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This paper deals with influence of austenitizing and tempering temperature on microstructure, substructure
and mechanical properties of creep resistant 9CrNB steel. Austenitizing temperature of 1050 °C was used with
holding time of 15 min (state N1) and 45 min (state N3). Subsequently, the samples in these conditions were
tempered at 790 °C/60 min (state S1 and S3). Microstructure after austenitization is formed by lath martensite
and low bainite. The microstructure after tempering was formed by tempered martensite and lower bainite,
with darker and lighter areas. This is due to the non-homogeneous distribution of precipitates. It can also be
seen, that fine particles of precipitates were found at the martensite and low bainite lattice interfaces. It is likely
to be a carbide particles, whereby excluded this particles occurred during the tempering on the original grain
boundaries of austenite. The substructure was analysed in the following austenitizing conditions: 1050 °C/15
min and 1050 °C/45 min and their subsequent tempering at 790 °C/60 min. The precipitates were identified by
selective electron diffraction analysis. The mechanical properties were evaluated after austenitization and
tempering conditions.
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1. INTRODUCTION

There is a lot of pressure on the use of alternative sources in the energy industry, worldwide. This is due to
increased CO2 emissions and global warming. In spite of these facts, thermal power plants are burning fossil
fuels resp. other fuels continue to be a major electricity producer. The development of creep resistant alloy
grades is related to the constant increase in temperatures and pressures at which energy equipment operates.
Increasing the temperatures and pressures increases the efficiency of the energy equipment and reduces the
production of harmful emissions such as CO2, SOz, NOx. 9 % Cr steel (P91, P92) is used for the construction
of critical components of these power plants due to their high corrosion resistance. They are designed for
supercritical application parameters, temperature using 600 - 620 °C and steam pressure 30 MPa. Nowadays
new grades of high strength martensitic steels are currently being developed with a use temperature of up to
650 °C and a steam pressure of 35 MPa. In these steels is achieved increasing of the creep resistance
substituting molybdenum by tungsten and addition of cobalt, nitrogen, niobium and boron. One of these steels
is the newly developed 9CrNB steel [1-8]. The required mechanical properties and creep resistance of these
steels can be achieved only by applying a suitable mode of their heat treatment. The main aim was to describe
microstructure, substructure and mechanical properties of 9CrNB steel after austenitization at temperature
1050 °C (holding time 15 and 45 min.) and subsequent tempering at 790 °C (holding time 60 min.).

2. MATERIAL AND EXPERIMENTAL METHODS

The 9CrNB steel was used as an experimental material, from which seamless hot-rolled tubes were produced
with dimensions of 88.9 mm x 12.5 mm. The chemical composition of 9CrNB steel is shown in Table 1. The
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tubes were austenitized at the temperatures of 1050 °C with holding time 15 min (N1) and a 45 min (N3) and
tempered at 790 °C/60 min (S1 and S3).

Table 1 Chemical composition of 9CrNB steel

Elements C Mn Si P S Cr Ni Mo w Co B N
Min (t. %) 0.06 | 0.40 | 0.20 - - 8.00 - - 250 | 2.80 | 0.010 | 0.005
Max (wt. %) 0.10 | 0.50 | 0.35 | 0.020 | 0.008 | 9.00 | 0.15 | 0.10 | 3.00 | 3.20 | 0.015 | 0.015

The samples were prepared by standard metallographic procedures (grinding, polishing, and etching).
Microstructural analysis was carried out using an Olympus GX51 light optical microscope. The state of
precipitation of carbide and other phases in steel was analysed by the JEOL JEM 2000FX Transmission
Electron Microscope (TEM) by the method of carbon extraction replicas. They were removed from the
metallographically prepared areas after being separated in the Villela etchant. The role of the analysis was to
characterize the morphology of the transformed substructure, morphology, size and distribution of the
precipitates. The main aim was to study the influence of the conditions of different temperature and holding
time on microstructure, substructure and mechanical properties.

3. RESULTS

3.1. State N1 (1050 °C/15 min) and state N3 (1050 °C/45 min)

Microstructure consists of martensite and low bainite (Figure 1). Microstructure is homogeneous from
austenitic grain size point of view. The particles observed in the microstructure, precipitated also at the original
austenite grain boundaries (Figure 2).

Figure 1 microstructure after austenitization Figure 2 microstructure after austenitization
state N1_1050 °C/15 min state N3_1050 °C/45 min

The two states (N1 and N3) were evaluated by TEM (carbon replicas method). And it was found, that
substructure was formed of martensite and bainite laths, which were created in a relatively coarse original
austenitic grain. In substructure oval particles with an average size of 200 nm and also irregular particles with
uneven distribution with an average size of 800 nm were present in some areas. A large extent of irregular
coarser particles was bound to the original austenite grain boundaries (Figure 3). They were also within the
martensite and bainite laths as well as smaller sized particles. The particles have a rod-shaped character
inside the martensite and bainite and have different orientation in different regions of the substructure and
reached an average length of 130 nm. Inside the martensite and bainite and their interfaces are also visible
smaller globular and oval particles with an average size 50 nm (Figure 4).
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Figure 3 substructure and distribution of Figure 4 detail of rod-shaped and oval
the precipitates, N3_1050 °C/45 min particles inside bainite, N1_1050 °C/15 min

3.2. State S1_1050 °C/15 min_Tempering 790 °C/60 min and state S3_1050 °C/45 min_Tempering 790
°C/60 min

Microstructure consists of tempered martensite and tempered low bainite. They are visible as darker and lighter
areas (Figure 5). This is due to the inhomogeneous distribution of the precipitates. In the light regions of the
microstructure, the proportion of precipitates was smaller, in darker areas was bigger. The fine particles of
precipitates were found at boundaries lath of tempered martensite and lower bainite. These precipitates are
most probably carbides that precipitated also at the original austenite grain boundaries during tempering
(Figure 6).

Figure 5 microstructure after normalizing at Figure 6, microstructure after normalizing at
1050 °C/15 min_and tempering 790 °C/60 min, 1050 °C/45 min_and tempering 790 °C/60 min,
(state S1) (state S3)

The substructure was heterogeneous, formed by particles of different morphology and size, whose distribution
was uneven. The particles were precipitated at the original austenitic grain boundaries, at the interface of the
tempered martensite and tempered bainite laths and inside the tempered bainite (Figure 7, 8). Globular to
oval particles reached an average size 60 nm. These particles are identified as Nb, V, C or Nb, V, B, C, based
on results of EDX analysis. Particles on base Nb, V and C were identified by selection electron diffraction
analysis as niobium carbides with possible vanadium atom substitusion in the crystallographic cubic NbC
centered lattice (state S1 and S3). Particles on base Nb, V, B a C were identified as niobium carbides alloyed
with boron with possible vanadium atom substitution in the crystallographic cubic NbC centered (state S1) and
niobium boride with possible substitution of vanadium atoms in the crystallographic orthorhombic lattice of NbB
phase (state S3). Larger oval to rod-shaped particles reached a length of 200 nm and a width of 50 nm. EDX
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analysis showed that they were based on Cr, Fe, W and C. The particles were identified by selection electron
diffraction analysis as complex M23Ce type carbides crystallizing in a crystallographic cubic surface centered
lattice with possible substitution of chromium, iron and tungsten atoms. EDX analysis showed, that coarse oval
to irregular particles present at the original austenitic grain boundaries of size 350 nm (state S1) up to 700 nm
(state S3) were based on Cr, Fe, W, V a C.

Figure 7 substructure and distribution particles Figure 8 substructure and distribution particles,
at the original austenite grain boundaries at the original austenite grain boundaries

From the analysed states (N1, N3, S1 and S3), were evaluated mechanical properties. Our 9CrNB steel is not
listed in the standards, yet. The achieved mechanical properties are compared with the steel grade P92. The
prescribed mechanical properties for grade P92 are described in Table 2. Table 3 shows the achieved
mechanical properties after austenitization and subsequent tempering. The values of mechanical properties
after austenitization have of minor importance, since the tubes of these grades must be delivered in
normalizing and temepring conditions. The value of yield strength Rpo.2, tensile strength Rm and impact notch
toughness KV, meet the prescribed properties with a large margin. Hardness HBW moves very closely around
the max. value of 250, even slightly above it. The Elongation As values were not achieved at tempering
temperatures 790 °C and holding time 60 min.

Table 2 Mechanical properties according to the standard STN EN 10216-2 at + 20 °C

Steel grade Rpo.2 - min (MPa) Rm (MPa) Anmin (%) KV (J) HBW max

X10CrWMoVNb9-2 (P92) 440 620 - 850 19 27 250

Table 3 Achieved mechanical properties of analysed states

States Rpo.2 (MPa) Rm ([MPa) As (%) KV (J) HBW
N1 - 1050 °C_15 min 964 1287 12.2 11.0 362
N3 - 1050 °C_45 min 941 1237 11.9 10.3 371
$1-1050 °C_15 min
TEMP. 790 °C. 60 min 614 739 16.9 203.0 251
S3 - 1050 °C_45 min 620 746 16.5 107.0 248

TEMP. 790 °C_60 min

4, DISCUSSION

Microstructure and substructure after austenitization (state N1 and N3) consists of martensite lath and low
bainite lath. In substructure oval particles with an average size of 200 nm and also irregular particles with
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uneven distribution with an average size of 800 nm were present in some areas. To a large extent, irregular
larger particles were bound to the original austenite grain boundaries. They were also within the martensite
and bainite laths as well as smaller sized particles. At state S1 and S3 microstructure consists of temepered
martensite and tempered lower bainite. Globular to oval particles reached an average size 60 nm. These
particles are identified as Nb, V, C or Nb, V, B, C, based on results of EDX analysis. Particles on base Nb, V
and C were identified by electron diffraction analysis as niobium carbides with possible vanadium atom
substitution in the crystallographic cubic NbC centered lattice (state S1 and S3). Particles on base Nb, V, B
a C were identified as niobium carbides alloyed with boron with possible vanadium atom substitution in the
crystallographic cubic NbC centered (state S1) and niobium boride with possible substitution of vanadium
atoms in the crystallographic orthorhombic lattice of NbB phase (state S3). The role of these fine particles of
M (C, N) type precipitates, in which M can be Nb or V is to stabilize the morphology of the tempered martensitic
matrix and its dislocation substructure and thus contributing to the creep resistance of the steel [8, 9]. Larger
oval to rod-shaped particles reached a length of 200 nm and a width of 50 nm. EDX analysis showed that they
were based on Cr, Fe, W and C. The particles were identified by selection electron diffraction analysis as
complex M23Cs type carbides crystallizing in a crystallographic cubic surface centered lattice with possible
substitution of chromium, iron and tungsten atoms. EDX analysis showed, that coarse oval to irregular particles
present at the original austenitic grain boundaries of size 350 nm (state S1) up to 700 nm (state S3) were
based on Cr, Fe, W, V a C. 9CrNB steel has an increased W content compared to P92, which increases creep
resistance through solution hardening and refining of the martensitic substructure. Cobalt stabilizes austenite,
suppresses delta ferrite formation, and coarser M23Cs carbide particles. The addition of boron in optimal
combination with nitrogen significantly increases the creep resistance of this steel as it reduces the rate of
coarse M23Cs at high temperatures [6, 10]. From the evaluation of the mechanical properties showed that the
minimum requirements for the elongation (19 %) As and requirements for hardness HBW at the max. value of
250 were not followed. Other parameters such as yield strength Rpo.2, tensile strength Rm and impact notch
toughness KV meet the prescribed values with a large margin. The probable cause of high hardness and lower
elongation was insufficient holding time on temepring temperature, which was 60 min. Based on our
experience in operating conditions, the optimum holding time at tempering temperature is about 240 min. At
longer holding time, the values of strength and hardness would be reduced. At the same time, the elongation
As would increase.

5. CONCLUSION

1) Microstructure after austenitization (state N1 and N3) consists of martensite lath and low bainite lath. At
state S1 and S3 microstructure consists of temepered martensite and tempered lower bainite.

2) The particles have a rod-shaped character inside the martensite and bainite and has different orientation
in different regions of the substructure and reached an average length of 130 nm. Inside the martensite
and bainite and their interfaces are also visible smaller globular and oval particles with an average size
50 nm.

3) Globular to oval particles reached an average size 60 nm (in states S1 and S3). These particles are
identified as Nb, V, C or Nb, V, B, C, based on results of EDX analysis. Particles on base Nb, V and C
were identified by selecton electron diffraction analysis as niobium carbides with possible vanadium
atom substitusion in the crystallographic cubic NbC centered lattice (state S1 and S3). Particles on base
Nb, V, B a C were identified as niobium carbides alloyed with boron with possible vanadium atom
substitution in the crystallographic cubic NbC centered (state S1) and niobium boride with possible
substitution of vanadium atoms in the crystallographic orthorhombic lattice of NbB phase (state S3).

4) Larger oval to rod-shaped particles reached a length of 200 nm and a width of 50 nm. EDX analysis
showed that they were based on Cr, Fe, W and C. The particles were identified by selection electron
diffraction analysis as complex M23Ce type carbides crystallizing in a crystallographic cubic surface
centered lattice with possible substitution of chromium, iron and tungsten atoms. EDX analysis showed,
that coarse oval to irregular particles present at the original austenitic grain boundaries of size 350 nm
(state S1) up to 700 nm (state S3) were based on Cr, Fe, W, V a C.
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5) From the evaluation of the mechanical properties showed that the minimum requirements for the
elongation (19 %) As and requirements for hardness HBW at the max. value of 250 were not followed.
Other parameters such as yield strength Rpo.2, tensile strength Rm and impact notch toughness KV meet
the prescribed values with a large margin. The probable cause of high hardness and lower elongation
was insufficient holding time on temepring temperature, which was 60 min. To meet all mechanical
properties. To achieve all the standards required mechanical properties will need to deal with the
extension of time tempering.
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