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Abstract

This paper presents changes in mechanical properties and microstructure of the material
of components of a power station boiler made of X10CrWMoVNb9-2 (P92) steel after long-
-term thermal ageing. Mechanical properties and microstructure were examined on material
in initial heat treatment condition and after long-term thermal ageing up to 100,000 h at
600 and 650◦C. The microstructure was observed using a scanning and transmission electron
microscope. The examinations of steel microstructure and mechanical properties in initial
heat treatment condition have confirmed that the requirements for this steel are met. Long-
term thermal ageing at a temperature similar to the operating one as well as mechanical
properties and microstructure examinations allowed to assess the effect of long-term impact
of temperature on the properties and microstructure of P92 steel. The presented method can
be used for evaluation and qualification of microstructural changes in power station boiler
components operating under creep conditions.
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1. Introduction

The long-term impact of elevated temperature dur-
ing the operation of pressure equipment and systems
brings about changes in microstructure and mechani-
cal properties of their material. These changes deter-
mine the lifetime of components, which are now usu-
ally designed for 200,000 h of operation. However, it
does not mean that failure-free operation is ensured
for such a long time. Therefore, diagnostic works and
inspections, and possible repairs are carried out during
boiler operation to ensure safe and failure-free opera-
tion of power units [1–5].
The condition assessment of power system com-

ponents requires comprehensive testing and measure-
ments from time to time, and their selection depends
on the type and working conditions of an analysed
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component as well as the possibility of access to the
examined component. This assessment is made based
on destructive and non-destructive materials testing,
and the obtained results are referred to the material
characteristics of given steel after an operation. To
make such an assessment, a database of characteristics
of changes in microstructure and mechanical proper-
ties of the examined materials with various degrees
of degradation is necessary [6–10]. The use of such
a procedure allows good evaluation of the material
condition and its exhaustion degree and determina-
tion of the time of further safe operation until the
next inspection. This paper presents selected char-
acteristics of mechanical properties and analysis of
changes in the microstructure of X10CrWMoVNb9-
-2 (P92) steel after long-term thermal ageing at 600
and 650◦C.
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Ta b l e 1. Chemical composition of the examined X10CrWMoVNb9-2 (P92) steel

Chemical composition (mass%)

C Mn Si P S Cr Mo V W Nb B N
0.10 0.45 0.17 0.01 0.01 9.26 0.47 0.20 1.95 0.059 0.009 0.04

2. Test sample and research methodology

The test sample was X10CrWMoVNb9-2 (P92)
steel in the form of a pipe section with a diameter
of 160 mm and wall thickness of 40 mm in initial heat
treatment condition and after long-term thermal age-
ing at 600 and 650 ◦C and soaking times of up to
100,000 h. The chemical composition of the examined
steel regarding the requirements EN 10216-2 [11] is
summarised in Table 1.
The examinations of mechanical properties of P92

steel in an initial heat treatment condition and af-
ter long-term thermal ageing included performance
of the following: static tensile test at room and ele-
vated temperatures using Zwick testing machine with
200 kN capacity of the testing system, hardness mea-
surement by Vickers method with Future – Tech FM
– 7 hardness testing machine using indenter load of
10 kg; the impact test was carried out on standard
V-notched test samples. The microstructure examina-
tion was carried out using Inspect F scanning elec-
tron microscope (SEM) on conventionally prepared
metallographic micro sections etched with ferric chlo-
ride and TITAN 80-300 transmission electron micro-
scope (TEM) using thin foils. The analysis of precipi-
tation processes was carried out by an X-ray analysis
of carbide isolates with Philips diffractometer and us-
ing thin foils for selective electron diffraction.

3. Microstructure and properties of P92 steel
in initial heat treatment condition

In its initial heat treatment condition, the P92 steel
was characterised by the microstructure with the pre-
dominating share of tempered lath martensite with
high-density dislocation, and also polygonised sub-
structure of ferrite grain was observed (Fig. 1). P92
steel is characterised by microstructure typical for this
group of steels [1, 3, 5, 8, 9]. The precipitate identifica-
tion revealed the existence of the following precipitates
in the examined steel in initial heat treatment con-
dition: MX and M23C6. The examples of morpholo-
gies of these precipitates are shown in Figs. 2 and 3.
The MX precipitates were observed inside martensite
laths, at dislocations and on the subgrain boundaries.
On the other hand, M23C6 carbides were mainly re-
vealed at the former austenite grain boundaries and
the martensite lath boundaries. The results of iden-

Fig. 1. The microstructure of P92 steel in initial heat treat-
ment condition: a) SEM; b) TEM, thin foil.

tification carried out by selective electron diffraction
method with TEM (Figs. 2, 3) found their confirma-
tion in tests carried out by X-ray analysis of carbide
isolates (Table 2).
Mechanical properties of P92 steel in an initial heat

treatment condition determined at room and elevated
temperatures are presented in Tables 3 and 4.
The examinations of mechanical properties of P92

steel in an initial heat treatment condition at room
and elevated temperatures (600 and 650◦C) have re-
vealed that properties of the examined steel comply
with the requirements for this grade of steel. In its
initial heat treatment condition, P92 steel was charac-
terised by high mechanical properties: yield point and
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Fig. 2. Morphology of M23C6 precipitates in P92 steel in initial heat treatment condition: a) bright field, b) dark field, c)
resolved electron diffractogram of M23C6 phase, d) EDS analysis of M23C6 phase.

Ta b l e 2. X-ray phase analysis of precipitates in P92 steel in initial heat treatment condition and after long-term thermal
ageing

Material condition Phase components Material condition Phase components

Initial heat M23C6 – main phase; MC – traces
treatment condition

1,000 h/600◦C M23C6 – main phase
Fe2(Mo, W) – small amounts

MC – traces

1,000 h/650◦C M23C6 – main phase
Fe2(Mo, W) – small amounts

MC – traces

10,000 h/600◦C M23C6 – main phase
Fe2(Mo, W) – small amounts

MC – traces

10,000 h/650◦C M23C6 – main phase
Fe2(Mo, W) – small amounts

MC – traces

70,000 h/600◦C M23C6 – main phase
Fe2(Mo, W) – small amounts

MC – traces
Probably MC carbide containing

mainly Cr – phase Z

70,000 h/650◦C M23C6 – main phase
Fe2(Mo, W) – small amounts

MC – traces

100,000 h/600◦C M23C6 – main phase
Fe2(Mo, W) – small amounts

MC – traces

100,000 h/650◦C M23C6 – main phase
Fe2(Mo, W) – small amounts

MC – traces
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Fig. 3. Morphology of MC precipitates in P92 steel in initial heat treatment condition: a) bright field, b) dark field, c)
resolved electron diffractogram of MC phase, d) EDS analysis of MC phase.

Ta b l e 3. Mechanical properties of P92 steel in initial
heat treatment condition determined at room tempera-
ture, along with the required ones according to [11]

YS (MPa) TS (MPa) Elongation (%) KV (J) HV10

562 735 19 161 225
min. 440 min. 620 min. 17 min. 27 –

Ta b l e 4. Mechanical properties of P92 steel in initial
heat treatment condition determined at elevated tempera-
tures 600 and 650◦C, along with the required ones accord-

ing to [11]

Temperature (◦C)

600 650

YS (MPa) TS (MPa) YS (MPa) TS (MPa)

270 290 190 200

YS600min = 248 MPa –

tensile strength were higher than the required mini-
mum value by 13 and 19 %, respectively. Impact en-
ergy of P92 steel in initial heat treatment condition
was approx. 6 times as high as the required minimum
value of 27 J. High impact energy of creep-resisting
steel in initial heat treatment condition is required
because, as shown by experience, during the opera-
tion of steel under creep conditions there is a faster
decrease in impact energy as compared to other me-
chanical properties [8, 12, 13].

4. Microstructure and properties of P92 steel
after long-term thermal ageing

The examinations of P92 steel after ageing at 600
and 650◦C and after up to 5,000 h revealed no essential
changes in microstructure (Fig. 4).
Longer times of thermal ageing of P92 steel con-

tribute to an absolute increase in the amount and
size of precipitates at the former austenite grain
boundaries and to a gradual degradation of tempered
martensite lath microstructure (Fig. 5). As revealed
by X-ray phase analysis (Table 2), Laves phase ap-
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Fig. 4. The microstructure of P92 steel after 5,000 h ageing
at a) 600◦C; b) 650◦C, SEM.

pears in the microstructure. Laves phase in the ex-
amined steel was observed mainly at the grain/lath
boundaries, nearby M23C6 carbides.
The extension of the time of thermal ageing up to

70,000 h resulted in partial degradation of lath mi-
crostructure of tempered martensite areas for a test
temperature of 600◦C (Fig. 6a). For the ageing tempe-
rature of 650◦C, further progressing decomposition of
lath martensite microstructure was observed (Fig. 6b).
This microstructure was characterised by a still pre-
served martensitic microstructure with numerous dif-
ferent size precipitates at the former austenite grain
and martensite lath boundaries. In both of the anal-
ysed microstructures, areas were observed where some
precipitates at the grain boundaries were so high that
they formed the so-called continuous network of pre-
cipitates.
The microstructure of P92 steel observed after

100,000 h ageing at test temperatures shows further
gradual degradation of lath microstructure of tem-
pered martensite areas and advanced precipitation
processes, especially at the former austenite grain

Fig. 5. The microstructure of P92 steel after 10,000 h age-
ing at a) 600◦C; b) 650◦C, SEM.

boundaries, resulting in the formation of the so-called
continuous network of precipitates. The degradation
processes of tempered martensite lath microstructure
were more advanced for the examined material after
long-term thermal ageing at 650◦C (Figs. 7, 8). An in-
crease in the size of precipitates was revealed, which
unambiguously indicated the occurring precipitation
coarsening process (Figs. 7, 8). More advanced mi-
crostructure degradation processes were observed in
the steel annealed at 650◦C. Similar results of mi-
crostructural degradation in 9%Cr steel were also ob-
served in [14, 15]. Moreover, the analysis of the mi-
crostructure of P92 steel after thermal ageing revealed
the existence of near-boundary precipitate-depleted
zones (Fig. 7). This type of microstructural degra-
dation is commonly observed in the case of low-alloy
steels for the power industry [16, 17]. According to re-
searchers [16–18], the occurrence of this zone is related
to precipitation processes and the increase in particles
on the grain boundaries. The width of this zone de-
pends not only on the operating parameters of steel
but also on its chemical composition. As shown by lit-
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Fig. 6. The microstructure of P92 steel after 70,000 h age-
ing at a) 600◦C; b) 650◦C, SEM.

erature data [17, 19, 20], the existence of precipitate-
depleted zones in metallic alloys results not only in a
reduction in a value of yield point or tensile strength

Fig. 7. The microstructure of P92 steel after 100,000 h
ageing at 600◦C, a) SEM, b) TEM.

but also in a decrease in creep strength.
In addition to degradation of tempered marten-

site lath microstructure and increase in the amount

Fig. 8. The microstructure of P92 steel after 100,000 h ageing at 650◦C, a) SEM, b) TEM.
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Fig. 9. Laves phase precipitates in P92 steel after 100,000 h ageing at 600◦C: a) bright field, b) dark field, c) resolved
electron diffractogram of Laves phase, d) EDS analysis of Laves phase, TEM.

and size of precipitates on the former austenite
grain boundaries, the main microstructural degrada-
tion mechanism in the examined steel was the pro-
cess of precipitation and growth in Laves phase pre-
cipitates (Table 2, Fig. 9). The influence of Laves
phase on microstructure and mechanical properties of
high-chromium steels should be considered as explic-
itly negative. The precipitation, the increase, and the
fast coarsening of thermodynamically unstable Laves
phase contributes to the depletion of a matrix by sub-
stitution elements (tungsten, molybdenum) as a result
of their diffusion from the matrix to this phase. It leads
to an acceleration of matrix recovery and polygonisa-
tion processes – degradation of tempered martensite
lath microstructure in favour of polygonised ferrite mi-
crostructure. At the same time, the depletion of a ma-
trix by alloying elements, which are also the compo-
nents of M23C6 carbides, slows down the growth of
these carbides. In the examined steel after the longest
time of thermal ageing, Laves phase precipitates with
an average diameter of at least approx. 500 nm were
observed.
The existence of chromium-rich MX precipitates

revealed in the examined steel seems to indicate the

possibility that Z-phase precipitates, comprised of
NbCrN chromium nitride, occur in the microstructure.
The Z-phase precipitates in 9%Cr steel after long-term
thermal ageing were observed by [21]. The precipita-
tion of Z-phase results in the disappearance of fine-
dispersion MX precipitates, which causes a sudden de-
crease in creep strength in 12%Cr martensitic steels.
However, in contrast to these steels, the impact of Z-
phase precipitates on creep strength in 9%Cr steel is
slight [21, 22].
The effect of long-term thermal ageing at 600

and 650◦C on mechanical properties of P92 steel is
shown in Figs. 10–14. Long-term thermal ageing of
P92 steel at 600 and 650◦C and soaking times of up
to 30,000 h had a slight impact on the decrease in me-
chanical properties – yield point and tensile strength
– both at room (Figs. 10, 11) and elevated tempe-
ratures (Fig. 12). The insignificant decrease in me-
chanical properties of P92 steel after 30,000 h age-
ing, not exceeding 10 %, indicates very slow matrix
recovery and polygonisation process – degradation of
tempered martensite lath microstructure. P92 steel is
characterised by metastable tempered martensite lath
microstructure with high-density dislocation. The ef-
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Fig. 10. Change in mechanical properties of P92 steel after ageing at 600◦C.

Fig. 11. Change in mechanical properties of P92 steel after ageing at 650◦C.

fect of temperature and time, and under creep condi-
tions also of stress, will contribute, through disloca-
tion movement, to a gradual degradation of lath mi-
crostructure and decrease in dislocation density, and
in consequence to a reduction in mechanical proper-
ties.
Hence, an extremely important issue is to increase

the stability of M23C6 carbides and/or Laves phase
precipitates on the dislocation boundaries, which ef-
fectively hinders the movement of dislocation bound-
aries, to allow the lath substructure to be maintained
and the matrix polygonisation processes to be slowed
down. According to [23], strengthening caused by
the refinement of microstructure with martensite lath
boundaries in 9–12%Cr martensitic steels is the pre-
dominating strengthening mechanism. On the other
hand, a slightly higher decrease by approx. 12 % was
recorded for HV10 hardness (Fig. 13), which may re-
sult from coarsening of M23C6 carbides and Laves
phase, but also from the probable presence of Z-phase

Fig. 12. Change in yield point of P92 steel at elevated
temperature.
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Fig. 13. Change in hardness of P92 steel after ageing for up 100,000 h.

Fig. 14. Change in impact energy of P92 steel after ageing for up 100,000 h.

precipitates in the microstructure, which results in a
reduction in the effect of precipitation and solution
strengthening. The similar impact of long-term ther-
mal ageing on changes in mechanical properties in
9%Cr steel was also observed in [8, 12–15, 24].
The effect of the time of ageing at 600 and 650◦C

up to 100,000 h on impact energy of P92 steel is shown
in Fig. 14. A slight reduction in mechanical properties
was accompanied by significant decrease in impact en-
ergy of the examined steel from 161 J in initial heat
treatment condition to 40 and 28 J after 100,000 h
ageing at 600 and 650◦C, respectively (Fig. 14), i.e.
by approx. 75 and 83 %, respectively, as compared to
the initial heat treatment condition.
The main reason for the decrease in impact energy

of the examined steel should be sought in precipita-
tion and growth of the particles of Laves phase pre-
cipitated at the grain/lath boundaries, which is also
implied by other researchers [12, 15, 24]. The decrease
in ductility of the examined steel was also affected
by the increase in an amount of M23C6 carbides pre-
cipitated at the grain boundaries, which form the so-
called “network of precipitates” in places, but also the
degradation of tempered martensite lath microstruc-
ture (Figs. 7, 8). According to data [24, 25], Laves
phase as well as M23C6 carbides precipitated at the
grain boundaries have a negative impact on the duc-

tility of the examined steel, weakening the cohesion of
grain boundaries. According to tests [25], Laves phase
precipitates with average diameter higher than 130 nm
contribute to a change in the cracking mechanism of
high-temperature creep resisting steel from ductile to
brittle (transcrystalline cleavable fracture) and are the
main reason for the sudden reduction in creep strength
of 9%Cr steel.
Another possible reason affecting the reduction in

ductility of the examined cast steel can be sought in
segregation of admixture atoms, such as, for example,
phosphorus, up to the grain boundaries or package
boundaries. It is not examined in this paper, but the
possibility of such a process is indicated by the test re-
sults presented in, but not limited to [26]. A significant
reduction in impact energy is probably the resultant
of the processes mentioned above occurring in a mi-
crostructure of the examined steel during long-term
thermal ageing.
The characteristic feature observed in Fig. 14 is a

very fast decrease in impact energy (by approx. 50 %
as compared to the initial heat treatment condition)
as early as after the first 1,000 hours of ageing, and
longer times of soaking result in further, but slow,
gradual decrease in ductility of the examined steel.
A similar course of the change in impact energy dur-
ing the operation/ageing of steel was also observed in
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[8, 12]. The trend mentioned above shows intensive
precipitation/diffusion processes that in all likelihood
occur within this time interval and are related, but
not limited, to the occurrence of Laves phase. Litera-
ture data [14, 27] show that Laves phase may occur in
the microstructure of tungsten-modified 9%Cr steels
as early as after 200 h ageing at 650◦C.

5. Summary

The examinations of microstructure and mecha-
nical properties of P92 steel after long-term ageing
at 600 and 650◦C were carried out. It was demon-
strated that in addition to the matrix recovery and
polygonisation process, i.e. gradual degradation of
tempered martensite lath microstructure in favour of
more thermodynamically stable polygonal ferrite, the
main microstructural degradation mechanism in the
examined steel was the process of precipitation and
growth of intermetallic Laves phase. An increase in the
amount and size of M23C6 carbides and the occurrence
of Z-phase precipitates should also be rated among
the above-mentioned mechanisms of microstructural
degradation of the examined steel. More advanced mi-
crostructure degradation processes were observed in
P92 steel annealed at 650◦C.
Changes in microstructure had a slight effect on

reduction in mechanical properties and hardness of the
examined steel, but they resulted in a high decrease
in impact energy. However, a very sudden reduction
in ductility was observed already after the first few
hundred hours of ageing, while further ageing resulted
in a slow, gradual reduction in impact energy.
The stability of Laves phase precipitates plays a

key and predominating role in the degradation of mi-
crostructure and mechanical properties of P92 steel.
High susceptibility to coagulation of Laves phase – its
low thermodynamic stability leads not only to a re-
duction in precipitation or solution strengthening but
also indirectly to grain boundary strengthening of the
examined steel. An increase in stability of this phase
makes the processes of degradation of microstructure
and mechanical properties of 9%Cr steel slow down.
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[7] Dobrzański, J.: Journal of Materials Processing Tech-
nology, 157–158, 2004, p. 297.
doi:10.1016/j.jmatprotec.2004.09.047
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