-0.2Re steel.




2.1.3. The 11–12% Cr Steels


The 11–12% Cr steels are represented by the TAF650, SuperVM12 steels, and experimental 12% Cr steels.



The TAF650 steel is the 12% Cr Japanese steel derived from the TAF steel [47]. The TAF steel was developed in 1956 by Toshio Fujita [48] and has the superior high temperature strength. The TAF650 steel was developed for improvement of poor weldability and hot workability. In the TAF650 steel, the part of Mo was replaced by W; Co and Ni were added; C and B contents were reduced from 0.21% to 0.1% and from 0.03% to 0.019%, respectively (Table 1) [49,50,51,52].



The SuperVM12 steel is a new 12% Cr ferritic martensitic steel developed by Vallourec Group [53,54]. The SuperVM12 steel combines excellent creep rupture strength properties and enhanced steam oxidation resistance of 12% Cr steels, such as VM12-SHC [55]. Oxidation rates of the SuperVM12 steel are significantly smaller than those of 9% Cr steels, such as P92 and MARBN [54].



The experimental 12% Cr and 12% Cr-Ta steels were developed and studied by Fedoseeva et al. [17,56]. The 12% Cr and 12% Cr-Ta steels contain 3.9% and 3% Co, respectively, in order to prevent formation of δ-ferrite and increase the precipitation strengthening. Moreover, these 12%Cr steels are alloyed by 0.8% Cu and 0.07% Ta as austenite-stabilizing elements [17,56]. Concentrations of B and N are 0.008% and 0.003%, respectively.



For comparison of creep strength of 11–12% Cr steels, the 12Cr steel studied by Yadav et al. with conventional B and N was also used [57,58].
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Table 1. Chemical composition of 9–12% Cr steels with high B and low N contents (in wt. %). Data are adapted from Refs. [2,5,6,8,11,15,16,17,18,20,21,22,25,26,27,31,32,33,34,35,36,37,38,39,41,42,43,44,45,46,49,50,51,52,53,54,55,56,57,58].
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Steel

	
Fe

	
C

	
Cr

	
Co

	
W

	
Mo

	
Si

	
Mn

	
Ni

	
V

	
Nb

	
N

	
B

	
Others

	
Heat Treatment *, °C

	
d PAG, μm

	
Ref.






	
9% Cr




	
MARBN (Abe)

	
bal.

	
0.08

	
8.88

	
3.00

	
2.85

	
-

	
0.31

	
0.49

	
-

	
0.19

	
0.05

	
0.0079

	
0.0135

	
-

	
N 1150, 1 h

T 770, 4 h

	

	
[11,25,26]




	
bal.

	
0.08

	
8.99

	
3.01

	
2.91

	
-

	
0.30

	
0.51

	
-

	
0.19

	
0.05

	
0.0034

	
0.0139

	
-

	
N 1080, 1 h

T 800, 1 h

	
60

	
[11,25,26]




	
MARBN (Abstoss)

	
bal.

	
0.08

	
9.26

	
2.97

	
2.87

	
-

	
0.32

	
0.52

	
-

	
0.157

	
0.055

	
0.008

	
0.01

	
-

	
N 1150, 1 h

T 770, 4 h

	
-

	
[27]




	
G115 (Liu)

	
bal.

	
0.082

	
8.96

	
3

	
2.62

	
-

	
0.34

	
0.53

	
-

	
0.2

	
0.05

	
0.009

	
0.015

	
0.94 Cu

	
N 1100, 1 h

T 780, 3 h

	
-

	
[16]




	
G115 (Xiao)

	
bal.

	
0.08

	
8.8

	
3

	
2.8

	
-

	
0.3

	
0.5

	
-

	
0.2

	
0.06

	
0.008

	
0.014

	
1.0 Cu

	
N 1100, 1 h

T 760, 3 h

	
~100

	
[32,33]




	
SAVE12AD

	
bal.

	
0.05–0.1

	
8.5–9.5

	
2.5–3.5

	
2.5–3.5

	
-

	
0.05–0.5

	
0.2–0.7

	
<0.2

	
0.15–0.3

	
Nb + Ta

0.05–0.12

	
0.005–0.015

	
0.007–0.015

	
0.01–0.06 Nd

	
N 1070–1170

T 750–790

	
150–200

	
[5,34,35]




	
9Cr-1.5W-3Co

	
bal.

	
0.095

	
9.05

	
2.86

	
1.56

	
0.58

	
0.12

	
0.41

	
0.24

	
0.20

	
0.05

	
0.007

	
0.0120

	
0.03 Cu

	
N 1060, 1 h

T 750, 3 h

	
26

	
[18,38]




	
Reference 9% Cr steels with conventional B and N contents




	
P92

	
bal.

	
0.07–0.13

	
8.5–9.5

	
-

	
1.5–2.0

	
0.3–0.6

	
<0.5

	
<0.6

	
<0.4

	
0.15–0.25

	
0.04–0.09

	
0.03–0.07

	
0.001–0.006

	
-

	

	

	
[6]




	
9Cr-2W-3Co

	
bal.

	
0.120

	
9.50

	
3.10

	
2.00

	
0.44

	
0.08

	
0.2

	
0.04

	
0.20

	
0.06

	
0.050

	
0.0050

	
0.08 Cu

	
N 1050, 1 h

T 750, 3 h

	
10

	
[20,21]




	
9Cr-3W-3Co

	
bal.

	
0.120

	
9.40

	
3.10

	
3.00

	
0.44

	
0.08

	
0.2

	
0.04

	
0.2

	
0.06

	
0.050

	
0.0050

	
0.08 Cu

	
N 1050, 1 h

T 750, 3 h

	
20

	
[22]




	
10% Cr




	
10Cr

	
bal.

	
0.10

	
10.0

	
3.00

	
2.00

	
0.70

	
0.06

	
0.10

	
0.17

	
0.20

	
0.05

	
0.003

	
0.0080

	
0.006 Cu

<0.002 Ti

	
N 1060, 1 h

T 770, 3 h

	
35

	
[8,15]




	
10Cr-0.2Re

	
bal.

	
0.11

	
9.85

	
3.2

	
2.86

	
0.13

	
0.03

	
0.14

	
0.03

	
0.23

	
0.07

	
0.002

	
0.008

	
0.17 Re

0.22 Cu

	
N 1050, 1 h

T 770, 3 h

	
55

	
[39,40,41]




	
Reference 10% Cr steels with conventional B and N contents




	
NF12

	
bal.

	
0.1

	
10.2

	
2.0

	
2.5

	
0.15

	
0.35

	
0.5

	
0.1

	
0.22

	
0.07

	
0.02

	
0.005

	
-

	
-

	
-

	
[2]




	
TOS 110

	
bal.

	
0.11

	
10.0

	
3.00

	
1.8

	
0.65

	
0.08

	
0.10

	
0.2

	
0.20

	
0.05

	
0.02

	
0.01

	
-

	
-

	

	
[42,43,44]




	
HR1200

	
bal.

	
0.1

	
11.0

	
2.7

	
2.7

	
0.23

	
0.06

	
0.55

	
0.5

	
0.22

	
0.07

	
0.02

	
0.02

	
-

	
-

	
-

	
[43,45]




	
TOS 203

	
bal.

	
0.1

	
10.5

	
1.0

	
2.5

	
0.1

	
0.07

	
0.5

	
0.6

	
0.2

	
0.08

	
0.04

	
0.015

	
0.2 Re

	
N 1120, 3 h (oil)

T 680, 5 h + 650,5 h

	
~100

	
[46]




	
Steel

	
Fe

	
C

	
Cr

	
Co

	
W

	
Mo

	
Si

	
Mn

	
Ni

	
V

	
Nb

	
N

	
B

	
others

	
Heat treatment *, °C

	
dPAG, μm

	
Ref.




	
11–12% Cr




	
SuperVM12

	
bal.

	
0.1–0.16

	
11

	
1.8

	
2

	
0.5

	
0.5

	
0.3–0.8

	
<0.4

	
0.15–0.3

	
0.02–0.1

	
0.011

	
0.014

	
-

	
N 1100, 0.5 h

T 780, 2 h

	
~200

	
[53,54]




	
TAF650 (Sawada)

	
bal.

	
0.11

	
10.99

	
2.9

	
2.59

	
0.15

	
0.04

	
0.43

	
0.52

	
0.19

	
0.07

	
0.02

	
0.017

	
-

	
N 1100, 1 h (oil)

T 680, 3 h

	
33

	
[49]




	
TAF650 (Svoboda)

	
bal.

	
0.1

	
10.84

	
2.86

	
2.63

	
0.14

	
0.07

	
0.55

	
0.55

	
0.19

	
0.06

	
0.016

	
0.019

	
-

	
N 1100, 1 h (oil)

T 750, 2 h

	

	
[50,51,52]




	
12% Cr (Fedoseeva)

	
bal.

	
0.09

	
11.3

	
3.9

	
2.4

	
0.63

	
-

	
-

	
-

	
0.24

	
0.07

	
0.003

	
0.009

	
0.78 Cu

	
N 1050–1070, 1 h

T 750–770, 3 h

	
51

	
[17]




	
12% Cr–Ta (Fedoseeva)

	
bal.

	
0.11

	
11.4

	
3.0

	
2.5

	
0.62

	
0.02

	
0.04

	
0.03

	
0.23

	
0.04

	
0.003

	
0.01

	
0.76 Cu

0.07 Ta

	
48

	
[17,56]




	
Reference 11–12% Cr steels with conventional B and N contents




	
P122

	
bal.

	
0.07–0.14

	
10–11.5

	
-

	
1.5–2.5

	
0.25–0.6

	
<0.5

	
<0.7

	
<0.5

	
0.15–0.3

	
0.04–0.1

	
0.04–0.1

	
0.0005–0.005

	
0.3–1.7 Cu

	
-

	

	
[6,31]




	
VM12-SHC

	
bal.

	
0.1–0.14

	
11

	
1.6

	
1.5

	
0.3

	
0.5

	
0.15–0.45

	
<0.4

	
0.2–0.3

	
0.03–0.08

	
0.06

	
0.005

	
-

	
N 1060, 0.5 h

T 780, 2 h

	

	
[54,55]




	
TAF

	
bal.

	
0.1

	
10.53

	
-

	
-

	
1.59

	
0.41

	
0.89

	
-

	
0.2

	
0.2

	
0.02

	
0.037

	
-

	
-

	

	
[51]




	
Save12

	
bal.

	
0.1

	
11

	
3.0

	
3.0

	
-

	
0.3

	
0.2

	
-

	
0.2

	
0.07

	
0.04

	
0.006

	
0.04 Nd

0.07 Ta

	
-

	

	
[37]




	
12Cr (Yadav)

	
bal.

	
0.06

	
12.1

	
3.5

	
2.47

	
0.01

	
0.31

	
0.21

	
0.19

	
-

	
-

	
0.06

	
0.006

	
1.95 Cu

0.36 Ta

	
N 1150, 1 h

T 650, 6 h

+740, 6 h

	

	
[57,58]








* N—normalization, T—tempering.













2.2. Vacuum Induction Melting of Steels


In contrast to high-chromium steels with conventional N content (~0.05%), the method of vacuum induction melting is used for producing steels with decreased nitrogen content (<0.01%). It is attributed to the fact that the nitrogen content in alloy is determined by the gas pressure on the molten alloy.



As is known, the solubility of the diatomic nitrogen gas (N2) in metal melt can be described by the reaction:


1/2 N2 = [N],



(1)




and obeys Sievert’s law [59], according to which the solubility of nitrogen gas in metal melts is proportional to the square root of the partial pressure of the gas (under constant temperature):


   N  =  K N  ⋅    p   N 2      ,  



(2)




where [N] is the solubility of the nitrogen gas in metal melt at a given partial pressure of gas pN2; KN is the solubility constant (Sievert’s constant), which depends on temperature and the way concentration and pressure are expressed.



Figure 2 presents the effect of nitrogen partial pressure on the nitrogen content in a liquid pure iron at 1600 °C [60]. It is seen that the solubility of nitrogen in pure Fe is approximately 0.044 wt. % at 1 bar. Alloying elements also affect the solubility of nitrogen. Nitride-forming elements, such as Cr, V, and Al, increase the solubility of nitrogen. Thus, in liquid Fe alloy with 9 and 12% Cr at atmospheric pressure of ~1 bar, the soluble nitrogen content is significantly higher (0.1% and 0.15%, respectively) than in pure Fe.



Excess nitrogen content can be removed from molten steels according to Sievert’s law with vacuum. During vacuum induction melting, when vacuum and stirring are applied, dissolved nitrogen is adsorbed by bubbles and is flushed from the melt (Figure 3) [61]. Depending on required N content in steel, the pressure is varied.




2.3. Heat Treatment


Heat treatment of the steels usually consists in normalization and tempering in order to form a tempered martensite lath structure. Normalization of the considered steels is carried out in a wide temperature range of 1050 to 1170 °C (Table 1, Figure 4). Heating is carried out in the austenite region for preventing the δ-ferrite formation after normalization. Duration of heating varies from 0.5 to 1 h. During cooling (by air or oil), the austenite transforms to martensite. The normalization leads to the formation of the lath martensite structure, in which the PAGs, packets, blocks, and laths with high density of lattice dislocations are distinguished. The normalization temperature affects the PAG size. The size of PAG in the steels significantly varies from 20 to 200 μm due to different normalization temperatures (Table 1).



Typical tempering temperatures are 750–780 °C, although lower and higher temperatures in the range of 680–800 °C are encountered. Duration of tempering varies in the range 1–4 h. During tempering, the normalized martensite becomes tempered martensite and the tempered martensite lath structure is formed (Figure 1). The dislocation density decreases as compared to the normalized state but remains high, approximately 2–4 × 1014 m−2. The M23C6 carbides precipitate on boundaries of PAGs, packets, blocks, and laths, while the MX carbonitrides homogeneously precipitate in the lath interiors.





3. The Boron/Nitrogen Ratio in the Steels


Boron is known to improve the stability of tempered martensite lath structure through the stability of M23C6 carbides. Boron suppresses the coarsening of these carbides. As it is included in M23(B, C)6 carbides during tempering, it significantly reduces the diffusion processes and retains the fine carbides for a long time [7,14].



However, addition of B alone to the steels can have a negative effect. Thus, El-Kashif et al. [62] reported that, at conventional N content (0.05 wt.%), increasing B from conventional 0.001% to 0.006% in the 9Cr-3W-3Co steel reduced the time to rupture by two times at creep testing at 650 °C, 160 MPa. The change in B content was accompanied by a decrease in the PAG size from 160 to 120 μm. At the same time, when the N content was lower than conventional and comprised 0.02%, an increase in the B content to 0.01 wt. % increased time to rupture. It is interesting, that creep strength improved in this case despite the fact that the PAG size also decreased from 155 to 110 μm. Then, this change in the PAG size did not affect the creep resistance. In the high N–high B steel, the number density of precipitates containing B was the highest, whereas, in the low N–high B steel, more free B existed in the matrix [62]. Therefore, free B in solid solution is more effective on the stabilization of the microstructure and strengthening than B contained in precipitates [62].



Therefore, the B/N ratio should be controlled to increase the operating temperature. The following factors determine the contents of boron and nitrogen:




	
Preventing the formation of BN phase. On the one hand, an increased boron content enhances the coarsening resistance of M23C6-type carbides during creep. On the other hand, the presence and content of nitrogen strongly affects the efficiency of alloying with boron. Nitrogen affects the solubility of boron in the ferritic matrix. At excess nitrogen content, the undesirable BN phase is formed during normalization. The coarse BN precipitates can act as initiation sites for creep cavities that reduce the creep resistance and creep ductility. Formation of BN leads to a depletion of boron from the ferritic matrix.








The solubility of boron is determined by the solubility product for boron nitride in 9–12% Cr steels at a normalizing temperature of 1050–1150 °C, given by [63]:


log[%B] = −2.45 log [%N] − 6.81,



(3)




where [%B] and [%N] are the concentration of soluble boron and soluble nitrogen in mass %, respectively.



Figure 5 shows the border between the B and N concentration regions with BN and without BN in the solid solution in 9–12%Cr steels at a normalizing temperature of 1050–1150 °C [7,24]. Most of the considered steels with increased B and decreased N contents are free from BN according to this diagram. The high B content in the range of 0.007 to 0.02% is compensated by the low N content of less than approximately 0.01%. This allows all the added boron to be dissolved in the matrix or M23C6 without formation of BN after normalization. The exception is the TAF650 steel [49,50,51], in which the N content of 0.016% is about twice higher than the soluble limit of 0.0084% N at the B content of 0.019%. Moreover, in the SuperVM12 steel, 0.011% N and 0.014% B can result in BN appearance.



The steels with conventional B and N contents, such as P92, P122, Save12, NF12, and others, are prone to BN formation. Therefore, in these steels, the soluble B content is low due to the fact that B is consumed to form the BN. Sakuraya et al. [63] showed that there are many BN type inclusions with sizes up to about 4 μm in the P122 and P92 steels. Moreover, in the P122 steel, the BN inclusions were revealed to agglomerate in large size colonies (20 μm).



BN particles reduce creep ductility that deteriorates creep strength at long times [64]. Abe et al. established that the BN particles are responsible for the degradation in reduction of area (RA) at low stresses and long times by accelerating the formation of creep voids at interfaces between the BN particles and alloy matrix [65]. As is known, this process occurs at the late stage of tertiary creep stage. On the other hand, the BN particles have no negative effect on the creep rupture time in the steels with balanced content of W-Mo. Thus, the 9% Cr-3W-0Mo-0.0049N-0.0031B steel with the W-Mo balance parameter 1/2W/(1/2W + Mo) = 1 exhibited the same creep life as 9Cr-0.0092B-0.0016N steel despite the presence of BN precipitates [65].



Along with BN, the AlN particles are responsible for the degradation in RA at low stresses and long times. Abe et al. showed that, in 12Cr-1Mo-1W-0.3V steel, the dissolved nitrogen and fine vanadium nitrides are gradually consumed by the formation of AlN and TiN during creep [65]. This leads to reducing the both creep rupture time and creep ductility.



	2.

	
Optimal fraction of MX phase. The nitrogen content determines the volume fraction of MX carbonitrides, namely N- and V-enriched precipitates, in steels. At optimal B content, the N content should not be too high or too low.







Thus, in the MARBN steel (9Cr-3W-3Co) with 140 ppm B, Abe et al. showed that 79 ppm N improved the creep rupture time as compared with conventional 650 ppm N, whereas the low N content of 15 and 34 ppm reduces creep rupture time (Figure 6) [11,26]. According to Equation (3), at 140 ppm B, 95 ppm N can dissolve in the matrix without any formation of BN during normalization. However, low N results in a low fraction of MX phase. Therefore, weak strengthening by MX carbonitrides results in a higher minimum creep rate and shorter time to rupture. It is interesting that, at 79 ppm N, most of the N dissolved in the matrix after tempering and then started to precipitate in very fine MX carbonitrides during 1000 h of creep, which contributed to the creep strength [11].



The same results were obtained in the P91 steel with 100 ppm B, where too-low N content of 20 ppm reduced the creep resistance due to low fraction of MX phase [66]. Creep rupture time of P91–100 ppm B-20 ppm N was 296 h, whereas that of P91–90 ppm B—90 ppm N was 544 h at 120 MPa, 650 °C [66]. Rejeesh et al. recommended the optimal ratio of 70–100 ppm B and 90–100 ppm N for modified 9Cr-1Mo steel [66]. Their experimental results showed that the maximum creep rupture time of steel with the B/N ratio of 70 ppm/108 ppm is associated with the maximum MX fraction of 0.0017%, whereas a lower N of 20 ppm reduces it by two times (Table 2). It is interesting that, at this optimal B/N ratio (70 ppm/108 ppm), the highest volume fraction of Σ(M23C6 + M23(B,C)6) phases of 0.031% was predicted by Thermo-Calc.



	3.

	
Preventing MX→Z-phase transformation. In the steels with 10–12% Cr, a low N concentration prevents the transformation of the MX phase into the undesirable coarse Z-phase particles (CrVN). Thus, in the experimental 12% Cr steels with 20 ppm N, the Z phase was not observed even after long-term creep for >20,000 h at 650 °C [17]. In the Super VM12 steel with 110 ppm N, the Z-phase was not revealed after long-term creep during 23,844 h at 650 °C [54].








4. Microstructure and Creep Properties of Advanced 9–12% Cr Steels


4.1. Creep Properties of the 9–12% Cr Steels


Figure 7 illustrates the creep data at 650 °C for the advanced 9–12% Cr steels with the increased B and decreased N contents in comparison with those for the conventional P92 and P122 steels. The data are from Refs. [5,6,8,11,16,18,20,22,25,27,32,39]. It is clearly seen that the time to rupture versus applied stress points for these steels are higher, mainly than those for the P92 and P122 steels, suggesting the higher creep resistance of new steels.




4.2. The 9% Cr Steels


The advanced 9% Cr CSEF steels—the MARBN, G115, and SAVE12AD steels—demonstrate a high level of creep strength both at high stresses (in the short-term creep region) and at low stresses (in the long-term creep region) as compared with the conventional P92 steel (Figure 8). Regression lines of the experimental creep points predict the long-term creep rupture strength of these steels at 650 °C for 100,000 h in the range from 80 to 110 MPa [5]. These values are significantly higher than those for the P92 steel and 3%Co-modified P92 steels with 2% and 3%W (approximately 60–70 MPa) (Figure 8a).



The creep strength curves for the MARBN steel vary depending on the B and N content [11,25]. The MARBN steel with 140 ppm B/79 ppm N demonstrates the highest creep resistance, whereas a lower N content of 34 ppm reduces the creep strength (Figure 8b).



The G115 steels with slightly different B and N content (140–150 ppm B and 80–90 ppm N) studied by Liu et al. [16] and Xiao et al. [32,33] exhibit close stress/time to rupture points, which are approximated by a regression line predicting the long-term creep strength of 100 MPa (Figure 8c).



The SAVE12AD steel is predicted to have the long-term creep rupture strength of 80 MPa at 650 °C for 100,000 h (Figure 8d) [36].



The data for the experimental 9Cr-3Co-1.5W steel with 120 ppm B/90 ppm N are located close to those for the G115 and SAVE12AD steels at high stresses; however, the creep strength breakdown took place after 3000 h of creep [18,38], which led to reducing the creep strength at low stresses close to the level of the Co-modified P92 steels (Figure 8d).



4.2.1. MARBN


Abe showed that high creep resistance of the MARBN-type steels is associated with B effect on the coarsening resistance of M23C6 carbides, which are located in the vicinity of PAG boundaries [7,67]. Thus, in as-tempered steel, the small M23C6 carbides precipitate both in steel containing B and without B. However, during long-term creep or aging, the fine distribution of M23C6 carbides along PAG boundaries is maintained in the 9Cr steel with 139 ppm B (Figure 9a), whereas individual coarse (more than 1 μm) carbides form in steel without B due to intensive Ostwald ripening (Figure 9b) [7]; i.e., the addition of B reduces the rate of Ostwald ripening of M23C6 carbides in the vicinity of PAG boundaries during exposure at elevated temperature.



The stability of M23C6 carbides in the MARBN steel with 100 ppm B/80 ppm N was shown also in the work of Abstoss et al. [27]. The fine dispersion of M23C6 carbides was observed during creep for 3937 to 16,479 h while decreasing the mean size from 207 to 183 nm, increasing the number density at the increased area fraction of precipitates (Table 3). Their coarsening was observed only after long-term creep at 110 MPa for 24,606 h. Laves phase particles were detected in the vicinity of M23C6 carbides and have a lower number density at a larger mean diameter.



Sekido et al., recently studied the distribution of boron in the MARBN steel with 139 ppm B using nanoscale secondary ion mass spectrometry (Nano-SIMS) [68]. It was revealed that, after normalization from 1100 °C, B segregates on the PAG boundaries only, not on the packet and block boundaries (Figure 10a,b). Therefore, those carbides that precipitate at the PAG boundaries during tempering are enriched in B. After long-term creep (15,426 h), B was found dissolved in M23C6 carbides located on the PAG and block boundaries (Figure 10c,d).



Despite the fact that carbides on PAG boundaries are larger than on the lath boundaries (120 nm and 70 nm, respectively), they are stable during creep. Therefore, these carbides are able to retard the recovery near the PAG boundaries and, hence, prevent the localized creep deformation. Abe found that enrichment of B retards the onset of acceleration creep and extends the transient creep stage to longer times at low stresses. This leads to a lower minimum creep rate and, consequently, to a longer time to rupture (Figure 11) [7,67]. It is illustrated in Figure 11a that, with an increase in the B content from 0 to 92 ppm, the minimum creep rate slightly decreases at 650 °C, 80 MPa, whereas the following increase of B to 139 ppm results in a more than one order of magnitude drop in the minimum creep rate and significantly longer rupture time [7].



On the other hand, as was mentioned in paragraph 3, in the MARBN steel with 140 ppm B and 79 ppm N, precipitation of very fine (~10 nm) MX particles occurs during 1000 h of creep [11]. This leads to additional precipitation strengthening and enhancement in the creep strength as compared to the steel with lower N content (Figure 6a) [11]. As is presented by Abe [13], additional MX precipitation decreases the creep rates in the transient region, and it also retards the onset of acceleration creep by the microstructure stabilization due to boron (Figure 12). Therefore, that is why the MARBN steel with 140 ppm B/79 ppm N presented by Abe [11] and the MARBN steel with 100 ppm B/80 ppm N presented by Abstoss [27] demonstrate the highest creep resistance, whereas the MARBN steel with a lower N content of 34 ppm shows a lower creep strength curve (Figure 8b).



As was suggested in Ref. [69], the precipitation of small MX particles during the transient creep stage can be the dynamic precipitation. Thus, Lundin et al. suggested that the high creep properties of the 10% Cr steel at 600 °C for up to 10,000 h can be explained by a latent creep resistance, where precipitation processes occur successively during creep in a dynamic process [69]. The presence of very small precipitates, rich in chromium, vanadium, iron, and nitrogen, were revealed by means of atom probe analysis. During dynamic precipitation, a balance between nucleation of very small precipitates on dislocations and their dissolution, when the dislocation manages to break away, is suggested. This process can be repeated, and it should lead to a decrease in the creep rate during steady state creep.




4.2.2. G115 Steel


The G115 steel with 140–150 ppm B/80–90 ppm N and additionally alloyed by 1% Cu was studied by Liu et al. [16] and Xiao et al. [32,33]. In the G115 steel, besides the main strengthening phases of M23C6 and MX, fine Cu-rich precipitates nucleate during short-term creep. Cu-rich precipitates were revealed to slightly grow during creep from 35 to 50 nm and then dissolve between 3000 and 4000 h of creep due to their cutting by moving dislocations [32,33]. Therefore, the Cu-rich phase has a significant pinning effect on the dislocations (Figure 13a) and on the stability of martensite structure in the short-term creep region, while, after a creep time of ~1000 h, little strengthening occurs. M23C6 carbides continuously grew up to ~120–150 nm during ~4000 of creep, and then the rapid coarsening to ~200–300 nm took place during long-term creep for 9000–15,000 h [16]. Laves phase particles continuously grew, attaining sizes of ~300 nm during long-term creep. Dislocation density remains high in G115 during both short-term and long-term creep. MX carbonitrides were reported to be enriched by Nb and be very stable under creep conditions, with a size of 35–50 nm [32].




4.2.3. SAVE12AD Steel


The SAVE12AD steel is alloyed by ~0.03 wt.% Nd; the concentrations of B and N are approximately 100 ppm B and 100 ppm N, corresponding to the specified ranges 70–150 ppm B and 50–150 ppm N [36]. Hamaguchi et al., reported that, after creep testing at 650 °C, 108 MPa for 20,687 h, the lath structure almost remained and M23C6 particles were observed along grain and lath boundaries in the SAVE12AD (Figure 13b) [36].




4.2.4. Experimental 9Cr-3Co-1.5W Steel


Tkachev et al. suggested that high creep resistance of the 9Cr-3Co-1.5W steel with 120 ppm B/90 ppm N in the short-term region is provided by strong M23C6 + Laves phase precipitation strengthening [38]. The chains of carbides and Laves phase particles strengthen the lath boundaries (Figure 14a). After 2000 h of creep, the full dissolution of Laves phase particles on the lath boundaries takes place due to Ostwald ripening (Figure 14b,c). Therefore, the creep strength reduces despite the fact that M23C6 carbides remain stable in size. It was found that Z-phase formed during creep; Z-phase precipitates were revealed after a creep test for 17,863 h. However, due to their small size of approximately 70 nm, Z-phase appearance did not affect the creep strength breakdown [38].





4.3. The 10% Cr and 11–12% Cr Steels


The main problem of the 10–12% Cr steels is a drop in creep resistance in the long-term creep region. Creep degradation is associated with the instability of the tempered martensite lath structure under creep conditions, which can be caused by such microstructural changes as:




	-

	
preferential recovery of martensitic microstructure near the PAG boundaries;




	-

	
Z-phase formation and disappearance of MX strengthening precipitates;




	-

	
Laves phase formation, etc.









Thus, the creep strength of the 11% Cr conventional P122 steel is the same as that of P92 steel at high stresses, whereas, at low stresses, creep resistance deteriorates (Figure 15a). Therefore, for the developing 11–12% Cr steels with excellent oxidation resistance due to high Cr content, the main task is to reach the creep strength level at least of the conventional 9% Cr P92 steel.



The experimental 10Cr [8] and 10Cr-0.2Re steels [39,40,41] with 80 ppm B/20–30 ppm N, as compared with the 10% Cr NF12 steel (10Cr-2.5W-2Co) with conventional B and N contents, show advantages in the long-term creep region (Figure 15b). These steels exhibit higher creep strength at low stresses (<140 MPa), whereas, at high stresses, new steels are significantly less resistant to creep than the NF12 steel and closer to the creep level of the P92/P122 steels (Figure 15b).



The 10Cr steel does not demonstrate the creep strength breakdown up to approximately 40,000 h, which results in a high predicted long-term creep rupture strength of 110 MPa at 650 °C for 100,000 h [8]. This value is sufficiently higher than that for the TOS 110 steel, which was developed for application at 630 °C, and its long-term creep rupture strength for 100,000 h at 630 °C is 100 MPa and at 650 °C is nearly 80 MPa [70]. It can be concluded that modification of the TOS 110 steel by a decrease in the N content from conventional 200 ppm to 30 ppm resulted in a higher long-term creep strength of the 10Cr steel [8]. Unfortunately, there are no data on the creep strength curve of the TOS 110 steel in the literature. Therefore, the 10Cr steel is also compared with the HR1200 steel (11Cr-2.7W-2.7Co-200 ppm B/200 ppm N), which was developed at the next step for application at 650 °C by increasing the W content to 2.7% and B content to 200 ppm [43,45]. It is shown in Figure 13b that the creep resistance of the 10Cr steel corresponds to that for the HR1200 steel at about 110–120 MPa, whereas, at >120 MPa, the creep strength of the HR1200 is much higher.



The creep strength of the experimental Re-modified 10Cr steel is significantly higher in comparison with the 10Cr steel at ≥140 MPa. Its time to rupture is about five to ten times longer than that of the 10Cr steel (Figure 15b). However, a marked creep strength breakdown takes place at <140 MPa (~10,000 h), leading to a decrease in the long-term creep strength of the 10Cr-0.2Re steel [40,71]. It should be noted that, at low stresses ≤140 MPa, the creep strength curve for the 10Cr-0.2Re steel is almost the same as for the TOS 203 steel. In contrast, the short-term creep strength of the 10Cr-0.2 Re steel is significantly lower as compared with the TOS 203 steel.



The newly developed 11% Cr SuperVM12 steel with 140 ppm B and 110 ppm N is characterized by excellent creep rupture strength [35,54]. It exhibits a linear time to rupture versus applied stress curve at both high and low stresses, even predicting the 100,000 h creep rupture strength of approximately 65 MPa (even slightly higher than for P92 steel) (Figure 15c). Meanwhile, for the previous VM12-SHC steel, the long-term creep rupture strength is predicted to be less than 45 MPa using the Larson–Miller parameter [72] for creep data obtained at 625 °C [73]:


PLM = T(logtr + 36) × 10−3,



(4)




where T is the absolute temperature, tr is the time to rupture.



The TAF650 steel (~11% Cr, 170–190 ppm B, 160–200 ppm N) [49,50,51,52] and the 12% Cr and 12% Cr–Ta steels (11.4% Cr, 90–100 ppm B, 30 ppm N) [17,56] demonstrate significantly higher creep strength at high stresses (at ≥ 120 MPa) than the SuperVM12 and SAVE12 steels (Figure 15d). However, at low stresses below 100 MPa, the rupture time becomes the same or lower as for the P92 and Super VM12 steels. The creep strength curve of TAF650 steel can be characterized as sigmoidal-shape. It is interesting that the original TAF steel did not show the sigmoidal curve in contrast to the TAF650 steel [50,51] (Figure 15d).



The creep strength behavior of the 12% Cr steel (11.3Cr-2.4W-3.9Co-90 ppm B/30 ppm N) at high stresses corresponds to that for the TAF650 steel (Figure 15d,e). The addition of Ta improves the creep strength and shifts the curve to higher times to rupture at <160 MPa (Figure 15e) for the 12% Cr–Ta steel (11.4Cr-2.5W-3 Co-0.07Ta-100 ppm B/30 ppm N). It seems that these steels also show the sigmoidal shape of time to rupture versus applied stress curves. As compared to the 12% Cr steels with conventional B and N content, such as SAVE12 (11Cr-3W-3C0–40 ppm B/600 ppm N) [37] and the 12Cr steel studied by Yadav et al. (12Cr-2.5W-3.5Co-2Cu-0.36Ta-60 ppm B/600 ppm N) [57,58], the 12% Cr and 12% Cr–Ta steels demonstrate significantly higher creep strength in the high-stress region (>120 MPa).



4.3.1. Experimental 10Cr Steel


High creep resistance of the experimental 10Cr steel with 10Cr-3Co-2W-0.7Mo and 80 ppm B/30 ppm N in the long-term region at 120 MPa is provided by several factors, as suggested by Dudova et al. [8] and Mishnev et al. [15]:




	-

	
The tempered martensite lath structure of the 10Cr steel (Figure 1) remains stable during the long-term creep testing for ~40,000 h at 650 °C, 120 MPa until rupture. Pronounced strain-induced lath coarsening appears during tertiary creep only;




	-

	
M23C6 carbides demonstrate high coarsening resistance; their mean size increased from 70 to 120 nm during creep for ~40,000 h at 650 °C, wherein a significant part of carbide coarsening occurred during the secondary part of tertiary creep stage;




	-

	
Although the N content is low (80 ppm) and, hence, V- and N-rich MX particles are not observed in the as-tempered steel, this V-rich MX phase precipitates during transient creep stage between 1000 and 10,000 h at 120 MPa. This provides additional precipitation strengthening and significant drop in the minimum creep rate by two orders of magnitude to 1.15 × 10−7 h−1 (or 3 × 10−11 s−1) as compared with that at 130 and 140 MPa (Figure 16);




	-

	
Low N content prevents the Z-phase formation. Small Z-phase particles were found to form between 30,000 and 40,000 of creep at 650 °C (not aging); however, their small size similar to M23C6 carbides did not affect negatively the creep resistance;




	-

	
Therefore, nanoscale M23C6 carbides and MX carbonitrides can compensate for the negative effects of W depletion from the solid solution and extensive coarsening of the Laves phase particles.










4.3.2. Experimental 10Cr-0.2Re Steel


Rhenium is known as an effective strengthening element. Thus, alloying by 0.2%wt. Re in the 10.5Cr-2.5W-1Co-0.2Re-VMoNbNB steel (TOS 203 steel designed by Toshiba) resulted in a higher creep resistance as compared to the Re-free TOS 202 steel [46]. It was reported that rhenium contributes to the solid solution strengthening through it suppressing the W diffusion [46,70,72]. Since the B and N contents are similar in the 10Cr and 10Cr-0.2Re steels, the difference in their properties is mainly caused by the Re addition, as well as an increase in W by almost 1 %. The creep resistance of the 10Cr-0.2Re steel was studied by Fedoseeva et al. [39,40,41,71,74,75]:




	-

	
In the short-term creep region, the M23C6 and Laves phase particles are more stable than in the 10Cr steel. Dense chains of M23C6 and Laves phase particles form on the lath boundaries during transient creep stage (Figure 17), which decreases the creep rate to 10−10 s−1 at 130 and 140 MPa. The coarsening rate constant for the M23C6 phase and Laves phase is about 3 and 1.4 times, respectively, lower than in the 10Cr steel. Moreover, a larger number density of carbides along the high-angle boundaries was revealed. Therefore, the more stable lath structure provides the higher creep strength in the high-stress region;




	-

	
In contrast, at low stresses, the 10Cr-0.2Re steel has lower creep strength due to the creep strength breakdown appearance. It was found that M23C6 carbides and MX carbonitrides remained stable in size; however, the rapid coarsening of Laves phase particles occurred during creep. Although the mean size of Laves phase particles was 250 nm after creep rupture at 120 MPa for 13,495 h, the very large particles with size above 2 μm were observed, which could serve as nucleation sites for cracks. The coarsening of Laves phase particles facilitated the widening of martensitic lath and transformation of lath structure into the subgrain structure.










4.3.3. SuperVM12 Steel


Subanović et al. [54] showed that the SuperVM12 steel (11Cr-2W-1.8Co-140 ppm B-110 ppm N) is more creep-resistant than previous VM12-SHC steel (11Cr-1.5W-1.6Co-50 ppm B/600 ppm N) (Figure 13c) due to:




	-

	
Dense and fine distribution of M23C6 carbides: their number density and coarsening rate are about 4 times higher and 3 times lower, respectively, than in the VM12-SHC steel (Table 4);




	-

	
Beneficial effect of small B addition on the coarsening resistance of M23C6 carbides corresponds to observation of B in these particles. Incorporation of boron into the M23C6 was revealed to be approximately 2 at.% by atom probe tomography technique. Two different types of B distribution in M23C6 carbides were distinguished: in type I precipitates, a gradual decrease in boron content from the interface towards the center of the precipitate was observed (Figure 18a), whereas, in type II carbides, the B concentration was constant or slightly increasing (Figure 18b);




	-

	
Larger number density and smaller size of MX precipitates than in the VM12-SHC steel. Boron was found in MX particles in the range of 0.3 at.% (Figure 15c);




	-

	
Z-phase was not revealed after long-term creep during 23,844 h at 650 °C. The high creep resistance of the SuperVM12 steel at low stresses can be attributed to absence of Z-phase formation during long-term creep.









Although the N content of 0.011% in the SuperVM12 steel is higher than the soluble limit at a B content of 0.014% (Figure 5), the formation of BN was not reported [54]. M3B2 borides were observed, which have the composition (Cr0.5W0.35Mo0.15)2(Fe0.75V0.25)B2.




4.3.4. TAF650 Steel


In the TAF650 steel (11Cr-3W-3Co with 170–190 ppm B and 160–200 ppm N), as-tempered state, the highly inhomogeneous structure consisting of martensitic laths and subgrains was observed by Sawada et al. [49], Svoboda et al. [51,52], and Sklenicka et al. [50]. The dislocation density in the laths interiors varied from 7.7 × 1014 m−2 [49] to 2.58 × 1014 m−2 [51] depending on the tempering temperature (680 °C and 750 °C, respectively). Precipitates of M23C6 and Laves phase (Fe2W) were located along boundaries.



Andrén et al. studied the nature of high creep resistance of the previous TAF steel alloyed with high C (0.21%) and B (0.03%) contents, which exhibits the linear creep strength curve, not the sigmoidal curve, in contrast to the TAF650 steel (Figure 13d) [76]. Unusually high density of disk-like small MX precipitates (~10 nm) was observed. It was unexpected that boron was incorporated not only in M23C6 carbides but also in MX precipitates. The concentration of boron in M23C6 and MX reached 2 at% and 0.2 at%, respectively [76]. Therefore, in the TAF650 steel, strengthening by MX precipitates can also significantly affect the creep resistance. Thus, the fine VC and Nb(C,N,B) particles were observed in the TAF650 steel by Sklenicka et al. [50]. These precipitates were found to be replaced by Cr-, Nb-, V-rich Z-phase particles during long-term creep at 650 °C (18,870 h). Thermo-Calc calculation showed that 0.21% of the MX phase reduced to 0.05% at 650 °C due to the appearance of 0.18% Z-phase [50].



Therefore, it was supposed that the sigmoidal shape of the creep strength curve of the TAF650 steel was caused by the following reasons:




	-

	
Expanded recovery and pronounced coarsening of Laves phase, which is accompanied by the W depletion of solid solution [50,51,52]. The Ni and Co additions in the TAF650 steel can facilitate the coarsening of Laves phase;




	-

	
Small amount of MX precipitates due to Z-phase formation [50].










4.3.5. Experimental 12% Cr and 12% Cr-Ta Steels


Fedoseeva et al. studied the microstructure of the experimental 12% Cr (11.3Cr-3.9Co-2.4W-0.6Mo-90 ppm B/30 ppm N) and 12% Cr–Ta (11.4Cr-3.0Co-2.5W-0.6Mo-100 ppm B/30 ppm N-0.07Ta) steels with addition of Cu (0.76%) after creep at 120 MPa, 650 °C [17]. They showed that these 12% Cr steels do not exhibit the creep strength breakdown in this creep region in contrast to 9% Cr steel with conventional B and N content [17,20,21]. This was attributed to the remaining partial lath structure under the creep condition. The fine and stable particles of the M23C6 phase (with size about 100 nm) at the absence of Z-phase up to rupture (for ~3000 and ~8000 h, respectively, for the 12% Cr and 12% Cr –Ta steels) provided the small subgrain size of about 0.7 μm. The Ta addition resulted in the smaller size and higher volume fraction of M23C6 carbides and MX carbonitrides. It is interesting to note that, despite the low fraction of MX phase due to very low N content, these steels show high creep strength in the short-term region.






5. Strengthening Factors in the 9–12% Cr Steels


Let us consider the role of different mechanisms in the creep strength of high-chromium steels with increased B and decreased N contents. As it is known, the following factors affect the strength of material: solid solution, grain and subgrain boundaries, dislocations, and dispersed particles.



5.1. Solid Solution Strengthening


The solid solution strengthening of considered steels is mainly caused by chromium, tungsten, molybdenum, and cobalt. A small amount of rhenium is also used as a solid solution strengthening element in the 10Cr-0.2Re and TOS 203 steels.



Cr is the most strengthening element in the high-chromium steels. An increase in the Cr content from 9 to 12% can markedly increase the creep strength in the short-term creep region, for example, for the 11–12% Cr TAF650, 12Cr, and 12Cr-Ta steels, but not for the SuperVM12 steel (Figure 15). The W content varies from 1.5 to 3% in the steels, the Mo content varies from 0 to 0.7%, and Co content varies from 2 to 3%. Most of the 9% Cr advanced steels contain 3%W-0%Mo. On the other hand, the 9Cr-1.5W-0.6Mo steel shows the same creep strength in the short-term region (Figure 7 and Figure 8). The 10Cr-0.2Re steel shows higher creep strength up to the appearance of the creep strength breakdown in comparison with the 10Cr steel, probably due to the higher W content (3% instead of 2%), although the Mo equivalent (Mo + 1/2 W) is the same in these steels (1.7%), as well as due to the presence of Re. In the 11–12% Cr steels, there is also no distinct correlation between the content of W, Mo, and Co and the creep strength.



These solid-solution elements have more effect on the precipitation strengthening and boundary strengthening. Thus, the addition of 3% W is more effective to stabilize fine distribution of M23C6 carbides along the PAG and packet and lath boundaries than Mo [24]. Sawada et al., showed, on the TAF650 steel, that Fe2W Laves phase precipitates on the lath boundaries, in contrast to Fe2Mo Laves phase, which precipitates on the grain and packet boundaries in the modified 9Cr-1Mo steel [49]. Therefore, Fe2W Laves phase can retard the recovery of the lath structure. The addition of 3% Co provides an increase in the amount of MX carbonitrides and M23C6 carbides around PAG boundaries [19].




5.2. Boundary and Sub-Boundary Strengthening


The PAG size mainly depends on the heating temperature during normalization. As is shown in Table 1, the PAG size of considered steels significantly varies from 20 to 200 μm. However, a comparison of the time to rupture versus stress curves (Figure 7, Figure 8 and Figure 15) shows that the PAG size does not affect distinctly the creep strength. For example, the G115 steel with the PAG size of 100 μm and the SAVE12AD steel with 200 μm grain size show the same creep strength (Figure 8a). Moreover, the creep strength of the SuperVM12 steel (200 μm) is even lower than the creep strength of the TAF650 steel (33 μm) and 12% Cr and 12% Cr-Ta steels (50 μm) in the short-term creep region (Figure 15a).



In the 9–12% Cr steels with tempered martensite lath structure, the sub-boundary hardening enhanced by fine distributions of precipitates along boundaries gives the most important strengthening mechanism for creep compared to the PAG boundaries [7]. The sub-boundary strengthening is inversely proportional to the width of lath or subgrains. The width of lath is nearly the same in most of the steels in the as-tempered state and comprises 300–400 nm (Figure 19). Evolution of lath width during creep depends on the stability of precipitates located on the lath boundaries, not only the M23C6 carbides but also the Laves phase. Figure 19 shows that the lath width slightly increases during creep. A sharp increase in the lath width or subgrain size above 1 μm usually corresponds to the transformation of the lath structure into the subgrain structure and the creep strength breakdown appearance as for the 9Cr-1.5W-3Co, 10Cr-0.2Re, and TAF650 steels.




5.3. Dislocation Strengthening


The dislocation density in the steels before creep depends on the tempering temperature. Figure 20 shows that the dislocation density comprised about 1–3 × 1014 m−2 in the as-tempered steels at 750–780 °C. Lower tempering temperatures increased the dislocation density, for example, up to 7.7 × 1014 m−2 in the TAF650 steel tempered at 680 °C [49].



For the long-term creep at elevated temperature, dislocation strengthening is not beneficial [7]. This is associated with the occurrence of recovery during creep. The excess dislocations can provoke rapid recovery, which leads to a decrease in the dislocation density and the transformation of the lath structure into the subgrain structure. Iseda et al. showed, on the 12% Cr steel [77], that tempering at 800 °C results in a longer creep rupture time at <70 MPa than tempering at 750 °C. In contrast to typical tempering at 750 °C, after tempering at 800 °C, the lower dislocation density provides less driving force for recovery and recrystallization during creep [7]. Probably, the high creep resistance of the SuperVM12 steel at low stresses can be partially attributed to the high tempering temperature of 780 °C, which provides a lower dislocation density.



A high dislocation density is retained in most steels during short-term and long-term creep (Figure 20). A noticeable decrease in the dislocation density usually corresponds to the appearance of the creep strength breakdown, as in the 9Cr-1.5W-3Co and 10Cr-0.2Re steels. In the TAF650 steel, the region of a pronounced decrease in the dislocation density corresponds to the sigmoidal shape of the creep strength curve (Figure 15). The high dislocation density in the G115 steel of 2–3 × 1014 m−2, which is stable up to approximately 4000 h of creep, is provided by fine Cu-rich particles precipitated during creep and then dissolving between 3000 and 4000 h of creep [33].




5.4. Precipitation Strengthening


Threshold stress. The M23C6 carbides and Laves phase particles are the main phases precipitated on the boundaries of lath, blocks, packets and PAGs. Small carbides and Laves phase particles are the obstacles for dislocation glide along the laths, as can be seen in the scheme (Figure 21a) and the TEM micrograph (Figure 21b), showing the motion of dislocations in the presence of precipitates on the lath boundaries.



The stresses created by small precipitates cause the threshold stress for the onset of creep. Dudova et al. examined the creep behavior of the 10Cr steel in terms of threshold stress and found a high threshold stress of 111.5 MPa, which is about 30% larger than that in the P92-type steel [8]. The calculation of the stresses required for a dislocation to pass through particles at the minimum creep rate stage was carried out. The Orowan mechanism (to bow a dislocation between two particles), climb mechanism (to generate the additional length of dislocation to climb over an obstacle), and detachment mechanism (to detach the dislocation from an attractive particle after finishing the climb) were taken into account. It was revealed that the threshold stress is associated with the stress required for detachment of dislocations from M23C6 carbides, MX carbonitrides, and Laves phase particles after finishing the climb (Figure 22). Further, essentially stable M23C6 carbides exert the main part of threshold stress. The detachment stress can be calculated by equation [79]:


   τ d  =   G b   1 −  K 2     λ  ,  



(5)




where G is the shear modulus, b is the Burgers vector, K—relaxation parameter, λ is the mean interparticle spacing, which is determined as [80]:


  λ = 0.5 d    π  6  F v      ,  



(6)




where d is the mean size of particles, Fv is the volume fraction of particles.



M23C6 carbides. Figure 23 shows that the mean sizes of M23C6 carbides in the as-tempered steels are in the range 50–100 nm. In most of the considered high B and low N steels, there is only a slight increase in the mean size at long-term creep over 10,000 h to about 120–150 nm, for example, in the MARBN, G115, 9Cr-1.5W-3Co, 10Cr, 10Cr-0.2Re, and SuperVM12 steels. Whereas, in the steels with conventional B content (the 9Cr-2W-3Co and 9Cr-3W-3Co steels), the pronounced coarsening of carbides to 200–300 nm occurs. Therefore, this confirms that the enrichment of steels by boron leads to a decrease in the size of carbides and an increase in their coarsening resistance under creep conditions.



Laves phase. Laves phase particles grow during creep deformation, and their coarsening negatively affects the creep strength. Figure 24 presents the evolution of the mean size of Laves phase particles in some 9–12%Cr steels. Laves phase particles slightly grow up to approximately 1000 h of creep, and then the rapid coarsening occurs. Fedoseeva et al. showed that the first stage of Laves phase evolution is attributed to the formation of Laves phase nuclei along low-angle and high-angle boundaries [40]. At the second stage, the Ostwald ripening of Laves phase particles occurred. In the steels with a high B content and 2–3% W, a larger fraction of Laves phase nucleated at the lath boundaries than in the steels with conventional B content. These nuclei grew slowly due to fine M23C6 carbides that are densely distributed along the boundaries. Re also sufficiently decreased the coarsening of the Laves phase. In the 9Cr-1.5W-3Co steel, despite the high B content (120 ppm), the mean size of Laves phase particles increased rapidly to 500 nm and above during 10,000 h of creep, similar to the 9Cr-3W-3Co steel with a low B content (Figure 24). Due to low W content (1.5%), the coarse Laves phase particles precipitated on the high-angle boundaries during the first stage of evolution. This initiated the dissolution of fine particles on the low-angle boundaries and promoted fast coarsening of Laves phase particles [40].



MX phase. A decrease in the N content can lead to a decrease in the fraction of the MX phase in the steels with a high B and a low N content as compared to steels with conventional B and N contents. Consequently, the precipitation strengthening is reduced due to a small fraction of fine, homogeneously distributed in the lath interiors, MX particles. It can mainly concern the steels with a N content of lower than 70 ppm.



In order to provide sufficient strengthening from MX precipitates, the optimal content of 80–100 ppm N was suggested by Abe in the MARBN steel [7] and Rejeesh et al. in the P91 steel [66].



In the SuperVM12 steel, despite the N content having been reduced from 0.06 to 0.011% as compared to the previous VM12-SHC steel, a higher number density and a smaller size of MX particles were obtained [54]. It should be noted that boron was found in MX particles in the range of 0.3 at.%. Therefore, this MX phase is very stable, and the Z-phase was not revealed after long-term creep during 23,844 h at 650 °C.



In some steels, such as the MARBN steel with 140 ppm B and 79 ppm N [11] and 10Cr steel with 80 ppm B and 30 ppm N [8,15], the precipitation of fine V-rich MX particles was revealed during the transient creep stage (Figure 25), which results in a pronounced decrease in the minimum creep rate and enhanced long-term creep resistance (Figure 12 and Figure 16).



Pinning pressure. Fine and stable boundary precipitates effectively prevent the migration of lath boundaries due to high pinning pressure [8,16,18]. Figure 26 presents the comparison of the pinning pressure from the boundary M23C6 carbides and Laves phase particles in the 9Cr-2W-3Co steel with conventional B and N contents and the 10Cr steel with a high B and a low N content [8,21]. The pinning pressure was estimated as follows [8,21,81]:


   P B  =   γ  F  v B   D    d 2    ,  



(7)




where γ is the boundary surface energy per unit area, and Fv and d are the volume fraction and size of dispersed particles, respectively. D is the size of structural elements, i.e., the subgrain size or lath thickness.



The smaller size of M23C6 carbides in the 10Cr steel (70 nm) than in the 9Cr-2W-3Co steel (90 nm) in the as-tempered condition and higher coarsening resistance (120 nm after 39,437 h instead of 264 nm after 11,151 h) result in pinning pressures that are approximately two times higher in both the short-term and long-term creep regions (Figure 26a). The higher pinning pressure was attained in the 10Cr steel despite the fact that the volume fraction of M23C6 carbides is slightly higher in the 9Cr-2W-3Co steel (2.27%) than in the 10Cr steel (2.05%). It should be noted that the coarsening rate of the Laves phase was nearly the same in these steels, which was shown by Fedoseeva et al. [40]. Higher pinning pressures provide the stable lath structure in the 10Cr steel up to long-term creep (Figure 26b), whereas the well-defined subgrain structure was formed in the 9Cr-2W-3Co steel during short-term creep (Figure 26c).



Therefore, an increase in the B content and a decrease in the N content is one of many factors affecting the creep strength of 9–12% Cr martensitic steels. The greatest effect is associated with enrichment of M23C6 carbides by boron, which enhances the coarsening resistance of carbides. In turn, fine dispersion of M23C6 carbides on the PAG boundaries during creep can provide the slower coarsening of Laves phase particles. Moreover, the MX phase, despite the low N content, can enhance the creep strength in the long-term region. Firstly, it was reported that the MX phase contains boron (0.2–0.3 at.%) and demonstrates high stability and high coarsening resistance. Secondly, in many steels with 10–12% Cr, the Z-phase was not revealed after creep for rather long times. Therefore, the dispersion strengthening can be sufficiently increased by an increase in the B content and a decrease in the N content. This provides a stable lath structure over a long creep time and prevents the transformation of the lath structure into a subgrain structure.





6. Summary


The review of the 9–12% Cr heat-resistant martensitic steels with increased boron and decreased nitrogen contents in comparison with similar steels with conventional B/N contents shows the following:




	-

	
The approach to alloying by the increased B (80–150 ppm) and decreased N (30–100 ppm) contents is successfully applied to advanced 9% Cr, as well as 10–12% Cr martensitic steels. The predicted long-term creep rupture strength at 650 °C for 100,000 h attained:




	○

	
80–110 MPa for the 9% Cr steels, such as the MARBN (9Cr-3Co-3W-100–140 ppm B/30–80 ppm N), G115 (9Cr-3Co-3W-1Cu-150 ppm B/80 ppm N), and SAVE12AD (9Cr-3Co-3W-0.04Nd-100 ppm B/100 ppm N) steels, which sufficiently exceeds the creep strength for the 9% Cr Co-free P92 steel (~60 MPa) and 3% Co-modified P92 steels (~65–70 MPa) with conventional B (~50 ppm) and N (~500 ppm) contents;




	○

	
110 MPa for the 10% Cr experimental steel (10Cr-3Co-2W-0.7Mo-80 ppm B/30 ppm N), which sufficiently exceeds the creep strength for the 11%Cr Co-free P122 steel (~45 MPa), 10% Cr Co-containing NF12 steel (10Cr-2Co-2.5W-50 ppm B/200 ppm N) (40 MPa), and advanced 10Cr-3Co-1.8W-100 ppm B/200 ppm N (TOS 110) steel (80 MPa);




	○

	
Approximately 65 MPa for the 11–12% Cr steels, such as SuperVM12 steel (11Cr-1.8Co-2W-0.5Mo-140 ppm B/110 ppm N), which is sufficiently higher than that for the previous VM12-SHC steel (~50 MPa), 11%Cr Co-free P122 steel (~45 MPa), and slightly higher than that for 9% Cr P92 steel (~60 MPa) with conventional B (~50 ppm) and N (~500–600 ppm) contents;










	-

	
An increase in the B content and a decrease in the N content enhance the creep resistance in the long-term region at a low stress, while the creep strength in the short-term region at the higher stresses corresponds to that for the steels with conventional B and N contents;




	-

	
A high B content at a low N content effectively increases the coarsening resistance of M23C6 carbides during creep at 650 °C in all considered steels;




	-

	
A positive effect of B on the creep strength is associated with enrichment of M23C6 carbides located near the PAG boundaries, which increases their coarsening resistance during creep. Stable M23C6 carbides are able to impede the recovery of the lath structure in the vicinity of PAG boundaries and, hence, retard the local deformation in the PAG boundary regions;




	-

	
Even if the B content was already high in steel, then lowering the N content less than the solubility limit can increase the long-term creep rupture strength due to full utilization of soluble boron in the matrix and M23(B,C)6-type carbides;




	-

	
Precipitation of small MX particles during the transient stage of long-term creep effectively reduces the creep rate and increases the time to rupture, as was shown in the MARBN steel with 140 ppm B and 79 ppm N and the 10Cr experimental steel with 80 ppm B and 30 ppm N;




	-

	
An increase in the B content and a decrease in the N content is an effective way to enhance the dispersion strengthening by: fine and highly coarsening-resistant M23C6 carbides, which, in turn, can provide the slower coarsening of Laves phase particles; moreover, the MX phase, despite the low N content, can enhance the creep strength in the long-term region. This provides a stable tempered martensite lath structure over a long creep time and prevents the transformation of the lath structure into a subgrain structure.
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Figure 1. Typical hierarchical microstructure in 9–12% Cr steels on the example of boundary map of the as-tempered 10Cr steel (black and red lines correspond to high-angle and low-angle boundaries, with misorientations of θ ≥ 15° and 2° ≤ θ < 15°, respectively), showing the prior austenite grains divided on blocks and packets with martensite laths (a). TEM micrograph showing the laths structure with high dislocation density and precipitated M23C6 carbides on the lath boundaries and high-angle boundaries (HABs) (b). Reprinted with permission from Ref. [8]. Copyright 2019 Elsevier. 
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Figure 2. Effect of nitrogen partial pressure on nitrogen solubility in liquid pure Fe at 1600 °C. Points for Fe–Cr alloys show the effect of Cr content on the nitrogen solubility. Data from [60]. 
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Figure 3. Scheme of vacuum induction refining process. Reproduced with permission [61]. Copyright 2008 ASM International. 
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Figure 4. Scheme of heat treatment of considered high-chromium martensitic steels. 
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Figure 5. Composition diagram of boron and nitrogen at a normalizing temperature of 1050–1150 °C. Reprinted with permission from Ref. [7]. Copyright 2017 Elsevier. Data are from Table 1. 
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Figure 6. Effect of nitrogen on creep rupture time of MARBN (9Cr-3W-3Co-VNb) steel with 140 ppm boron at 650 °C (a). Data are from Ref. [11]. Dissolved and precipitated nitrogen concentration in the 0.0015 N, 0.0079 N, and 0.065 N MARBN steels after tempering (b). Reprinted with permission from Ref. [26]. Copyright 2008 ASM International. 
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Figure 7. Time to rupture vs. stress curves of 9–12% Cr steels with the increased B and decreased N contents in comparison with the curves for the P92 and P122 steels. Data from [5,6,8,11,16,18,20,22,25,27,32,39]. 
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Figure 8. Time to rupture vs. stress curves of 9% Cr steels with increased B and decreased N contents in comparison with curves for 9% Cr steels with conventional B, N contents (a–d). Experimental data from [6,8,11,16,18,20,22,25,27,32]. 






Figure 8. Time to rupture vs. stress curves of 9% Cr steels with increased B and decreased N contents in comparison with curves for 9% Cr steels with conventional B, N contents (a–d). Experimental data from [6,8,11,16,18,20,22,25,27,32].



[image: Metals 12 01119 g008]







[image: Metals 12 01119 g009 550] 





Figure 9. Microstructure of MARBN (9Cr-3W-3Co-VNb) steel with 139 ppm B (a) and 0 ppm B (b) after aging at 650 °C for 10,300 h. Reprinted with permission from Ref. [7]. Copyright 2017 Elsevier. 
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Figure 10. Inverse pole figure maps by EBSD and distribution of B by Nano-SIMS of MARBN steel with 139 ppm B: (a,b) after normalization from 1100 °C, and (c,d) after creep test at 650 °C for 15,426 h. Reprinted with permission from Ref. [68]. Copyright 2019 ASM International. 
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Figure 11. Effect of boron on creep rate versus time curves of the steels at 650 °C and 80 MPa (a) and (b) mechanisms of boron effect on creep rate versus time curves. Reprinted with permission from Ref. [7]. Copyright 2017 Elsevier. 
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Figure 12. Effect of nitrogen on creep rate versus time curves of the steels at 650 °C and 120 MPa (a) and (b) mechanisms of boron and nitrogen effect on creep rate versus time curves. Reprinted with permission from Ref. [13]. Copyright 2011 Elsevier. 
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Figure 13. (a) TEM image showing the interaction between dislocations and precipitates of Cu-rich phase in the G115 steel after 100 h of creep at 650 °C, 140 MPa. Reprinted with permission from Ref. [33]. Copyright 2019, Elsevier. (b) Lath structure in the SAVE12AD steel after creep at 650 °C, 108 MPa, for 20,687 h. Reprinted with permission from Ref. [34]. Copyright 2017 ASME. 
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Figure 14. SEM images showing Laves phase and M23C6 particles in the 9Cr-3Co-1.5W steel after creep rupture test at 650 °C: (a) 180 MPa, 243 h; (b) 140 MPa, 3430 h; (c) 100 MPa, 17,863 h. Reprinted with permission from Ref. [38]. Copyright 2019 Elsevier. 
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Figure 15. Time to rupture vs. stress curves of 10–12% Cr steels with increased B and decreased N contents in comparison with curves for 10–12% Cr steels with conventional B, N contents (a,b,d,e). Larson–Miller diagram (c). Experimental data from [2,17,42,43,46,49,50,51,53,54,57]. 
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Figure 16. Creep rate vs. time curves of the 10Cr steel at 650 °C and different applied stresses from 120 to 180 MPa (a). The lath structure and dispersion of particles in the 10 Cr steel at the apparent steady-state creep stage at 650 °C and 120 MPa, 10,000 h on the high-angle boundary (HAB) and lath boundaries (b) Reprinted with permission from Ref. [8], Copyright Elsevier 2019; after creep rupture test for 39,437 h (c). Reprinted with permission from Ref. [15], Copyright Elsevier 2018. 
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Figure 17. TEM micrographs of the 10Cr-0.2Re steel after short-term creep tests at 650 °C: 200 MPa, 8 h (a) and 160 MPa, 440 h (b); black and white arrows indicate M23C6 and Laves phase particles, respectively, located along the lath boundaries; grey arrows indicate NbX particles precipitated within the laths. Electron diffraction pattern (c) is obtained from the Laves phase particle shown by circle in (b). Reprinted with permission from Ref. [74], Copyright Elsevier 2018. 
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Figure 18. Proxigram analysis showing quantitative B, W, Mo, Si concentration profiles across M23C6/matrix (a,b) and B, C, and Si concentration profiles across MX/matrix (c) interface in the SuperVM12 steel after creep at 650 °C for 23,844 h. Reprinted with permission from Ref. [54]. Copyright 2019 ASM International. 
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Figure 19. Evolution of the lath width during creep in the 9–12% Cr steels. Data from [8,16,17,21,22,38,39,49,71]. 
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Figure 20. Evolution of the dislocation density during creep in the 9–12% Cr steels. Data from [8,16,17,21,22,38,39,49,71]. 
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Figure 21. Scheme showing dislocation glide along the laths in the 9Cr-1.5W-3Co steel during transient creep when small Laves phase particles precipitate on the lath boundaries (a). Reprinted with permission from Ref. [18], Copyright 2018 Elsevier. TEM micrograph showing the motion of dislocations in the lath interior in the presence of M23C6 carbides on the lath boundaries in the G115 steel after creep rupture test at 650 °C and 140 MPa for 1045 h (b). Reprinted with permission from Ref. [78]. Copyright 2021 Elsevier. 
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Figure 22. Chart diagram showing that the level of shear threshold stress (blue horizontal line) corresponds to the sum of detachment stress (in the right part), estimated for MX, M23C6, and Laves phase particles in the 10Cr steel at the apparent steady-state creep stage during short-term (140 MPa, 780 h) and long-term (120 MPa, 10,000 h) creep tests at 650 °C (a). TEM micrograph showing interaction between fine M23C6 and MX precipitates and dislocations in the 10Cr steel at the apparent steady-state creep stage at 650 °C and 120 MPa, 10,000 h (b). Reprinted with permission from Ref. [8]. Copyright Elsevier 2019. 
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Figure 23. Evolution of the mean size of M23C6 carbides during creep in the 9–12% Cr steels. Data from [7,8,16,17,21,22,27,38,39,49,54,71]. 






Figure 23. Evolution of the mean size of M23C6 carbides during creep in the 9–12% Cr steels. Data from [7,8,16,17,21,22,27,38,39,49,54,71].



[image: Metals 12 01119 g023]







[image: Metals 12 01119 g024 550] 





Figure 24. Evolution of the mean size of Laves phase particles during creep in the 9–12% Cr steels. Data from [8,16,17,21,22,27,38,39,49,71]. 
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Figure 25. TEM micrograph (extraction replica) showing the precipitated fine V-rich M(C,N) particles at the apparent steady-state creep stage (10,000 h) in the 10Cr steel. Reprinted with permission from Ref. [15]. Copyright Elsevier 2018. 
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Figure 26. Change in the pinning pressure from M23C6 carbides and Laves phase particles on the grain and lath boundaries of the 10Cr steel with increased B and decreased N contents and the 9Cr-3Co-2W steel with conventional B and N contents during creep tests at 650 °C and different applied stresses 180–120 MPa (a). Data from [8,21]. Microstructure of the steels after creep tests at 650 °C under a stress of 140 MPa: (b) the 10Cr steel, 1426 h, reprinted with permission from Ref. [82], Copyright 2016 Elsevier; (c) the 9Cr-3Co-2W steel, 1828 h, reprinted with permission from Ref. [21]. Copyright 2016 Elsevier. 
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Table 2. Creep rupture time of P91 steel with different B/N contents at 120 MPa, 650 °C, and the maximum volume fractions of phases predicted by Thermo-Calc software. Data from [66].
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B/N Content in P91 Steel, in ppm.

	
Time to Rupture, h

	
Volume Fraction of Phase, %




	
MX

	
M23C6

	
M23(B,C)6






	
70 ppm B/108 ppm N

	
770

	
0.0017

	
0.0299

	
0.002




	
100 ppm B/20 ppm N

	
296

	
0.0008

	
0.0186

	
0.004




	
90 ppm B/90 ppm N

	
544

	
0.0011

	
0.0200

	
0.0035




	
25 ppm B/90 ppm N

	
65

	
0.0013

	
0.0239

	
0.0009




	
0 ppm B/500 ppm N

	
44

	
0.003

	
0.0216

	
-
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Table 3. Parameters of M23C6 carbides and Laves phase particles in the MARBN steel after creep testing at 650 °C. Data from [27].






Table 3. Parameters of M23C6 carbides and Laves phase particles in the MARBN steel after creep testing at 650 °C. Data from [27].





	
Stress, MPa

	
Rupture Time, h

	
M23C6 Carbides

	
Laves Phase Particles




	
Mean Diameter, nm

	
Number Density, 1013 m−2

	
Mean Diameter, nm

	
Number Density, 1013 m−2






	
150

	
3937

	
207

	
4.8

	
269

	
1.4




	
130

	
8760

	
174

	
9.7

	
293

	
2.7




	
120

	
16,479

	
183

	
9.6

	
315

	
2.6




	
110

	
24,606

	
225

	
6.7

	
353

	
2.5
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Table 4. Parameters of M23C6 carbides in the SuperVM12 and VM12-SHC steels. Data from [54].
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	Steel
	SuperVM12
	VM12-SHC





	Average size of M23C6, nm
	
	



	As-tempered
	66
	96



	After long-term creep *
	122
	198



	Number density, m−3
	4.82 × 1019
	1.14 × 1019



	Coarsening rate, nm3/h
	7.97
	24.43







* at 650 °C, exposure time is 23,844 h for SuperVM12 and 34,625 h for VM12-SHC.
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