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The Effect of σ-Phase Formation on Long-Term Durability
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J. Horvátha,b,∗, P. Králc and J. Janoveca

aCTU in Prague, Faculty of Mechanical Engineering, Department of Materials Engineering,
Karlovo náměstí 13, 121 35 Prague, Czech Republic

bUJP PRAHA a.s., Nad Kamínkou 1345, 156 00 Prague, Czech Republic
cInstitute of Physics of Materials, ASCR v.v.i., Žižkova 22, 616 62 Brno, Czech Republic

Article presents results on the analysis of secondary phases formed in the medium-term static isothermal
ageing welding joints of a SUPER 304H (675 ◦C/2 × 104 h). The investigations of the precipitates were focused
on the occurrence of σ-phase because its formation leads to significant deterioration of mechanical properties.
The microstructure was investigated on microscopic level by scanning/transmission electron microscopy. The
distribution and quantification of brittle σ-phase were studied on macroscopic level by color etching method using
light optical microscopy. The effect of microstructural changes (σ-phase formation) on the impact strength of an
aged base material was investigated. For comparison impact tests on received state material were also performed.
The results showed that long-term ageing led to the significant reduction of impact strength as a result of the
formation of the σ-phase. It was found that the σ-phase distribution is influenced by welding process. The
influence of brittle σ-phase on long-term durability of the degraded steel regarding its insufficient impact strength
has been discussed.
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1. Introduction

There is a worldwide tendency to improve efficiency
of coal fired power-units. The economic analysis is re-
ported in [1]. Difference in efficiency between subcriti-
cal and supercritical power-units should be up to 12%.
In numbers it means for 700 MW power unit reduc-
ing of the cost of coal by 16.4 M$/year. One of the
most thermal exposed components is the superheater.
In literature the new steel type SUPER 304H is rec-
ommended for the superheaters [1, 2]. It is generally
accepted that long-term service of stainless steels leads
to the degradation of microstructure thus to the change
of mechanical properties. Main reason of microstructure
degradation in stainless steels after long-term service is
formation of the σ-phase. It was found that σ-phase
precipitates inhomogeneously at temperatures between
600 and 1000 ◦C [3, 4]. The studies of precipitation be-
havior found that σ-phase precipitates in particular at
triple points between δ-ferrite, incoherent twin bound-
aries and inclusions [5] or δ-ferrite/austenite interphase
boundaries [6]. Nevertheless after long ageing time at
high temperature σ-phase can precipitate on coherent
twins and intragranular inclusions or in austenite [7, 8].
Long term performance can be predicted by acquiring
new knowledge. Therefore, the aim of the present work
is to investigate the effect of long-term ageing on mi-
crostructure which could significantly influence ductility
of both base material and heat affected zone.
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2. Experimental material and procedures

Experimental material SUPER 304H is a fully
austenitic, creep-resistant, alloyed steel. The ratio of
base alloying elements Cr/Ni is 18/9. In addition, the
steel contains 0.4% Nb, 1% N and 3.0% Cu. The SUPER
304H tubes were welded by automated orbital welding
technology by multilayer weld with three layers denoted
as a root, central and crown layer. In present study Ther-
manit 304HCu was used as welding material. Thermanit
304HCu has a similar chemical composition as welded
steel. The chemical composition can be listed in [9].

The welded tubes were annealed at 675 ◦C for 2×104 h
in order to obtain degraded experimental material. Mi-
crostructure was investigated in the base material and in
the heat affected zone (HAZ) in selected layers (root, cen-
tral, and crown) by light microscopy and also by scanning
electron microscope (SEM) using a JEOL JSM 7600F
equipped by EDX. The amount of σ-phase was quan-
tified by image analysis of microstructure using color
etching Beraha II etchant. For quantification of objects
and determination area fraction Nis Elements software
was used. Transmission electron microscope (TEM) foils
were prepared by focused ion beam (FIB) technique us-
ing SEM Tescan Lyra 3 and observed by TEM micro-
scope JEOL 2100F. Impact strength of as-received and
aged base material was tested at room temperature.

3. Experimental results and discussion

Figure 1a shows microstructure of initial state in the
crown layer of HAZ. Analysis of microstructure of unaged
crown layer showed that the mean grain size area in the
crown layer in HAZ was about 193 µm2 and the σ-phase
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was not detected for initial state. Long-term isother-
mal ageing caused no significant coarsening of austenitic
grains (Table I), however led to the formation of brit-
tle σ-phase (Fig. 1(right)). A detailed investigation of
the microstructure showed that σ-phase was predomi-
nantly situated at triple points and also along boundaries
of austenitic grains. In the structure of aged based mate-
rial approximately 2.3% of σ-phase was present. Slightly
higher values of the σ-phase concentration and mean
grain size were derived in HAZ of crown layer (Table I). In
this area σ-phase was also predominantly formed at triple
points and grain boundaries (Fig. 2(left)). The largest
changes in microstructure were observed in central and
root layers of HAZ (Fig. 2(right)). Results demonstrate
that these areas contain significantly larger grains and
reduced portion of σ-phase in comparison with based ma-
terial and crown layer after long-term isothermal ageing
(Table I).

TABLE I

Microstructure characteristics in base material and weld-
ing joints zones.

Portion Grain
Zone Objects of area size

[%] [G] [µm2]
as-received state 0 0 9 267

ag
ed

base material 54 2.265 9 234
crown layer 67 2.734 9.5 118
middle layer 25 1.002 6.5 1830
root layer 13 0.489 5 3924

Fig. 1. Microstructure of as-received state in crown
layer (left) and (right) formation of σ phase after ageing
2×104 h.

The cross-section of σ-phase obtained by FIB tech-
nique used for TEM-foils preparation enabled more de-
tailed investigation of σ-phase situated at boundaries.
Figure 3(left) shows the distribution of Cr (green color),
Nb (dark blue) and Cu (magenta) around grain bound-
aries. It can be seen that colonies of relatively fine σ-
phases (mean size ≈300 nm) were formed along grain
boundaries which is covered by large Cr and Nb carbides.
It was also observed that Cu particles (denoted B) are
located very often at interphase boundaries between σ-
phase and matrix (Fig. 3(right)). In the σ-phase interior
(denoted A) there were observed Nb carbides (denoted
C), Cu particles (donated B) sitting on the σ-phase edges
(Fig. 3).

Fig. 2. Distribution of σ-phase in the crown layer a
and in the root layer (right).

Fig. 3. a Distribution of elements around austenitic
grain boundary (left) and TEM image of σ-phase cross-
section (right).

Difference in grain size across welding joint layers is
caused by absorbed heat energy during welding process.
It means that the root layer was exposed longer to higher
temperatures than the last crown layer because it was
repetitively heated by additional welding passes. Coars-
ening of grains in root layer led to the significant re-
duction of σ-phase formation. This result indicates that
σ-phase is predominantly formed at triple points and
grain boundaries due to higher Cr content and defect
concentration [7, 8]. It was proposed that σ-phase is
formed from M23C6 by carbon elimination. It was also
observed that σ-phase formation occurred independently
of M23C6 [8]. In alloys without M23C6 carbides there will
be slow precipitation.

Steel SUPER 304H is alloyed with ≈3% Cu. Addition
of copper may lead to increase of mechanical properties of
steel [10, 11]. Recently it was suggested that Cu particles
cannot only increase mechanical properties but may also
pin the motion of σ-phase/austenite interfaces.

The impact strength decreases from 109.4± 0.4 J/cm2

measured in as-received base material to value about
28.2±0.6 J/cm2 determined in aged state. It can be sug-
gested that higher contents of σ-phase in the crown layer
and significantly larger grain size in root and central lay-
ers probably cause further reduction of impact strength.
Recently, it was reported that significant decrease in im-
pact energy may be expected already after short-time
annealing (for about 103 h) at 650 and 700 ◦C [12, 13].

On the basis of microstructure results it can be sug-
gested that a drop of impact strength after long-term
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Fig. 4. Fracture surface of as-received state after long-
term ageing.

ageing is significantly influenced by σ-phase formation.
This suggestion could be supported by analysis of frac-
ture surfaces obtained from impact strength tests. The
aged state exhibited the mixture of transgranular duc-
tile fracture of matrix and intragranular fracture along
σ-phase (Fig. 4).

4. Conclusion

Long-term ageing of SUPER 304H tube led to σ-phase
formation which was predominantly situated at triple
points and austenitic grain boundaries. The coarsening
of austenitic grain in HAZ of root layer considerably re-
duced the content of σ-phase. The reduction of impact
strength in degraded state at room temperature can be
explained by σ-phase formation.

Acknowledgments

This work was supported by TA ČR program Alfa,
project No. TA 01010181, by Ministry of Industry and
Trade of Czech Republic, project No. MPO Fr-TI3/458,
and by the Ministry of Education, Youth and Sport of the
Czech Republic program NPU1, project No. LO1207.

References

[1] R. Viswanathan, J.F. Henrey, J. Tanzosh, G. Stanko,
J. Shingledecker, B. Vitalis, R. Purgert, J. Mater.
Eng. Perform. 14, 281 (2005).

[2] V. Viswanathan, R. Purgert, P. Rawles, Adv. Mater.
Process. 2008, 47 (2008).

[3] P. Duhaj, J. Ivan, E. Makovicky, J. Iron Steel Inst.
206, 1145 (1968).

[4] C.M. Souza, H.F.G. Abren, S.S.M. Tavares,
J.M.A. Rebello, Mater. Character. 59, 1301
(2008).

[5] J. Barcik, Mater. Sci. Technol. 4, 5 (1988).
[6] V.K. Sikka, M.G. Cowgill, B.W. Roberts, in: Proc.

Topical Conf. on Ferritic Alloys for Use in Nuclear
Energy Technologies, ASM International, Snowbird
(UT) 1983, p. 675.

[7] C.C. Hsieh, W. Wu, ISRN Metall. 2012, 732471
(2012).

[8] P. Marshall, Austenitic Stainless Steels, Elsevier,
England 1984.

[9] Filler Metals for Thermal Power Generation,
Boehler-Welding [cit. 2015-10-22].

[10] Z. Jonšta, A. Hernas, M. Tvrdý, L. Čížek, J. Pur-
menský, Creep-resistant steels and alloys, ZUSI Žilina,
Žilina 2002, (in Czech.

[11] K.K. Alaneme, S.M. Hong, I. Sen, E. Fleury, U. Ra-
mamurty, Mater. Sci. Eng. A 527, 4600 (2010).

[12] J. Horváth, P. Král, J. Janovec, V. Sklenička, in:
Proc. 24th Int. Conf. on Metallurgy and Materials,
Tanger Ltd., Ostrava 2015, p. 505.

[13] A. Zieliński, J. Achiev. Mater. Manufact. Eng. 2,
403 (2012).

http://dx.doi.org/10.1361/10599490524039
http://dx.doi.org/10.1361/10599490524039
http://www.asminternational.org/news/magazines/am-p/-/journal_content/56/10192/AMP16608P047/PUBLICATION
http://www.asminternational.org/news/magazines/am-p/-/journal_content/56/10192/AMP16608P047/PUBLICATION
http://dx.doi.org/10.5402/2012/732471
http://dx.doi.org/10.5402/2012/732471
http://www.voestalpine.com/welding/content/download/4889/79628/file/057-2015-EN-GL_Productfolder-ThermalPower_WEB.pdf
http://dx.doi.org/10.1016/j.msea.2010.04.018

