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ABSTRAC

Purpose: Condition assessment of material and welded joints with regard to required utility properties
of low-alloy steel for operation at elevated temperature.

Design/methodology/approach: The structural and mechanical testing of parent material and welded
joint at room and elevated temperature after annealing at 550°C and 600°C for 30,000 h was carried out.

Findings: The effect of temperature and duration of long-term annealing on mechanical properties,
hardness and structure of tested material and welded joint was determined.

Practical implications: The presented method can be used for evaluation and qualification of
structural changes in power station boiler components operating in creep conditions.

Originality/value: The presented results of changes in the mechanical properties, structure and in the
precipitation processes are applied to evaluation the condition of the elements in further industrial service.
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1. Introduction should be distinguished [1-5]. For these components the new-

generation low-alloy steel of 2.25%Cr-1%Mo type with micro-
additives in 7CrMoVTiB10-10 (P24) grade has been developed

Boilers with supercritical working parameters at the required
low level of emission of harmful substances into the atmosphere
demand higher and higher discharge parameters of steam. The
increase in these parameters requires the quest for and use of new
materials with higher and higher mechanical parameters and more
and more complex manufacturing process for making the
components of boiler pressure section out of them. Among the
critical boiler pressure section components the membrane walls
whose materials can be operates at up to approx. 550°C in
systems with supercritical parameters, including new bainitic
steels for components of the membrane walls and collector pipes,
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and used [2-4,6]. The steel is the result of extensive research, to a
large extent conducted under the European structures of COST
511, 522 and 536, where welding materials and technologies for
manufacturing boiler components out of them were being
developed [2,5,6]. For the materials of manufactured boiler
components the characteristics of material and welded joints are
created to acquire knowledge on their behaviour under the
operating conditions [7-19]. Due to the specific operating nature
of the materials, the construction of these characteristics and
revealing of degradation and destruction processes that occur in
them are a long-term operation and covers approx. 15 to 20 years.
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Below, there are results of testing the parent material and
homogeneous welded joint made under large manufacturer
conditions [13-16]. The mechanical properties and effect of long-
term annealing on the properties and structure of material and
joint at a temperature similar to the operating one were compared
and fitness of tested material for manufacturing of pressure
section components of boilers for supercritical parameters with
regard to the established requirements was assessed.

2. Research material

The research material was a section of the pipe from industrial
heat, after the required normalising and tempering, delivered by
Vallourec & Mannesmann under the international cooperation in
COST programme, which was made of low-alloy chromium steel
with molybdenum and micro-additives in 7CrMoVTiB10-10
grade. The circumferential welded joint was made using the
welding materials and technology agreed with Thyssen Welding
under the above-mentioned cooperation.

The comprehensive NDTs were carried out on the material of
collector pipe and homogeneous circumferential welded joint.
Tests aimed at the assessment of properties and structure as well
as behaviour of material and welded joint under the operating
conditions, in particular determination of the effect of
temperature, loading and time on the set of utility properties, are
carried out on the material prepared like that in the Institute for
Ferrous Metallurgy. Chemical composition of the steel tested with
regard to the requirements of standard is presented in Table 1.

3. Research scope

As a part of the tests, the properties of tested material were
determined. In the assessment of material condition and the level
of required utility properties of low-alloy steel for operation at
elevated temperature, the examination of the effect of temperature
and duration of long-term annealing on mechanical properties,
hardness and structure of tested material and welded joint were
assumed to be particularly important.

The selected results of examinations obtained so far and the
assessment of properties of the new low-alloy bainitic steel in
7CtMoVTiB10-10 (P24) grade are presented below.

4. Research results

4.1. Effect of long-term annealing
on mechanical properties of
7CrMoVTiB10-10 steel and welded joint

The comparison of the obtained test results for the following:
tensile strength TS, yield point at room temperature YP and at
500°C YP™ elongation As in tensile test at room temperature
and impact energy at room temperature KV, for the parent
material and homogeneous circumferential welded joint made of
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the tested steel in initial state and after long-term annealing for
1,000, 5,000, 10,000 and 30,000 hours at 550°C are presented in
Figs. 1-5 and at 600°C - in Figs. 6-10.

These tests show that both the parent material and the
homogeneous  circumferential welded joint made of
7CrMoVTiB10-10 steel reveal a systematic decrease in tensile
strength and yield point at both room temperature and elevated
temperature, similar to the expected working temperature, as
duration of annealing increases up to 30,000 hours. After long-
term annealing at 550°C tensile strength TS was reduced
insignificantly, i.e. from approx. 605 MPa in initial state to
approx. 590 MPa after 30,0000 hours, and it is still higher than
the minimum required value of 565 MPa for pipes in initial state,
whereas after long-term annealing at 550°C tensile strength TS
was reduced significantly, i.e. from approx. 605 MPa in initial
state to approx. 530 MPa after 30,0000 hours, and it was lower
than that required for pipes in initial state already after 10,000
hours.

Similarly, yield point was reduced, both at room temperature
and at 500°C too, as follows: after annealing at 550°C yield point
YP was reduced from approx. 515 MPa in initial state to approx.
490 MPa after 30,000 hours and it was higher than the minimum
value required for pipes in initial state and after annealing at
600°C yield point YP was reduced from approx. 515 MPa in
initial state to approx. 425 MPa after 30,000 hours and only after
this time of annealing it was lower than the minimum value
required for pipes in initial state, whereas yield point YP500 after
annealing at 550°C was reduced from approx. 400 MPa in initial
state to approx. 340 MPa after 30,000 hours and it was higher
than the minimum required value of 324 MPa and after annealing
at 600°C it was reduced to approx. 270 MPa after 30,000 hours
and it was lower than the minimum required value already after
10,000 hours of annealing.
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Fig. 1. Tensile strength of parent material and welded joint in
initial state and after annealing at 550°C
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Table 1.

Chemical composition of material of tested pipe made of steel 7CrMoVTiB10-10

Chemical composition [%]

C Si Mn P S Cr Mo Ni Al Cu A\ B
Check analysis 0.09 0.24 0.53 0.015 0.002 2.51 1.01 0.015 0.08 0.24 0.007 0.005
to PN- EN 0.05 0.15 0.30 - - 2.20 0.90 - 0.05 0.20 - 0.0015
10216-2 0.10 0.45 0.70 0.02 0.01 2.60 1.10 0.02 0.10 0.30 0.010 0.0070
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Fig. 2. Yield point of parent material and welded joint in initial
state and after annealing at 550°C
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Fig. 3. Elongation Ajs of parent material and welded joint in initial
state and after annealing at 550°C

Volume 58 Issue 1 November 2012

1000h 5000h 10000h  30000h
Fig. 4. Yield point at elevated temperature YP of parent material

and welded joint in initial state and after annealing at 550°C
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Fig. 5. Impact resistance of parent material and welded joint in
initial state and after annealing at 550°C

Plastic properties, the measure of which is elongation in
tensile test and impact energy in impact test, for both the test
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temperatures are significantly higher than those required for
material in initial state and amount to after annealing for 30,000
hours, respectively: elongation - 22 and 28% and impact energy
on KV samples - approx. 120 and approx. 220 J.
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Fig. 6. Tensile strength of parent material and welded joint in
initial state and after annealing at 600°C
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Fig. 7. Yield point of parent material and welded joint in initial
state and after annealing at 600°C

The reduction in hardness HV10 was also observed, which
was insignificant after annealing at 550°C, i.e. from approx.
205 HV10 in initial state to approx. 190 HV10 after 30,000 hours,
and significant after annealing at 600°C, i.e. to approx. 180 HV10
after 30,000 hours (Fig. 11). These changes correlate with
changes in mechanical properties as described above and changes
in structure of tested steel as described below.
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Fig. 8. Elongation Aj; of parent material and welded joint in initial
state and after annealing at 600°C
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Fig. 9. Yield point at elevated temperature YP of parent material
and welded joint in initial state and after annealing at 600°C

The investigations of changes in mechanical properties of
homogeneous  circumferential welded joint made of
7CrMoVTiB10-10 steel with regard to their nature do not differ
from that found for the parent material of pipe. However, it needs
to pay attention that only after annealing at 600°C tensile strength
TS is lower than the minimum one required for pipes made of the
tested steel in initial state already after 5,000 hours, whereas after
30,000 it is reduced to approx. 540 MPa. In other cases,
mechanical properties are higher than the required minimum
value for pipes in as-received state even after annealing for
30,000 hours.
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Fig. 10. Impact resistance of parent material and welded joint in
initial state and after annealing at 600°C
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Fig. 11. Effect of long-term annealing at 550 and 600°C on
hardness HV10 of 7CrMoVTiB10-10 steel

Elongation in tensile test, even after annealing at both levels
of test temperature for 30,000 hours, is higher than the minimum
value for pipes in initial state. Also, impact energy on KV
samples in weld material of the welded joint is higher or
significantly higher than the required minimum value for parent
material of tested pipes and depends on test duration and
temperature.

The hardness tests of heat-affected zone and weld metal of
the tested circumferential welded joint revealed its systematic
reduction. Hardness HV10 of heat-affected zone after annealing
at 550°C was reduced from approx. 240 HV10 in initial state to
190 HV10 after 30,000 hours and after annealing at 600°C - to
approx. 185 HVI10 after 30,000 hours (Fig. 12), whereas
hardness HV10 of weld metal after annealing at 550°C was
reduced from approx. 280 HV10 in initial state to approx. 200
HV10 after 30,000 hours and after annealing at 600°C - to
approx. 205 HV10 after 30,000 hours (Fig. 12). These changes
correlate with changes in structure of tested steel and elements
of circumferential welded joint described in the further part of
this study.
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Fig. 12. Effect of long-term annealing at 550 and 600°C on
hardness HV10 of heat-affected zone and weld metal of
circumferential welded joint made of 7CrMoVTiB10-10 steel

4.2. Effect of long-term annealing on
structure of 7CrMoVTiB10-10 steel and
homogeneous circumferential welded joint

The 7CrMoVTiB10-10 steel pipe selected for testing is
characterised by the structure which is the mixture of lower
bainite with martensite and very fine carbide precipitations,
mainly at primary austenite grain boundaries and within the
bainite areas, with hardness of approx. 205 HV10 (Fig. 13).

Fig. 13. Image of structure observed under scanning electron
microscope, selected for testing of pipe made of low-alloy bainitic
steel 7CrMoVTiB10-10 (mag. 2000x)

The investigations of structure under scanning electron
microscope with magnifications of up to 5,000x showed that
annealing for up to 30,000 hours had resulted in changes in the
image of observed structure as compared to structure in initial state,
but it is still represented by lower bainite with martensite. The
increase in amount and size of carbide precipitations inside grains,
at the boundaries of sub-grains that are being formed and at the
boundaries of primary austenite grains is visible. Long-term
exposure to elevated temperature revealed decay of laths in
bainite/martensite areas with simultaneous occurrence of sub-grains
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and carbides inside them and at their boundaries and carbides at
boundaries of primary austenite grain, which form chains in places,
and the decay was insignificant after annealing at 550°C and
insignificant and locally partial after annealing at 600°C.
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Fig. 14. Structure of 7CrMoVTiB10-10 steel after long-term
annealing at elevated temperature, observed under scanning
electron microscope (mag. 2000x): a) at 550°C after 10,000 hours,
b) at 600°C after 30,000 hours

Thus, long-term annealing at elevated temperature for up to
30,000 hours did not result in significant changes in the form of
bainite and martensite, although the plate decay process with
simultaneous occurrence of sub-grains was initiated, particularly
after annealing at 600°C. The result of extending the duration of
annealing is the intensification of carbide precipitation processes.
The intensification of these processes, after the same time of
annealing, is significantly higher after annealing at 600°C.
Changes in structure of tested 7CrMoVTiB10-10 steel caused the
reduction in mechanical properties of welded joint material, at the
same time resulting in increase in their plastic properties
(Elongation, KV) in some cases. These changes also resulted in
reduction in hardness from approx. 205 HV10 in initial state to
approx. 190 HV10 after annealing at 550°C and to approx. 180
HV10 after annealing at 600°C for 30,000 hours.

The examples of structure images that illustrate changes being

the effect of exposure to certain temperatures in time, obtained as
a result of examinations of 7CrMoVTiB10-10 steel after long-
term annealing for 10,000 and 30,000 hours carried out under
scanning electron microscope, are presented in Fig. 14.
The structure of heat-affected zone and weld metal in initial state
is a little bit diverse and depends on the place of examination,
which is the effect of welding process resulting from used
technology and having kept its parameters on required level. The
typical structure is the mixture of bainite in different forms and
martensite with small amount of ferrite (Figs. 15 and 16).
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Fig. 15. Structure of heat-affected zone of homogeneous
circumferential welded joint made of 7CrMoVTiB10-10 steel
after long-term annealing at elevated temperature, observed under
scanning electron microscope (mag. 1000x): a) in initial state,
b) at 600°C after 30,000 hours

4.3. Effect of long-term annealing on
fractography of fractured impact test
samples of 7CrMoVTiB10-10 steel and
welded joint

The fractographic examinations of impact test samples
fractured with an impact hammer were carried out under scanning
electron microscope. The observations were made on fractures
obtained on parent material and in weld metal at room
temperature.

Fractures obtained for tested 7CrMoVTiB10-10 steel in initial
state are ductile in nature (Fig. 17a). Long-term annealing at
600°C for even up to 30,000 hours revealed mixed fractures with
a predominance of ductile fracture over the brittle areas, whereas
after annealing at 550°C for 30,000 hours brittle fractures with
visible cleavage planes, but also with the share of rather numerous
ductile areas, were observed (Fig. 17b).

Fractures of impact test samples fractured in the weld metal of
homogeneous circumferential welded joint at room temperature
are characterised by mixed fracture with a predominance of the
brittle one, whereas fractures obtained in weld after 10,000 hours,
regardless of test temperature - 550 and 600°C, are also mixed in
nature, however with a predominance of ductile areas over the
brittle ones (Fig. 18a). Similar nature is observed in fracture
obtained after annealing at 600°C for 30,000 hours, whereas after
annealing at 550°C for 30,000 hours mixed fracture with a distinct
predominance of the brittle one was revealed (Fig. 18b).
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a)

Fig. 16. Structure of weld metal of homogeneous circumferential welded joint made of 7CrMoVTiB10-10 steel after long-term annealing
at elevated temperature, observed under scanning electron microscope (mag. 1000x): a) in initial state, b) at 600°C after 30,000 hours

a) b)

Fig. 17. Fractography of impact test samples of 7CrMoVTiB10-10 steel after long-term annealing at elevated temperature, observed under
scanning electron microscope (mag. 5S00x): a) in initial state, b) at 550°C after 30,000 hours
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Fig. 18. Fractography of impact test samples of the weld of homogeneous circumferential welded joint made of 7CrMoVTiB10-10 steel
after long-term annealing at elevated temperature, observed under scanning electron microscope (mag. 500x): a) at 600°C after 10,000
hours, b) at 550°C after 30,000 hours

5. Conclusions as well. as no significant changes in mechanical and plastic
properties and hardness were observed.
The examinations of low-alloy bainitic steel 7CrMoVTiB10- 2. In the microstructure of tested steel affervlol?g-tenn annealing at
10 (P24) allow finding out that: 55.0°.C for up to 30,000 hours, on.ly 1ns1g.m.ﬁce.1nt dgcgy of ﬂle
1. After long-term annealing at 550 and 600°C for up to 10,000 bainite areas and occurrence of carbide precipitations inside grains
hours, no significant changes in the image of microstructure and at grain boundaries of primary austenite were observed.
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In the microstructure image of tested steel after annealing at
600°C for up to 30,000 hours, a partial decay of the bainite areas
with carbide precipitations inside grains and at grain boundaries
of primary austenite, which form chains in places, was observed.
In spite of changes in the microstructure, the mechanical
properties of 7CrMoVTiB10-10 steel are maintained at
sufficiently high level after long-term annealing for up to
30,000 hours, whatever the test temperature was. They meet
the expectations and requirements for steel products made of
this steel in as-delivered state.

Changes in microstructure of the material of homogeneous
welded joint made of 7CrMoVTiB10-10 steel caused the
reduction in mechanical properties after annealing at 550 and
600°C for 30,000 hours, at the same time resulting in increase
in their plastic properties (Elongation, KV) in some cases.
These changes also caused the reduction in hardness after
long-term annealing.
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