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Abstract 

9%Cr-1%Mo martensitic-ferritic steels are used in power plant components with operating 
temperatures of around 600°C because of their good mechanical properties at high temperature as 
well as good oxidation resistance. These steels are generally used in the normalised and tempered 
condition. This treatment results in a structure of tempered lath martensite where the precipitates 
are distributed along the lath interfaces and within the martensite laths. The characterisation of 
these precipitates is of fundamental importance because of their relationship with the creep 
behaviour of these steels in service. In the present work, the different types of precipitates found in 
these steels have been studied on specimens in different metallurgical conditions. The techniques 
used in this investigation were X-ray diffraction with synchrotron light, scanning electron 
microscopy, energy dispersive microanalysis and transmission electron microscopy. 

Introduction 

9-12% Cr steels were developed in the first half of the past century and have been widely 
used as high temperature materials in the petrochemical industry and power plants. They 
are also considered in the nuclear industry as candidate materials for different components 
in advanced fission reactors and fusion reactors [1]. In comparison with conventional 
austenitic stainless steels, the 9-12% Cr steels present a lower thermal expansion 
coefficient, a higher thermal conductivity and a lower swelling under irradiation which 
make them preferred for high-temperature power applications. The advanced nuclear 
reactors (i.e. Generation IV nuclear reactors) comprise, among others, the supercritical 
reactors, which operate at pressure and temperatures above the critical point of water 
(218 atm and 374°C). The increase of the vapor temperature leads to an increase of the 
thermal efficiency of the power plant, thus producing more electricity at a lower cost. 
9-12% Cr steels are adequate for these conditions due to their high resistance to both 
thermal fatigue and high-temperature oxidation. The maximal operation temperature will 
be mainly determined by the creep behaviour and the compatibility of the material with 
the process fluids. 

Members of the 9-12% Cr family are the 9%Cr-1%Mo steels. They are commercially 
identified as T9 and P9. The 9%Cr-1%Mo steels have been widely used in components 
power generation plants: steam generators, steam pipes, etc. As members of the 9-12%Cr 
family they present outstanding properties at service temperature: resistance to creep 
and high-temperature oxidation, low-thermal expansion coefficient, high-thermal 
conductivity. The creep resistance is further improved in the case of the so-called 
modified the 9%Cr-1%Mo steels (T91 and P91) which contain small amounts of Nb and V 
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as micro alloying elements. The presence of Nb and V favours the formation of 
submicron MX type carbonitride (M = Nb,V; X = C,N) with particle size lower than 0.1 µm. 
The presence of these particles improves the creep resistance. 

Prior to be put in service, the 9%Cr-1%Mo steels are usually subjected to a normalising 
and tempering treatment. This treatment produces a microstructure of tempered lath 
martensite with carbides and/or carbonitrides. The more abundant carbides are the M23C6, 
which present sizes comprised between 60 nm and 150 nm and are mainly located along 
the lath boundaries and the prior austenite grain boundaries. In the case of the P91/T91 
steels, there is a fine distribution of the Nb-rich and/or V-rich MX precipitates mentioned 
above. In some cases small amounts of M2X type precipitates were found within the laths 
[3]. The microstructure which results from the normalising and tempering treatment is 
very stable at service temperature and is the main cause of the good mechanical properties 
mentioned above. The normalising treatment generally comprises an austenisation at 
temperatures between 1 040 and 1 060°C during 30 minutes, followed by air cooling. The 
subsequent tempering treatment is carried out at 780°C during 40 minutes and is also 
followed by air cooling. As mentioned above, the resulting microstructure is very stable at 
the service temperature of ca. 600°C. However, it can undergo changes in the case of local 
overheating or prolonged exposure to elevated temperatures. This leads to higher corrosion 
rates and the degradation of the creep properties [4,5]. 9%Cr-1%Mo steels do not suffer 
hydrogen embrittlement (HE) at the service conditions. However, at room temperature 
these steels may experience HE –i.e during plant stops-, especially in welded parts or after 
storage in corrosive environments. 

In a previous work [6] tempering treatments at different temperatures were 
performed on a P91 steel; the role of these treatments on the interaction of the material 
with hydrogen was investigated. In the present work, the different types of precipitates 
which are formed after those thermal treatments are characterised. 

Experimental details 

An ASTM A213 grade 91 steel was used for the present work. The chemical composition is 
shown in Table 1. 

Table 1: Chemical composition of the P91 Steel in wt% 

C Mn Si Cr Mo N V Cu Sn Al Nb Ni 

0.110 0.360 0.260 8.210 0.900 0.061 0.213 0.150 0.009 0.011 0.085 0.150 

This steel contains V and Nb as micro alloying elements, which confer specific 
characteristics and properties to the material. The ASTM A213 standard establishes the 
following ranges of concentration for these elements: V 0.18% to 0.25% and Nb 0.06% to 
0.10%. 

The samples were obtained from a seamless P91 pipe with a wall thickness of 32 mm 
and an external diameter of 219 mm. The samples were subjected to normalising and 
tempering treatments; the tempering treatments were performed at different tempering 
temperatures with the objective of obtaining different microstructural conditions of the 
material. Prior to the thermal treatments the samples were encapsulated in quartz tubes 
with argon atmosphere. The different thermal treatments are described in Table 2. The 
treatment of the as-received (AR) material was performed and reported by the 
manufacturer of the steel. 
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Table 2: Thermal treatments performed on the P91 steel. 
Identification of the resulting metallurgical conditions 

Thermal treatment Identification 

As received: Normalised at 1 060ºC.Tempered at 780ºC, 40 min AR 

1 050ºC, 30 min; air cooled AC 

AC + tempered 300ºC, 1 h T300 

AC + tempered 400ºC, 1 h T400 

AC + tempered 500ºC, 1 h T500 

AC + tempered 600ºC, 1 h T600 

The techniques used for the characterisation of the different metallurgical 
conditions and the preparation of the corresponding samples were as follows: 

X-ray diffraction (XRD): the samples were disks of 35 mm diameter. The surface to be 
analysed was polished with SiC from #150 grit up to #600 grit; then it was electropolished 
with a mixture of HClO4 10 wt% in Butyl Cellosolve. 

Scanning electron microscopy with field emission gun (FEG-SEM): conventional 
metallographical techniques were used, i.e polishing with SiC from from #150 grit up to 
#600 grit, diamond paste 6 µm and 1 µm, etching with 50%Nital + 50% Villella at room 
temperature, etching time ca. 40 s. 

Transmission electron microscopy (TEM): the samples used in the XRD measurements 
were etched with Vilella. Then, carbon extraction replicas were obtained. Additionally, 
thin films were prepared for AC and T300 conditions. For the preparation, discs of 3 mm 
in diameter were cut, then those were polished with SiC paper of 600 mesh to obtain a 
final thickness of ~0.1 mm. Disks were electropolished to electron transparency using an 
automatic Struers Tenupole 5 Jet Electropolisher with a 10% perchloric acid/methanol 
solution cooled to ≤-35°C. Various dissolution/cleaning solutions were used: ethanol, 
distilled water. 

The XRD measurements were performed at the Brazilian synchrotron light laboratory 
(LNLS), Campinas, Brazil. The runs were performed using radiation energy of 7 keV which 
corresponds to a wavelength of 1.7712 Å. On each sample, a general scan in the range 
20°≤2θ≤130° was performed; this was followed by detailed scans in angular regions of 
interest. The latter angular intervals were selected according to the position of the 
reflections of the expected phases: retained austenite (γ Fe), and carbides/carbonitrides: 
MX, M2X, M3C, M7C3, M23C6. 

The extraction replicas were observed in a Phillips CM200 TEM which is equipped 
with an EDAX-DX4 system for energy dispersive analysis of X-rays (EDS). Selected area 
electron diffraction (SAD) pattern was used to determine the crystallographic structure of 
the extracted particles. The lattice parameters used to index the diagrams were those 
obtained from the synchrotron light XRD measurements or the tabulated in the literature 
for the different expected compounds. 

Results and discussion 

As-received condition 

The as-received (AR) condition of the P91 steel presents a microstructure of tempered 
martensite (Figure 1). The prior austenite grain boundaries are decorated by precipitated 
particles which present a different morphologies and sizes ranging from 100 nm to 
500 nm. Smaller particles are observed in the interior of the prior austenite grains. 
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Figure 1: FEG-SEM micrograph of the P91 steel in the AR condition 

 

The precipitates that decorate the prior austenite grain boundaries were identified by 
TEM and the SAD patterns as Cr-rich carbides (Cr = 62, Fe=30, Mo=8) with the M23C6 
structure. The smaller precipitates were identified as MX type carbonitrides. The EDS data 
show that two types of MX carbides are present, Nb-rich (Nb=55.1, V=33.8, Cr=11.1) and 
V-rich (Nb=20.7, V=58.8, Cr=20.5). Figure 2 is a TEM micrograph showing the M23C6 particles. 

Figure 2: TEM micrograph of the P91 steel in the AR condition. M23C6 particles are 
shown. In the corner, a SAD pattern produced by one of the particles. 

 

Normalised (AC) condition 

Figure 3 shows a FEG-SEM micrograph of the P91 steel in the AC condition. The observed 
microstructure presents the characteristic features of lath martensite. Packets or groups 
of elongated regions with similar spatial orientations are observed. The regions have a 
length of 5 to 30 µm and a width of 0.5 to 5 µm. These regions are separated by 
boundaries which have a witdth of 100 to 300 nm. Particles, which in most cases present 
an elongated morphology, are observed within the regions described above. Most of these 
particles present one or two preferential orientation within each region. These particles 
were identified by TEM SAD pattern and EDS as M3C (Fe=85%, Cr=15%). Nb-rich MX 
particles were found in this sample too. The XRD diffractogramme of this condition 
showed the presence of retained austenite. 
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Figure 3: TEM micrograph of the P91 steel in the AC condition 

 

Tempered conditions (T300, T400, T500, T600) 

The conditions T300 and T400 present a microstructure which is typical of lath 
martensite. In Figure 4, which corresponds to the T300 condition, packet and block 
boundaries are observed. Precipitated particles are present in the interior of the laths. 
These particles present diverse morphologies and sizes. The spherical and elongated 
shapes predominate. Three different types of precipitates were identified by TEM in the 
T300 condition. These are M3C, M7C3 and MX. EDS analysis revealed that M3C particles are 
nearly Fe3C (Fe=85%, Cr=15%), whereas the M7C3 particles are enriched in Cr and the MX 
particles are enriched in Nb. Figure 5a is a TEM micrograph corresponding to the T300 
condition. In the upper left corner the SAD pattern of the particle identified as M7C3 is 
shown. An EDS spectrum of an M7C3 type precipitate is presented in Figure 5b. 

Figure 4: FEG-SEM micrograph of the P91 steel in the T300 condition 

 

The microstructure of the steel tempered at 400°C presents similar morphologic 
features as those of the steel tempered at 300°C. In the T400 condition, precipitates of the 
type Fe3C, Nb-rich MX and M2X were identified. 

Both in the T300 and T400 conditions, the presence of retained austenite was 
evidenced by the XRD measurements. Figure 6 shows a diffractogramme corresponding 
to the T300 condition.  
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Figure 5: 

a) TEM micrograph (thin foil) of the P91
steel in the T300 condition. 

b) EDS spectrum of the M7C3 type
precipitate. 

Figure 6: General diffractogramme of the P91 steel in the T300 condition. 
Showing the ferrite and austenite reflections. 
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Besides the reflections corresponding to the major phase (ferrite, α) the reflexions of 
the austenite (γ) phase are clearly observed. The austenite peaks are well defined and of 
high intensity. Smaller peaks can be observed in the same diffractogramme. They 
correspond to the minor phase Nb-rich MX. These latter peaks are of very low intensity 
due to the low volume fraction of the MX phase. 

The metallurgical condition T500 presents a microstructure of tempered martensite 
(Figure 7a). This figure shows that after tempering at 500°C, some characteristic features 
of the AC condition still persist: prior austenite grains which contain packets of blocks 
with similar orientation. Beyond this similarity, a great amount of precipitated particles 
is observed. The former austenite grain boundaries as well as the boundaries of regions 
within the grain are decorated by precipitates of different morphologies and sizes. In the 
interior of the latter regions a high amount of fine precipitates, most of them with an 
elongated shape are observed. The elongated precipitates are oriented along definite 
directions. Up to three such orientations can be recognised within a single region. These 
precipitates were identified by TEM and EDS as M3C (Cr=51.5, Fe=48.5) (Figure 7b). 
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Figure 7: a) FEG-SEM micrograph of the P91 steel in the T500 condition. b) TEM 
micrograph showing details of the precipitates found in this condition. 

Precipitates of the type M2X, Nb-rich MX and M23C6 were also identified by TEM in the 
P91 steel tempered at 500°C. Figure 8 is a TEM micrograph which shows a M2X type 
precipitate with its corresponding SAD pattern. The observation of the FEG-SEM images 
leads to the conclusion that, among all the metallurgical conditions studied in the 
present work, the T500 condition presents the higher amount of precipitated particles. 

Figure 8: TEM micrograph showing a precipitate of the MX type in the T500 condition. 
In the upper left corner, a SAD pattern of the M2X type precipitate is shown. 

The microstructure of the P91 steel after being tempered at 600°C (T600 condition) 
contains a great amount of precipitates. Additionally, globular shaped particles with sizes 
around 200 nm are observed. The amount of precipitates obtained after tempering at 
600°C is similar to that of the T500 condition and is notably larger than that of the T300 
and T400 conditions. The particles extracted from the T600 condition were identified by 
TEM as the following compounds: M23C6 carbides, hexagonal M2X carbonitrides and cubic 
MX carbonitrides. Some reflections corresponding to the mentioned phases M23C6, M2X 
and MX were observed using XRD with synchrotron light. The lattice parameters of these 
compounds were determined from the X-ray diffraction data, and these parameters were 
used to index the electron diffraction diagrams obtained by TEM.  

The chemical composition of the different precipitated phases in the T600 condition 
was determined by using energy dispersive X-ray analysis. The results indicate that the 
M23C6 particles are Cr-rich, with some amounts of Fe and Mo in their composition (Cr=65, 
Fe=25, Mo=10). The M2X precipitates are also rich in chromium and contain Mo as a minor 
component. Concerning the MX precipitates found in the T600 condition, they were 
classified as Nb-rich and V-rich.  
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Figure 9: FEG-SEM micrograph of the P91 steel in the T600 condition 

Table 3 presents a summary of the different phases which were identified and 
characterised by the different techniques in the present investigation. 

Table 3: Identified phases in the P91 steel in the different metallurgical conditions. 
Detected (TEM=1, DRX=2); Not detected (-). (*) Lattice parameters determined 

from the X-ray diffraction data (nm) 

Condition 
Phases 

Fe γγγγ Fe3C M2X M7C3 
MX 
Nb-rich 

MX 
V-rich 

M23C6 

AR - - - - 1 1 1, 2 
AC 2 1, 2 - - 1 - - 
R300 2 1 - 1 1, 2 - - 
R400 2 1 1 - 1, 2 - - 
R500 - 1, 2 1, 2 - 1 - 1, 2 
R600 - - 1, 2 - 1, 2 1 1, 2 

(*) - - 
a=0.2816 
c=0.4458 

- a=0.4381 - a=1.0632 

Although the MX type precipitates were detected in all the samples, the nature of 
these particles, V-rich or Nb-rich, is different between the material tempered at low 
temperature and the material tempered at high temperature. The size of the MX particles 
present in the AC, T300 and T400 condition ranges from 100 to 250 nm, their shape is 
nearly spherical and they are Nb-rich. It must be recalled that niobium carbonitride is 
very insoluble. In order to completely dissolve NbCN, the austenite phase must be heated 
at temperatures higher than 1 100°C [1] 

These facts suggest that the Nb rich carbonitrides were not completely dissolved 
during the austenizing treatment at 1 050°C; therefore, some of these particles remain 
after the normalising treatment (AC) as residual, undissolved carbides. These very stable 
Nb rich MX particles are not altered by the subsequent tempering treatments, and should 
be observed in the T300, T400, T500 and T600 conditions. However, the T600 and AR 
conditions present, besides the Nb-rich precipitates, other MX type precipitates which are 
enriched in vanadium. These latter precipitates present smaller size than the Nb-rich 
ones, and they are formed at tempering temperatures of 600°C and above. Zavaleta-
Gutiérrez et al. [7]. observed the MX precipitates type I, type II and type III. The type I and 
type II precipitates correspond respectively to the Nb-rich and the V-rich precipitates 
found in the present investigation. The type III precipitates have been designated in the 
literature as “wings”, these particles present a particular morphology in which V-rich 
rods grows in a Nb-rich spherical core. The type III precipitates were not found in the 
present work. 
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The presence of cementite (M3C, Fe3C) has been established by TEM techiques in the 
AC, T300, T400 and T500 conditions. However, this phase could not be detected by X-ray 
diffraction. This is attributed to the fact that the main reflections of the cementite phase 
coincide with those of α ferrite, i.e. the major phase of the steel. In the 9%Cr steels, the 
Fe3C phase precipitates as a fine dispersion of particles with dendritic morphology at 
tempering temperatures lower than 350°C [8]. The presence of this phase in the AC 
condition is attributed to the auto tempering of the martensite during the normalising 
treatment. 

The M2X type precipitates begin to form at temperatures close to 400°C. In this type of 
steels, they usually are Cr-rich carbonitrides. These carbonitrides form due to the high Cr 
concentration and also to the higher diffusivity of this sustitutional element in 
comparison with the alloying elements Mo, V and Nb [2]. Based on the chemical 
compositions obtained by EDS, we assign this phase to the compound Cr2X (X = C,N). This 
result agrees with the results reported in [9], where it is informed that for 9Cr-1Mo steels 
subjected to a normalising treatment followed by a tempering treatment at temperature 
in the range 400°C ≤ T ≤ 750°C, the precipitation of coherent M2X type particles may occur 
in short tempering times and generally this particles are enriched in Cr. 

The M23C6 phase, which is present in the P91 steel after tempering at high temperature, 
is preceded by the M2X phase. At tempering temperatures of 500°C and higher, the 
coarsening of the M2X precipitates begin. At temperatures near 550°C these precipitates are 
gradually replaced by Cr-rich M23C6 type precipitates which mainly nucleate at the 
martensite lath boundaries and in the prior austenite grain boundaries [1]; this behaviour is 
coincidently observed in the present metallurgical conditions of the P91 steel. 

Conclusions 

The second phase particles which precipitate in a P91 steel after different normalising 
and tempering treatments have been characterised by XRD diffraction with synchrotron 
light, FEG-SEM, TEM and EDS. 

The present observations allow us to present the following proposals concerning the 
sequence of precipitation or dissolution of second phase particles in the P91 steel as a 
function of the tempering temperature: 

• The MX phase particles which are present in the P91 steel after tempering at
300°C or 400°C are Nb-rich; they exhibit a spherical shape and correspond to
precipitates which were not completely dissolved during the austenizing stage.

• The V-rich MX type precipitates are found in the P91 steel after tempering at
temperatures higher than 600°C. These particles present smaller sizes than the
Nb-rich ones. These fine precipitates are those that improve the creep resistance
of the P91 steel.

• The M2X particles are gradually replaced by M23C6 particles as the tempering
temperature and time increase.

• The Fe-rich M3C cementite particles are formed by auto-tempering and persist at
tempering temperatures of 500°C or lower.
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