
27

Abstract  A change of the slope at about 660 °C on the dilatometry curve of 9Cr 
martensitic heat-resistant steel during heating process is explained by the large 
amount of carbonitride precipitation in the steel. The normalising temperature has 
little effect on mechanical properties of 10Cr steel at room temperature, while the 
tempering temperature has a greater effect. The toughness increases with increas-
ing tempering temperature. Laves phase is one of the most significant precipitates 
in ferritic/martensitic heat-resistant steels. Co in the steel could accelerate the 
growth of Laves phase. Coalescence of the large Laves phase precipitates would 
lead to the brittle intergranular fracture. The nitride-strengthened martensitic heat-
resistant steel is precipitation strengthened only by nitrides. In the latter part of 
the chapter, the effect of nitride precipitation behaviour on the impact toughness 
is discussed. When the tempering temperature is increased, a large amount of 
nitrides form in the matrix. The impact energy is greatly increased. The ductile-
brittle transition temperature also decreases when the tempering temperature is 
increased from 650 to 750 °C. The nitride precipitation while increasing tempering 
temperature is responsible for the improved impact toughness.

2.1 � Key Alloying Elements and Alloy-Design Philosophy  
of 9–12Cr Steels

The chemical compositions of the typical 9–12 %Cr ferritic/martensitic heat-resistant  
steels have been widely reported in literature (Klueh and Nelson 2007; Huang et al. 
2004a). The functions of some important alloying elements such as Cr, Mo, W,  
Co, Nb, Ta, V, Si and B are briefly explained here. Cr is a vital element to offer 
the high oxidation resistance and provide Cr23C6 precipitates for the steels. It has  
been revealed that the optimum Cr content is 9 %, by which the longest creep life 
could be achieved (Masuyama 2001). However, in order to obtain better oxidation 
resistance, the Cr content was increased to 10–12 %, although this might decrease 
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the rupture life slightly. Mo and W could improve the high-temperature strength 
by increasing the binding force among atoms but the Fe2W Laves phase could be 
formed during long time service at high temperature. Co can improve the Curie 
point, reduce the diffusivities of atoms and decrease the growth rate of M23C6 
carbides (Gustafson and Ågren 2001). Boron was also revealed to improve creep 
strength by inhibiting the growth of M23C6 carbides (Abe 2007; Abe et al. 2007a). 
Nb, Ta and V are added to form MX type of carbonitrides to make an important 
contribution to the creep strength. However, Nb and Ta are easy to form carboni-
trides at relatively high temperature in the austenite region while V is in the ferrite 
at low temperature. Ta, rather than Nb, is a low activation element. Si can improve 
the oxidisation resistance (Ennis and Quadakkers 2002; Ishitsuka et  al. 2004). Si 
has also been revealed to accelerate the precipitation of Laves phase (Aghajani et al. 
2009a, b).

2.2 � Slope Change on Dilatometry Curve

In order to save fossil fuel resources and reduce CO2 gas emissions, (ultra) 
supercritical thermal power generation technology is currently being actively 
developed. 9–12  %Cr ferritic/martensitic steel is a new generation of ultra-high 
strength creep-resistant steels widely used in (ultra) supercritical thermal power 
generating units (Wang et al. 2003; Zhao 2000; Yang et al. 2004). When measur-
ing static phase transition points of vacuum induction melted 9Cr martensitic steel 
(Table 2.1), slope change in the dilatometry curve before the ferrite to austenite 
phase transition occurs. Kapoor et al. (2003) studied this phenomenon in maraging 
steel in detail and found that with the increase of the heating rate, the change in 
the slope becomes smaller. The slope change in the 9Cr martensitic steels is sig-
nificantly different from Kapoor et al. (2003)’s results. When the heating rate for 
the martensitic steel is only 0.05 °C/s, the slope change in the dilatometry curve is 
similar to the slope change in maraging steel at heating rate of 55 °C/s, but is quite 
different from maraging steel with the heating rate of 0.055  °C/s. This section 
is concerned with slope changes of the dilatometry curve of the 9Cr martensitic 
steel, during slow heating before the phase transition temperature.

Table 2.1   Chemical compositions of some conventional heat-resistant steels (wt%)

Steel C Cr Mn W V N Si Mo Nb Ni Other

9Cr 0.089 8.58 0.50 1.65 0.18 0.040 0.31 0.40 0.060 0.39 1.64Co

10Cr 0.088 10.42 0.50 2.55 0.18 0.058 0.31 0.40 0.056 0.33 2.19Co

P92 0.11 8.77 0.46 1.73 0.17 0.048 0.37 0.42 0.057 0.41 0.15Cu

NS 0.005 8.63 1.06 1.53 0.19 0.033 – – 0.062 – 1.47Co
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2.2.1 � Maximum Precipitation Temperature

The microstructures of the 9Cr steel at the original rolled state and after heat 
treatment at three temperatures are shown in Fig.  2.1. The prior austenite grain 
boundaries in the microstructure of original rolled steel are not clear (Fig. 2.1a). 
Grain boundary contours of the steel heated to 600  °C are not very clear under 
an optical microscope either (Fig.  2.1b). When it is heated to 660 and 750  °C, 
the prior austenite grain boundaries are clearer in the microstructure of the steel, 
with small differences in the microstructure of the two (Fig. 2.1c, d, respectively). 
There is a darker shade after etching, compared to the previous two conditions.

When the steel is heated at 600 °C, a small amount of precipitates form on the 
prior austenite grain boundaries. They sketch out the grain boundaries of austen-
ite grains, which reveal a pancake-like shape. A certain amount of precipitates 
has formed in the matrix. When the steel is heated to 660 and 750 °C, compared 
to the steel heated to 600  °C, the number of precipitates in the microstructure 
within the grain and on grain boundaries increases significantly. The distribution 
is denser, and depicts the prior austenite grain boundaries showing the pancake  

Fig. 2.1   Microstructure of 9Cr steel after heat treatment at different temperatures. a As-rolled;  
b 600 °C; c 660 °C; d 750 °C. (Reproduced with permission from Hu et al. 2009a)

2.2  Slope Change on Dilatometry Curve
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formation of austenite after rolling. Also, precipitates have smaller size and  
dispersed distribution in the microstructure of steel, and are not linked together 
into lines on the boundaries, after heating to 600 °C. In the steel heated to 660 and 
750°C, precipitates are larger in size. A large number of precipitates are distrib-
uted along the grain boundaries, outlining the contours of the grain boundaries. 
The size of precipitates on the grain boundary is significantly larger than the size 
of the precipitate inside the grain. The microstructural morphology is the typical 
structure of 9Cr martensitic steel. The distribution of a large number of slightly 
larger size M23C6 (M mainly Cr and Fe elements) type grain boundary carbide 
precipitates strengthens grain boundaries. MX (M is Nb and V elements, and X 
is C and N elements) type carbonitride precipitation is dispersed within the grains 
and strengthen the matrix phase (Taneike et al. 2004; Abe et al. 2007b).

Carbonitride precipitates in large quantity at 660  °C are the cause of slope 
change in the dilatometry curve of the 9Cr steel. Slope change temperature of 
the curve is the maximum precipitation temperature of the 9Cr steel. There are 
two main ways of carbonitride precipitation. One is the precipitate nucleation on 
grain boundary, and the other is precipitate nucleation on dislocation. Precipitation 
nucleation on grain boundary generally precedes the precipitation nucleation  
on dislocation. Martensite is a non-equilibrium state of the microstructure, in 
which there are many defects. In the process of the rolled steel being heated at 
600  °C, only the grain boundary, lath boundaries and certain areas having high 
stored energy due to local deformation can produce precipitation. Therefore, 
at this time the precipitates are mainly at grain boundaries, lath boundaries and 
the total amount of precipitation is small (Fig. 2.2a, b). When the temperature is 
raised to the fastest precipitation temperature, precipitation is not only in the grain 
boundary and lath boundaries, but also a large number of precipitates form in the 

Fig. 2.2   SEM images of 9Cr steel after heat treatment at different temperatures. a, b 600 °C; 
c, d 660 °C; e, f 750 °C. (Reproduced with permission from Hu et al. 2009a)
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lath interior. At this time, there is a large increase in the total precipitation amount. 
Due to the precipitation of carbonitrides in 9Cr steel, large amounts of carbon and 
nitrogen in solid solution are consumed, reducing the lattice distortion of the mar-
tensite. Therefore, the maximum precipitation nucleation temperature of the steel 
is also when the slope change in the dilatometry curve occurs. The precipitation of 
carbonitride precipitates in microalloyed steel has the following rules. A variety 
of carbonitride precipitates in microalloyed steel have maximum nucleation rate 
at temperature of about 600 °C, and the fastest precipitation temperature is about 
700 °C. Thus, in the heating process, when the temperature is higher than 600 °C 
but lower than 660 °C, carbonitrides already have nucleation, but cannot grow a 
lot. Only in part of the high-energy region are precipitates capable of forming, as 
previously mentioned on the grain boundaries and lath boundaries. When the tem-
perature reaches 660 °C, a large number of carbonitrides, already nucleated, rap-
idly grow in the matrix. This process of change causes the slope change in the 
dilatometry curve. At 660 °C (Fig. 2.2c, d) and above, precipitation of carbonitride 
is substantially complete. Compared with steel heated to 750 °C (Fig. 2.2e, f), the 
number and distribution of the precipitates have no major change.

2.2.2 � Number and Size of Precipitates and the Degree  
of the Change in Dilation Slope

Kapoor et  al. (2003) studied the influence of heating rate on maraging steel 
dilation behaviour, including precipitate start and end points, and martensite trans-
formation start and end points. They found that the precipitation in maraging steel 
was controlled by a thermal diffusion mechanism. With increasing heating rate, 
precipitation behaviour in maraging steel was suppressed.

Maraging steels mainly rely on ageing precipitation hardening. Precipitation 
amount and number are much larger than in 9Cr martensitic steel. Under rapid 
heating, there are still a considerable amount of precipitates, comparable to pre-
cipitation in 9Cr martensitic steel, resulting in a similar deflection curve. The sizes 
of precipitates in the two types of steels are different. During slow heating process 
of the two types of steels, a considerable amount of precipitates forms. The pre-
cipitation in maraging steel has bigger effect on matrix volume, relative to the car-
bonitrides in 9Cr steel. During slow cooling, curve deflection for maraging steel is 
more pronounced.

In summary, a large number of carbonitride precipitates in 9Cr martensitic steel 
are the reason for slope change in dilatometry curve. The temperature correspond-
ing to the change of slope is the maximum carbonitride precipitation temperature 
in the heat-resistant steel. The amount of precipitation has impact on the matrix 
phase volume, and directly affects the shape of the dilatometry curve during the 
precipitation phase.

2.2  Slope Change on Dilatometry Curve
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2.3 � Heat Treatment

In order to conserve fossil fuel resources and reduce CO2 greenhouse gas emissions, 
high strength creep-resistant steels are being actively developed to meet the  
requirements of improved efficiency of generating units in power plant (Toda et al. 
2005). The key to improving thermal power generation efficiency is to raise the tem-
perature and pressure of the working medium of the unit, to make it work under 
supercritical or ultra-supercritical conditions. Therefore, to develop supercritical and  
ultra-supercritical thermal power technology, the key is to develop steel having good 
high-temperature properties (Wang et al. 2003). Currently, the most used 9–12 %Cr 
ferritic heat-resistant steel in the supercritical or ultra-supercritical generating units 
is Mo strengthened T/P91 steel. Its enduring strength is about 90 MPa at 600 °C, 
105  h condition. In recent years, in order to meet the development requirements 
of high parameters of ultra-supercritical thermal power units, based on the alloy-
design ideas of increasing W, lowering Mo and adding Co, ferritic heat-resistant 
steels with longer life and higher temperature creep rupture strength have been 
developed (Zhao 2000; Yang et al. 2004; Huang et al. 2004b). By increasing W and 
reducing Mo, W hardened T/P92 steel (Table 2.1) and P122 steel have been devel-
oped. The creep rupture strength can be increased to about 140 MPa, at 600 °C, for 
105 h. After further addition of Co in steel on the basis of T/P92 and P122, a higher 
level of heat-resistant steel, NF12 (10Cr steel in Table 2.1) and SAVE12 steel, has 
been developed, with creep rupture strength of about 180 MPa at 600 °C, for 105 h 
(Zhou and Fan 2005; Zhou et al. 2006; Zhang 2004). While heat treatment process 
for T/P91, T/P92 and P122 steels has been very mature, optimal heat treatment 
process for NF12 and SAVE12 steels has not been reported. This section discusses 
heat treatment process of this type of heat-resistant steel, using research on vacuum 
induction melted laboratory-scale NF12 steel.

2.3.1 � Mechanical Properties

The mechanical properties of the 10Cr steel (Table 2.1) are different after using differ-
ent heat treatment processes. When the tempering temperature is 780 °C, the impact 
toughness of steel is higher. With the tempering temperature increasing, the yield 
strength and tensile strength of the material decrease, and ductility increases. This is 
entirely consistent with the general rules of the properties change of the steel material.

2.3.2 � Microstructure

When the tempering temperature is 780 °C, the steel microstructure after normal-
ising at different temperatures is shown in Fig. 2.3. The microstructure is tempered 
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martensite. The prior austenite grain size in the steel is the minimum, about 
15 μm, when normalised at 1050  °C. Grain size after normalising at 1080 and 
1100 °C is similar, about 25 μm.

2.3.3 � Prior Austenite Grain

When the steel is normalised at 1050 °C, compared with normalising at 1080 and 
1100  °C, smaller grain size is obtained. According to usual point of view, after 
tempering at same temperature, steel normalised at 1050 °C should have a higher 
strength. However, this is not the case. The steel normalised at 1050  °C has the 
lowest yield and tensile strength. This shows that, in martensite, for grain size 
within a certain range, the prior austenite grain size is no longer the major fac-
tor affecting strength of heat-resistant steel. The finer lath martensite structure 
affects the performance of the matrix and should be a major factor. These prob-
lems require more in-depth study. As we all know, the grain boundaries are nega-
tive factors affecting high-temperature creep rupture performance of heat-resistant 
steel. Many heat-resistant steels aim to minimise the amount of grain bounda-
ries, within the allowed range. So, for this kind of ferritic heat-resistant steels, an 
appropriate increase in the steel normalising temperature can reduce the amount of 
grain boundaries while not decreasing strength.

2.3.4 � Heat Treatment and Mechanical Properties

The strength of the steel is sensitive to changes in tempering temperature. With 
increase in the tempering temperature, the strength of the steel decreases signifi-
cantly, but the toughness is largely improved and more stable. This shows that the 
way to strengthen the steel is mainly precipitate strengthening. After tempering at 
730  °C and over, the lattice distortion in martensite structure is greatly reduced, 
and the dislocation density is greatly reduced. So, when the tempering temperature 

Fig.  2.3   Microstructure of 10Cr steel normalised at different temperatures. a 1050  °C; 
b 1080 °C; c 1100 °C. (Reproduced with permission from Yan et al. 2009)

2.3  Heat Treatment
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rises, the changes in these strengthening factors in the matrix are small, while 
there will be major changes in the number, size and distribution of the precipi-
tates in the matrix. The higher the tempering temperature, the stronger the diffu-
sion capacity of carbon and nitrogen atoms. The nucleation of carbonitrides in the 
matrix is fast. A greater number of finer size precipitates can be obtained, with 
more uniform distribution. Such precipitation is extremely beneficial, for increas-
ing strength and toughness of the material. However, large amount of precipitates 
consumes a lot of carbon and nitrogen atoms, greatly reducing the solid solution 
strengthening effect in martensitic matrix, but also thereby imparting better matrix 
ductility. Therefore, the change of strength and toughness of the steel with tem-
pering temperature essentially reflects the changes of the amount of carbonitride 
phase in the matrix, and the size and distribution of precipitation, with the temper-
ing temperature.

2.3.5 � Summary

The new 10Cr heat-resistant steel contains more alloying contents relative to  
T/P92 (Table 2.1) and other high-quality heat-resistant steels. The steel tempering 
temperature should be chosen in order to ensure desirable material toughness. The 
main factor in the strength of steel is not the prior austenite grain size of tempered 
martensite. Precipitation hardening is the main mechanism of steel strengthen-
ing, impacting on the tempered martensite strength and toughness. Changes in the 
strength and toughness with tempering temperature essentially reflect changes of 
the amount, size and distribution of carbonitride precipitation in the matrix phase.

2.4 � Laves Phase

2.4.1 � Thermodynamic and Kinetic Calculations

The volume fraction of Laves phase in the 10Cr steel (Table  2.1) at 1050, 760 
and 600  °C are 0, 0.6 and 1.6  %, respectively, in the equilibrium state, accord-
ing to thermodynamic calculations. These temperatures are used for normalising, 
tempering and creep testing (Chap. 7), respectively. So, no Laves phase should be 
formed at 1050 °C, but it should exist as an equilibrium phase at 760 and 600 °C. 
The equilibrium amount of Laves phase at 600 °C is larger than at 760 °C. It will 
take time for the amount of Laves phase to reach the equilibrium. It is illustrated 
in Fig. 2.4a that the Laves phase starts to form at 760 °C after a short incubation 
period of about 30 min, but its volume percentage can just reach 0.05 % even after 
90 min, the usual length of time for tempering. Therefore, in the as-tempered steel, 
the dominant precipitates in the microstructure are MX and M23C6, and most of 
Laves phase in the steel should form during creep exposure at 600 °C. Figure 2.4b 

http://dx.doi.org/10.1007/978-3-319-14839-7_7
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shows that for the as-tempered steel creep tested at 600 °C, Laves phase starts to 
precipitate after a long incubation period of almost 140 h, but then its volume per-
centage increases rapidly and reaches a plateau of about 1.6 % after about 8330 h.

It is also illustrated in Fig. 2.4 that the formation of Laves phase can be clearly 
separated into two stages. One is the nucleation stage, which is characterised by 
the incubation period; the other is the growth stage, during which the volume per-
centage increases rapidly with time. When the growth of Laves phase is over, the 
coarsening stage begins. However, the volume percentage of Laves phase will 
keep constant in the coarsening period.

It is hinted by this calculation that Laves phase is still at the growth stage, 
within the rupture life of 3230  h. Therefore, in the following depiction, Laves 
phase will be discussed at the growth stage.

Fig. 2.4   Diagrams showing 
change of Laves phase 
volume percentage with time 
at a 760 °C and b 600 °C. 
(Reproduced with permission 
from Hu et al. 2009b)

2.4  Laves Phase
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2.4.2 � Initial Microstructure

In the 10Cr steel (Table  2.1), in the initial microstructure of the tempered 
martensite, the prior austenite grain boundaries and lath boundaries are outlined 
by particles of M23C6 and MX precipitated during tempering. The δ-ferrite phase, 
which often forms in the high Cr martensitic steels and is adverse to the creep rup-
ture strength, is scarcely there. The prior austenite grain size is about 15 μm.

2.4.3 � Effect of Co on Laves Phase

The driving force for precipitate growth stems from the interfacial energy and the 
growth rate is controlled by the volume diffusion. It is believed that Co can retard 
the diffusion of metal atoms in steels, because the diffusion coefficient is depend-
ent on the Curie-temperature that is raised by Co addition. Various precipitation 
processes are retarded by Co. Therefore, addition of Co in this steel is supposed to 
inhibit the growth of Laves phase. Hald (2008) found that the size of Laves phase 
reached nearly 0.1 μm after about 10,000 h creep exposure and almost stayed con-
stant at 600 °C in P92 steel (Table 2.1). Lee et al. (2006) also found that the size 
of Laves phase increased to nearly 0.13 μm after about 25,000 h creep exposure at 
600 °C in P92 steel. However, the average size of Laves phase has arrived at about 
0.2 μm after only 1600 h in the 10Cr steel. The fact that Laves phase shows higher 
growth rate in this 10Cr steel with Co addition than in P92 steel without Co is con-
tradictory to the claim that Co has an effect of retarding precipitation. Co is also 
an important element added to maraging steels and there are also arguments on 
the influence of Co on the precipitate behaviour. Experiments on maraging steels 
confirm that Co could lower the solubility of Mo in matrix and promote the pre-
cipitation of Laves phase (Fe2Mo). In the work on Fe-10 %Cr-6 %W alloys by Cui 
et al. (2001), Co was found to be responsible for enhancing growth of the Laves 
phase. Comparing the growth rate of Laves phase between P92 steel and the 10Cr 
steel, it can be inferred that Co in the latter could accelerate rather than inhabit 
the growth of Laves phase, which may be explained by considering that Co can 
prevent the formation of δ-ferrite phase so that more W and Mo can be maintained 
in the matrix after normalising, which could provide both more W and Mo needed 
for the growth of Laves phase and the driving force.

2.4.4 � Summary

The Laves phase grows to a large size in a relatively short exposure time. The 
increasing amount of Laves phase could decrease the solid solution strengthening 
effect due to the consumption of dissolved W and Mo atoms. Addition of Co is 
believed to increase the growth rate of Laves phase.
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2.5 � Nitride-Strengthened Heat-Resistant Steel

The efficiency of power plants could be improved by enhancing the steam parameter. 
At present, heat-resistant steels for the high-steam parameter of 650  °C are being 
developed. This has put heat-resistant steels such as T/P91, T/P92 and E211 out of 
consideration because of the loss of the microstructure stability during service at the 
high temperature (Weisenburger et al. 2008). More advanced steels should be devel-
oped to meet this requirement.

It is well accepted in heat-resistant steels that highly stable microstructure will 
produce excellent creep strength. The precipitates are basically M23C6 and MX, 
the carbonitride of Nb, V or Ti. The MX-type carbonitrides show much better 
stability than the M23C6 type carbide. In order to achieve microstructure with high 
stability, stable precipitates such as MX-type carbonitrides are expected in heat-
resistant steels.

In addition to this initial tempered martensitic microstructure, long-term micro-
structure stability requires attention. Such coarse precipitates as Laves phase 
(Fe2W or Fe2Mo) and Z phase ((Cr,Nb)N) should be delayed, although they could 
only form after a long service time (Sawada et al. 2006). The formation of Laves 
phase and Z phase is a thermally automatic process which cannot be avoided 
(Shen et al. 2009). However, this process can be delayed by reducing the content 
of tungsten, molybdenum and nitrogen.

Nitride-strengthened martensitic heat-resistant steel is developed, based on 
the above ideas. Following the alloy design and the mechanical properties of the 
nitride-strengthened martensitic steels, the excellent impact toughness of the steel 
after tempering will be presented.

Different from Chap. 4, this section and Sect. 2.6 are concerned with conven-
tional nitride-strengthened martensitic heat-resistant steel, i.e. without the low 
activation properties.

2.5.1 � Microstructure and Nitride Precipitation

The steel (NS in Table 2.1) normalised at 980 °C for 30 min has full martensitic 
microstructure. After normalising, the steel is tempered at 650, 700 and 750 °C for 
90 min. Almost no precipitates are formed when the steel is tempered at 650 °C, 
as illustrated in Fig.  2.5a. The tempering temperature of 650  °C is not high 
enough for the nitrides to precipitate. However, when the tempering temperature is 
increased to 700 °C, the precipitates are noticed in the matrix (Fig. 2.5b). Finally, 
when the tempering temperature is increased to 750 °C, Fig. 2.5c, the quantity of 
the precipitates increases promptly and the nano-sized precipitates are in a sharper 
and clearer shape than those tempered at 700°C. 750°C is widely accepted as the 
peak precipitation temperature of nitrides.

2.5  Nitride-Strengthened Heat-Resistant Steel
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Since the carbon content in the steel is decreased to such a low level of 0.005 % 
in wt% (Table 2.1), it is very difficult to form carbides in the steel. This is proved 
by the microstructure shown in Fig. 2.5 that no such big size carbides as Cr23C6 
are observed. However, the nitrogen is at a high level in the steel. Therefore, it is 
reasonable to believe that the precipitates formed in the steel are nitrides of nio-
bium and vanadium, which are very fine and in the cubic shape shown in Fig. 2.6.

So, the precipitates formed in the matrix during tempering are MX-type 
nitrides. The tempering temperature is critical to the nitride precipitation. 
Martensitic strengthened by only thermally stable nitrides is a desirable micro-
structure. Therefore, it is logical to speculate that the nitride-strengthened mar-
tensitic heat-resistant steel should have good long-term creep strength due to the 
microstructure stability (Sawada et al. 2004).

2.5.2 � Mechanical Properties, Ductile-Brittle Transition 
Temperature and Fractography

The precipitation behaviour of nitrides is certain to affect the mechanical proper-
ties. The strength changes with the tempering temperature. The strength rapidly 

Fig. 2.5   The tempered microstructure of the nitride-strengthened steel at a 650 °C, b 700 °C, 
c 750 °C. (Reproduced with permission from Zhang et al. 2012)
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decreases with increasing tempering temperature, especially when tempered at 
750 °C. The room temperature yield strength nearly decreases by 100 MPa when 
the tempering temperature is raised from 650 to 700  °C and by 150  MPa from 
700 to 750  °C. The room temperature yield strength decreases more quickly 
when the steel is tempered at 750 °C. The commercial P92 steel (Table 2.1) was 
reported in literature to have the yield strength of 345 MPa and the tensile strength 
of 390  MPa when tempered at 750  °C (Mungole et  al. 2008). Compared with 
P92, the NS steel tempered at 750 °C still has relatively higher yield strength of 
515 MPa and tensile strength of 625 MPa. It is proved that the NS steel can have 
comparable room temperature strength with P92 steel.

The high-temperature yield strength of 600 °C also decreases when the steel is 
tempered at 750 °C. The yield strength at 600 °C is reduced by 69 MPa when the 
tempering temperature is increased from 650 to 700 °C and by 86 MPa from 700 
to 750 °C. The NS steel tempered at 750 °C has high-temperature yield strength of 
307 MPa and tensile strength of 342 MPa, which are also comparable to those of 
the commercial P92.

Figure  2.7 demonstrates the toughness and the ductile-brittle transition 
temperature (DBTT) dependence on the tempering temperature. The half-size 
Charpy V-notch (CVN) impact specimens tempered at 650  °C can only absorb 
18 J energy at room temperature and 2 J at −20 °C, which indicates that the steel 
tempered at 650 °C has a high DBTT of above room temperature. When the steel 
is tempered at 700 °C, the CVN specimen can take in energy up to 86 J at room 
temperature but still decreases to 3.5  J at −20  °C, which indicate that the steel 
tempered at 700 °C has a DBTT of about 0 °C. However, when the tempering tem-
perature is increased to 750 °C, the steel has not only good toughness of 96 J at 
room temperature, but also similar high toughness at −20 °C, 89 J at −40 °C but 

Fig. 2.6   TEM image 
of the steel tempered at 
750 °C for 90 min, showing 
the MX-type nitrides. 
(Reproduced with permission 
from Zhang et al. 2012)

2.5  Nitride-Strengthened Heat-Resistant Steel
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11 J at −60 °C, which indicate that the steel tempered at 750 °C has a low DBTT 
of around −50 °C. The DBTT of the steel is greatly decreased by increasing the 
tempering temperature.

The steel broken with low-impact energy exhibits cleavage fracture characteris-
tic, while the steel broken with high-impact energy presents dimple fracture char-
acteristic. The steel tempered at 650 °C has brittle cleavage fracture at both room 
temperature and −20 °C. The steel tempered at 700 °C has ductile dimple fracture 
at room temperature, but brittle cleavage fracture at −20 °C (Zhang et al. 2012). 
The steel tempered at 750  °C does not exhibit brittle cleavage fracture until the 
temperature is decreased to −60 °C. When the temperature is above −40 °C, the 
surface of the impact fracture shows ductile dimple fracture. In the dimples on the 
fracture surface, there are many big size particles.

2.6 � Strengthening Mechanisms of Nitride-Strengthened 
Heat-Resistant Steel

2.6.1 � Effect of Nitride Precipitation on Yield Strength

The strength of the steel shows normal response to the increasing tempering tem-
perature, i.e. the strength decreases with the increase of tempering temperature. 
However, it is noticeable that the room temperature yield strength decreases much 
quicker when the tempering temperature is increased from 700 to 750  °C than 
from 650 to 700 °C, as described in Sect. 2.5.2. The (more) complete precipita-
tion of nitrides should be responsible for the quicker decrease. It is known that 
the formation of precipitates consumes dislocations. The nitride precipitation will 
decrease much the number of dislocations in the matrix, resulting in weakening of 
dislocation strengthening. On the other hand, the formation of nitrides consumes 

Fig. 2.7   Half-size Charpy 
value of the steel at different 
temperatures. (Reproduced 
with permission from Zhang 
et al. 2012)
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the dissolved nitrogen which could provide strong solid solution strengthening. 
Therefore, although the nitride precipitation could produce precipitation strength-
ening, it is not enough to compensate for the loss of dislocation strengthening and 
nitrogen solid solution strengthening.

However, the high-temperature yield strength of 600 °C does not show an obvi-
ously accelerated decrease when tempering temperature is increase to 750 °C. It 
could be interpreted from two views. The first one is that, at the high temperature 
of 600 °C, the dislocation is easier to move and annihilate. The advantage of high 
dislocation density is no longer obvious. The second view is that the more mov-
able dislocation would become easier to reproduce because of nitride precipitation 
in the steel tempered at 750 °C. Therefore, the precipitation strengthening would 
mainly compensate for the loss of nitrogen solid solution strengthening. Hence, 
accelerated reduction is not observed in the high-temperature yield strength of 
600 °C.

2.6.2 � Dependence of DBTT on Tempering Temperature

The DBTT decreases from above room temperature to −50 °C when the temper-
ing temperature is increased from 650 to 750 °C. In order to reach a clear under-
standing on DBTT of the steel, it is critical to take an investigation on the yield 
strength. That is the reason that a detailed discussion on the effect of tempering 
temperature on the yield strength has been made above.

It is widely believed that the cleavage fracture stress changes with temperature. 
Thus, it is easy to understand, in a phenomenological way, that the DBTT will 
be reduced with the decrease of yield strength when the tempering temperature is 
increased from 650 to 750 °C (Sawada et al. 2003). As discussed previously, the 
nitride precipitation will lead to the decrease of yield strength. So, it actually can 
be interpreted that the DBTT decrease is really associated with the nitride precipi-
tation. The nitride precipitation has improved the impact toughness and decreased 
the DBTT by toughening the steel.

In summary of Sects. 2.5 and 2.6, the nitride precipitation in the steel reaches 
its peak when the tempering temperature is increased to 750  °C. Tempering at 
650 °C or 700 °C could not induce the nitride precipitation, at least not to effec-
tive levels. The steel could achieve a martensitic microstructure strengthened by 
only nitrides after tempering at 750  °C. This microstructure is expected to have 
good thermal stability and high creep strength. The steel tempered at 750 °C could 
achieve comparable mechanical properties with the commercial P92 at both room 
temperature and 600  °C. The room temperature impact toughness of the steel is 
greatly enhanced from several Joules to nearly a hundred Joules (half-size) by 
increasing tempering temperature from 650 to 750 °C. The DBTT shows a great 
dependence on the tempering temperature. It could be reduced from above room 
temperature to −50 °C when the tempering temperature is increased from 650 to 
750 °C.

2.6  Strengthening Mechanisms of Nitride-Strengthened Heat-Resistant Steel
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