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Precipitation sequence under tempering in a 10%Cr steel has been considered in details. Two different
precipitation processes have been identified, concurrently. First, at 350°C, a dispersion of M,C phase with
orthorhombic lattice appears. At 525°C, the M,C phase is displaced by the formation of M3Cs carbide.
However, this process remains uncompleted. Dissolution of M,C phase occurs completely due to the for-
mation and growth of more stable MsC phase as a result of tempering in the range of 650 to 770°C. Second,
Nb-rich and V-rich M{C,N) carbonitrides precipitate in the temperature interval of 500-770°C. These dis-
persoids play a role of heterogeneous nucleation sites for precipitations of MysCs and MgC carbides.
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1. Introduction

Recently high-chromium steels with tempered martensite
lath structure (TMLS) became widely used as materials for
fossil power plants."> The ability of these steels to be creep
resistant depends critically on the carbide distribution in
their microstructure that is dictated by a tempering treat-
ment, mainly.>” Nature and origin, size and distribution of
these secondary phases control creep behavior and, there-
fore, determine exploitation temperature of martensitic
steels.®

These martensitic steels are commonly used in a “normal-
ized and tempered” condition.!'” This heat treatment
involves austenitizing that dissolves the carbides, followed
by an air cooling that transforms the austenite to martensite.
Finally, these steels are subjected to tempering to produce
TMLS stabilized by nanoscale carbides. Precipitation
behavior during heat treatment of 9% chromium steels was
examined in several works.”'> The decomposition of mar-
tensite that provides the precipitation of secondary phases is
characterized by two reactions taking place concurrently.
The first reaction results in the formation of MX carboni-
trides distinctly separated into Nb-rich M(C,N) and V-rich
M(C.N) particles.” Two-phase separation of MX catboni-
trides being thermodynamically equilibrium is extremely
important for achieving high creep resistance.**!® Namely,
the co-existence of Nb-rich M(C,N) and V-rich M(C,N) car-
bonitrides prevents coarsening of these dispersoids under
creep conditions. It scems that a ratio between Nb-rich
M(CN) and V-rich M(C,N) carbonitrides appeared after
tempering strongly affects the creep behavior of the marten-
sitic steels. It is worth noting that relatively coarse particles
of Nb-rich M(C,N) are observed within martensitic matrix
after normalization,”'”’ which may remain undissolved dur-
ing austenitizing treatment or may precipitate from austenite
during air quenching.>'®

The second reaction results in the formation of M23Cs car-

bides on the boundaries of prior austenite grains, packets,
blocks and laths.”'>!” Two sequences of carbide precipita-
tion were found. First sequence was reported'®'? as follows:

martensite>M;C—M>C—MxCs ............... @))]

It should be noted that the M>C was identified as Cr>N phase
with hexagonal lattice (a=0.28 nm and c=0.445 nm).'*!?
The other sequence was reported in”''*” as follows:

martensite—>M;C—-M;Cs—>MasCs............... 2

This sequence was recently found for a 3%Co modified
P911-type steel.'® Creep resistance of martensitic steels can
be significantly enhanced by refinement of M»3Cs carbides
and increase in their coarsening resistance. This goal is
achieved by additional alloying with boron.*”

It was shown'>?" that boron strongly affects the temper-
ing processes in high chromium steel, decreasing the size of
M23Cs carbides and increasing their coarsening resistance
due to the formation of M>(B-C); and M»3(B-C)s phase in the
precipitation sequence (2) instead of M;C; and Max3Cs
carbides, respectively. Equilibrium boron segregation on
high-angle boundaries provides extensive refinement of
Ma3(B-C)s located on these boundaries,'® while the small
carbides located within interiors of block are almost free of
boron.’***% Boron additions suppress the coarsening of
M23Cs on the grain boundaries during creep, thus, improving
the creep strength. The formation of boron enriched MsC
was found in a steel containing 100 ppm of B.** It seems
that boron additives modify the precipitation sequence (2) as
follows>”

martensite—>M3C—M;C3—>Ma3Ce—MsC ... 3)

Thus, the precipitation sequence in high chromium steels
strongly depends on their chemical composition. Exact under-
standing of precipitation mechanisms during heat treatment is
important. In the present work the precipitation sequence is
analyzed in a 10%Cr steel containing 80 ppm of B.



This steel was developed for use in trial rotor and blades
for advanced steam conditions by Toshiba and refers as
TOS110." However, there is a little published data on struc-
ture and mechanical properties of this steel. This steel is dis-
tinctly different from the other martensitic steels for fossil
power plants by boron and cobalt additives and increased
chromium content. Thus, the aim of the present work is to
examine the precipitation behavior of the 10%Cr steel as a
function of tempering conditions. An understanding of pre-
cipitation sequence allows an interpretation of tempering
effect on structure and mechanical properties of this steel.

2. Experimental

The steel studied was (in mass%) 0.1%C; 0.06%Si;
0.1%Mn; 10.0%Cr; 0.17%Ni; 0.7%Mo; 0.05%Nb; 0.2%V;
0.003%N; 0.008%B; 2.0%W; 3.0%Co; 0.01%Ti; 0.006%Cu;
0.01%Al and Fe-balance. This material is denoted as the
10%Cr steel, herein. 500 kg steel ingot was prepared by
vacuum induction melting. Next, the steel was homogenized
at 1 160°C and subsequently forged into a strip with a cross-
section size of 65 mm x 140 mm with a finish-forging
temperature of 850°C. The samples for structural character-
ization were machined from the strip, which finally was nor-
malized at 1 060°C for 30 min, air cooled and tempered at
temperature of 300—-800°C for 3 h.

After the heat treatment the steel was examined by an
Olympus GX70 optical microscope, a JEM-2100 transmis-
sion electron microscope (TEM) operated at 200 kV that
was equipped with an INCA energy-dispersive X-ray spec-
trometer (EDS) and a Quanta 200 scanning electron micro-
scope. For TEM examinations, samples were cut and
thinned to about 0.1 mm. Discs with a 3 mm diameter were
electropolished to perforation with a Tenupol-5 twinjet pol-
ishing unit using a 10% solution of perchloric acid in glacial
acetic acid. In addition extraction replicas on copper grids
were used for precipitate analysis in order to avoid matrix
effects when obtaining EDS spectra. The specimens were
mechanically polished by emery paper and 3 um silica
suspension, and then etched using a solution of 3 mL hydro-
chloric acid and 1 g picric acid in 10 mL of ethanol. The size
distribution and mean radius of the secondary phase
particles were evaluated by taking of 15 TEM micrographs,
corresponding to 150-250 particles per a specimen. The
precipitates were identified by chemical composition and
diffraction pattern.

Differential scanning calorimetry (DSC) was performed
on a ~45 mg specimen during heating to 1 100°C at a rate
of 20°C min™ and cooling in argon atmosphere with the
same rate by using an SDT Q600 (TA Instruments) calorim-
eter. The dilatometric measurements were carried out using
a NETZSCH model DIL 402C dilatometer with rod-shaped
samples with a length of 25 mm and a diameter of 6 mm.
Equilibrium mole fractions of phases and their chemical
composition were calculated with a version 5 of the
Thermo-Calc software using the TCFE6 database.

3. Experimental Results

3.1. Thermodynamic Calculations
Thermo-Calc calculations were carried out for the steel

with a composition of 0.1%C; 0.1%Si; 0.08%Mn; 10.0%Cer;
0.2%Ni; 0.7%Mo; 0.05%Nb; 0.2%V; 0.003%N; 0.01%B;
2.0%W; 3.0%Co; 0.01%Ti; 0.003%Al; 0.01%P; 0.01%Cu;
Fe-balance to determine the influence of main alloying ele-
ments on the phase composition at different temperatures.
Results of Thermo-Calc calculations at austenization tem-
perature of 1 060°C, and at different tempering temperatures
(350, 525, 650, 750 and 770°C) are shown in Fig. 1. At
1 060°C, a small amount (mole fraction less than 0.001) of
un-dissolved NbC was predicted (Fig. 1(a)). Following
phases were predicted by Thermo-Calc calculations: pres-
ence of Laves phase at temperatures ranging from 350 to
750°C; M»3Cs carbides enriched by Cr and Mo at low tem-
peratures (350-525°C). It is worth noting that X(Mo+W)~20
mass% was predicted in M»;Cs carbide being essentially
independent on temperature, while Mo and W contents tend
to decrease and increase, respectively, with increasing tem-
perature (Fig. 1(b)). At all tempering temperatures, the pres-
ence of NbC and TiN was predicted.

3.2. Normalized Conditions

The microstructure produced by air cooling is shown in
Fig. 2. An average size of prior austenite grains (PAG) is
about 35 ym. A small amount (2%) of &ferrite was revealed
by optical metallography (Fig. 2(a)). Average thickness of
martensite laths is about 0.2 #m. TEM revealed a dispersion
of needle-like Fe-rich M;C particles with an average length
of about 60 nm within martensitic laths (Fig. 2(b)). MsC
particles obey the following orientation relationship to the
ferritic matrix: (00)wmsc || (011)gpe. It seems that these dis-

a
0.02
g 0.01 |- —o— MG
'..3 —o— Laves phase
® 0.00¢ I 1 I I ]
E O
50.0006 | —o— TiN
s —— NbC
0'0003:></»/
—
0.0000 L L L L

normalizing 300 400 500 600 700 800

at 1060°C o
Temperature, °C
b
—O0— Cr
60  —9— Mo
—— W
S —— Fe
0 —— Vv
1]
©
£ 20
10 +
0 l é(—‘-—r‘?v 1 hd L hd

300 400 500 600 700 800

Temperature, °C

Fig. 1. (a) Equilibrium mole fraction of phases at different temper-
atures calculated by Thermo-Calc. (b) Quantitative values
of elements in M»3C, carbides at different temperatures cal-
culated by Thermo-Calc.
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