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This work is focused on the creep behaviour of the thick-walled hot bended P92 pipe, with an outer diameter
of 350 mm and wall thickness of 39 mm, in its di�erent parts, namely in straight parts and bends. Selected
creep specimens machined from axial section of pipe were thermally aged at 650 ◦C to simulate microstructure
degradation typical for long-term service conditions. Subsequent tensile creep tests at constant load were performed
at 600 ◦C under 140 MPa and creep behaviour of various structure states was compared. Microstructure was
investigated by scanning electron microscopy equipped with electron backscatter di�raction. It was found that
ageing at 650 ◦C for 104 h caused the signi�cant reduction of creep resistance down to about 10% of initial state
and an additional slight reduction of creep resistance after longer ageing for 2 × 104 h. Further, creep behaviour
was signi�cantly in�uenced by specimen position in the extrados and intrados parts of bends. Microstructure
investigation revealed that long-term annealing has negligible e�ect on high-angle grain boundary spacing and
misorientation. By contrast, creep deformation of long-term annealed specimens led to signi�cant decreasing in
high-angle grain boundary spacing and caused a change in the misorientation distribution of boundaries.
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1. Introduction

The creep resistance of 9% chromium steels after long-
term service is signi�cantly reduced by recovery of the
tempered martensite, coarsening of precipitates and evo-
lution of new phases consuming W and Mo from the
matrix or MX particles (Z phase) [1�5]. Therefore, the
deeper understanding to the microstructure stability of
P92 steel is a critical factor for reliable prediction of creep
life of high temperature components under service oper-
ation conditions of the power plants.
The coarsening resistant microstructure contains not

only particles restricting the movement of boundaries
but also low energy boundaries such as low-angle grain
boundaries (LAGBs) and low energy martensite lath
boundaries. The classical transformation models [6, 7]
predict martensite lath boundaries as low-energy
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twins. It was found that boundary misorientations mea-
sured in creep resistant martensitic 9�12% Cr steel us-
ing electron backscatter di�raction (EBSD) technique ex-
hibit small deviations from classical models for austenite�
martensite transformations [8]. Thus, it is reasonable to
expect that coarsening of existing and the formation of
new phases during long-term creep exposure are an indi-
cator for a decrease of microstructure stability and creep
resistance. The martensitic creep resistant P92 steel is
an important structural material for key high tempera-
ture components of steam power plants such as tubes and
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pipes. The steam pipelines system consists of straight
tubes and bends which work at high temperature and
under pressure. The resistance and safety of pipe sys-
tem are given by component with the lowest lifetime.
The aim of present work is to study of in�uence degraded
microstructures formed during long-term annealing on
creep behaviour of P92 steel and investigation of creep
behaviour of P92 steel in bends and straight pipes.

2. Experimental materials and procedures

The experimental material used in present inves-
tigation was P92 steel. Its chemical composition
(wt%) was as follows: 0.11C, 8.58Cr, 0.33Mo, 1.67W,
0.37Si, 0.48Mn, 0.23V, 0.06Nb, 0.013P, 0.037N, 0.005S,
0.0015B, 0.017Al. The P92 steel pipe of dimen-
sions OD 350 mm × WT 39 mm (Productos Tubu-
lares, s.a.u. Spain) was normalized at 1050 ◦C/60 min/air
and tempered at 740 ◦C/140 min/air. The bends were
manufactured by hot bending at 920�960 ◦C using bend-
ing rate 7 mm/min. After hot bending the pipe
was normalized at 1050 ◦C/60 min/air and tempered at
775 ◦C/140 min/air after hot bending [9]. The P92 steel
pipe in as-received state was aged at 650 ◦C for 104 h
and/or 2× 104 h in order to obtain degraded experimen-
tal material. Tensile �at specimens were machined from
di�erent positions of the bend (intrados and extrados)
and also from the unbent portion of the pipe.
Constant load tensile creep tests of initial and de-

graded states were conducted at 600 ◦C and 140 MPa.
Microstructure investigations were performed using scan-
ning electron microscope Tescan Lyra 3 equipped with
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NordlysNano EBSD detector operating at an accelerating
voltage of 20 kV with specimen tilted at 70◦. The EBSD
analyses of gauge length (area of uniform deformation)
and necking area of specimens were performed in the sec-
tion parallel to the applied stress direction. The step
size 200 nm for EBSD maps was selected with respect to
interboundary spacing. The EBSD data were analyzed
using HKL Channel 5 software developed by Oxford In-
struments. The high-angle grain boundaries (HAGBs)
were characterized as boundaries with misorientation an-
gle θ ≥ 15◦ and low-angle grain boundaries (LAGBs) as
boundaries with θ < 15◦. Standard intercepts counting
of LAGBs and HAGBs was carried out along tests lines.
The value of interboundary spacing was determined as
the arithmetic mean of results in two perpendicular di-
rections (horizontal, vertical).

3. Results and discussion

3.1. Creep behaviour

Creep results summarized in the Table show that the
highest creep resistance is exhibited by material in the
initial (as-received) state. The Table demonstrates that
the isothermal ageing led to the signi�cant reduction of
creep resistance down to about 10% of that for an ini-
tial state after 104 h and further slight reduction of creep
resistance followed after prolonged ageing for 2 × 104 h.

TABLE

Creep results for initial state, isothermal aged states of
straight pipe and bend.

P92 steel

600 ◦C/140 MPa
tf [h] εf [%]

εCRmin

[%]
Ψ [%]

initial state � straight pipe 13787 6.9 3∗ 12.5

I. ageing
straight pipe 1561 21.2 3 77.5

650 ◦C/104 h
extrados 830 19.6 2.5 82.9

intrados 698 23 2.5 82.7

IA 650 ◦C/2 × 104 h

straight pipe
803 21.8 2.5 83.2

∗creep 600 ◦C/150 MPa.

The creep results also show that creep strain to fracture
signi�cantly increases after isothermal ageing. However,
strain measured at the minimum creep rate (εCRmin) ex-
hibited signi�cantly lower (in the case of aged states)
values in comparison with creep strain to fracture εf .
It means that large deformation of aged specimens pro-
cessed by isothermal ageing is localized in the necking
area. This can be supported by increasing value of re-
duction of area (Ψ) after isothermal ageing. The similar
values of εCRmin may show that deformation resistance of
di�erent states is more or less similar and further increas-
ing deformation in�uences detrimental creep processes
leading to �nal fracture. The further decrease of creep
resistance with prolonged time of isothermal ageing may
be connected with coarsening of subgrain and/or pre-
cipitates and formation of new phases [1�5]. The creep
results demonstrate that extrados of bend processed by

isothermal ageing at 650 ◦C/104 h exhibited similar creep
resistance as the state after ageing at 650 ◦C/2 × 104 h.
Intrados exhibited even lower creep resistance. The dif-
ferences in the creep properties of straight pipe and bends
are more probably caused by di�erent processing history
of these components initializing the microstructure weak-
ening in the bends.

3.2. Microstructure observations

Figure 1 shows the in�uence of long-term isothermal
ageing on interboundary spacing. It was observed that
long-term isothermal ageing at 650 ◦C led to the non-
signi�cant growth of LAGBs and HAGBs spacing. Fig-
ure 2 shows that creep exposure of initial state caused
slight changes in the LAGBs spacing both in the gauge
length and in the area near to the fracture. Similar re-
sults were observed also in other works [2, 4, 8, 10] de-
voted to creep behaviour of initial state and stability of
microstructure during isothermal ageing. It was reported
that isothermal ageing has negligible e�ect on subgrain
growth by contrast to subgrain signi�cant growth during
creep exposure.

Fig. 1. Interboundary spacing in the straight pipes of
P92 steel processed by long-term isothermal ageing.

However, in the present work it was also observed that
additional creep loading caused coarsening of LAGBs
and also HAGBs spacing in the gauge length of speci-
mens processed by long-term isothermal ageing. Never-
theless opposite tendency was found in the necking area
of isothermally aged specimens. Figure 2 demonstrates
that LAGBs and HAGBs spacing after creep testing sig-
ni�cantly decreases with increase of ageing time in the
necking area.
The misorientation distribution measured in the mi-

crostructure of initial state and aged one is shown
in Fig. 3. One can see that the misorientation distri-
butions for all states are more or less similar. The anal-
ysis of the misorientation angles revealed two peak dis-
tributions. The �rst main group of boundaries is formed
by LAGBs (θ < 15◦) and the second by HAGBs (θ <∼
50−61◦). The HAGBs exhibit preferential misorienta-
tions near

∑
3 (111/60◦), predicted by classical trans-

formation models of the Kurdjumov�Sachs (K�S) [6]
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Fig. 2. In�uence of long-term isothermal ageing on in-
terboundary spacing in the straight pipes of P92 steel
after creep exposure.

Fig. 3. Frequency of boundaries in the microstructure
of initial and isothermal aged states.

Fig. 4. Frequency of boundaries in the microstruc-
ture of initial and isothermal aged states after creep
exposure.

and Nishiyama�Wassermann (N�M) [7] as martensite
lath boundaries. These models also predict that no
lath boundaries with misorientations between 21−47◦ are
formed.

Figure 4 shows the misorientation distributions mea-
sured in the microstructure of initial and isothermally
aged states situated near the fracture. It was observed
that the concentration of plastic deformation in the neck-
ing area of isothermally aged specimens caused signi�cant
reduction of HAGBs (θ <∼ 50−61◦), in particular prefer-
ential misorientations near

∑
3 (111/60◦) predicted as

martensite lath boundaries. Nevertheless initial state re-
tained two peak distribution of misorientation in the frac-
ture area. It is caused by higher stability of martensitic
structure and lower concentration of plastic deformation
in the fracture region in comparison with isothermally
aged specimens.

The coarsening in the gauge length and the reduc-
tion of LAGB and HAGB spacing in the necking area of
specimens processed by isothermal ageing indicates that
creep deformation has signi�cant in�uence on the stabil-
ity of martensitic structure. Changes in misorientation
distribution also revealed that creep deformation has sig-
ni�cant e�ect on frequency of boundaries predicted as
martensite ones. It was reported that thermal ageing
for 104 h led to the formation of the Laves phase [11, 12]
and to a decrease of creep resistance of 9% Cr steels [10].
In the present work was observed that the isothermal age-
ing (formation of the Laves phase) has only slight in�u-
ence on stability of martensitic structure during isother-
mal ageing at 650 ◦C. Nevertheless, isothermal ageing
leads to the signi�cant decrease of creep resistance. Thus,
it can be suggested that the Laves phase formation weak-
ens stability of martensitic structure by decrease of W
and Mo contents in solid solution. The decrease of W
and Mo in the solid solution leads to the higher mo-
bility of boundaries because pinning e�ect becomes less
e�ective. The microstructure results show that in the
necking area dynamic recrystallization probably occurred
which led to the reduction of HAGB spacing and to sig-
ni�cant decrease of boundaries predicted as martensitic
boundaries. The pinning e�ect can be also in�uenced by
changes in MX carbonitrides which precipitate only dur-
ing tempering. These precipitates are very stable against
coarsening at temperature below 650 ◦C [13, 14] for ex-
posure time lower that 105 h. From this reason it can
be speculated about formation of the Laves phase having
the largest in�uence on stability of martensitic structure
during creep deformation.

The investigation of microstructure in the extrados and
intrados parts of the bends treated by isothermal age-
ing at 650 ◦C/104 h (Figs. 5, 6) showed the reduction
in HAGB spacing in comparison with HAGB spacing
measured in the straight part of pipe (Fig. 1). In the
gauge length of specimens manufactured from extrados
and intrados parts of the bends a signi�cant coarsen-
ing of both HAGB and LAGB was observed in compar-
ison with observed microstructure of isothermally aged
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states (Figs. 5, 6). Nevertheless, slight di�erences in the
interboundary spacing were observed between the gauge
length of the straight pipe and extrados/intrados parts
of the bend.

Fig. 5. Interboundary spacing in the extrados part of
bend after isothermal ageing at 650 ◦C/104 h and sub-
sequently tested at 600 ◦C.

Fig. 6. As in Fig. 5, but for for the intrados part.

Further, signi�cant decrease of LAGB and HAGB
spacing was found in the necking area of extrados and
intrados parts in comparison with the gauge length of
the same specimens and isothermally aged state. The in-
terboundary spacing measured in the necking area of ex-
trados and intrados of bend was also signi�cantly lower
in the comparison with the interboundary spacing mea-
sured in the necking area of straight pipe isothermally
aged for 104 h (Figs. 5, 6).
Figures 7 and 8 show that misorientation measured in

the extrados and intrados of bend after isothermal age-
ing, in the gauge length and necking area exhibited sim-
ilar distribution. The misorientation distribution mea-
sured in the microstructure after isothermal ageing and
in the gauge length shows two groups of boundaries pre-
dicted by transformation models of K�S [6] and N�W [7].
The misorientation distributions demonstrate that in the

Fig. 7. Frequency of boundaries in the extrados part of
bend after isothermal ageing at 650 ◦C/104 h and sub-
sequently tested at 600 ◦C.

Fig. 8. Frequency of boundaries in the intrados part of
bend after isothermal ageing at 650 ◦C/104 h and sub-
sequently tested at 600 ◦C.

gauge length of creep specimens the slight decrease in
a number of boundaries with misorientation near 60◦ in
comparison with isothermally aged state can be observed.
The signi�cant changes in the misorientation distribution
were found in the necking area of both extrados and in-
trados parts of the bend where the group of boundaries
with misorientation 50−61◦ was signi�cantly reduced.

Microstructure characteristics of straight pipe and the
bend exhibit similar tendency: coarsening in the gauge
length and reduction of interboundary spacing in the
necking area of isothermally aged states. Neverthe-
less, martensitic microstructure seems to be less sta-
bile in the extrados and intrados of bend. It means
that martensitic microstructure of bend is more sensi-
tive to strain than microstructure in the straight part
of pipe. We can speculate that stability of martensite
microstructure in the bend is probably in�uenced ei-
ther by more pronounced formation of the Laves phase
weakening solid solution strengthening or by changes in
pinning e�ect of MX carbonitrides in comparison with
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straight pipe. This may be supported by observation
that interboundary spacing and misorientation distribu-
tion in particular in the necking area of extrados and
intrados aged at 650 ◦C/104 h are more similar to the
microstructure characteristics of initial state processed
by isothermal ageing at 650 ◦C/2×104 h than those aged
for shorter time of about 104 h.

4. Conclusions

Hot bending and long-term isothermal ageing together
with hot bending have detrimental e�ect on creep resis-
tance and led to larger strain to fracture.
Long-term isothermal ageing at 650 ◦C has negligi-

ble e�ect on interboundary spacing. However, stabil-
ity of microstructure is slightly deteriorated in the ini-
tial state and signi�cantly in the state treated by long-
term isothermal ageing and hot bending during creep
deformation.
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