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ABSTRACT

Despite their apparent simplicity due to their fully austenitic structure, modern Cr-
Ni stainless steels are complex systems often containing more than 10 alloying elements.
Offering excellent corrosion and creep resistance at elevated temperatures, they are choice
materials for applications such as superheater tubes in steam power plants. Over the past
30 years, considerable improvement has been made to the strength of austenitic stainless
steels, through careful chemical composition control and sometimes purposely designed
heat-treatment.

The present work is concerned with the experimental study of the recently designed
NFET709, the best austenitic steel currently available on the market, and with the develop-
ment of models to predict the microstructural evolution and mechanical properties of such
steels. The experimental study of the precipitation state as a function of ageing time,
which involves an array of complementary techniques, reveals precipitation sequences with
no documented equivalent.

Physical modelling based on the theory for simultaneous transformations is used to
attempt to predict the precipitation as a function of time. Full use of modern thermody-
namic tools is made, avoiding previously necessary approximations. Once multicompo-
nent effects are correctly accounted for, good agreement is obtained with published results.
However, serious limitations are highlighted both in the absence of reliable quantitative
experimental information, and in the lack of thermodynamic data on phases commonly
found in modern austenitic steels.

A neural network in a Bayesian framework is used to estimate the creep strength and
creep life of austenitic stainless steels. Models built with this technique not only reproduce
correctly known influence of composition, but also grasp the interactions between different
parameters. It is further shown to be a superior method of extrapolation when compared
to conventional methods.

A new finding, that of o-phase in a chromium-enriched NF709, is shown to be of no

consequence to the long-term creep properties of the alloy.
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Nomenclature and Abbreviations

the gas constant.

the pressure of the system.

the temperature of the system.
the time.

contribution of the pure components to the molar Gibbs energy of
a phase indicated in subscript if necessary.

ideal mixing contribution to the molar Gibbs energy of a phase
indicated in subscript if necessary.

excess Gibbs energy change for mixing of a phase indicated in sub-
script if necessary.

the energy of a pair A-B.

the activation energy for homogeneous nucleation of phase 6.

the activation energy for nucleation on a dislocation.

the activation energy for nucleation on a grain boundary.

the activation energy for the transfer of an atom across the interface.
the mole fraction of component 7 in phase 7.

the mole fraction of component ¢ in phase v in equilibrium with 6.
the average mole fraction of 7 in phase 7.

the site fraction occupancy of component ¢ on sublattice k£ in a
sublattice phase.

the binary interaction parameter (i and j) in the Redlich-Kister
development, depending on the value of v.

the parameter for interactions between A and B on the first sub-
lattice when C' occupies the second.

the molar Gibbs energy of phase 6.
the driving force for nucleation per unit volume of precipitate phase.
the driving force for nucleation per mole of precipitate phase.

the driving force for nucleation as defined by the parallel tangent
construction.

the molar volume of phase 6.
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the number density of nucleation sites for phase 6.
the number of atoms per unit volume.
the length of dislocation per unit volume.

the energy per unit area for an interface between the phases indi-
cated in subscript.

the volume diffusion coefficient of element ¢ in ~.

the nucleation rate for phase 6.

the growth rate for phase 6.

the concentration of component ¢ in phase 7.

the concentration of component 7 in phase f in equilibrium with ~.
the average concentration of component ¢ in phase 7.

the supersaturation of component 1.

the flux of component 3.

the chemical potential of component ¢ in phase 6.

shape factor relating the volume of a particle to the cube of its
radius.

the extended volume of a phase indicated in subscript.
the volume of a particle at a given time.

the volume fraction of a phase.

the total volume in which the transformation occurs.
the heat capacity for the temperature range 1.

the interplanar spacing for plans (hkl).

the wavelength associated with electrons.

the stress during a creep test.

the stress to obtain creep rupture after 10* h.

the time to rupture.



TEM Transmission Electron Microscopy.

SEM Scanning Electron Microscopy.

EDX Energy Dispersive X-ray analysis.

TTP Time Temperature Precipitation.

MT-DATA Metallurgical and Thermochemical Databank.
SGTE Scientific Group Thermodata Europe.

JCPDS Joint Committee of Power Diffraction Standard.
bce body-centred cubic.

fcc face-centred cubic.

hcp hexagonal close-packed.
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Chapter 1

Introduction

The purpose of this chapter is to present the motivation for the research activities on
creep-resistant austenitic stainless steels, and to provide a general background about

these materials.

1.1 Materials requirements in the power generation
industry

Over the last decade, considerable research has been devoted to the improvement of
power plant efficiency. This is both for economical and environmental reasons: operating
at higher temperatures improves the thermodynamic efficiency, and hence reduces the
COs emissions per unit of energy. In this context, materials-related issues are the limiting
factor. Most of the steam-turbine plant now in service operate with a maximum steam
temperature of 568 °C and pressure of 160 MPa, with the current state-of-the-art plant
operating at 300 MPa, 600 °C [1]. When exposed for many years to such conditions, the
tubes in which steam circulates have to offer suitable corrosion and creep resistance. Cost
considerations imply that ferritic steels are used as much as possible, and considerable
work is being devoted to design stronger ferritic alloys for use at operating temperatures
of 650 °C. They also have a lower thermal expansion coefficient which makes them less
prone to thermal fatigue.

However, the lower parts of the superheater tubes on a conventional boiler (figure

1.1), encounter temperatures at which ferritic steels cannot be used, and are therefore
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Superheated steam To turbines
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Figure 1.1: Superheater tubing (left) and scheme of a simplified boiler, after [2]

conventionally made out of austenitic stainless steels. As a part of the effort to improve
the efficiency of power plants, much research focuses on improving the creep strength of
these alloys, and consequently to raise their operating temperature.

The following gives a short introduction to the different austenitic stainless steels used

in industry, and the latest compositions.

1.2 Austenitic stainless steels

1.2.a Composition and constituents

Austenitic stainless steels are essentially alloys of Fe-Cr-Ni, which owe their name to
their room temperature austenitic structure. The addition of chromium has long been
known to improve corrosion resistance. Chromium is also a ‘ferrite stabiliser’ and Fe-
Cr stainless steels have a ferritic structure, possibly martensitic depending on the heat-
treatment and exact chemical composition. The addition of austenite stabilising elements

in sufficient quantities can allow an austenitic structure to be stable at all temperatures.
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Nickel is the basic substitutional element used to stabilise austenite. The equilibrium
phases depend on the proportion of the three elements, as well illustrated in an isothermal
section of the ternary diagram for Fe-Cr-Ni (fig. 1.2) calculated using MT-DATA [3].

80
Austenite

Fe 80 60 40 20 Ni

< wiw
Fe

Figure 1.2: Isothermal section of the Fe-Cr-Ni diagram at 750 °C: a typical 18Cr-
12Ni wt% lies in the austenitic field. Calculated using MT-DATA and the SGTE
database.

Often, alloying elements, either interstitial such as C or N, or substitutional such as Mo,
Mn, Ti, Nb, V, W, Cu, Al,... are also used to obtain the required properties. They can
be classified as ferrite-stabilisers or austenite-stabilisers and their effect in this respect is
often approximated using the notion of chromium and nickel equivalents, calculated by

formulae like [4]:
Nieg = Ni+ Co + 0.5(Mn) + 30(C) + 0.3(Cu) + 25(N)

Creq = Cr + 2.0(Si) + 1.5(Mo) + 5.5(Al) + 1.75(Nb) + 1.5(Ti) 4+ 0.75(W) wt%

In this example, the composition has to be given in weight%. The use of such formulae is
not always straightforward, as they rely on the austenite content, which can be modified

by various precipitation reactions involving these elements.
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Whether the austenitic structure is retained at room temperature depends on the Mg
(martensite-start) temperature. Several empirical formulae have been derived to describe

the effect of chemical composition on Mg, an example is [5]:
Mg(°C) = 502 — 810(C) — 1230(N) — 13(Mn) — 30(Ni) — 12(Cr) — 54(Cu) — 6(Mo) wt%

A typical type 304 steel (table 1.2) has its Mg well below room temperature. However, it
should be borne in mind that deformation-induced martensite formation can occur well
above Mg. Mgz is the temperature at which 50% of martensite has formed for a true

strain of 30%. Again, formulae like:
Myso(°C) = 497 — 462(C + N) — 9.2(Si) — 8.1(Mn) — 20(Ni) — 13.7(Cr) — 18.5(Mo) wt%

have been derived to describe the effect of alloying elements [5].

At high temperatures, a steel containing 18Cr, 12Ni wt% should be fully austenitic.
However, the addition of other alloying elements often results in the formation of carbides,
nitrides and intermetallics. These phases are not always desirable and a good knowledge
of precipitation reactions is required to avoid loss of mechanical or chemical properties. A
good example is the sensitisation of non-stabilised austenitic stainless steels: sensitisation
occurs when the precipitate Mo3Cg forms at grain boundaries, depleting the chromium
content in the vicinity, which eventually results in intergranular corrosion. This can be
avoided by tying up the carbon with strong carbide formers like Ti and Nb. The steel is
then said to be stabilised. These precipitate phases will be described in detail in a later

section.
1.2.b Grades of austenitic stainless steels

From a simple type 304 to the recent NF709, austenitic stainless steel compositions
cover a large range. The two main alloying elements are chromium and nickel, so the
steels will often be referred to by their content of Cr and Ni. For example, 18/10 refers

to an austenitic stainless steels with 18Cr, 10Ni wt% .

The AISI 300 series and other variants The AISI 300 specifications for the com-

positions of different austenitic stainless steels (wt%) are shown in table 1.2 (after [6]).
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wt% C Mn P Ni Cr
Type 304 [6] <0.07 <200 0.04 810 17-19
NF-709 [7] 0.06 1.00 0.006 25 20

wt% Mo Nb Ti B N  Si
Type 304 ~0 ~0 ~0 ~0 ~0 ~0
NF-709 1.5 026 005 0.005 0.167 0.40

Table 1.1: Compositions of two austenitic stainless steels

C max. Simax. Mn max. Cr Ni Mo Ti Nb Al A\
301 0.15 1.00 2.00 16-18 6-8
302 0.15 1.00 2.00 17-19 8-10
304 0.08 1.00 2.00 18-20 8-12
310 0.25 1.50 2.00 24-26 19-22
316 0.08 1.00 2.00 16-18 10-14 2.0-3.0
321 0.08 1.00 2.00 17-19 9-12 5% %C min.
347 0.08 1.00 2.00 17-19 9-13 10X %C min.
E 1250 0.1 0.5 6.0 15.0 10.0 0.25
20/25-Nb 0.05 1.0 1.0 20.0 25.0 0.7
A 286 0.05 1.0 1.0 15.0 26.0 1.2 ~1.9 ~0.18 ~0.25

Table 1.2: The AISI 300 series and other examples of heat resistant austenitic
stainless steels; E1250 is Esshete 1250. All compositions given in wt%.

Grades denoted L contain low carbon (< 0.03 wt%) and ‘N’ contain nitrogen (eg:
316LN). Most often used as creep-resistant steels are types 316, 321 and 347, or alloys
containing all of Mo, Nb and Ti. There are many other variants of these compositions,
like the Japanese SUS300 series which mirrors the AISI 300 series, but sometimes with
addition of both Ti and Nb. For convenience, as is sometimes done in the literature, the
AISI 300 series will be used even for steels not strictly belonging to it, like a 316 with a
Ti addition.

In fact, it is not the intention to describe, in the next chapter, the precipitation
sequences in all different grades of creep-resistant austenitic stainless steels, but rather to
examine the occurrence of the various precipitates in such a way that the precipitation
behaviour of undocumented grades can be inferred from the conclusions reached.

There is a large amount of material on the precipitation phenomena in the 300 series
of alloys, which have been used widely as creep-resistant steels. The same is true for 20Cr-
25Ni steels. However, it appears that the long-term behaviour of Ti, Al alloyed austenitic
stainless steels (type A286) is little documented [8]. This is possibly because production
difficulties have restricted the application of such steels to parts requiring relatively small

ingot sizes (aeroengine turbine discs), the design life of which is much shorter than the
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few 100000 h required for steam plants [9].

Role of alloying elements

e Mn has been introduced in austenitic stainless steels as a substitute for Ni during
shortages in the international market or for economical reasons. The nickel content
can be halved to 4 wt% by the addition of 2-6 Mn wt%. Although the austenitic
structure is achieved, such steels do not exhibit the same corrosion resistance as an

18/8 steel. Mn is also used to increase the solubility of nitrogen in austenite.

e Mo is, on the contrary, a ferrite stabiliser. It improves the creep properties of
stainless steels by solid solution hardening and also improves the resistance to pitting
corrosion. It also facilitates carbides precipitation. However, it promotes o-phase

and Laves phase formation on long term ageing.

e Stabilising elements like niobium, titanium and vanadium greatly improve the creep
strength of austenitic stainless steels mainly by precipitating fine carbides intragran-
ularly. On the other hand, they reduce the creep ductility. The ratio in which they
are added to carbon is important to maximise the strengthening effect and avoid pre-
cipitation of detrimental phases. They can also have a solid-solution strengthening
effect.

e Carbon acts principally by solid-solution strengthening in non-stabilised grades, but

mainly by precipitation strengthening when Nb, Ti or V are present.

e Nitrogen is a strong austenite stabiliser. It has also a role in increasing the creep
life of austenitic stainless steels: it can act like carbon in stabilised stainless steels
by precipitating in the form of titanium or niobium nitrides, but the nitrogen re-
maining in solid solution has also a much greater strengthening effect than carbon.
It has been believed to lower the diffusivity of chromium and carbon in the matrix,
therefore delaying the coarsening of precipitates [5, 6]. However, more recent results
indicate that nitrogen enhances chromium diffusion, but retards the nucleation of
Ma3Cg because of its low solubility in this carbide [10].
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1.2.c Modern grades for high-temperature applications

Steels from the AISI 300 series have been used for long in power plant, where strong
corrosion resistance and creep strength are required. Modern austenitic grades have how-
ever significantly improved over these by the use of new combinations of chemical elements,
such as SUPER304H which, in addition to the required composition of a 304 steel, con-
tains Nb, N and Cu; SAVE25 which contains W, Nb, Cu and N, or NF709, presented
previously.

Figure 1.3 illustrates the development progress of austenitic steels for boilers, and on
the far right, the most advanced austenitic stainless steels, which all contain several other
elements in addition to Cr and Ni. In practice, the compositions are controlled much
more accurately than suggested by the intervals of compositions and include controlled
additions of B which has been shown to have beneficial effects on the creep strength.

Figures 1.4 and 1.5, adapted from [11], compare the allowable stresses as a function of
temperature, for some of these steels, and give a clear idea of the progress that has been
made from the H-Grade AISI 300 series. The definition of ‘allowable stress’ is not given

in this reference; the value of the stress probably refers to a particular service life.
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Figure 1.3: The development progress of austenitic stainless steels for high temper-

ature applications, after [11]. Numbers in square brackets
rupture strength at 600 °C.

indicate the 10° h creep



1.2 Austenitic stainless steels
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Figure 1.4: The allowable stresses for some austenitic stainless steels for high tem-
perature applications, based on 18Cr-8Ni or 15Cr-15Ni steels. After [11].
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Figure 1.5: The allowable stresses for some austenitic stainless steels for high tem-
perature applications, based on 20Cr-25Ni or other high-Cr, high-Ni steels. After
[11].



