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Abstract—Microstructural changes in the cast steel GX12CrMoWVNbN10-1-1 (Fe–0.11 C–0.31 Si–
0.89 Mn–9.57 Cr–0.66 Ni–1.01 Mo–1.00 W–0.21 V–0.06 Nb–0.05 Cu–0.05 N in wt %) have been inves-
tigated after tests for long-term strength at a temperature of 620°C in the range of stresses of 120–160 MPa.
Upon short-term creep (up to 5000 h), the tempered troostite structure and distribution of particles of proeu-
tectoid constituents change insignificantly, except for the precipitation of particles of the Laves phase
∼100 nm in size along boundaries of laths, blocks, packets, and initial austenite grains. Upon long-term creep
(to 10000 h), the tempered troostite partially transforms into the subgrain structure, which is accompanied
by a decrease in the dislocation density from 6.4 × 1014 to 3.1 × 1013 m–2 and connected with growth of sizes
of M23C6 carbides of 105–150 nm and particles of the Laves phase to 380 nm, due to the dissolution of these
particles located along path boundaries. Upon long-term creep, the average size of V(C,N) particles increases
from 45 to 64 nm (while Nb(C,N) particles increase from 48 to 87 nm), and the Nb content in V-enriched
carbonitrides and the V content in Nb-enriched M(C,N) particles substantially decrease. No formation of the
Z phase has been revealed. The combination of M(C,N) nanoparticles with the presence of W in the solid
solution has been found to be responsible for the enhanced high-temperature strength of the steel.
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INTRODUCTION
Nowadays progress in development of coal-fired

power-generating units is connected with elaboration
of new martensitic steels containing 9–12 wt % Cr
with enhanced creep resistance. Growth in the steam
parameters from conventional (18 MPa, 530–540°C)
to ultrasupercritical (30 MPa, 600°C) values became
possible due to the development of new high-chro-
mium steels with enhanced high-temperature strength
and their use in the construction of boilers, main
steam pipelines, and steam turbines [1–3]. This made
it possible to increase the efficiency of power plants by
6–8% [4]. The growth of steam parameters to ultrasu-
percritical values results in requirement to strengthen
not only steels employed in boilers and pipelines, but
also cast steels used to fabricate castings of turbine cas-
ings, valves, inlet headers and pipes, and fittings. This
led to the need to fabricate these parts of cast modifi-
cations of high-chromium steels, such as steel
12Kh10M1V1FBR, which is a Russian analog of the
well-known cast steel GX12CrMoWVNbN10-1-1. As
is known, the ability of steels with 9–12 wt % Cr to
resist creep is determined by the ability of the tem-
pered troostite structure to be retained under service
conditions at elevated temperatures [4–8]. For this

reason, the understanding of mechanisms of creep and
degradation of the microstructure is of decisive
importance in development and practical application
of new martensitic steels as structural materials of ther-
mal stations. Despite the wide use of high-chromium
cast steels for production of equipment for power-gen-
erating units in Japan, European Union countries, the
United States, and China, a limited number of works
devoted to investigating microstructural changes upon
long-term (time to failure ~10000 h and more) high-
temperature creep are available [4, 8, 9]. It should be
noted that cast modifications of steels with 9 wt % Cr
contain an enhanced content of Ni that reduces the
resistance of M23C6 carbides to coalescence upon creep,
which unfavorably affects the long-term strength of
these materials [5]. The purpose of this work is to ana-
lyze the effect of long-term creep with times to failure of
up to 10000 h on the microstructure and phase compo-
sition of a cast steel GX12CrMoWVNbN10-1-1 at a
temperature of 620°C.

EXPERIMENTAL
The material used for the investigation was cast steel

GX12CrMoWVNbN10-1-1 (Fe–0.11 C–0.31 Si–
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0.89 Mn–9.57 Cr–0.66 Ni–1.01 Mo–1.00 W–0.21 V–
0.06 Nb–0.05 Cu–0.05 N in wt %), which was pro-
duced by the Voestalpine Giesserei Traisen Company
(Austria). The steel was subjected to normalization
from a temperature of 1100°C and tempering at a tem-
perature of 730°C for 8 h with subsequent cooling in
air. Tests for long-term strength of samples 10 mm in
diameter with the working part 50 mm in length were
conducted until failure at stresses of 120, 140, and
160 MPa at a temperature of 620°C. Structural studies
were performed on samples after tempering and on
longitudinal cross sections of the samples after creep
using an Olympus GX71 optical microscope (Olym-
pus LTD, Japan), a Quanta 600FEG scanning elec-
tron microscope (FEI, Hillsboro, Oregon) equipped
with an analyzer of electron backscatter diffraction
and a system of constructing misorientation maps
(orientation-image microscopy), and a JEM-2100
transmission electron microscope (TEM) (JEOL
Ltd., Tokyo, Japan) with an integrated and communi-
cations automatic attachment for energy dispersive
analysis (Oxford Instruments, Oxfordshire, Great Brit-
ain). A polished section for optical microscopy was
etched in a solution of 2% HNO3 + 1% HF + 97% H2O.
TEM foils were prepared by the method of jet electro-
chemical polishing using a 10% solution of perchloric
acid in acetic acid. The size of the grain/subgrain was
determined by the intercept method from photographs
obtained using TEM. The dislocation density was esti-
mated by calculating individual dislocations in the body
of the grain/subgrain using at least six randomly chosen
photographs. Particles at carbon replicas were identified
on the TEM using energy dispersive analysis.

RESULTS

Microstructure after Normalization and Tempering

Figures 1 and 2 display a characteristic microstruc-
ture of the steel GX12CrMoWVNbN10-1-1 after
quenching and tempering. Quenching from a rela-
tively high temperature that was 50 K higher than the
heating temperature for quenching of steels of the
P911/E911 type [12] gave rise to typical structure of
packet martensite. Within the prior austenite grain
(PAG), packets, blocks, and laths of martensite are
observed [5–7] (Figs. 1, 2). The PAG size estimated with
the help of optical microscopy was ∼110 μm (Fig. 1),
which nearly three to five times larger than in wrought
high-chromium steels [6, 7]. Very large blocks in the
form of long bands are observed. At the same time, the
average distance between high-angle boundaries
(HABs) calculated from misorientation maps was
4.2 μm (Fig. 2а), which is close to the analogous size
for wrought high-chromium steels [6, 7]. The trans-
verse size of laths was 332 nm (Fig. 2b), which is also
typical for wrought steels containing 9 wt % Cr [6, 7].
Inside laths, the observed high dislocation density was
6.4 × 1014 m–2. Heat treatment led to the precipitation

of particles of proeutectoid constituents (Figs. 2b, 2c).
MX (where M is vanadium and/or niobium and X is
carbon and nitrogen) carbonitrides precipitated upon
tempering are uniformly distributed in the ferrite
matrix. The well-known [5–7, 10–14] two-phase sep-
aration of carbonitrides into V- and Nb-enriched par-
ticles takes place (Fig. 2d). The average sizes of
V(C,N) and Nb(C,N) carbonitrides are 45 and 48 nm,
respectively. It should be noted that the average chro-
mium content in M(C,N) carbonitrides is 25 at % and
this amount of Cr is limiting for this phase [15]. The
growth of the Cr content above 25 at % results in the
rearrangement of the lattice of M(C,N) carbonitrides
into the lattice of the Z phase representing (VCr)N
nitride [15]. It should be noted that the size of M(C,N)
carbonitrides is nearly 60% larger than in steel
P911/E911 [12].

Lath boundaries are decorated by М23C6 particles
with an average size of 105 nm (Fig. 3). М23C6 (where
M is chromium and iron) carbides have the shape
slightly extended along the boundaries. The chemical
composition of М23C6 carbides is identical to that in
steels of the Р911/E911 type [7, 12, 14, 16–18].

In Fig. 3, М23C6 carbides located at low-angle lath
boundaries are shown in dark and bright fields. It fol-
lows from pointlike electron diffraction patterns that
the crystallographic plane (211)α of the matrix is par-
allel to the plane  of carbide. The direction
of electron beam coincides with the axis  of
the carbide zone and the  axis of the ferrite zone.
Consequently, М23C6 carbides have the orientation
relationship

(1)

23 6C(012)M

23 6C[12 1]M

α[351]

( ) ( ) αα 23 623 6 CC211 012 , [351] [12 1] .MM

Fig. 1. Microstructure of steel GX12CrMoWVNbN10-1-1
after quenching at 1100°C and tempering at 730°C. Optical
metallography.
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Fig. 2. Microstructure of steel GX12CrMoWVNbN10-1-1 after quenching at 1100°C and tempering at 730°C: (а) misorientation
map (boundaries with misorientations of less and more than 15° are shown by white and black lines, respectively); (b) lath structure
(TEM); (c) second-phase particles on carbon replica; and (d) average chemical composition (at %) of second-phase particles.
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Fig. 3. Particles of М23C6 carbides along lath boundaries in steel GX12CrMoWVNbN10-1-1 after quenching at 1100°C and tem-
pering at 730°C: (a) bright field and (b) dark field.
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The orientation relationships between М23C6 car-
bides and the matrix in martensitic steels were analyzed
in detail in [17, 18]. In [18], it was shown that, between
M23C6 carbide particles and α-Fe particles, the Kurdju-
mov–Sachs (2) and Nishiyama–Wassermann (3) ori-
entation relationships are satisfied as follows:

(2)

and

(3)

Each of the orientation relationships with allow-
ance for the symmetry of crystals can exhibit a certain
number of equivalent variants. For cubic crystals,
there are 24 × 24 = 576 methods of conjugating planes
and the directions of two crystals by which the condi-
tions of parallelism are satisfied. They form 24 differ-
ent variants of misorientations, each of which can be
described by 24 methods [19]. As a rule, the true solu-
tion is taken to be the one in which the angle of rota-
tion is minimum (when the misorientation is
described in the form of angle–rotation axis). It was
shown [19] that, for the Kurdjumov–Sachs and Nishi-
yama–Wassermann orientation relationships, the
misorientations are equal to 42.85° 〈0.968 0.178 0.178〉
and 45.98° 〈0.976 0.083 0.201〉, respectively. The ori-
entation relationship (1) yields the misorientation
42.09° 〈0.976–0.132–0.174〉, which corresponds to the
Kurdjumov–Sachs orientation relationship. No parti-
cles of the Laves phase were detected after tempering
because the tempering temperature is higher than the
solvus temperature of the Laves phase [5, 12, 20, 21].

Tests for Creep

Stresses at tests for creep were chosen so as to reach
a time to failure of 1000, 5000, and 10000 h. The time
to failure, elongation after failure, relative reduction of
area, and estimate of relative reduction of area at the
site of cutting foils for electron microscopy are listed in
Table 1. A tenfold increase in the time to failure with a
decrease in the applied stresses from 160 to 120 MPa
leads to nearly a twofold decrease in the plasticity and
a relative reduction in the area.

In the literature, a limited body of data on the long-
term strength at 620°C of high-chromium steels close
in chemical composition are available [22]. However,

( )α α 23 623 6 CC(011) 111 , [11 1] [01 1]MM

( )α α 23 623 6 CC(011) 111 , [100] [01 1] .MM

the obtained data unambiguously indicate that the
given steel exhibits a higher creep resistance than the
previous generation of steel GX12CrMoVNbN9-1,
which represents a cast version of steel Р91. The time
to failure of samples of steel GX12CrMoVNbN9-1 at
600°C [22] and steel GX12CrMoWVNbN10-1-1 at
620°C is almost the same at all three values of stresses.
Moreover, at 620°C, steel GX12CrMoWVNbN10-1-1
exhibits a time to failure that is approximately 50%
higher than in the wrought steel P911/E911 [22] based
on which it was created.

Microstructure after Tests for Creep

The results of a quantitative analysis of the micro-
structure are listed in Table 2. The microstructure of
steel GX12CrMoWVNbN10-1-1 after creep at 620°C
is shown in Fig. 4.

Creep exerts no influence on the distance between
HABs that remains to be 4.2 μm after all testing
regimes (Figs. 4а, 4c), which correlates with data on

Table 1. Results of tests for creep of the steel GX12CrMoWVNbN10-1-1

Stress, MPa Time
to failure, h

Relative
elongation, %

Relative reduction
of area, %

Relative reduction 
of area at sites

of cutting foils, %

120 10024 5.9 32.9 5.9
140 5373 9.6 38.8 13
160 1347 15.3 74.6 15.3

Fig. 4. Characteristic microstructure in the working part of
samples of steel GX12CrMoWVNbN10-1-1 after creep at
620°С: (а) and (b) misorientation map and lath structure
(TEM) after tests at 160 MPa for 1347 h; (c) and (d) mis-
orientation map and lath structure (TEM) after tests at
120 MPa for 10024 h.

(b)15 μm 500 nm

200 nm15 μm(c) (d)

(a)
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the structural changes in the process of creep in other
steels [12, 13]. It was also established that creep does
not lead to a change in the fraction of special bound-
aries (Table 2). Based on the behavior of structural
changes, one can clearly distinguish the region of
short-term creep at stresses of 140 MPa and higher,
and the region of long-term creep at stresses 120 MPa
and below [23–25].

Upon short-term creep, the lath structure is
retained up to failure, although the transverse size of
laths increases by approximately twofold. The disloca-
tion density decreases by factors of 1.5 and 4 at 160 and
140 MPa, respectively. The stability of the tempered
troostite structure upon creep is caused by the fact that
the size of M(C,N) carbonitrides remains almost
unaltered upon creep and М23C6 carbides located at
lath boundaries coalesce and do not dissolve. In addi-
tion, rounded particles of the Laves phase precipitate
at lath boundaries, which likewise contributes to the
Zener drag force of migration of low-angle boundaries
[6, 23, 26]. It should be noted that, at 160 MPa, fine
Fe2W particles of the Laves phase precipitate along
lath boundaries, which additionally stabilizes the lath
structure due to an enhancement in the Zener drag
force [6, 23]. At 140 MPa, particles of the Laves phase
located along HABs of packets and PAGs has time to
coalesce at the expense of the dissolution of particles
of this phase located along the lath boundaries, which
depreciate the contribution of the Laves phase to the
total Zener drag force [6, 23]. The lath structure is
retained after creep >5 × 103 h due to the high Zener
drag force of М23C6 carbides located along lath bound-
aries [6, 23]. The structure after long-term creep dif-
fers significantly from that after short-term creep. At
120 MPa, the tempered troostite structure partially
transforms into the subgrain structure, which is
accompanied by a 20-fold decrease in the density of
lattice dislocations. However, the lath structure is
largely retained, and the formation of round subgrains
is only observed in some places. As distinct from
short-term creep, the number of М23C6 particles

located along lath boundaries decreases and makes the
main contribution to the Zener drag force [6, 23].

The dissolution of these carbides occurs in the pro-
cess of the coalescence of large М23C6 carbides located
along HABs of blocks and PAGs. However, this does
not result in the intense migration of low-angle
boundaries, despite the growth in the average size of
М23C6 carbides by a factor of 1.5. At the same time,
particles of the Laves phase located along HABs of
blocks and PAGs coalesce intensely. The sizes of the
majority of particles of this phase become greater than
1 μm. It is known [23, 27] that the large particle size
assists in the formation of cracks upon creep due to
their nucleation at HABs, which leads to a reduction in
the relative elongation by a factor of three or more.
The chemical composition of particles of the Laves
phase is characterized by a large Mo/W ratio that is
substantially higher than in Р911 (~1.8) steel [12]. As
the time to failure increases and the intense coales-
cence of particles of the Laves phase develops, this
ratio decreases and remains higher than ~3. This
means that a larger part of W remains in the solid solu-
tion, since this element does not precipitate in the
composition of М23C6 carbides and only one third of
W goes to form the Laves phase. This behavior is
unusual for steels with 9 wt % Сr [28]. Consequently,
the presence of Ni in the ferrite affects the ratio of
Mo/W by increasing it, which is opposite to the influ-
ence of Co [12]. The retention of more than two-thirds
of W in the ferrite is most likely responsible for the higher
long-term strength (at 620°C) of steel
GX12CrMoWVNbN10-1-1, compared to steel
P911/E911, since in [22, 23], it was shown that the pro-
cesses of the transformation of the tempered troostite
structure into the subgrain structure develop after W
leaves the ferrite with the precipitation of the Laves
phase and additional М23C6 carbides in the composition.

The size of M(C,N) carbonitrides increases by 40%
after long-term creep for 10 024 h, which facilitates the
dislocation climb and, hence, a reaction between lat-
tice dislocations and dislocations that make up the lath

Table 2. Parameters of microstructure of the steel GX12CrMoWVNbN10-1-1 after heat treatment and creep at 620°C in differ-
ent regimes

Parameters Tempering
Applied stresses, MPa/Time to failure, h

160/1347 140/5373 120/10024

Transverse size of laths/subgrains, nm 332 ± 46 500 ± 70 630 ± 88 550 ± 77
Distance between HABs, μm 4.2 ± 0.8 4.0 ± 0.8 4.2 ± 0.8 3.9 ± 0.7
Fraction of special boundaries, % 18 13.8 11.3 16.8

Dislocation density, m–2 6.4 × 1014 4.2 × 1014 1.2 × 1014 3.1 × 1013

Average size of М23C6, nm 105 ± 24 98 ± 22 110 ± 24 150 ± 33
Average size of V(C,N), nm 45 ± 23 45 ± 23 45 ± 23 64 ± 33
Average size of Nb(C,N), nm 48 ± 25 48 ± 25 51 ± 27 87 ± 45
Average size of Fe2(W,Mo), nm – 94 ± 15 231 ± 37 386 ± 62
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boundaries. This reaction leads to a catastrophic
decrease in the density of lattice dislocations and the
transformation of lath boundaries (these are sources of
high elastic stress fields) into subgrain boundaries.
The latter either do not generate long-range stress
fields at all or the magnitude of elastic stresses from
them is four to six times smaller than from lath bound-
aries [23, 29, 30]. Upon creep, a considerable change
in the chemical composition of M(C,N) carbonitrides
occurs, which consists of a decrease in the Nb content
in V-enriched carbonitrides and a decrease in the V
content in Nb-enriched particles. At the same time,
no formation of the Z phase was revealed. It should be
noted that, in the opinion of some authors, the process
of substituting nanoparticles of M(C,N) carbonitrides
for particles of the Z phase about 1 μm in size in the
process of creep, which is responsible for the loss of
the ability of high-chromium steels to resist creep
upon long-term service [15, 31]. The decrease in creep
resistance of the steel GX12CrMoWVNbN10-1-1 is
mainly caused by the dissolution of М23C6 carbides
along lath boundaries.

These carbides play a significant role in preventing
the reaction between lattice dislocations and disloca-

tions that constitute lath boundaries [32] and a deci-
sive role in retarding the migration of low-angle
boundaries [6, 23, 26].

DISCUSSION OF RESULTS

Thus, at 620°C, steel GX12CrMoWVNbN10-1-1
demonstrated long-term strength, which is ~20%
higher than in P911/E911 (wrought analog of this steel
when the creep time is 104 h) [12, 22]. This is con-
nected with features of the martensite structure (aris-
ing upon quenching) in steel with very coarse PAGs.
As was shown previously [6, 7, 23, 26], the precipita-
tion of М23C6 carbides and the Laves phase along
HABs of the tempered troostite suppresses their
migration. In this case, the Zener force retarding
migration is three to five times greater than the sum of
driving forces. The loss of creep resistance is con-
nected with the development of dynamic recovery at
the steady state and accelerated stages of creep, which
results in the transition from short- to long-term creep
[6, 23–25, 33]. Quenching creates a very favorable dis-
tribution of М23C6 carbides from the viewpoint of sta-
bility of the tempered troostite structure against trans-

Fig. 5. Particles of proeutectoid constituents on carbon replicas and their average chemical composition in the steel
GX12CrMoWVNbN10-1-1 after creep at 620°С: (а, b) at 160 MPa for 1347 h and (c, d) at 120 MPa for 10024 h (TEM).
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formation into the subgrain structure. Furthermore,
an additional precipitation of particles of the Laves
phase along lath boundaries is observed, and a larger
part of W remains in the solid solution. This apprecia-
bly slows down the rate of diffusion and, hence, dislo-
cation climbs [5, 23] with the result that changes in the
tempered troostite structure in the process of short-
term creep are insignificant.

It was shown in [18] that the misfit parameter of
lattices of M23C6 carbide and α-Fe matrix is 1.1% upon
the fulfillment of the Kurdjumov–Sachs orientation
relationship. Consequently, the carbide–matrix
boundary in steel GX12CrMoWVNbN10-1-1 can be
coherent. Calculations in [18] showed that the rate of
growth in M23C6 carbides with coherent boundary is
approximately twofold smaller than with incoherent
boundary. This is probably due to the coherence of
boundaries between M23C6 carbides and ferrite matrix
that the size of carbide particles remains almost unal-
tered upon creep to ~5000 h. However, it seems likely
that upon long-term creep, the coherence of carbide
particles terminates abruptly and the coalescence rate
increases sharply. The loss of the coherence upon
creep can take place because of the incompatibility of
the deformation at the particle/matrix boundary and
the accumulation therein of geometrically necessary
dislocations. The decrease in the number of particles
of М23C6 carbides and the Laves phase at lath bound-
aries is mainly responsible for the development of the
reaction between lattice dislocations and the disloca-
tions that constitute lath boundaries, which results in
the transformation of lath boundaries into subgrain
boundaries. Coalescence of M(C,N) carbonitrides is
likely to play an auxiliary role in acceleration of this
process. This counts in favor of the above assumption
that the density of lattice dislocations at 140 MPa
decreases threefold for ~5000 h of creep and growth of
the creep time by ~5000 h at 120 MPa additionally
reduces the dislocation density by a factor of five.
However, even in this case, the lath structure is par-
tially retained, which can only be connected with the
retardation of the migration of subgrain boundaries at
the expense of nanoparticles of M(C,N) carbonitrides
and the presence of W in the ferrite.

To test this assumption, let us estimate the thick-
ness of laths, which is equilibrium for given conditions
of creep and compare it with the experimentally
observed thickness. It was established in [8] that the
average size of laths/subgrains D becomes larger with
an increase in the degree of deformation ε in terms of
the empirical expression

logD = logDss + log(D0/Dss)exp(–ε/0.12), (4)

where Dss = 10bG/(σ0(1 + ε)) is the equilibrium size of
subgrains at the steady-state creep stage; ε = Ψ/(1 – Ψ),
where Ψ is the relative reduction of area measured at
the site of cutting foils; D0 is the transverse size of laths
after tempering; b is the Burgers vector; σ0 is the initial
stress; and G is the shear modulus equal to 52 GPa at
620°С. The subgrain sizes D calculated according to
expression (4) and equilibrium subgrain sizes Dss after
different creep regimes are listed in Table 3. The exper-
imental transverse sizes of laths (Table 2) are in good cor-
relation with the calculated data for D (Table 3). How-
ever, the equilibrium subgrain size Dss is nearly 1.5–
2 times larger than that measured after creep. Conse-
quently, the equilibrium subgrain structure has no
time to arise in steel GX12CrMoWVNbN10-1-1, even
at creep for 10024 h. This is responsible for high creep
resistance of the steel under study.

CONCLUSIONS

(1) Quenching from a temperature of 1100°C and
subsequent tempering at 730°C led to the formation of
coarse PAGs ∼110 μm in size and martensite blocks in
the shape of bands. The average distance between
HABs was 4.2 μm, the lath size was 332 nm, and the
dislocation density was ρ = 6.4 × 1014 m–2. In the fer-
rite matrix, Nb(C,N) and V(C,N) carbonitrides with
average sizes of 48 and 45 nm, respectively, are
arranged; M23C6 carbides with average size 105 nm are
located along boundaries of laths, PAGs, blocks, and
packets.

(2) At short-term creep (to 5000 h), the troostite
structure is retained without considerable changes up
to failure, whereas upon long-term creep (10 000 h) its
partial transformation into the subgrain structure
occurs with a 20-fold decrease in the density of lattice
dislocations.

(3) Upon tempering, M23C6 carbides precipitate
with respect to the matrix according to the Kurdju-
mov–Sachs orientation relationship. At short-term
creep, no significant coalescence of these carbides
takes place, whereas upon long-term creep, their aver-
age size grows to 150 nm. The precipitation of particles
of the Laves phase along boundaries of all types is
observed after short-term creep and, after long-term
creep, intense coalescence gives rise to individual
coarse particles along HABs. A feature of the steel is
the low content of W in particles of the Laves phase
and its lack in M23C6 carbides.

Table 3. Calculated sizes of laths in the steel
GX12CrMoWVNbN10-1-1 after creep at 620°C

Initial stress, MPa/
Time to failure, h D, nm Dss, nm

120/10024 500 1017

140/5373 570 816

160/1347 550 697
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(4) Short-term creep does not affect the size of
M(C,N) carbonitrides, whereas long-term creep
increases the size of Nb(C,N) and V(C,N) carboni-
trides by 40%. No formation of the Z phase was
revealed. Creep intensifies the two-phase separation
of M(C,N) carbonitrides into V- and Nb-enriched
carbonitrides, and Cr escapes Nb(C,N) particles.
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