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QUANTITATIVE ANALYSIS OF STABILITY OF 9%Cr STEEL MICROSTRUCTURE AFTER LONG-TERM AGEING

The paper presents the results of research on the microstructure of martensitic X10CrMoVNb9-1 (P91) and X13CrMoCo-
VNbNB9-2-1 (PB2) steel subject to long-term ageing at the temperature of 620°C and holding times up to 30 000 hours. The mi-
crostructural tests of the examined steel types were performed using a scanning microscope Joel JSM – 6610LV and a transmission 
electron microscope TITAN 80 – 300. The stability of the microstructure of the investigated steels was analyzed using a quantitative 
analysis of an image, including measurements of the following: the density of dislocations inside martensite/subgrain laths, the width 
of martensite laths, and the mean diameter of precipitates. It has been concluded that during long-term ageing, the microaddition 
of boron in PB2 steel significantly influenced the slowing of the process of degradation of the martensitic steel microstructure, as 
a result of slowing the process of coagulation of M23C6 carbides and Laves phase. It had a favorable effect on the stabilization of 
lath microstructure as a result of retardation of the processes of recovery and polygonization of the matrix.
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1. Introduction

High-chromium martensitic steels of the 9-12%Cr type 
are currently one of the basic construction materials used when 
building new power units for the super– and ultra supercritical 
parameters and when modernizing/repairing the conventional 
power units. Previous experience from the use of martensitic 
9%Cr steels in the power industry – P/T91, P92 and E911 steels, 
shows that the main mechanism of degradation of these steels 
are the processes of coagulation of M23C6 carbides and the pre-
cipitation and growth of Laves phase on the boundaries [1-3]. 
The M23C6 carbides in the microstructure of 9%Cr steel fulfill 
a very significant role as a factor stabilizing the martensitic lath 
microstructure. However, because of their low thermodynamic 
stability, they are characterized by the susceptibility to coagula-
tion, which causes a disappearance of both the effect of anchoring 
of subgrain boundaries by these precipitates and the progressing 
process of polygonization of the matrix. The precipitation and 
fast growth of Laves phase particles on the boundaries leads to 
a decrease in the crack resistance and an increase in the steel 
brittleness. On the other hand, matrix depletion of the substitu-
tion elements (chromium, molybdenum, tungsten), as a result of 
their diffusion to the precipitating Laves phase, increases the steel 
susceptibility to the process of recovery and polygonization of 
the matrix, and reduces the resistance to oxidation [2-5]. A partial 
antidote to the mentioned negative effect of M23C6 and Laves 
phase precipitates is introducing the microaddition of boron into 
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the martensitic steels. Boron partly replaces carbon atoms in the 
M23C6 carbide, forming more stable carbon borides M23(C, B)6, 
which coagulate slower during the service and additionally have 
an influence on the increase in dispersion of these precipitates. 
Boron was observed to have a similar positive effect on slow-
ing down the precipitation and increasing the stability of Laves 
phase [2,5-7].The result of such an approach to designing was the 
modification of the chemical composition of 9%Cr steel consist-
ing in the introduction of the boron microaddition to the chemi-
cal composition, the result of which was developing a group of 
materials including X13CrMoCoVNbNB9-2-1 (PB2) steel [8].

The aim of the work was to compare the results of influence 
of long-term ageing on the changes in the microstructure of 9%Cr 
steel – the X10CrMoVNbN9-1 (P91) steel of the first generation 
and the X13CrMoCoVNbNB9-2-1 (PB2) steel being the next 
modification of this steel group. The paper presents the results 
of research on the microstructure and its quantitative analysis 
with the use of transmission electron microscopy.

2. Material and methodology of research

The material for testing was samples taken from the pipe 
sections of X10CrMoVNb9-1 (P91) steel and X13CrMo-
CoVNbNB9-2-1 (PB2) steel, of the respective measurements: 
160×16.8 mm and 219×32 mm. The chemical composition of the 
investigated steels, determined by means of a spark spectrometer 
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Spectro K2 Analytical Instruments, is presented in Table 1. The 
examined steels were subject to ageing at the temperature of 
620°C and holding time up to 30 000 hours. The ageing tem-
perature of 620°C, according to authors [8], is the maximum 
acceptable temperature of service for PB2 steel.

The microstructural tests were carried out using a scan-
ning microscope (SEM) Joel JSM – 6610LV and a transmission 
electron microscope (TEM) TITAN 80 – 300 with the accel-
erating voltage of 220 kV. Observation of the microstructure 
was made for the chosen times of ageing at the temperature of 
620°C, i.e. the as-received state and after 30 000 hours of age-
ing. The observation and record of images of the P91 and PB2 
steel microstructures by means of the scanning microscope was 
performed on metallographic specimens etched with ferrous 
chloride as an etchant.

The tests with the transmission electron microscope were 
carried out using thin foils. The identification of the precipitates 
was realized with the use of selected electron diffraction. The 
measurements of the density of free dislocations inside the 
subgrains and the mean width of martensite laths were taken on 
the microstructure images. The quantitative analysis was made 
with the computer image analysis using the Analysis software.

3. The results of research and discussion

Microstructure of the steel in the as-received state

In the as-received condition, the examined steels were 
characterized by the microstructure of high-tempered martensite 
with numerous carbides. The precipitates were seen mostly on 

the boundaries of prior austenite grains, on the lath boundaries, 
and inside martensite laths (Fig. 1). The relative number of car-
bides was bigger than in the PB2 steel, which probably results 
from the higher content of carbon in this steel (Table 1) and the 
applied parameters of heat treatment. In the microstructure of 
the examined steels, delta ferrite was not observed. The micro-
structure of these materials was a typical microstructure for this 
steel grade [1,4-5].

The observations of the microstructure of the investigated 
steels in the as-received state made under magnification of the 
transmission electron microscopy revealed the occurrence of lath 
microstructure of tempered martensite having the subgrain struc-
ture with high density of free dislocations inside the subgrains and 
with numerous precipitates (Fig. 2). The estimated mean density 
of free dislocations in P91 and PB2 steels in the as-received con-
dition was similar and amounted to 1.21×1014 m–2 and 1.23×1014 
m–2, respectively. Moreover, in the microstructure of these steels, 
the occurrence of the areas of polygonized ferrite was revealed. 
The observations by TEM also proved that some of the subgrain 
boundaries were not filled with carbides (Fig. 2). Literature data 
[9-10] show that the subgrain boundaries of the misorientation 
angle below 20° are not the areas of preferential precipitation of 
carbides. According to research [10], only about 8% of M23C6 
carbides were precipitated on the small-angle boundaries of 
the misorientation angle amounting to 8÷15°. The boundaries 
of small angle constitute at least 60% of the overall number of 
boundaries in the tempered martensite. Small misorientation angle 
of the boundaries contributes to their low mobility, which ensures 
relative stability of the subgrain substructure [9]. The mobility 
of the boundaries of small angle (2÷5°) is at least three orders of 
magnitude as low compared with the boundaries of large angle 

TABLE 1

Chemical composition of the examined steels, wt%

Steel C Si Mn Cr Mo V Nb N Co P S B
P91 0.11 0.42 0.51 9.12 0.93 0.22 0.077 0.05 — 0.018 0.0040 —
PB2 0.14 0.11 0.34 9.42 1.55 0.19 0.057 0.04 1.38 0.011 0.0008 0.008

  
Fig. 1. Microstructure of the examined steels in the as-received state: a) P91; b) PB2, SEM
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[9,11]. It probably results from the lower energy on the boundary 
of small angle in comparison with the boundaries of large angle. 
The mean width of martensite laths in P91 steel in the as-received 
state amounted to 487 nm, whereas in PB2 steel – 432 nm.

In the examined steels in the as-received condition, the 
following precipitate types were observed: M23C6 carbides, as 
well as carbides and carbonitrides of the MX type. The examples 
of the precipitates revealed in the investigated steels are shown 
in (Figs. 3-6).

It has been proved that in the examined steels, the M23C6 
carbides (Figs. 3, 4) were most of all precipitated on the bounda-
ries of prior austenite grain and on the boundaries of subgrains/
martensite laths. Only few of them were seen inside ferrite 
subgrains. The mean width of M23C6 precipitates in P91 steel 
in the as-received state amounted to 106 nm, whereas for PB2 
steel, it was lower and amounted to 76 nm. The M23C6 carbides 
precipitated on the boundaries of subgrains/martensite laths 
fulfill a significant role in the processes of ageing. They inhibit 
the movement of dislocation boundaries and at the same time 
stabilize the subgrain microstructure of martensite [4,11]. The 

M23C6 carbides in high-chromium steels of the 9÷12%Cr type 
after heat treatment are the dominant precipitation and constitute 
around 90% of all precipitates [12].

In the case of precipitates of the MX type, two morpholo-
gies were distinguished: the spherical ones rich in niobium 
– NbC carbides, and the lamellar ones, rich in vanadium – VX 
precipitates (nitrides/carbonitrides) (Figs. 5, 6). In the investi-
gated steels, there was no occurrence of complex precipitates 
called „V-wings”, consisting of a spherical NbC precipitate and 
lamellar VX nitrides nucleating on it. Literature data [2,6,9,13] 
indicate that the precipitate of this type can occur in steels of 
9%Cr content. The fine-dispersion precipitates of the MX type 
were in turn observed inside the subgrains. The MX particles 
revealed inside the subgrains were mostly precipitated on the 
dislocations. The mean width of the MX-type precipitates in P91 
steel in the as-received condition amounted to 32.4 nm, whereas 
in PB2 steel – 25.7 nm. Fine-dispersion precipitates of the MX 
type (NbC, VX), which were precipitated inside martensite laths, 
anchor and impede the movement of dislocations, ensuring high 
creep resistance [13]. The spheroidal particles of NbC carbides 

  
Fig. 2.  The microstructure of the examined steels in the as-received state: a) P91; b) PB2, TEM

  
Fig. 3.  M23C6 carbide in the microstructure of P91 steel in the as-received state: a) bright field; b) solved electron diffractogram of M23C6 carbide 
with the zone axis
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Fig. 4.  M23C6 carbide in the microstructure of PB2 steel in the as-received state: a) bright field; b) solved electron diffractogram of M23C6 carbide 
with the zone axis

  

Fig. 5. MC carbide in the microstructure of P91 steel in the as-received state: a) bright field; b) solved electron diffractogram of MC carbide 
with the zone axis

  

Fig. 6.  MC carbide in the microstructure of PB2 steel in the as-received state: a) bright field; b) solved electron diffractogram of MC carbide 
with the zone axis
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do not dissolve during austenitizing, thereby inhibiting the grain 
growth and increasing the ductility and strength of the 9-12%Cr 
steel [13, 14].

Microstructure of P91 and PB2 steels 
after long-term ageing

Martensitic steels of the 9%Cr type in the hardened and 
tempered state have a metastable microstructure that is going 
to evolve influenced by the temperature and time – ageing and 
by the stresses – creeping.

Long-term ageing of P91 and PB2 steel for the time of up 
to 30 000 hours, compared with the as-received state, most of 
all resulted in a visible relative growth of the number and size of 
particles precipitated on the boundaries of prior austenite grain, 
on the boundaries of subgrains, and inside subgrains (Fig. 7). 
The number of precipitates on the boundaries of prior austenite 
grain was so large that they formed the so-called continuous grid 
in some places. The precipitation processes were more advanced 
in the case of the aged P91 steel.

Observations by TEM showed a partly retained lath ar-
rangement of martensitic microstructure after long-term ageing. 
However, the areas of polygonized ferrite were also noticed 
(Fig. 8). Ageing of the investigated steels contributed to the 
changes in their dislocation microstructure. The mean density 
of free dislocations in P91 steel after 30 000 hrs of ageing at 
the temperature of 620°C amounted to 0.78×1014 m–2, whereas 
in PB2 steel – 1.05×1014 m–2. The estimated fall of the disloca-
tion density was connected with the processes of recovery and 
polygonization of the matrix and it was a result of their regroup-
ing to the low-energy configurations and annihilation in the 
boundaries. These changes can occur as a result of climbing of 
the edge dislocations and cross slip of the screw dislocations.

In the examined steels after ageing, also the interaction of 
the dislocations inside the subgrains with fine-dispersion MX 
precipitates and M23C6 carbides was observed (Fig. 9).

The changes in the dislocation microstructure lead to an 
increase in the size of subgrains that occurs as a result of the 
migration or coalescence of the subgrains. The growth of the size 
of subboundaries usually takes place by the „Y”-type mechanism 
[15]. Migration by this mechanism consists in the movement of 

  
Fig. 7. Microstructure of the examined steels after ageing: a) P91; b) PB2, SEM

  
Fig. 8. Microstructure of the examined steels after ageing: a) P91; b) PB2, TEM
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„Y” nodes being the points of contact of three subboundaries, 
which enables the coalescence of two small-angle boundaries 
(Fig. 10).

In the microstructure, the areas with the presence of both 
wide and narrow laths of martensite were observed. The narrow 
laths were seen in the microareas of large number of M23C6 
precipitates on the boundaries (Fig. 11). It confirms the im-
portant role of these precipitates as a factor stabilizing the lath 
microstructure of tempered martensite. The precipitate – free 
boundaries show greater mobility, which leads to the growth of 
their width [9,11]. The mean width of martensite laths in the aged 
steels was bigger compared with that in the as-received state and 
amounted to 599 and 539 nm, respectively, for P91 and PB2 steel.

The microstructural tests with the use of TEM showed the 
occurrence of numerous precipitates on the boundaries of prior 
austenite grain and on the boundaries of laths, and they formed 
the so-called continuous grid of precipitates in some places 
(Fig. 12). Long-term ageing of the examined steels also con-
tributed to a change in the morphology and type of precipitates. 
Similarly as in the as-received state, in their microstructure, not 

only M23C6 carbides were seen, but also the MX-type precipi-
tates. The dominant type of precipitates, just as in the as-received 
condition, were the chromium-rich M23C6 carbides. These pre-
cipitates were noticed on the boundaries of prior austenite grain, 
on the boundaries of subgrains, as well as inside the subgrains. 
The inside of the subgrains was also where the MX-type pre-
cipitates were seen. The mean diameter of M23C6 carbides after 
30 000 hours of ageing amounted to around 160 nm – in P91 
steel and 96 nm – in PB2 steel, whereas for the MX precipitates: 
34 nm in P91 steel and 26 nm in PB2 steel. The increase in the 
size of M23C6 carbides, with the assumption of their constant 
volume fraction, according to Ostwald’s law, leads to a reduc-
tion of their number and contributes to their non-homogeneous 
distribution (Fig. 8). In consequence, the M23C6 carbides become 
a less effective factor stabilizing and controling the growth of the 
subgrain size. A slight growth of the size of M23C6 carbides in 
PB2 steel, compared with P91 steel, indicates a positive influence 
of the boron microaddition on the stability of these precipitates. 
Boron segregates to the boundaries of prior austenite grain and 
other defects of the microstructure, decreasing their energy. Thus 

  

Fig. 9. Inte raction of dislocations with: a) fine-dispersion MX precipitates inside the subgrains in PB2 steel, b) M23C6 carbides in P91 steel, TEM

  

Fig. 10. Morp hology of „Y” nodes in: a) P91 steel, b) PB2 steel, TEM
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the atoms of boron can also segregate to the interphase bound-
ary M23C6 carbide/matrix contributing to a decrease in energy, 
which results in a reduction of the precipitates coagulation rate 
[16]. Therefore, it can be assumed that boron uncombined in the 
precipitates but dissolved in the matrix can significantly influ-
ence the stability of the microstructure. According to [7,9], apart 
from boron combined in the precipitates, a few ppm of dissolved 
element remain in ferrite.

The comparable mean diameter of the precipitates of the 
MX type in the examined steels proves their high stability dur-
ing long-term annealing. Apart from the precipitates mentined 
above, i.e. M23C6 and MX, there were two types of secondary 
precipitates revealed additionally in the investigated steels: the 
precipitates of Laves phase (Fig. 13) and compound chromium 
nitride Cr(V, Nb)N – Z phase (Fig. 14). The Laves phase precipi-
tates in the investigated steels after ageing were mostly observed 
on the boundaries of prior austenite grain, usually near M23C6 
carbides, and on the boundaries of subgrains (Fig. 13).

The precipitation and growth of Laves phase is a very unfa-
vorable phenomenon and is regarded as the main mechanism of 

degradation of 9%Cr-type steel [17]. The precipitates of Laves 
phase were observed in the steels of the 9%Cr type already after 
around 500 hours of creep [18,19]. Laves phase is characterized 
by a high proneness to coagulation [19]. The precipitation and 
fast growth of this phase due to its low stability contributes to 
the matrix depletion of chromium and molybdenum atoms. It 
leads to the fall of solution strengthening of the matrix and at the 
same time increases the steel susceptibility to the processeses of 
recovery and polygonization of the matrix. However, the matrix 
depletion of substitution elements, being also the components of 
M23C6 carbides, has a favorable influence on slowing down of 
the coagulation process of these precipitates [17,20].

Precipitated on the boundaries of grains, the particles of 
M23C6 and Laves phase also contribute to a decrease in ductility 
and growth of the nil ductility transition temperature [21]. Per-
formed measurements show that the mean diameter of the Laves 
phase precipitates in P91 steel amounted to around 1234 nm 
(1.234 μm), whereas in PB2 steel it was nearly twice as low 
and amounted to 680 nm (0.680 μm). Smaller size of the Laves 
phase precipitates in PB2 steel after ageing proves a positive 

  

Fig. 11. Micr ostructure of the examined steels with visible wide and narrow laths of martensite: a) P91 steel, b) PB2 steel, TEM

  

Fig. 12. Co ntinuous grid of precipitates on the boundaries of prior austenite grain: a) P91 steel, b) PB2 steel, TEM
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influence of the boron microaddition on the stability increase 
in these precipitates.

In P91 steel, also single precipitates of Z phase, that is 
a compound nitride Cr(V, Nb)N, were noted (Fig. 14). Precipi-
tates of this type, however, were not observed in PB2 steel. The 
precipitation of Z phase occurs as a result of dissolving fine-
dispersion precipitates of the MX type in the matrix, causing 
a fall of the precipitation strengthening with these particles.

It is assumed that every large precipitate of Z phase is 
formed as a result of the disappearance of around 1500 fine-
dispersion MX particles [22,23]. It leads to a decrease in the 
density of occurrence of these precipitates and to the growth of 
the distance between them, which has a negative influence on 
creep strength. The susceptibility to precipitation of this unfa-
vorable phase grows together with the increase in the chromium 
and niobium content in the steel [22,24]. In the steels of 9%Cr 
type, Z phase is a coherent precipitation. Its size is similar to the 
MX-type precipitates and it usually occurs in the microstructure 

in the form of single particles [22,24]. Therefore, its influence 
on the properties of these steels is minor. In the examined steel, 
however, the inhibiting effect of MX-type precipitates on the 
movement of dislocations was still noted (Fig. 11). The mean 
diameter of the Z phase precipitates in P91 steel after ageing 
amounted to around 58 nm.

3. Conclusions

1. In the as-received state, P91 and PB2 steels were char-
acterized by the microstructure of tempered martensite 
with numerous precipitates and high dislocation density. 
On the boundaries of prior austenite grain and tempered 
martensite laths, the M23C6 carbides were precipitated. 
Inside martensite laths, however, the precipitates of the 
MX type – VX and NbC, as well as single M23C6 carbides 
were observed.

  

Fig. 13. Laves  phase precipitate in the microstructure of w P91 steel after 30 000 hours of ageing: a) bright field; b) solved electron diffractogram 
of the Laves phase precipitate with the zone axis

  

Fig.14. Z phase precipitate in the microstructure of P91 steel after 30 000 hours of ageing: a) bright field; b) solved electron diffractogram of 
the Z phase precipitate with the zone axis
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2. Long-term ageing of P91 and PB2 steels at the tempera-
ture of 620°C contributed to the following changes in the 
microstructure:
– the growth of the width of tempered martensite laths and 

the fall of the dislocation density;
– the preferential precipitation of M23C6 carbides on the 

boundaries of prior austenite grain and on the boundaries 
of martensite laths, and their coagulation;

– the precipitation and growth of Laves phase and in the 
case of P91 steel also the precipitation of Z phase.

3. The fine-dispersion precipitates of the MX type were stable 
during long-term ageing.

4. The microaddition of boron in PB2 steel had a significant 
influence on the slowdown of the process of degradation 
of its microstructure through:
– stabilization of the M23C6 carbides and Laves phase 

precipitates, contributing to the slowdown of the process 
of their coagulation;

– retardation of the processes of recovery and polygoniza-
tion of the matrix.
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