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Abstract

The austenitic steel Sanicro 25 is one of the most promising austenitic steels for the application in superheater tubes
in coal fired thermal power plants. In this work, the microstructural evolution of this material during heat treatment and
thermal ageing has been investigated. The investigations were carried out by light microscopy (LOM), scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and energy dispersive spectroscopy (EDS). Scheil
calculations were carried out by thermo-kinetic software MatCalc to analyse the solidification process which indicates
Nb(C,N), Cr,N and Laves phase in the melt. Long term precipitation calculations predict the formation of five precipitate
types in Sanicro 25: M»;Cg, Z-phase, Nb(C,N), Laves and Cr,N. Phase fractions and mean radii evolution of precipitates
were calculated and compared to the experimental results. Calculated precipitate evolution shows good compliance with

experimental data.
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1. INTRODUCTION

The increasing demand on electrical energy in
Europe and the world can be met by a number of
strategies; one of them is the increase of the
efficiency of coal fired thermal power plants.
Currently, the worlds’ mean efficiency of coal fired
power plants is approximately 30%, in Germany an
efficiency of 38% is reached. This higher level is
achieved by steam temperatures of 600°C and steam
pressures of 285bar. An increase of the steam state
to 700°C/350 bar will increase the efficiency up to
50% (Aschenbrenner, 2008). Materials for these
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demanding conditions are austenitic steels such as
Sanicro 25, HR3C or DMV310.

This work focusses on the material Sanicro 25,
since only few data on the microstructural evolution
during heat treatment and under creep loading and
ageing conditions are available. Rautio and Bruce
(2004) report about Nb-rich precipitates and small
needle-shaped M»;Cg precipitates in Sanicro 25 aged
at 700°C for 1000 h and 3000 h. M,;C4 were found
inside grains and grain boundaries. Hogberg et al.
(2010) write about nano-sized My;;Cs and Laves
phases (identified by electron diffraction) in creep
loaded specimens at 700°C, 210 MPa and a rupture
time of 3153 h.
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However, the evaluation of these materials
requires extensive investigations. In this paper the
investigations (SEM, TEM, phase fraction
determination) of long aged (up to 10000 h at
700°C) samples were presented. Additionally, these
experimental investigations are complemented by
equilibrium - Scheil - and precipitation kinetic
calculations carried out with the software package
MatCalc (Svoboda et al., 2004; Kozeschnik et al.,
2004a; Kozeschnik et al., 2004b).

2. EXPERIMENTAL

The  microstructure  investigations  were
performed on as-received and thermally aged tubes
(038x8 mm) and plates (10x10x2 mm). The
chemical compositions of all samples are presented
in table 1.

Table 1. Chemical composition (weight %) Sanicro 25.

Glyceregia (3 parts glycerine + 3 parts HCI + 1 part
HNO:s). Plate specimens for SEM were etched by
electrolytic etching in a 10% solution of oxalic acid
in distilled water at 3 Volt for 10 to 60 s, whereas
plate specimens for TEM carbon replicas were
etched with a solution of 40% HCI and 20% HNO;
in distilled water at 60°C for 10 s.

Thermodynamic calculations have been carried
out with the thermo-kinetic software MatCalc
(version 5.50) including the iron database (version
1.019). Equilibrium calculations give a picture of
sample states after long ageing times, Scheil
calculations indicate the formation of precipitates
during the solidification processes and precipitate
kinetic calculations indicate the nucleation, growth
and coarsening processes during heat treatment and
ageing.

C Si Mn P S Cr Ni W Co Cu Al Nb N O

Tube 0.067 | 0.19 0.53 | 0.019 | 0.0008 | 22.21 | 24.55 | 3.35 1.49 2.89 | 0.038 | 0.51 0.23 -

Plate 0.0646 | 0.15 0.5 0.015 [ 0.0005 [ 22.6 254 3.7 1.5 2.9 0.062 [ 0.48 |[0.2317 [ 0.0165
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Tube samples were solution annealed at 1220°C,
plate samples at 1200°C; both sample types were
quenched after annealing. This sample status is
denoted as “as received” in the following.

After this heat treatment, a number of samples
were thermally aged at 700°C; for details see table 2.

Table 2. Heat treatments of Sanicro 25.

Sample Temperature / °C Time/h
Tube 700 5000
Plate 700 1000
Plate 700 3000
Plate 700 10000

For the microstructure characterization, SEM
(precipitates), TEM (precipitates) as well as LOM
investigations (grain size) have been performed. The
chemical compositions of precipitates were
determined by EDS. The error for the determination
of light elements (like C, N)) is approximately +
10% and error for the determination of heavy
elements (like Cr, Nb, Ni, W) is approximately + 2-
5%.

All SEM and LOM samples were embedded,
grinded, polished and afterwards etched. Etching of
Sanicro 25 tube samples were performed by

3. RESULTS

3.1. As-received

In the as-received tube samples, large primary
Nb-rich precipitates were found on grain boundaries
and inside the grains, as shown in figure 1(A). The
evaluation of the area fraction was achieved by
phase contrast imaging in SEM and evaluated by the
Software Zeiss KS400. Results indicate an area
fraction of 1.6% and mean diameter of 945 nm,
respectively. The grain size of the as-received tube
sample is 43 um and was determined by the intercept
method.

As-received plate samples also show Nb-rich
precipitates with approximately 1um mean
diameter. Additional TEM investigations of as-
received plate samples reveal secondary Nb(C,N)
precipitates, see figure 1(B). EDS analysis of
Nb(C,N) indicate a composition (wt%) of 54%Nb-
30%Cr-0.6%C-2%N for precipitate 1, 51Nb-30Cr-
0.8C-3N for precipitate 2 and 33Nb-22Cr-3.2C-5N
for precipitate 3 in figure 1(B).

Table 3 indicates upper and lower limits for the
composition of the primary Nb-rich precipitates in
as-received plate specimens determined by EDS.
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500nm " Electron Image 1

Fig. 1. SEM image of tube sample (4) and TEM image of plate sample (B) in Sanicro 25 in as-received condition.

Table 3. Composition (wt%) of Nb-rich phase in as-received
Sanicro 25 by SEM.

Cr Nb Ni Si

Crmin Crmax mein meax Nlmin Nlmax Slmin Slmax

As-

. 24 1295|116 | 605 | 1.2 [ 194 ] 0.1 | 0.1
received

Electron Iimage 1

sample, where large Nb-rich precipitates and bright
W-rich Laves phase can be observed.

The microstructure of plate samples aged for
10000 h at 700°C is exemplarily shown in figure
3(A) (SEM image). Precipitate 1, 2, 4 were identi-
fied as Nb-rich and 3, 5, 6 as Cr,N. TEM investiga-
tions of the same sample reveal four different pre-
cipitate types: Laves, M,;Cs, Nb(C,N) and Si-oxides;

£ 4 L]
EHT =2000 kV Mag= 6.00K X @ 19 inch Monitor
Signal A=BSD WD= 8mm _ File Name = macplus12j0115.tif

Fig. 2. TEM image of 700°C/1000 h plate sample (4) and SEM image of 700°C/5000 h tube sample (B).

3.2. Samples heat treated at 700°C

Plate samples aged at 700°C for 1000 h reveal six
different precipitate types: primary Nb-rich, Cr,N,
M,;Cs, Nb(C,N), Laves and oxides. Exemplarily, fig.
2(A) presents one of the TEM images of sample con-
dition 700°C/1000 h taken from a carbon replica of
a plate sample. Precipitates 2, 3, 4, 5 and 7 were iden-
tified by EDS as chromium-rich carbides, whereas
precipitate 6 was identified as Nb(C,N) and precipitate
8 as niobium chromium carbide. Figure 2(B) indicates
a representative SEM image of a 700°C/5000 h tube

Si-oxide (precipitate 2, 3) and M»;Cq (precipitate 1)
are presented in figure 3(B).

The TEM investigations of different phases for
700°C at different aging times are summarized in
table 4.

In the present paper the focus is on the precipita-
tion of fine particles (<0.25 um). Coarser particles of
Z-phase (>0.5 um) are also observed after long term
ageing, but they are not analysed.
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10pm Electron Image 1

BOnm Electron Image 1

Fig. 3. SEM image (A) and TEM image (B) of 700°C/10000h plate sample.

Table 4. Composition (wt%) of different phases in Sanicro 25 plate samples aged at 700°C.

Aging Time Aging Phase Cr Nb Ni C N W
hours | Temp. °C Ctmin | Crimax | Nbuin | Nbaas | Nimin | Nimas | Coin | Coax | Noin | Noas | Wonin | Wina

As received | Asreceived | Nb(C,N) | 23.1 | 324 [ 359 | 55.6 0.2 14 1012 | 3.16 | 1.4 5.7 3.1 6.1
1000 700 CrN 57.7 66 3.5 13.2 1.8 29 | 0.69 | 0.99 1.2 2.6 8.6 9.1
1000 700 Nb(C,N) 13 409 | 13.7 | 67.6 0 0.9 | 0.77 | 6.58 0 5.1 0 2.9
1000 700 M,;Cs 56.2 89 0 6.1 0.1 6.1 0.62 | 1.54 0 0.8 0 10.8
10000 700 Laves 103 | 179 0 5.7 1.2 2 - - - - 40.1 | 59.6
10000 700 M,;Cs 477 | 679 0 4.7 1.8 2.7 | 096 | 3.39 - - 8.6 13.4
10000 700 Nb(C\N) | 179 | 30.1 | 229 | 36.7 0 0.2 324 | 535 0 1.0 1.1 2.8

3.3. Calculation of microstructure by MatCalc Scheil-calculations (Kozeschnik, 2010) were

performed to investigate the effect of segregation
processes during solidification on the formation of
the precipitates. For the calculation, only back-
diffusion of C and N was allowed, all other elements
were assumed not diffusing during cooling. These
conditions meet the situation for a broad bandwidth
of medium cooling rates. It can be seen that in the
Scheil calculation liquid phase keeps stable down to
appr. 1240°C (1% phase fraction), which is more
than 80°C lower compared to equilibrium. This phe-
nomenon can be accorded to massive segregation in

3.3.1. Equilibrium and Scheil calculation

Within the considered temperature regime of
500-1450°C, MatCalc predicts the stability of nine
different equilibrium phases: liquid and austenite as
matrix phase respectively, Nb(C,N), Cr,N, Cu,
Laves, sigma, M,3;Cs and Z-phase as stable precipi-
tate phase; see figure 4(A). Nb(C,N) shows a stable
temperature regime between 1150-1350°C, Cr,N is
stable below 1325°C, Cu-phase and Laves phase up

to 900°C. Sigma phase is only stable up t? 730°C. the liquid phase during the solidification process:
For the temperature dependent phase fractions, see calculations indicate a composition of the remaining

figure 4(A). All results show good agreement to the melt (1%) of 21.1Fe, 18.7Cr, 17.9Ni, 18.5Cu
experimental data, except for the Cr,N: The meas- 20.6W, 1.5Mn, 1.5Co, 0.IN, 0.05C (wt%). Equilib-
ured pl?ase? fractlon. 'aftfsr long term age.mg’, which rium calculations of this remaining melt indicate
should indicate equilibrium, was found significantly a solidus temperature as low as 1240°C, so the lower
lower compared t°_ the equilibrium calculations. Fpr liquidus temperature within the Scheil calculations is
this reason, the lebs free energy of Cr,N was in- reasonable. During solidification, one matrix and
creased by 450 J in order to adapt the thermodynam- three precipitate phases form: austenite, Nb(C,N),

ic database to the present system. Cr,N and Laves phase, see figure 4(B).
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Fig. 4. Equilibrium (A) and Scheil (B) calculation of Sanicro 25.

3.3.2. Set up of precipitation calculation

Since precipitation kinetic simulations are gen-
erally restricted to the formation of particles due to
diffusional processes in solid materials, primarily
formed precipitates have to be considered separately.
For this reason, the measured data on the primarily
formed Nb-rich particles have to be used as input
data. These precipitates withdraw Nb and other ele-
ments from the liquid during their formation. All
kinetic calculations shown in the following have
therefore been carried out as “system without prima-
ry Nb-particles” and accordingly corrected overall
composition. The simulation of oxides has not been
carried out due to the lack of oxygen within the
thermodynamic database.

For the calculation, the grain size was defined as
43um, the dislocation density was set at 10'> m?,
which is typical for a well annealed austenitic steels
(Kozeschnik, 2012). The dislocation core diffusivity
was defined as 107" (T in K) and the grain
boundary diffusivity as 10" (T in K) which
was recommended for Fe-austenitic steels (Radis &
Kozeschnik, 2010). The temperature-dependence of
Young's modulus for austenitic steels is defined as
(210000-75-T)-10° (T in K).

Dislocations as nucleation sites were defined for
all precipitates. Additionally, grain boundaries were
nucleation sites for M,;C¢, Sigma, Cu, AIN, Laves,
CroN and subgrain boundaries for Z-phase and
Nb(C,N). The interfacial energies for the particles
were calculated automatically by the GBB model
(Sonderegger & Kozeschnik, 2009a). Each precipi-
tate was calculated with interfacial energy size cor-

B
0.1
c J
o
5 |
‘o \
E 0.01 ‘
a |
00014 “
T . T T T 1
1200 1250 1300 1350 1400
voe temperature / °C
& — liquid —% austenite - Nb(C,N) —<+ CrN -5 laves

rection (Sonderegger & Kozeschnik, 2009b). Calcu-
lation of Laves phase was performed with diffuse
interface correction (Sonderegger & Kozeschnik,
2010) due to the high ageing temperature of 700°C
and the low solution temperature of this phase. On
the basis of the investigations, it was assumed that
the diffusion in the MatCalc database was too low.
Therefore, the matrix diffusion enhancement for
substitutional elements was defined as 15 for M,;Cs.
The matrix diffusion enhancement for substitutional
elements is 0.25 for Cr,N.

For comparison with the experimental data,
mean radii and phase fractions of the precipitates are
the most convenient data. For the comparison it is
necessary to convert the measured area fraction of
the precipitates into phase fractions. This can be
carried out by standard methods, indicated by equa-
tions (1-5).

ni
fi= S (1)
Vi
n=g - ()
Ai
Ani =55 ()
Vi _ A
YiVi NiAi )
Aai
VM,
fi= R (5)
EiVM'i

fis the molar phase fraction, » number of moles of
substance, A, the area fraction, V' the volume, Vy, the
molar volume and 4 the measured area of each
phase. The phase fraction (5) can be calculated by
inserting (2, 3, 4) into (1). Volume ratio (4) was
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equated to area ratio due to the homogeneous distri-
bution in the matrix, following the Cavalieri-
Hacquert principle (Underwood, 1970). The molar
volume for each phase was calculated by MatCalc.

3.3.3. Precipitation calculation at 700°C

The precipitation calculation at 700°C for 12000
h was performed after a solution annealing calcula-
tion at 1220°C/5 min. The calculation is predicting
eight  different precipitate  types: MG,
Z-phase, Nb(C,N), Laves, Cr,N, AIN, Cu-phase and
sigma. Table 5 presents the chemical composition of
calculated precipitates at 700°C for 10000 h, which
is the longest ageing time.

mean radii of 120 nm at 10000 h. The phase fraction
of secondary Z-phase is 0.2%. These precipitates
also show extremely small mean radii of 1.5-4 nm.
Secondary Nb(C,N) precipitates are the only precipi-
tate type remaining during the solution treatment at
1220°C with a phase fraction of 0.1%. However,
their radius turns out to be extremely small at the
end of the solution treatment due to extensive nucle-
ation during cooling. During ageing, their mean radii
increase to 10 nm (1000 h) and 15 nm (10000 h),
respectively. Laves phase shows a continuous in-
crease of phase fraction up to 2% until the equilibri-
um is reached. Parallely, their radii grow up to
150 nm.

Table 5. Composition (wt%) of the precipitates at 700°C after 10.000 h.

C N Mn Fe Co Cr Ni W Nb
Laves - - - 20.605 - 16.244 - 63.135 0.015
Cr,N 0.451 10.697 0.023 0.112 0.002 88.330 0.022 0.362 -
M,;Cy 5.220 - 0.076 4.838 0.070 78.532 0.448 10.817 -
Z-Phase - 8.720 - 6.258 - 26.773 - - 58.249
Nb(C,N) 0.279 14.276 - - - 15.685 - 0.040 69.720
0.01 M23C6 /A’_A
Nb(C.N)
é 0.001
g
‘©0.0001
§ 2 Laves
Q
1e-05
1e-06 - ‘ ‘ ’ : : : A exp.laves il
0.01 0.1 1 10 100 1000 10 000
time/h
<exp.laves 4exp.M23C6
100 - >exp.Nb(C,N) 2 A
£
P
3 >
£ 104
3
€
1 3 T 1 T T T T T
0.01 0.1 1 10 100 1000 10 000
time/h

Fig. 5. Phase fractions and mean radii of precipitates in Sanicro 25 aged at 700°C for 12000 h.

Cr,N shows a slow increase of the phase fraction
which is 0.01% after 10000 h aging time. At this
ageing time, the particles are still in the growing
stage reaching mean radii of 220 nm.

Figure 5 presents the calculated results for phase
fractions and particle radii plus a comparison with
the experimentally found data. The phase fractions
of AIN, Cu-phase, Sigma phase were smaller than
107 and therefore not plotted. M»;Cy precipitates
reach the equilibrium phase fraction of 0.7% after
approximately 60 h and constant coarsening up to
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4. DISCUSSION

Large Nb-rich precipitates (average size 1um)
were found in as-received sample state. The large
size of these precipitates suggests that these precipi-
tates formed primarily during the solidification pro-
cess. Equilibrium and Scheil calculations indicate
that Nb(C,N) is present in the liquid range. There-
fore, from the thermodynamic calculations alone, it
could be concluded that this phase is Nb(C,N). On
the other hand, measured chemical compositions
(SEM) are closer to the typical composition of Z-
phase. Since the scatter of compositions between
individual precipitates is too large, no final conclu-
sion can be drawn at this point. However, the ques-
tion on the nature of these precipitates does not sig-
nificantly affect the precipitate kinetic calculations,
since the chemical composition of the remaining
matrix can be adapted according to the measured
compositions of the particles.

As concerns the secondary precipitates, the ac-
cordance of simulated and measured data is very
good. Figure 5 indicates the experimentally found
data and compares them to the simulation results.
Precipitate radii are available for M,;Cs, Nb(C,N),
laves phase and Cr,N, volume fractions have been
measured for Laves and Cr,N. All these data are in
very good agreement. The only deviations are found
in the phase fraction and radii of secondary Z-phase
particles; whereas simulations indicate particles of
1.5-4 nm in size, these precipitates have not been
found by the experimental investigations. This might
be explained by the very small radii of the particles,
which makes the experimental investigation ex-
tremely difficult. A similar statement can be given
about precipitate types AIN, Cu and sigma phase.
Whereas these particles should form in principle, the
calculated phase fractions (smaller than 107) are
way too low for experimental investigations.

5. SUMMARY

Microstructure  investigations and thermo-
dynamic calculations of austenitic steel Sanicro 25
were carried out for as received- and thermally aged
samples. For the investigations SEM, TEM and
LOM techniques were performed.

Seven different precipitate types were found ex-
perimentally in Sanicro 25: primary Nb-rich precipi-
tates, Al- and Si-oxides and secondary Nb(C,N),
Laves phase, Cr,N and Mjy;Cq. Primarily formed
precipitates have to be considered separately in the
kinetic calculations by introducing an “effective”

system composition, subtracting these particles’
impact. When including this effect, the calculations
show a very good agreement with the experimental
results.

With this calculation a basis was created for the
precipitation strength calculation in order to opti-
mize the Sanicro25 by modifying the chemical com-
position and heat treatment.
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for energy), within the project MACPLUS
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NUMERYCZNE MODELOWANIE I WERYFIKACJA

KINETYKI WYDZIELEN W ZAAWANSOWANYCH

STALACH AUSTENITYCZNYCH ODPORNYCH NA
PELZANIE

Streszczenie

Stal austenityczna Sanicro 25 jest jedng z obiecujacych stali
do zastosowan na rury w wymiennikach ciepta w elektrowniach
weglowych. W niniejszej pracy przeprowadzono badania rozwo-
ju mikrostruktury podczas obrobki cieplnej i sztucznego starze-
nia tych stali. Badania wykonano za pomoca mikroskopu op-
tycznego (LOM), skaningowego mikroskopu elektronowego
(SEM), elektronowego mikroskopu transmisyjnego (TEM)
i spektroskopu (EDS). Obliczenia metoda Scheila przeprowa-
dzono wykorzystujac oprogramowanie MatCalc. Analizowano
proces krzepnigcia, w ktorym powstaja fazy Nb(C,N), Cr2N
oraz faza Lavesa. Obliczenia dlugoterminowego procesu wy-
dzielania wykazaty, ze w Sanicro 25 powstaje 5 réznych faz:
M23Ce6, faza-Z, Nb(C,N), faza Lavesa oraz Cr2N. Obliczone
utamki objetosci poszezegdlnych faz oraz sredni promien rosna-
cych wydzielen zostaly poréwnane z wynikami doswiadczen
i otrzymano dobra zgodnos¢.
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