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Role of Sigma Phase on Hydrogen Embrittlement of Super Duplex
Stainless Steels †

KURODA Toshio*
Abstract
The role of sigma phase on corrosion and hydrogen embrittlement of super duplex stainless steels was
investigated by using corrosion tests, transmission electron microscopy (TEM) and fractography. The materials
used were type 329J1, SAF2205 and SAF2507 duplex stainless steels. The specimens were heated at 923K to 1223K
in order to investigate the precipitation of sigma phase (Fe-Cr-Mo compound).
The evaluation of corrosion was made using a 10% oxalic acid test (ASTM A262A) and Strauss test (ASTM
A262E). Hydrogenation of the specimens was achieved by cathodic charging in a 5%H2SO4 solution and the
hydrogen embrittlement was evaluated using slow strain rate testing (SSRT). The duplex stainless steels consist of
ferrite and austenite microstructure. The secondary austenite was preferentially corroded but the sigma phase was
hardly corroded by using ASTM A-262A and A262E tests. The sigma phase enhanced hydrogen embrittlement. The
fracture morphology showed that the fracture facet size was related to the sigma phase precipitated around
austenite. The crack due to hydrogen embrittlement occurred and propagated at the sigma-ferrite interface on the
basis of the 3-D reconstruction system of fractography.
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1.

Introduction
Duplex stainless steels are suitable for many marine
and petrochemical applications, particularly where
chlorides are present because of their attractive
combination of mechanical and corrosion properties 1, 2).
Duplex stainless steels having two-phase ferrite-austenitic
microstructure include a wide range of alloys ranging
from low-alloy grades to the high-alloy duplex grades
such as type329J1.
High-alloy super duplex stainless steels have been
developed to current requirements for pitting and stress
corrosion cracking in chloride environments. These steels
contain sufficient amounts of chromium, molybdenum,
and nitrogen such as SAF2205.
Super duplex stainless grade such as SAF2507 is a high
alloyed duplex stainless steel of type 25%Cr-7%Ni
-3.2%Mo-0.27%N having Pitting Resistance Equivalent
(PRE) values above 40. But, in the temperature range
573K-1323K, sigma (V) phase can be observed 3)-8).
Although many phases are formed, sigma phase is by far
the most important because of its large volume fraction,
and its influence on toughness and corrosion behavior is
biggest.
Sigma phase having a tetragonal structure is basically
Fe-Cr-Mo intermetallic compound (According to ASTM
Card 5-0708 lattice parameter, a=0.879nm, c=0.447nm)
3),4)
. SAF2507 having a higher level PRE value has a

chemical composition of 25%Cr-7%Ni- 3.2%Mo, in
which precipitation of sigma phase is therefore expected
to occur more rapidly. Precipitation of sigma phase is
well known to causes the lowering of the toughness7)-13).
It was reported that duplex stainless steel containing
ferrite is subject to hydrogen embrittlement while fisheyes
were observed and welding cracks associated with
hydrogen occurs more than 7ppm in Ferralium259 duplex
stainless weld metal 14).
In this investigation, the role of V phase on corrosion
and hydrogen embrittlement for conventional duplex
stainless steel and super duplex stainless steel was
investigated.
2. Experimental
The base metals used in this investigation are 329J1,
SAF2205 and SAF2507 duplex stainless steels. The
samples were heated in the vacuum furnace at
923K-1223K for various times, and then water quenched.
Microstructure observation was carried out using
electrolytic etching in 10kmol/m3 KOH solution.
The etching technique colored sigma phase brown,
colored ferrite blue and colored austenite white (in case
of monochrome photography, the etching technique
colored sigma phase black, colored ferrite gray and
colored austenite white).
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The area fraction of the sigma phase was measured by
image processing on the basis of 30 fields of the optical
micrographs at 500 magnifications in every sample.
TEM observation with an accelerating voltage of
200kV and X-ray diffraction analysis were used for
observation and determination of sigma phase. Thin foil
samples for TEM were prepared electrochemically using
10% perchloric acid in methanol.
Thin foils for transmission electron microscopy were
prepared from 0.25 mm thick discs sliced from the plate.
The discs were thinned to 0.05 mm by abrasion on SiC
papers and twin-jet electro-polished in the solution below
the temperatures of 243K.
An automatic reconstruction system for fractographic
analysis was developed in this study9). The stereo images
were obtained by making SEM images of the specimen
tilted at two different angles to each other. 4º and 8º were
adapted as the tilting angle between two images in the
present study. The micrographs obtained were digitized
using an image scanner with 256 gray levels.
The scanning resolution of digital images used was
mainly 600dpi. After that the parallax between two
images was measured by searching the corresponding
points using an area-based matching algorithm.
Cross-correlation was used for the evaluation. The
elevation of the corresponding points can be computed.
From the elevation data obtained, 3-D reconstruction
images were displayed on a monitor via Open GL, the
library for two-dimensional and three–dimensional
computer programming. These programs were developed
on “Microsoft Visual C++ 6.0” and designed to run under
the Microsoft Windows platform of a PC .

Fig.1 Transmission electron micrographs of type 329J1
steel heated at 923K for 72ks.

3. Results and Discussion
3.1 Sigma phase and corrosion
Figure 1 shows transmission electron micrographs of
type 329J1 duplex stainless steel, which was heated at
923K for 72ks. Darkened sigma phase are observed
around the austenite phase as shown in Fig.1-(a). For
more detailed observation as shown in Fig.1-(b),
secondary austenite (named J* phase) appeared between
the primary austenite phase and the sigma phase.
The secondary austenite was more thinned than the
primary austenite after the electrical thinning treatment.
This suggests that the chemical composition of the
secondary austenite is different from that of the primary
austenite phase. Chromium and molybdenum contents in
the secondary austenite seem to be less than those of the
primary austenite2).
M23C6 also precipitated between secondary austenite
and primary austenite. Precipitation processes indicated
that the precipitation of M23C6 occurred first, the
secondary austenite formed next and then the
precipitation of sigma phase occurred 11)-13). Though the
orientation relationship between sigma phase and
adjacent austenite phase is not as characteristic as

Fig.2 Surface appearance after Strauss test of type
329J1 steel heated at 923K for 72ks.

expected and deviates from the Nenno orientation
relationship, a rational orientation relationship could be
found between sigma precipitate and parent ferrite.
During the growth of sigma phase at high temperature,
the ferrite/sigma interface would become non-coherent
and the morphology of sigma phase tends to be irregular
shaped 2).
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