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ABSTRACT

Advanced austenitic steels, such as 25Cr-20Ni-Nb-N are complex systems which have more
than eight alloying elements. They provide high corrosion resistance and have high creep
strength, which make them suitable for superheater applications in power plants.

The present thesis deals with the investigation of microstructure, especially precipitation
evolution in an advanced 25Cr-20Ni-Nb-N austenitic steel after solution annealing and thermal
ageing. The investigations are carried out by light optical microscopy, scanning electron
microscopy, as well as transmission electron microscopy. The investigations reveal the
presence of five different precipitates: o-phase, M23Cs, Nb(C,N), n (Cr3NizSi(C,N)), and Z-phase.
The fraction of o-phase is found to increase rapidly with increasing ageing time.

The investigations are expanded by additional equilibrium-, Scheil- and precipitation-
kinetics-calculations using the software MatCalc. Thereby, the amount and evolution of
primary as well as secondary precipitates during a solution annealing and isothermal ageing
for 100,000h at 650 and 750°C have been calculated. Good agreement with experimental
investigation has been achieved.

Further on, the results of the precipitation evolution calculations are used for the modelling
of the creep strength. In total, three main contributions to the creep strength are considered:
from dislocations, from precipitates and from elements in solid solution. The contribution
from the dislocation is found to be the highest one.

Using the results of precipitation evolution calculation and creep strength modelling, a
modified chemical composition has been proposed, with the purpose of suppressing the o-
phase precipitation.

Superheater tubes out of the modified composition are manufactured and short-term
creep tests as well as ageing treatments are performed. As expected, analyses of tested
specimens reveal no o-phase precipitates.

Finally, this thesis presents a whole material development process, which contains an
investigation of a conventional 25Cr-20Ni-Nb-N austenitic steel, calculation of precipitation
evolution and creep strength, modification of chemical composition and manufacturing of

modified superheater tubes for power plants.
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Symbols and Units

Lattice parameter

Area surrounding the dislocation

Burger’s vector (=2.58E-10)

Concentration of solute i in solid solution
Concentration of solute i around moving dislocations
Concentration of solute i around non-moving (static) dislocations
Concentration of component i

Diffusion coefficient for the solute i

Diffusion coefficient

Coefficient for self diffusion

Subgrain diameter

Force

Creep rate factor

Volume fraction of particles

Shear modulus

Critical nucleation energy

Drag stress function

Flux coefficient

Transient nucleation rate

Constant (=20 for austenitic steels)

Boltzmann’s constant (=1.3806488 x 1023)

Spurt distance

Average distance between the particles

Total interparticle spacing

Interparticle spacing of particles larger than critical radius
Taylor factor (=3.06)

Dislocation mobility

Dislocation mobility for dislocation climb
Interface mobility

Total number of particles per unit area

Number of potential nucleation sites

Number of moles of component i

Number of particles larger than radius r

Number of particles larger than critical radius
Activation energy

Dissipation rate by interface movement
Dissipation rate by diffusion inside the precipitate
Dissipation rate by diffusion inside the matrix
Gas constant (=8.31)

Particle radius

Critical particle radius for dislocation climb
Distance from the solute to the centre of the dislocation
Temperature

Time

Time for climb
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Interaction energy between a solute and an edge dislocation
Maximum interaction energy between a solute and an edge
dislocation

y-coordinate of solute relative to an edge dislocation
Drag stress parameter

Zeldovich factor

Constant (a=(1-v/2)/2m(1-v) where Poisson’s ratio v=0.3)
Drag stress parameter (=2/3*Umax*b)

Atomic attachment rate

Precipitate/matrix interface energy

Strain

Linear atomic size misfit parameter of solute i

Creep rate

Creep rate during stationary creep

Contribution of the elastic energy and plastic work
Chemical potential

Poisson’s ratio (=0.3)

Climb velocity

Dislocation density

Radius of the precipitate with index k

Growth rate of precipitate k

Stress

Break stress

Dislocation stress

Dislocation hardening

Drag stress from solute i

Maximum strength (tensile strength)

Orowan strength

Total orowan strength of all particles

Particle hardening

Solid solution hardening

Solid solution hardening by N

Dislocation line tension

Incubation time

Velocity of the dislocation

Atomic volume in the host alloy
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A-USC
TCP
LOM
SEM
TEM
EDS
TED
SAED
AlSI
VIM
BSD
ASTM
METI

Abbreviations

Ultra-Supercritical

Advanced Ultra-Supercritical
Topologically Closed Packed

Light Optical Microscopy
Scanning Electron Microscopy
Transmission Electron Microscopy
Energy Dispersive Spectroscopy
Transmission Electron diffraction
Selected Area Electron Diffraction
American Iron and Steel Institute
Vacuum Induction Melting

Back-Scatter Detector

American Society for Testing and Materials

Ministry of Economy, Trade and Industry
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1 Introduction

The primary energy sources for world electricity generation are coal (41%), gas (22%),
hydro (16%), nuclear (12%), oil (5%), and renewable (4%)[1]. The world electricity demand has
doubled between 1990 and 2011 and it is expected to increase up to the year 2035 between
1.7 and 2.5% per year[1]. One possible way to meet this increasing demand is to increase the
efficiency of the present and future coal power plants.

The coal power plants are generally classified into three categories: Supercritical (SC), Ultra-
supercritical (USC) and advanced ultra-supercritical (A-USC). SC power plants operate with
steam temperature up to 590°C and steam pressure of 250 bar, the USC with 590-620°C and
250 bar, and the A-USC with 700-760°C and 345bar [2]. The world mean efficiency of coal
power plants is approximately 36% [1]. This efficiency is achieved by steam temperature lower
than 600°C. An increase of the steam temperature to 700-750°C would increase the efficiency
up to 50% or more and correspondingly lead to a drop in CO; emissions that is of utmost
importance to reduce global warming [3]. Such conditions require materials with enhanced
toughness, creep strength and corrosion resistance. Potential materials for these conditions
are ferritic-, austenitic-steels and nickel-base alloys. Considering the fireside corrosion, the
ferritic steels are used up to 620°C and it is expected that in the future these steels will be
used up to 650°C [4]. Above these temperatures, the austenitic steels and nickel base alloys
have to be used. The main brake in the use of the nickel-base alloys is, that they are three
times more expensive compared to the austenitic steels. Therefore, the austenitic steels are
an optional choice for power plant applications above 650°C.

In general, the austenitic steels for power plant applications can be split up into four
categories according to their chromium content: <18% Cr, 18% Cr, 20-25% Cr and >25% Cr. For
USC and A-USC power plants, the high chromium (20-25% Cr and >25% Cr) austenitic steels

are more suitable because of their higher corrosion resistance. However, they are more



Stojan Vujié Introduction

sensitive to sigma phase precipitation [5], [6], which can cause a loss of toughness [7]-[9] and
further on to material failure.

The challenge in developing advanced austenitic steels is to provide high corrosion
resistance (by high chromium content) and high creep strength but to avoid undesirable
phases such as sigma phase. This thesis deals with the microstructure evolution under
manufacturing route and service conditions of a high chromium (25%Cr) austenitic steel.
Experimental investigations as well as modelling of precipitation and evaluation of hardening
mechanisms have been carried out. Finally, superheater tubes with modified composition are

produced where o-phase formation is suppressed.




2 Objectives

The main goal of this thesis is to investigate and describe the microstructure evolution of a
25Cr-20Ni-Nb-N austenitic steel at 650 and 750°C in order to develop a new steel with
optimised microstructure. Therefore, the thesis has been divided into three sections: (i)
experimental microstructure investigations, (ii) modelling of microstructure evolution and
hardening mechanisms and (iii) evaluation as well as investigation of the modified
composition.

The main objective of the first section (i) is to experimentally investigate the precipitation
evolution at 650 and 750°C in the 25Cr-20Ni-Nb-N austenitic steel. For the investigation, LOM,
SEM, TEM and EDS techniques should be used. The microstructure and especially the
precipitation evolution (e.g. precipitates -size, -fraction, -shape etc.) should be investigated
and compared with the literature.

The main objective of the second part (ii) is the modelling of the precipitation evolution in
the 25Cr-20Ni-Nb-N austenitic steel at 650 and 750°C. In this section, the phase fraction and
mean radius evolution of the different precipitates at 650 and 750°C should be predicted by
using the thermo-kinetic software MatCalc [10]—[12]. Using the results of the thermo-kinetic
simulations by MatCalc and the creep strength modelling approach of Sandstrém et al. [13]—
[18] the hardening mechanisms should be evaluated. The terms and objectives for the
modification of the chemical composition of the 25Cr-20Ni-Nb-N steel should be defined in
order to obtain the best mechanical properties. Afterwards additional thermo-kinetic
calculation should be applied to define a modified composition for the 25Cr-20Ni-Nb-N
austenitic steel.

The main objective of the third part (iii) is the microstructure investigation by LOM and SEM
of the modified composition of the 25Cr-20Ni-Nb-N austenitic steel. Finally, the results should

be discussed in regards to the defined objectives.






3 Literature Review

This chapter will give an overview of the application of austenitic steels for USC and A-USC
power plants. After a short introduction about superheater operation and materials for
superheater/reheater in power plants, the microstructure of the 25Cr-20Ni-Nb-N austenitic

steel with emphasis on the precipitation evolution as well as creep strength will be discussed.

3.1 Superheater and Reheater in Power Plants

Thermal power station are mainly steam driven: the steam turns into a steam turbine which
drives a generator, which then produces electrical energy.

The water in the power plant has to pass several stages until the steam is generated. A
general overview of the steam flow and selected materials in an A-USC power plant is shown
in Figure 1. First, the water is heated up in the feed heaters, by extracting small amounts of
hot steam out of the turbine. Afterwards, the heated water passes the economizer and
evaporator where the water is brought to the temperature of boiling and evaporation. Before
the steam is brought to the turbine, it is heated up by the superheater, where the moisture
content of the steam is removed [19] and the final steam service temperature is achieved.
After the steam is leaving the turbine, it is reheated by the reheater and fed back to the
turbine. A double reheating process in an A-USC power plant increases the efficiency by +0.7%
[20]. The last stages of the steam flow are the condenser and boiler feed where the steam is
condensed and pumped back to the boiler.

The superheater and reheater are located in the flue gas duct, after the furnace, and are
made of a set of tubes (placed across the duct) to pick up the heat. The diameter of the
seamless tubes is about 45mm and the thickness is about 10mm. Starr [21] reports that the
superheater “coil” is not continuous, it consists of several banks which varies from plant to
plant. Generally, a typical superheater consists of three banks: the primary, secondary and
final superheaters. For advanced power plants more than three superheater banks are

5
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necessary. A-USC power plant which operates at a steam temperature of =700°C contains four
superheater banks, as can be seen in Figure 1 (superheaters are marked with “SH”). The steam
temperature of the primary superheater (1SH) is quite low, around 350-450°C. This primary
superheater is made of ferritic steels. The secondary superheater (2SH, 3SH) takes the steam
from the primary one which is located close to the exit of the furnace, directly receiving the
hot flue gases which are in the range of 1250-1550°C. These secondary superheaters are made
of austenitic and nickel-base alloys. The final superheater (4SH) brings the steam to the
turbine inlet steam condition, which is for the A-USC, 700°C and 35MPa, see Figure 1. This final
superheater is made of nickel-base alloys. The steam pressure in the reheater is clearly lower
compared to the superheater: for SC power plant the relationship superheater/reheater is

250/45 bar, for USC 250/50 and for A-USC it is 345/76 bar [2].

L 35MPag
700°C
L]
1SH| H
[ \
] vhPT
2]
Furnace
Steam
m Turbine
Boiler
Conventional Materials GT Materials Materials under Development
Ferrite Ferrite Ferrite D
: ’
Austenite Ni-based Austenite .

Ni or Fe-Ni based Wl

Figure 1: Main stages of the steam flow of a A-USC power plant and selected materials [22].
VHPT: Very high pressure turbine; HP-IPT: High pressure-intermediate pressure turbine; LPT:
Low pressure turbine; SH: Super heater; RH: Reheater; GT: Gas turbine; ECO: Economizer.

3.2 Austenitic steels for Superheater and Reheater
During the last decades many materials for superheater and reheater in coal power plants
have been developed. In general the materials can be split up into three groups: ferritic-,

austenitic-steels and nickel-base alloys, as shown in Figure 1. Superheater materials for USC
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and A-USC power plants require a high creep strength, high thermal fatigue strength, good
weldability, high resistance to fireside corrosion and steam side oxidation. Viswanathan et al.
[4] mention that from creep strength point of view the ferritic steels can be used up to a metal
temperature of 620°C (corresponds to a steam temperature of 592°C). Furthermore,
considering the fireside corrosion, the metal temperature is still limited to 593°C. However, it
is expected that the ferritic steels in future will be used up to 650°C [23]. Above these
temperatures, in the finishing stage of superheater and reheater tubing, austenitic steels and
nickel-base alloys have to be used.

Wheeldon et al. [2] mention that the current advanced austenitic steels have the required
creep strength for more than 650°C, but they have two physical challenges:

e Low conductivity and high thermal expansion may lead to high thermal stresses and
fatigue cracking in the thick-walled pipe sections.

¢ Iron-alkali sulfates, which are present in the coal-ash deposits, promote the fireside
corrosion. The corrosion attack increases with increasing temperature (up to 700°C)
and increasing coal chlorine content. Above of 540°C the alkali sulfate becomes
molten and attacks the tube. The corrosion attack reaches a maximum at 700°C and
decreases for higher temperatures [9]. Since the austenitic steels are operating in
this temperature range, a strong corrosion attack is expected.

In general the austenitic steels can be split up into four categories according to their Cr
content: <18% Cr, 18% Cr, 20-25% Cr and >25% Cr. The 25Cr-20Ni-Nb-N steel (also known as
TP310HNDbN, HR3C, DMV310N), which is investigated in this thesis, is an advancement of the
20Cr-20Ni (AISI 310) steel with additional amount of Nb and N, as can be seen in Figure 2.

The chemical composition of the 25Cr-20Ni-Nb-N austenitic steel is presented in Table 1.
The high chromium-content of 25% gives an excellent fireside corrosion resistance, while the
addition of niobium and nitrogen promotes both, the formation of fine NbCrN (Z-phase)
precipitates and solid solution hardening improving the creep strength. The nickel content of
20% provides a full austenite matrix within the whole temperature range. The carbon is an
important carbide former. Silicon improves the oxidation resistance. Manganese acts as

deoxidation element and absorbs the sulphur during manufacturing.
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Figure 2: Development progress of austenitic steels for boiler [23].

Table 1: Chemical composition (wt.%) of 25Cr-20Ni-Nb-N by the standards [24].

Designation C Cr Si P Ni Nb Mn N S
METI < 23.0 < < 17.0 0.20 < 0.15 <
KASUS310J1TB 0.10 27.0 150 0.03 23.0 0.60 2.00 0.35 0.03
ASTM 0.04 24.0 < < 17.0 0.20 < 0.15 <
TP310HCbN 0.10 260 0.75 0.03 230 060 200 035 0.03
EN < 23.0 < < 17.0 0.20 < 0.15 <
TP310HCbN 0.10 270 150 0.03 230 060 200 035 0.03

Generally the tubes can be produced by mill-rolling or by extrusion. The last one is applied

for stainless steels and special metal tubes [25]. The ingot for the extrusion process is usually

produced by vacuum induction melting (VIM). The VIM produced ingot is then hot forged at a

temperature above 1000°C, whereas the temperature is decreasing during the forging to 800-

900°C. Afterwards, the semi-finished product is machined to the desired dimensions for

further extrusion process. Before extrusion, the semi-finished product is heated up by

induction heating and piercing is applied, where a hole in the part is created, as presented in

Figure 3. After that the tube is manufactured by extruding, followed by straightening, cold

pilgering (or cold drawing) and final heat treatment (usually a solution treatment at around

1200°C for the 25Cr-20Ni-Nb-N steel). Before the tubes are shipped to the customer, a non-

destructive testing (NDT) of the tubes is performed.
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Figure 3: Manufactoring process of cold finished superheater tubes [26].

3.2.1 Precipitates in 25Cr-20Ni-Nb-N austenitic steel

Newest austenitic steels e.g. HR3C or Sanicro25 contain usually a lot of alloying elements
(as shown in Table 1) in order to get the required properties. Since these properties are
dependent on the microstructure stability, such as formation, dissolution and coarsening of
precipitates, it is important to properly describe the evolution of the microstructure during
thermo-mechanical processes and subsequent in service condition.

Different input parameters and experimental values are necessary for precipitation
evolution simulations. Typical input parameters are precipitation nucleation-sites and shape-
factors. Experimentally observed values are precipitates phase fractions and mean diameters.
In order to obtain these parameters and values, extensive experimental investigations are
necessary which are cost and time consuming. Thus, a literature review about the precipitates
forming in the 25Cr-20Ni-Nb-N steel (mainly based on [27]) is described here. The present
chapter explains the main precipitates characteristics such as precipitates structure,
composition, shape, nucleation-site, stability and precipitates effects on the mechanical
properties in austenitic steels. At the end of each chapter a table is presented which
summarizes the main precipitates characteristics related to the 25Cr-20Ni-Nb-N austenitic

steel.
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3.2.1.1 MX

In [27] it is reported that MX precipitates form when carbide/nitride formers (Ti, Nb, V, Zr,
Ta etc.) are added to the alloy. Further on, MX precipitates have two purposes. The first one
is to stabilize the alloy against intergranular corrosion: MC precipitates bind the carbon and
therefore supress the precipitation of chromium-rich precipitates such M23Cs leading to local
depletion of chromium. The second one is to enhance the creep resistance, after a solution
treatment of 30-60min between 1100 and 1250°C, MX will precipitate during creep and act as
obstacles against movement of dislocations.

Generally the MX precipitates form during high temperature exposure (heat treatment as
well as service conditions) on twin and grain boundaries, dislocations within the matrix and
on stacking faults [27]. Formation of MX during the solidification is also possible, as reported
in [28] where TiN, NbN and (Nb,Ti)C precipitates with a size between 1 and 5um in a 20Cr-
20Ni austenitic steel are found. It is assumed that these several micrometer large MX
precipitates are detrimental. In [29], [30] it is reported that MX precipitates having a size of
=3um act as void initiation and can decrease significantly the fracture resistance in type 347
austenitic steel with 18%Cr.

The dissolution of the MX precipitates is partially controlled by the M23Cs precipitates. In
[31] it is assumed that the MC to M23Cs transformation can take place in several austenitic
steels after long time exposure. From the literature alone, it is not possible to clarify if M23Ce
or MC is more stable during long-term exposure. More studies are required to explain the
interactions between MC and M33Cs precipitates.

Table 2 presents the main characteristics of the MX precipitates in the 25Cr-20Ni-Nb-N
steel analysed after solution annealing at 1200-1250°C and after 500h at 750°C as well as after
long term exposure at 650°C for 72,075h. The shape of the MX is typically round or cubic. The
nucleation sites are grain interior. The main chemical element in MX is niobium and the size

is found to be up to =300nm.

Table 2: MX precipitates in 25Cr-20Ni-Nb-N austenitic steel.

Temp. Time Shape Nucleation Main chem. Size Investigation Reference
[°C] [h] sites elements [nm] method
=650 72,075 - Gl Nb - TEM, EDS [32]
750 500 RD Gl Nb - TEM, SAED [33]
1200-1250 - cu Gl Nb =300 TEM, EDS [34]

Gl: Grain interior; RD: Round; CU: Cubic
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3.2.1.2 Z-phase

Sourmail [27] reports that Z-phase has a tetragonal unit cell and comprises chromium,
niobium, nitrogen; the formula being CroNb;N». Furthermore, the requirement for Z-phase
(=complex carbonitride) precipitation are niobium-stabilizing steels with high nitrogen level.
During thermal exposure, Z-Phase appears basically on grain boundaries, twin boundaries and
within the matrix [27]. In [28] a NF709R austenitic steel with (wt.%) 22Cr and 25Ni is
investigated. Two different kinds of Z-phase populations could be found: a large one with a
size of =1um and a small one with a size of up to 100nm. The larger one is assumed to form
during solidification, whereas the smaller one is formed on dislocations during the thermal
exposure. The small fine dispersed Z-phase is assumed to be important for the creep strength
[27], acting as obstacles against movement of dislocations. The coarse Z-phase accelerates the
initiation of fatigue and especially corrosion-fatigue cracks in ISO 5832-9 austenitic steel with
22%Cr [35]. As reported in [27], [28], the Z-phase grows at the expense of MX precipitates in
20-25Cr austenitic steels. This indicates that the Z-phase is a stable niobium containing phase
in 20-25Cr austenitic steels.

In Table 3 the main properties of the Z-phase precipitates in the 25Cr-20Ni-Nb-N are
presented. The Z-phase is already found after 500h at 650 and 750°C and is even stable after
88,363h at 700°C. The shape is most whiskers-like, but also a cubic shape is reported. The
nucleation sites are grain interior and partially on grain boundaries. The main chemical
elements in Z-phase are niobium and chromium. An investigation of long term creep samples
(700°C/69MPa/88,363h) of 25Cr-20Ni-Nb-N steel reveals Z-phase inside grains having a
chemical composition (wt%) of 54.7Cr-42Nb-1.8Ni-1.5Fe [36].

Table 3: Z-phase precipitates in 25Cr-20Ni-Nb-N austenitic steel.

Temp. Time Shape Nucleation Main chem. Investigation Reference
[°C] [h] sites elements method
605 5,400 - GB, GI Nb, Cr TEM, EDS [37]
605 25,000 - GB, GI Nb, Cr TEM, EDS [37]
650 500 - Gl Nb, Cr TEM, EDS [34]
650 3,000 - Gl Nb, Cr TEM, EDS [34]
=650 72,075 WH Gl Nb, Cr TEM, EDS [32], [38]
700 88,363 WH Gl Nb, Cr TEM, EDS [36]
750 500 CU, WH Gl Nb, Cr TEM, SAED, EDS [33]

Gl: Grain interior; GB: Grain boundary; CU: Cubic; WH: Whiskers
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3.2.1.3 M23Ce

According to Sourmail [27], the M33Cs is the most found carbide in the austenitic steels.
M23Cs is a general notation for Cr3Ce, instead of chromium, there can be nickel, molybdenum
and iron. The M33Cs precipitates firstly form at grain boundaries, with increasing time on
incoherent twin boundaries, coherent twin boundaries and intragranular (e.g. undissolved
NbCN, dislocations) sites. After long ageing times, an interlocked structure of My3Ce
precipitates is observed.

The influence of M,3Ce on the mechanical properties seems to be dependent on the type
of nucleation. M33Cs, which form on serrated grain boundaries, tend to be planar and lower in
quantity, whereas M23Cs that form on planar grain boundaries tend to be triangular in shape
[39]. The triangular ones are more likely to lead to cavity nucleation and further on to failure
in austenitic steel AISI304 with 18%Cr [29].

The formation of the M23Cs can be particularly controlled by the steel chemistry. The
molybdenum accelerates the formation of the M»3Cs whereas the nitrogen retards both the
formation and coarsening [27]. A higher content of nitrogen accelerates the formation of CraN
and as a consequence the M23Cs formation is retarded [40].

In Table 4 the main properties of the M23Cs precipitates in the 25Cr-20Ni-Nb-N are
presented. It shows that the M23Cs are already found after 500h at 650 and 750°C and are
even stable after 75,075h at 650°C. The shape is mostly cubic- and rod-like. The nucleation
sites are mostly grain boundaries and also intragranular at longer exposure time. The main
chemical elements in M»3Cs are chromium and particularly nickel. An investigation of 25Cr-
20Ni-Nb-N creep samples (650°C/149MPa/17,237.4h) reveal M23Cs precipitates on grain

boundaries and inside grains having a chemical composition (wt%) of 74.5Cr-16.5Ni-6.5-Fe-

1.8Nb [36].
Table 4: M»3Cs precipitates in 25Cr-20Ni-Nb-N austenitic steel.

Temp. Time Shape Nucleation Main chem. Investigation Reference
[°C] [h] sites elements method
605 5,400 - GB Cr TEM, EDS [37]
605 25,000 - GB Cr TEM, EDS [37]
650 500 - GB Cr TEM, EDS [34]
650 3,000 CuU GB, Gl Cr TEM, EDS [34]
650 17,237 - GB, Gl Cr, Ni TEM, EDS [36]
=650 75,075 - GB, Gl - TEM, EDS [32], [38]
750 500 CU, RO Gl, GB Cr TEM, SAED, EDS [33]

Gl: Grain interior; GB: Grain boundary; Shape: CU: Cubic; RO: Rod
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3.2.1.4 o-phase

The o-phase has a tetragonal unit cell and its main chemical elements are iron and
chromium [27]. Additional compositions are Fe(Cr, Mo) or (Fe, Ni, Co)x(Cr, Mo, W), with x =y
[7]. In chromium-nickel austenitic steels, the o-phase forms at first on triple points then on
grain boundaries and afterwards, after long term ageing on incoherent twin boundaries and
intragranular inclusions [27]. Barcik [41] reports that o-phase in unstabilised 25Cr-20Ni steels
forms at the expense of M»3Ce, but also independently (directly from the austenite matrix).
Unstabilised refers to austenitic steels without carbide former elements such as niobium and
titanium which prevents intergranular corrosion. In the case of an independent o-phase
formation, a chromium content in solid solution higher than 18% is necessary. In extra-low-
carbon 25Cr-20Ni steels such as 310L, o-phase forms on the M23Cs/austenite surface, with
increased free energy. A further investigation of Barcik [42] reveals that the solution
conditions influence the kinetics of o-phase: In fine-grained austenitic steel (AISI 314) the
precipitation of o is faster than in coarse-grained. This effect is also supported by Farooq et al.
in [43].

The o-phase precipitates have very slow kinetics and the precipitate formation can take
several hundreds or thousands of hours. There are at least three reasons for the slow kinetics
[31]: (i) o-phase starts to form after the carbides and nitrides are formed; (ii) the complex
crystal structure (TCP) which is very different from the parent austenite matrix; (iii) o-phase
contains a lot of substitutional elements which have a slow diffusion. Furthermore, it is
reported in [31] that cold forming accelerates the o-phase formation if there is
recrystallization during annealing treatment.

Typical chemical elements which promote the o-phase are chromium, molybdenum and
silicon, while elements such as carbon and nitrogen suppress the o-phase formation by
formation of carbides and nitrides [7].

The influence of o-phase on the creep strength depends on the o-phase distribution. Li et
al. [44] present that finely dispersed o-phase mainly along grain boundaries and partially
inside grains increases the creep strength of a 25Cr-20Ni austenitic steel, whereas it is
expected that o-phase in lumpy form, for example in commercial stainless steels, does not
increase the creep strength. The influence of o-phase to the toughness is expected to be
detrimental. Minami et al. [45] reveal that a formation of o-phase leads to reduction of

toughness. It is assumed that the precipitation of o in 304H steel contributes mostly to a
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reduction of impact value after ageing at 700°C up to 50,000h. Similar effects are obtained by
Sandstrom et al. [8] for a 310 austenitic steel. In [31] it is reported that o-phase precipitation
depletes the parent matrix in chromium and molybdenum and thereby causes a dissolution
of carbides in this region. Since the chromium is most important for the corrosion resistance,
it is assumed that the depletion of chromium in the matrix (caused by o-phase formation) has
a detrimental effect on the corrosion resistance.

In Table 5 the main properties of the o-phase precipitates in the 25Cr-20Ni-Nb-N are
presented. An investigation of creep sample (700°C/69MPa/88,362.7h) reveals o precipitates

on grain boundaries having a chemical composition (wt%) of 47.5Cr-42.7Fe-9.5Ni.

Table 5: o-phase precipitates in 25Cr-20Ni-Nb-N austenitic steel.

Temp. Time Shape Nucleation Main chem. Investigation Reference
[°C] [h] sites elements method
700 88,363 - GB Cr, Fe TEM, EDS [36]

GB: Grain boundary

3.2.1.5 n-phase

In the literature less information is available about the n-phase. A detailed study about the
n-phase in 20Cr-25Ni-4.5Mo austenitic steel is done by Jargelius-Pettersson [46]. After ageing
at 850°C for 5 and 3,000h intra as well as intergranular n-phase (fcc structure) could be found.
The composition (wt%), is found to be 25-28Cr, 25-35Ni, 25-31Mo, 6-8Fe, 4.2-7.4Si. For n-
phase it is often given a composition of CrzNiSiN or CrzNizSiC. If the nickel content in n-phase
is larger than the chromium content, it is better to give the composition as MsSiN [46]. The
high silicon-content, fcc structure and lattice spacing of n-phase are similar to G-phase. These
makes it difficult to distinguish between n- and G-phase. However, the silicon-content (14
wt%) in G-phase is higher compared to n-phase and distinguishes the n-phase from the G-
phase [46].

3.2.1.6 G-Phase

The general notation of G-phase (fcc structure) is A16BsC7, where A and B are transition
elements and C a Group IV element such as silicon or germanium [47]. A detailed study about
the G-phase is done by Powell et al. [48]. They showed that in 20Cr-25Ni stabilized austenitic
steels component A is nickel, component B is mostly niobium with small amounts of iron and
chromium, and component C is silicon. Carbon is found to be not present in the G-phase.

Powell et al. [48] showed that the G-phase forms between 500 and 850°C, initially on grain
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boundary Nb(C,N) and after longer ageing at Nb(C,N) inside the grains. This investigation
suggests that the presence of Nb(C,N) is required for formation of G-phase. It is reported that
the transformation from Nb(C,N) to G-phase is faster when the Nb(C,N) are located on the
grain boundaries, as a consequence of a higher diffusion along the grain boundaries.

In Table 6 the main properties of the G-phase precipitates in the 25Cr-20Ni-Nb-N are
presented. The G-phase is found after 17,237h and even after 75,075h at 650°C. This indicates
that G-phase is a very stable phase in the 25Cr-20Ni-Nb-N steel. The G-phase nucleates mainly
on grain boundaries and it consists mainly of chromium, nickel and silicon. The exact chemical
composition (wt%) of G-phase at =650°C/75,075h is found to be 58Cr-28Ni-5Si-4Fe-5others
[38] and at 650°C/149MPa/17,237h it is 54.9Cr-38.5Ni-3.1Si-2.2Fe [36].

Table 6: G-phase precipitates in 25Cr-20Ni-Nb-N austenitic steel.

Temp. Time Shape Nucleation Main chem. Investigation Reference
[°C] [h] sites elements method
650 17,237 - GB Cr, Ni, Si TEM, EDS [36]
=650 75,075 - GB Cr, Ni, Si TEM, EDS [32], [38]

GB: Grain boundary

3.2.1.7 Precipitation kinetics model in MatCalc

MatCalc [10]-[12] has been used to model the nucleation, growth and coarsening of
precipitates in a multi-component and multi-phase system. The nucleation process in MatCalc
is based on the Classical Nucleation Theory (CNT) where the input quantities are given from
experiments or from theoretical models. The number of newly formed precipitates in MatCalc

is defined as the transient nucleation rate [10]:

J = Nozpexp (~ ) exv (- ) (1

where the N, is the number of potential nucleation sites, Zis the Zeldovich factor, f*is the
atomic attachment, G* is the critical nucleation energy, ks is the Boltzmann constant, T is the
absolute temperature, t;is the incubation time and t is the time.

The growth and coarsening process is treated separately for randomly distributed [10] and
grain boundary arranged [49] precipitates in MatCalc. For randomly distributed precipitates it
is assumed that the spherical precipitates are surrounded by spherical diffusion fields and the
Gibbs free energy for this system with n components and m precipitates can be written as

[10]:
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n m 3 n m
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where Ny is the number of moles of component i in the matrix phase, uo is the
corresponding chemical potential, px is the radius of the precipitate with index k, A« is the
contribution of the elastic energy and plastic work due to the volume expansion of
precipitates, ck is the concentration of component i, ui the corresponding chemical potential
and y« is the precipitate/matrix interface energy. The Gibbs energy is well known to be
minimum at thermodynamic equilibrium. A real system is often in a non-equilibrated state;
driving forces for precipitation evolution exist which leads to a system where G is gradually
reduced. Each change of the microstructure process leads to a dissipation of free energy. In
MatCalc, three types of dissipations are considered [10]: dissipation by interface movement
Qa, dissipation by diffusion inside the precipitate Q2 and dissipation by diffusion inside the
matrix Qs. The dissipation due to interface movement can be written as:

m
4mpy
Q=D G P 3)
k=1

where M is the interface mobility and p, is the growth rate of the precipitate k. The

dissipation by diffusion inside the precipitate can be expressed as:

& Pk RT 52
Q,= ZZJ D .4711" Jr:dr (4)

where R is the universal gas constant, ci the concentration, r is the particle radius (0 < r <

pk), jki is the flux- and Dy is the diffusion- coefficient of component i in the precipitate k. The

dissipation by diffusion inside the matrix Qs can be written as:

; Zijz D i (5)
’ k=1i=1 pkcol' 0i r]ki ’
=1i=

where Z is the mean distance between two precipitates, co; is the concentration and Dy; is

the diffusivity of element i in the matrix. Finally, the total dissipation is defined as Q =
Q1+Qu+Qs. According to the thermodynamic extremum principle [10], the growth rate and the
rate of change of chemical composition cj; of the precipitate can be obtained.

In case that precipitates nucleate on the grain boundaries, the assumption with the
spherical diffusion field is not valid anymore. For the grain boundaries precipitates, two

different dissipation mechanisms are considered: dissipation due to diffusion in the grain
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boundary Q8 and dissipation due to diffusion in the grain Q°. The corresponding equations can

be found in [49].

3.2.2 Creep strength of austenitic steels

The creep rupture time of the 25Cr-20Ni-Nb-N steel (HR3C) is shown in Figure 4. The
temperatures of 650 and 750°C which are relevant for the present thesis are marked with
blue- and red-colour. The average creep rupture strength after 1,000h at 650°C is =<250MPa
and at 750°C it is *110MPa.
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Figure 4: Creep rupture times of HR3C austenitic steel (25Cr-20Ni-Nb-N) [24].

Figure 5 shows the influence of nickel, niobium and nitrogen on the creep strength of 25Cr-
20Ni-Nb-N. As it can be seen, the rupture strength is significantly increased with higher
nitrogen content. Niobium has the same effect. Samples without niobium have the lowest
rupture strength, when adding niobium the rupture strength is increased. The influence of

nickel on the rupture strength seems to be low compared to nitrogen and niobium.
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Figure 5: Influence of nickel, niobium and nitrogen on the 1000 h creep rupture strength of
25Cr-20Ni-Nb-N (HR3C) [50].

Creep means a plastic deformation of material, at constant load and as a function of time.
Depending on the material, creep can take place at low and high temperature. Generally for
steels, temperatures higher than 0.4 solvus temperature are relevant for creep [7].

Creep strength means resistance against plastic deformation. Several hardening
mechanisms exist in the steels which contribute to the creep strength. It is reported by Blirgel
et al. [7] that at low temperature (below 0.4 solvus temperature) four hardening mechanisms
contribute to the strength: dislocation, fine grain, solid solution and precipitation
strengthening. At high temperature during creep (above of 0.4 solvus temperature) these
hardening mechanisms are particularly promised: the contribution from dislocation is
decreasing for long time exposure due to the recovery; contribution from fine grains is not
promising, a coarse grain is desirable; contribution from solid solution is decreasing with
increasing temperature; contribution from precipitates is most promising.

For the 25Cr-20Ni-Nb-N steel three main contributions to the creep strength are expected:
from dislocations, from precipitates and from elements in solid solution. These three
contributions are analysed by the creep strength modelling approach of Sandstréom et al. [13]—

[18] and are summarized in this chapter.

3.2.2.1 Dislocation hardening
Dislocations represent an effective barrier to the motion of other dislocations. To represent
this contribution to the strength, the development of the dislocation density have to be

understood. New dislocations are generated during work hardening at the same time as other

18



Stojan Vujié Literature Review

dislocations are annihilated due to recovery. According to the classical recovery model for
creep, there is a balance between work hardening and recovery during secondary creep. The
work hardening and the recovery can be modelled by the following equation for the strain

dependence of dislocation density p [14]:

Z—i’ = ;”—L — 20, M(T, 0)p?/¢ (6)

where € is the strain, b is Burger's vector, L is the "spurt" distance, which the dislocation
moves when it is released during deformation. m is the Taylor factor (3.06 for fcc materials),
7. the dislocation line tension, M the dislocation mobility, and & the strain rate. The two terms
on the right hand side of the equation are the Orowan expression for the work hardening, and
the static recovery term. The spurt distance L can be assumed to be of the order of the
subgrain size, i.e. after a dislocation link has been released, it is primarily stopped by the
subgrain boundaries. In fact, for single crystals it has been demonstrated that the spurt

distance is controlled by the subgrain size [51], [52]. The subgrain diameter (dsus) can in turn

be related to the stress and dislocation density [14].

KGb K
L= dsub = . = ampl/z (7)

where «a is a constant and G the shear modulus. The constant K is about 20 for austenitic
stainless steels [53]. In deriving eq. (7), the Taylor equation is used.
Oaist = maGb,[p (8)
In the relation for the subgrain size in eq. (7), it is usually assumed that the total creep
stress should be applied. However, as it will be seen below, the total and the dislocation
stresses are of the same order of magnitude, so no distinction is made between them in the
expression for the spurt distance.

For stationary conditions where dp/de=0, eq. (6)-(8) gives

. ZbKTL Odisl 3
Emin = am? M(T, 04i51) (am12b> (9)

If the stress dependence of the mobility M is not considered, eq. (9) is a Norton equation

with a creep exponent of 3. At very high temperatures this might be a satisfactory
approximation. If only climb is considered, Hirth and Lothe give the following expression for

the mobility [54]

Dgob ob3 Q
Maam (T,0) = 7.5 exp <kBT> exp (-7 (10)
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where T is the temperature, Dsp the pre-exponential coefficient for self diffusion, Q the
activation energy for self diffusion, b the Burgers vector, ks the Boltzmann’s constant, and R
the gas constant. The lattice diffusion coefficient is used. It has been shown that pipe diffusion
is negligible for 20Cr-25Ni-Nb-N at investigated temperatures [55]. The stress dependence in
(10) is small. It is well established that the creep exponent can be much higher than three to
five at lower temperatures, which is referred to as the power-law break down regime. By
taking glide into account a strongly stress dependent dislocation mobility is obtained that is

applicable also in the power-law break down regime [16], [18]:

Dyob b3 2
M(T,0) = kBOT exp <I(:BT> exp (-RQ—T ll - (Ua ) D /fsot (11)

Omax is taken as the tensile strength at ambient temperatures and fsos a constant that takes

the influence of elements in solid solution into account. All the other parameters are readily
available. By combining eq. (9) and (11) an expression for the secondary creep rate as a
function of stress is obtained. By solving this expression for the stress at a given strain rate by

iteration, the dislocation contribution to the creep strength is obtained.

3.2.2.2 Precipitation hardening

Traditionally, the contribution from precipitation hardening to the creep strength is
estimated based on Orowan bowing of dislocations around the particles. In Figure 6(A) a
schematic dislocation bypassing of non-scherable precipitate is shown. Driven by shear stress
the dislocation moves against two precipitates (1). The bowing of dislocation starts after the
contact between dislocation and precipitates (2), see also Figure 6(B). This bowing is present
until the dislocation loops around the precipitates (3). After bypassing, dislocation loops

remain around the precipitates (4).
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Figure 6: Orowan bowing (A) and interaction between dislocation and precipitates in nickel
alloy (B) [56].
A number of different types of particles are present in 25Cr-20Ni-Nb-N. For each particle
type marked with an index i, the Orowan strength contribution has the following simple

mathematical form [57]:

2t,m
Opart; = 0.8 (12)

. prarti
where Lyarti is the average distance between the particles of type i (in a square network)

and can be determined from the precipitation calculations:

Lparti = ’1/NAL- (13)

where N is the total number of particles of type i per unit area

3

Ny, = T I (14)

where fyoi is their volume fraction and R; the 3D-radius of the particle of type i. Eq. (12) is
essentially temperature independent except for the weak temperature dependence of the
line tension 1, or if Lpari Shows a pronounced temperature variation. In contrast, the creep
strength decreases approximately exponentially with increasing temperature for a given
rupture time. At high temperatures, dislocations can climb across the particles and as a
consequence, eq. (12) strongly overestimates the contribution to the creep strength.

In the past, many attempts were made to compute the stress required for dislocation to
climb across the particles. If the dislocations are attached to the particles when they pass them

(local climb), the stress has been estimated to about half the Orowan strength [58]. However,

when the dislocations are only in contact with the particles at single points (general climb),
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the stress is negligibly small [59]. It has been convincingly shown that general climb is the
energetically favourable case [60]. It can be concluded that there is no stress barrier for
dislocations to climb across particles.

The solution to this dilemma is to assume that it is the time it takes for the dislocation to
climb across the particles that decides whether a particle will be climbed or not. More
specifically the following assumptions have to be made [61], [62]:

e The controlling mechanism is the time it takes for a dislocation to climb across a
particle.

e A critical radius reit is introduced, which is the maximum particle size where there
is sufficient time for dislocations to climb across particles during the design life.

e For smaller particles (r< reit) there is sufficient time for the dislocation to climb
across them. These particles will not contribute to the strength.

e Larger particles have to be passed by Orowan bowing.

Figure 7 shows a schematicillustration of particle passing mechanisms at high temperature.
Most of the particles in the present austenitic steel are incoherent (due to large size and/or
different crystal structure compared to the austenite matrix) and will be therefore passed by
climbing and Orowan bowing. In the present creep strength modelling approach it is assumed
that precipitates smaller than the critical radius reit do not contribute to the creep strength,
whereas precipitates larger than rcit contribute to the creep strength by Orowan bowing. The
critical radius reit increases with decreasing applied stress, increasing temperature and

increasing creep time.
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Figure 7: Particles passing mechanisms at high temperature for (A) coherent and incoherent
particles, (B) only incoherent particles and (C) incoherent particles with radius smaller/larger
than critical radius rqit. Compiled by author and based on [61], [62].

The contribution of larger particles (larger than r¢i:) to the strength is obtained with the

Orowan mechanism
2tm

15
b chriti ( )

aparti = 0.8

where Lyt is the average interparticle distance for particles larger than rci: for particle
type i. For 25Cr-20Ni-Nb-N and other materials, the size distributions often have an
exponential form [13].

ny, (1) = NAiexP(_:Bi (r— Tot)) (16)
where Ny is the total number of particles of type i per unit area, and naj(r) the number of
particles larger than r. r is the particle size, ro the smallest accurately recorded particle size,
and fi a constant, that is taken as the inverse (average) particle radius.

The critical radius can be computed as the available time for climb tgimp multiplied by the
climb velocity vqiss of the dislocations, which can in turn be expressed with the help of the climb
mobility.

27¢crit = tetimbVaist = tetimbPMciimp0 (17)
The available climb time can be taken as half the design life. The interparticle spacing Lrcriti

can then be determined with the help of egs. (16) and (17). For a square network of particles

we find that
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LTCTiti = /1/nAi(rcriti) (18)

To sum the strength contributions from different particles types, oparti, the squares of the

individual contributions are added [63]. The total contribution is then given by

Lpartwt = 1/ Z 1/Lparti2
i

(19)

Opartior =

3.2.2.3 Solid solution hardening

3.2.2.3.1 Substitutional elements

Due to lattice misfit, elements in solid solution give rise to a hardening effect that increases
the creep strength. This section gives a summary of models that are presented in detail
elsewhere [13], [15]. The maximum interaction energy between a solute and an edge

dislocation can be expressed as

1(1+v) b
max _ _ Qe 20
' n (1 - V) ¢ 0% Tsol ( )

where G is the shear modulus, vis the Poisson’s ratio, b is Burgers' vector, £ is the atomic
volume in the host alloy, rsol is the distance from the solute to the centre of the dislocation,

and & is the linear atomic size misfit parameter of solute i

_ Oa
"~ adg;

(21)

&
a is the lattice parameter, and ¢; the concentration of the solute element j. For the
austenitic stainless steel 23Cr-25Ni-W-Cu-Co, the lattice misfit parameters & have been
computed with first-principles methods [15]. The solute is believed to be quite close to the
centre of the dislocation and a value of rs = 2b/3 has been assumed. This might somewhat
overestimate the interaction energy, since this distance is smaller than what is typically found
for the core radius of the dislocations in first-principles calculations [64]. The resulting value
for the misfit parameter for Nb is & =0.253. With a Poisson's ratio v= 0.3, the shear modulus
G =52.5 MPa, and the atomic volume (% = 1.21 x10%° m3, we find that
U = 339¢;(kJ /mol) (22)
This gives an interaction energy of 85.8 kJ/mol. The concentration of solutes around non-
moving (static) dislocations ¢/t can be formulated as [54].

¢t = clexp(—U;(x,y)/kgT) (23)
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where ¢/ is the concentration of solute i in solid solution, ks Boltzmann’s constant and T
the absolute temperature. (x,y) are the Cartesian coordinates of the position of the solute
relative to an edge dislocation, which is climbing in the y-direction. The concentration of

solutes around a moving dislocation ¢/#" gives a slightly more complicated formula [54]

y
. 0 . . . ! . !
C@J’n — UgisiCi exp (_ Ul(x' y) _ Udlsly> f exp <UL(X'Y) + Vgisty ) dy’ (24)

kT Dot kT D$!

where vgis is the velocity of the dislocation, and D#° the diffusion coefficient for the solute
i. vdisi is given by eq. (17). The presence of solutes gives rise to a drag stress on the dislocations,
which reduces the climb rate and increases the creep strength. The drag stress can be

expressed as [54]

(25)

i

gdrag _ L kTUf (c; — CO)Z
bL

where 0% is the drag stress from solute i, F the force per unit length L of the dislocation
and A the area surrounding the dislocation. It has been shown that the static solution in eq.

(23) can be used to compute the integral in (25) [15], [54]. The solution is

drag __ UCO.BZ
t " bD;kgT

I(ZO) (26)

where zo=B/roksT and the integral /(zo) is

1(zo) —f 2\/3% ~5/2e2dy (27)

1

I(zg) can be computed numerically.

It is evident from Figure 30 on page 64 that the distribution of solutes is sharply peaked
around the dislocations. When the dislocations move, the solutes have to jump in and out of
the cloud. This requires an activation energy in addition to that for the self-diffusion during
climb. As an effect, the creep rate is lowered by the factor

fsot = exp(— Qso1/KT) (28)

Consequently, solid solution hardening raises the activation energy for creep. This explains

why the activation energy for creep of austenitic stainless steels is considerably larger than

that for self-diffusion. Qsos is chosen as the maximum interaction energy U/ from eq. (20).
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3.2.2.3.2 Interstitial elements

It is well-known that nitrogen raises the creep strength, see for example [65]. As it will be
demonstrated in section 5.3.1, nitrogen-containing precipitates significantly contribute to the
creep strength. However, a contribution from solid solution hardening from nitrogen can also
be expected. In this case, eq. (26) cannot be applied. In fact, it gives a negligible contribution
for interstitial elements due to their fast diffusion. In spite of this, fast diffusion elements can
give a significant contribution to the creep strength. This has been demonstrated for
phosphorus in copper, where only 50 wt. ppm P gives a large increase in the creep strength
[15], [18]. It appears that the small elements are locked to the dislocation, and that a break
stress is needed to make the dislocations move, which gives the solid solution hardening. The

break stress opreqk Was derived in ref. [18]

Yr
Uimax dyn
Obreak = b3 fci dy (29)
Yi

The integral in (29) (L and R stand for left and right) is performed over the solute
distribution such as the one in Figure 30 on page 64. It is the dynamic content according to eq.
(24) that should be applied in eq. (29). For nitrogen, it is possible to estimate the lattice misfit
parameter from how the element affects the lattice parameter. Data for very large nitrogen

contents [66] have been used. The resulting value for the linear misfit parameter is &= 0.025.

3.2.2.4 Total creep strength
The total creep strength of 25Cr-20Ni-Nb-N steel is obtained by adding the contributions

from the different mechanisms. The predicted total creep strength is called cuppi
Oappl = Oqist T Opy + Oso1 + Os0in (30)
where the ogisl is the contribution from dislocation, opn from precipitates, osol solid solution
and osoin solid solution from N. The ogpp should be directly comparable with the measured

creep rupture strength Gexp.
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4 Material and Experimental

4.1 The 25Cr-20Ni-Nb-N austenitic steel

For the investigations six samples are used. The samples (10x10x2mm) were extracted from
a solution treated (at 1230°C) and cold finished seamless tube produced by extrusion. An
ageing treatment at 650 and 750°C for 1,000, 3,000 and 10,000h is applied by
Forschungszentrum Jilich. A grain size of 22um is measured by the KTH Stockholm. The

chemical composition is presented in Table 7.

Table 7: Chemical composition (wt%) of 25Cr-20Ni-Nb-N steel.

Fe C Cr Si P Ni Nb Mn N S 0]
519 0.062 24.7 038 0.017 20.6 0.44 1.2 0.1819 <0.0005 0.0162

4.2 Microstructure Investigation Methods

4.2.1 Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) is mainly used for the investigation of the
precipitates composition, distribution as well as nucleation sites of large precipitates like
M23Cs and o-phase. The samples for the SEM investigations are mechanically grinded, polished
and electrolytically etched. The electrolytic etching is performed with a 10% solution of oxalic
acid in distilled water at 3 volts for 10 to 60s. The chemical composition of the precipitates is
measured by EDS. In order to compare the precipitation evolution calculation with
experimental data, the experimental mean radii and phase fractions of the precipitates are
the most convenient data. For the comparison it is necessary to convert the measured area

fraction of the precipitates into phase fractions. This is done by the standard method
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described in [67]. The SEM investigations are performed by the KTH Stockholm with a JEOL
7000F SEM equipped with EDS system.

The investigation of the modified 25Cr-20Ni-Nb-N steel (see chapter 6.4 on page 87) is
performed at the Institute of Material Science and Welding (IWS). The samples of the modified
steel are mechanically grinded and afterwards vibration polished using Biihler Vibromet 2 with
an OP-AA (Acidic Alumina) suspension for high-alloy steels. Furthermore, the samples are
investigated using a LEO 1450 VP scanning electron microscope. Due to the low resolution of
this SEM, the observation was restricted to the phase fraction and radius of primary Z-phase

precipitates and the presence of grain boundary precipitates.

4.2.2 Transmission Electron Microscope (TEM)

The transmission electron microscope (TEM) is mainly used for the investigation of the
precipitates composition of smaller precipitates such as secondary Z-phase and MX
precipitates. The TEM investigations are performed with carbon replicas. The TEM samples
are mechanically grinded, polished and chemically etched in a solution of 40% HCI, 20% HNO3
in distilled water at 60°C for 10s. The carbon replicas are evaporated with carbon onto
chemically etched specimens followed by the dissolution of the metallic matrix in a solution
of 40% HCI, 20% HNO3 in distilled water at 60°C. The chemical composition of the precipitates
is measured by EDS. The TEM investigations are performed by the KTH Stockholm with a JEOL-
TEM (200kV) equipped with EDS system. It has to be mentioned that the phases have been
identified with the help of the SEM- and TEM- EDS system. No electron diffraction has been
performed. The uncertainties with EDS for smaller precipitates are particularly significant,

therefore the results should be interpreted with some caution.

4.3 Thermodynamic and Thermokinetic Calculations

The calculation of the precipitation evolution is a quite complex process with several steps.
A general overview of a procedure for a precipitation calculation is given in Figure 8. The first
step is an equilibrium calculation where the thermodynamic equilibrium phase fractions
versus temperature, solvus temperatures and transformation points are calculated. The
second step is a Scheil-calculation [68]—[70] where the effect of the segregation processes
during solidification on the formation of the precipitates is calculated. The main output of the
Scheil calculation is the phase fraction of primary precipitate phases versus temperature

during cooling down after melting. The third step is the precipitation kinetic calculation. Since
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precipitation kinetic simulations are generally restricted to the formation of particles due to
diffusional processes in solid materials, primarily formed precipitates have to be considered
separately. For this reason, the calculated data on the primary precipitates (from Scheil
calculation) have to be used as input data for the precipitation calculation. Additionally to the
primarily formed precipitates, the heat treatment, grain size, nucleation sites, dislocations
density and precipitates shape factor have to be known. These additional input data can be

obtained by experimental investigation or literature research.
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Figure 8: General procedure for precipitation calculation (input parameters are marked in
blue and evaluation parameters in purple).

4.3.1 Setup for Equilibrium and Scheil Calculations

The equilibrium and Scheil [68]—[70] calculations are performed with the MatCalc version
5.52 (rel 1.010) and the thermodynamic database mc_fe _v2.016. The N(bC,N) and Cr2N phases
are not defined as a separate phase in the MatCalc database, only their parent phase can be
selected. As consequence, the elements for Nb(C,N) and Cr;N have to be defined by the
command “composition set”. Niobium, carbon and nitrogen are defined for Nb(C,N), whereas
chromium and nitrogen are defined for Cr,N.

For the Scheil calculation, only back diffusion of carbon and nitrogen was allowed, all other
elements were assumed not diffusing during cooling. These conditions meet the situation for

a broad bandwidth of medium cooling rates.
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4.3.2 Setup for Precipitation Calculations

The precipitation kinetics calculations are performed with the MatCalc version 5.52 (rel
1.010), the thermodynamic database mc_fe v2.016 and the diffusion database
mc_fe_v2.005. The precipitation evolution calculation is performed by MatCalc script which is
shown in the Appendix on page 113.

For the precipitation kinetics calculations, eight precipitates are considered: M23Ce, o-
phase, primary Z-phase, secondary Z-phase, primary Nb(C,N), secondary Nb(C,N), n (Cr3Ni,SiN)
and G-phase. Since precipitation kinetic simulations are generally restricted to the formation
of particles due to diffusional processes in solid materials, primarily formed precipitates have
to be considered separately. For this reason, the calculated data on the primarily formed
precipitates (from Scheil calculation) have to be used as input data for the precipitation
calculation. By analysing micrographs, the nucleation sites for different types of precipitates
are partly identified as described in Table 8 on page 42. Grain boundaries are defined as
nucleation sites for M23Cs, Cr3Ni,SiN and G-phase, see Figure 9. It has to be mentioned that G-
phase was not found experimentally, but it was reported in [32], [38] to nucleate on grain
boundaries. The nucleation of M»3Cs at grain-, twin-boundaries and slip bands is taken into
account in the following way: since twin boundaries and slip bands as nucleation sites are not
available in MatCalc, subgrain boundary corners which are expected to have a similar density,
are selected as a substitute. o-phase is considered to nucleate at grain boundary corners which
is in agreement with the observations. The nucleation sites of secondary Nb(C,N) and Z-phase
are defined to be at dislocations.

It is reported in [32], [38] that the Z phase has an elongated shape, so that a shape factor
(relation length/width) of 3 is defined for Z phase. The same applies to M23Cs where also a

shape factor of 3 is used.
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Figure 9: Nucleation sites of precipitates. GB: Grain boundary; D: Dislocation; GC: Grain
corner; SBC: Subgrain boundary corner. Compiled by author and based on [71].

The interfacial energies for the particles are calculated automatically by the GBB (General
Broken-Bond) model [72]. Since the ageing temperatures of 750°C is close to the o-phase
solution temperature (800°C according to equilibrium calculation), it is assumed that the o-
phase interface becomes diffuse [73] and therefore an interface energy correction of 0.45 for
750°C was applied. No correction of o-phase interface energy for 650°C is applied.

The experimentally measured value of 22um is used for the grain size. Since the extrusion
process causes a strong plastic deformation, a dislocation density for the austenite matrix is
set to 1x10*m2,

The investigated austenitic steel passed several different temperature cycles during the
manufacturing process of the tube. When the precipitation evolution is simulated, only the
solution annealing is considered, but not the previous applied temperature cycles from the
manufacturing process. There are several reasons why the manufacturing process is not
considered, some of them are (i) process parameters such as heating-, cooling-rates and
holding times are not given by the manufacturer, (ii) no records of temperature profile were
found. Only the solution annealing heat treatment is known, and thus is considered for the
precipitation evolution. However, by discussion with some manufacturers it was tried to
estimate the temperature profile during the manufacturing route. When this estimated
temperature cycle was applied, no significant differences in precipitation evolution during
service were observed. The main reason for that was that most of the precipitates (except
Nb(C,N) and primary precipitates) are dissolved during the solution annealing and thus the
previous applied temperature cycle becomes unimportant. Only the Nb(C,N) precipitates

became a bit larger, but this was not significant. Due to the low influence of the estimated
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temperature cycle and significant higher calculation time it was decided to not consider the
manufacturing process.
The studied heat treatment is shown in Figure 10 and consists of five segments: heating to

solution temperature, solution annealing at 1230°C for 10min, quenching, heating to service

temperature and ageing at 650 and 750°C for 100,000h.

Temperature 4 Solution annealing:
1230°C for 10min

2
,Qo’ @ .
& 3 Service at:
L 2 650 and 750°C for 100,000h
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@
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Time

Figure 10: Applied heat- and service- treatment for the precipitation calculation.

4.4 Creep strength modelling

A basic overview of the applied creep strength modelling procedure for austenitic steels at
e.g. 650°Cis shown in Figure 11. Three main contributions to the creep strength are expected:
from dislocations, from precipitates and from elements in solid solution. The rupture
elongation has to be known in order to calculate the dislocation hardening. In the case of the
HR3C a rupture elongation of €=20% is assumed, which is a typical value for austenitic
stainless steels. This value does not have a large influence on the results as long as the stress
exponent is high. So a typical & can be assumed and kept constant for different stresses and
temperatures such as 650 and 750°C. The precipitation and solid solution hardening were

calculated using the results from the precipitation and equilibrium calculations.

32



Stojan Vujié

Material and Experimental

Start

L 2

MatCalc: Precipitation
distribution at 650°C
aftertime 5

¥

MatCalc: N and Nb
equilibrium content in
solid solution at 650°C

F’

Precipitates
radius r > r

L 4

Assumption of
rupture elongation
(er = 20%) and
rupture time (iz) at
650°C

{

Calculation of solid

Precipitates r < r_
are not considered
for the precipitation
hardening

Calculation of
precipitation
hardening Opy

solution hardening
csol and O-solr\l

Calculation of
creep rate €

A 4

{

0. and o, at
650°C afterty

Calculation of
dislocation
hardening 04

/ 6, at650°C

H

Opy at 650°C /
after t /
Calculation of total creep

0-au:)pl = chSI + OPH + cso\ + csoIN :

strength o, aftert;

O, 8t 650°C
aftertg

afterty /

End
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time.
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5 Results and Discussion

5.1 Microstructure

5.1.1 Microstructure at 650°C

Samples aged at 650°C for 1,000, 3,000 and 10,000h reveal five different precipitates: Z-
phase, M23Cs, Nb(C,N), n (Cr3NizSi(C,N)) and o-phase. Additionally, two different oxides are
found: Al- and Si-oxide.

Considering the Z-phase, two different populations of Z-phase are observed: a primary one
with a mean diameter of up to 3.5um, see Figure 12(A), and a secondary one with a diameter
of several nanometres. The shape of the primary one is irregular, it varies between round- and
square-shape. An elongated cluster of primary Z-phase precipitates is often observed. The
Nb(C,N) precipitates are mainly round shaped. Its diameter varies from several nanometres
up to =380nm, see Figure 12(B). The M23Cs are mainly observed at grain boundaries, but at
longer ageing times also at twin boundaries and slip bands. The shape of the M23Cs is
sometimes found to be cubic, but mainly elongated as can be seen in Figure 13(Spectruml,
2).

The nucleation sites and shape of the n-phase is found to be similar to M23Cs. Significant
amounts of o-phase are only found after longer ageing times (after 5,000h). The o-phase is
found mainly on triple points of grain boundaries having a mean diameter of =2.8um after
10,000h at 650°C. Only fiew oxides are found, in Figure 12(A) an Al-oxide (1) and in Figure

12(B) two Si-oxides (Spectrum 1, 3) are shown.
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300nm z Electron Image 1

Figure 12: SEM image of 650°C/1,000h (A) and TEM image of 650°C/3,000h (B) aged sample.
A-1: Al-oxide; A-2: primary Z-phase; Spectrum 1, 3: Si-oxide; Spectrum: 2, 4: Nb(C,N).

3um b Electron Image 1
Figure 13: TEM replica of 650°C/10,000h aged sample. Spectrum 1-2: M23Cs; Spectrum 3:
Nb(C,N).

The phase fractions and mean radii of precipitates are the most convenient data to evaluate
the precipitation calculation. The SEM investigations are used to obtain these parameters for
the M23Cs and o-phase precipitates. Unfortunately, due to time constraints and resolution
limit of the SEM, other precipitates could not be evaluated. As shown in Figure 14, the phase
fractions and mean radii of M23Cs and o-phase precipitates are increasing with increasing

ageing time.
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Figure 14: Measured phase fractions (A) and mean radii (B) of M23Cs and o-phase at 650°C.

5.1.2 Microstructure at 750°C

Samples aged at 750°C for 1,000, 3,000 and 10,000h reveal five different precipitates: Z-
phase, M23Cs, Nb(C,N), n (CrsNizSi(C,N)), o-phase. Additionally, two different oxides are found:
Al- and Si-oxide.

The nucleation sites and shapes of the precipitates at 750°C are found to be similar to
650°C. Only a difference in the precipitates size is found, which is significantly larger at 750°C
compared to 650°C. Especially the presence of o-phase is more significant at 750°C compared
to 650°C. In Figure 15 (A) a significant amount of o-phase is observed in steel aged at 750°C
for 1,000h. Its mean size is 1.73um. Similar to the 650°C aged samples, also in 750°C samples
an elongated cluster of primary Z-phase precipitates is often observed, as shown in Figure
15(A-2). A TEM micrograph of the specimen aged for 1000h at 750°C taken from a carbon
extraction replicais shown in Figure 15 (B). The large precipitates in Figure 15(B-1) are Nb(C,N)

with a diameter of 145nm.

Figure 15: SEM image of 750°C/1,000h (A) and TEM image of 750°C/1,000h (B) aged sample.
A-1: o; A-2: primary Z-phase; B-1: Nb(C,N).
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After 10,000h at 750°C, a M23Cs film along the grain boundaries is observed, as it can be
seen in Figure 16.

The evolution of the phase fraction and mean radii of the M»3Cs and o-phase precipitates
is shown in Figure 17. Both precipitates show an increase of phase fraction with increasing
ageing time until 10,000h. Similar observations are made for the evolution of the mean radii
of o-phase, but not for M23Cs where the mean radii remain constant between 3,000 and

10,000h.

KIMAB COMPO 100kv  X1900 WD 100mm  10um

Figure 16: M23Cs (1) precipitates at grain boundaries at 750°C after 10,000h.
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Figure 17: Phase fraction (A) and mean radii (B) of M23Cs and o-phase at 750°C.

5.1.3 Precipitates composition

The chemical compositions of the precipitates are investigated by TEM-EDS and SEM-EDS.
It has to be mentioned that the TEM-EDS measurements are performed on carbon replicas
where the accuracy is higher compared to SEM-EDS. The SEM-EDS technique is more suitable

for larger precipitates like primary Z-Phase and o-phase where the influence of the
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surrounding matrix is lower. The SEM-EDS investigation of smaller precipitates like M23Cs and
n-phase have to be treated with caution.

The TEM-EDS and SEM-EDS analyses, as shown in Figure 18 and Figure 19 respectively,
depict a strong scattering of the precipitates composition as well as differences in the
composition between 650°C and 750°C aging temperatures. However, some observations can
be made. Looking at the TEM-EDS results of M23Cs in Figure 18, it can be seen that chromium
(=80%) is the main element and that niobium content decrease (from =15% to almost 0%) with
increasing ageing time. When Nb(C,N) is analysed, it can be seen that niobium (=60%) is the
main element and that chromium content is decreasing (from =30% to smaller than 10%) with
increasing ageing time. The main elements of the Z-phase (secondary) are niobium (50 — 60%)
and nickel (20-30%). The main elements of the n-phase are chromium (40-50%) and nickel (30-
40%).
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Figure 18: Chemical composition (wt.%) of precipitates measured by TEM-EDS.

Looking at the SEM-EDS results of the Z-phase (primary) in Figure 19, it can be seen that

the main elements are niobium (up to 65%), chromium (10-30%) and nickel (5-15%). The

composition of the o-phase seems to be constant during the whole ageing time, it is =40-45%

chromium and =10% nickel. The SEM-EDS analysis of the M23Cs and n-phase has to be treated

with caution, since these precipitates are small and the influence of the surrounding matrix

becomes large.
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Figure 19: Chemical composition (wt%) of precipitates measured by SEM-EDS.

5.1.4 Discussion

Samples aged at 650 and 750°C for 1,000, 3,000 and 10,000h reveal five different

precipitates: Z-phase, M23Cs, Nb(C,N), n (CrsNizSi(C,N)), o-phase. Additionally to that, two

different oxides are found: Al- and Si-oxide. A summary of all observed precipitates is

presented in Table 8. Most of these precipitates, except n (CrsNizSi(C,N)), are found in previous

published investigations [32]—[34], [36]—-[38]. Asummary of these published investigations can

be found in the literature review in chapter 3.2.1 on page 10 - 14.
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Table 8: Summary of different observed precipitates over the ageing treatment at 750°C.

Phase 1,000h 3,000h 10,000h Shape Nucleation M2 chem.
elements
Primary - - - .
Z-phase (=) (=) (=) IR Gl, GB Nb, Cr, Ni
S;fg;:sagy (+) (+4) (+++) EL Gl Nb, Ni, Cr

M23Ce (+) (++) (++4+) EL, CU GB, Gl cr

Nb(C,N) (+) (++) (+++) RD, CU Gl Nb, Cr, Ni
n-phase (+) (++) (+++) EL, RD GB, GI Cr, Ni, Nb
o-phase (+) (++) (+++) IR GB Cr, Ni, Nb

(+) indicates an increasing precipitate diameter during ageing and (=) diameter remains constant.

IR: Irregular; EL: Elongated; CU: Cubic; RD: Round; Gl: Grain interior; GB: Grain boundary.

Similar results are observed at 650°C, whereas the diameters of most precipitates were smaller, especially
of the o-phase.

The n-phase requires a more detailed discussion. The chromium- and silicon-rich n-phase
is identified in [37] as MeC and in [32], [36], [38] as G-phase. The high silicon-content, fcc
structure and lattice spacing makes it difficult to distinguish between n-phase, MsC and G-
phase. However, in [46] it is reported that the silicon-content of 14 wt% in G-phase is larger
than in n-phase and separates the n-phase from the G-phase. Figure 19 shows that the silicon-
content of the n-phase is smaller than 10wt%. This confirms the suspicion that the chromium-
, nickel- and silicon-rich phase in this thesis is more likely a n-phase and not a G-phase.
Furthermore, both phases, M23Cs and n-phase contain carbon, as a result the contrast of M23Cs
and n-phase in the BSD micrographs is similar. In the case of the G-phase, which does not
contain carbon, the BSD contrast should be brighter, which is not observed in the
investigations. Considering all these findings, it is assumed, that the chromium-, nickel- and
silicon-rich phase in this thesis is a n-phase and not a G-phase. Pettersson [46] studied a 20Cr-
25Ni-4.5Mo steel. After ageing at 850°C for 5 and 3,000h the n-phase composition (wt%) was
25-28Cr, 25-35Ni, 25-31Mo, 6-8Fe, 4.2-7.4Si. Except the molybdenum content, the results are
in good agreement with the present observations. Since the molybdenum is not present in the
investigated steel, there is no surprise that no molybdenum is present in the n-phase
precipitates.

The presence of Z-phase is natural due to the high stability of this phase when niobium is
present in the steel. Several micrometre large primary Z-phase particles are found in all
investigated samples. These primary Z-phase particles are randomly distributed (no specific
nucleation sites) and have an irregular shape. Often primary Z-phase particles are found to

form an elongated cluster, as can be seen in Figure 15(A-2) on page 37. It is assumed that the
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large primary Z-phase have a detrimental effect on the material properties, it accelerates the
initiation of fatigue and especially corrosion-fatigue cracks [35]. Furthermore, the Z-phase
contains a lot of niobium as can be seen in Figure 18 and Figure 19. Since niobium is an
important solid solution hardening element [7], it is assumed that high phase fraction of Z-
phase have a detrimental effect on the solid solution hardening. Additionally to the large
primary Z-phase, small Z-phase precipitates of a diameter of several nanometre are found
inside the grains. These small Z-phase precipitates are secondary precipitates, which form
during the thermal exposure and are assumed to positively contribute to the creep strength,
acting as obstacles against movement of dislocations. Figure 18 on page 40 shows that the Z-
phase contains significant amounts of nickel (up to 30%Ni). This is not common for the Z-
phase. However, less data about EDS analysis of Z-phase in the present steel is found in the
literature which supports this high amount of nickel.

The o-phase precipitates are found to nucleate mostly on the grain boundary triple points.
This is in agreement with [27] where it is reported that the o-phase initially nucleates on grain
boundary triple points, then on grain faces and afterwards on incoherent twin boundaries and
intragranular inclusions. A higher presence of o-phase at 750°C compared to 650°C is
observed. This is easily explained by a higher diffusion at 750°C than at 650°C. Compared to
all other precipitates, the o-phase was observed at late ageing times. There are at least three
reasons for the slow kinetics of the o-phase [31]: (i) o-phase does not contain carbon and
nitrogen, as a consequence the o-phase starts to form after the carbides and nitrides are
formed; (ii) the complex crystal structure (TCP) which is very different from the parent
austenite matrix; (iii) o-phase contains a lot of substitutional elements which have a slow
diffusion. Considering the composition of the o-phase, a chromium content of 40-45(wt.%)
and a nickel content of 10-15% is observed, see Figure 19. This is in good agreement with
investigations in [36] where a similar composition is observed.

The M23Cs precipitates are one of the most dominant precipitates in the investigated steel.
At early ageing times they become visible on grain boundaries and afterwards at twin
boundaries and slip bands. At 750°C a film of M23Cs precipitates along grain boundaries is
observed, which is assumed to be detrimental for the creep properties (can cause grain

boundary sliding).
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Similarly to Z-phase, the presence of Nb(C,N) precipitates is natural due to the high niobium
content. According to previous studies [27], [28] it is believed that Nb(C,N) at 650°C and 750°C
is a transient phase which gradually transforms to Z-phase.

When the chemical composition of the precipitates in Figure 18 is analysed, a strong
scattering of the precipitates composition (especially of Nb(C,N)) can be observed. In the case
of Nb(C,N) the niobium content varies between 20 and 95%. One possible explanation for this
scatter may be caused by a particularly swapping of Nb(C,N) and Z-phase precipitates. The
analysed Nb(C,N) with high amount of niobium is probably a Nb(C,N), whereas the analysed
Nb(C,N) with low amount of niobium is probably a Z-phase. However, both precipitates,
Nb(C,N) and Z-phase, have often a similar shape, contain high amount of niobium and
chromium, that makes it difficult to distinguish between them. Therefore, the precipitation

calculation is an helpful tool to study the evolution of Z-phase and Nb(C,N) precipitates.
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5.1.5 Summary

Microstructure investigations of austenitic steel 25Cr-20Nr-Nb-N are carried out for
thermally aged samples at 650 and 750°C for 1,000h, 3,000h and 10,000h. For the
investigations, LOM, SEM and TEM techniques are used. The investigations (LOM, SEM and
TEM) are carried out at the KTH Stockholm, whereas the evaluations of the experimental
results is done by the author himself and partially also in collaboration with the KTH
Stockholm. The experimental results are summarized as follows:

e Five different precipitates Z-phase, M23Cs, Nb(C,N), n (Cr3Ni;Si(C,N)), o-phase and
two different oxides Al- and Si-oxide are experimentally found.

e The M23Ce precipitates are found at early ageing times at grain boundaries and after
longer ageing times additionally at twin boundaries and slip bands. At 750°C the
grain boundaries are particularly covered by a film of M23Cs precipitates.

e Two different types of Z-phase are found. The larger one, having a diameter of
several micrometre, is assumed to be a primary one formed during solidification.
The smaller one, having a diameter of several nanometre, is assumed to be a
secondary one formed during thermal exposure.

e The o-phase precipitates are found mostly on grain boundary triple points. Samples
aged at 750°C have a higher amount of o-phase than samples aged at 650°C.

The results of microstructure investigations can be used to setup and evaluate the
precipitation calculation in order to understand the precipitation kinetics in the austenitic
steel. Especially, the experimental findings about the precipitation kinetics of the n-phase are

used to implement a new phase “CrsNi;SiN” in the MatCalc thermodynamic database [74].
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5.2 Thermodynamic and Thermokinetic Calculations

5.2.1 Equilibrium and Scheil Calculations

A thermodynamic equilibrium calculation predicts the equilibrium phase fractions versus
temperature after infinite long exposure time.

When all existing phases are considered for the MatCalc equilibrium calculation, the CroN
phase becomes stable at the expense of n-phase. This condition represents in a wrong way
the equilibrium phase condition in the present austenitic steel. In order to show the influence
of CroN on the residual equilibrium phases, two kinds of equilibrium calculations are
performed, one with and another one without CroN phase, as illustrated in Figure 20. When
Cra2N is considered (Figure 20(A)), MatCalc predicts eight different equilibrium phases in the
temperature range between 400 and 1600°C: liquid, austenite as matrix phase, Nb(C,N), Z-
phase, M23Cs, Cr2N, o-phase and G-phase. Nb(C,N) is stable between 1000 and 1300°C, Z-phase
up to 1240°C, M23Cs up to 1000°C, Cr2N up to 870°C, o-phase up to 820°C, G-phase up to 480°C.
When Cr2N is suspended, then the n-phase becomes stable (up to 780°C) and G-phase
unstable, see Figure 20(B).
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Figure 20: Equilibrium phases with Cr,N (A) and without Cr;N (B).

In Table 9 the phase fractions of equilibrium phases (when Cr;N is suspended) at the
relevant temperatures of 650°C and 750°C are presented. It can be seen that the most
dominant phase at 650°C is the o-phase having a phase fraction of 19.1%, whereas at 750°C it
is 7.2%. The n-phase shows also a strong decrease of phase fraction between 650 and 750°C.

The phase fractions of Z-phase and M23Cs do not change significantly between 650 and 750°C.
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Table 9: Equilibrium phase fractions (%) at 650°C and 750°C.

Z M23Cs o n
650°C 0.8 1.4 19.1 2.3
750°C 0.8 1.3 7.2 0.6

Scheil-calculations [68]-[70] are performed to investigate the effect of segregation
processes during solidification on the formation of the precipitates. Compared to the
equilibrium calculation, the Scheil-calculation is a series of separate equilibrium calculations
at different temperatures. As a result, the Scheil phase consists of many layers (each layer is
calculated by equilibrium calculation) which have different compositions. The diffusion of
substitutional elements between the layers is frozen (due to Scheil-Guliver assumption of very
slow and therefore negligible diffusion in solid phase), whereas the diffusion of interstitial
elements like carbon and nitrogen is assumed to be highly mobile in liquid phase as well as in
solid phase.

The Scheil-calculation predicts four phases (primary phases) during the solidification:
liquid, austenite, Nb(C,N) and Z-phase, see Figure 21. Liquid is stable down to 1236°C (3%
liquid phase fraction) which is more than 50°C lower compared to equilibrium. This
phenomenon is caused by segregation in the liquid phase during solidification. The calculated
chemical composition and phase fraction of the primary Nb(C,N) and Z-phase at 3% liquid
phase fraction (1236°C) is presented in Table 10. The phase fraction of the primary Z-phase is
almost ten-times larger than the phase fraction of primary Nb(C,N), which indicates that the

primary Z-phase is the most dominant primary phase.
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Figure 21: Primary phases according to Scheil calculation.
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Table 10: Calculated chemical composition (wt%) and phase fraction (%) of primary Z-phase
and Nb(C,N) at 3% liquid phase fraction.

Phase Temp.°C Phase fraction Nb C N Cr Fe
Nb(C,N) 1236 0.02 88.95 8.57 247 - -
VA 1236 0.22 58.67 - 8.17 28,57 4.58

5.2.1.1 Discussion

In thermodynamic equilibrium, six different precipitate phases are predicted by MatCalc in
the temperature range between 400 and 1600°C: Nb(C,N), Z-phase, MxCs, Cr:N, o-phase and
G-phase. Most of the phases, except CraN, are experimentally found in the 25Cr-20Ni-Nb-N
steel [32]—[34], [36]—[38]. In [36], creep exposed sample after 88,363h is investigated. In this
long time creep exposed sample, which is assumed to be close to an equilibrium condition, no
Cr2N phase is found. Similar results are reported by Sourmail [27], who describes that Cr;N is
unlikely when Z-phase is present in austenitic steels. Therefore it is assumed that the Cr;N
phase is not a common phase in the 25Cr-20Ni-Nb-N steel. Based on that, equilibrium
calculations without Cr;N phase are carried out. When the Cr;N is suspended, the n-phase
becomes stable and G-phase unstable, see Figure 20(B). Suspending Cr;N causes a higher
chromium and nitrogen contents in the matrix, which in turn stabilizes the n-phase
(=Cr3Ni;SiN). Since G-phase cannot take up the nitrogen, it is destabilized at the expense of n-
phase. The system without the Cr,N shown in Figure 20(B), is the most reasonable system to
describe the equilibrium condition in the 25Cr-20Ni-Nb-N austenitic steel. All equilibrium
phases shown in Figure 20(B) are also found experimentally.

The Scheil calculation predicts Nb(C,N) and Z-phase as primary precipitates phases during
the solidification, as illustrated in Figure 21. The calculated chemical composition (wt.%) of
the primary Z-phase is 58.67Nb-28.57Cr-4.58Fe-8.17N. This is in good agreement with the SEM
measurements of the large Z-phase precipitates in Figure 19 on page 41. This observations
supports the findings that the large Z-phase precipitates (bright precipitates in Figure 12 on

page 36 and Figure 15 on page 37) are primary one which forms during the solidification.
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5.2.1.2 Summary
Equilibrium and Scheil calculations of austenitic steel 25Cr-20Nr-Nb-N are carried out by
the author. The experimental investigations are summarized as follows.

e The equilibrium system without the Cr;N, is the most reasonable system which
describes the equilibrium condition in the 25Cr-20Ni-Nb-N austenitic steel.

e When CrN is suspended, five different precipitates phases in the temperature
range between 400 and 1600°C are predicted: Nb(C,N), Z-phase, M23Cs, 0-phase and
n-phase. All these phases are also found experimentally.

e The Scheil calculation predicts Nb(C,N) and Z-phase as primary precipitates phases
during the solidification. Primary Z-phase is also found experimentally.

With these equilibrium and Scheil calculations, a basis is created for a better understanding
of the stability- and transformation- of phases in the 25Cr-20Ni-Nb-N austenitic steel.
Especially, the results of the Scheil calculation can be used as input data for the precipitation

calculation.
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5.2.2 Precipitation Evolution at 650 and 750°C

5.2.2.1 Solution Annealing

In Figure 22 the calculated precipitation evolution during the solution annealing (at 1230°C
for 10min) is presented. The M3Cs particles are split depending on whether they are located
at grain boundaries (M23Ce.gb) or in the grain interiors (M23Cs.gi). The primary Z-phase and
Nb(C,N), denoted as Z(prim) and Nb(C,N)(prim), are used as input data, so they are already
present before the solution annealing calculation. During the heating to the solution annealing
temperature, several phases such as My3Ce.gb, n-phase, Z-phase and Nb(C,N) precipitate.
However, most of them dissolve before the solution annealing temperature is reached. Only
primary Z(prim), Nb(C,N)(prim) and secondary Nb(C,N) are found during and after solution
annealing. The phase fraction and mean radius of secondary Nb(C,N) after solution annealing

at 1230°C and quenching are =0.08% and =20nm, respectively.
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Figure 22: Evolution of phase fraction and mean radius of precipitates during solution
treatment at 1230°C.

5.2.2.2 Service at 650 and 750°C
In Figure 23 the calculated precipitation evolutions during service temperatures of 650 and
750°C are given. The calculation shows the formation of five precipitates M23Cs, 0, n, Zand G

phase in addition to those already present after the solution treatment.
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All precipitates (except Z(prim), Nb(C,N)(prim)) show an increase of phase fraction and
mean radius with increasing ageing time. The phase fraction and mean radius of primary
precipitates is constant during the ageing. The secondary Nb(C,N) which nucleate during the
solution annealing starts to dissolve earlier at 750°C (<10,000h) than at 650°C (=100,000h). A
small fraction (=0.003%) of G phase appears at 650°C but not at 750°C. The phase fraction and
mean radius of M»3Ce.gb are higher than those of M23Cs.gi. Considering the grain boundary
precipitates, the most dominant phase is 0. The secondary Z phase fraction is increased in two
stages. The first increase takes place during the first 100h of ageing and the second one during
the dissolution of secondary Nb(C,N). Experimental mean radii and phase fractions of o-phase
and M33Cs are also displayed. When the number density of precipitates (Figure 23 (E, F)) is
analysed, M»3Cs.gb and n-phase shows a gradual decrease in number density with increase of
ageing time, indicating that coarsening is present. The secondary Nb(C,N) and G-phase shows

an abrupt drop in number density, which means that dissolution is present.
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Table 11 shows the calculated precipitates compositions at 650°C after 10,000h. At 750°C

the precipitates compositions are similar.

Table 11: Precipitates compositions (wt%) at 650°C after 10,000h.

Fe C Cr Si Ni Nb Mn N

M23C6.gb 9.29 5.64 83.80 - 0.64 - 0.62 -

M23C6.gi 7.15 565 86.24 - 0.36 - 0.61 -

o-phase 44.34 - 47.97 0.50 6.74 - 0.45 -
Nb(C,N)(prim) - 8.82 - - - 88.65 - 2.53
Nb(C,N) - 0.79 - - - 87.11 - 12.10
Z(prim) 5.56 - 27.50 - - 58.39 - 8.55
Z-phase 6.57 - 26.46 - - 58.21 - 8.75
n-phase 1.14 0.03 4948 8.91 36.03 - - 4.41

In Figure 24 the evolution of total carbon content in the matrix and the precipitates as a
function of ageing time is presented. No significant differences in carbon content between
650°C and 750°C is observed; transformations are shifted to shorter times at 750°C. As can be
seen, at the beginning most of the carbon is stored in the matrix. When M33Ce.gb, M23Cs.gi
and Nb(C,N) starts to form (characterized by increasing carbon content), the matrix is depleted
by carbon (from 0.05% to <0.01%C). Afterwards, when Nb(C,N) starts to dissolve (after1,000h
at 650°C and 40h at 750°C), carbon is released which is used for further formation of M»3Cs.gb

and M23Ce.gi.
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Figure 24: Total content (wt%) of carbon in matrix and precipitates during aging at (A) 650°C
and (B) 750°C.

The obtained experimental data of n-phase, Z-phase and Nb(C,N) were not enough to verify

the simulated precipitation evolution of these precipitates. Therefore, the verifications of
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these precipitates are made by the experimental data of Iseda et al. [36]. They measured the
content of chemical elements in precipitates of a 25Cr-20Ni-Nb-N austenitic steel (HR3C)
having a grain size of =60um and exposed at 650°C for 10,000h. The results of their
investigations, which are marked as “exp.”, are presented in Figure 25. In order to compare
their results with the present calculation, a precipitation calculation with a grain size of 60pum
has been performed. The results are also shown in Figure 25. The curve marked as “Total”
represents the calculated total content of nickel, chromium, iron or niobium in all precipitates.
As can be seen in Figure 25(A) the calculated total content of nickel in the precipitates is in
very good agreement with the experimental values. It can be seen that almost the whole nickel
is stored in the n-phase, only negligible amount is stored in the M»3Cs.gb precipitates. Similar
to the nickel content, the calculated total chromium content shows also a very good
agreement with the experimental values, see Figure 25(B). As expected, most of chromium is
stored into the M»3Ce.gb, M33Cs.gi and n-phase. Smaller amounts of chromium are stored in
the secondary and primary Z-phase. The total content of iron in the precipitates is presented
in Figure 25(C). The most iron is stored in M23Ce.gb, M»3Ce.gi. Close to the 10,000h, when o-
phase significantly starts to form, iron becomes stored in o-phase. The total content of
niobium in the precipitates is presented in Figure 25(D). The solid line represents the niobium
content in the present austenitic steel with a dislocation density of 1x10%*2 m2 and the dashed
line with a dislocation density of 1x10%° m=2. Initially, most of the niobium is stored in the
primary Z-phase and secondary Nb(C,N). At later times, when the Z-phase starts to form, a
significant amount of niobium becomes stored in the secondary Z-phase. The calculation with

a dislocation density of 1x10'° m2 shows very good agreement with the experimental results.
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Figure 25: Total content (wt.%) of (A) nickel, (B) chrom, (C) iron and (D) niobium at 650°C and
60um grain size; dd: dislocation density.

5.2.2.3 Discussion

The microstructure of the 25Cr-20Ni-Nb-N austenitic steel has been investigated by many
workers over the last years. The disagreements about the identification of the Si-rich phase
(n-, G- and MeC) are still present. In order to understand the precipitation evolution as well as
the interactions between the precipitates, a simulation of the precipitates evolution is
necessary. In this chapter the precipitation evolution during long term ageing at 650 and 750°C
is explained and discussed in detail. The precipitation process (nucleation, growth and
coarsening), interactions between the precipitates, as well as the influence of some
microstructure parameters such as dislocation density are explained.

By analysing the micrographs and experimental results from the literature, it was found

that the M23Cs precipitates are mostly present at the grain boundaries, only at long ageing
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times they start to nucleate inside grains on the twin boundaries and slip bands. Since the twin
boundaries and slip bands as nucleation sites are not available in MatCalc, a decision must be
taken as whether or not to consider the M»3Cs inside grains. In order to find a M23Cs setup for
the MatCalc, which describes the evolution of M23Cs in most reasonable way, it was decided
to create two populations of M33Cs in MatCalc: M23Ce.gb (“gb” refers to grain boundary) and
M23Cs.gi (refers to grain interior). As nucleation sites for the M23Cs.gi, the subgrain boundary
corners are chosen. As a consequence, the phase fraction and mean radius of M33Cs.gb are
higher than those of M23Ce.gi, shown in Figure 23(A, B). A similarity is qualitatively observed
in the experimental investigation. So this approach of using the subgrain boundary corners as
substitution for twin boundaries and slip bands is the most reasonable way to simulate
correctly the M23Cs evolution. When comparing the simulated results of the M23Cs.gb and
M23Ce.gi with experimental one in Figure 23, the results are satisfying. It seems that the
simulations predict an earlier formation of M23Ces.gb and M23Ce.gi precipitates compared to
the experiments. This deviation is probably caused by the measurement technique. The
fraction of the M23Cs precipitates is measured by SEM, which is more suitable for large
particles than for smaller particles. Accordingly, the small precipitates, which are present at
earlier stages of ageing, are not detected by SEM. To verify this assumption, an additional
calculation is performed and compared with the experimental results of Iseda et al. [36], see
Figure 25(B). As can be seen, the simulation of the M23Cs evolution shows very good
agreement with the experimental results. The increase of chromium content is directly related
to the increase of phase fraction of M23Cs. From this point of view, it seems that the simulation
of M23Ce.gb and M33Cs.gi precipitates is correct. By analysing the evolution of M23Ce.gb and
M23Ce.gi in Figure 23 it can be seen, that both precipitates show similar evolution in phase
fraction and mean radius. At the beginning the phase fraction and mean radius increase at a
constant number density for M3Ceé.gb and an increasing number density for M»3Ce.gi, meaning
that precipitates are growing. After =1,000h at 650°C and =40h at 750°C the carbon content
in the matrix reaches a minimum, see Figure 24. As a result, the growth of the M23Cs.gb and
M23Ce.gi is stopped and a first plateau of phase fraction and mean radius is created, see Figure
23. Immediately when the Nb(C,N) starts to dissolve and further carbon is released. As a
consequence, the phase fraction and mean radius of M33Cs.gb and M23Ce.gi start to increase.
Close to an ageing time of 100,000h a further increase of mean radius of M23Ce.gb at a

constant phase fraction is observed, which means that precipitates coarsen. Since the
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diffusion in the grain interior is lower compared to the grain boundary, no coarsening of
M23Ce.gi after 100,000h is observed.

The simulation of the evolution of o-phase shows good agreement with experimental
results, see Figure 23. The o-phase shows a very slow kinetics, it is the last precipitate to
nucleate. This is also reported in [31]. Due to the faster diffusion, the formation of o-phase
starts earlier at 750°C compared to 650°C. This is also found experimentally, where less o-
phase is found at 650°C, whereas significant o-phase formation is found after 1,000h at 750°C.
The phase fraction after 100,000h at 650°C is higher compared to the same time at 750°C. This
can be explained by the equilibrium phase fraction which decreases rapidly with higher
temperature, see Figure 20 on page 46. In Figure 23 at 650°C the o-phase shows a constant
increase of phase fraction and mean radius, so growing is present. At 750°C the phase fraction
and mean radius increase until =10,000h where a plateau is observed (equilibrium condition).

The secondary Nb(C,N) precipitates are the only one, except the primary precipitates,
which are stable during the solution treatment at 1230°C, see Figure 22 on page 50. During
the subsequent ageing the phase fraction and mean radius remain almost constant until the
dissolution of the Nb(C,N) starts, see Figure 23 on page 52. Since the diffusion is higher at
750°C than at 650°C, the Nb(C,N) dissolve earlier at 750°C than at 650°C. The dissolution of
Nb(C,N) may not be a surprise when the equilibrium plot in Figure 20 on page 46 is analysed.
As can be seen, the Nb(C,N) is only stable at high temperature from =1000°C to 1300°C, this is
more than 250°C higher than the ageing temperature of 750°C. When the Nb(C,N) starts to
dissolve, a small amount of niobium, carbon and nitrogen is released. Niobium and nitrogen
are used for the formation of the secondary Z-phase and carbon is used for the M23Ce
formation. This can be seen in Figure 23 on page 52, where the phase fraction of the Z-phase
and Mj3Cs increases when Nb(C,N) starts to dissolve. This is in agreement with findings in [27],
[28], where it is reported that the Z-phase grows at the expense of MX (Nb(C,N)) precipitates
in 20-25Cr austenitic steels. Furthermore, the present calculation confirms the assumption in
[31] where it is assumed that the MC to M323Cs transformation can take place in several
austenitic steels after long time exposure. In addition to the secondary Nb(C,N) precipitates,
also primary Nb(C,N) are present. It is shown that the secondary Nb(C,N) precipitates dissolve
in the present steel, therefore it would be expected that the primary Nb(C,N) also dissolve.
However, no dissolution of primary Nb(C,N) during the ageing is observed, see Figure 23 on

page 52. There are at least two reasons for the non-dissolution of the primary Nb(C,N): (i) it is
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well known that the diffusion along the dislocation (pipe diffusion) is higher compared to the
matrix diffusion; the secondary Nb(C,N) are located on dislocation and the primary Nb(C,N)
are randomly distributed inside the matrix; as consequence, the dissolution of the secondary
Nb(C,N) occurs faster compared to the primary one; (ii) large precipitates dissolve more slowly
compared to small precipitates; since the primary Nb(C,N) have a diameter of several
micrometres and the secondary Nb(C,N) of several nanometres, the dissolution of secondary
Nb(C,N) is faster.

An additional niobium-rich phase is the secondary Z-phase. Similar to all other secondary
precipitates (except Nb(C,N)), it dissolves during the solution treatment, see Figure 22 on page
50. Afterwards, when the ageing is applied, the Z-phase starts to form and grow on
dislocations using chromium, niobium and nitrogen from the supersaturated matrix, see
Figure 23 on page 52. When the matrix is depleted by niobium, the growth of the Z-phase
stops. This happens after =100 and =10h at 650 and 750°C, respectively, see Figure 23 on page
52. Afterwards a plateau of phase fraction and mean radius appears. Close to 10,000h when
the Nb(C,N) significantly starts to dissolve, niobium is released and the Z-phase starts to grow
again. No coarsening of Z-phase up to 100,000h is predicted. Additional to the secondary Z-
phase, the primary Z-phase is also present. As can be seen in Figure 23 on page 52, the phase
fraction and mean radius of the primary Z-phase remains unchanged during the whole ageing
treatment.

According to the experimental investigations, the nickel-rich G-phase is discussed to be
more likely a n-phase than a G-phase, see chapter 5.1.4 on page 41. However, to clarify this
assumption, the G-phase is taken into account for the precipitation calculation. The evolution
of the G-phase is presented in Figure 23 on page 52. At 650°C ageing, a small fraction of G-
phase appears, and immediately afterwards it dissolves, whereas at 750°C no significant G-
phase fraction is predicted. The calculation supports the assumption that the nickel-rich phase
is more likely to be a n-phase than a G-phase.

Additional to the M23Cs.gb and o-phase, a further dominant grain boundary precipitate is
the n-phase. The nucleation of the n-phase starts during the quenching from the solution
annealing temperature. After quenching, the number of n-phase precipitates is about
3x10%°m3, which is by far the highest amount compared to other grain boundary precipitates
such as M23Cs.gb (2 x10%**m3) and o-phase (2.5 x10''m3). As a result of this high number

density, the interparticle spacing between the n-phase precipitates is low. When service is

58



Stojan Vuji¢ Results and Discussion

applied, the n-phase starts to grow, which causes a further decrease of n-phase interparticle
spacing. Once the interparticle spacing is small enough that n-phase cannot grow anymore
due to mutual obstruction, the n-phase precipitates simultaneously start to coarsen
(characterized by decreasing number density) and grow (characterized by increasing phase
fraction). This happens at 650°C close to 100h service time and at 750°C between 1 and 10h,
see Figure 23 E and (F). In order to explain more in detail this simultaneously growing and
coarsening of n-phase, a additional precipitation calculation is performed considering only the
n-phase (all other precipitates were suspended). For the calculations, four different nucleation
constants (NC) are applied: 1, 1x1072, 1x104 and 1x10°®. These constants are used to decrease
the number density of the n-phase. The results of the calculations are shown in Figure 26(A-
C). As can be seen in Figure 26(A, B), the phase fractions and mean radii of n-phase is similar
for all four nucleation constants. This is not the case for the number densities, as can be seen
in Figure 26(C), where a lower nucleation constant causes a lower number density. This lower
number density leads to a larger interparticle spacing and further on to a delayed start of
coarsening (decrease of number density): the coarsening for NC=1 starts between 1 and 10h,
for NC=1x10"2 between 10 and 100h, for NC=1x10"* close to 1000h and for NC=1x10® close to
10,000h. A schematic illustration of simultaneous growth and coarsening is shown in Figure
26(D). This kind of growth and coarsening at same time is not often present, but under specific
conditions, like high number density of grain boundary precipitates. A further effect which
causes simultaneous growth and coarsening is the increasing ratio between diffusion at grain
boundary and inside grain, as shown in the thesis of Radis [75] by calculation of AIN
precipitates evolution at 1000°C. This diffusion ratio may also contribute to the simultaneous
growth and coarsening, but for the present case, the main reason is the high number density.
The simultaneous growth and coarsening of n-phase is still present even after 100,000h
exposure. The evolution of the n-phase seems to be very good predicted, see Figure 25(A) on

page 55.
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Figure 26: Influence of number of nucleation sites on (A) phase fraction, (B) mean radi and
(C) number density of n-phase during service at 650°C. Schematic illustration of
simultaneous growth and coarsening of n-phase (D).

In Figure 25(D) on page 55 the calculated niobium content in the precipitates is compared
with the experimental results of Iseda et al. [36]. As can be seen, the dislocation density has a
significant influence on the starting point of formation of the secondary Z-phase and Nb(C,N)
precipitates. When the dislocation density is decreased from 1x10'? to 1x10° m?, the
formation of secondary Z-phase and Nb(C,N) is switched to later times. This does not apply for
the primary Z-phase and Nb(C,N), which remain unchanged when the dislocation density is
changed. The primary Z-phase and Nb(C,N) are randomly distributed, they are not located on

the dislocation and as a result their evolutions are independent of the dislocation density.
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5.2.2.4 Summary

Thermo-kinetic calculations of the precipitation evolution in the austenitic stainless steel

25Cr-20Ni-Nb-N are performed by the author with the help of the software MatCalc. The

results are summarized as follows:

For the precipitation calculations, eight precipitates are considered: M33Cs, o,
primary Z, secondary Z, primary Nb(C,N), secondary Nb(C,N), n (Cr3Ni;SiN) and G.
Furthermore, a multistage heat treatment of solution annealing and ageing at 650
and 750°Cis applied.

The precipitation calculation shows a good agreement with experimental results.
The phase fraction of the Mj3Cs at the grain boundaries (M23Ce.gb) is higher
compared to the M3C¢ inside grains (M23Ce.gi).

The o-phase is found to be the most dominant phase on the grain boundaries.

The secondary Nb(C,N) precipitates are found to dissolve during the ageing at 650
and 750°C. The released niobium, carbon and nitrogen is used for the formation of

secondary Z-phase and M23Cs precipitates.

The results of the precipitation calculation contribute to a better understanding of the

evolution and transformation of precipitates in a 25Cr-20Ni-Nb-N austenitic steel. With this

calculation, a basis was created for the precipitation strength calculation in order to optimize

the 25Cr-20Ni-Nb-N by modifying the chemical composition and heat treatment.
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5.3 Creep Strength Calculations

For the 25Cr-20Ni-Nb-N steel, three main contributions to creep strength are assumed:
from precipitates, from solid solution and from dislocations. These three contributions are
analysed separately using the creep strength modelling approach of Sandstrom et al. [13]—
[18], that is summarized in chapter 3.2.2 on page 17. Results from precipitation kinetics
simulations (from chapter 5.2.2.2 on page 50) are used as input for calculating the
precipitation hardening contribution. All results shown in this chapter, are obtained in

collaboration with Prof. Sandstréom (KTH Stockholm) and further on published in [76].

5.3.1 Precipitation Hardening

The interparticle distances according to eq. (13), on page 21, are illustrated in Figure 27(A)-
(B) and Figure 28(A)-(B) as a function of the ageing time at 650°C and 750°C, respectively. Eq.
(13) does not take into account the influence of climb. The smallest interparticle spacing is
observed for the secondary Z-phase (primary Z-phase is not considered). Small spacing is also
found for secondary Nb(C,N) (primary Nb(C,N) is not considered) and at 650°C for Cr3Ni,SiN
(n). However, at longer times, Nb(C,N) is transformed to Z-phase and disappears. In spite of
the increase in volume fraction of n with ageing time, see Figure 23, its interparticle spacing
increases at longer times due to the increase in particle radius and dissolution of small n
particles. For Z-phase and Nb(C,N) on the other hand there is no increase in the interparticle

spacing until Nb(C,N) starts to dissolve.
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Figure 27: (A) Interparticle spacing, eq. (13) and (B) Orowan strength, eq. (12) versus time for
25Cr-20Ni-Nb-N at 650°C.
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Figure 28: (A) Interparticle spacing, eq. (13) and (B) Orowan strength, eq. (12) versus time for
25Cr-20Ni-Nb-N at 750°C.

Figure 27(B) and Figure 28(B) show that the main contribution to the Orowan strength
according to eq. (12), on page 21, comes from the Z-phase. In [77] it is reported that the
elongated shape of precipitates decreases the interparticle spacing and further on increases
the creep strength. To remind once again, for the simulation of secondary Z-phase and
M23Ce.gb precipitates a shape factor (relationship length/width of precipitate) of 3 is applied.
The effect of this particle shape factor on the resulting creep strength turned out to be quite
small following the procedure by Sonderegger et al. [78].

The interparticle spacing Lpart tor When all particles types are considered is shown in Figure
27(A), Figure 28(A) and marked as total. The total contribution to the Orowan strength opart tor
is illustrated in Figure 27(B), Figure 28(B) and marked as total. Again, it can be seen that the
dominant contribution comes from the Z-phase at long times. At 100,000h the predicted
Orowan strength is 56 MPa at 650°C and 50 MPa at 750°C.

When climbing is taken into account, the particle strength is reduced with increasing
temperature and time, as illustrated in Figure 29. At times up to 10,000h at 650°C, the effect
of climbing is small. However, at longer times at 650°C and particularly at 750°C, climbing
strongly reduces the strength contribution. The reason is that at longer times, there is more

time available for climbing and at a higher temperature the climbing is faster.
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Figure 29: Particle strengthening for the material 25Cr20NiNbN versus creep time. The
Orowan strength, eq. (12) is compared to the particle hardening (PH) when climb is taken
into account, eq. (15).

5.3.2 Solid Solution Hardening

The modelling for the solid solution is shown in chapter 3.2.2.3 on page 24. There are two
main elements contributing to the solid solution hardening: from niobium and from nitrogen.

The concentration of niobium solutes around an edge dislocation is presented in Figure 30.
The distribution of Nb-solutes around a dislocation is highly localised. The maximum
concentration can be more than a factor of 100 higher than the average solute content in the
matrix. The maximum content decreases somewhat with increasing temperature. Fermi-Dirac
statistics means that one atom can only be placed in one atomic position, which is not the
case for Boltzmann statistics. However, there is only a small difference between the two types

of statistics.
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Figure 30: Concentration of niobium solutes around an edge dislocation A) at 650°C and B) at
750°C. The dislocation is either non-moving (static, eq. (23)) or climbing in the y-direction,

eq. (24).
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The maximum absolute solute concentration is given in Figure 31. In spite of the fact that
the solute concentration in the matrix increases with temperature, the maximum

concentration is reduced, since the drop in ¢/co at the dislocation is faster.
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Figure 31: Maximum Nb-solute concentration solute at dislocation versus temperature for a
creep time of 100 kh according to eq. (24).

The result for the solid solution hardening of niobium is shown in Figure 32(A). According
to the precipitation computations, 0.0001 Nb at 650°C and 0.0008 Nb (wt.%) at 750°C remain
in solid solution after 100,000h. The low amount of Nb in solid solution is the main reason for
the small solid solution hardening effect, less than 1MPa. The solid solution hardening
decreases when increasing temperature and time. In Figure 32, the equilibrium content of Nb
in solid solution has been used. If the amount from the precipitation calculations is used
instead, the magnitude of the solid solution hardening would be even smaller. Chromium,
nickel and manganese have very small lattice misfit parameters (e=1% or less) [15] and the

resulting solid solution hardening is negligible. It should be recalled that it varies exponentially

with the misfit parameter.
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Figure 32: Solid solution hardening due to (A) Nb according to eq. (26) and (B) N according to
eq. (29) versus creep time at different temperatures.

The result for the solid solution hardening of nitrogen is shown in Figure 32(B). The solid
solution hardening effect from nitrogen is between 5 and 10MPa, and it is only weakly
temperature and time dependent. In principle, carbon could also give a contribution to solid
solution hardening, but the amount of carbon in solid solution is very small and the

contribution to the creep strength is negligible.

5.3.3 Dislocation Hardening
The contribution from the dislocations to the creep strength oqis is derived from the
minimum creep rate ¢&,,;,according to eq. (9) on page 19. The minimum creep rate is in turn

derived from the Monkman-Grant relation

Ce
== (31)
tr

Emin
where Cis a constant of the order of unity, €r is the creep elongation at rupture and tg the
rupture time. Unfortunately, data for the creep elongation at rupture is not available. One
approach is then to take the rupture elongation from a related steel. For example, 25Cr-20Ni
(TP310) has a typical rupture elongation of a little less than 0.05 (5%) [79]. Since some creep
rate data exist for 25Cr-20Ni-Nb-N [24], the product Cer can be computed. The resulting values
for the product vary between 0.02 and 0.07 in an essentially non-systematic way. The average
value 0.04 has been used in the computations.
Alternatively, the creep rupture can be predicted taking creep cavitation into account. This
has been done for other austenitic steels such 18Cr-10Ni (304), 17Cr-12Ni-Ti (321) and 17Cr-
12Ni-2Mo (316) [80]. The analysis demonstrates that the Monkman-Grant and the cavitation

give quite similar results. In the present the cavitation approach has not been chosen since
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the cavitation behaviour has not been quantified for the investigated steel 25Cr-20Ni-Nb-N.
The contribution of the dislocation hardening to the total creep strength is shown in Figure

33.

5.3.4 Creep Strength

The total creep strength is obtained by adding the contributions from the different
mechanisms according eq. (30) on page 26. The creep strength contributions are illustrated in
Figure 33. The contribution from the dislocations, ouis, is the largest one, but precipitation
hardening, opy, and solid solution hardening from nitrogen, osom, is also of great importance.
Solid solution hardening from substitutional elements, oz, is however, negligible. Since csov
is only weakly temperature and time dependent, its most important role is at high

temperatures and long times.
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Figure 33: Contribution to the creep strength of 25Cr-20Ni-Nb-N from dislocations,
precipitates and elements in solid solution versus creep time; A) 650°C, B) 750°C.

The creep rate can be calculated with the help of eq. (9) on page 19. The result is compared
to experimental data in Figure 34.

The model gives quite a reasonable representation of the experimental creep rates. It can
be seen that the model can describe how the slope of the creep curves (the creep exponent)
increases by increasing stress and decreasing temperature. The exception is the highest
temperature 750°C, where the experiments show the quite unusual behaviour that the creep

exponent increases by temperature.
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Figure 34: Stationary creep rate of 25Cr-20-Ni-Nb-N compared with experimental data from
[24] at 600 to 750°C.

5.3.5 Discussion

In spite of the increase in radius of the Z phase during the ageing, Figure 23 on page 52, the
increase in volume fraction gives a net reduction in the interparticle spacing and an increase
in the Orowan strength, Figure 27 and Figure 28 on page 62. For the n phase the increase in
particle radius is faster than the increase in phase fraction. Consequently, its Orowan strength
contribution is reduced with ageing times, Figure 27 and Figure 28. The radius and fraction of
M23Ce.gi particles are constant at long ageing times, and as a result the Orowan strength
contribution is unchanged. The same applies to M23Cs.gb except at very long times where
coarsening of the particles appears and the Orowan strength contribution drops. The strength
contribution from G is quite small. Due to the rapid increase in phase fractions at long times,
no drop in strength contribution is found.

According to Figure 33 on page 67, the dominant contribution to the creep strength comes
from the dislocations. Due to the combination of climb and glide in the eq. (11) on page 20,
the variation of the creep exponent can be represented. The inverse slope m is 10.5 at short
times and 3.9 at long times at 650°C. At the higher temperature 750°C, the corresponding
values are m = 3.3 and m = 3.1, respectively. If glide had not been taken into account the
inverse slope would have been constant, m = 3.

Figure 27 and Figure 28 on page 62 show that the total Orowan strength is fairly
independent of ageing time except for an initial rise at short times. When climb is taken into
account, the precipitation hardening drops with increasing creep time, see Figure 29 on page

64 and Figure 33 on page 67. The drop is much higher at the higher temperature due to a
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faster climb rate. Consequently, fewer particles will contribute to the creep strength, since the
dislocations will be able to climb across also somewhat larger particles.

Two types of solid solution hardening have been analysed for substitutional and interstitial
elements, respectively. Both types of solutes slow down the movement of the dislocations
due to the lattice misfit to the host atoms. The substitutional elements give rise to a drag force
on moving dislocations. The model for substitutional elements has been verified against
experiments for Ni-20Cr-(6W) [15]. This alloy has the advantage that practically all W is in solid
solution. This means that the complication for austenitic stainless steels where the
substitutional element contribute to both particle and solid solution hardening is avoided. In
spite of the fact that Nb has a large lattice misfit parameter, the solid solution hardening is
small for the investigated steel. The reason is that the concentration of niobium in solution is
quite small. The temperature and time dependence for this type of solid solution hardening is
about the same as that of the dislocation hardening. The main effect of Nb in solution is that
it increases the activation energy by the interaction of solutes and dislocations. When the
dislocations climb, the cloud of solutes is quite narrow and the solutes will jump in and out of
the cloud, which requires thermal activation. The additional activation energy explains why
the activation energy for creep is considerably higher than that for self-diffusion for austenitic
stainless steels.

The effect of interstitial elements on the solid solution hardening has also been analysed.
From experiments and modelling of creep in copper doped with phosphorus, the influence of
fast diffusing elements in solid solution has been studied. 50 wt. ppm P, all in solid solution,
gives a large increase in the creep strength [18] as well as a large improvement in the creep
ductility [17]. The assumption is that the P solutes are locked to the dislocations and that a
break stress is needed to make the dislocations move [18]. The magnitude of the break stress
gives the solid solution hardening. The model utilised in the present paper reproduces the
influence of P on creep in copper [15]. Thus, this provides experimental verification of the
model. The same mechanism is assumed to apply to nitrogen in solid solution in the
investigated austenitic stainless steel. The break stress is proportional to the amount of
nitrogen in the solute cloud around a dislocation. The resulting break stress is only weakly
temperature and time dependent, which means that this strength contribution is important

also at long times.
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Diffusion creep has not been considered in the analysis. The reason is that the applied
stress must be below about 5 MPa to give a creep exponent of unity, which is associated with
the diffusion creep. This can be seen by considering a paper by Nilsson and Dunlop on a 20Cr
30NiTi steel [81], which is a steel with somewhat similar properties to 310NbN. They observed
a creep exponent of unity below 5 MPa at 800°C. In another study on 20Cr25NiNb at 750°C
creep was investigated at low stresses [82]. The shear stresses were 2.5 to 12.5 MPa
corresponding to tensile stresses of 7.5 to 38 MPa taking the Taylor factor into account. In the
paper they suggested that creep was controlled by Coble creep, but that is not realistic since
the creep exponent was about three. If the creep rate is estimated with help of the dislocation
model in the present paper it gives a creep exponent of three and a creep rate that is only a
factor of three lower than the observed value. It can be concluded that the model gives a
reasonable representation of the creep behaviour also at low stresses. Only at very low
stresses diffusion creep is of importance. Unfortunately, there are considerable uncertainties
in applying creep diffusion models [83]. For example for the results in [81] the creep rate
computed with Nabarro-Herring’s and Coble’s formulae is an order of magnitude lower and
an order of magnitude higher than the observed value, respectively. For these reasons
diffusion creep has not been considered in the present model.

Another mechanism that could influence the creep strength is the climb of extended
dislocations. With decreasing stacking fault energy the distance between the partial
dislocations is increased, which would be expected to give a reduced creep rate for a given
applied stress. Argon and Moffatt [84] derived an expression for the influence of the stacking
fault energy on the creep rate. They obtained an expression where the creep rate was
proportional to the square of the stacking fault energy. However, this does not seem to be
consistent with creep data for austenitic stainless steels. We can take 304 (18Cr-10Ni) and 316
(17Cr-12Ni-2Mo) as an example. Their creep strength is essentially controlled by recovery of
dislocations and the creep strength of 316 is only slightly higher than that of 304: However,
304 has a lower stacking fault energy than 316, which would suggest that the former material
should have the largest creep strength in contrast to the observations. Similar results are
obtained when the creep strength of other austenitic stainless steels are compared. It must
be concluded that the effect of the stacking fault on the creep strength is limited. To sum up,
the three dominating contributions to the creep strength of austenitic stainless steels come

from the dislocations, precipitates and elements in solid solution.
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5.3.6 Summary

In corporation with Prof. Sandstrom (KTH Stockholm) a creep strength modelling of the

austenitic stainless steels 25Cr-20Ni-Nb-N is performed. The results can be summarized as

follows:

There are three main contributions to the creep strength from dislocations,
precipitates and elements in solid solution.

Hardening due to forest dislocations gives the largest contribution to the creep
strength. A model originally developed for copper in the power-law break down
regime was applied. The model could reproduce the observed variation in the slope
of the creep rupture curve with temperature.

When predicting the precipitation hardening, the particle distributions obtained
from the modelling of the ageing of the alloy were used. Climb across the particles
reduces the creep strength. After long time exposure at high temperatures more
particles are climbed, thus the creep strength is reduced. It is assumed that only
particles that are large enough and cannot be passed by climbing dislocations
contribute to the creep strength as suggested by a number of previously performed
studies.

Nb in solid solution gives rise to a drag stress by forming solute clouds around the
dislocations. However, this strength contribution is negligibly small. N in solid
solution is assumed to be locked to the dislocations to a large extent. Thus a break
stress is needed in order to move the dislocations. This contribution to the creep
strength is fairly independent of creep time and temperature.

The model for the creep rate can in a reasonable way describe how the creep

exponent is increasing with increasing stress and decreasing temperature.

Taking into account the different contributions to the creep strength, the total creep

strength can be predicted. It is in agreement with the experimental value.
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6 Modification of 25Cr-20Ni-Nb-N
Austenitic Steel

The procedure for the modification of the 25Cr-20Ni-Nb-N austenitic steel is shown in

Figure 35. The process can be split up into seven sections: (1) Start condition; (2) Objectives;

(3) Calculation; (4) Manufacturing; (5) Testing; (6) Investigation; and (7) Evaluation. With the

help of (1) already performed precipitation evolution (see chapter 5.2.2 on page 50) and the

(2) objectives, additional (3) precipitation calculations are performed where the modified

composition for the 25Cr-20Ni-Nb-N austenitic steel is defined.
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Figure 35: Applied modification process for 25Cr-20Ni-Nb-N austenitic steel.
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Using the modified composition, (4) seamless tubes for superheater application are
produced. Afterwards, creep samples are manufactured in order to perform (5) creep and
thermal exposure tests. The isothermal exposure tests are performed with the head section
of the premature fractured creep samples. When the tests are completed, the microstructure
is (6) investigated by LOM and SEM technique. Finally, the microstructure results of the

modified steel are (7) evaluated with respect to the objectives.

6.1 Objectives

The chemical composition of the 25Cr-20Ni-Nb-N steel is changed in order to modify the
precipitation evolution. To avoid a completely new material standardisation process, which is
very time- and cost-intensive, the modification of the microstructure is performed within the
ASTM standard of the 25Cr-20Ni-Nb-N steel. The upper and lower limits of the ASTM standard

are presented in Table 12.

Table 12: Limits for the modification of the chemical composition in wt.%.

C Si Mn Cr Ni Nb N
MAX 0.100 0.75 2.0 26.0 23.0 0.60 0.350

25CC20NENDN - 00, 038 12 247 206 044 0.182
(Non-modified)

MIN 0.040 0.0 0.0 24.0 17.0 0.20 0.150

The modification process contains several objectives. These objectives are defined by the
MACPLUS project partners and are listed below:

1. Inorderto avoid a new material standardisation process, the modified composition
must be within the ASTM standard of 25Cr-20Ni-Nb-N steel.

2. The corrosion attacks by Iron-alkali sulfate increase to a maximum at 700°C [9].
Since the austenitic steels are operating in this temperature range, a strong
corrosion attack is expected. A high chromium content is an effective way to
increase the corrosion resistance. Therefore, the chromium content in the modified
steel must be at least 25wt.% to guarantee sufficient corrosion resistance at high
temperature.

3. The intermetallic o-phase in lumpy form is expected to have detrimental effect on
the mechanical behaviour of stainless steels. In [9] it is reported that the o-phase is
very brittle, and therefore its formation reduces the ductility and fracture

toughness. In addition, its formation causes a depletion of chromium in the matrix
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which in turn decreases the corrosion resistance. Calculations show that o-phase in
the 25Cr-20Ni-Nb-N steel shows a very fast growth, a high phase fraction (=10%)
and a mean radius of more than 2,500nm after 100,000h ageing at 650°C. This high
o-phase fraction causes a depletion of chromium (from 25 to 20%) in the matrix, as
can be seen in Figure 36(A). In order to demonstrate the importance of chromium,
the total corrosion (scale thickness plus penetration) of several austenitic steels
exposure at 650°C in environment of coal ash and 10% alkali sulfate and
with/without 5% NaCl is shown in Figure 36(B). For service in superheater
applications, the corrosion rate should be smaller than <0.5mm/y [85]. The
chromium content of each steel is noted on the top of the bars. When the total
corrosion in NaCl rich environment (black bars) is analysed, it can be seen, that
steels with low chromium content such as 347HFG (18%Cr), have several times
higher total corrosion rate per year than high chromium steels such as HR3C
(25%Cr). This in turn means that the depletion of chromium (by formation of o-
phase, see Figure 36(A)) can drastically increase the total corrosion of investigated
25Cr-20Ni-Nb-N austenitic steel. Summarizing all these findings, the major objective

of the modification process is to supress the formation of o-phase.
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Figure 36: Depletion of chromium in matrix of investigated 25Cr-20Ni-Nb-N steel (A) and
scaling rate plus penetration rate for several austenitic steels after exposure in presence of

4.

various deposits (5 wt% NaCl) [85] (B) at 650°C.

In addition to corrosion resistance, the creep strength of austenitic steels is of great
importance for superheater applications. Therefore, one additional objective is to
avoid a loss of creep strength in the modified austenitic steel. It is shown in Figure

27(B) and Figure 28(B) on page 63 that fine precipitates such as secondary Nb(C,N)
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and Z-phase contribute significantly to the creep strength. In order to avoid a loss,
and/or to increase the creep strength, the Z-phase and Nb(C,N) phase fractions
should be increased and mean radii decreased.

5. In [7] it is reported that at high stresses the fracture mainly occurs along grain
boundaries, by grain boundary sliding. Small grain boundary precipitates, such as a
M23Cs-film in Figure 16 on page 38, are expected to promote grain boundary sliding.
According to [7], large grain boundary precipitates with low interparticle spacing
are promising against grain boundary sliding. Therefore, one additional objective is
to increase the size and decrease the interparticle spacing of grain boundary
precipitates.

The modification process is performed by equilibrium-, Scheil- and kinetic-calculations
using the software MatCalc. The calculations are performed with the same setup mode as

described in chapter 4.3 on page 28.

6.2 Thermodynamic and Thermokinetic Calculations

6.2.1 Results

Several equilibrium calculations are performed to demonstrate the influence of the main
chemical elements such as chromium, carbon, nitrogen and niobium on the phase fractions in
the 25Cr-20Ni-Nb-N steel. The results of these calculations for 650°C are presented in Figure
37. On the horizontal axis a lower and higher content (compared to the non-modified
composition) of chromium, carbon, nitrogen and niobium is shown. On the vertical axis the
change of phase fraction relative to the non-modified composition is shown. As can be seen,
the chromium content has a significant influence on the o-phase. A higher chromium content
(26% Cr) increases the fraction of the o-phase whereas a lower content (22% Cr) decreases it.
The carbon content mostly influences the phase fraction of M23Cs. A higher amount of carbon
(0.08% C) increases the fraction of M»3Cs whereas a lower amount (0.05% C) decreases it. The
nitrogen content has an effect on both o- and n-phase. A lower content of nitrogen (0.14% N)
increases the fraction of o-phase and decreases the fraction of n-phase. The opposite is
observed when higher nitrogen content (0.25% N) is used. The niobium content has a major
influence on the Z-phase but also, to a lesser extent, on the n- and o-phase. A higher content
of niobium (0.6% Nb) increases the fraction of the Z-phase and o-phase, whereas the n-phase

fraction is decreased. The opposite happens when a lower niobium content (0.3% Nb) is used.
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Since the results for 750°C equilibrium temperature are similar to the 650°C, they are not

presented in the figure.
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Figure 37: Influence of Cr, C, N, Nb on equilibrium phase fractions at 650°C.

The equilibrium calculations are restricted to a condition with infinite exposure time at
constant temperature. No influence of heat treatment and microstructure such as grain size
and primary precipitates can be considered in the equilibrium calculations. Therefore, it is not
useful to modify the chemical composition only on the base of equilibrium calculations.
Considering that, precipitation kinetics calculations are performed. In total many precipitation
calculations with different compositions are performed. Using the results from equilibrium
calculations as well as precipitation calculations by MatCalc a modified (most promising)

composition is defined, as shown in Table 13.

Table 13: Modified chemical composition (wt%) of 25Cr-20Ni-Nb-N steel.

C Cr Si Ni Nb Mn N w Cu

25Cr-20Ni-Nb-N
(Non-modified)
Modified 0.062 250 038 206 060 1.2 0.3500 0.5 0.5

0.062 247 038 206 044 1.2 0.1819 - -

Table 13 shows that the carbon, silicon, nickel and manganese contents remain unchanged.
The chromium content is slightly increased to provide high corrosion resistance. The niobium
content is increased to the maximum allowed amount of 0.6% to promote the formation of
fine Z-phase. The nitrogen content is increased to the maximum allowed amount of 0.35% to
promote the Z-phase formation and to avoid o-phase formation. A higher content of nitrogen
and niobium is expected to increase the creep strength, as shown in Figure 5 on page 18.

Tungsten is added to the maximum allowable amount of 0.5% to increase the solid solution
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hardening [7]. Sanicro 25 is a newly developed austenitic steel for USC/A-USC power plant
applications. Its chemical composition is similar to the steel investigated in this thesis with one
difference: Sanicro 25 contains 3% copper, which promotes the precipitation of fine Cu-rich
precipitates and which are expected to be important for the creep strength. In order to
achieve a similar effect, the copper content in the modified austenitic steel is increased to the
maximum allowable amount of 0.5%.

Figure 38 shows a comparison between the modified and non-modified composition at 650
and 750°C after 100,000h. On the horizontal axis the precipitates are presented. On the
vertical axis the change of phase fraction and mean radii relative to the non-modified
composition is shown. As can be seen, the fraction of M23Ce.gb is lower, whereas the fraction
of M23Ce.gi is higher. The detrimental o-phase is completely suspended at 650 and 750°C. No
Nb(C,N)(prim) are present. The phase fraction of secondary Nb(C,N) and Z(prim) is higher. The

fraction of secondary Z-phase is lower. A higher n-phase fraction is predicted for both 650 and

750°C.
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Figure 38: Precipitates phase fractions and mean radii of modified composition (related to
non-modified composition) at (A) 650°C and (B) 750°C after 100,000h exposure time.

6.2.1.1 Discussion

The modified composition is in the ASTM standard of the 25Cr-20Ni-Nb-N steel, that means
that the first objective is achieved. Considering the second objective, the chromium content
is slightly increased (from 24.7 to 25%Cr), therefore a sufficient high corrosion resistance is
expected. The third and major objective was to supress the formation of o-phase. Figure 38

shows that almost no o-phase is present at 650 and 750°C. It is expected that the absence of
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o-phase should increase the ductility and fracture toughness of modified steel. Additionally,
the solute chromium in modified steel (=24%Cr after 100,000h) is significantly higher
compared to the non-modified steel (x20%Cr after 100,000h), as shown in Figure 39. As a

result, a higher corrosion resistance of the modified composition is expected.
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Figure 39: Chromium content in the matrix of non-modifeid and modified steel.

It is shown in Figure 27(B) and Figure 28(B) on page 63 that fine Z-phase and Nb(C,N)
precipitates are most important for the creep strength of the 25C5-20Ni-Nb-N steel. In order
to achieve a high creep strength by precipitation hardening, a high precipitates phase fraction
and small radius is necessary. Figure 40 shows the evolution of Z-phase and Nb(C,N)
precipitates in the non-modified and modified steel at 650 and 750°C exposure. When the Z-
phase is analysed, it can be seen that at beginning of the exposure the phase fraction of Z-
phase is higher in modified composition compared to the non-modified. At later exposure
times the Z-phase fraction in non-modified composition becomes higher. The mean radius of
the Z-phase is higher within whole exposure time in modified composition compared to non-
modified. As a result, the interparticle spacing of Z-phase (see Figure 40(E, F)) is lower in non-
modified composition. Summarizing these observations about Z-phase, it can be expected that
the contribution of Z-phase to the creep strength is lower (due to the higher interparticle
spacing) in modified composition than in non-modified. This is not the case for Nb(C,N)
precipitates, where the interparticle spacing is lower in modified composition, and therefore

a higher contribution to the creep strength of Nb(C,N) is expected.
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Figure 40: Evolution of phase fractions (A, B), mean radii (C, D) and interparticle spacing (E,
F)) of secondary Z-phase and Nb(C,N) in modified and non-modified composition.

Additional to the Z-phase and Nb(C,N) precipitates, the contribution of nitrogen to the

creep strength by solid solution is also of great importance, as presented in Figure 32(B) on
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page 66. It is expected that a higher nitrogen content increase the creep strength (see Figure
5 on page 18). The evolution of nitrogen content in solid solution of non-modified and
modified composition is shown in Figure 41. As can be seen, the nitrogen content is two times
higher in modified composition compared to non-modified. Therefore, a higher contribution

from solid solution hardening by nitrogen in modified composition is expected.
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Figure 41: Evolution of nitrogen content in solid solution in modified and non-modified
composition at 650 and 750°C.

Summarizing the observations about precipitation hardening by Z-phase, Nb(C,N) and solid
solution hardening by nitrogen in modified composition, it can be concluded that on the one
hand the precipitation hardening by Z-phase is lower, but on the other hand the precipitation
hardening by Nb(C,N) and solid solution hardening by nitrogen is higher. Furthermore, the
modified composition contains 0.5% tungsten, which in turn increases the solid solution
hardening. Additional to that, creep strength calculations (not presented in this thesis) by Prof.
Sandstrom (KTH Stockholm) of modified composition are performed where no loss of creep
strength is predicted. Finally, no loss of creep strength in modified composition is expected
and therefore the fourth objective is achieved.

Small precipitates such as Z-phase and Nb(C,N) are obstacles against moving of dislocations
and are therefore of great importance for the matrix strength. This in turn avoid a
transgranular material failure. Additional to that, intergranular failure, by grain boundary
sliding can occur. An effective way to avoid grain boundary sliding are large grain boundary
precipitates with small interparticle spacing [7]. Figure 42 shows the evolution of the phase

fraction, mean radius and interparticle spacing of grain boundary precipitates such as
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M23Ce.gb and n-phase in modified and non-modified composition. As can be seen, the size and
interparticle spacing of M»3Ce.gb is significantly lower in modified composition compared to
non-modified. When the n-phase radius is analysed, it is similar in both, modified and non-
modified composition. The n-phase interparticle spacing, at late ageing time, is lower in
modified composition. To sum up the observations about grain boundary precipitates, it is to
mention that on the one hand the grain boundary precipitates are smaller which promote
grain boundary sliding in modified composition, but on the other hand the interparticle
spacing is lower that prevents grain boundary sliding. However, no higher resistance against
grain boundary sliding in modified composition is expected, and therefore the fifth objective

is not successfully achieved.
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Figure 42: Evolution of phase fractions (A, B), mean radii (C, D) and interparticel spacing (E,
F) of M23Ce.gb and n-phase in modified and non-modified composition.
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6.2.1.2 Summary

Modification of chemical composition of the 25Cr-20Ni-Nb-N steel is performed. For the

modification process, equilibrium, Scheil and precipitation calculations by MatCalc are

applied. These calculations are carried out by the author at the Institute of Materials Science

and Welding. The results are summarized as follows:

Influence of chromium, carbon, nitrogen and niobium on the equilibrium phases in
the 25Cr-20Ni-Nb-N steel is shown.

The modified composition is within the standard of 25Cr-20Ni-Nb-N steel.

The chromium content in the modified composition is slightly increased to increase
the corrosion resistance.

The o-phase is almost not present in the modified composition. Therefore a higher
toughness of modified composition is expected.

No loss of creep strength in modified composition is expected.

Finally a modified composition is suggested which can be used for manufacturing of

seamless tubes for superheater applications.
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6.3 Material and Experimental

6.3.1 The Modified 25Cr-20Ni-Nb-N Steel

The whole manufacturing process of the modified steel can be classified into production of
the ingot, forging and extruding of the tubes. When the semi ingot was produced, a hot forging
is applied. The chemical analysis of the ingot (heat) as well as the target composition (marked
in red) can be seen in Table 14. Almost all elements are within the modified composition

except carbon which is =20% higher than the defined one.

Table 14: Chemical composition (wt%) of modified 25Cr-20Ni-Nb-N ingot.

C Cr Si P Ni Nb Mn N S W Cu
Target 0.062 25.00 0.38 - 20.6 0.60 1.20 0.35 - 0.50 0.50
Heat 0.075 25.27 0.39 0.023 20.3 0.61 1.17 0.34 <0.003 0.46 0.47

After the hot forging is applied, the ingot becomes a polygon like shape, where the outer
surface contains a certain amount of defects and cracks. In order to remove these, a grinding
was applied. Afterwards the polygon like shaped sample is rotary forged to be able to prepare
the sample for the manufacturing of tubes. The tube manufacturing process is shown in Figure

3 on page 9. Some pictures taken during the extrusion process are shown in Figure 43.

Billet being extruded As-extruded tube Hot finished tubes

Figure 43: Modified 25Cr-20Ni-Nb-N austenitic steel during extrusion [26].

The tube parameters such as tube diameter, length, amount, determines what forming
process, cold pilgering or drawing, has to be applied. In the case of the present steel the cold
drawing came out to be more suitable. Both processes have the same effect: (i) to increase
the strength by work hardening and/or (ii) to increase the degree of deformation in order to

adjust the grain size during solution annealing by recrystallization.
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Two types of extruded tubes are manufactured. One tube is cold drawn and solution
annealed (at 1230°C for 15min in order to adjust the grain size and to dissolve the precipitates
which have formed during the manufacturing of the tubes) whereas the other one is only

guenched immediately after extrusion.

6.3.2 Creep Exposure Test

In the chapter above, the manufacturing processes of the as-received tubes are explained.
Out of these as-received tubes, creep samples are manufactured. For the creep tests both
type of tubes are used, the first one was cold drawn and solution annealed, whereas the
second one was only quenched immediately after extrusion. The tubes are noted as:

e Tube condition ECS (Extruded cold drawn and solution annealed)
e Tube condition EQ (Extruded and quenched immediately after extrusion)

The dimension of the ECS tube is 54mm in outer diameter and 7mm in thickness, whereas
the dimension of the EQ tube is 60mm in outer diameter and 8mm in thickness. Creep samples
are manufactured out of the tubes in order to evaluate the creep rupture strength of modified
composition with the creep rupture data of 25Cr-20Ni-Nb-N (HR3C) steel. Since long-term
creep tests are too time consuming, a creep rupture time up to =1,000h is chosen, this
corresponds to a stress of =250MPa at 650°C and =110MPa at 750°C, see Figure 4 on page 17.
In total six creep samples are manufactured. For each tube type (ECS, EQ) three stresses are
chosen:

e At 650°C: 250, 300 and 325MPa
e At 750°C: 110, 132 and 143MPa.

It is expected that the above mentioned stresses cause a creep rupture up to 1,000h creep
exposure. The creep samples are prepared according the DIN50125 and the location of the
creep samples can be seen in Figure 44. One half of the tubes is used to investigate the tubes

in as-received condition and the other half is used for creep samples preparation.
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Tube condition ECS: Tube condition EQ:
! I
| ECS_650C_325MPa EQ_650C_325MPa

J/Cs_750C_143uPa

| 750C_132MPa
[110MPa

¥

Figure 44: Location and notation of creep samples.

6.3.3 Isothermal Exposure Tests (Ageing)

The following chapter will show that all creep samples with the modified composition are
ruptured before 1,000h exposure time (longest creep rupture time 682h). These rupture times
are not representative to compare the microstructure with the non-modified steel (shortest
ageing time 1,000h). For a suitable comparison with the non-modified composition, the head
sections of the fractured modified creep samples, which have not been creep-loaded (only
aged), are cut down and subsequently aged at 650 and 750°C until a total time of 1,000h has

been reached.

6.4 Results and Discussion

6.4.1 Microstructure in As-received Condition

The dominant precipitates in the as-received condition are the primary Z-phase
precipitates. They are randomly distributed on grain boundaries and grain interior. In Figure
45(A) a SEM micrograph of an as-received ECS sample is shown. The bright precipitates are
primary Z-phase particles. They contain most niobium, chromium and iron, as shown in the

EDS analysis in Figure 45(B).
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Figure 45: Primary Z-phase precipitates in as-received ECS condition (A) and EDS analysis of
primary Z-phase (B). A-1: primary Z-phase; A-2: Pores.

More than 560 primary precipitates are analysed. The area fraction varies between 0.3%

and 0.58%. The size distribution is shown in Figure 46. As can be seen, most of the primary

precipitates have a diameter of =2um.
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Figure 46: Distribution of primary precipitates in (A) ECS and (B) EQ sample.

6.4.2 Creep Strength and Microstructure at 650°C

EQ and ECS samples are creep exposed at 650°C for 250, 300 and 325MPa. All creep

samples including their rupture times are shown in Figure 47. As can be seen, samples tested

at low stress like 250MPa are ruptured in the head section of the creep sample, whereas

samples tested at high stresses like 300 and 325MPa are ruptured in the load (gauge) section.

There are no significant differences in creep strength between EQ and ECS samples can be

observed. All creep samples do not show any significant reduction of area. When rupture

times of modified composition are compared with HR3C (reference material), see Table 15, it
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is obvious that the modified composition is ruptured much earlier. The creep samples tested

at 250MPa are broken in the head, and therefore they cannot be used for the comparison.

EQ, 650°C, 250MPa, 17h EQ, 650°C, 300MPa, 15h EQ, 650°C, 325MPa, 8h
ECS, 650°C, 250MPa, 45h ECS, 650°C, 300MPa, 21h ECS, 650°C, 325MPa, 6h
Il 50 mm 1
1

Makro1: Bildbreite|f|B|t|SH|OH: 194,56mm| 50mm| 10| 1/2s| 240mm| 4mm ( (
ﬂTU w W
Grazm

Figure 47: Creep samples ruptured at 650°C.

Table 15: Creep rupture times of HR3C and modified 25Cr-20Ni-Nb-N at 650°C.

250MPa 300MPa 325MPa
HR3C [24] 480h* 220h* 80h*
EQ  (17h) 15h 8h
ECS  (45h) 21h 6h

* Average rupture time; () Broken in head section of creep sample.

Modified 25Cr20Ni-Nb-N

The fracture surface of an ECS sample in Figure 48(A) clearly reveals an intergranular brittle
fracture. Similar fracture is observed for all creep samples. Figure 48(B-2) shows the formation
of a crack along the grain boundary. The bright precipitates, Figure 48(B-1), are primary Z-
phase precipitates and (B-3) is a twin boundary which is typical for an austenite

microstructure.

EHT =20.00 kV Mag= 300X @ 19 inch Monitor T EHT = 2000 kv Mag= 1.00 K X @ 19 inch Monitor
Signal A = SE1 WO= 13 mm _ File Name = macplus15gs0024.tif | Signal A=BSD WD= 9mm _File Name = macplus15gs0081.tif

Figure 48: Fracture surface (A) and cross section (B) of ECS sample after creep exposure at
650°C and 300MPa for 21h. B-1: Primary Z-phase; B-2: Crack along a grain boudary; B-3: Twin
boundary.

89



Stojan Vujié Modification of 25Cr-20Ni-Nb-N Austenitic Steel

In order to compare the microstructure of the modified composition with the non-modified
composition (see chapter 5.1.1 on page 35) in addition to the creep tests an ageing treatment
(up to a total time of 1,000h) is applied. For ageing the head section of an ECS creep sample is
used. Figure 49(A) shows a low magnification and (B) a high magnification of a grain boundary
triple point of an ECS sample aged at 650°C for 1,000h. Besides primary Z-phase precipitates,

no other precipitates such as o-phase are detected.

EMT=2000kV  Mag= S00X @ 19inch Monitor i, i EMT=2000kV  Mag= 300K X @ 18 Inch Monitor
Signal A=BSD___ WD=_ 9mm__File Name = macplus15gs0037 tif ' Signal A=BSD ___ WD= 9mm__File Name = macplus15gs0040.tif

Figure 49: Low magnification (A) and high magnification of grain boundary triple point (B) of
ECS sample aged at 650°C for 1,000h. A-1: Inclusion; B-1: Primary Z-phase.

6.4.3 Creep Strength and Microstructure at 750°C

EQ and ECS samples are creep exposed at 750°C for 110, 132 and 143MPa. All creep
samples including their rupture times are shown in Figure 50. As can be seen, EQ sample
tested at low stress such as 110MPa is ruptured in the head section of the creep sample,
whereas all other samples are ruptured in the load (gauge) section. All creep samples do not
show any significant reduction of area. When rupture times of modified composition are
compared with HR3C (reference material), see Table 16, it can be seen that the modified
composition is ruptured earlier. The creep sample EQ tested at 110MPa is broken in the head

section, and therefore it cannot be used for the comparison.
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Figure 50: Creep samples ruptured at 750°C.

Table 16: Creep rupture times of HR3C and modified 25Cr-20Ni-Nb-N at 750°C.

110MPa 132MPa 143MPa

HR3C [24] 700h* 220h* 180h*
.ge . EQ (141h) 211h 119h
Modified 25Cr20Ni-Nb-N ECS 682h 169h ash

* Average rupture time; () Broken in head section of creep sample.

Figure 51(A) shows the fracture surface of an ECS creep sample exposed at 750°C and
110MPa for 682h. The individual grains indicate that fracture occurs along the grain
boundaries. This is also shown in Figure 51(B-2), where cracks formed along grain boundaries.
The bright precipitates, see Figure 51(B-1), are randomly distributed primary Z-phase

precipitates.

e ¥ 3 ; \ .
EHT=2000kV ~ Mag= 300X @1 s 5 EHT=2000kv  Mag= 100K X @ 13 inch Monitor
Signal A = SE1 WD = 11mm__File 1 L Signal A = BSD WO= 11mm File Name = macplus15gs0047 tif

Figure 51: Fracture surface (A) and cross section (B) of ECS sample after creep exposure at
750°C and 110MPa for 682h. B-1: Primary Z-phase; B-2: Crack along a grain boundary.
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In order to compare the microstructure of the modified composition with the non-modified
composition (see chapter 5.1.2 on page 37), the head of the ECS creep sample
(750°C/110MPa) is cut down and afterwards heat treated up to a total times of 1,000h at
750°C. The microstructure of the aged ECS sample is shown in Figure 52. The primary Z-phase
precipitates are randomly distributed, see Figure 52(A-1). The grain boundaries are
surrounded by n-phase precipitates, see Figure 52(B-2). The EDS analysis of the n-phase and
primary Z-phase is shown in Figure 53(B). As can be seen, when EDS line scan cross the grain
boundary precipitate (see Figure 53(B-1)), the silicon-, nickel- and chromium-intensity
increase, which is an indication for n-phase. No o-phase precipitate could be observed along

grain boundaries and on grain boundary triple points.

EHT =2000 kV Mag= 1.00 K X @ 19 inch Manitor Wi EHT =2000 kv Mag= 300K X @ 19 inch Monitor
Signal A = BSD WD= 9mm File Name = macplus15gs0042 tif L Signal A= BSD WO = $mm  Fils Name = macplus15gs0043.67

Figure 52: Low magnification (A) and high magnification of grain boundary triple point (B) of
ECS sample aged at 750°C for 1,000h. A-1, B-1: Primary Z-phase; B-2: n-Phase.

MACPLUS15 750°C/1008h
Signal A MAG: 3000 x HV: 20,0 kV WD: 12,5 mm

Figure 53: Grain boundary (A) and EDS analysis of n-phase and primary Z-phase (B) in ECS
sample aged at 750°C for 1,000h. A-1, B-1: n-phase; A-2, B-2: Primary Z-phase.
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6.4.4 Discussion

Results of the creep strength and microstructure evolution of modified austenitic steel are
shown above. In this chapter, the failure of the modified steel, using the results from
microstructure and precipitation calculation evolution will be discussed. Finally, the objectives
of the modification process will be evaluated.

Limited short term creep tests at 650 and 750°C of modified 25Cr-20Ni-Nb-N are
performed. The creep tests are performed for EQ and ECS samples. The rupture times of the
modified composition and the reference material HR3C [24] are shown in Figure 54. When the
rupture times at 650°C is analysed, it can be seen that the modified steel (marked in blue) is
ruptured significantly earlier, compared to the average rupture time of HR3C. The reason for
that will be discussed later. At 750°C (marked in red) the rupture times are close to the average
and particularly within the scatter of HR3C. Further on, it can be seen that the rupture times
of modified composition (ECS samples) are closer to HR3C with increasing exposure time and
decreasing load at 750°C: Atg (tr_nr3c — tr_ecs) = 92h for 143MPa, Atg=51h for 132MPa and
Atr=18h for 110MPa.

512

256

EQ 650°C ’W

ECS 650°C
EQ 750°C
ECS 750°C

128

Stress / MPa

750°C
700°C
650°C
600°C
average curve

64

Ior>|:|<> ¢ o m >

32
1 10 100 1000 10000 100000
Rupturetime / h

Figure 54: Creep rupture time of HR3C and modified 25Cr-20Ni-Nb-N austenitic steel.
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SEM investigations are performed to investigate the microstructure of the modified steel.
Due to the low resolution of the SEM, only large precipitates, and fracture surface could be
investigated. Considering the fracture surface, the grain boundaries could be clearly seen,
which indicates that all creep samples are fractured along the grain boundaries. No significant
reduction of area was observed, therefore a low ductility for the modified steel is expected.
Considering the precipitates evolution in the modified steel, primary Z-phase precipitates are
present in all samples. In addition to that, n-phase, having a high Cr-, Ni- and Si-content, is
found along the grain boundaries at 750°C after 1,000h ageing. It is expected that n-phase is
also present at 650°C after 1,000h, but due to the low resolution of the SEM, it could not be
detected. No M3Cs precipitates are found at 650 and 750°C up to 1,000h, this is either due to
the high presence of the n-phase shifting the formation of M23Cs to later times or due to the
low size of M23Cs which could not be detected by the SEM. No o-phase precipitates are found
at 650 and 750°C after 1,000h. In comparison to that, a high presence of o-phase precipitates
at grain boundary triple points is found in the non-modified composition, see chapter 5.1.2 on
page 37.

Due to the limited findings out of the experimental investigations, less statements about
the failure mechanism in the modified composition can be done. It is observed that the failure
always occurs along grain boundaries, this indicates that the grain boundaries are weaker than
the matrix. The primary Z-phase precipitates are randomly distributed (most of them are
inside grains), and, if primary Z-phase precipitates would cause the failure, cracks inside grains
should occur, but this was not observed.

The intergranular failure occurs even after short exposure times, this is an indication that
embrittlement has taken place. This is also supported by the low reduction of area. There are
many possible reasons for the low ductility, one of them are coarse particles like primary Z-
phase which would cause a dimple rupture, but this is not observed. However, only a limited
number of investigations were performed where no statement about the cause of low ductility
can be done.

It is shown above that the modified steel is ruptured significant earlier at 650°C compared
to the average rupture time of HR3C. That was not the case for 750°C creep exposure, where
a longer rupture time is observed. In order to discuss the early failure at 650°C, additional
precipitation calculations are performed, using the composition from the chemical analysis of

the modified steel in Table 14 on page 85. Two different calculations at 650°C for 8h and 750°C
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for 682h are performed. These calculations should represent the precipitation distribution of
ECS creep exposed samples at 650°C/6h and 750°C/682h. The precipitates phase fractions are
shown in Figure 55. As shown, the phase fractions of the grain boundary precipitate such as
M23Ce.gb (0.0008% at 650°C and 0.70% at 750°C) and n-phase (0.03% at 650°C and 1,63% at
750°C) are much lower at 650°C compared to 750°C. This low phase fractions of M»3Ces.gb and
n-phase may contribute to a low grain boundary strength and further on to preliminary failure
at 650°C. In Figure 27 and Figure 28 on page 63 it is shown that the secondary Z-phase
precipitates are of great importance for the creep strength. The phase fraction of the
secondary Z-phase (0.21% at 650°C and 0,37% at 750°C), which form inside the matrix, is high
at 650 and 750°C. As a consequence, the matrix strength is high. The high matrix strength,
together with low grain boundary strength is probably the reason why the material failure

always occurs along the grain boundaries.
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Figure 55: Phase fractions of precipitates at 650°C after 6h (A) and at 750°C after 682h (B) of
modified austenitic steel.

As mentioned above, it is assumed that the low phase fraction of grain boundary
precipitates may contribute to the low creep strength. In order to investigate this assumption,
a heat treatment (before creep loading) should be applied to form a sufficient amount of grain
boundary precipitates. According to MatCalc calculations, an isothermal ageing at 850°C for
20h would form a total phase fraction of grain boundary precipitates of 1.9% (=1.3% M23Cs.gb
+0.6% n-phase). This is significantly higher compared to ruptured ECS sample at 650°C/6h and
it is expected to be sufficient to investigate the effect of grain boundary precipitates on the

creep rupture time.

95



Stojan Vujié Modification of 25Cr-20Ni-Nb-N Austenitic Steel

The creep strength, microstructure and failure of modified steel is discussed above. When
the objectives (see chapter 6.1 on page 74) are analysed, following statements can be made:
Related to 15t objective: All chemical elements (except niobium) of modified composition
are within the ASTM standard of 25Cr-20Ni-Nb-N steel, see Table 17. Niobium amount (0.61%)
is slightly higher than allowed (0.6%). Tungsten and copper is not defined in the standard, but

amounts up to 0.5% are allowed.

Table 17: ASTM standard and heat composition of modified 25Cr-20Ni-Nb-N in wt.%.

C Si Mn Cr Ni Nb N W Cu
MAX 0.100 0.75 2.0 26.0 23.0 0.60 0.350 - -
Heat 0.075 0.39 1.17 25.27 20.3 0.61 0.34 0.50 0.50
MIN 0.040 0.0 00 240 170 0.20 0.150 - -

Related to 2" objective: The chromium content is higher than 25wt%, this should guarantee
a sufficient corrosion resistance at high temperature.

Related to 3™ objective: The rapidly growing o-phase in the non-modified steel was not
experimentally observed in the modified steel. The formation of o-phase in modified steel is
successfully suppressed by high nitrogen content, as explained and predicted by the
precipitation calculation in chapter 6.2 on page 76.

Related to 4% objective: As mentioned at the beginning of this chapter, the creep rupture
time of modified composition at 650°C is significantly lower compared to the HR3C, whereas
at 750°C the creep rupture time is within the scatter of HR3C. The loss in creep strength is
quite alarming since the modified composition is within the ASTM standard. Furthermore,
creep strength calculations of modified composition did not predict any loss in creep strength.
The present creep modelling approach can be used when creep cavitation is the main
mechanism for failure. For stainless steels like 304, 316, 321 and 347 it is assumed that the
embrittlement is due to creep cavitation. The results for these steels are in good agreement
with observations and the creep model results are not very different if it is assumed ductile or
brittle rupture. For the modified austenitic steel the embrittlement mechanism is not known,
which makes it difficult to predict the rupture time. It is unlikely that cavitation on its own
would cause the observed embrittlement in the modified steel. However, further
investigations have to be done in turn of the embrittlement of modified steel. Finally, it can
be said that the 4th objective is not achieved.

Related to 5t objective: The performed ageing treatment of 1,000h and low resolution of

SEM were not sufficient to analyse the grain boundary precipitates in a reasonable way.
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Therefore, no statement about grain boundary precipitates can be done. Longer ageing
treatments have to be applied in order to evaluate the grain boundary precipitates.

A high corrosion resistance and high creep strength are one of the most important
properties of advanced austenitic steels for applications in USC and A-USC power plants. A
high corrosion resistance is successfully achieved by high chromium content and absence of
o-phase, but the creep strength is lost. Taking this into consideration, it is expected that this

modified composition is not suitable for USC and A-USC power plant applications.
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6.4.5 Summary

Microstructure investigations of modified composition of an austenitic steel 25Cr-20Ni-Nb-

N are carried out for creep exposed and thermally aged samples at 650 and 750°C. For the

investigations LOM and SEM are used. The investigations are carried out by the author at the

Institute of Material Science and Welding. The experimental results are summarized as

follows:

The creep rupture time of modified composition at 650°C is significantly lower
compared to HR3C steel, whereas at 750°C it is within the scatter of HR3C.

All creep samples show intergranular rupture and low reduction of area, indicating
that embrittlement has taken place.

Primary Z-phase precipitates are observed in as-received and all thermally exposed
samples.

At 650°C after 1,000h ageing no secondary precipitates are observed. At 750°C after
1,000h, n-phase precipitates on grain boundaries are found.

In all investigated samples, no o-phase precipitates are observed. This finding
confirms the accuracy of the precipitation calculations where the o-phase is

suppressed by high nitrogen content.

Finally, it can be summarized that the o-phase in the modified composition is supressed

but creep strength is significantly lost.
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7 Summary

The present thesis deals with the microstructure investigation and calculation of

precipitation evolution in an advanced 25Cr-20Ni-Nb-N austenitic steel for USC and A-USC

power plant applications. Additionally, the hardening mechanisms during creep are evaluated

and a modified composition of a 25Cr-20Ni-Nb-N steel is developed which suppress the

formation of o-phase. The main findings can be summarized as follows:

Microstructure investigations are carried out for thermally aged samples at 650 and
750°C for 1,000h, 3,000h and 10,000h. Five different precipitates Z-phase, M23Cs,
Nb(C,N), n (Cr3NiSi(C,N)), o-phase and two different oxides Al- and Si-oxide are
experimentally found. After long ageing times, the brittle acting o-phase is found to
be a dominant phase on the grain boundaries. Furthermore, the findings about the
n-phase are used to implement this phase into the thermodynamic database of
MatcCalc.

Equilibrium-calculations by MatCalc are carried out where it is shown when Cr;N is
suspended, five different precipitates phases in the temperature range between
400 and 1600°C are predicted: Nb(C,N), Z-phase, Mx3Cs, o-phase and n-phase. All
these phases are also found experimentally.

Scheil-calculations by MatCalc are carried out to evaluate the amount of primary
precipitates in the 25Cr-20Ni-Nb-N austenitic steel. It is found that the primary Z-
phase is the most prominent primary phase.

Precipitation calculations by MatCalc are carried out considering a solution- and
service-treatment at 650 and 750°C for 100,000h. The precipitation evolutions are
compared with experimental results and analysed in detail. The main findings can

be summarized as follows:
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o For the precipitation calculations, eight precipitates are considered: M23Cs,
o, primary Z, secondary Z, primary Nb(C,N), secondary Nb(C,N), n (Cr3Ni2SiN)
and G.

o The o-phase is found to be the most dominant phase on the grain
boundaries at long ageing time.

o With the help of the precipitation calculations and experimental
investigations it is found that the silicon-rich phase in the 25Cr-20Ni-Nb-N
steel is more likely a n-phase and not a G-phase.

o The interactions between the precipitates are studied and compared with
literature. Assumptions from the literature such as the interaction between
MX precipitates with M»3Cs and Z-phase are analysed and explained in
detail.

The creep strength is calculated in collaboration with Prof. Sandstréom (KTH
Stockholm). There are three main contributions to the creep strength from
dislocations, precipitates and elements in solid solution. The contribution from the
dislocations is found to be the highest one.

A modification of the 25Cr-20Ni-Nb-N chemical composition within the ASTM
standard is performed. By the help of the precipitation calculation a modified
composition is defined where the o-phase formation is suppressed. The chromium
content of the modified composition is kept high to increase the corrosion
resistance.

Superheater tubes using the modified chemical composition are extruded and
creep samples are manufactured. A limited amount of short term creep test at 650
and 750°C are performed to analyse the creep rupture time and the presence of o-

phase precipitates.

Finally, it can be summarized, that a significant amount of coarse o-phase precipitates in

an advanced 25Cr-20Ni-Nb-N are observed. With the help of the precipitation calculation with

MatCalc and creep strength modelling by Prof. Sandstréom (KTH), a modified composition

within the ASTM standard is defined. Using this modified composition, superheater tubes are

produced, where on the one hand no o-phase is observed, but on the other hand a significant

lower creep strength is measured.
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8 Outlook

Extensive investigations and calculation of the precipitation evolution of an advanced 25Cr-

20Ni-Nb-N austenitic steel are carried out. Therefore, findings and compromises have been

made, which have to be analysed more in detail:

The TEM-EDS analysis of the secondary Z-phase reveal a significant high amount of
nickel (up to 30%). Such high amounts of nickel are not common for this type of
precipitate. Further structure analysis of Z-phase in austenitic steels would be
necessary to analyse the Z-phase in detail.

In [36] creep exposed sample of 25Cr-20Ni-Nb-N steel after 88,363h is investigated.
In this long time creep exposed sample, which is assumed to be close to an
equilibrium condition, no CroN phase is found. Similar results are reported by
Sourmail [27], who writes that CrzN is unlikely when Z-phase is present in austenitic
steels. These findings are not in agreement with MatCalc where Cr;N is predicted
as an equilibrium phase. Further investigations and improvement of Cr;N have to
be done in order to predict Cr;N phase correctly.

It is experimentally shown that the o-phase is present at 750°C in the 25Cr-20Ni-
Nb-N austenitic steel. In order to stabilize the o-phase at 750°C an interface energy
correction is applied, which is not a reasonable solution. Further improvement of
thermo-kinetic modelling of o-phase at high temperature is necessary to avoid the
interface energy correction.

The twin boundaries in austenitic steels are important nucleation sites for many
precipitates such as M23Ces or n-phase. Especially at longer ageing times, when the
precipitates starts to form in grain interior, the twin boundaries as nucleation sites
becomes very important. Therefore, it is necessary to develop a twin boundary
nucleation site model in MatCalc.
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For the non-modified composition it was found by simulation that the temperature
cycle of the manufacturing process does not have a significant influence on the
precipitation evolution during service. Such simulations were not applied to the
modified composition. Therefore, one further task for the outlook is to collect the
data (heating-, cooling-rates and holding times) of the temperature cycle during of
the manufacturing process and to apply it to the precipitation calculation of

modified steel.

The modified composition is investigated by a limited number of short-term creep tests.

Further test and investigations are necessary in order to investigate the modified composition

more in detail:

Further long-term creep tests at 650, 700 and 750°C are necessary to evaluate the
creep strength of modified 25Cr-20Ni-Nb-N austenitic steel.

The formation of o-phase is analysed by a short-term ageing up to 1,000h. Longer
ageing tests are necessary to evaluate the presence of o-phase in the modified
steel.

It was shown that the o-phase formation cause a depletion of chromium in the
matrix. Since no o-phase was observed in the modified composition, a higher
corrosion resistance is expected. Therefore, corrosion tests of modified
composition should be applied and the results should be compared with the non-
modified composition.

The intergranular failure after short exposure times and low reduction of area is an
indication that embrittlement has taken place in the modified composition. The
reasons for that embrittlement could not be clarified and further investigations
have to be done in order to analyse this phenomenon.

Significant low short-term creep strength of the modified composition is measured.
This was not predicted by the creep strength calculations. One possible explanation
for the different prediction of creep strength could be the embrittlement. The
applied creep strength model is suitable for austenitic steels where the
embrittlement is caused by creep cavitation, which is probably not the only cause
for the degradation in the modified steel. The cause of embrittlement has to be
investigated in order to evaluate the applicability of the present creep model on the

modified austenitic steel.
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A further opportunity to calculate the creep strength is to apply another creep
strength model. Recently a new creep strength model for the martensitic steels has
been developed by Yadav et. al [86] at the Institute of Material Science and Welding.
Some input parameters such as dislocation density have to be investigated in order

to adapt the model to the present austenitic steel.
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Appendix

A script is a text file which contain a lot of specific MatCalc commands. Especially when a
lot of precipitation evolution calculations have to be done, then the scripts are a useful
approach to speed up routine or repetitive operations. After a script file is created, it can be
easily modified in order to perform new calculations with for example modified composition

and new heat treatment.
On the next eleven pages a script for the calculations of precipitation evolution in the

present austenitic steel is presented. The results in chapter 5.2.2 and chapter 6 are obtained

with this script.
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Appendix

R R R R Rk R R R R R R R R R R R R R R R R

v

R R R R R R R R R R R R R R R R R R R R R

iy

T

TIO LR E R E R R R R R R R R R Rk

Axddddiditirdiditiddbaddtirdid SENERAL INFORMA

Scrip for simulation of precipitation kinetic of EZ5Cr-Z0Ni-Nb-N sustenitic steesl

Author: Stojan Vujic
2013-08-09
This 15 & script for Matlalc version 5.2 (rel

Creation date:

R R R R R R R R R R R R R R R R R R R R R R R R

SETUF INFORMA i
B R R R R R R R R R R R e R R R R R s

TIO

i ty i i Wy 0 o W 0O i o o W0

5 make sure ve work in the correct modnle

use-module core

5 closes any opesn workspace
close-workspace £

without asking for save

new-workspace

echo n

set-workspace-info
zet-workspace-info
zet-workspace-info
zet-workspace-info
zet-workspace-info
zet-workspace-info
set-workspace-info
set-workspace-info
set-workspace-info

iy

5
if
send-dialog-string
stop run script
endiE B

verify correct Ma

5 ghov consecle vindovw and notify user to perform sels
move-gul-window © show

echo n

send-console-string
zend-console—-string
send-console-string
send-console-string
zend-console—-string
send-console-string

input-variable-value comp

send-console-string
zend-console—-string
send-console-string
send-console-string

5 opsn nev workspace

Selected elements:
Fe, C, Cr, 5i, Mn, N, Nb, Ni,

Matrix phases:
Rustenite (fcc_al)

Precipitates phases:

fcc_al#ﬂl, mZ23ch, =sigma, zZet, cri3niZsin, g phase

R O T S S S A

LR R R R R R E R R R R R R R R R R R R

omgr

EYSTEM SET

P

R R R R R R R R R R R R R R R R R R R R R

tCalc wversion (15 accessible &8s internal warisble)

(matcalc version<5521010)

"MatCalc wersion must be 5.52.1010 or higher. Stopping.”™

5 stop script

tion
o front

ec
t

5 bring conseols window

5 do not display in console window

Select composition:

1 v 25Cr20MiNEBEN (HR3C)

119 ... 25.0Cr-0.35N-0.60Hb-0.325i-0.5Cu-0.5W

120 ... Modified comp. from chem. analysis
"Blease select composition (1-118): ™

Select the service temperature:
1 650°C
2 T750°C
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zend-console-string
input—wvariakle—value servtemp "Please select the calculation (1-2): ™
echo ¥
if (servtemp==1)
set-variable-value T_=s 650
elseif (servtemp==2})
get-variable-value T_s 730
endif

echo v 5 reset display in consecle window

5 ddddddiddiidddddtddtdddddddddddddddddddddddddddddddddddddddrdd Attt bbbttt Adtd

g GLOBAL VARTABLES
L L L L L R R R R L L )

set-wvariakble-value ht 5S%60 5 smin heating time to solution temperaturs
get-variakble-value ct 1%&0 5 1min ceoecling time to room temperaturs
set-variable-value T sol 1230 5 selection of solution temperature
zet-variakle-value time sol 10%&0 5 time for solution annealing

set-variable-value time ser 100000%3600 § times for ssrvice

B R T L L L L L LR R R R R T )
5 DATABASES, CHEMICAL COMPOSITION, SELECTED FHASES
5 ddddddddddddddidddddd ittt

open-thermo-database mc fe v2.016.tdb 5 open thermodyvnamic database

if (comp==1)

select-elements C Cr Mn N Nb Ni 5i 5§ selsct slemsnts
glseif (comp==119) | (comp==120)

select-elements C Cr Mn W Wb Wi 5i W Cu 5 selsct slemsnts
endif

select-phases fcc al hocp a3 m23cé sigma zet ligquid cr3ni2sin g phase 5 select phases

read-thermodyn-database 5 read thermodynamic databass
read-mobility-database mc_fe v2.005.ddb 5 read diffusion datsbase
read-physical-database PhysData.pdb 5 read phvsical database

5§ Alloy composition
if (comp==1)
5 chemical composition by KTH 310NbN
enter-composition wp C=0,062 Cr=24,7 5i=0,38 Mn=1,2 N=0,182 Nb=0,44 Ni=20,6
elzeif (comp==118)
5 25%Cr-0.35N-0.&Nb-0.3251-0.5Cu-0. 5%
enter-composition wp C=0,062 Cr=25,0 5i=0,32 Mn=1,2 N=0,350 Nb=0,60 Ni=Z20,6
enter-composition wp W=0.50 Cu=0.50
elzeif (comp==120)
§ Modified composition from chemical analysis
enter-composiction wp C=0,075% Cr=25,27 5i=0,39 Mn=1,17 N=0,34 Hb=0,61 Ni=20,3
enter-composition wp W=0,46 Cu=0,47
else
send-dialog-string "selected composition is not available™
stop-run—-script
endif

o o T R R R R R R R T R T
g CHANGE PHASE STATUS ETC.
o g

change-phase-status foc_alf#0l £ = = $ suspend foc al#01 phase
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create—-new-phase fcc_al#ﬁl C Hb%:C,HN,VA: HEBECH 5 create nevw phasse NbCN

Lo L L R R L T e S L L L T L LT T e
HEAT TREATMENTS
Lo R R L R kR T R R R X X T TR

oy

5 S0LUTION treatment:

create-heat-treatment solution 5 greste heat treatment
append-ht-segment solution 5 append s=egment 0
edit-ht-segment solution d n austenite 5 define precipitation domain
edit-ht-segment soclution s 25 5 define start temperaturs
edit-ht-segment solution 3 T_sol ht 5 Tend + heating time
edic-ht-segment solution c Heating to solution temperature 5 comment

5 sppend segment 1
0 time_sol § Tdot + delta &
Isothermal holding at solution temperature 5 comment

append-ht-segment solution
edit-ht-=2egment =2olution . 2
edic-ht-segment solution . c

5 append segment 2
5 Tend + coeling time

append-ht-segment solution
edic-ht-segment solution . 3 25 ct

edit-ht-=segment =solution . © guenching to room temperature 5 comment

§ SERVICE:

create-heat-treatment service 5 create heat treatment
append-ht-segment service 5 sppend segment 0
edit-ht-segment =service d n austenite 5 define precipitastion domsin
editc-ht-segment service =z 25 5 defins start temperaturs
edit-ht-segment service 3T = 30 5 Tend + delta t©
editc-ht-segment service c Heating to service temperature 5 comment

5 append segment 1
§ Tdot + delta t
5 pomment

append-ht-segment service
edit-ht-segment service . 2
edit-ht-=segment service . c

0 time ser
time for service

B e E  E kR L R R R LT R X R R e
EXPERTMENTAL TABLES
B e E  E kR L R R R LT R X R R e

oy

5 experimentsl data
§ r=radii, f=phases fraction, n=numbsr density

5§ exp. results for aged specimen at £50°C
5 M=an Radius:

create-global-table 650C r Sigma £ newv takle for sxp. data
add-table-entry 650C_r Sigma 1000%3600 520e-09 5 KTH =xp. 5EM data from tableé
add-table-entry 650C r Sigma 30003600 780e-089 5 KTH exp. SEM data from tableg
add-table-entry 650C_r Sigma 10000*3600 1420e-09 5 KTH =xp. 5EM data from table#&
create-global-table 650C r M23C6 § nev table for exp. data
add-table-entry 650C_ r M23Ce 1000%3600 100e=-09 5 KTH e=xp. 5EM data from tabled
add-table-entry 650C r M23C6 3000%3600 190e-09 5 KTH =xp. 5EM data from tableé
add-takble-entry 650C r M23C6 10000*%3600 520e-09 5 KTH e=xp. 5EM data from tabled
5 Phass fractieon:

create-global-table 650C £ M23C6 £ newv takle for sxp. data
add-table-entry 650C_f M23C6 1000%3600 0.0005 5 KTH exp. from mesting in Esssn
add-table-entry 650C f M23C6 5000~3600 0.0027 5 KTH exp. from mesting in Essen
add-table-entry 650C_f M23C6 10000%3600 0.0075 5 HTH =xp. from mesting in Esssn
create-global-table 650C_f Sigma 5 newv tabhle for =xp. data
add-table-entry 650C_f Sigma 5000%3600 0.0085 5 KETH exp. from mesting in Esssn
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add-table-entry 650C £ Sigma 10000%3600 0.015

5 =xp. results for aged spscimen at 750°C

§ Mean Radius:

create-global-takble 750C r Sigma
add-table-entry 750C r Sigma 1000%3600 265e-09
add-table-entry 750C r Sigma 3000%3600 18&0e-09
add-table-entry 750C r Sigma 10000*3600 3545e-09

create-glokbal-takle 730C r M23Ce

add-table-entry 7530C r M23C6 1000%3600 310e-09
add-table-entry 750C_r M23Ce 3000*3600 990e-09
add-table-entry 750C r M23Ce 10000%3600 1060e-03%

5§ Phass fraction:

create-global-takble 730C £ M23C6
add-table-entry 750C £ M23Ceé 1000+%3600 0.007
add-table-encry 750C f M23C6 5000*3600 0.02
add-table-entry 750C f M23Ce 10000%3600 0.023

create-global-takble T750C f Sigma
add-table-entry 750C_f Sigma 1000*3600 0.01
add-table-entry 750C f Sigma 5000%3600 0.018
add-table-entry 750C f Sigma 10000%3600 0.023

newv
KTE

KTH
KTH

new
KTH
KTE
KTE

new
KTH
KTE
KTE

new
KTE
KTH
KTE

5 Wp% of Ni, Cr, Fe and Nb in precipitates at &50°C

eXp.

from

mesting in Esssn

table for exp. data

exp. SEM data from tableg
exp. SEM data from tableé
eXp. SEM data from tableég
table for =xp. data

exp. SEM data from tableé
eXp. SEM data from tableég
exp. SEM data from tableéd
table for exp. data

exp. from meeseting in Ess=n
exp. from mesting in Essen
sxp. from mesting 1n Esssn
table for exp. data

exp. from mesting in Essen
exp. from meeseting in Esssn
exp. from meeseting in Ess=n

5 Dats 15 from papsr "Long-term cresp properties and microstructurs

5 TP347HFG and HR3C for advanced

USC bollsrs™

of Super304H,

create-global-table 650C wp Ni 5 nev table for exp. data

add-table-entry 650C wp Ni 0.01%3600 O 5 Ni content from paper in vp#
add-table-entry 650C wp Ni 300*%*3600 O 5§ Ni content from paper in vpi
add-table-entry 650C wp Ni 1000%3600 0.05 S Ni content from paper in vpE
add-table-entry &50C wp Ni 3000%3600 0.1 § Ni content from paper in vpi
add-table-entry 650C_wp Ni 10000%*3600 0.15 5 Ni content from papsr in wvpE
create-glokbal-takle &30C wp Cr 5 nev table for =xp. data

add-table-entry 6530C wp Cr 0.01%3600 0.14 S Cr content from paper in vpi
add-table-entry 650C_wp_Cr 300%*3600 0.45 5 Cr content from papsr in vpE
add-table-entry 650C wp Cr 1000%3600 0.75 5 Cr content from paper in wvpg
add-table-entry 650C wp Cr 3000%3600 0.87 5§ Cr content from paper in vpi
add-table-entry 650C wp Cr 10000*3600 1.25 8 Cr content from papesr in vpE
create-global-table &530C wp Fe 5 new table for =xp. data

add-table-entry 6530C wp Fe 0.01%3600 0.02 § Fe content from paper in vpi
add-table-entry 650C wp_ Fe 300%3600 0.12 5 Fe= content from paper 1in wvpE
add-table-entry &50C wp Fe 1000%3600 0.11 8 Fe= content from paper 1n vpi
add-table-entry 650C wp Fe 3000%*3600 0.1 5 Fe content from paper in wvpE
add-table-entry 650C wp Fe 10000*%*36000.14 5 Fe content from psper in wvpd
create-global-table 650C wp Hb 5 nev table for =xp. data

add-table-entry 650C_wp Nb 0.01%3600 0.25 5§ Nb content from paper in vpg
add-table-entry 650C wp Nb 300%3600 0.28 5 Nb content from paper in vpi
add-table-entry 650C_wp Nb 1000%3600 0.32 5§ Nb content from paper in vpg
add-table-entry 650C wp Nb 3000%3600 0.42 5 Nb content from paper in vp#
add-table-entry 650C_wp Nb 10000*%3600 0.48 § Nb content from paper in wvpE

5 Wp% of Ni, Cr, Fe and Nb in precipitates at 750°C
5 Dats is from paper "Long-term cresp properties and microstructure of Supsr304H,

5 TPR47HFE and HR3C for advanced

UDSC boilers"

new table for exp. data

create-global-table T50C_wp Ni 5

add-table-entry 750C wp Ni 0.01%3600 O 5 Ni
add-table-entry 750C_wp Ni 300%3600 0.025 5 Ni
add-table-entry 730C wp Ni 1000%3600 0.025 5 Ni
add-table-entry 750C_wp Ni 3000%3600 0.05 5 Ni
add-table-entry 750C wp Ni 10000+%3600 0.1 5 Ni

content
content
content
content
content

from
from
from
from
from

paper
pspsr
pEper
pspsr
pEpsr

in vp#
VoE
Fp#
VoE

vpo#

in
in
in
in
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create-global-takle 750C wp Cr

add-takle-entry
add-takle-entry
add-takle-entry
add-takle-entry
add-takble-entry

T50C_ wp Cr
T50C wp Cr
T50C wp Cr
T50C wp Cr
T50C wp Cr

0.01*3600 0.14
300%3600 1
1000%3600 1.08
3000%3600 1.12
10000%3600 1

create-global-table 750C wp Fe

add-takble-entry
add-takle-entry
add-table-entry
add-table-entry
add-table-entry

T50C wp Fe
T50C wp Fe
T50C_wp_Fe
T50C_wp_Fe
T50C_wp_Fe

0.01%3600 0.02
300%3600 0.12
1000%3600 O0.11
3000%3600 0.1
10000*3600 0.14

create-global-table 750C_wp Nb

add-table-entry
add-table-entry
add-takle-entry
add-takle-entry
add-takle-entry

750C_wp_Nb
750C_wp_Nb
750C_wp_Nb
750C_wp_Nb
750C_wp_Nb

0.01*3600 0.25
300%3600 0.45

1000*3600 0.46
3000%3600 0.47
10000%3600 0.45

Cr content

Cr content
Cr content

content

content

[xd
fu
&)
m
U]

[ I.H‘ oo
[
=]

o o o o

1]
=]
o

[¥]
4]
5]
=]

00
[
Hoo
1]
=]

%]
s}
=]
1]
=1

]
5]
=]

from paper
from papsr
from paper
from paper
from paper

new table for =xp. data

in
in
in
in
in

for exp. datsa

from paper
from paper
from papsr
from papsr
from papsr

in
in
in
in
in

for exp. data

from paper
from papsr
from paper
from paper
from paper

in
in
in
in
in

¥oE
Vo#
VD#E
VD#E
VD

VD E
VD E
¥Fp®
VD
VD E

Vo #
Vo #
¥oE
VD#E
VD#E

o Rk R R R R Rtk kR R R LR ]

5

PRECIPITATION DOMAINS,

PRECIPITATES

R R R R R R R R R R R

create-precipitation-domain
set-precipitcation-parameter
set—precipitation-parameter
set-precipitation-parameter

set-precipitation-parameter

———— PRECIPITATION DOMAIN ——————————mmmmmm e —
austenite § precipitation domain

austenite x fec_al & matrix phase of domain austenite
austenite t d & 1lel2 5 dislocation density (=1lelZ m*-2)
gustenite t g ZZe-6 5 grain size (Z2um)

austenite t = Ze-6 5 subgain size

5 diffusion function for grain beoundaries from MaTcalec 5.£61 (rel 0.022)

set-precipitation-parameter austenite 5 G 5 ¥ 7.%e-1l%"exp(141000/ (BE*T)) 5 substitionsl
get-precipitation-parameter austenite 5 & 1 v 1l.5el*exp (336007 (E*T)) 5 interstitial
§ diffusion function for dislocations from MaTcalc .81 (rel 0.022)
sec-precipitation-parameter austenite 5 d 5 ¥ 6.4e-2#exp (1120007 (BR*T)) 5 substitionsl
set-precipitation-parameter austenite 5 d i v 1.0e0*exp(29200/ (BE*T)) 5 interstitial
§ o PRECIPITATE PHASES IN AUSTENITE ———m—m=—m————————mmm oo
create-new-phase m23cé p M23C6.gb 5 newv precipitate phase ME3C
set-precipitation-parameter m23cé pl n s g 5 nucl. sites grain bound.
set-precipitation-paramecer m23cé pld n p ¥ austenice 5§ restrict nucleation to sust.
set-precipitation-parameter m23cé pd h v 3 5 precipitates shape factor
create-new-phase mZ3ce p M2Z23Ce.gi 5 nev precipitate phass M23C0
set-precipitation-parameter m23c6é pl n 2 X § nucl. sites subkgraln cornsr
set-precipitation-parameter m23c6é pl n p ¥ austenite 5 restrict nuclestion to aust.
set-precipitation-parameter m23c6 pl h v 3 § precipitates shape factor
create-new-phase sigma p Sigma 5 nev precipitate phase Sigma
set-precipitation-parametcer sigma pO n 2 ¢ 5 nucl. sites gralin cornsr
set-precipitation-parameter 2igma pd n p ¥ austenite 5 restrict nucleation to zust.
sec-precipitation-parameter sigma pd s m = 3 5§ matrix diffusion enhancement
create-global-table cies=i 5 greate table interfacial cor.
add-table-entry ciesi 200 1 § no interfacial cor. at 200°C
add-takble-entry ciesi 650 1 § no interfacial cor. at 200°C
add-table-entry ciesi 700 0.80 § interfacial cor. at 700°C
add-takble-entry cie=si 750 0.45 § interfacial cor. at 750°C
add-table-entry ciesi 250 0.45 § interfacial cor. at 850°C
set-precipitation-parameter sigma pld 1 n ciefsigma®*ciesi(tSc) § interfacial cor. 1s on
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create-new-phase nben p Nb(C,H) (prim) 5 nev precipitate phass Nb({C,N)
set-precipitation-parameter nbecn p0 n = n § no nucl. sites for prim. prec.
create-new-phase nbhen p Nb(C,H) 5 create nev precipitate phase
set-precipitation-parameter nben pl n o= d § nucl. sites dislocations
set-precipitation-parameter nbeon pl n p ¥ austenite 5 restrict nuclestion to aust.
create-new-phase zet p Z(prim) 5 nev precipitate phass prim. £
set-precipitation-parameter zet p0 n s n § no nucl. sites for prim. prec.
create-new-phase zet p Z § newv precipitate phase 2
set-precipitation-parameter zet_pl n = d 5 nuecl. sites dislocations
set-precipitation-parameter zet pl n p v austenite § restrict nuecleation to aust.
set-precipitation-parameter zet pl h v 3 5 preciplitates shape factor
create-new-phase cr3niZsin p Eta 5 newv precipitate phase Eta
set-precipitation-parameter cr3niZsin pO n =2 g 5 nuecl. sites grain boundary

set-precipitation-parameter cr3niZsin p0 n p ¥ austenite § restrict nucleation to aust.

create-new-phase g_phase p G 5 nev preciplitate phase &
set-precipitation-parameter g phase pl n = g S nucl. sites grain koundary
set-precipitation-parameter g phase p0d n p ¥ austenite 5 restrict nucleation to aust.

5 Import of primary preciplitates: EZ-phase and Nb(C,.N)
if (comp==1)
import-precipitate-dist zet pl0 Z prim 1 25Cr20NiNBN.txt
import-precipitate-dist nben pl NBCN prim 1 25Cr20NiNBN.txt
elzeif (comp==119) | (comp==120)
inporc-precipitate-dist zet pl0 Z prim 119 25Cr20NiNBN.CxT
endif

R L R L R R T L L L R T e L TR
OUTPUT WINDOWS, FLOTS, ETC.

5‘ EE R R R R R R kR R R R R R R R R R R R R R R R R R R R R R R R R R R R

oy

§ Selution Plot -————-——————————————————

5 create one frame displaving the solution part, with exp dsts and log x-scale
new-gui-window pl 5 generate nev plot: Solution plot

5 Default plot settings

set-gui-window-property . X stepvalues 5 defsult x-axis varisble (time)
get-gui-window-property . 5 u ¥y 5 use defzult x-axis for 211 plots: yes
set-gui-window-property . = v lin 5 defsult x-axis tyvpes linessar
set-gui-window-property . 5 © time / min 5 defzult ®x-axis title
set-gui-window-property . = £ 1/60 § scaling factor for [min]
set-gui-window-propercy . n 2 5 2 plot columns

5 Plot settings for TEMPERATURE
sec-plot-option . 2 n b téc
set-plot-option . 2 m -1 t3c T
set-plot-option . a v 1 t temperature S/ °C
get-ploct-option . 1

add seriss: temperaturs
define sesries legend
v-axis title

no legend

5§ Plot settings for PHASE FRACTION

create-new-plot = 5 greate newv plot: phass fractions
get-plot-option . 1 a v 5 replace wvarisble names by kinetic alias
sec-plot-option . 5 n b £ precs* 5 add 11 series: phase fractions of prec.
get-plot-option . a2 v 1 t phase fraction / % 5 change v-3xis title

set-plot-option . a v 1 £ 1*100 5 scaling factor for [%]

get-plot-option . a v 1 v log 5 use logarithmic scale for y-3x1s
sec-plot-option . a v 1 3 le-8.. 5 scale the y-axis from 1=-8..

5 Plot settings plet for MEAN RADIT
create-new-plot x . 5 create nev plot: mean radii
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zet-plot-option l1ay 5 replace varizble names by kinstic alias
set-plot-option s n b r meant¥ 5 add 811 series: mean radil of prec.
set-plot-option a v 1 t mean radius / nm 5 change v-axis title

set-plot-option avy1ly log 5 use logarithmic scals for V-aXis
set-plot-option avlf leS § scaling factor 1s 128 for [nm]

§ Plot settings for NUMBER DENSITIES

create-new-plot x . 5 cresate nev plot: number densities
set-plot-option 1avy 5 replace variahle namss by kinetic alias
get-plot-option = n b num part$¥ 5 add zll seriss: number densitiss of prec.
set-plot-option a2 v 1 t number densityv / m<supy»-3</sup> 5 change v-axis title
set-plot-option avy1ly log 5 use logarithmic scals for V-aXis
set-plot-option avlsl.. f scale the y-axis from 1..
move-gui-window . 20 20 800 850 5 move window teo nev position and resize
update-gui-window . 5 update the GUI window

move-gui-window . hide 5 hide plote

§f —————————— Service Plot -——————-—-———————

5 greate one frame displaying the service psrt, with exp dsta and log x-scale
new-gui-window pl 5 genesrste new plot: =

5 Defsult plot settings

set—gui-window-propercy ® stepvalue 5 defsult x-axis variable (time)
gset-gui-window-property s uy 5 use default x-zxis for a1l pleots: yes
get-gui-window-property s v log 5 default x-zxis type logarithmic
set-gui-window-property = t time / h 5 default x-axis title
set—gui-window-propercy s £ 1/3600 5 scaling factor for [h]
gset-gui-window-property n 2 5 2 plot columns
set-gui-window-property = s 0.001.. 5 scale the time-sxis (x) from 0.001..

5 Plot settings for TEMPERATURE
set-plot-option . 2 n b tic
set-plot-option s m-1tsc T
set-plot-option . a2 ¥v 1 t temperature / °C
set-plot—-option 1mn

add series: temperaturs
define series lesgend
v-axis title

no legend

5 Plot settings for PHASE FRACTION

create-new-plot x 8 greate nev pleot: phase fractions
set-plot-option lav 5 replace varisble names by kinstic alias
set-plot-option sz nb f precs* 5 add al1]1 seriss: phass fractions of prec.
set-plot-option a v 1 t phase fraction / % 5 change y-axis title

set-plot-option a v 1l £ 1*100 § scaling factor for [&]

set-plot-option avy1ly log 5 use logarithmic scals for V-aXis
set-plot-option avls le-4.. f scale the y-axis from le=-4..

if {comp==1)
if (T_s==8&30)

set-plot-option = n t 650C_f M23C6E 5 add experimental data to plot
set-plot-option s m -1 650C £ M23C6 M23Ce 5 rename exp. data
set-plot-option = n t 630C f Sigma 5 add experimentsl dats to plot
set-plot-option s m -1 650C £ Sigma Sigma 5 rename sxp. data

gelseif (T_===730)
zet-plot-option = n t T50C_f M23C6 5 zdd experimsental data te plet
set-plot-option = m -1 750C f M23Ce M23Ce 5 rename exp. dats
set-plot-option = n t 750C £ Sigma 5 zdd experimental datas to plot
sect-plot-option s m -1 750C f Sigma Sigma 5 renams =xp. dsta

endif T

endif

5 Plot settings plot for MEAN RADII

create-new-plot x . 5 greate nev plot: mean radii
set-plot-option . 1 a v replace variable names by kinstic alias
set-plot-option . = n b r_mean$* 5 add z2ll series: mean radil of prec.

iy
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set-plot-option a v 1 t mean radius / nm § changs v-axis title
set-plot-option ay ly log 5 use logarithmic scale for V-3X1s
set-plot-option avyvl £ leS S scaling facteor is 128 for [nm]
zet-plot-option a vy 1ls 10.. 5 spale the y-axis from 10nm..
if (comp==1)
if (T_s==750)
set-plot-option = n t 730C r Sigma 5 add exp. dats to plot
set-plot-option s m -1 750C r Sigma Sigma 5 repname sxp. data
set-plot-option s n t 750C_r M23Ce 5 add exp. data te plet
set-plot-option = m -1 750C r M23Ce M23Cé 5 rename sxp. dats
elseif (T_s==650) T
set-plot-option 2 nt 650C r Sigma 5 add exp. data te plot
set-plot-option = m -1 650C r Sigma Sigma 5 rename s=xp. data
set-plot-option = n t 630C r M23Ce 5 add exp. data to plot
sect-plot-option s m -1 650C r M23Ce M23Ce 5 rename =xp. data
endif T
endif

§ Plot settings for NUMBER DENSITIES

create-new-plot x 5 gpreate nev plot: numbsr densitiss
zet-plot-option l1avy 5 replaces 211 variable names by kinstic alias
set-plot-option 2 n b num partc$# 5 add all series: number densities of prec.
set-plot-option a v 1 t number density / m<sup>-3</sup> 5§ changs v-axis title
set-plot-option ay ly log 5 use logarithmic scale for v-axis
set-plot-option ayvylsl.. 5 scale the y-axis from 1..

move-gui-window . 20 20 300 350 5 move window to nevw position and resise
update-gui-window . 5 update the GUI window

move-gui-window . hide 5 hide plote

5y - Compositions Plot ————————————————

5 greate one frame displaving the service part, with exp datz and log x-scale
new-gui—-window pl 5 generate nev plot: Composition plot

5 Default plot settings

set—gui-window-property ® stepvalue 5 default x-axis variable (tims)
set-gui-window-property s uy S5 puse default x-axis for zll plots: yes
set-gui-window-property =z v log 8 defsult x-axis type linsar
set-gui-window-property = t time / h 5 defsult x-axis title
set-gui-window-property = £ 1/3600 § scaling factor for [hk]
set-gui-window-propertcy n 2 5 2 plot columns
set—gui-window-property s = 0.001 5 scaling from 0.001..

§ Plot settings for Ni content

set-plot-option 1 t Content of Ni / wp% 5 changs v-axis title
set-plot-option 1 vy 1lin 5 use linsar scale for y-axis

set-plot-option
set-plot-option
set-plot-option
set-plot-option
sec-plot—-option
sec-plot—-option
set-plot-option
set-plot-option
set-plot-option
set-plot-option
sec-plot—-option
sec-plot—-option
if (comp==1)
if (T_s==750)
set-plot-option . 2 n © T730C wp Ni 5 add =xp. data teo plot
set-plot-option . 8 m -1 750C wp Ni Hi 5 renasme sxp. data
elseif (T_s==650) T
set-plot-option . 2 n © 650C_wp Ni 5 add =xp. data teo plot

b x%m23cé p0SniSwp*ffm23cé pOSwp/l00 § content of Ni in mZ3cé.gh
-1 xfm23cé plSnifwp*fSm23cé pOSwp/l00 M23CE.gb Srename ssries

b x$m23cé pléniSwp*fSm23cé plSwp/l00 § content of Ni in m23cé.gi
-1 x%m23cé plénifwp*fSm23cé plSwp/100 M23C6.gi Srename series

b xfsigma pOSnifwp*fSsigma p0$wp/100 S content of Ni in sigma

-1 x$sigma pOSnifwp*fSsigma pO0Swp/100 Sigma Srename ssrices

b xfcr3niZsin p0fniSwp*fScr3niZsin p0Swp/100 Scontent of Ni in Eta
-1 x%cr3nilZsin p0Snifwp*fScr3nilsin p0Swp/100 Eta Srename series

b x%g phase p0$niSwp*f$g phase p0S$wp/l00 § content of Ni in G

-1 x%g_phase p0fnifwp*f$g phase pOSwp/100 G Srename series

b xfm23cé pOSnifwp*fim23cé pOSwp/100+xSm23cé_plénifwp*fim23cé plsw
-1 x$m23cé_pOsniswp*fim23cé plSwp/l100+x5m23cé plénisSwp*fim23cEé _pls

WoWw oW Ww W W W WwWW W W
BEHEBBBRBEBREEED K

121



Stojan Vujié Appendix
set-plot-option g m -1 650C wp Ni Hi 5 rensme =xp. data
endif o
endif
5 Plot settings for Cr content
create-new-plot x 5 creste nev plot
set-plot-option a v 1 t Content of Cr / wp% 5 change y-axis title
set-plot-option av ly lin 5 use linesr scale for v-axis
set-plot-option = n b x5m23cé pOScriwp*ffm23cé p0Swp/l00 & content of Cr in m23céE.gb
set-plot-option g m -1 x$m23c6_plfcriwp*fim23cé _pOswp/100 M23C6.gb Srename ssrices
set-plot-option s n b xfm23cé_plicriwp*fim23cé pliwp/100 § content of Cr in m23cé.g1
set-plot-option s m -1 x%m23cé plicriwp*fim23cé plfwp/1l00 M23C6.gi Srename ssriss
set-plot-option = n b x$sigma pO0Scriwp*fSsigma p0S$wp/100 § content of Cr in sigms
set-plot-option = m -1 x$sigma pOScrSwp*fSsigma pO$wp/100 Sigma Srenames series
set-plot-option 2 n b xfcr3ni2sin_plScriwp*ficri3ni2sin p0Swp/100 Scontent of Cr in Eta
set-plot-option g2 m -1 x8cr3nilZsin pOScriwp*fScr3nilZsin plSwp/100 Eta Srename series
set-plot-option s n b x%g phase pO0fcrfwp*fSg phase pOSwp/100 5 content of Cr in &
set-plot-option s m -1 x%g phase pOScriwp*fSg phase p0Swp/l00 G Srenams series
set-plot-option = n b xSzet plfcriwp*fSzet pOSwp/l100 5 content of Cr in prim. Z
set-plot-option g m -1 x$zet_plfcriwp*fizet pOSwp/100 Z(prim) Srenams serices
set-plot-option 2 n b xfzet_plicriwp*fSzet pliwp/100 5 content of Cr in s=c. £
set-plot-option = m -1 xfzet plécriwp*ffzet plSwp/l00 Z 5 rensame sericss
set-plot-option n b x$m23cé pOfcriwp*fim23c6 pOSwp/l00+x$m23c6 plfcriwp*fsm23cé plsv
set-plot-option s m -1 x2m23ce plfcriwp*fim23ce plsSwp/l00+x5m23ce plicriwp*fim23ce pls
if (comp==1) - - - -
if (T_s==750)
set-plot-option s nt 750C wp Cr 5 add exp. data to plot
set-plot-option s m -1 750C wp Cr Cr 5 renams =xp. data
elseif (T_===650) -
set-plot-option s n t 650C wp Cr 5 add exp. data to pleot
sect-plot-option s m -1 650C wp Cr Cr 5 renams =xp. data
endif T
endif
5 Plot settings for Fe= content

create-new-plot X

5 gcreate nev plot

set-plot-option a v 1 £t Content of Fe / wp% 5 change v-axis title
zet-plot-option avyv1ly lin 5 pse linear scale for y-axis
set-plot-option 5 n b x$m23ch_p0Sfefwp*fim23ceé _plSwp/100 S5 F= in m23céd.gb
set-plot-option g m -1 xfm23cé pl§fefwp*ffm23ce pOSwp/100 M23C6.gb Srename seriss
zet-plot-option 2 n b x$m23c6_plsfefwp*fim23cé _pliwp/100 5 content of F2 in ma3cé.gi
set-plot-option = m -1 x5m23cé_pléfefwp*fsm23ce pléwp/ 100 M23C6.gi Srename series
set-plot-option s n b xfsigma pO0ffefwp*ffsigma pOSwp/ /100 5§ Fe 1n sigma
zet-plot-option s m -1 x$zigma plSfefwp*fisigma pOSwp/100 Sigma Srename seri=ss
set-plot-option g n b xfcr3nilsin pl0ffefwp*ffcri3nil2e=in p0$wp/l00 § F= in Eta
zet-plot-option g m -1 xX%cr3ni2sin pOSéfefwp*ficri3niZsin pOSwp/100 Eta Srename sesries
set-plot-option = n b x$g _phase p0$fefwp*ffg phase p0$wp/l00 5 F= in &
set-plot-option s m -1 x%g phase p0SfeSwp*f%g phase plSwp/100 G Srename series
zet-plot-option 2 n b xfzet_pl0sfefwp*fizet _pOSwp/100 5 Fe in prim. &
set-plot-option = m -1 xSzet plSfeSwp*ffzet plSwp/l00 Z(prim) Srensme ssries
set-plot-option 2 n b xfzet pléfefwp*fizet plswp/100 5§ Fe in sec. Z
set-plot-option = m -1 xfzet pléfeSwp*ffzet plSwp/l00 Z Srenams seriss
set-plot-option s n b xfm23cé plffeSwp*fim23cé plSwp/l00+x5m23cEé plifeSwp*fim23ceé plse
zet-plot-option 3 m -1 ®Em23ce plifesSwp*fim23ce plsSwp/100+xEm23ced plifelfwp*fim23ce pll
if (comp==1)] B B N N
if (T_s==750)
set-plot-option g n t 750C wp Fe 5 add exp ata te pleot
sect-plot-option s m -1 750C wp Fe Fe 5 renams =xp. data
elseif (T_s==650) -
set-plot-option s n t &630C_ wp Fe 5 add exp. dats to plot
set-plot-option g2 m -1 650C wp Fe Fe 5 rename =xp. data
endif o
endif
5 Plot settings for Nb content

create-new-plot X
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set-plot-option a ¥y 1 t Content of Nb / wp% 5 change y-3xis title
set-plot-option a vl vy lin 5 pse linear scale for y-3X1s
zet-plot-option g n b x$g_phase p0SnbSwp*f$g phase plSwp/100 £ Nb in G phase
set-plot-option g m -1 x$g phase p0$nbfwp*f$g phase p0$wp/l1l00 G Srename series
zet-plot-option 2 n b xfzet_pOfnbSwp*fizet pOSwp/100 5 Nbp in prim. £
set-plot-option s m -1 x$zet pOSnbSwp*fSzet pOSwp/l00 Z(prim) § renams ssriss
set-plot-option s n b xfzet plinbfwp*ffzet plSwp/100 § Nb in sec. &
set-plot-option . 5 m -1 x$zet plénbSwp*fSzet pliwp/100 Z § rename series
set-plot-option s n b xfnbcn_p0S$nbS$wp*fSnben_p0Swp/100 5 Nb in prim. NbCN
set-plot-option = m -1 xEnbcn pl0EnbSwp*finben p0Swp/100 NbCH (prim) Srename series
set-plot-option = n b xfnbcn plénbS$wp*fSnbcn plSwp/100 £ Nb in sec. NbCN
zet-plot-option s m -1 xfnbcen pléinbSwp*finbcen pliwp/100 NbCHN Sresnams seriss
set-plot-option = n b x8g_phase pO0SnbSwp*f$g phase pO0Swp/l00+xSzet pOSnbSwp*fSzet pOSy
set-plot-option s m -1 x%g phase p0SnbS$wp*f$g phase p0%wp/l00+x$zet pOSnbSwp*ffzet pO}

if (comp==1)
if (T_===750)

sec-plot-option n t 750C wp Nb 5 add exp. data to plot
set-plot-option . s m -1 750C wp Nb Hb 5 renames =xp. data
elseif (T_===650) -
set-plot-option . s n t &530C wp Hb 5 add exp. data teo plot
get-plot-option . 8 m -1 650C wp Nb Hb 5 repams =xp. data
endif T
endif

5 Plot settings for C content

create-new-plot x 5 creste nev plot
set-plot-option a v 1 t Content of C / wp2 5 change y-axis title
zet-plot-option ayly lin 5 use linear scals for y-axis
set-plot-option = n b xffcc_alSciwp*fSfcc alSwp/100 5 content of C in Matrix phass
set-plot-option s m -1 x¥fcc_alfciwp*fffcc alfwp/l00 Matrix Srename series
set-plot-option s n b xfm23cé plOSciwp*fim23cé pOSwp/l00 5 content of C in M23C6.gb
set-plot-option 5 m -1 x$mZ3c6_plScSwp*fimZ3cé pOSwp,/100 MZ23C6.gb Srename series
set-plot-option = n b x5m23cé_plSciwp*fSm23cé plswp/100 5 content of C in MEZCE.g1
set-plot-option s m -1 xfm23cé plSclwp*fimZ23cé plfwp/100 MZ23C6.gi Srename series
zet-plot-option s n b xfnben_p0ScSwp*finben pO0Swp/100 § content of C in prim. NbCN
set-plot-option = m -1 xSnbcn pOSciwp*fSnbcn p0Swp/100 NbCH(prim) Srename series
set-plot-option s n b xfnbcn_plfcfwp*ffnben pliwp/100 5 gontent of € in s=c. NBECN
zet-plot-option s m -1 xénbcn plScSwp*finben pliwp/100 NbCH Srenams ssrises
set-plot-option = n b x8cr3niZsin pO0ScSwp*fScr3niZsin p0Swp/1l00 § content of C in Eta
set-plot-option s m -1 xfcr3nilsin p0SfcSfwp*ffcri3nilsin p0Swp/100 Eta Srepams seriss
§ Plot settings for N centent

create-new-plot X 5 create nev plot
set-plot-option a v 1 t Content of H / wp% 5 change v-axis title
set-plot-option avlylin 5 puse linsar scale for y-3Xis
zet-plot-option s n b xffcc_alsinswp*fifcc_alswp/100 5 content of N in Matrix phass
set-plot-option s m -1 x$fcc_alsnSwp*fSfcc alfwp/100 Matrix Srename series
set-plot-option = n b xfzet_pOinfwp*ffzet pO5wp/100 5 gcontent of N in prim. Z
zet-plot-option 5 m -1 xfzet pOénSwp*fizet pOSwp/100 Z(prim) § rename ssries
set-plot-option = n b xfzet pléinSwp*fSzet pliwp/100 5 content of N in s=sc. £
set-plot-option s m -1 xfzet plénfwp*ffzet plSwp/100 Z 5 rename series
get-plot-option z n b xfnben pOSnSwp*finben pOSwp/100 $§ content of N in prim. NBCN
zet-plot-option s m -1 zxSnben pOSnSwp*fSnben p0Swp/100 WbCH(prim) Srename series
set-plot-option = n b xSnben plénSwp*finben pliwp/100 5 content of W in sec. NbCN
set-plot-option s m -1 xSnbcn plinSwp*finbon pliwp/100 NbCH Srename seriss
set-plot-option 2 n b xX$cr3niZsin p0énfwp*ficr3ni2sin_plSwp/100 5 content of N in Et:
set-plot-option s m -1 x%cr3niZsin p0fnSwp*fScri3nilZsin p0Swp/100 Eta Srenams ssries
move—gui-window . 40 30 900 1050 5 move window to nev position and resiss
update-gui-window . 5 ugpdate the GUI window

move-gui-window . hide 5 hide plote
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m

5 create ane frame displayving the service part, with =xp data and log x-scal
new-gui-window pl S generate nev plot: temperaturs

5 Default plot settings

set-gui-window-property ® stepvalues 5 default x-axis variable (times)
set-gui-window-property s uy S use default x-axis for 21l plots: yes
set-gui-window-property =2 v log 5 default x-axis tvpes linear
set—gui-window-property 3t time / h 5 default x-axis title
set-gui-window-property =z £ 1/3600 S spaling factor for [h]
set-gui-window-property n 2 5 2 plot columns
set-gui-window-property s = 0.001.. 5 sgaling from 0.001..

5 Plot settings for distribution of Ni

set-plot-option a v 1lt Ni,Cr,Fe,lNb in precipitates /[ wp$% 5 change v-axis title

set-plot—-option ay ly lin 5 use linear scale for v
set-plot-option & n b xfm23c6 pOfnifwp*fim23c6 pl+xfm23c6é plinifwp*ffm23cé pl+xfsigma
set-plot-option s m -1 x$m23cé_p0Snifwp*fim23ce_pO+xSm23cé_pléniswp*fim23c6_pl+xSsigma
set-plot-option s n b xfm23c6 plScriwp*Ifm23cé pl+xim23cé plfcriwp*fim23cé pl+xfsigma
set-plot-option s m -1 x5m23cé_pOScriwp*fim23ce _pl+xSm23cé_plScriwp*ffm23ce pl+xSsigma
set-plot-option 2 n b x$m23c6_plsfeSwp*fim23c6_pl+xém23cEé plifeSwp*fim23cé _pl+xSsigma_
set-plot-option s m -1 x%m23cé p0Sfefwp*fSm23cé pl+xSm23cé plifelwp*ffm23cé pl+xfsigma
set-plot-option 5 n b x%g_phase p0SnbSwp*f$g phase pO+xSzet pOSnbSwp*fizet pl+xSzet _pl
set-plot-option s m -1 x%g phase p0Snbfwp*fSg phase pl+xfzet plSnbSwp*ffzet pl+xfzet p

if (comp==1)
if (T_s==730)

set-plot—-option 2 n t 750C_ wp Ni 5 add exp. data te plet
set-plot-option 2 m -1 750C wp Ni Ni 5 rename exp. data
set-plot-option 2 n t 750C wp Cr 5 add exp. data te plet
set-plot-option 2 m -1 750C wp Cr Cr 5 rename exp. data
set-plot-option 2 n t 750C_ wp Fe 5 add exp. datas te plot
set-plot—-option 2 m -1 750C wp Fe Fe 5 rename exp. data
set-plot-option 2 n t 750C wp Nb 5 zdd exp. data to plet
set-plot-option = m -1 750C wp Hb Nb 5 rename exp. data
elseif (T_s==650) -
set-plot—-option 2 n t 650C_ wp Ni 5 add exp. data te plet
set-plot-option 2 m -1 650C wp Ni Ni 5 rename exp. data
set-plot-option = n t &630C wp Cr 5 add exp. datas te plot
set-plot—-option 2 m -1 650C wp Cr Cr 5 rename exp. data
get-plot-option 2 nt 630C wp Fe 5 add exp. data teo plot
set-plot-option 2 m -1 650C wp Fe Fe 5 rename =xp. data
gset-plot-option = n t &650C wp Nb 5 add exp. data to plot
set-plot-option s m -1 650C wp Nb Nb 5 rename =xp. data
endif T

endif

move-gui-window . 40 30 700 600 5 move window to nev position and resize

npdate-gui-window . 5 update the GUI window

move-gui-window . hide 5 hide plote

R EE R R R e R R R R e R E R R R S E R R R
5‘ EthEktddddktdrdrdddtdtdritd OTART PRECTPITATE SIMUOLATION #*+#tdddtdtdddddddtdbdddddtdttrst

5 #hdddddddidddddddiddddddddddddddddiddddddddddddddddiddddddddddddddd A ddddddddddddddtA

sec—-temperature-celsius 1600 5 define something
set-automatic-startvalues 5 initiste sgquil. calc. (estimate waria
calc-eguilibrium 5 galculate eguilikbrium state

get-gimulation-parametcer u 100
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rename-current-buffer solution
set-gui-window-propercty 3 b solution

set-simulation-parameter ¢t h solution 10

get-simulation-parameter s n
move-gui-window 3 show
starct-precipitate-simalation
move-gui-window 3 hide

5 save state after simulstion.
create-calc-=state after =solution

SIMULA

TION PART I--———m———m——m e

S rename kbuffsr for heat treatme

=]

5 attach to buffer window ID3

5 temp. profile from HT, max. T-step
5 reset start condition for prec. sim.
5 bring plot to front

5 start precipitation simulation

5 hide the solution annealing plot

Is starting point for next simulation part II

§ - START PRECIFITATE SIMULATION PART IIT-—————--———————————————————
create—-calc-buffer service 5 create buffer for HT
gelect-calc-buffer service 5 select calc buffer
set-gui-window-property 4 b service 5 attach to buffer window ID4£
set-gul-window-property S b service 5 attach to buffer window IDH
gset-gui-window-property € b service 5 attach teo buffer window IDE
set-simunlation-parameter t h service 10 5 temp. profile from HT, max. T-step
get-simulation-parameter = 1 after soclution 5 splt. ann. start condition for prec.
move-gui-window 4 show § bring pleot teo front
start-precipitate-simulation § let's go with part II

§ save state after simulation.
create—-calc-state after service

update-gui-windows .

5‘ EE R R R R R R R R R R R R R R R R R R R R R R R R R

5 FRECIFITATE

SIMULA

ey

11

N FINISHED

5‘ EE R R R R R R R R R R R R R R R R R R R R R R R R R

125



