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Wrought austenitic stainless steels are widely used in high temperature applications. This short review
discusses initially the processing of this class of steels, with emphasis on solidification and hot working behavior.
Following, a brief summary is made on the precipitation behavior and the numerous phases that may appear in
their microstructures. Creep and oxidation resistance are, then, briefly discussed, and finalizing their performance
is compared with other high temperature metallic materials.

Keywords: austenitic stainless steel, creep, oxidation, microstructural stability

1. Introduction

Stainless steels play an important role in the modern world, even
if its tonnage represents only about 2% of the whole steel production.
The 2005 total steel production surpassed 10° tons. Austenitic stainless
steels (ASSs) were invented in Essen, Germany, in the beginning of
the 20" century and represent today more than 2/3 of the total stainless
steel world production'?. Their continuing development has resulted
in complex steel compositions with substantial amounts of alloying
elements. These alloying elements are of course introduced in the
steel for one or more reasons but the final aim is mainly to obtain
better mechanical properties (especially high creep strength and high
creep-rupture ductility) and/or higher corrosion resistance (especially
oxidation resistance in the case of high temperature application). As
usual, the benefits of such additions invariably come attached to una-
voidable disadvantages of which the most important are the potential
microstructural instability and difficult processing of the material. A
concise overview is given on the processing, microstructure, proper-
ties and performance of wrought ASSs at high temperatures.

2. Chemical Compositions

Austenitic stainless steels constitute a very large steel class in
terms of alloys and usage. Table 1 presents the main alloying elements
and their corresponding composition range. In addition to iron, the
main components are Cr to improve corrosion resistance and Ni to
stabilize austenite. Chromium contents range from 15 to 26 wt. (%)
and nickel contents from 5 to 37 wt. (%). The 200 series has a lower
Ni content than the 300 series. These steels have a high Mn content
up to 15.5 wt. (%) and also a high N content that partly replaces Ni
as austenite stabilizer. In some steels one can find 2 to 4 wt. (%) of
molybdenum. Mo is primarily introduced to improve the resistance
against pitting corrosion but it is also efficient in promoting solid
solution hardening. More recently developed steels, known as super-
austenitic stainless steels, can contain up to 6 wt. (%) Mo. The term
superaustenitic relates to austenitic stainless steels containing high
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amounts of chromium, nickel, molybdenum and nitrogen, resulting
in an iron content close to or less than 50 wt. (%). One of the most
well known superaustenitic stainless steels is the UNS S32654 (also
known as 654 SMO®): Fe-0.02C-3Mn-24Cr-7.3Mo0-22Ni-0.5Cu-0.5N
(wt. (%)). In most of the steels shown in Table 1 the maximum silicon
content is 1 wt. (%). However, higher Si contents between 1 and
3 wt. (%) can improve oxidation or scaling resistance. Even higher Si
contents up to 5 wt. (%) are used in certain cases to improve the corro-
sion resistance in nitric acid. Other alloying elements such as copper,
boron or sulfur are sometimes added to the austenitic stainless steels
and will be mentioned during the course of this review. Using low-
carbon-content (such as AISI 304L, 316L and 317L) or/and titanium
or niobium stabilized alloys (such as AISI 321 and 347) it is possible
to minimize intergranular attack in austenitic stainless steels.

3. Processing

Stainless steels can solidify (Figure 1) by several mechanisms
or modes: ferritic or mode A (L — L + & — 9); ferritic-austenitic
ormode B(L > L+3—L+8+7Y— v+ 9); austenitic-ferritic or
mode C (L - L +y— L+ 7+ 38— v+ 0) and austenitic or mode D
(L - L +y— 7). Their solidification mode and sequence may also
be successfully predicted using chromium and nickel equivalent
ratios®.

The vast majority of austenitic stainless steels present delta ferrite
in their microstructure just following its solidification. Apart from Fe,
Cr and Ni they contain other chemical elements that are classified as
ferrite formers (Cr, Mo, Si) or austenite formers (Ni, N, C, Mn, Cu).
The efficiency of these elements as ferrite and austenite stabilizers can
be compared to the ones of Cr and Ni (equivalency). Among several
equations for chromium equivalent, Crecl and nickel equivalent, Nieq
one can quote the following*:

Cr,=Cr+1.37Mo + 1.5Si+ 2Nb+ 3Ti (1)
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Table 1. Chemical compositions (in weight %) of some typical ASSs'.
Type UNS C Mn Si Cr Ni Mo N Others
designation
AISI 201 S20100 <0.15 5.50-7.50 <1.00 16.00-18.00  3.50-5.50 - 0.25 -
AISI 202 S20200 <0.15 7.50-10.0 <1.00 17.00-19.00 4.0-6.0 - 0.25 -
AISI 205 S$20500 0.12-0.25 14.0-15.5 <1.00 16.50-18.00 1.0-1.75 - 0.32-0.40 -
AIST 301 S30100 <0.15 <2.00 <1.00 16.00-18.00 6.0-8.0 - - -
AIST 302 S30200 <0.15 <2.00 <1.00 17.00-19.00 8.0-10.0 - - -
AISI 303 S30300 <0.15 <2.00 <1.00 17.00-19.00 8.0-10.0 0.6 - -
AISI 304 S30400 <0.08 <2.00 <1.00 18.00-20.00 8.0-10.5 - - -
AISI 304H S30409 0.04-0.10 <2.00 <1.00 18.00-20.00 8.0-10.5 - - -
AISI 304L S30403 <0.03 <2.00 <1.00 18.00-20.00 8.0-12.0 - - -
AISI 304N S30400 <0.08 <2.00 <1.00 18.00-20.00 8.0-10.5 - 0.10-0.16 -
AISI 304LN S30451 <0.03 <2.00 <1.00 18.00-20.00 8.0-12.0 - 0.10-0.16 -
AISI 308 S30800 <0.08 <2.00 <1.00 19.00-21.00  10.0-12.0 - - -
AISI 309 S30900 <0.20 <2.00 <1.00 22.00-24.00 12.0-15.0 - - -
AISI 310 S31000 <0.25 <2.00 <1.00 24.00-26.00  19.0-22.0 - - -
AISI 316 S31600 <0.08 <2.00 <1.00 16.00-18.00  10.0-14.0 2.0-3.0 - -
AISI 316H S31609 <0.08 <2.00 <1.00 16.00-18.00  10.0-14.0 2.0-3.0 - -
AISI 316L S31603 <0.03 <2.00 <1.00 16.00-18.00  10.0-14.0 2.0-3.0 - -
AISI 316LN S31653 <0.03 <2.00 <1.00 16.00-18.00 10.0-14.0 2.0-3.0 0.10-0.16 -
AIST 316N S31651 <0.08 <2.00 <1.00 16.00-18.00 10.0-14.0 2.0-3.0 0.10-0.16 -
AIST 317 S31700 <0.08 <2.00 <1.00 18.00-20.00 11.0-15.0 3.0-4.0 - -
AISI 317L S31703 <0.03 <2.00 <1.00 18.00-20.00 11.0-15.0 3.0-4.0 - -
AISI 321 S32100 <0.08 <2.00 <1.00 17.00-19.00 9.0-12.0 - - Ti=5 x %C
AISI 321H S32109 0.04-0.10 <2.00 <1.00 17.00-19.00 9.0-12.0 - - Ti>5 x %C
AISI 347 S34700 <0.08 <2.00 <1.00 17.00-19.00 9.0-13.0 - - Nb>10 x %C
AISI 347H S34709 0.04-0.10 <2.00 <1.00 17.00-19.00 9.0-13.0 - - 1.0=>Nb>10 x %C
654 SMO® S32654 <0.02 2.00-4.00 <0.50 24.0-25.0 21.0-23.0 7.0-8.0 0.45-0.55 Cu=0.30-0.60

(AISI = american iron and steel institute; UNS = unified numbering system).
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Figure 1. Temperature (°C) vs. nickel content (in wt. (%)). Section through Fe-
Ni-Cr phase diagram at 19 wt. (%) Cr showing four solidification modes>.

Ni_ = Ni +0.3Mn + 22C + 14.2N + Cu (2)

where all the elements are introduced into the formula in wt. (%).
Ferrite has a negative influence on hot ductility’ because ferrite
and austenite present different softening mechanisms at high defor-

mation temperatures; while ferrite recovers austenite recrystallizes
leading to interface fracture. In the majority of the cases delta ferrite
may be eliminated by long period homogenizing heat treatments'’ in
the 1050 to 1250 °C temperature range. However, due to economical
reasons this is not performed in the steel mills, at least in a complete
manner.

After solidification, via conventional or continuous casting,
wrought austenitic stainless steels are, in general, hot worked. Several
factors influence hot ductility of the ASSs: temperature, strain, strain
rate, chemical composition, grain size and orientation, non-metallic
inclusions and prior mechanical or thermal heat treatments>''. The
analysis of the effects of the alloying elements on the hot ductility of
the ASSs presents increased difficulties due to the fact that practically
all alloying elements and impurities influence the amount of delta
ferrite that is formed. Figure 2 shows'' the hot ductility variations,
evaluated by hot tensile testing at a constant strain rate of 6 s, for
several additions to the base-composition of the AISI 304L steel. The
curves present similar shapes and can be divided into three stages. In
the 900 to 1000 °C temperature range, ductility is low, but significantly
increases in the 1100 to 1200 °C range due to dynamic recrystalliza-
tion. Ductility loss verified for temperatures over 1250-1350 °C is
related to the lack of grain boundary cohesion and eventually with
the occurrence of some liquation. It may be observed that while
small Ti additions enhance hot ductility of the 304L steel, all other
additions (N, Cr, Ni, Mo, S, C and Mn + Si) have a negative effect.
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In the case of the AISI 316 steel, minor B additions (40-90 ppm),
improve hot ductility''.

Finally it should be mentioned that cold working introduces into
the microstructure of the majority of the ASSs a significant amount
of strain induced martensite'>'”. These martensites may revert back
into austenite during subsequent annealing, even for temperatures
that are lower than the temperature for static recrystallization'>'.
The ASSs are generally supplied in the solution annealed condition,
performed in the temperature range of 1000 to 1120 °C'. In the case of
the stabilized steels, which are more prone to secondary recrystalliza-
tion or abnormal grain growth'®!°, as compared to the nonstabilized
steels, the solution annealing temperature range should be at a lower
level'. As previously mentioned, the most common steels such as
AISI 304L, 316L, 321 and 347 are supplied in the solution annealed
condition. Nevertheless, they invariably contain some residual delta
ferrite in their microstructure.

4. Microstructure

The matrix microstructure of the austenitic steels is a solid
solution, with a very low stacking fault energy and a high work
hardening capability®*?. Table 2 presents information on the main
intermetallic phases, carbides, nitrides, borides and sulfides that
may occur in stainless steels'?. A very large number of phases can
be present in the microstructure of ASSs, mainly carbides and inter-
metallic phases'* . Carbides that are more frequent are the M_,C,
and MC type, the latter ones are present in the stabilized steels. The
intermetallic phases that are more common in these steels are the
sigma (o), Laves and chi () phases. Figure 3 gives an overall view
in a schematic TTT diagram of the different heat treatments and
transformations that can occur in the ASSs.
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Figure 2. Effect of alloying elements on hot ductility of the AIST 304L (Al-
loy 3) austenitic stainless steels'!. All the compositions are in wt. (%).
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5. Properties

The two main requirements that materials aimed at high temperature
applications should comply with are oxidation and creep resistance.

Equipment or components exposed to high temperatures are
susceptible to several external attacks such as oxidation, carburi-
zation, sulfidation, nitridation, halogen gas corrosion, ash or salt
deposit corrosion, molten salt corrosion and molten metal corro-
sion. Oxidation is the most important high-temperature corrosion
reaction’®’’. Figure 4 shows the temperature range for which
different ferrous materials present a satisfactory oxidation resist-
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Figure 3. Main transformations that occur in austenitic stainless steels between
room temperature and the liquid state'”.
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Figure 4. Influence of the chemical composition, especially the Cr content, on
the oxidation resistance of steels”. All compositions are in wt. (%).



456

Plaut et al.

Table 2. Crystal structures and compositions of phases that may occur in stainless steels'?.

Materials Research

Phase Unit cell Atoms per cell  Space group  Lattice parameters (nm) Composition
Intermetallic phases
Sigma (c) bct 30 P4, /mnm a=0.87-0.92 (Fe,Ni)x(Cr,Mo)y
¢ =0.4554-0.48
Chi () bce 58 143m a=0.881-0.895 Fe,.Cr Mo, ;
(Fe,Ni), Cr Mo,
Laves (1) hex. 12 P63 /mmc a=0.473-0.483 Fe,Mo; Fe Nb; Fe,Ta; Fe,Ti; Fe, W
¢ =0.772-0.786
G fcc 116 Fd3m a=1.115-1.120 Ni, NbSi; Ni TiSi; (Ni,Fe,Cr), (Nb,Ti) Si,
R hex. 53 (159) R3 a=1.090; Fe,, Mo Cr.;
c=1.934 (Fe,Ni), Cr,Mo,Si,
Mu (W) rhombohedral 13 R3m a=04762; (Fe,Co),(Mo,W),;
c=2.5015 (Cr,Fe),(Mo),(Cr,Fe,Mo),
Y fcc 4 Pm3m a=0.3565-0.3601 (Ni,Co,Fe,Cr),(ALTi)
Y’ bet 8 P4, /mnm a=0.3624; Ni,Nb
I4/mmm ¢ =0.7406
n hex. 8 P6, /mmc a=0.5109; Ni,Ti
¢ =0.8299
1) orthorombic 8 Pmmn a=0.5116 Ni,Nb
b =0.4259
¢ =0.4565
B ord bee 2 Pm3m a=0.2865-0.2887 NiAl
Carbides
M23C6 fce 116 Fm3m a=1.057-1.068 (Cr, Fe, M0)23C6;
(Cr JFeMo,)C,
MC ord fcc 8 Fm3m a=0.4131-0.4698 (Ti,Nb,V)C
M,C fcc 112 Fd3m a=1.085-1.128 (Fe, Mo, Nb,Cr,Si),C
M.C, pseudo hex. 40 Pnma a=1.398 (Cr.Fe),C,
c=0.4523
Nitrides
MN ord fcc 8 Fm3m a=0.4097-0.4577 ZrN;TiN;
NbN; VN
M N hexagonal 9 P31m a=0.478-0.480; (Cr,Fe),N
¢ =0.444-0.447
Z-phase tetragonal 6 P4/nmm a=0.3037; CrNNb
c=0.7391
Borides
M.,B orthorhombic 48 Fddd a=1.4585; Cr, ,,Fe 0B
b=0.7331;
c=0.4223
M.B, tetragonal 10 P4/mbm a=0.5807; FeMo, B,
c=0.3142
Sulfides
MCS, hexagonal 8 P6 /mmc a=0.320-3.39; Ti,C,S,
c=1.118-1.210 Zr,CS,

ance. As expected, the maximum temperature raises with the steel
chromium content. The basic mechanism involves the formation
of a Cr,0, and/or a FeCr,0, spinel protective film***. Addition of
rare-earth elements to alloys produces a substantial increase in their
resistance to high-temperature oxidation***!. Recently, a group of
ALQ, — forming austenitic stainless steels (Fe-20Ni-14Cr-2.5Al)
has been developed*’. Alumina-base protective scales present bet-
ter performance than Cr,O,, especially in the temperature range of
interest (between 600 and 850 °C).

For several applications the carburization resistance is more
important than oxidation resistance. Carburization is controlled by

oxygen and carbon activities. Lowering the oxygen activity tends to
make the environment more carburizing™®.

Austenitic stainless steels are frequently used in the power gen-
eration industry at temperatures greater than 650 °C and stresses of
50 MPa or higher, and are expected to remain in service for more than
100000 h*3. Figure 5 presents the creep curves for the AISI 316L(N)
steel for long exposure times. This steel represents an evolution, in
terms of mechanical properties, of the 316L steel, due to minor ni-
trogen additions. Note that for a relatively low stress condition, such
as 120 MPa, the plastic deformation at 600 °C is already significant
after 10000 hours.
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Figure 5. Creep curves for the AISI 316L(N) austenitic stainless steel**.

The analysis of the data given in the Figures 4 and 5 leads to the
conclusion that the maximum usage temperature of the austenitic
stainless steels is limited by the creep resistance and not by the
oxidation resistance.

Apart from creep, oxidation, hot corrosion and carburization
resistance, stainless steels should present microstructural stability.
Coarsening of the microstruture and mainly the precipitation of the
various phases, such as the intermetallic sigma (o), Laves and chi
() phases, is altogether undesirable, since this leads to a weakened
austenite matrix (Figure 6). Historically, sigma (), Laves and chi
(%) phases have been perceived as deleterious by the steel and su-
peralloy industries.

The precipitation mechanisms at the different sites are not the
same, for instance, whereas the delta ferrite seems to decompose
by means of an eutectoid reaction (ferrite — sigma + austenite), at
the grain boundaries and triple points precipitation occurs by the
traditional mechanism (Figures 6 and 7). Precipitation of sigma
phase occurs preferentially in the delta ferrite islands (Figure 6a)
that is present in the microstructure before creep testing, however
sigma phase precipitates also at grain boundaries for longer exposure
times also, especially at “triple points” (Figure 6b). Figure 7 sum-
marizes the precipitation sequence of the sigma phase for various
precipitation sites such as delta ferrite islands, “triple points” and
grain boundaries.

In addition to the loss of ductility, ¢ phase formation may have
a negative effect on the corrosion and high-temperature resistance
of stainless steels, due to the removal of Cr and Mo from solid
solution*’*¥, Grain boundary attack, caused by M .C_ precipitation

2376
and chromium impoverishment (called in the literature sensitization

40000

80000

_—

or intergranular corrosion), is also very frequent in austenitic stainless
steels exposed at high temperature®.

6. Performance

In the previous item we observed that the creep resistance limits
the maximum usage temperature of stainless steels (and iron, nickel
and cobalt-based superalloys), as opposed to refractory metals, for
which maximum usage temperatures are determined by their poor
oxidation resistance.

Figure 8 compares creep resistance of various stainless steels
and superalloys, where the superiority of the austenitic alloys can
be observed, especially of the nickel-base superalloys, precipitation
hardened by the y* — Ni (ALTi).

Table 3 presents the maximum usage temperature, defined by
its creep resistance, for different groups of alloys used at high tem-
peratures. The maximum usage temperatures have been assessed for
a minimum creep rupture stress of 100 MPa for 1000 hours tests.
Despite the testing time (1000 h) is very short in terms of its ap-
plication, Table 3 gives a general comparative vision of the different
levels of development and improvement made for high temperature
materials. The improvement attained in the nickel-base super alloys
is clearly visible in this table. It may be also observed that the iron-
based austenitic alloys, i.e. the austenitic stainless steels and the
Incoloys, have a comparatively lower performance than the nickel
or cobalt-base superalloys. Notwithstanding, austenitic stainless
steels are widely used because they are easier to process and less
expensive, by a factor of 6 to 60, depending on the alloy, than the
nickel or cobalt-base superalloys.
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7. Final Remarks

The discovery of stainless steels, about 100 years ago, made
possible large scale building of equipments and devices that are cor-
rosion and oxidation resistant. Knowledge acquired in the develop-
ment and improvements made in these steels has later been used in
the development of nickel or cobalt-base superalloys. Despite these
developments, austenitic stainless steels are still nowadays widely
used, mainly due to their simple processing and their lower price if
compared to the nickel or cobalt-base superalloys. For instance, the
ASSs are used at high temperatures in the following industries: aero-
space, heat treating equipment, mineral and metallurgical processing,

Det WD Exp
SE 9.1

10 pm
0] AISI 316 - amostraB  gEM

2 um
316 B SEM

Acc.V Spot Det WD  Exp
200kV 25 SE 10.1 0

(d)
Figure 6. Micrographs* of the gauge portion of the tested sample (550 °C
/150 MPa/85000 h), showing precipitation of sigma phase in AISI 316L(N),
a) from delta ferrite islands; and b) at austenite grain boundary and triple
points. Etching: V2A-Beize.
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Figure 7. Schematic representation of sigma phase precipitation in an auste-
nitic stainless steel containing delta ferrite*354.
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Figure 8. Flow stress curves (rupture strength after 100000 hours) vs. tem-
perature for various stainless steels and superalloys®. Where ‘F” means ferritic;
‘M’ means martensitic and ‘A’ means austenitic.

Table 3. Main base-metals employed for high temperature applications and associated alloy maximum usage temperatures®”.

Base metal Melting temperature (T ) in (°C); (K) Max. usage temperature (T ) (°C) ; (K) Ratio (T /T )in (K+K)
Nickel 1455; 1728 1050; 1323 0.77
Cobalt 1495; 1768 1000; 1273 0.72
Iron (CCC) 1538; 1811 650; 923 0.51
Iron (CFC) 1538; 1811 750; 1023 0.56
Titanium 1668; 1941 550; 823 0.42
Zirconium 1855; 2128 450; 723 0.34
Niobium 2477, 2750 1200; 1473 0.54
Molybdenum 2623; 2896 1300; 1573 0.54
Tungsten 3422; 3695 1500; 1773 0.48
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chemical processing, petroleum refining and petrochemical process-
ing, ceramic, electronic, and glass manufacturing, automotive, pulp
and paper, waste incineration, fossil fuel power generation, coal
gasification and nuclear.
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