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ASSESSMENT OF SERVICE LIFE OF HCM12 STEEL AFTER 100 000 HRS OF SERVICE

The subject of the research was a material in the form of a $38x4 pipe from HCM12 steel used for steam superheater coils
in power boilers with supercritical and ultra-supercritical steam parameters. This article presents results of investigations of me-
chanical properties and microstructure of material of the examined tube in the as-received condition and after 100,000 h service
at 585°C under creep conditions. Creep tests were carried out for the material after 100,000 h service to determine the disposable
residual life. The impact of changes in mechanical properties and degradation of the microstructure on the loss of creep resistance
compared to the as-received condition was assessed. The investigations have revealed that the examined steel after 100,000 h
service meets the requirements for this steel in the as-received condition with regard to strength properties at room and elevated
temperature. The creep tests have revealed a significant loss of creep resistance, which was estimated at around 60-70% compared

to the as-received condition.
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1. Introduction

The construction of boilers with supercritical steam pa-
rameters conducted from the end of the previous century has
resulted in initiation of extensive research on steels for critical
components of such boilers [1-4]. In particular, this concerns
materials for components working under the toughest tem-
perature and stress conditions. The effect of this research is the
new-generation steels with required strength and technological
properties. Depending on working conditions of boiler compo-
nents made of this steel, they should be characterised, in addi-
tion to the required creep strength, by proper level of necessary
plastic properties, weldability, adequately high scaling resistance
and ability to perform technological processes on them. This set
of characteristics was achieved by appropriate modification of
chemical composition of these steels. For 9-12% Cr steels, it
was reduction in carbon content and introduction of, apart from
molybdenum, the appropriate amount of alloying elements, such
as vanadium, tungsten, nickel, copper, cobalt, and microadditions
of nitrogen, boron and niobium (Fig. 1). Two main development
trends can be distinguished for this group of steels. The first one
concerns the modification of steels with Cr content of approx.
9% and the addition of Mo.

Due to the introduction of the additions of vanadium and
tungsten and microadditions of nitrogen, boron and niobium,
the P/T91, P/T92, NF616 and E911 steels were developed [5,6].
The second trend concerns the modification of steels with Cr
content of 12% and the additions of Mo and V. The extra intro-
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duction of the additions of tungsten, nickel, copper or cobalt
and microadditions of nitrogen, boron and niobium allowed the
new NF12, TB12M, HCM12, HCM12A and VM2 steels to be
developed [7,8].

The very long time of waiting for results of functional
properties after long-term exposure to temperature and stress,
which are introduced into the operation of steels, forces, among
other things, the application of extrapolation methods based on
which long-term creep strength is estimated, often for 100 and
200 thousand hours [9]. In the majority of cases, the extrapolated
creep strength values of the applied steels, additionally reduced
by safety factors adopted in design calculations, allow safe opera-
tion of such components much beyond the design service life.
It is connected with the so-called residual life understood as the
difference of time between the real and design life of material.
The methods for determination and sources of residual life are
widely described in [9].

The investigations on HCM12 steel both in the as-received
condition and after long-term exposure to elevated temperature,
including changes in mechanical properties, corrosion processes
and microstructural degradation processes, were the subject of
numerous publications including, but not limited to [10-13].
However, they did not present issues related to degradation of
microstructure and mechanical properties of this steel in relation
to its real residual creep strength. This article presents results of
investigations of mechanical properties and microstructure of
HCM12 steel in the as-received condition with regard to their
changes that took place in this steel after 100,000 h service at
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Fig. 1. Development alloy chromium steels including molybdenum for operation under creep conditions [1]

elevated temperature. The residual life and disposable residual
life, i.e. the time of further safe service for the assumed operat-
ing parameters, determined based on abridged creep tests are
also presented.

The abridged creep tests were used to determine the residual
life and disposable residual life, which is the time of further safe
operation for the assumed parameters of further service. The
method for conducting and suitability of the abridged creep tests
for determination of creep strength, for steels in the as-received
condition as well as after long-term service, are described in
[9,14-16].

The HCM12 steel is intended for steam superheater coils
at the final degrees of overheat working at up to approx. 600°C
and approx. 28 MPa under creep conditions.

High-chromium (9-12% Cr) martensitic steels are used in
the quenched and tempered condition. The heat treatment of
these steels consists of air quenching (in a part of the literature
called normalising) followed by high-temperature tempering
at above 720°C. In its as-received state, the HCM12 steel is
characterised by double-phase microstructure, i.e. tempered
martensite and approx. 30% of delta ferrite. The existence of
delta ferrite in the microstructure of the examined steel results
from predominance of the ferrite forming elements over the aus-
tenite forming ones. The lack of balance between these groups of
elements results in delta ferrite stabilisation at high temperature
[4,10]. The modification of chemical composition of HCM 12
steel by adding copper, the austenite forming element, allowed
the new grade of material to be obtained - HCM12A steel with
a single-phase structure.

2. Research material

The material used in the research was two sections of
HCMI12 (12Cr-1Mo-1W-V-Nb) steel pipe with diameter of
$38 mm and wall thickness of 4.0 mm The section in the as-
received condition was after normalising at 1030+1050°C / 60
min/air and tempering at 790+820°C / 60 min/air. The second
section of the tube was after 100.000 h service at 585°C under
steam pressure of 21 MPa. The analysis of chemical composition
of the examined steel compared to the requirements of VD-TUW
510 [3] is summarised in Table 1.

TABLE 1
Chemical composition of the examined HCM12 pipe sections
No Chemical composition [%6]
' C | Mn P S Si Cr Mo | V W | Nb
Test 16.09]0.55[0.019]0.008] 026 | 11.9 | 1.0 [0.27 | 1.05 |0.05
material
VD-TUW | max | 0.30 | max | max | max | 11.0-[0.80-|0.20-|0.80-| max
510[13] [0.14]0.70| 0.03 | 0.03 | 0.50 | 13.0 | 1.20 1 0.30| 1.20 | 0.2

3. Methodology of research

The of mechanical properties of HCM12 steel both in
the as-received condition and after service included: static test
of tension at room and elevated temperature using the testing
machine under Zwick brand with its maximum load of 200 kN;
measurement of hardness with Vickers method using the hard-
ness tester Future — Tech FM — 7 with the indenter load of 10 kG.



The abridged creep tests of the examined steels were carried out
at the temperature of 620, 640, 660, 680°C and test stress of 120,
100 and 80 MPa without the measurement of elongation during
the test. The machine model used for creep tests was Instron
M3TCS, ensuring the stability of temperature £0.5°C at the
test temperature of up to 800°C within the test duration, using
Programmable Logic Controller (PLC). The temperature was
adjusted and measured using three sheathed thermocouples of
type S and class 1, positioned on gauge length of the test sample.
Microstructural tests were carried out with the use of scanning
electron microscope Inspect F (SEM) on metallographic speci-
mens etched with ferrous chloride and by means of transmission
electron microscope TITAN 80-300 (TEM), using thin foils.
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4, Results of research and their discussion
4.1 Mechanical properties

The investigation of mechanical properties was carried out
for the material in the as-received condition and after 100,000 h
service. The obtained results of investigations at 20, 550 and
600°C are presented as a diagram in Fig. 2.

The tensile strength TS and yield strength YS values for
the material both in the as-received condition and after long-
term service meet the requirements for this steel at both ambient
temperature and a temperature similar to the operating one [17].
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Fig. 2. The effect of long-term service on mechanical properties of HCM12 steel at ambient and elevated temperature

Based on the obtained results of investigations, it can be
observed that the tensile strength TS and yield strength YS value
was reduced to 9 and 13%, respectively, due to long-term service
for 100,000 thousand hours at ambient temperature. Similar
changes were observed for tensile strength TS and yield strength
YS atelevated temperature. At 500°C, the TS and Y'S values were
reduced by 18%, while at 600°C the tensile strength TS and yield
strength Y'S are lower by 24 and 14%, respectively. A similar trend
in reduction of strength properties was observed in [ 18] where the
same material was investigated for 20 and 30 thousand h service.

4.2. Microstructure of HCM12 steel in the as-received
condition and after long-term service

HCM12 steel in the as-received condition is characterised
by the microstructure of tempered martensite containing approx.
30% of ferrite areas (Fig. 3a,b). Fine precipitates were observed
mainly at the ferrite grain boundaries and at the martensite
lath boundaries. The microstructural observations of HCM12
steel in the as-received condition with a transmission electron
microscope (TEM) revealed the existence of the microstructure
of high-tempered martensite with elongated sub-grains and di-

verse dislocation density, and polygonised areas of sub-structure
(Fig. 3c,d). The estimated dislocation density for the examined
steel in the as-received condition was 1.82 x 10'* disl/m?.

The microstructure of tempered martensite containing
approx. 30% of delta ferrite is typical of this steel [18,19]. The
identification of precipitates performed by selective electron
diffraction revealed the existence of two types of precipitation
in the as-received condition: i.e. M»;C¢ carbides and MC precipi-
tates (Fig. 4 and 5). The M,;C; carbides were observed mainly
at the former austenite grain boundaries and the martensite lath
boundaries. The average diameter of M,;Cy carbides and MX
precipitates in HCM12 steel in the as-received condition was:
162 £52 nm and 45 +26 nm, respectively.

The example images of microstructure of the examined steel
after service are presented in Fig. 6. The microstructure observed
with a scanning electron microscope (Fig. 6 a,b) differs from that
in the as-received condition. A noticeable difference in steel after
service compared to that in the as-received condition was the
increase in the size and amount of precipitates at the boundaries
of and inside ferrite grains and at the martensite lath boundaries.
Assignificant disappearance of martensite lath microstructure was
observed too. In places, the precipitates at the boundaries formed
the so-called continuous network of precipitates.
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Fig. 3. Microstructure of HCM12 steel in the as-received condition: a,b) observed in SEM, c,d) observed in TEM. Hardness 221 HV10
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Fig. 4. M;Cq carbide in HCM12 steel in the as-received condition: a) dark field, b) solved diffraction pattern, ¢c) EDS spectrum from phase
analysis, TEM
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Fig. 5. Niobium-rich MC precipitate in HCM 12 steel in the as-received condition: a) dark field, b) solved diffraction pattern, ¢c) EDS spectrum
from phase analysis, TEM
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Fig. 6. Microstructure of HCM12 steel after service at 585°C, a,b) SEM, c,d) TEM. Hardness 187 HV10
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In the microstructure observed in TEM (Fig. 6 c,d),
only a partially preserved martensite lath microstructure was
observed. The matrix recovery and polygonisation processes
were visible too. In addition to M,;C¢ carbides (Fig. 7) and MX
precipitates (Fig. 8), the identifications of precipitates in steel
after long-term service also revealed the precipitation of Laves
phase (Fig. 9). The diffusion processes that occur during service

favour the continuous process of ordering and annihilation of
dislocation within the boundaries, which results in reduction in
their density. After service, the estimated dislocation density in
the examined steel was 0.39 x 10'* disl/m?.

The average diameter of M,3;C4, MX and Laves phase
precipitates after service was: 214 £98 nm, 67 28 nm and 412
+87 nm, respectively.
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Fig. 7. M»;Cg carbides in HCM 12 steel after service: a) microstructure, b) solved diffraction pattern, ¢) EDS spectrum from phase analysis

4.3. Creep tests — determination of residual life
for HCM12 steel

Out of the estimated mechanical properties, the most
significant and decisive to the suitability of specific material
for transferring loads during service is creep test. It is a time-
consuming test, and the time of waiting for its results is minimum
a few years. The acceleration of creep is obtained by elevating
test temperature above the values under operating conditions,
while keeping stresses at a level similar to the operating one.
The duration of these tests is the time to rupture of a test piece
made of the examined material. The obtained test results allow
the residual life and disposable residual life to be determined
and are the basic source of information for evaluation of fore-
casting the time of safe operation of materials. Such a method
for conducting creep tests was verified based on long-term
creep tests, and the results of examinations were the subject of
numerous publications [14-16,20,21]. The obtained results of

abridged creep tests for HCM 12 steel after service are presented
graphically in Fig. 10.

The obtained test results (Fig. 10) allowed the residual life
of HCM12 steel after service to be determined by graphical
extrapolation method for three levels of test stress o, = 80, 100
and 120 MPa and temperature 580, 590 and 600°C (Table 2).

TABLE 2
Residual life determined for HCM12 steel after service
Test stress s, MPa Temperature, °C Residual life, h

80 580 ~23 000

80 590 ~ 10 000

80 600 ~ 5000

100 580 ~ 4300

100 590 ~2000

100 600 ~ 1000

120 580 ~ 700

120 590 ~ 250

120 600 ~ 105
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Fig. 8. MC carbides in HCM12 steel after service: a) microstructure, b) solved diffraction pattern, ¢) EDS spectrum from phase analysis
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Fig. 9. Precipitation of Laves phase in HCM12 steel after service; b) solved diffraction pattern, ¢) EDS spectrum from phase analysis, TEM
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Fig. 10. Results of abridged creep tests for material of $38x4 pipe after 100,000 h service at 585°C

Based on the residual life, the creep strength characteristics
were developed for the temperature of 580, 590 and 600°C,
which is shown in Fig. 11, and creep strength R,/19000 and R /100000

was determined (Table 3).

as-received condition.

The obtained stress values for the service time of 10* and
10° h and temperature of 580, 590 and 600°C were compared
to the creep strength values determined for HCM 12 steel in the
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Fig. 11. Creep strength of HCM12 steel after 100,000 h service for test temperature Ty, = 580, 590 and 600°C

Residual creep strength determined for HCM12 steel
after service compared to the results for material

in the as-received condition

TABLE 3

The tests revealed that the examined steel was characterised
by reduction in creep strength by approx. 60-70% compared to
the as-received condition. This indicates a significant degree of

degradation of the microstructure for the examined steel after

As-received After . service.
Creep strength condition [17] service Difference
Stress s, MPa | Stresss, MPa %
R10000/580°C 228 90 61
Ry/100000/580°C 126 50 60
Ry/100001590°C 212 80 62
R/100000/590°C 111 44 60
Ry10000/600°C 197 70 64
Ry/100000/600°C 98 30 69

5. Summary

The research concerned high-chromium martensitic steel
HCM12 after 100,000 h service at 585°C and under pressure
of 21 MPa. In its as-received condition, the examined steel was
characterised by microstructure of high-tempered martensite with



numerous M»;C¢ and MX precipitates containing approx. 30%
of ferrite d, which is typical of this grade. Long-term service
has caused significant changes in the microstructure of HCM12
steel. The degradation of microstructure of the examined steel
was a significant disappearance of martensite lath microstructure,
increase in the size of precipitates and precipitation of unfavour-
able Laves phase. The investigations on properties of HCM12
steel in the as-received condition and after service have confirmed
that the values of strength properties (YS, TS) both at room and
elevated temperature were reduced. However, the obtained results
are higher than the minimum ones required for this steel grade.
Compared to the as-received condition of the examined steel, the
values of its hardness after service were reduced by 15%.

The abridged creep tests allowed the residual creep strength
of HCM12A steel after service to be determined. The estimated
loss of creep strength due to long-term service for the examined
steel is approx. 60-70%.
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