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A B S T R A C T

The size and distribution of Cr(V,Nb)N (Z-phase) particles in a 9Cr-3Co-2W-0.6Mo-0.1Ni-0.2V-0.06Nb-0.1C-
0.05N-0.005B steel subjected to creep rupture test during 11,151 h at 650 °C under an applied stress of 100MPa
were studied. The replacement of V-rich (V,Nb)(C,N) carbonitrides by Z-phase was accelerated by plastic flow as
suggested by a comparative analysis of these particles in different portions of crept specimen, namely, the grip
section, the portion of uniform elongation, and the necked portions. Coarse “hybrid” Z-phase particles evolved
throughout the crept specimen by an in situ transformation mechanism. The strain-induced Z-phase nucleated on
the V-rich (V,Nb)(C,N)/ferrite interfaces, leading to the formation of numerous Z-phase particles with dimen-
sions less than 50 nm in the necked portion.

1. Introduction

The creep strength of 9–12% Cr martensitic steels, which are con-
sidered as advanced heat resistant materials for fossil power plants, is
provided by tempered martensite lath structure (TMLS) strengthened
by dispersed particles including Cr23C6-type carbides and MX-type
carbonitrides (here M means V and/or Nb, and X represents C and/or N)
[1]. The former particles locate at various boundaries/subboundaries
and stabilize TMLS owing to Zener pinning pressure, while the latter
particles are uniformly distributed throughout and provide effective
dispersion strengthening [1–8]. Two-phase separation of MX particles
into V-rich and Nb-rich particles provides their high coarsening re-
sistance during creep at elevated temperatures [4–7,9–11]. The MX
carbonitrides have a B1 (NaCl) type crystal structure with lattice
parameter of 0.414–0.447 nm depending on their chemical composi-
tions [1,6,12–18].

Nanoscale MX carbonitrides can be replaced by coarse Cr(V,Nb)N
(Z-phase) particles under long-term aging or creep, leading to a detri-
mental effect on the creep strength [10–18]. The Cr content in Z-phase
and MX carbonitrides is about 33 at% and less than 18 at%, respectively
[15]. The MX transformation into Z-phase is accompanied by a deple-
tion of the MX particles with C and the enrichment with Cr [10,13–15].
Two types of crystal lattice have been reported for Z-phase in 9–12% Cr
steel [13–15]. The cubic B1 (NaCl) type crystal structure with a lattice
parameter of ~ 0.404 nm is the intermediate metastable phase, which
can transform to the thermodynamically stable phase exhibiting a tet-
ragonal crystal structure with lattice parameters of a=0.286 nm and

c=0.739 nm [13–15]. It is worth noting that the lattice parameter of a
depends on the chemical composition of Z-phase [15]. The formation of
Z-phase particles occurs through in situ transformation of the crystal
lattice of MX carbonitrides leading to a continuous flux of Cr atoms
from the ferritic matrix into these particles. When Cr diffuses into the
MX particles, the composition gradually changes leading to cubic Z-
phase. Then, the V, N and Cr atoms slowly order themselves into VN
and a Cr layers; thus, the tetragonal crystal structure appears. In 9–12%
Cr steels, both crystal structures were revealed to be present in the Z-
phase, and this ordering occurred at 600–650 °C [13–15]. This con-
tinuous (in situ) transformation of MX into Z-phase occurs at a very low
rate and can result in the formation of “hybrid” Z-phase crystal struc-
ture, in which cubic and tetragonal crystal structures coexist in the core
and surface regions, respectively [9,13–15,19]. The detrimental effect
of Z-phase on the creep strength of high-Cr steels is attributed to Z-
phase particles with tetragonal crystal structure, which quickly coarsen
consuming finely dispersed MX particles that have not transformed to
Z-phase. As a result, a small number of coarse Z-phase particles replaces
numerous nanoscaled MX carbonitrides, which provided the superior
creep resistance.

A high Cr content in the ferritic matrix promotes the Z-phase for-
mation, its formation rate in 12 wt% Cr steels is higher by a factor of
20–40 than that in 9% Cr steels [13–17,19,20]. Moreover, relatively
small Z-phase particles have only been observed in 9% Cr steels
[4,5,7,10,21], whereas coarse Z-phase particles have been frequently
detected in 12% Cr steels after long-term aging [13,15]. As a result, the
formation of Z-phase deteriorates creep resistance of 11–12wt% Cr
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steels [14,15,20,22], whereas creep strength breakdown in 9% Cr steels
is not related with the MX to Z-phase transformation [11,12,19,21].
The deterioration of creep strength has been shown to appear two or
more times earlier than this phase transformation starts to occur (Fig. 1)
in a 9% Cr-3% Co-2% W steel [11,12]. No formation of Z-phase parti-
cles occurs in 9% Cr steels after short-term creep [11,12]. In addition,
no difference in the dimensions of the Z-phase particles and V-rich MX
carbonitrides was found, and the volume fraction of the Z-phase par-
ticles was negligible at low stresses in 9% Cr steels. Thus the detri-
mental effect of Z-phase on creep strength of 9% Cr steel is not obvious.

Modern 9% Cr steels contain W and Co additions that slow down the
diffusion process during creep or long-term aging. However, effect of
these alloying elements on the Z-phase formation is opposite. Tungsten
hinders the transformation of V-rich MX carbonitrides to Z-phase
[12,21], whereas cobalt accelerates this transformation [15]. The Z-
phase formation in 9% Cr-3% Co steels with 2% and 3% W has been
observed only after long-term creep [11,20]. It is known [22,23] that
the presence of 0.28 wt% Ni in P91-type steel promotes the formation of
Z-phase and elimination of MX particles during creep. In addition, this
element accelerates coarsening of M23C6 carbides that has a detrimental
effect on creep strength [1,22]. As a result, new grades of 9% Cr steels
contain very low Ni [1]. The Z-phase is pure nitride, and decreasing C
and increasing N promote its formation [15]. The Z-phase was found
after long-term aging in a 9% Cr-3% Co steel with low C content and
high N content [6]. It can be noted that Cr2N particles may transform
into Z-phase under long-term aging of 11% Cr steels [24]. However,
either no Cr2N particles precipitate during tempering in 9% Cr steels or
the volume fraction of these precipitates is negligible small
[1,4,5,11,21,25]. Cr2N particles contain about 70 at% Cr, and their
precipitation during tempering in 12% Cr steels with high N content
may suppress or retard the precipitation of Z-phase under creep con-
ditions [15]. Thus, the mechanism and behavior of the MX to Z-phase
transformation depend significantly on the chemical composition of
high-Cr martensitic steels. The different kinetics of the MX to Z-phase
transformation that is attributed to Cr content variation may lead to
remarkably different effect of this transformation on creep strength
breakdown of 9–12% Cr steels [15,16,26].

The main aim of this work is to consider the mechanisms of Z-phase
formation in a 9% Cr-3% Co-2% W steel and specific attention is paid to
the effect of creep strain on the replacement of MX carbonitrides by Z-
phase particles.

2. Experimental

A 3wt% Co-modified P92-type steel with chemical composition (in
wt%) of Fe (bal.)–0.12C–9.5Cr–3.2Co–2.0W-0.45Mo–0.06Si–0.2Mn-
0.1Ni–0.2V–0.06Nb–0.05N–0.005B was prepared by air melting. The
steel was solution treated at 1050 °C for 30min, air cooled, and tem-
pered at 750 °C for 3 h. A cylindrical specimen with a gauge length of

100mm and diameter of 10mm was crept until rupture at 650 °C under
the applied stress of 100MPa using an ATS2330 lever arm machine.
The rupture time was 11,151 h. The rupture elongation and reduction
in area were 5.5% and 45%, respectively.

The structural investigations were carried out separately in spe-
cimen portions experienced different local creep strains, namely, the
grip portion, the portion of uniform elongation, and three portions
within the neck (Fig. 2 and Table 1). The microstructural character-
ization was performed using a JEM-2100 transmission electron micro-
scope (TEM) equipped with an INCA energy dispersive X-ray spectro-
scope (EDS). The TEM specimens were prepared by electro-polishing at
room temperature using a solution of 10% perchloric acid in glacial
acetic acid with Struers Tenupol-5 polisher. In addition, carbon ex-
traction replicas were used to clarify the chemical composition of dis-
persoids to avoid matrix effects when obtaining EDS spectra. Before
replication, the specimen surface was mechanically polished followed
by etching with a solution of 10% hydrochloric acid in ethanol. The size
distribution and mean radius of the secondary phase particles were
estimated by counting of 50–100 particles on at least 15 arbitrarily
selected typical TEM images for each data point. The precipitates were
identified by a concurrent analysis of the EDS measurements and
electron diffraction patterns. Other details of structural characterization
and specimen preparation were reported previously [4–6,10–12,21,25].

3. Results

3.1. MX carbonitrides after tempering

The microstructure of the 3% Co-modified P92 steel after normal-
ization and tempering at 750 °C has been detailed in previous papers
[11,12,26], and the parameters of TMLS and dispersed particles are
summarized in Tables 2–4. It should be noted here briefly that the
globular М23С6 carbides with an average size of 90 nm locate mainly at
various grain/subgrain boundaries including the prior austenite grain
(PAG) boundaries and lath boundaries, while the MX carbonitrides are
uniformly distributed within the laths (Fig. 3). The latter ones can be
categorized in two groups [1,9,25], namely, a group of V-rich MX with
a plate-like shape with the aspect ratio of ~ 2.5 and the mean long-
itudinal size of 20 nm and a group of round-shape Nb-rich MX

Fig. 1. Creep strength breakdown in the present 9% Cr steel [11] and a dispersion of MX
carbonitrides in the necks of the ruptured samples.

Fig. 2. Image of the crept sample at 650 °C and 100MPa.

Table 1
Reduction in area in the different sections of crept sample at 650 °C and 100MPa.

Sections of sample Grip Gauge (uniform
elongation)

Neck

Zone #1 Zone #2 Zone #3

Reduction in area,
ψ, %

0 9 9–11 11–21 21–45

Table 2
Structural parameters of the 3% Co-modified P92 steel after tempering at 750 °C.

DPAG, μm Dsubgrains, μm ρ┴ ×1014, m−2 dM23C6, nm dVX, nm dNbX, nm

11 ± 1 0.40 ± 0.15 2.0 ± 0.1 90 ± 20 20 ± 5 40 ± 5
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carbonitrides with the average size of ~ 40 nm (Fig. 3, Tables 3 and 4).
The different morphology and chemical composition of Nb-rich and V-
rich MX carbonitrides is attributed to the different nucleation me-
chanisms. Nb-rich MX dispersoids precipitate on dislocations during
self-tempering or tempering at T≤ 400 °C, whereas V-rich carboni-
trides nucleate homogeneously in the ferritic matrix under tempering in
the 650–750 °C temperature interval [12,25]. It is worth noting that a
small number of coarse Nb-rich MX carbonitrides is observed at the
PAG boundaries [25]. Those were probably precipitated during solidi-
fication.

3.2. MX carbonitrides after long-term aging

The long-term aging is accompanied with a slow coarsening of
dispersed particles. The average sizes of V-rich and Nb-rich MX car-
bonitrides increase to 70 and 80 nm, respectively, in the grip portion of
the crept specimen (Tables 4, 5). The Nb-rich carbonitrides remain their
equiaxed shape, whereas the V-rich carbonitrides are dimensionally
unstable upon long-term aging. The aspect ratio of V-rich MX dis-
persoids decreases to 1.5 during aging for 11,151 h (Table 4). The shape
of these particles tends to approach round one under long-term aging.

The size distribution of V-rich carbonitrides is shown in Fig. 4. The fine
particles with a size of 40 nm co-exist with coarse particles with a size
of 150 nm. The change in the chemical composition of V-rich MX par-
ticles is characterized by increase in the V and Nb contents and a de-
crease in the Cr content (Table 5). In contrast, the chemical composition
of Nb-rich MX carbonitrides does not change remarkably (Table 5).
Therefore, decreasing the Cr content in V-rich carbonitrides should
suppress the Z-phase formation.

3.3. MX carbonitrides after long-term creep

The dimension and chemical composition of Nb-rich MX particles
after long-term aging and creep are nearly the same. The dispersed Nb-
rich carbonitrides are apparently the same in various portions of the
crept specimen. Therefore, the strain-induced coarsening of Nb-rich MX
particles and/or the transformation of Nb-rich MX into Z-phase scarcely
occurred during the creep test.

On the other hand, the strain-induced growth of V-rich MX particles
and their transformation into Z-phase occur under creep conditions. In
the specimen portion of uniform elongation corresponding to a reduc-
tion in area of 9%, the coarse MX particles enriched by Cr (42 wt%), V
(30 wt%) and Nb (22 wt%) with an average size of 200 nm are observed
(Fig. 5). The particles with irregular shapes are identified as Z-phase
(CrVN) with a tetragonal lattice. Besides these large Z-phase particles,
V-rich MX particles with an average size of 70 nm are also observed.
The number densities of Z-phase and MX particles are nearly the same
in the portion of uniform elongation (Table 6).

In the necked portion #1, the Z-phase fraction exceeds the fraction
of V-rich MX dispersoids in about 1.5 times (Table 6). The chemical
composition and dimensions of Z-phase particles in the necked portion
#1 are the same with those in the portion of uniform elongation. In
both these regions, “hybrid” Z-phase particles can be observed (Fig. 6).
These “hybrid” particles exhibit the V-rich and Cr-poor core with a B1
cubic lattice and the Cr-rich rim with a tetragonal lattice (Fig. 6a), in-
dicating the transformation of the V-rich particles into Z-phase by Cr
diffusion.

Necking provides localization of plastic deformation, and local
creep stresses increase that leads to the rise of the fraction of V-rich
particles transformed to Z-phase up to almost complete disappearance
of the fine VX carbonitrides (Figs. 7 and 8). In the necked portion #2
corresponding to a reduction in area of 11–20%, an average size of the
Z-phase particles comprises 150 nm, while the VX: Z-phase ratio de-
creased to 1: 2.3 (Table 6). Only a few fine V-rich MX carbonitrides with
an average size of about 70 nm can be observed in the necked portion
#3 corresponding to a reduction in area of 21–45%. The Z-phase par-
ticles with irregular shapes and the mean size of approximately 270 nm
are dominant (Fig. 8). Therefore, the complete transformation of MX
carbonitrides into Z-phase followed by the growth of Z-phase particles

Table 3
Chemical composition (in wt%) and average size of MX carbonitrides after tempering
measured from replicas by EDS with TEM.

Phase Chemical composition, wt% Average size, nm

V Nb Cr Fe W

Nb-rich MX 2.80 79.09 2.62 2.04 13.45 40 ± 5
V-rich MX 62.05 – 27.95 10.00 – 20 ± 5

Table 4
Effect of aging time on dimensions of V-rich MX carbonitrides.

State Length, nm Width, nm Aspect ratio

Initial state 30 14 2.2
Long-term aging for 11,151 h 50 34 1.5

Fig. 3. TEM image of V-rich and Nb-rich MX carbonitrides after tempering at 750 °C for
3 h.

Table 5
Chemical composition measured from replicas by EDS with TEM and average size of MX
carbonitrides after long-term aging in the grip portion of sample.

Phase Chemical composition, wt% Average size, nm

V Nb Cr Fe

Nb-rich MX 7.54 89.98 2.48 – 80 ± 5
V-rich MX 73.45 7.08 16.91 3.29 70 ± 5

Fig. 4. Size distribution of V-rich MX carbonitrides after long-term aging at 650 °C for
11,151 h.
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resulting in the full replacement of the nanoscale V-rich MX carboni-
trides by the coarse Z-phase particles during long-term creep can be
considered as a creep strain-assisted phenomenon.

3.4. Size distribution of V-rich MX carbonitrides and Z-phase particles

In the portion of uniform elongation (Fig. 9(a)), the coarse V-rich
MX particles with sizes larger than 100 nm disappear and the amount of

fine V-rich MX particles with dimensions below 40 nm decreases re-
markably. The corresponding size distribution of V-rich MX carboni-
trides is much narrower as compared to that in the grip portion (aged
condition). It is apparent that the strain-induced coarsening of the fine
V-rich MX particles with sizes less than 40 nm leads to an increase in the
fraction of particle sizes of 50–100 nm. On the other hand, the coarse V-
rich MX carbonitrides with sizes above 100 nm are highly susceptible to
the strain-induced transformation into Z-phase. Hence, such large V-
rich MX dispersoids are not observed in the creep strain-affected por-
tions. The size distribution of V-rich MX particles in the necked portion
#1 is nearly the same with that in the portion of uniform elongation
(Fig. 9(b)). Further increase in the creep stress due to increased local
creep strain leads to disappearance of V-rich MX particles with sizes
below 40 nm (Fig. 9(c)). In the necked portion #3, the size distribution
of V-rich MX particles is characterized by a sharp peak for particle sizes
of 70–90 nm (Fig. 9(d)). This suggests that the V-rich MX particles of

Fig. 5. Bright-field TEM image of carbon replica (a) from the necked zone #1 (ψ=9–11%) and electron diffraction patterns from V-rich MX particle (b) and Z-phase particle (c) with
corresponding dark-field images in reflection of VN phase (d) showing typical coarse particles of V-rich MX carbonitride, and reflection of CrVN phase (e) showing typical particles having
full Z-phase composition.

Table 6
Particle ratio of VN: CrVN in the different sections of crept sample.

Ratio Gauge section Neck section

Zone #1 Zone #2 Zone #3

VN: CrVN 1: 1 1: 1.5 1: 2.3 1: 9

Fig. 6. Development of “hybrid” particles: (a) bright-field image of carbon replica with the weight fraction of elements in different parts of particle; (b and c) electron diffraction pattern
showing reflexes from CrVN and VN phases; (d) schematically illustrated sequence of the “hybrid” particle formation taken from [10].
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70–90 nm in size are the most stable against the transformation into Z-
phase.

Non-uniform size distributions of Z-phase particles with nearly
round shapes are observed in the portion of uniform elongation and
necked portion #1 (Fig. 9(e) and (f)). The coarse Z-phase particles with
“hybrid” structure co-exist with V-rich MX carbonitrides (Fig. 6). The
absence of the Z-phase particles with the size less than that of the V-rich
MX particles indicates that the Z-phase formation initially occurs by
enrichment of the surface layers of V-rich particles with Cr atoms fol-
lowed by continuous transformation of cubic lattice into tetragonal
lattice.

An increase in the creep stress due to increased local creep strain
increases significantly the Z-phase fraction and decreases the number
density of V-rich MX carbonitrides (Table 6, Figs. 6, 8 and 9). In the
necked portion #2, the fraction of Z-phase particles is 0.7 among all the
particles enriched by V, Nb, Cr and Fe. The main feature of the Z-phase
particle size distribution is the appearance of Z-phase particles with the
dimensions above 500 nm and a rather large fraction of relatively fine
Z-phase particles with sizes of about 50 nm (Fig. 9(g)). The latter par-
ticles are characterized by a uniform tetragonal structure and Cr con-
tent above 30wt% in the entire particle (Fig. 10). Moreover, the fine Z-
phase particles with the sizes ranging from 10 nm to 25 nm are ob-
served (Fig. 9(g)). As a result, the bimodal size distribution of Z-phase
particles with two peaks corresponding to 50 nm and 350 nm are ob-
served (Fig. 9(g)).

In the necked portion #3, the fine Z-phase particles almost

completely replaced the V-rich MX carbonitrides with sizes less than
50 nm (Fig. 9(d)). The fraction of Z-phase particles among all particles
enriched by V, Nb, Cr and Fe reaches 0.9 (Table 6). A well-defined peak
corresponding to the Z-phase particle size of 220 nm appears
(Fig. 9(h)). The Z-phase particles with irregular shapes and the mean
size up to 800 nm are frequently observed concurrently with the nu-
merous Z-phase dispersoids with the sizes ranging from 12 nm to
50 nm. Therefore, the local creep strain promotes both the coarsening
of large Z-phase particles and the formation of fine Z-phase particles.

4. Discussion

Sawada et al. [22,23] have suggested that an increase in the Ni
content promotes the replacement of MX carbonitrides by Z-phase
during creep. The present results suggest that the local creep strain and
increased stresses in the necked portion strongly promote the trans-
formation of V-rich MX carbonitrides into Z-phase with a tetragonal
crystal lattice in the studied 9% Cr heat-resistant steel with low Ni
content. Moreover, the complete replacement of V-rich MX carboni-
trides by Z-phase occurs in the necked portion #3 adjacent to fracture
surface. Extensive necking takes place at low value of remnant creep
life-time and, therefore, the full transformation of V-rich MX carboni-
trides into Z-phase could insignificantly deteriorate the creep strength
of the 9% Cr steel. The present steel and P91 steel [27] with low Ni
content are unique materials, in which the formation of Z-phase is
highly accelerated by a creep strain/increased stress in the necked

Fig. 7. Bright-field TEM image of carbon replica (a) from the necked zone #2 (ψ=11–21%) and electron diffraction patterns from V-rich MX particle (b) and Z-phase particle (c) with
corresponding dark-field images in reflection of VN phase (d) and CrVN phase (e).

Fig. 8. Bright-field TEM image of carbon replica (a) from the necked zone #3 (ψ=21–45%) and electron diffraction patterns from V-rich MX particle (b) and Z-phase particle (c) with
corresponding dark-field images in reflection of VN phase (d) and CrVN phase (e). Chemical composition of particles is in wt%.
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Fig. 9. Size distribution of V-rich MX carbonitrides (a-d) and Z-phase particles (e-h) in the gauge portion (a, e) and in the necked zones: zone #1 (b, f), zone #2 (c, g), and zone #3 (d,h).

Fig. 10. Nucleation of Z-phase particle on V-rich MX/ferrite interfaces: (a) bright-field image of carbon replica with the weight fraction of elements in different particles; (b, c,g) electron
diffraction patterns from V-rich MX and Z-phase particles with corresponding dark-field images in reflection of VN phase (d) and CrVN phase (e); (f) schematically illustrated sequence of
the formation of Z-phase particle with a dimension ≤ 50 nm taken from [10].
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portion, in contrast to the P91 steels with 0.28 wt% Ni [22].
Two different mechanisms of Z-phase formation have to be dis-

cussed in the present study. The first mechanism is the strain-assisted in
situ transformation starting from the rim zones of coarse V-rich MX
particles towards their core. Coherency of MX interfaces and, therefore,
low interfacial energy is provided by the Baker-Nutting orientation
relationships between MX carbonitrides and ferrite [1,18,25],

< > < >− −{100} ||{100} , 001 || 011MX α Fe MX α Fe (1)

MX carbonitrides exhibiting these orientation relationships are
highly resistant to coarsening [18,21]. However, the coarsening beha-
vior of V-rich MX particles during first ~ 50 h of creep/aging is de-
scribed by an increase in the interfacial energy up to 0.88 Jm−2 [29]
that leads to a loss of their original orientation relationship. The fine
CrNbN and CrTaN particles evolved under long-term aging in 12% Cr
steels may have amorphous layers on their Z-phase/ferrite interfaces as
suggested by Danielsen et al. [15,28]. The formation of such amorphous
layers provides a decrease in the interfacial energy. The surplus energy
is stored in the two amorphous/ferrite and amorphous/Z-phase inter-
faces and may be lower than the energy of a Z-phase/ferrite interface.
In addition, a large accommodation strain is required. Under static
aging and creep, the thin amorphous shell provides a low interfacial
energy and accommodates the large misfit between the Z-phase and
ferrite lattices [15,28]. However, amorphous layers around V-rich
particles which have a Baker–Nutting relationship with low-misfit to
the matrix were not observed in [28]. Analysis of the coarsening be-
havior of V-rich MX particles in the present study and in the previous
work [29] shows that the formation of amorphous layers on incoherent
V-rich MX/ferrite interfaces could be expected. The formation of the Z-
phase rim leads to the formation of fully incoherent Z-phase/ferrite
interface with a high interfacial energy.

Under creep conditions, the V-rich MX carbonitrides effectively pin
gliding dislocations [30]. The shearing of MX carbonitrides may occur,
if these dispersoids have a thickness less than 5 nm [31]. Therefore, the
MX dispersoids with dimensions above 10 nm are non-shearable. MX
dispersoids grow under long-term aging in accordance with the well-
known Gibbs-Thomson schema [32]. The interaction between disloca-
tions and dispersoids leads to the creation of additional short-circuits
diffusion paths for solutes, such as Cr and V. This interaction promotes
both the formation of a Z-phase rim in V-rich MX dispersoids and the
rapid coarsening of Z-phase particles during creep (Fig. 9). The coar-
sening rate of the Z-phase rim is controlled by the Cr diffusion flux from
the ferrite matrix [14,15] and the V diffusion flux from the V-rich MX
core. The formation of a continuous Z-phase rim as a pure CrVN nitride
blocks or strongly hinders C depletion of the core [14,15]. As a result,
despite extensive coarsening, the “hybrid” particles retain their two-
phase structure consisting of MX core and Z-phase rim.

The presence of Z-phase particles with the size less than V-rich MX
carbonitrides as shown in Fig. 9(c) and (d) suggests that the fine V-rich
MX carbonitrides with dimensions below 50 nm transform to Z-phase
through another mechanism, which is associated with the Z-phase nu-
cleation on the MX/ferrite semi-coherent interfaces (Fig. 10). It is seem
that fine V-rich MX carbonitrides with dimensions below 50 nm may
retain semi-coherent interfaces. An increasing the creep stresses due to
necking formation facilitates of the dislocation glide and promotes at-
tractive interaction between dislocations and dispersoids. These inter-
actions create easy short-circuits diffusion paths for solutes, such as Cr,
V and N, around V-rich MX particles that promotes the nucleation and
growth of Z-phase on the interfaces of V-rich MX carbonitrides
(Fig. 10). Then, the growth of Z-phase particles is accompanied with a
complete dissolution of the fine V-rich MX particles. This mechanism of
Z-phase formation is characterized by the following orientation re-
lationships between the V-rich MX carbonitride and Z-phase particles.

(110) ||(020) , [002] ||[002]CrVN VX CrVN VX (2)

This orientation relationship leads to the semi-coherent Z-phase/

ferrite interface. The orientation relationship between the ferrite and Z-
phase can be written as

− −(110) ||(011) , [002] ||[011]CrVN α Fe CrVN α Fe (3)

Thus, two different mechanisms of creep strain-assisted Z-phase
formation operate in the 9% Cr steel during creep at elevated tem-
perature. Such concurrent operation of two mechanisms of Z-phase
formation leads to a bimodal particle size distribution (Fig. 9(g)), which
accelerates the particle coarsening [33]. The avalanche-like growth of
coarse Z-phase particles, therefore, can be attributed to the formation of
fine Z-phase particles according to the mechanism of semi-coherent
interface nucleation on the substrate from VX particles leading to a
large difference between very fine and very coarse particles.

5. Conclusions

1. The strain-induced transformation of V-rich MX into Z-phase occurs
in a 3% Co-modified P92-type steel after creep at 650 °C and an
applied stress of 100MPa with the rupture time of 11,151 h.
Increasing plastic deformation strongly promotes this transforma-
tion. Two different mechanisms of the Z-phase formation were
found to be operative.

2. In situ V-rich MX→Z-phase transformation is the first mechanism
providing the formation of coarse “hybrid” Z-phase particles con-
sisting of V-rich MX core and Z-phase rim regions. “Hybrid” particles
replace coarse V-rich MX dispersoids and are susceptible to ex-
tensive coarsening. This mechanism is operative in the entire gauge
length of the crept specimen.

3. The second mechanism of Z-phase precipitation occurs through the
nucleation of fine Z-phase particles on V-rich MX/ferrite interfaces
that leads to the replacement of V-rich MX carbonitrides with di-
mensions ≤ 50 nm by fine Z-phase particles. The orientation re-
lationship between the V-rich MX carbonitride and Z-phase de-
scribed by

(110) ||(020) , [002] ||[002]CrVN VX CrVN VX

causes a small mismatch on the Z-phase/ferrite interfaces. This
mechanism is operative only in the zone of extensive necking and leads
to avalanche-like growth of the Z-phase particles.
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