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The effect of vanadium addition on the creep property of niobium-containing 18Cr–9Ni austenitic
heat-resistant steel was studied. After solution treatment, the MX precipitates of vanadium-free steel
contained Nb only. On the contrary, high Nb and low V contents were detected from the MX precipitates
in the steel with 0.3 wt% of vanadium. Vanadium-rich MX carbo-nitride was not observed in the matrix
and at the grain boundaries after solution treatment. The vanadium precipitated as a form of Z-phase dur-
ing early-stage creep deformation was attributed to the improvement in creep strength at 700 �C with
applied stress higher than 150 MPa. And metallic Cu precipitates were confirmed in the nanometer scale
using TEM and EDS technique. The Cu precipitates are believed to contribute to the strengthening of
austenitic heat resistant steel independently. The precipitation behavior is discussed using transmission
electron microscopy and thermo-kinetics simulation technique.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The uniform and fine distribution of strengthening particles and
their growth kinetics are the most important and effective ways to
improve the creep strength of heat-resistant steels [1–4]. For
austenitic heat-resistant steels, the major precipitating compo-
nents are: metal carbo-nitrides, MX, where M = Nb, V and X = C,
N; chromium carbide, M23C6 where M = Cr, Fe; and Z-phase, Cr(Nb,
V)N. MX and M23C6 have been widely studied and are well known.
MX predominantly precipitates during solution treatment pro-
cesses, while M23C6 starts to form later, during actual service at
high temperature. On the other hand, little has been known about
the formation of Z-phase and its effect on creep resistance espe-
cially for the austenitic steels [5–7]. The Z-phase has tetragonal
unit cell (space group P4/nmm) of ordered structure by Cr, Nb, V,
and N with a = 0.3037 and c = 0.7391 nm [5].

In ferritic heat-resistant steels, the Z-phase develops during
long-term exposure to the high service temperature of 600–
700 �C. It is generally accepted that the formation of Z-phase dur-
ing creep exposure has adverse effect on creep strength, possibly
due to its fast growth kinetics [8–13]. On the other hand, for
austenitic heat-resistant steels, the formation mechanism of the
Z-phase and its role in the mechanical properties has not been
confirmed yet. Robinson and Jack reported Z-phase formation in
20Cr–9.5Ni–0.27Nb–0.38 N austenitic heat-resistant steel between
700 and 1000 �C [14]. At 1000 �C, the Z-phase was the only phase
that precipitated, although it coarsened rapidly within 30 min.
Vodárek et al. examined the stability of the Z-phase in 316LN-type
alloy [15]. They observed the Z-phase at 650 �C with mean size of
6 nm after 82 h, and it grew to 12 nm after 37,890 h. In the NF709
alloy, Sourmail identified the Z-phase after 200 h of heat treatment
at 750 �C [16]. Those reports commonly suggested that the forma-
tion of Z-phase preferentially occurs at temperatures higher than
650 �C. Like in ferritic steels, the Z-phase in austenitic steels starts
to precipitate after the steel is exposed to service conditions.

In this study, the effect of V-addition on the creep strength of
18Cr9Ni3CuNbN austenitic heat resistant steel was investigated.
The original and V-added alloys were prepared and compared in
terms of creep properties and microstructural development.
According to this study, the addition of V promoted the formation
of Z-phase at the early stage of creep test. In addition, we showed
that the Z-phase gave a beneficial effect on the creep strength and
discussed the growth kinetics of the Z-phase.
2. Experimental procedure

The chemical composition of the austenitic heat resistant steels is given in Table
1. Two steels with different vanadium content were prepared; 0 V and 0.3 V. The
chemical composition of the 0 V steel is close to that of well-known S304H steel.
The austenitic heat resistant steels were prepared by vacuum induction melting
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Table 1
Chemical composition of steels used in this study (wt.%).

C Si Mn Cr Ni Mo Cu Nb V N

0 V 0.06 0.27 0.48 18.45 9.47 0.46 2.95 0.29 – 0.14
0.3 V 0.05 0.30 0.50 18.57 9.33 0.46 3.00 0.30 0.31 0.15
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under an argon atmosphere. Nitrogen was added to the alloys by the introduction of
N2 gas into the vacuum chamber during melting. The cast ingot was hot-forged and
hot-rolled to 10 mm in thickness by applying a total reduction of 70%. The solution
treatment was carried out at 1200 �C for 30 min followed by air cooling.

Creep specimens were machined to have a gage length of 32 mm and a diame-
ter of 6.35 mm along the rolling direction of the prepared plates (ASTM E 139).
Creep rupture tests were performed by a constant load in air at 700 �C over the
stress range of 150–350 MPa. The furnace was equipped with 3-zone temperature
control units and the temperature difference in a creep specimen between gage
center and grip was carefully controlled to be less than ±1 �C. High resolution trans-
mission electron microscopy (HRTEM) was used to analyze the microstructural evo-
lution during creep by observing thin foils and carbon extraction replicas obtained
from the samples crept at various stress levels. Thin foils parallel to the longitudinal
cross section of the gauge part were prepared using a conventional twin jet polish-
ing technique with a mixture of 95% acetic acid and 5% perchloric acid at room tem-
perature. The chemical composition of the precipitates was determined by energy
dispersive X-ray spectroscopy (EDS).

3. Computational details

The simulation of the precipitate evolution in the steels has
been performed with the thermo-kinetic software package Mat-
Calc (version 5.44) developed by Kozeschnik et al. [17–19], which
deals with the kinetics of microstructural processes based on the
classical nucleation theory and evolution equations for the radius
and composition of each precipitate derived from the thermody-
namic extremum principle. The details of the basic principles com-
posing MatCalc are given in the appendix. During the simulation,
the thermodynamic and kinetic data are calculated from the Mat-
Calc database ‘mc_steel’, version 1.18, and the MatCalc mobility
database ‘mc_sample_fe’, version 1.10.

The matrix phase defined in the simulation is austenite. The
partial transformation of the matrix into ferrite at low tempera-
tures was not considered. The grain size of austenite was assumed
to be 50 lm, which is in the range obtained after conventional
thermo-mechanical treatments of austenitic steels. The dislocation
density of the austenite matrix was assumed to be 1012 m�2. The
subgrain size was set to be 25 lm, assuming that the austenite
grain has one twin on average.

MX, M23C6, Z phase, r phase and Cu were included in the sim-
ulation as possible precipitates. The nucleation sites of MX, M23C6,
Z phase and r phase were set to be dislocations, grain boundaries
and subgrain boundaries. It was assumed that Cu precipitates
nucleate homogeneously in the austenite matrix, as they have
the same crystal structure as the matrix and the lattice constant
mismatch is small.

During the simulation, precipitates are considered as belonging
to a number of size classes of precipitates with the same size and
composition. Individual size classes are created, rearranged and
deleted during simulation [17], allowing to model the evolution
of precipitates size distribution. In this study, 100 size classes were
adopted in order to obtain sufficient significance of the precipitate
size distribution.

The heat treatment started with the solution treatment at
1200 �C for 30 min. It was initially assumed that all elements were
homogeneously distributed in the matrix and no precipitates ex-
isted. After the solution treatment, the steels were cooled linearly
down to room temperature within 1 h and then heated up to
700 �C, which corresponds to aging (service) temperature, in
30 min. The aging was simulated at 700 �C for 100,000 h.
4. Results and discussion

Fig. 1 shows the TEM images and EDS spectra of the particles in
the matrix of 0 V and 0.3 V steels before creep test. After the solu-
tion treatment, the average grain size was measured to be 30 lm
for both steels by the linear intercept method counting more than
200 grains for each sample. Before the creep test (after solution
treatment), only MX precipitates were found in the matrix for both
steels, whose compositions were slightly different. TEM–EDS result
(in Fig. 1c) shows that the MX precipitates of 0 V steel contained
Nb only. On the contrary, Fig. 1d shows that the MX precipitates
of 0.3 V steel contained high Nb and low V contents. V-rich MX car-
bo-nitride was not observed in the matrix and at the grain bound-
aries after the solution treatment. This can be attributed to the
difference in solubility limit. The solubility limit temperature of
VX is approximately 100 �C lower than that of NbX [20,21]. The
temperature of the solution treatment, 1200 �C, is high enough to
dissolve VX, whose solubility limit temperature ranges from
1100 �C [20] to 1150 �C [21] in an austenite matrix. Therefore, only
the Nb-rich MX phase is stable above the solution treatment
temperature.

Fig. 2 compares the creep rupture times of the 0 V and 0.3 V
steels. It is obvious that, in this stress range, the creep strength
of the 0.3 V steel is superior to that 0 V steel; the creep rupture
time of the alloy with V was longer than that of the alloy without
V. Since other conditions and compositions are the same, the only
remaining difference in the two steels is the existence of V. In order
to understand the difference in creep behavior, microstructural
analysis was carried out.

Fig. 3 shows images of precipitates obtained by carbon extrac-
tion replica after creep test under 250 and 200 MPa for 0 V and
0.3 V steels. Fig. 3a and b shows images of 0 V steel from the spec-
imen crept for 163 and 800 h by 250 and 200 MPa loads, respec-
tively. The distribution and chemical composition of the
precipitates did not change significantly during creep test. Fig. 3c
and d shows image of 0.3 V steel from the specimen crept for
499 and 1,355 h by 250 and 200 MPa loads, respectively. The
0.3 V steels showed higher population of the precipitates com-
pared to 0 V steels, after creep rupture tests performed under the
identical stress condition. For both steels, the MX precipitates
maintained their initial size and distribution. Interestingly, a new
type of precipitates having 10–20 nm of average size was found
for 0.3 V steel under creep tests of 250 and 200 MPa, respectively.
And coarsened M23C6 precipitates were observed at the grain
boundaries of both steels, although they are not shown in the fig-
ures of this paper.

Fig. 4 shows images of the MX precipitates extracted by carbon
replication from the samples of 0.3 V steel crept for 499 and
1,355 h by 250 and 200 MPa loads, respectively, together with
their EDS spectra. It is noted that the size of MX precipitates was
not changed during the creep deformation. However, Cr content
in the MX precipitates was increased during the creep test. The dif-
fusion of Cr into MX precipitate during creep exposure was re-
ported for ferritic steels and discussed in connection with the Z-
phase formation mechanism [8–10].

Fig. 5 shows HRTEM images and EDS results of the additional
precipitates on the same extraction carbon replicas used for
Fig. 3c and d and Fig. 4. In Fig. 5a and b, Cr–V rich precipitates were
observed with size of 5 to 10 nm and Cr:V atomic ratio of 6:4.
Fig. 5c and d shows the precipitates with Cr, V, and Nb with an
atomic ratio of 55:33:11 from EDS analysis (Fig. 5d). The Fast Fou-
rier Transformation (FFT) images are also provided in the insets in
Fig. 5a and c. Both precipitates turned out to have tetragonal struc-
ture of Z-phase (space group: P4/nmm). In the 0.3 V steel, V-rich Z-
phase forms, probably because Nb is already consumed by the pre-
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Fig. 2. Creep rupture data at 700 �C under various applied stress.

Fig. 1. TEM micrographs of low-magnification microstructure and EDS spectra of particle before creep test (a) and (c) 0 V steel and (b) and (d) 0.3 V steel.
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cipitation of the Nb-rich MX phase. It should also be noted that the
size of the MX precipitates ranged from 50 to 100 nm before and
after creep tests, whereas V-rich precipitates in Fig. 3 were much
smaller even after the creep tests.

Fig. 6 shows the TEM matrix image and EDS analysis results of
0.3 V steel crept at 700 �C under 200 MPa (tr = 1355 h). Fig. 6a
shows the bright-field image of the fine spherical particles in the
matrix. It is noted that the fine nanometer-sized particles are dis-
tributed densely and uniformly in the matrix. The addition of Cu in
austenitic steels was reported to form spherical nanometer-sized
Cu-particles after creep exposure or annealing at the same temper-
ature range [22–26]. As shown in Fig. 3, the Cu-particle was not ob-
served from the specimens prepared by carbon extraction replica
because the Cu-particles were dissolved during chemical etching.
Likewise, during jet-polishing process, the Cu-particles exposed
to the surfaces in the thin area of the TEM specimen dissolve away.
Therefore, Cu-particles had to be analyzed using TEM with thin-foil
specimen prepared by ion milling method. However, extra diffrac-
tion spot of Cu-particle was not obtained by the SADP analysis
even with the specimen prepared by ion milling process (Fig. 6b).
Since the lattice parameters of c-Fe and Cu differ only by 1%
according to a crystal structure database [27,28], the diffraction
spots of Cu are hardly differentiable. Fig. 6c and d shows the EDS
spectra of matrix and white particle, respectively. The white spher-
ical particle in the nanometer scale was analyzed to have higher Cu
content than the matrix. Therefore, it was confirmed that the white
spherical particle in the nanometer scale was Cu-particles. The Cu-
precipitates, a metallic nanometer-size inhomogeneity, are be-
lieved to contribute to the strengthening of austenitic heat resis-
tant steel independently; the precipitates provide additional
strengthening to the precipitation hardening by Z-phases and MX
carbonitrides.

Fig. 7 shows a high angle annular dark field (HAADF) image and
compositional maps acquired by EDS area mapping. The specimen
was taken from the gage part of the creep specimen ruptured after
13,457 h of loading at 700 �C with 150 MPa of initial stress. From
composition maps of Cr, Nb, and V shown in Fig. 7c, e and f, respec-
tively, coarsened precipitates with size of around 300 nm contain-
ing Nb, V, and Cr were found. However, from composition maps of
Cr and V shown in Fig. 7c and f, respectively, fine (nanometer-
sized) precipitates containing Cr and V were observed, and those
small precipitates appear to correspond to the extracted particles
shown in Fig. 5. These Z-phases were measured to be less than
30 nm in diameter and did not show any significant coarsening
even after the creep deformation for 13,457 h. These fine Z-phases
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Fig. 3. Precipitation distributions on carbon extracted after creep test at 700 �C (a) 0 V steel under 250 MPa (tr = 163 h), (b) 0 V steel under 200 MPa (tr = 800 h), (c) 0.3 V steel
under 250 MPa (tr = 499 h) and (d) 0.3 V steel under 200 MPa (tr = 1,355 h).

Fig. 4. TEM micrographs of extraction replicas and EDS spectra of MX precipitates in 0.3 V steel obtained from crept specimens. The MX precipitates in (a), (b) and (c), (d) are
from specimens rupture at 700 �C under 250 MPa (tr = 499 h) and 200 MPa (tr = 1,355 h), respectively.
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Fig. 5. HRTEM micrographs of extraction replica and EDS spectra of Z-phase in 0.3 V steel after creep test. The Z-phase in (a), (c) and (b), (d) are from the specimens ruptured
at 700 �C under 250 MPa (tr = 499 h) and 200 MPa (tr = 1,355 h), respectively.

Fig. 6. (a) Bright field image of 0.3 V steel crept at 700 �C under 200 MPa (tr = 1,355 h) and (b) SADP of matrix, (c) EDS spectra of matrix and (d) EDS spectra of fine spherical
white particle.
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Fig. 7. (a) HADDF image and (b) compositional map of crept specimen in 0.3 V steel at 700 �C under 150 MPa (tr = 13,457 h) with separate maps of individual element; (c) Cr,
(d) Cu, (e) Nb and (f) V.
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Fig. 8. Comparison of size of precipitates with respect to annealing time at 700 �C.
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are the only microstructural feature that differentiates 0.3 V steel
from 0 V steel and, therefore, can be suggested to contribute to
the enhanced creep strength. Furthermore, a spherical bright re-
gion in the HAADF image (Fig. 7a) and Cu precipitates in composi-
tional map of Cu (Fig. 7d) matched exactly. Another feature to
notice is that the Z-phase precipitates appear to be located right
next to Cu-precipitates which possibly suggests heterogeneous
nucleation of either Cu-precipitate on Z-phase or vice versa. The
detailed study on the correlation between the Cu-precipitation
and the Z-phase formation is ongoing and will be reported
elsewhere.

For 0.3 V steel, from the observation of Fig. 5, the Z-phases of
CrVN were formed in the initial stage and those phases developed
into Cr(Nb V)N by the additional incorporation of residual Nb.
Although some studies on Z-phases in austenitic steels have been
reported, most studies focused on Z-phase of CrNbN [14,16,29–
32]. According to the earlier studies, Z-phases are known to be
formed by the diffusion of Cr towards MX precipitates during creep
test or annealing treatment [8–10]. In the present study, it was ob-
served that Nb and V exist in MX precipitates, from the EDS result
for the MX precipitates of 0.3 V steel before creep test (Fig. 1d). The
composition of the MX precipitates was shown to be unchanged
after creep test for 499 h under 250 MPa at 700 �C. However, Cr
was shown to exist in MX precipitates after creep rupture test
for 1399 h under 200 MPa and 700 �C. This observation, the grad-
ual incorporation of Cr into the MX precipitates, agrees with the
earlier reports [8–10]. Indeed, from the Cr, V, and Nb maps in
Fig. 7, the coarsened Z-phases are found with size of 300 nm. Con-
sidering that the nucleation of Z-phase of Cr(V, Nb)N is known to
initiate by the diffusion of Cr towards MX precipitates of (Nb,
V)N [8–10], it can be inferred that MX precipitates nucleated dur-
ing the solution treatment provide nucleation sites for the Z-phase
to result in core–shell structure surrounded by the Z-phase. These
coarsened Z-phases could cause the degradation of creep strength.
[13,33–35]. However, Fig. 7b also shows that fine Z-phases were
formed with high number density. The nanometer-sized Z-phase
precipitates are different from those already reported. It appears
that the fine Z-phase forms from the early stage creep deformation
instead of V(C,N). Once the formation of V(C,N) is avoided during
solution heat treatment and subsequent cooling, the precipitation
of Z-phase is preferred over V(C,N), as shown by the Thermo-calc
simulation of the phase fraction between the Z-phase and MX
phase of 316LN below 1250 �C [36]. In order to discuss the effect
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of Z-phase on the creep properties, the growth kinetics of the
precipitates was considered. The simulated evolution of average
precipitate size in 0.3 V steel was compared with the experimental
data acquired from the crept specimens in Fig. 8. At 700 �C, the size
of MX precipitates did not change significantly with increasing
annealing time. On the other hand, Z-phase formed after about
2 h and then slightly coarsened during annealing. The size of Z-
phase is smaller than the other precipitates such as MX precipi-
tates, Cu-precipitates and M23C6. The size of the Cu precipitate
showed similar growth behavior as that of Z-phase. The overall
experimental coarsening behaviors agree well with the simulation
results.

It is noted that the major difference in the two steels is the exis-
tence of V and the formation of V-rich Z-phase, which was not ob-
served in 0 V steel. It is reasonable to assume that the other
structural changes during the creep test, such as the precipitation
of copper and M23C6, would be identical in both alloys, because
the addition of V was the only difference between the two steels.
The minor addition of vanadium in 0.3 V steel induced precipita-
tion of nanometer-sized Z-phase at the early stage of creep defor-
mation. Therefore, it is reasonable to infer that the early-stage
formation of the V-rich Z-phase contributes to the delayed rupture
behavior.

5. Conclusion

Z-phase formation during the creep test was examined in a type
of 304H austenitic steel containing Nb and V. With two different
MX forming elements, Nb and V, only Nb-rich MX phase precipi-
tated during solution treatment. On the other hand, V dissolved
in the matrix during the solution treatment because of its higher
solubility, and precipitated as a Z-phase at the early stages of creep.
The V-rich Z-phase appears to play an important role in the addi-
tional improvement in the creep rupture strength of the austenitic
heat-resistant steel which was already strengthened by the nano-
meter-sized Cu precipitates and Nb-rich MX precipitates.
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