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Kinetics of Carbide Formation During Ageing of Pearlitic 12X1M® Steel
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Parameters of carbide phase electrochemical separation in electrolytes solutions of pearlitic 12X1M® heat resistant
steel, used in thermal power plants facilities are presented in the article. The most relevant electrolyte is chosen and its
concentration is specified. Operated and under laboratory conditions aged steel surface microstructure and morphology
were evaluated by optic and scanning electron microscopy methods. Using electrochemical etching and XRD qualitative
analysis of carbide compounds of 550 °C exploited steel and aged under laboratory conditions at 600, 650, 700 °C from
24 h up to 864 h was carried out. Kinetics of carbides formation is given in mathematical equations. It was determined
that during exploitation and ageing samples at 700 °C for 576 h the steel pearlite completely decomposes, whereas alloy
elements diffuse into intergrain area thus forming special alloy carbides. Experiments revealed that the XRD analysis of
electrochemically separated carbide phase is a rapid and informative method of evaluation the service condition of steel.
Keywords: heat resistant steel, carbide, heat treatment, kinetic, electrochemical etching, XRD.

INTRODUCTION

Low alloy steels of Cr-Mo-V types are extensively
used for various engineering components in thermal power
plants of China, India, Poland, Russia and former Soviet
Union countries like Ukraine, Lithuania and others. The
pipelines of power plants mostly are made of 12X1M®
(Russian grade) or 12Kh1MF (in English) steel (GOST
5520, 1979) equivalent to 13HMF (Polish standard), or
14CrMo4-5 (ISO 9328-2, 1991), or 13CrMo4-5 (EN
10028-2, 1992), or F12Cl1.1 (ASTM A182-96). The
chemical composition of 12XIM® steel is: 0.12 % C,
1.1 % Cr, 0.54 % Mn, 0.26 % Mo, 0.26 % Si, 0.17 % V,
0.019 % S and 0.015 % P [1]. The initial microstructure of
power plant alloy 12X1M® consists of ferrite-pearlite or
ferrite-bainite as the major phases obtained following a
hardening and normalizing heat treatment later on sub-
jected to very severe tempering (~650°C...700°C for
several hours) generating the overall coarsening and the
precipitation of ever more stable alloy carbides and
intermetallic compounds (Fig. 1, curve 1), witch interfere
with the progress of dislocations. These solid state
reactions eventually determine the properties and
mechanical stability of the power plant steels (for example,
the resistance to creep deformation) and their useful design
lifetimes [1 — 3].

In the heat and power generating plants, the pipelines
are used to transport superheated steam in the temperature
range 500°C-560°C and under a  pressure,
P =10 MPa — 15 MPa. During long time service in creep
regime to such conditions the microstructure of steel
changes, pearlite/bainite decomposes as well as carbides
precipitation at the grain boundaries and carbides coarsen-
ing processes proceed (Fig. 1, curve 2). Structure changes
cause formation of cavities and development of internal
damages [4]. It is well known that there is a close coher-
ence between changes in microstructure and deterioration
of mechanical properties, however, the accurate relation
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for creep rupture strength deterioration regarding the
microstructural degradation is not yet determined [5, 6].
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Fig. 1. X-ray diffraction patterns of 12X1M® virgin (curve 1)
steel and exploited 227000 h at 550 °C temperature and
pressure of 14 MPa (curve 2)

The original design service life of many power stations
in Lithuania and other countries has already been depleted.
So, for purpose to ensure safe, reliable and extended op-
eration of power plant the prediction of the remaining
creep life of power generation plant components which
have been in service at elevated temperatures in large part
of their design lifetimes is of great significance [7]. For
selection suitable failure criteria and testing technique the
knowledge of material’s characteristics and their variation
with time as well as service stresses and temperatures are
required. However, the data of service temperature and



service time could considerable scatter due to changes of
plant operation regime. Therefore, it has been proposed
that service time and temperature dependent microstruc-
tural parameters, such as quantity and composition of
carbides phases, can be used to estimate the thermal
history of power plant components at any time during
service [5, 8]. To achieve exhaustive information on the
alloy steel microstructure stability and to be able to
simulate the creep behaviour of the steel knowing only the
composition, heat treatment and service conditions, the
carbide precipitation sequence that occur in different
power plant steels over long periods of time at elevated
temperatures was investigated [1, 2, 4—-6, 8 —19] and
time-temperature-transformation (TTT) diagrams were
produced which can be used in remnant life assessments
[8]. The precipitation sequence in steel 2.25Cr-1Mo was
first determined by Baker and Nutting [20]. Other
researchers have shown that there are significant
differences in the evolution of carbide precipitation in
different steels even when the thermodynamic driving
forces are apparently similar. Thus, in [4] it was shown
that the difference in the precipitation kinetics of M»;Cg in
the 3Crl1.5Mo steel and the 2.5CrIMo steel is due to the
considerably lower driving force for MpCs in the
2.5CrlMo.

Steels destined for power plant applications might
contain any of the following precipitates: iron base
carbides or carbonitrides (M;C, M, 4C and etc.), M(C, N),
MQ(C, N), M7C3, M23C6, M5C2, MGC, graphite and Laves
phase (M stands for metallic solute atom).

It was determined in [21] that the precipitation
sequences at 600 °C for steels are as follows:

a) steel 2.25Cr1Mo

M3C - M3C + M2C - M3C + M2C + M7C3 -

— M;C + MyC + M;C 5+ M;C;

b) steel 3Cr1.5Mo

M3C g M3C + M7C3 i M3C + M7C3 + M2C + M23C6 i
— M7C + MQC + M23C6 .

The same sequence was observed at 650 °C [21].

The purpose of the present work was to investigate the
carbides precipitation kinetics of power plant heat resistant
steel 12X1M® during ageing at elevated temperatures and
to determine any microstructural parameters that may be
used to estimate service history and may be practicable for
assessment of remnant life of steel.

METHODOLOGY OF EXPERIMENTS

Investigated 12X1M® steel was taken from a thick
section of superheated steam pipes originally supplied by
SC “Lietuvos elektriné”. The samples were prepared from
virgin and exploited for 227000 h at 14 MPa pressure and
550°C — 560 °C steel. Using a potentiostat PI-50-1 and a
programmer PER-8 steel anodic polarization curves
(e.g. dependence of operating electrode potential on
current density) were recorded in solutions of different
electrolytes, electrochemical etching solutions and the
parameters (critical current density, critical potential) were
determined.

The samples (60 mm x 20 mm x 20 mm, working area
22cm’+2.5cem’) of 12XIM® steel were soaked into
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20 °C electrolyte solution and current measurements were
carried out according argentums chloride reference elec-
trode (EVL — IM3.1), when the sample potential from the
stationary value to 1.2 V varied at 1-10° V/s or 510 V/s
rate. Performing anodic polarization of heat resistant steel,
Fe ions, which forms insoluble bivalent and then trivalent
ferrous hydroxides (Fe(OH),, Fe(OH);), enter the electro-
lyte solution. In order to escape pollution of electrolyte
solution oxalic and citric acids, which forms soluble
ferrous citrates and oxalates with Fe(OH);, were used:
Fe(OH); + (CH,COOH),C(OH)COOH —

— [(CH,COOH),C(OH)COOH]Fe(OH);.

Anodic polarization curves were recorded in 0.05 %
and 0.5 % hydrochloric acid solution and in hydrochloric
solution with 0.01 % and 0.05 % oxalic or citric acid
concentrations.

Power supply 1621 A BK Precision was used for elec-
trochemical etching of the steel samples (measurements
20 mm x 10 mm x 10 mm). Electrochemical etching lasted
for 1 hour. Samples taken from the etching solution were
washed by warm water weak flush and dried in a hot air
stream. Under laboratory conditions samples of 12X1M®
steel were aged in electric furnace SNOL 30/1300, in
which temperature is automatically regulated from 50 °C to
1300 °C with an accuracy +4 °C. The samples were iso-
thermally aged at 600, 650 and 700 °C for 24, 48, 192, 288,
384, 576 and 864 h.

The XRD analysis was performed using a diffracto-
meter DRON-UM2 (Russian design). Diffraction patterns
were recorded at 30 kV and 20 mA in 1°s detector’s
movement speed, the scanning was carried out with a step
length of 0.02° (28). Flat diffracted beam pyrolitic graph-
ite monochromator was used to separate CuK, radiation
and to remove undesired radiation (Kg), high-level brems-
strahlung and radiation due to fluorescence. The diffraction
patterns were obtained automatically by a data acquisition
system. The peaks recorded were identified with those
available in PDF-2 data base [22]. The XRD patterns were
refined with a program XFIT, using a pseudo-Voigt function
for line profiles modelling [23].

Results of XRD analysis of heat resistant 12X1M® steel
were compared with the metallographic experiments of
microstructure and morphology of samples’ surface, which
were carried out by an optic microscope “Olympus” with
video camera Sony DXC-151 AP and NIH Image 1.61
software and scanning electronic microscope JSM 5600, the
resolution of which 3.5 nm, accelerating voltage 30 kV.

Mechanical grinding of the samples was done in
Buechler Ecomet II device. Polishing was done with a
polishing fluid Buechler Micropolish II 0.05 um (y-Al,O;
— water suspension). In order to highlight the metal
microstructure, the polished surface was etched by 10 %
solution of FeCl; in ethanole.

RESULTS AND DISCUSSION

XRD analysis method is distinguished for a possibility
to qualitatively and quantitatively identify variation of al-
loy elements in carbide phase and sequence of formation of
carbide phases. Unfortunately, sensitivity of this method is
not sufficient in case of insignificant amounts of carbide



compounds in steel. To increase the concentration of car-
bide phase in a sample, steel samples should be electro-
chemically etched, selectively separating different phases
[24]. Separation of chemical compounds is based on their
different resistance to aggressive environment under elec-
trochemical processes. In heterogeneous alloys each phase
is described by the characteristic curve, whereas its solu-
tion rate depends on electrolyte composition, electrolysis
conditions, current density, etc. [25].

Variation of electrode potential, which occurs when
electric current flows through an electrode, is called
polarization. Anodic polarization of 12XIM® steel was
analysed in hydrochloric acid and citric acid and oxalic
acid solutions of different concentration. The results are
given in Fig. 2.

-0.1

4
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Fig. 2. Anodic polarization curves of steel in electrolyte solu-
tions. Curves: 1 — 0.05 % HCI, 2 — 0.05% HCI with
0.01 % citric acid, 3 — 0.5 % HCI with 0.05 % citric acid,
4,5 — 0.5% HCI with 0.01 % and 0.05 % oxalic acid
(@ measured according Ag/AgCl reference electrode)

After analyzing anodic polarization curves in electro-
lyte solutions, the following electrochemical parameters of
12X1IM® steel were determined: stationary potential and
critical potential and current density, Table 1.

The critical potential defines steel potential limit up to
which solution process still prevails, whereas after
exceeding it — formation of oxide or salt coating. The most
effective etching of steel samples occurs not reaching the
above mentioned limit, whereas the biggest critical current
density, i.e. 7.55 mA/cm? (Fig. 2, curve 2), determined for
steel samples in 0.05 % hydrochloric acid with 0.01 %
citric acid solution. However, in all electrolyte solutions,
excluding hydrochloric acid solution, after reaching the
critical current density, anodic solution of steel slows down
and the formation of oxide or salt coating begins to prevail.

Taking into account the results of anodic polarization
experiments, hydrochloric acid solution was chosen for
electrochemical etching of the steel samples.

Microstructure changes of 12X1M® steel surface
during its ageing were observed using optic microscopy
and scanning electron microscopy methods.

In optical microscopy photos (Fig. 3, picture 1) of
untreated steel pearlite and ferrite grains are observed,
however it is hard to identify fine carbide compositions.
High temperature ferrite and pearlite grains begin to

decompose and in their limits the chains (Fig. 3, pictures
2 — 6) of alloyed carbides are formed, which are difficult to
see in pictures since both the resolution, depth of field and
range of magnifications (to about 550x) of the light
microscope are not sufficient.

m

Table 1. Electrochemical parameters of 12X1IM® steel

electrolytes solutions

Stationary | Critical Critical cur-
No. Elf,ﬁggéfe potential, | potential, | rent density
v v x10,mAxcm 2
1 0.05 % HCI -0.470 -0.17 537
0.05 % HC1 +
2 0.01 % citric a. —0.495 -0.22 7.55
0.5 % HCI +
3 0.05 % citric a. —~0.460 -0.33 6.84
0.5 % HCI +
4 1001 %oxalica | 044 | 03 7.42
0.5 % HCI +
3 | 0.05 % oxalica. | 048! -0.33 7.42
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The ongoing structure changes of samples and
nucleation of voids may be analysed in an objective way
with the scanning electron microscope. In SEM pictures
(Fig. 4) the steel ferrite-pearlite structure can be clearly
seen. After treating the sample for 384 h at 700 °C, the
pearlitic structure partially decomposes (Fig. 4, picture 2),
whereas in the photo of the sample treated for 227000 h at
550°C, a full disintegration of pearlitic structure (Fig. 4,
picture 3) is recorded.

XRD analysis was used to confirm carbides formation
in steels during their ageing as well as to perform kinetics
research. According to the steel critical current density,
determined by anodic polarization method, steel etching
operating current density was chosen. Its value corre-
sponds to approximately half critical current density. Since
for real samples due to approximately 10 times bigger
surface area the analysed 0.05 % electrolyte concentration
was too small (steel solution process ended very quickly,
when a sufficient amount of carbide phase had not yet been
released), it was increased up to 5 %.

Fig. 5 shows X-ray diffraction patterns of electrolytically
extracted residues of specimens during the early stages of
tempering at 600 °C. After 48 h tempering exposure, intensity
of diffraction peaks of Fe;C, VC and traces of My Cy (M
stands for metals: iron, chromium, molybdenum and vana-
dium) remains almost unchanged but small amount of M,Cs
has been detected (Fig. 5, curve 2). After 216 h accelerated
ageing the diffraction peak of carbide M,;C4 considerably
increases (Fig. 5, curve 3) while Fe;C diffraction peak
marginally diminishes. The most significant changes have
been identified after 654 h isothermal ageing (Fig. 5, curve 5).
The intensity of MpyCq, VC and M;C; diffraction peaks
considerably increase, while Fe;C significantly decreases. All
the data showed that tempering causes the Fe-rich M;C
carbide (the kinetically favoured phase in the pearlite) to
transform to more thermodynamically favoured carbides,
rich in Cr and Mo. The most thermodynamically stable
carbide My4C was not yet identified.




Fig. 3. Optical microstructure of 12XIM® steel tempered at 700 °C (hours) and etched by 10 % ferrous (IIT) chloride solution:
1 — virgin steel, 2 — 24,3 — 48,4 — 144, 5 — 384 hours, 6 — exploited 227000 hours at 550 °C

Fig. 4. Microstructure (SEM) of 12X1IM® steel tempered at 700°C: 1 — virgin state, ferrite-pearlite; 2 — 384 h heated, partial
disintegration of pearlitic structure; 3 — 227000 h exploited at 550 °C, full disintegration of pearlitic structure

The sequence observed may be summarized as
follows:

M3C +MC — M3C +MC + M23C6 g
— M3C +MC + M23C6 + M7C3 — MC + M23C6 + M7C3.

According to the X-ray diffraction data, there are differ-
ences in the carbide precipitation evolution among the
2.25Cr1Mo (Cr=2.16 %), 3Crl.5Mo (Cr =2.98 %) steels
reported in the previous experimental work [20] and our
investigated steel 12XIM® (Cr=1.1%). In the
2.25Cr1Mo steel, M,C have been detected earlier than
M;C; and in 3Crl1.5Mo steel M,C follows the formation of
M,C;, while in 12X1M® steel MC (VC) was found instead
of M,C. However, the sequence of carbide phase evolution
obtained here was the same as reported in paper [3] for
exploited 12X1M® steels, which have been collected from
various heat and power plants in Ukraine and other parts of
the former Soviet Union.

After further performing XRD analysis of the samples,
it was determined that during ageing of 12X1M® steel at
650 °C and 700 °C (Fig. 6 and Fig. 7), the concentration of
Fe;C reduces more rapidly and, at the same time, the rate
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of transformation to M,;C alloy carbide is accelerated. No
precipitation of stable carbide McC was detected too. So,
the same carbide precipitation sequence was observed at
650 °C and 700 °C as it was detected at 600 °C, although
the precipitation kinetics appears to be faster for all phases
at that temperatures. Because the carbide M¢C have been
detected in 12X1M® steel exploited for 227000 h, thus it
would be meaningful to continue experiments at elevated
temperatures to obtain conditions of full carbide
precipitation sequence. These results would be useful for
evaluation of steel service time and for prediction remnant
life.

In order to evaluate the dependence of above men-
tioned compounds’ amount on ageing time and tempera-
ture the integral intensity of diffraction peak of
corresponding carbides MpCy (422) and Fe;C (031) was
evaluated by relative units, whereas dependencies are
given in Fig. 8.

The amount of ferrous carbide in steel aged at 600 °C
depending on ageing duration changes linearly, whereas at
650°C and 700°C it is described by exponential
dependencies:
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Fig. 5. X-ray diffraction patterns of 12X1M® steel tempered at 600 °C. Curves: 1 — virgin steel, 2 —48 h,3 —216 h,4-384h,5-854 h

Intensity, a. u.

Fig. 6. X-ray diffraction patterns of 12X1M® steel tempered at 650 °C. Curves: 1 — virgin steel, 2 — 24 h, 3 — 192 h, 4 — 288 h,
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Fig. 7. X-ray diffraction patterns of 12X1M® steel tempered at 700 °C. Curves: 1 — virgin steel, 2 —24 h,3 —-48 h,4—192h, 5384 h,
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Fig. 8. Dependences of the amount of Fe;C (a) and M»;Cq (b) in
12X1M® steel on ageing time and temperature. Curves:
1-600°C,2—-650°C,3—-700°C

Fe3C
o3y = —1.5712 7+ 1579; T= 600 °C;
Tosny = 1602e "% T=650°C;
Tosny = 1595 ¢ %', T=700°C.

Whereas the amount of M;Cy changes linearly at 650 °C
and 700°C and it is described polynomial at 600 °C
temperature:

Tuny=9-10"7° ~0.0027° + 14457, T= 600 °C;

[(422) = 123271’, T=650 OC;

[(422) = 333082', T="1700 OC;
where [is the integral intensity of diffraction peak, a.u.,
7 is the ageing time, h.

The results of this study make possibility to evaluate
state of the equipments in heat and power generating
plants, to prevent from sudden failure and predict its
service time.

CONCLUSIONS

The microstructure of the steel in the thermal power
plants facilities undergoes evolution during long term
operation or tempering in laboratory conditions under 600,
650 and 700°C temperatures. The changes of ongoing
structure are difficult to analyze with ordinary methods. To
rise the quantitative content of carbide phases the anodic
polarization and electrochemical isolation was applied.
Anodic polarization of 12X1M® steel was analysed in
hydrochloric acid solution and parameters of carbide phase
electrochemical isolation (critical potential ¢, =-0.17 V
and current density i,=5.37,x10 mA/cmz) were
determined.

During exploitation at 550 °C for 227000 h and ageing
at 700°C for 576h the steel pearlite completely
decomposes — tempering causes the Fe-rich M;C carbide to
transform to more thermodynamically favoured carbides,
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rich in Cr and Mo. It was established that the evolutionary
sequence of carbides in steel aged in elevated temperatures
is the same as in service exploited steel.

XRD analysis of electrochemically separated carbide

phase is a rapid and informative method of evaluation the
service condition of steel.
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