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MECHANICAL PROPERTIES OF THE GX12CrMoVNbN91 (GP91) CAST
STEEL AFTER DIFFERENT HEAT TREATMENTS
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The paper presents results of research on the influence of multistage heat treatment of
different types on the microstructure and properties of high-chromium martensitic
GX12CrMoVNbNO9-1 (GPI1) steel. The material under investigation were samples taken
out from a test coupon. Heat treatment of GP91 cast steel was performed at the parameters
of temperature and time typical of treatment for multi-ton steel casts. The research has
proved that in the as-cast state the GP91 cast steel was characterized by a coarse grain
microstructure of lath martensite with precipitations of carbides such as: M,;C¢, M;C and
NbC. The cast steel microstructure in the as-cast state ensured the required standard
mechanical properties. Heat treatment of GP91 cast steel contributed to the obtainment of
a fine grain microstructure of high tempered lath martensite with numerous precipitations
of M,;C¢ and MX carbides of diverse size. The GP91 cast steel structure received by heat
treatment made it possible to obtain high plastic properties, mainly impact strength,
maintaining strength properties (yield strength (YS)) on the level of the required minimum.
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Economical factors and world-wide legal regulations for environmental protection
cause reducing of power generating costs and limiting of the contaminants emission
into the atmosphere by construction of new power units and modernization of the
existing ones. The most efficient way to obtain the abovementioned aims is raising the
thermal efficiency level of the power units. Achieving a higher efficiency (to the ex-
pected 50%) and reduction of the gases emission, mainly CO, and NO,, into the atmo-
sphere, requires an increase in temperature and steam pressure in many elements of the
boilers and turbines. Temperature and pressure of the overheated steam in modern
power units increased to the level of 600...620°C and 30...37 MPa, respectively (super-
critical and ultra supercritical service parameters). Fulfillment of those high require-
ments entailed the necessity of developing and introducing for usage in the power
industry of high-temperature creep resistant steels with higher mechanical properties
than the steels used so far. The steels developed and introduced in the power industry
as a result of many years of comprehensive research are not only high-chromium mar-
tensitic steels, such as: P91, P92, E911, or P122(A), but also low-alloy bainitic T23 and
T24 steels. High properties of the new-found steels were obtained thanks to the optimi-
zation of their chemical composition and microstructure [1-4].

Applying super- or ultrasuperparameters in power units required the introduction
of not only new grades of steels or super alloys but also new grades of cast steels.
Previously used steel casts (turbine bodies and cylinders, T-pipes, valve chambers, etc.)
made of low-alloy Cr—Mo or Cr-Mo—V cast steels fail to meet those requirements.

Steel castings are of great significance for the highly-loaded elements of a turbine,
i.e. valve bodies, valve chambers, outer and inner casings, etc. In the case of usage at the
temperatures up to 600°C it is necessary to apply the improved steel castings of 9...12%
Cr content. Mechanical properties and high resistance to thermal shock of the cast steels
with high-tempered martensitic microstructures is what makes them suitable for usage.

Corresponding author: G. GOLANSKI, e-mail: grisza@wip.pcz.czest.pl

110



High requirements put for the new-found grades of high-chromium cast steels included:

e 2100 000 h creep strength of 100 MPa at 600°C;

e good cast ability and weld ability;

o through-hardening capability up to about 500 mm wall thickness;

e properties such as fracture toughness, low-cycle fatigue strength and long-term
toughness corresponding at least to those of the low-alloy ferritic cast steels currently
used up to 565°C [5, 6].

The above requirements were met by the new grades of steels with their chemical
composition similar to that of high-chromium steels. These grades include steel casts
such as: GX12CrMoVNDbN9-1, GX12CrMoWVNDbN10-1-1, or GX23CrMoV12-1. The
fact that there are relatively few literature sources [5—8] concerning martensitic cast
steels assigned for operation under supercritical parameters has encouraged the author
to study the subject matter of those materials. The aim of the research carried out was
to determine the influence of multistage heat treatment on the microstructure and
mechanical properties of GX12CrMoVNbNO9-1(GP91) cast steel.

Methodology of research. Microstructural research was performed by means of an
optic microscope — Axiovert 25 on the conventionally prepared metallographic speci-
mens etched with ferrous chloride and by means of JOEL JEM-3010 high-resolution
transmission electron microscope using thin foils. Identification of precipitates was
made by means of thin foils and extraction carbon replicas. The tests were carried out
on samples in the as-cast state (as-received condition) and after heat treatment at the
assumed parameters of temperature and time. Mechanical properties were examined ac-
cording to the currently obeyed standards. The static tension test (yield point (YP); ten-
sile strength (TS); elongation (El); reduction of area (RA)) was made by means of the
MTS-810 testing machine on test pieces with their initial gauge diameter of dy = 8 mm.
Measurement of hardness (HV30) was done by using the Vickers method with the load
of 30 kg (294.2 N) by means of the Future-Tech FV-700 testing machine. Tests of
impact energy (KV) were carried out on non-standard test pieces of the Charpy “V”
type. In the case of the static tensile test and the impact energy measurement, the
presented results are the mean value of three tests, while the hardness value is the mean
value of five measurements.

Material for research. The material under investigation was a cast steel of the
following chemical composition: 0.12 C; 0.49 Mn; 0.31 Si; 0.014 P; 0.004 S; 8.22 Cr;
0.90 Mo; 0.12 V; 0.07 Nb; 0.04 N. The chemical composition of the examined alloy
corresponded to that of GX12CrMoVNDbNO9-1 (GP91) cast steel.

High volume fraction of chromium, the addition of molybdenum (ca. 1%) and the
microadditions of vanadium and niobium provide a good hardening capacity of the
examined cast steel. Sections being around 50 mm thick are hardened in the air, while
the casts of larger sections require faster cooling from the austenitizing temperature; in
modern steel foundries the polymers are used for cooling, however in the traditional
ones the coolant is still oil [9, 10].

In order to provide maximum similarity between the macrostructure of samples
and the macrostructure of casts, samples for tests were taken from the equiaxed zone.

Heat treatment of GX12CrMoVNbN9-1 (GP91) cast steel. The heat treatment
parameters of temperature and time for the examined GP91 cast steel were taken from
works [6-8]. The applied parameters of heat treatment correspond to the treatment of
casts of about dozen tons under industrial conditions. The GP91 cast steel was heat-
treated in three variants which differed in the number of treatment operations, tempera-
tures and holding times. The heat treatment parameters of temperature and time for the
examined GP91 cast steel are presented in Table 1.

Last steps at 730 (heat treatment Ne 1 and Ne 2) and 750°C (heat treatment Ne 3)
were given to simulate a Post Weld Heat Treatment (PWHT).

111



Table 1. Heat treatment parameters of temperate and time for the GP91 cast steel

Heat Heat treatment parameters of temperate and time for GP91 cast steel | Ref.
treatment
Nl 780°C/8 h/furnace + 1040°C/12 h/air + 730°C/8 h/ air + [6]
+ 730°C/8 h/ furnace
No 2 1000°C/15 h/ furnace + 1100°C/12 h/ air + 730°C/12 h/ air + 7]
+ 730°C/12 h/ furnace
Ne 3 1040°C/12 h/ air + 760°C/12 h/ air + 750°C/8 h/ furnace [8]

Structure and properties of GP91 cast steel in the as-received condition. High
hardening capacity of the investigated cast steel and its coarse grain structure in the as-
cast state allowed us to obtain the microstructure of coarse grain martensite (Fig. 1).
The microstructure of the cast steel in the as-cast condition was characterized by a lath
structure of martensite with a large dislocation density and polygonal substructure
(Fig. 1b). The width of martensite laths amounted to ca 0.30...0.45 um. In the structure
on the lath boundaries, subgrain boundaries and inside laths the numerous precipitates
of diverse morphology were observed (Fig. 1b; Fig. 2).
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Fig. 1. Micros as-cast state: a — OM; b — TEM, thin foil.

Performed identification of precipitates in GP91 cast steel by means of electron
diffraction has revealed the presence of: large, about the size of 100...350 nm M;;Cq
carbides precipitated mostly on former austenite grain boundaries, martensite laths boun-
daries and inside the grains; fine-dispersion spheroidal NbC carbides precipitated on
dislocations inside martensite laths as well as on subgrain boundaries (Fig. 1b); precipi-
tates of lamellar M3C carbides 0f 40...100 nm forming the Widmannstitten pattern (Fig. 2).
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Fig. 2. Fig. 3.
Fig. 2. Effects of self-tempering of martensite in GP91 cast steel in the as-cast state, TEM, thin foil.

Fig. 3. The course of solidification of the GPI1 cast steel determined by means of the
ThermoClac program. / — Liquid; 2 — Liquid BCC_A2; 3 — Liquid BCC_A2 FCC_Al Ne 1;
4 —Liquid FCC_A1 Ne 1; 5 — Liquid FCC_A1 Ne 1 FCC_A1 Ne 2; 6 — Liquid FCC_A1 Ne 2;

7 —Liquid FCC_A1 Ne 1 FCC_A1 Ne 2 M7C3.
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High temperature of the beginning phase of martensite transformation M, amoun-
ting to 386°C for the investigated cast steel, creates the possibility of carbon diffusion.
This can lead to the effect of self-tempering of martensite as a result of M;C carbides
precipitation in the microstructure (Fig. 2). A similar process of martensite self-tempe-
ring was also observed in high-chromium steels [2, 11]. Carbides (carbonitrides) of
niobium NbC are precipitated in the final phase of coagulation and they are an inhibi-
ting factor for austenite grain growth during heat treatment, which significantly affects
later the properties of the alloy [12, 13].

Obtained results are proved by the results of numerical simulation of solidification
for the examined cast steel which were received by means of the ThermoClac program
according to the Scheil-Gulliver model (Fig. 3).

Mechanical properties of GP91 cast steel in the as-received condition are pre-
sented in Table 2. Properties of the investigated cast steel were higher than the required
minimum. (Demands put for the examined cast steel were taken from [14]).

The TS and YS determined for GP91 cast steel in the as-cast state were higher
than the demanded minimum by 7 and 2% respectively. Similarly, plastic properties
i.e. impact strength, was more than three times as high as the minimum and El was by
ca 33% higher than the minimum. Hardness of the examined cast steel in the as-cast
state amounted to 232 HV30, whilst the RA percentage — 58% (Table 2). Required
mechanical properties in the as-received condition is what GP91 cast steel owes to the
lath microstructure of low-carbon martensite (Fig. 1). Coarse grain cast structure of
GP91 cast steel, unfavorable in terms of properties, is subject to refinement with mar-
tensite laths. This leads to an increase in strengthening with grain boundaries which is
favorable not only for plastic properties but also for strength properties. According to
data provided by study [13] strengthening with grain boundaries in the case of marten-
sitic structure is dependent on the width of martensite laths and amounts to 239.4 MPa
for the width of 0.36 um (similar to the investigated cast steel).

Table 2. Mechanical properties of the GP91 cast steel in the as-received condition

TS YS EL_ | RA | KV, [4ys0
MPa % J
in the as-received condition 644 506 20 58 94 232
requirements of the DIN [14] | 600...750 | min. 500 | min. 15 — min. 30 —

Microstructure and properties of GP91 cast steel after heat treatment. Heat
treatment of GP91 cast steel contributed to obtaining a fine grain microstructure of
high-tempered martensite regardless of the assumed parameters of temperature and
time (Table 1). Examples of the GP91 cast steel microstructures after heat treatment are
shown in Fig. 4. Heating the examined cast steel to the temperature of austenitizing
caused the reduction of the initial austenite grain which in consequence contributed to
the obtainment of a fine grain martensitic microstructure. In the case of sample Ne 2
(see Table 1) as a result of twice heating above the temperature 4. (4.3) there was a
greater refinement of microstructure observed in comparison with the cast steels heated
only once (Fig. 1a, ¢). Grain size reduction acts favorably on mechanical properties of
the cast steel in two opposite directions — at the same time it raises the Y'S and impact
energy and decreases the nil ductility transition (NDT) temperature. High temperature
and long times of holding at the temperature of tempering and annealing contributed to
the precipitation of numerous carbides of diverse size. Carbide precipitates were
observed on the former austenite grains as well as on the boundaries of martensite laths
and inside martensite grains (Fig. 4b, d). Long-term holding at the time of tempering
and stress relief annealing after PWHT, as indicated in practice [2, 13, 15], contributes
to obtaining a very stable microstructure during casts service.
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Fig. 4. Microstructure of the GP91 cast steel after heat treatment: a, b — treatment Ne 1;
¢, d — treatment Ne 2. a, ¢ — OM; b, d — TEM, thin foil.

Microstructures of GP91 cast steel after different heat treatment variants were
similar and characterized by a lath substructure of martensite with large dislocation
density and polygonal ferrite grains. The dislocation boundaries appeared between
martensite laths and between subgrains. Performed identifications of precipitates in
cast steels after heat treatment revealed only the occurrence of M»;C¢ and MX carbides
in the microstructure. Numerous M,3Cg¢ carbides were mostly located on the boundaries
of former austenite grain and the boundaries of subgrains/laths of martensite. Only
some sparse carbides of this type were observed also inside ferrite subgrains. A size of
the precipitated M»;Ce carbides was diverse and ranged from ca. 60 nm to more than
210 nm. Fine dispersive precipitates of the MX type, i.e. NbC carbides as well as VX
nitrides (carbonitrides) were noticed on the dislocations inside subgrains and on
subgrain boundaries. Single MX precipitates were also revealed on the boundaries of
the initial austenite grains. Revealed in the microstructure M,;C¢ carbides, which were
precipitated on the boundaries of sunbgrains/laths of martensite, stabilize the subgrain
microstructure of martensite inhibiting the movement of dislocation boundaries, while
fine dispersive precipitates of MX ensure the high creep resistance inhibiting the
movement of dislocations.

The results of research on the mechanical properties of GP91 cast steel after heat
treatment are presented in Fig. 5.

The conducted research on the mechanical properties of GP91 cast steel after
different heat treatment variants (Table 1) has proved that:

— a long-term holding at the temperatures of tempering and annealing contributes
to the YS decrease. It is lower than the required minimum value by around 2...5% (de-
pending on the heat treatment mode). Tempering and annealing of the examined cast
steel at the temperatures above 700°C for many hours leads to a decrease in strengthe-
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ning: in the dislocation — strengthening as a result of the process of recovery and re-
crystallization of the matrix; in the solid solution — strengthening by alloying elements
as a result of diffusion of atoms of the carbide forming elements to carbides; and in the
precipitation strengthening — as a result of the process of precipitates coagulation, mainly
carbides of the M,3C¢ type. A decrease in the dislocation density, fall of concentration
of alloy elements in the matrix and an increase in the size of precipitates leads in con-
sequence to the YS reduction. According to the literature data [7] extending the time of
tempering at the temperature of 730°C from five to 25 h contributes to the reduction of
YS and TS of high-chromium cast steel by around 12 and 4%, respectively. Despite the
above, tempering (or/and annealing) of the steel casts for many hours at the temperatu-
re above 700°C is necessary for obtaining a thermodynamically stable microstructure;

— austenite grain size reduction as a result of austenitizing and fall of the matrix
strengthening of the investigated cast steel contributed to the increase in plastic
properties, mostly impact strength (Fig. 5);

— TS of the GPI1 cast steel in the as-cast state as well as after heat treatment was
similar and higher than the standard requirements;

— hardness of GP91 cast steel after heat treatment was higher than 200 HV30,
which indicates high stability of the examined alloy microstructure.
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Fig. 5. Comparison of properties: a — strength properties; b — plastic properties

of the GP91 cast steel in the as-cast state and after heat treatment.
[0 — as received condition; £3— No 1; B3 — No 2; 0 — Ne 3.

CONCLUSIONS

The GP91 cast steel with its coarse grain structure in the as-cast state is characte-
rized by high mechanical properties which result from the lath microstructure of low-
carbon martensite. High properties of GP91 cast steel in the as-cast state indicate a
dominant role of the dislocation boundaries between martensite laths in the strengthe-
ning mechanism, and the insignificant role of broad-angle boundaries of the former
austenite grain. The heat treatment of GP91 cast steel most of all contributes to the
increase in plastic properties, impact strength in particular. Strength properties after
heat treatment, due to long times of holding at the temperatures above 700°C, maintain
on the level of properties of the cast steel in the as-cast state. The values of YS of GP91
cast steel after heat treatment are insignificantly lower than the required minimum,
which is connected with a decrease in matrix strengthening, as a result of long tempe-
ring and annealing. However, long times of tempering at the temperatures above 700°C
favour getting a microstructure with possibly the highest thermodynamic stability.

PE3FOME. Tlonano pe3ynbTaTH JAOCTIKEHb BILUTUBY PI3HOTO BHY OaraTtoeTamHoi TepMo-
00poOKM Ha MIKPOCTPYKTYpPY 1 BJIACTMBOCTI BHCOKOXPOMOBOI MAapTEHCHTHOI JIMTOI cTasi
GX12CrMoVNDbNO-1 (GP91). [list mocnikeHb B3ATO 3pa3KH, OTPUMaHi 3 MPOOHOTO 3JIMTKA.
TepmooOpoOKy sutoi crani GP91 3xilicHIOBanM B TeMIepaTypHO-4aCOBUX MapaMeTpax, Xapak-
TEPHUX TJIA O6p06KI/I 06araTOTOHHOTO JIUTTS CTali. I[OCJILE[)K@HHS{ IIOKa3ajiu, 1o B JATOMY crafi
ctans GP91 mae rpy6o3epHUCTY MIKpPOCTPYKTYpY IIACTHHYACTOIO MapTEHCHUTY i3 BMICTOM Kap-
6iniB Ty M,3Ce, M3C 1 NbC, sika BiOBiIae MEXaHIYHUM BJIACTHBOCTSM 3a CTaHAapTOM. 3a
JIOTIOMOTOK0 TepM0o0OpoOku nToi ctasi GP91 oTtpumano npiGHO3EPHUCTY MIKPOCTPYKTYpY BH-
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COKOBIJIIYIIEHOT0 IIACTUHYACTOr0 MAapTEHCUTY 3 YUCENbHUMU BKpameHHsMu tuimy M23C6 i
MX pizHoro poswmipy. Crpykrypa iurtoi crami GP91 micns TepmMooOpoOKH ojeprkana BHUCOKI
IUIACTUYHI XapaKTEPUCTHKH, MEPEBAXKHO IPYXKHOCTI, 3 BIACTHUBOCTSIMU MIITHOCTI (MEXi IuIac-
TUYHOCTI) HAOJMIKEHI 10 HEOOXIIHOTO MiHIMyMY.

PE3FOME. TlpencraBieHo pe3ynbTaThl UCCIEIOBAHNN BIMSHUS PA3IMIHOTO BHUAA MHOTO-
9TalHOM TepMOOOPaOOTKY HAa MUKPOCTPYKTYPY M CBOICTBA BBICOKOXPOMOBOW MapTEHCUTHOMN
auroit cramu GX12CrMoVNDLN9-1 (GP91). [lns uccnenoBanuii B3ATO 00pasiibl, MONy4EHHBIC
u3 npoOHoro ciutka. TepmooOpaboTky muroi cramu GP91 ocymecTBisuin B TeMmepaTypHO-
BPEMEHHBIX ITapaMeTpax, COOTBETCTBYIOMNX 00paboTke MHOTOTOHHOTO JIHThs cTamu. Vcenemno-
BaHMs [IOKA3alH, YTO B JIUTOM cOcTOsSTHUU cTanb GP91 umeeT KpymHO3EpHUCTYIO MHKPOCTPYK-
Typy IUIaCTHHYATOTO MapTEeHCHTA C CofiepskaHueM Kapounos tuma My Ce, M;C u NbC, xoTopas
COOTBETCTBYET TpeOyeMbIM MEXaHHMYECKUM CBOMCTBaM IO cTaHaapTy. C moMolso TepMoodpa-
6otku suroii cranmu GP91 noiyyeHO MENIKO3EpHUCTYI0 MUKPOCTPYKTYPY BBICOKOOTIIYLIEHHOI'O
IUIACTUHYATOr0 MapTeHCUTa C MHOTOYHMCIEHHBIMU BKpamieHusiMu tuna My;Cq 1 MX pasznuduHo-
ro pasmepa. Ctpykrypa nmuroit ctamu GP91 mocie TepMooOpabOTKH MOTydHIIa BEICOKHE TITACTH-
YeCKHE XapaKTEPUCTUKH, IPEUMYIIECTBEHHO YIIPYTOCTH, CO CBOMCTBAMH IPOYHOCTH (IPaHULIbI
IUIACTHYHOCTH) TIPHOTIKEHHBIE K TpeOyeMOMYy MUHUMYMY.
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