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Abstract: Herein, based on the strengthening mechanism and aging mechanism of 9% Cr steel, changes in the microstructure and
mechanical properties during long-term high-temperature service are analyzed. The limitations of current microstructure
observation in the aging rating process and the defects of the aging evaluation system are expounded. It is proposed that
the aging evaluation of 9% Cr martensitic heat-resistant steel can distinguish between the abnormal microstructure and
the aging phenomenon occurring during long-term operation, and the combination of higher resolution microscopy
observation such as laser confocal scanning microscopy with mechanical property tests could provide a comprehensive
judgement.
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1. Introduction

Ultracritical and ultrasupercritical units have developed
rapidly and become the mainstream unit in the thermal
power generation industry [1]. In China, the number of
supercritical units with power ≥600MW has exceeded 400
[2], many of which have been in service for over 100,000 h
[3]. The metal components inside the units would gradually
face a series of issues such as aging inspection, supervision,
rating, replacement, and life assessment [4].

The 9% Crmartensitic heat-resistant steel has beenwidely
used in components such as pipelines, headers, heating sur-
faces, valves, and connecting pipes of ultra-supercritical units
[5]. P91 and P92 are widely used in high-temperature headers,
pipelines, etc. [6]. The high-temperature superheater, high-

temperature reheater [7], and nozzle seat of the heating sur-
face almost all use T91 and T92[8]. The turbine rotor, high- and
medium-pressure inner cylinder, valves, etc. are made of
9–12% Cr martensitic heat-resistant steel [9]. Therefore, it
can be said that 9% Cr martensitic heat-resistant steel is a
key material for supporting supercritical and ultrasupercri-
tical power generation units [10]. In DL/T438-2016 “Technical
Supervision Regulations for Metal in Thermal Power Plants,”
special inspection clauses are specified for heating surface
pipes of 9% Cr steel that have been in operation for over
100,000 h, large pipelines and headers that have been in ser-
vice for 3–4 A-level maintenance, etc. [11]. The purpose was to
monitor and grasp the changes in 9% Cr martensitic heat-
resistant steel components after long-term operation and to
avoid accidents caused by material creep and aging. Therefore,
it was necessary tomaster themicrostructure and aging during
operation of 9% Cr martensitic heat-resistant steel after service.
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2. Experimental materials and
methods

2.1 Experimental materials

We have mainly studied and analyzed the microstructure
and aging characteristics of P91 and P92 materials after
operating for about 50,000 h in one million ultrasupercri-
tical units, in order to avoid accidents caused by material
creep and aging. The actual compositions of the tested P91
and P92 materials are determined by inductively coupled
plasma–atomic emission spectrometry analysis, and the
results are presented in Table 1.

2.2 Experimental methods

2.2.1 Mechanical properties

From the tensile test, mechanical properties could be obtained,
including the yield strength (RP0.2) and tensile strength (Rm).
The tensile test is performed on a UH-F50A (250 kN) test
machine at room temperature and high temperature (600°C).

2.2.2 Investigation of the microstructure

Spark emission spectroscopy based on the GB/T 11170-2008
method is adopted to analyze the alloy composition of
deposited metals. The specimen for metallographic obser-
vation is cut along the longitudinal direction of welding
pass. After grinding and polishing, the specimen is etched
by a mixed solution consisting of 5 g of CuCl2, 30 ml of HCl,
25 ml of alcohol, and 30ml of H2O. Then, the microstruc-
ture of deposited metals is investigated by using an MEF-
4M metallographic microscope and an SCIAS 6.0 image
analysis system. The second phase of deposited metals
and impact fracture surface are analyzed using a scanning
electron microscope (HITACHI S-4300) coupled with an
energy-dispersive spectrometer.

A transmission electron microscope (H-800) is utilized
for the investigation of the fine structure and for the qua-
litative analysis of the second phase.

3. Aging mechanism and grading
of heat-resistant steel

3.1 Aging rating of metals in power plants

Due to the relatively simple and limited variety of metallic
materials used in early power plants, the aging rating of
metallic materials is initially categorized according to
material grade [12]. Although significant progress has been
made in the aging rating of new heat-resistant steels in recent
years, such as the release of DL/T 1422-2015 “Standard for Aging
Rating of Microstructure of 18Cr-8Ni Series Austenitic Stainless
Steel Boiler Tubes,” there are still many aging mechanisms
and ratings of new heat-resistant steels that urgently need
to be supplemented and improved. Taking martensitic
steel as an example, currently, only DL/T884-2004 “Technical
Guidelines for Metallographic Inspection and Evaluation of
Thermal Power Plants” provides a rough description of “micro-
structure aging evaluation of non-pearlite steel.”However, due
to the significant limitations in understanding martensitic
heat-resistant steel during the standard writing period, the
standards are revised based on development and industry
needs [13].

3.2 Structure and morphology of typical
9% Cr martensitic heat-resistant steel

The structure of 9% Cr martensitic heat-resistant steel
after strict implementation of the heat treatment process
is uniform tempered martensite, with fine grains, carbide
dispersed out of the grain or grain boundary, with signifi-
cant lathing martensite morphology, and a high-density
dislocation network in the lath martensite [14]. These

Materials C Mn P S Si Cr Mo V Nb N Ni

P91 0.10 0.35 0.015 0.005 0.28 8.77 0.92 0.21 0.08 0.05 0.20

Materials C Mn P S Si Cr Mo V W Nb N B

P92 0.08 0.55 0.012 0.003 0.38 4.89 0.52 1.21 1.78 0.07 0.010 0.003

Table 1. Chemical composition of P91 and P92 (mass fraction, %).

Zhang Kun et al.

51



microstructure characteristics have a positive effect on the
strengthening of martensitic steel [15]. Taking typical 9%
Cr steel as an example, its metallographic structure is
found to be uniform, as shown in Figure 1, the lathing
martensite phase is obvious, as shown in Figure 2, the
precipitation phase is fine and dispersed, and a large
number of dislocations are distributed in lath martensite,
as shown in Figures 3 and 4.

3.3 Strengthening mechanism of 9% Cr
martensitic heat-resistant steel

Compared with traditional carbon steel and low alloy
steel, 9% Cr martensitic heat-resistant steel possesses
multiple strengthening factors. The main strengthening
mechanism relies on the precipitation strengthening of

M23C6, MX, and other precipitated phases, as well as the
solid solution strengthening of Mo, Cr, Mn, and other
elements [16].

The M23C6 phase is mainly composed of carbon and
chromium, and the Cr-rich carbide precipitation phase is
mostly nucleated and grown at the original austenite grain
boundary or lathing martensite boundary, in a spherical,
polygonal, or strip-like shape, with the size between 200
and 800 nm. The morphology is shown in Figures 5 and 6.
M23C6 is the most important precipitation phase in 9% Cr
martensite steel, which is the main ingredient for strength-
ening. It has a stability effect on the lathing martensite
boundary, subgrain boundary, and original austenite grain
boundary and also a certain pinning effect on the disloca-
tion movement in martensite [17]. However, research has
shown that the M23C6 phase grows with the increase of
operating temperature and time, and the growth rate of

Figure 1. Metallographic morphology of P91 steel.

Figure 2. Metallographic morphology of P92 steel (laser confocal microscopy).
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Figure 3. Microstructure morphology of P91 steel (SEM).

Figure 4. Microstructure morphology of P91 steel (TEM).

Figure 5. Polygonal and spherical M23C6.
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M23C6 phase also increases with the increase of operating
temperature. Therefore, after long-term high-temperature
operation, the contribution of M23C6 to the high-tempera-
ture endurance strength of martensitic steel is weakened.

MX is a nanophase, dispersed within the crystal, with
the main forms being spherical, square, rectangular, hexa-
gonal, rod-shaped, and strip-like, as shown in Figures 7–9.
Compared to M23C6, MX has a smaller size and higher

Figure 6. Strip-like M23C6.

Figure 7. Spherical MX phase.

Figure 8. Cubic MX phase.
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stability. It is not easy to grow after long-term operation at
high temperatures, and its strengthening effect would not
weaken with time. MX has a significant pinning effect on
dislocations in martensite, making a long-term and out-
standing contribution to the stability and creep fracture
strength of martensitic steel.

The lath martensite width is generally 200–400 nm,
which can greatly improve the strength and toughness of
the matrix and the ability to resist crack propagation.
When the lath martensite is recovered at high tempera-
tures, the lath martensite breaks up to form a smaller
substructure, which could be an obstacle to dislocation

Figure 10. Martensite lath and dislocation entanglement.

Figure 11. Microstructure of martensitic steel after 40,000 h of operation.

Figure 9. Short rod MX phase.
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movements and facilitate achieving excellent strength of
tempered lath martensite. There is a high-density dislo-
cation network in the lath martensite, forming disloca-
tion entanglement, which plays a significant role in
strengthening the matrix, as shown in Figure 10.

Fine grains could more effectively hinder dislocation
movements and improve the strength and toughness. The
mechanism of multiple composite strengthening is adopted,
and the improved 9% Cr martensite is added with alloying
elements such as Cr, Ni, and W, all of which play a positive
role in the strengthening of 9% Cr steel.

3.4 Aging mechanism of 9% Cr martensitic
heat-resistant steel

Martensitic steel undergoes aging during long-term service
at high temperatures, manifested by changes in the micro-
structure and decreased mechanical properties. The aging
mechanism of martensitic steel is to some extent opposite to
the strengthening mechanism. When the performance is
decreased, it is inevitably accompanied by changes in the
microstructure, strengthening factors, or even disappear-
ance, such as the disappearance of martensite orientation,
decrease in the dislocation density, and changes in the pre-
cipitated phase.

During the long-term high-temperature operation of
martensitic steel, some dislocations disappear through
slip and climb, resulting in a decrease in dislocation den-
sity. Some lath martensite boundaries disappear, and adja-
cent lath martensite merge into wide lath martensite or
lath martensite features disappear. The phase interface of
martensitic lath martensite has the effect of hindering
the movement of dislocations. The widening or disappear-
ance of lath martensite reduces the phase interface, which

directly weakens the strengthening factor. The reduction
or disappearance of dislocations would weaken the mate-
rial’s ability to resist deformation and lower its strength.
Taking the microscopic morphology of pipes at different
operation times and states as an example, TEM images of
dislocations in lath martensite of P91 pipes after 40,000 h
of operation show obvious dislocation tangles as shown in
Figure 11; TEM images of dislocations in lath martensite
after 90,000 h of operation at the same magnification are
shown in Figure 12. It could be seen that the dislocation
density was far lower than that of the microstructure of
the pipeline after 40,000 h of operation. In addition, the
TEM image of P91 steel bending with abnormal heat treat-
ment under the same magnification is shown in Figure 13.
It can be seen from the figure that the width of lath mar-
tensite in Figure 13 is much wider than that of lath mar-
tensite in Figure 11. The hardness of the corresponding
area is about 140HB, which proves that the mechanical
properties are also greatly reduced.

The transformation of the carbide structure is an
important feature of aging of metallic materials. M23C6
and MX are the main strengthening precipitates of 9% Cr
steel, of which M23C6 is an unstable phase. After long-term
operation at high temperatures, it would grow, coarsen,
and transform. Taking P92 steel as an example [18], after
aging at 650°C for 26,000 h, the size of M23C6 is 70% larger
than that before aging. Therefore, after long-term high-
temperature operation, the growth of M23C6 phase would
weaken the matrix strength, the stabilizing effect on the
lathing martensite boundary and the subgrain boundary,
and the effect on dislocation pinning to varying degrees, so
it would weaken the contribution to the high-temperature
endurance strength of martensitic steel. The MX phase is
very stable and has a positive contribution to high-tem-
perature endurance performance [19].

Figure 12. Microstructure of martensitic steel after 90,000 h of operation.

Morphology and aging characteristics of 9% Cr
martensitic heat-resistant steel after service

56



The laves phase is a B2A-type intermetallic com-
pound that typically occurs under long-term service con-
ditions above 600°C [20]. Research has shown that the
laves phase would precipitate at subgrain boundaries
after long-term aging, as shown in Figure 14 [21].
Although it could play a certain role in precipitation
strengthening, the segregation and coarsening of the
laves phase reduce its strengthening effect and consume
large amounts of W and Mo, thereby reducing the solid
solution strengthening effect on heat-resistant steel.
Most studies suggest that after long-term aging, the Z
phase would form on the basis of MX, and its precipita-
tion leads to the consumption of the fine dispersed MX
phase. In addition, the growth rate of Z phase is fast and
easy to coarsen, which increase the possibility of creep
pores. Therefore, the Z phase has a dual adverse effect
on material creep compared to that on 9% Cr martensitic
heat-resistant steel.

4. Problems encountered in
organizational identification

4.1 Rating system for metal aging in
power plants

At present, the aging rating of power plant metals in China
is based on different material grades. However, due to the
rapid development and wide variety of metals in power
plants in recent decades, the existing standards are far
from covering commonly used metal materials, and the
aging evaluation of many materials is almost in a state of
no evidence to rely on. Furthermore, there is no need to
establish an evaluation standard for each material that is
similar or identical (such as T91, P91, T92, P92). Therefore,
the current classification of aging evaluation systems is both
redundant and unreasonable. Referring to the experience

Figure 14. Laves phase in martensitic steel.

Figure 13. Microstructure of P91 steel with abnormal heat treatment.
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of other countries in rating the aging of metal in power
plants, it is usually classified and rated according to the
organizational form. From this perspective, establishing
an aging rating system for common steel used in power
plants is both simple and practical and more reasonable.
The DL/T884 Technical Guidelines for Metallographic
Inspection and Evaluation of Thermal Power Plants, which
is currently being revised, is based on this point and estab-
lished a classification aging rating system for pearlite steel,
bainitic steel, martensitic steel, and austenitic steel.

4.2 Effect of microscopic observation on
aging rating

The observation of the aging process of martensitic steel
requires the use of tools to judge and analyze the changes
in the microstructure, among which the most important

change is the change in the precipitate phase. The main
precipitate phase M23C6 has a size between 200 and
800 nm, and the MX size is 80–150 nm. Common metallo-
graphic examination equipment include conventional
optical microscopy (OM), confocal laser scanning micro-
scope (CLSM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM).

The maximum resolution of an optical microscope is
200 nm. Due to its extremely shallow imaging depth and
sample limitations, it is difficult to achieve the ideal reso-
lution. Typically, the optimal observation magnification
can be around 1,000 times, and the actual observed resolu-
tion size is about 300–600 nm. At present, the inspection
and grading of the metallographic structure of 9% Cr steel
is generally completed by using a conventional optical
microscope. Due to its low resolution, only a relatively
clear lathing martensite orientation can be seen in the
observation. Carbides are faintly distributed on the matrix

Figure 15. Microstructure of P91 sample as observed by a light microscope.

Figure 16. Microstructure of P91 sample under a laser confocal microscope.
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and are not clear, making them difficult to identify as
shown in Figure 15. From the perspective of carbide size
analysis, the MX phase and most M23C6 phase cannot be
observed, and their morphology, size, etc. cannot be dis-
tinguished. This can easily lead to deviations from the
standard during the aging rating process, resulting in
deviation from the rating results.

The confocal microscope uses a monochromatic laser
with a shorter wavelength as the light source, with an
effective resolution of up to 120 nm. It can achieve stereo-
imaging and observe the distribution and morphology of the
M23C6 phase and some MX phase, as shown in Figure 16.
Therefore, LSCM, as a convenient tool with high resolution,
has received widespread attention in recent years and has
become a highly respected tool in practical product inspec-
tion and observation [22].

Both SEM and TEM use electron beams as the light
source for microscopes, with high magnification, deep
field of view, and large field of view [23]. The scale of SEM

can generally reach several micrometers, while that of TEM
can generally reach 20 nm. In particular, the transmission
electron microscope can clearly distinguish the lathing mar-
tensite phase of the metallographic structure in the marten-
sitic steel, the dislocation between grains, the shape and size
of carbides, etc., as shown in Figures 3 and 4. However, the
working environment of SEM and TEM is in a vacuum state,
and they have high requirements for the sample, long obser-
vation time, and high cost, which cannot meet the require-
ments of on-site real-time and simple observation [24].

4.3 Common abnormal aging tissues

In the manufacturing and processing of martensitic steel,
especially in the heat treatment of bent pipes and welding
of pipe fittings [25], there is a process of thermal cycling.
Under conditions of improper technology and poor tem-
perature control, the structure would change, causing

Figure 17. P92 abnormal metallographic structure of the pipeline.

Figure 18. Abnormal growth of the precipitated phase in martensitic steel.
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abnormal aging phenomena [26]. Abnormal organiza-
tion is also prone to occur in failed components such
as explosive tubes. Common abnormal structures include
massive ferrite, uneven grain size, disappearance of lath
martensite in martensitic steel, and abnormal growth of
precipitates, as shown in Figures 17–19.

These abnormal structures are not usually caused by
long-term high temperature use, so special attention should
be paid during aging rating. In some cases, they have
reached the state of “severe aging” before use or at the
beginning of use [27]. For example, a factory conducted
metallographic inspection on P92 pipes during infrastruc-
ture construction and found that its lathing martensite mor-
phology disappeared and polygonal block ferrite and large
size precipitated phase appeared, as shown in Figures 17
and 18. Figures 19 and 20 show the microstructure mor-
phology of the P92 pipe base metal under a transmission
electron microscope, which is consistent with the observa-
tion results obtained under a light microscope. Equiaxed
ferrite can be seen, and dislocation is disappeared. These
phenomena indicate that serious recovery and recrystalli-
zation have occurred in this part. Tissue aging has occurred
without operation.

This type of abnormal aging phenomenon is actually
an accelerated aging process, which sometimes differs
from the normal aging of tissues. For example, in some
burst tubes, a large number of creep voids would appear

Figure 19. Ferrite appearing in martensitic steel.

Figure 20. Disappearance of lath in martensitic steel.

Figure 21. Burst P92 tissue creep hole.
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as shown in Figure 21, while in actual operation aging,
almost no creep voids visible under the light microscope
would appear. These phenomena should be distinguished
during the inspection process, and special explanations
should also be provided during the rating process.

5. Aging and evaluation method
of 9% Cr martensitic steel
structure

5.1 Aging characteristics of 9% Cr
martensitic steel

The microstructure of martensitic steel changes during long-
term service at high temperatures. First, the dislocation

density decreases and the width of martensitic lathing mar-
tensites increases at long-term high temperatures. Some lath
martensite lose their characteristics and form massive fer-
rite. The reduction or disappearance of dislocations would
weaken the material’s ability to resist deformation. The
decrease of martensitic lathing martensite phase interface
would reduce the effect of hindering dislocation movements,
thus aggravating the decrease of the dislocation density.

The transformation of the carbide structure is an
important feature of metallic material aging. M23C6 and
MX are the main strengthening precipitates in 9% Cr steel,
among which M23C6 is an unstable phase. After long-term
operation at high temperatures, it would undergo growth,
coarsening, and transformation, which weaken the inter-
face stability and dislocation pinning effect. The laves
phase and Z phase are precipitated phases formed after
long-term aging, especially the Z phase. Research has shown

Figure 23. Metallographic structure of a P92 pipe.

Figure 22. P91 metallographic structure after 60,000 h of operation.
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that they are only discovered after at least 100,000 h of high-
temperature aging above 540°C. Segregation and coarsening
of the laves phase reduce the strengthening effect and con-
sume large amounts of W and Mo, resulting in a weakened
solid solution strengthening effect. The precipitation of the Z
phase would consume stable and finely dispersed MX. When
the Z phase grows and coarsens, it increases the possibility of
creep pores. Therefore, the laves phase and the Z phase have
adverse effects on the creep strength of 9% Cr martensitic
heat-resistant steel.

The disappearance of martensite orientation, decrease
in dislocation density, coarsening and dissolution of M23C6,
and formation and coarsening of Z and laves phases all

contribute to a significant decrease in material creep
strength, which was a typical characteristic of martensitic
steel aging.

5.2 Correspondence between the
metallographic structure and
mechanical properties

To some extent, the microstructure of metallic materials
corresponds to their mechanical properties, and aging of
the microstructure would inevitably cause changes in
mechanical properties.

The metallographic structure of P91 main steam pipe
after about 60,000 h of operation is shown in Figure 22.
Although its structure is still uniform tempered marten-
site, its lathing martensite orientation has been dispersed,
and the orientation of some areas is not clear. Part of the
precipitated phases aggregate and grow on the boundary,

Item Rp0.2 (MPa) Rm (MPa)

Reference value (GB5310) 415 585

Actual measured value 1# 283 560

Table 4. Mechanical property test results at room temperature.

Item Temperature (°C) σ
1×10

5
t° C (MPa)

Reference value (GB5310) 540 166

Actual measured value 2# 540 95

Table 5. High-temperature endurance test results.

Figure 24. Metallographic structure of a P91 main steam pipe.

Item Rp0.2

(MPa)

Rm (MPa) A (%) Z (%)

Reference value

(ASME SA335)

≥415 ≥585 ≥20 —

Actual measured

value

L3-1 427 602 24.0 65

L3-2 430 595 25.5 66

Table 2. Mechanical property test results at room temperature.

Item Rp0.2

(MPa)

Rm (MPa) A (%) Z (%)

Reference value

(GB5310)

≥198 — — —

Actual measured

value

G3-1 220 305 35.0 89

G3-2 220 310 37.0 89

Table 3. Mechanical property test results at high temperature (600°C).
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and their corresponding mechanical properties are shown
in Tables 2 and 3. Although their mechanical properties at
room temperature and high temperature meet the require-
ments of relevant standards, they are all within the numer-
ical range close to the lower limit. This indicates that the
metallographic structure of P91 pipeline undergoes aging
during long-term high-temperature operation, accompa-
nied by a decrease in mechanical properties.

In the early infrastructure construction process, due to
limitations in understanding and processing the level of 9%
Cr martensitic heat-resistant steel, there are a large number
of unoperated components with abnormal structures, and
themechanical properties corresponding to these abnormal
structures often deviated from the relevant standard range.
The microstructure of P92 pipeline is shown in Figure 23.
The martensitic lath martensite disappear and a large
amount of massive ferrite appear. The hardness of the cor-
responding part tested is 160HB, far lower than the hard-
ness value of the normal structure state. Themetallographic
structure of a P91 main steam pipeline is shown in Figure
24. At this location, mechanical performance samples are
taken for testing, and the results are shown in Tables 4 and 5.
The room temperature mechanical properties and high tem-
perature endurance test results are far below the standard
recommended values. The abnormality of the structure is
reflected in the performance testing process.

5.3 Comprehensive evaluation method

As mentioned above, to some extent, the microstructure of
metallic materials corresponds to their mechanical prop-
erties, and aging of the microstructure would inevitably
cause changes in mechanical properties. The mechanical
properties of martensitic steel with abnormal organization
often deviate from the recommended range of standards.
Therefore, for the aging evaluation process of 9% Cr
martensitic heat-resistant steel, if conditions are met, the
comprehensive and accurate evaluation of its mechanical
performance indicators should be carried out. For the
equipment after operation, a comprehensive evaluation
should also be conducted based on factors such as oper-
ating time, operating environment, and self-condition.

6. Conclusions

(1) Due to resolution limitations, traditional opticalmicroscopes
are not very suitable for observing themicrostructure of 9%
Cr martensitic heat-resistant steel. The working

environment requirements for SEM and TEM are strict,
with high requirements for sample preparation, long
observation time, and expensive instrument costs,
which cannot meet the requirements of on-site real-
time and simple observation. LSCM, as a convenient
tool with high resolution, is currently highly regarded
in the assessment of inspection, observation, and aging.

(2) During the aging process of metallic materials, the
microstructure may exhibit morphological disper-
sion, gradual disappearance of orientation, migration
of alloying elements, and re-aggregation and growth
of carbides. In the metallographic aging rating pro-
cess of 9% Cr martensitic heat-resistant steel, the
aging that occurs during long-term operation and
the abnormal aging of the structure should be distin-
guished, and the rating process should also be spe-
cially explained.

(3) With the increase of operation time, there is inevi-
tably a certain correlation between the changes
in the metallographic structure, such as tissue aging,
ferrite appearance, disappearance of the martensite
phase, and carbide precipitation, and the macroscopic
properties of the material. Metallographic observation
is only a means of studying material properties and is
more suitable for short-term on-site inspections. For
the aging evaluation of 9% Cr martensitic heat-resis-
tant steel, or for the safety evaluation of this type of
material after operation, it is necessary to combine
mechanical performance testing indicators, especially
high-temperature and long-term mechanical perfor-
mance indicators, to make a more accurate compre-
hensive judgment and provide guidance for the safe
operation and use of components.
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