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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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