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INTRODUCTION

There is a strong motivation from both an cconomic and environmental
perspective 1o improve the efficiency of fossil fuel fired power plant. Considering
Camot's machine, the thermodynamic efficiency p is proportional to the temperature

difference between (he cold and the hot sources of waler,

Since the temperature of the cold source -In mMost cases, river water- eannol
be lower, it is necessary 1o increase the temperature of the hot source. Today the
efficiency of the power plant is limited because of the material used for the stean turbine,
which operates at a temperature of about 350°C at a pressure of 30 MPa and for which
service duration is about 30 years. An increase in steam conditions from 538°C at a
pressure of 30 MPa 10 650°C ata pressure of 40 MPa is expected to produce an increase
in turbine efficiency of approximately 8% [Takeda and Masuyana. 1991].

Itis therefore important 1o be ahle (o design new steels whicl can operate ai
higher temperatures with very good creep propenties. The cost of experimentation should
be taken into account. An expenment, for economic reasons, cannot last for 3 vears,
Maodelling 15 a wav o reduce the long experimentation and a neural network analysis can
take into account the past experience which is copious in power plant steel design. This
tool has been exploited in this work 1o model the behaviour of steel under power plant
service conditions and has enabled us 1o design a new steel which is predicted to have

very pood creep properties



CHAPTER ONE

CREEP DEFORMATION

Creep may be defined as the time dependent and permanent deformation of 4
material when exposed o a constant load. Creep deformation is a thermally activated
process and the rate of deformation lcreep rate) is extremely lemperature sensitive, In
metals, creep deformation becomes important bevond 0.4 I, where T, is the absolute
meling temperature [Reed-Hill and Abbaschian, 19927, In the case of steel usually used
In power plant ( 9-12% Cr steels). this lemperature 15 approximately 450 ¢, Clearly
power plant materials operate in the lemperaiure regime where creep processes are
stgnificant. The creep properties of the materials used limi the aperating temperature af
many power plant components. such as the turbines. Development of materials with an
increased creep resistance is central 1o the use ol power plant with higher temperature and

thus with higher efficiency.

a) Creep Mechanisms

Ureep deformation can oceur by a varicty of different mechamisms Tlhe
mechansm thal dommates depends on the siress and lemperature conditions as well as the
microstructure of the material. In the case af power plant sieels the stress levels gre
relatively high and the temperatures (compared to the melting point) are relatively low, In
this case, creep deformation is controlled primarily by dislocation movement and
theretore the thermal cnergy available for dislocations o overcome obstacles. This type of

creep is calied power law creep [Frost and Ashby. 1982].

Power law creep involves the movement of dislocations and the creep rate is a
result of the balance between work hardening and recovery. Work hardening results in an
increased dislocation density, whilst recovery leads 10 a reduction in dislocation densiy,
If the dislocation density remains constant then the creep rate is given by Norton's Law
[Norton, 1929].

g=Alo,—ag-a,-a.) (1)
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where o is the applied siress. 0. &, and @, are the internal stresses dyc o solution.

precipitation and grain boundary hardening respectiv ely. For high temperature strength,
precipitation hardening is the most importam |Bjarbo. 1994]. The most effective method

for reducing the creep rate is therefore to form a suitable distribution of particles which
are able to act as barriers to dislocation moton.

To determine the optimum particle size and distribution, it is necessary (o
consider how dislocations overcome barriers to their motion. The barriers presented by
the particles may be overconie in three ways [Wachter and Ennis, 1995]:

(1) Orowan Bowing - Dislocation segments bend and pass between
adjacent particles. An expanding dislocanon loop forms around the particles which meets
up and cancels enabling the dislocation ta continue its motion. A dislocation ring is lefi
around the particles generating a stress field which adds resistance to the moton of the
next coming dislocation. The case with which dislocation can pass particles by this

mechanism increases as the particle spacing increases.

(1) Particle cutting - When particles are coherent dislocations can
cut directly through them.

(11} Dislocation ¢limb - Dislocations can bypass obstacles by
chimbimg’ out of ther slip plane. This involves the diffusion of vacancies and s therefore

casier at higher iemperatures.

b) Methods of increasing Creep Resistance

A study of the possible creep mechanisms suggests microstruciures which
would be expected 1 have good creep resistance under the conditions used in powel
plant. In general, creep resistant alloys are based on u marrix which is a solid solution.
The presence of misfitting solute atoms in the solid solution makes the passage of
dislocations through the matrix more difficult. However, the majority of the creep
resistance, at least in the early stage of service 15 derived from precipitate particles.
Ideally. these particies should be small and widely distributed in large numbers

throughowt the matrix. The particles need o be stable at the temperatures for which the
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alloy ts designed and 10 be Tesistant o coarsening - growth of large particles at the
expense of small ones whilst the volume fraction remains constant - as this will reduce

their effectiveness as strengtheners.

In power plant stecls the formation of carbides (and possibly nitrides)
provides the precipitate hardening. Other alloying elements are also present in the matrix
and these provide solution hardening.

¢) Creep Tests

The ereep behaviour of a material may be characterised by a number of
different parameters which can he measured by performing the appropriate creep test. For
metallic matenals maost treep Lests are conducted in uniaxial tension with dumbbel] shaped
specimen similar to that used for tensile lesting. The tests are earried out at g constant

temperature and under either a constant stress or load. A typical creep curve for a melal is
shown in Figure |

secondary
{steady state)

primary

RN

lerfiry
Inslantaneons
elastic
detormution

L Time I R

Fig. 1 [Callister. 199T]

The curve may be divided in three regions, primary, secondarv and tertiary
creep. Primary creep is characterised by a continuously decreasing creep rate. This
Increase in creep resistance is due to work hardening. Secondary or steady state creep is
often the stage of longest duration. The creep rate Is constant as a result of the balance
between work hardening and recovery processes. Finally for tertiary creep there is an

acceleration in the creep rate followed by failure, This failure is termed creep rupture and



may be due to microstructural and/or metallurgical changes: for examples grain boundary

separation and the formation of interal cracks, cavitics and voids,

For alloy steels such as those used in power plant the real creep curve may be
more complex than that shown. This is because in these steels there are microsiructural
changes which occur throughout the creep test. These changes may mclude the
precipitation of secondary phases which enhance crecp resistance (this 1s known as
secondary hardening). There may also be depletion of solute in the matrix by precipitation

of coarse phases. This will lead to sofiening and the creep rale will increase.

[he creep parameter that is considered in component desi n depends on the
application. In this work the time 10 failure is taken into account. It is determined by
carried out a creep test at constant load and temperature to the failure pomt of the material.
this 1s known as a "ereep rupture test” and the time of failure is termed the rupture
"lifetime”,



CHAPTER TWO
THE PHYSICAL

a) The Fe-Cr-C System
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Figure 2 : Phase diagram for FexCr0.1C
[Sanderson, 1977]

The Fe-Cr-C phase svstem is complex with the possibility of manv different
cquilibrium phases depending on composition and temperature. This complexity is due to
the transition from feerite stabilising (Fe-Cr) wo austenite stabilising (Fe

(') phase regions.
[ron may be present either as

ferrite (@ or 8). austenite (v), or a mixture of both. There is
also the possibility of the formation of a number of different chromium based carbides.

stme of which have a high solubility for iron. A vertical section through the phase

(3]

- METALLURGY OF POWER PLANT STEEL

S



diagram at 0] wi%(" is shown in Figure 2. I Most steels which have been considered in

this work, the equilibrium state between 330 and 650°C js ¢ + carbides.

Adding other elements to the Fe-Cr-

C system further mereases the complexity
of the phage diagram. The majority of alloy

ing elements form carbides (and nitrides if
nitrogen 1s added) 1o provide precipitation strengthening,

b) Heat treatment

A typical heat treatment for a power plant steel involves austenisation
followed by a quench to martensite and subsequent tempering,

During austenisation, the aim is to dissolve al] precipitates into the austenite
phase without precipitating &-ferrite which s detrimental to mechanical properties.
Precipitates which are not dissolved may coarsen rapidly at the dusicniiising iemperature,
The target temperature band may be quite narrow, For example, in studies on a 9Cr- 1 Mo
alloy, Pickering and Vassiliou [1980] have shown that M323C g carbide does not
completely dissolve until 1020°¢C whilst above 1200°C an Increasing quantity of 5-ferrite
is formed. Moreover S0me precipitates such as Nb(C.N) are not dissolved during
austenisation [Nickel e qf. |995]. Fortunately these particles do not coarsen rapidly and

S0 remain as a fine dispersion in the matrix.

After this austenitisation. the steel 1s quenched. During quenching. there is
msufficient lime for the redistiribution of substitutional alloying elements and so
metasiable martensite forms rather than the equilibrium structure (i.e. a-ferrite+carbides)
This phase has the same composition as the original austenite and forms because its
mechanical ransformation does not require diffusion. Unlike ferrite. martensite can be
highly supersaturated in carbon which is trapped in the lattice as (he martensile forms.
This phase can be very hard but is often brittle and therefore almost all technological

steels have to be tempered 10 increase their loughness.

When martensite 15 heated sufficiently - although not to an extent which
would cause reversion 10 ausienite - the trapped carbon is rejected from the solid solution
and forms carbides. either with iron or with other alloving elements. The tempering of
martensite for power plant steels s usually carried out in the range 660-700°C | Bhadeshia
1992], The final microstructure consists of a dispersion of carbides within a ferrite matrix

which often bears no resemblance 1o the as-quenched martensite.



¢) Phases observed during the tempering of martensite

Many studies have been carried our 1o identify and characterise the phases

observed durin £ martensite lempering |e.g Kuo, 1953 * Shaw and Quarrel, 1957 : Baker

and Nutting, 1559 - Woodhead and Quarrel, 1965 - Yakel. 1985]. This work is

summarised for the main phases commonly observed in power plant steels. Typically

many alloying elements ape soluble in each of thege
formula is therefore often writte

phases 1o some extent. The chemical

n with "M" represen ting the total metal content and i iy
representing the total ¢ and N content.

According 1o the studies concerning the tempering of 21,CrIMo steel of
Ballufi er al. (1951) and Baker and Nutting (1959), afier precipitation of cementire.
complex ailoy carbides precipitate with complementary dissolution of cementite. These
phases may dissolve themselves at later times as different carbides star 1o precipitate.

Ihis latter stage of lempermg 15 of great importance with reference 1o the ereep properties.

M2C : Called cementiie, this phase forms with the composition Fes( i
ron carbon alloys, byt in alloy siecls, the partitioning of several alloying elements into the
cementite changes the CONMPOsItion significantly. For example, Thomson {1992) has
measured chromium levels in excess of 30 wi% in cementite ina 214CrI Mo steg] al
365°C,

MaX : In many case MaX is the next phase 10 precipitate afier comentite. The
COMPOSIton can vary widely with molvbdenum. chromium and vanadium soluple i
significant quantities [Baker and Nuuing, 1950 - sanderson. 1977, Precipitation is ofien
accompanied by an increase in the alloy's strenath {secondary hardening). In Jow allos
ferritic steel it is said o be the precipitation of MaX which is the major factor g

confernng creep resistance on the steol.

M3l : This is a chromium rich carbide which may also contam ungsten.
molybdenum. vanadium and nickel | Woodhead and Quarrel, 1965]. In 9-12 wi% Cr
steels. 1t s often the equilibrium carbide and is predominant after typical lempering
treatments. [t forms after MaX as large particles and does not directly contribute 1o creep
strength [Bjarbo, 1994],

MaC : In steels containing molybdenum and relatively low levels of

chromium, this is the equilibrium carbide. but as for M23C, the particles tend 1o be large

and do not enhance creep resistance,

MX : These small spherical precipitates, which may contatn titamum,

vanadium, and niobium are observed in as-quenched material and are thought to remain



undissolved during austenitisation [lanovee ¢r al 1994 ]. Moreover., they form o fine
dispersion within the martensite laths, and it is therefore thought that they are mmportant in

enhancing the Creep restslance of steels in whiclh they are present,

Laves phase - It has the general composition FeaM where M can he lungsten,
molybdenum or some combination of batly. V, Ti, Siand Co act as catalysts for Laves
phase [Hoso e gl 1986]. Manganese additions are thought to retard the kinetics of
Laves phase precipitation [Senior, 1989] and copper may have a benificial effect on is
nucleation [Schwind. Hattestrand and Andrén, 1996]. The effect of this rhase on creep
resistance is currently the subject of much debate.

The usual sequence of phase transformation may be summarised as follows
[Baker and Nutting. 1959 :

M3C > M3C+ M2X > Mol --> MgC

Some variations of this sequence can however occur If Laves phases are
equilibrium phases, they form after this sequence. Secondly MX. which forms VETY

stable precipitates, may remain in the alloy during this sequence.

d} Effect of alloying clements on microstructure and creep

propertics

Alloving additions are made for » variety ol purposes, Most are used 1o
statnlise phases which provide creep resistance (eg. MaX, MX). Elements are also added
to provide solid solution strengthening, suppress undesirable phases or for other specific
purposes. The effects of the commonly used alloying additions on high temperature
microstructure and properties have been reviewed by several authors | Nrggs and Parker.

[965: Greenwell and Beech. 1994]. These effects are summarised below.

Chromium : Ferrite stabilising element and carbide former. Large chromium

AR ALRNY Y =

additions provide hardenability and resistance to corrosion.

Molybdenum : Ferrite stabilising element and carbide former. Stabilises MoX

phase and promotes Laves phases (FeaMa).

Nickel : Austenite stabilising element. Does not normally form carbides.

Tends to lead 1o reduction in creep rupture stren gth. either by promoting laves phase

4



[Hosoi et al 1986]. or by stabilising MyC phase which coarsen rapidly [Strang and
Vodarek, 1997]. |

Tungsten : Ferrite stabilising element and carbides former. Stabilises M2X but
less effectively than Mo, Promotes [ aves phases. W
strengthening,

eak contribution to solid solution

Vanadium : Ferrite slabi[ising element and strong carbide former., Stabilises

M2X phase. May also combine with carbon to form vanadium-rich carbides and
carbonitrides (M X

Niobium : Ferrite stabilising element which forms stable MX precipitates with
carbon and nitrogen.

Boron : Considered to be one of the most beneficial elements for high

temperature strength. Its addition leads 1o increase precipitation at grain boundaries.

Carbon : Occupies interstitial sites in both austenite and ferrite, with a greater
solubility in austenite which iy stabilises relative to ferrite. I practice a carbon leve| of
Approximatively 0.15 wi% is the maxinum wlich can be tolerated in power plant steels
[frvine and Pickering. 1969].

Nitrogen : Occupies interstitial sites and 1s an austenite stabiliser. Increasing

mirogen stabilises M>X relatively 1o carbide precipitates

Lopper : Ban and Paxton. in 4 Hoving elemenis in steel, (1961) explain thar
copper has a maximum solubility of less than 0.3 wi% in ferrite at 600°C, The copper
dissolved at elevared lemperatures 1s rejected as nearly pure copper particles 4t lower

lemperatures,
€) Microstructural changes during creep deformation

On testing a 10Cr-2W-0.3Mo-0.2 wi% V steel at 600°C the microstruciure
exhibils two main changes fassummg that it comprises Ms3Cq and MX precipitates prior
to testing) [Vanstone 1994 ; Straub et ol 1993 : Spiradek et al 1994],

(1) Dislocation structure changes. The movement of dislocations is resisted
imtially by other dislocations because of the reasonably high dislocation density within
the martensite laths. Intra-granular particles of MX and the strain fields associated with
elements in solid solution also inhibit the motion of dislocations. As creep progresses the
uniform dislocation structure within the laths changes as the dislocations start 10 form
sub-grains. This is accompanied by a reduction in the dislocation density [Nickel, 1995],

10



Un further LXposure o elevated lemperatures the sub-grains tend 1o grow. The sub-grain
boundaries are stabilised by M33C¢ and possibly [ aves phase formation. As the sub-
frains prow the Creep rupture strength is reduced ang the creep resistance becomes less
dependent on the movement of individuya) dislocations through the matrix ang more on the
resistance to sub-grain growth.

(1) Particle distributiog changes. As the Crecp progresses small Ma3C
particles on the lath boundaries dissolve and larger M23Cg particles on the block
boundaries coarsen. Laves phases alsp May start to precipitate. The MX precipitates are

the most resistang 1o coarsening and remain as a fine dispersion within the Jaths.

As seen. a laroe number of possible phases may precipilaie depending on
composition and heat treatment Similarly the creep properties of an alloy are alsa

dependent on these factors.

Ideally the prediction 0f any model should be explained physically according

1o the microstructural phenomena described in this chapter.
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¢} Structure of the neura) network,

Figure 6 shows the structure af the neural network useqd iy our mode].

Factors such g chemical composition, heat lreatment, time of Fupture and temperature are
input from the Jeft hand side. To predict the output, that is, the stress of rupture, hidden

UMs were used between the miputs and the Oulput so that more complex relationships

could be expressed. The ransfer function relating the inputs 1o the | th hidden units is

given by

] |
hy = tanh (Z 1" ::IJT-' + g

{4)

The relationship berween (e hidden units and the output is linear:

;) 2
= 211':’";;}' +

The coefficients

and biases () of these equations are determmned in 4 such

Way as (o minimise an energy function. Because the hyperbolic function is non-linear, 4

non-linear relationship can be predicted in this model,

Newral Netwark's structure

o

HIGIDEN UNITS

NEPLTS

=

OUTPUT

Figure 6.

The stress of rupture was chosen as output because there would be a lot of

prablems if the time of rupture had been chosen Indeed for
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zero, the ume of rupture is mfinite and that is impossible o model with thje neral
network using hyperboljc tangenis,
d) the analysis [D. MacKay, 1992]

Both the Mput and output variahjes were Iirst normaliged within the range
0.5 as follows-

B
e ||
'Imﬂ'.l.'_'rmlﬂ

L

(6}

where vy is the normalised valye of Y Xmax 15 the maximum value and Xpwin 18 the
minimum valye of each variable of the original data. This normalisation is not essentia] to
the neural network approach but allows a4 convenient comparison of the influence of
individual input vanables on output.

Using the normalised data, the coefficients {weights) w and bias @ are

determined in such 4 Wav as 1o minimise the following energy function:

MwW)=BEp+ Y o £y (7)

The energy function consists of the error function. Epand regularisation Eyy
The error function is the sum squared crror a5 follows:

En{w) = éZ[_]'i.r”':n ) — .r] (&)

Where v s (he data set. xM gpg o represent the mputs and the largels
respectively. The m is a label of the pair. The coetficients w and hiases shown n
cqs.2) (4) and (5) make up the parameter vector 1. A number of regularisers E ey are
added 1o the data error Each weight ig assigned to a class | depending on which neurons
It connects with, There 15 one class associated with cach input, one with the hidden uni
biases, and one for al] welghts connected 1o the OUpUL. By is defined 1o the suim of the

Squares of the weights in class ¢
I :
A e = {
f._ll.lfllj—ﬂ E W {4)

This additional term favours small values of w and decreases the tendency of

@ model to ‘overfil' noise in the data set. The comrol parameters & and ff together with

the number of hidden units determine the complexity of the mode| These
. e i ] == y . .

hyperparameters define the assumed Gaussian nojse level &7 =1/8 and the assumed

welght varances G2 =1 ‘etfe )y 18 the noise level inferred by the maodel. The parameter

15



@ has the effeey m‘cnuuuraging the weights 1 decay. Therefore, 4 high value of o,
implies (har the inpug Parameter concerped explaing u relatively large amoup; Of the
varation in the ouiput, The valyes of the hyperparamerers are inferred from the data using
Bavesian method Mﬂrﬂﬂ"»’tr, this method Provides 659, confident errgr bars, which
make the prediction very safp.
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CHAPTER FOUR

TRAINING OF THE NEURAL NETWORK

a) The database

he database consisted of 2066 combinations of creep FUpture stress and.
onginally, 30 nputs meluding the time of rupture, chemical
the condition of heat treatmeny. The contents we

lemperature in Kelvin ang the time in houys,

Composition, temperature.

re given n weight percent, (he

Some modifications were done in this database. using a FORTRAN program

named b for, which simultancously normalised and randomised (he dala.

(1} Many of (e steels were given three Steps of heat treaimen;,
nomalising, tempering and anncaling. For each hear treatment, the temperature, duration
and the cooling rage were specified, There were 4 possible cooling methods - furnace,
air. oil or water quenching. T cooling rate columns, the number 0, 1. 2, or 3 indicared
the kind o cooling rate. This order could have a physical meaning because of uy
mereasing cooling rate, but 1he propartion between the Inputs has not. So. for cach heat
treatment. one column was created in which 0 op | ndicated whether or nar the
carresponding heat treatment was used. When fewer thap 1 steps of heat treatment were
carried o the temperature. the duration and cooling rate of the FeMaining steps were sei
L fero.

(11} According 1o the Arhenius type law which describes the steadv-stale

creep re [Evans and Wilshire, 19857

. () — 1
E=5 cxrn—:%,-f.—g-} (10

- where "and B are sujlable constants, O the acuvation energy for crecp. R
the gas constant, & the applied stress and 7 the temperature - and the experimental rule
that steady-state Creep rate i1s inversely proportional o the time of rupture, the logarithm
of the time of rupture seemed to have a more significant valye than merely the time of
rupture. Hence the logarithm in form was used here. This also makes the analysis
consistent with the assumption of the neural network that the trye function is a continuous

function of the nputs.



Table | shows (he detai}s of Lthe

data used for (e modelling. The range of
chromium “ontent, and the exg

nunation of the databage showed ()ia

Evalues for pwo [vpes
of steels were Provided : the 71,

407 steel and the ferritic ¢ [2Cr 4

cel which are usually
used in power plant becayge of their cree

P Tesistant Properties. Thijg observanon indicated
that it mighy he impossible 1 make good predictions for Jow.

chromium sreels because of
the lack of relevant CxXperimental daty,

However, this Was nol a problen sipee the most
Mmodem CreCp resistant steels are known (o be the ferritic 9-12

Cr steels, and we sought 1o
design stecls with this type of composition,

Variable ‘ Range ' Mean I Standard Deviarjon
[ 08 (Creep rupryre ume)

(0
Temperature (K) 01.6
‘\éamnuhsing
lemperature, K (42
Duration, hoyy _’:____

Cooling rate

- . & a
I Mimace -] (.25
i B - _
1l air (497
l
oil quenched “m 0.43¢

Waler quenched

Tempering,
!'rr_]i‘u:ratur:. K 823 -1133 Yl 71N
- & 9 B g
Duration, hour 334 __ 58
e e ]
Caoling rate l
I Rirnace -] 0.052 (1233
I [ > - SR
1 air -1 RS 0.324 ]
—_.____-___._____________________.__________
' 2 0.177
ol quenched - 0032
1 N2
135 {183
waler guenched 0-1] 0.035
Annealing, -
3 £ 3
Temperature, K - 1023 230.7 104
R 3,496 SolE
Duration. hour .3 - 50 3.4

Cooling rate
15 0.207
n fnace (- | (.045 ).20)7

in ajr -1 0.955 0.042
e

Fable | g

I8



Composition w1, r Range J Mean Standard Deviation
C 0.004 - 0.23 0.112 0.044
w 0.29 017 |
Mn (L.27 - 0.92 | 0.5 .11
P 0.001 - 0.029 0.013 0.0076
5 0.001 - 0.02 00076 (.0047 ]
Cr 2:17-129 5.43 3.28
M U.04 - 209 (.59 0513 ]
| W 0.01 -3.93 0.41 0.749
Ni (0.0] -2 .24 (.28
Cu 0.01 - Q.87 0.074 0102
A% 0.01 - 0.28 0.119 (. |
Nb 0.003 - 0.312 0.036 0.047
™ 0.001 - 0.165 0031 06273
Al 0.001 - 0.037 0.012 LOI2
4 O3 - 0,05 RSN 004
o .008 - 2.5 0.092 0.334
Ta (0.0003 - 0.1 0.0008 (10064 ]
0 0.003 - 0,035 0.0104 0.0026 |
Re (0.0003 - 0.6 0.0032 D.0416

Tahle 1 i

h) Training of the neural network

One of the dangers of the neural network analysis 1s the 'overfituny' of data,

Indeed. the experimental data

maodellmg of this noise as it it were a physical behaviour ( Fgure 7).

always comain error. or noise. The danger mvolves the



physically
4 significam
madelling

overfitting
of the data

output

input
Frgure 7

In order o avoid this phenomenon, the database was split in two parts. The
first one was used to train the model. the second one to test it. If the neural network
overfits the data. it models the random noise and the physical behaviour. In the second
part ol the database. the physical behaviour is the same bur the noise 15 different, Thus
when the model is tested with this part of the database, the test error. that is to say the
difference between predicted and previously unseen experimental values, would be larger
i the case of overfitting than in the case of a good model. Obviously, the higher the
number of ludden units, the more complex is the modelled behaviour. and consequently
the nisk of overfitting is larger. As observed in the Figure 8. a, beyond 11 hidden units,

the test error increased indicating overfitting.

Simultancously the parameter o . the difference between predicted and

cxpenimental values of the taimning pant of the database decreased continuously. as shown
i figure B b
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¢) Committee of models

According 1o the test error values, the 12 best models were chosen to {form a
“committee” of models, These best models were combined as follow

The mean prediction 1 of the commitiee is

4

3w (10)

T
=1

I
- N
and the associated error o in j is @iven by

M N

=LY a2+ L3 (-5 (i

| =1

where v, are the predicted values of each model. and a. their error,

indeed. the random noise has an average equal to zero. By taking into
account the mean of the best models, the noise in the experimental values was expecied to
be reduced.

To choose the best number of models in the committee, the test error of the
committees was plotied against the number of models in the committee. 1t appeared that
the committee composed of the 4 best models was the most accurate sincc it presented the

smallest test error. as shown in Figure 9.
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o
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IN-TEE COM:LIT

Figure 9

As explained above, overfitting had been avoided by choosing u small
number of hidden units and the naise level had been reduced by making a commirtee of 4
models. 50 there was no danger in retraining our committee with the whole databasc

order W improve the model,

As shown in the Figure 10. a , the committee is very aceurate, much more so
than the single best model (Figure 10, b).
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d) Importance of cach inpyp

As seen in the second chapter, the parameter o, gives the Importance of the

variatnon of the vorresponding input, Two phenomena can explain a high value of =3

(1) The Larresponding variahle Physically causes g large variation iy the

oulpu.

(it) In the database, 4 great variation in the Output comcides wirh 1he variation

of the comesponding varable
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4) Evaluation of network pPerformance

In order tq test the training of the Leels were chosen in
L . : 5w se
the database and tesred [huurmiuu[h_ Thee Il
are Written jp Fable 2

00604

(022
C wi% .15 0.12 13 0.0003 0.0022
S (.21 (.05 Co (1,03 0.015
Mn (033 (.64 | Ta 0.0003 (.0003
K 0,012 0.016 0 0.01 0.0]
5 0.012 0.00)] Re (0.0003 0.0003
table 2

As can be seen in Table 2. both chosen steels are w

cll-known as creep
resistant steels. Both 21.Cr and 10CT steels

arc of the kind usually used in power plant
applicauons [Bhadeshia, 1992- Mayer er al., 1997],
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Graphs of stress of TUpture vs lifetime were plotted for 3 temperatures,
350°C. 600°C and 030°C. As shown in Figure 12 steels behave in the expected manner
the siress of rupture decreases when he lifetime increases, the 2V4Cr steel g much less
crecp resistant than the more recently designed 10CMow steel. The error bars which
indicate (5%, contidence limits are very small when the network is confidens of Ity
predictions, The Increase in the size of the crror-bars at 630°C for longer than 104 hours
(=about 12 vears) ltfetime indicates that experimenta| values are too scarce Lo enable

acenrate predictions,

According 10 these predictions. the newrg] Network seems 1o be ahle 1o predict

the behaviour of ap already known stee|

b} Analysis of unknown steels

I order to assess the prediction ability of the maodel, lwo steels were chosen
N a list of creep resisiant steels used in power generation and petrochemical mndusiries.
Two main behaviours were observed: in the case of compositions similar to these present
In the database, the predictions were gquite confident (small error bars). If the
tompusitions were quite different from these of the database, the error bars were big and

thus the predictions were tog uncertain (o he used,

. . mom
The compositions and heat treatments are shown in Tahle 3. the predictions

are presented in Figures 13 a4 and b

[ b
N



database (the 10CTMoW steel seen aboy

in chromium content was observe
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Figure 13, a (M] .-lng;-ui h)

LIFE  log(h)

Figure 13. b{MPa/log | (R))

As expecred. a Composition quite similar 1o 9Ct! 2MoW was found in the

). Moreover, as described in chapler three, 3 24p

d between 2.46 and 8.17 wro, which could explain the

lack of confidence in the prediction obtained for the 3CT] Mo steel. This example shows
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that the neural network is able to reproduce what it has learnt but can not provide good
predictions if prior learning of similar physical behaviour has not be done. This
underlines the necessity of increasing the number of rows in the database in order 1o

improve the accuracy of the model and 1o enable it to predict the behaviours of a greater

number of steels.

¢) Effect of each input

The neural network allows analysis of the effect of cach input independently.
& procedure that is quite impossible experimentally, However, in most cases this kind of

prediction 18 not very accurate because of a lack of experimental values.

In order 10 avoid large error bars. each content of the 10CrMoW steel was
changed i the range of the database. The stress of rupture was predicied for a nme of
10,000 hours and a temperature of 350°C or 600°C. The model was unable 1o show a
convineng tendency for many of the inputs, because of large error bars, [n the case of
strongly predicted tendencies, physical explanations were sought, in order to prove tha

the prediction and the model had a physical meaning,
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Figure 14 (MPa/wi1%) Figure 15 (MPa/wi%) Figure 16 (MPa/wit%)

Carbon(Figure 14) : No convincing tendency.

Molybdenum (Figure 15) : As said in chapter two, this element presents a
strong carbide-forming tendency which is interesting because as said in chapter one. the
presence of fine and dispersed precipitates enhances creep resistance. However. no

obvious trend was modelled by the neural network.



Nickel (Figure 16) : The nickel seems to he detrimental to the ereep
resistance. This effect of this element is well-known and explanations are currently
debated. 1L is likely that nickel stabilises the Mg X precipitates which coarsen rapidly and
become ineffective for creep resistance [Strang and Vodarck, 1997].
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Figure 17 (MPa/wi%) Figure 18 (MPa/wi™) Figure 19 (MPa/wi%)

Niobum (Figure 17) : No convincing tendency.

silicon and cobalt (Figure 18 and 19) © As stated in chapter two, both
elements promote Laves phase precipitation, Assuming that this phase is beneficial 1o
creep properties. this could explam the predicted behaviours, However, 10000 hours PR
not be a sufficient duraton 10 have a significant amount of Laves phase particles |Foldyna
and Kubon. 1994). As shown in chapter six (Figures 36 and 42). inverse tendencies
were predicied for a greater duration. This suggests that actually Laves phase 1s

detrimental 1o creep propertics.
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Figure 20 (MPa/wi%) Froure 27 (MPa/wi%) Figure 22 (MPa/wi%a)



Nitrogen (Figure 20) : No convineing lendency.
Oxygen (Figure 21) : No convincin 2 tendency.

Aluminium (Figure 22) : As said in chapter two, MX phase is of greatest
lmportance for creep properties. Aluminium additions are detrimental to creep behaviour
because the AIN phase forms instead of VN or NbN and this former phase coarsen

- rapidly whilst the latter remain fine and dispersed [Foldvna,et al , 1997].
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Boron (Figure 23) : As said in chapter two, its addition leads to increased
precipitation al grain boundarics, and so mmpedes gram growth which 15 detrimental to
mechanical properties. This effect of boron is modelled for very low concentrations (up to
0.006 wi%). Bevond this range. the error bars are 1oo big 1 see any tendency, probably

because of a Tack of values n the dalabase

Manganese and Vanadium (Figure 24 and 25) : No convincing tendencies,
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Temperature of normalising : (Figure 26 - 28) The duration of normalising
was left at the value found in the database, 2 hours for the 10CtMoW steel. and 6 hours
for the 21:4CrMo steel, This input is not really significant because i depends on the size
of the tested sample which is unknown here. For both compositions. the higher the
temperature, the better the creep resistance, In order 1o explain this, some thermodynamic
calculations were performed using the National Physical Laboratory’s Metallurgical and
Thermodynamic Data Bank (MTDATA) [Hodson, 1989]. This package is capable of
calculating phase equilibria for multi-component systems where many phases may he

coexisting. by minimising the Gibbs free encrgy, whilst conserving mass.

Ihese calculations were performed in both cases and mdicated a full
austenssation beyond 1200K. Supposing there is a kinetic effect which is not taken o
aceount in the calculations. all carbides might be expected 1o be dissolved by 1300K. In
bath steels. the Nb contents are very low (0.01 and 0.005 wt). and even if some
niobium-rich MX precipitates remain in the matrix. their dissolution at only 400K can
not explain the observed behaviour. However some hypotheses can be considered as

explanation -

(1) [T full austemisation s not obtained and thus if ferrite and bainite arc
abtained at low Ty (= temperature of normahsing), L.e. just beyond 1200K, the creep
resistance 1s improved because of the longer persistence of MaX in ferrite than in bainite

or martensite [Bhadeslia, 1992]

{11) When Ty increases, so do the grain size and hardenabilitv. Indeed. the
bigger the grain size, the easier it is to obtain martensite afier cooling, Perhaps at low

rates of cooling, ferrite and persisting M>X are obtained,

(111) If the grain size increases, the surface of grain boundaries decreases.

Now, the Laves phasc is known to form on grain boundaries [Foldvna and Kubon,
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1994], Perhaps the decreasing surface of grain boundaries delays nuc

formation of Laves phase, which could be beneficial assuming that Laves phi

detrimental to creep properties,
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Copper : (Figure 29) The copper seems to be detrimental 1o creep resistance,

Bain and Paxton, in Alloving clements in sieel (1961) explain that copper

has a

maximum solubility of less than 0.3 wi% in ferrite at 600°C. The copper dissolved at
] PR

clevated temperatures is rejected as nearly pure copper particles at lower temperatures.

According 10 Figure

29, copper addition are at first detrimental to creep resistance

mdicating that the copper particles ¢oarsen and do not contribute significantly to

precipitate strenathening,
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Tungsten ¢ In Figure 30, tungsten addition seems to be detrimental 1o creep
resistance. This behaviour is less significant at higher temperatures, and at 650°C the
addition of tungsten seems (o have no influence on the creep properties. As said in
chapter two, tungsten promotes Laves phase formation. An explanation of this behaviour
s presented below:

Assumung that Laves phase is detrimental to creep resistance. at 550°C this
phase is stable and coarsens removing the tungsten from the matrix and so the solid
solution strengthening effect of this element is reduced. At 600°C or 650°C Laves phase
is less stable and an increasing content of tungsten does not require removal of so much
tungsten from the matrix,

So the additions of tungsten become less detrimental to creep propertics when

the temperature increases, and have no effect at 650°C, as shown in Figures 30, 31 and

32.

The MTDATA calculations corroborate this explanation. so the cquilibrium

content of Laves phase decrenses when the temperature increases. as shown in table 4.

Temperature 773K 823K 873K 023K H73K

content of
Laves phase
{ mole % ).

1A
A

|42 125 0.98 (L35

Table 4. [From MTDATA calculations]

These predictions suggest that the laves phase has a detrimental effect on the

creep properties,

Other predictions concerning the effect of tungsten have been made and
indicate an inverse tendency. Changes in the alloying element content cause this inversion
ol the behaviour. Indeed by removing copper from the 10CrMoW steel, the elfect of

lungsten was inversed, as shown in Figures 33 and 34

b
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Copper may have a benificial effect on ihe nucleation of Laves phase
[Schwind, Héttestrand and Andrén, 1996]. This could explain this inversion of tendency.
When copper is present. there is formation of Laves phase which is detrimental 10 creep
properties. When copper is removed. the tungsten remains in the matrix as a solid

solution strengthener

As seen in this chapier, the neural network allows many predictions 1o bhe
made. which must be assessed according to physical behaviours, However, most of the

predictions were not significant because of larae error bars,

For the more sigmficant tendencies. theoretical explanations were found.
However, experimentation and metallurgical observation would be a good further way 10

dassess the model,
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CHAPTER SIX

DESIGN OF A NEW CREEP RESISTANT STEEL

a) First improvement of the 10CrMoW steel

Because the 10.6 Cr steel was already more creep resistant than the 2/ 4CF

steel, the former steel was therefore further improved.

The improvement in the creep resistance and size of the error bars were taken

ey dccount.

According to the graphs shown in figures 18, 19. and 22 the manganese and
boron contents were set to 0 wi%, cobalt content 1o 0,125 wi% and aluminium content to
-- 0,02 wits,

In the steel obtained, the chromium content was modified and Table 5 was
established. To choose the best chromium content. the value of the prediction minus the

standard deviauon was taken into account

TEMPERATURE
600°C 650°C

10.61 86.6 15.4

7.0 103.0 134

Cr 1.5 110.0 22,1
in 8.0 113.0 27.7
wi 8.5 115.6 32.3
W 2.0 1142 34,4
9.5 110.2 34 4

10.0 | 101.8 28.4

Table 5:

{ Predicted rupture stress - standart deviation! (MPa)
after 10°7 hours (= about 56 years)



According to the values in Table 5. chromium content was set to 9w,

This steel was theoretically tested. The results are presented in Figures 35 and
36. The new 9Cr steel is better than the 10CrMoW. However we are not sure that this is a

local minimum, and this steel may be further improved.
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Figure 35(log(h)MPa) Figure 36 (log(h)yMPa)

Starting from this new 9Cr steel and following the graphs showing the
rupture stress at 630°C and after 1055 (=315.000) hours vs different compositions an

improvement was oblained. Eight inputs were changed.

o NEW 8 Cr STREr NEW % Cr 9TESL
x s
1 — - o L R R S
-"a_‘_- - T
R T B [ L I ~
1 A o 3 S
B ek e CARBON %
STLICOH % MANGANESE % b

Figure 36 (w1%/MPa) Figure 37 (wi%/MPa) Figure 38 (wi%/MPa)

The silicon content was set to (.48 wi% (Figure 36), manganese content left

al U wis (Frgure 37). and carbon left at 0.12 wit%.
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The cobalt content was set to 1.25 wi%. haron at U008 wie. and alumimiom

sel to () wis
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For tungsten and normalising temperature (Figures 45 and 46). the same
trends as described in chapter five were found. The funsten content was set to 3 wity, and

the normalising temperature o 1473K.

STEEL L0.6CrMoW | STEEL A STEEL | 10.6CrMoW STEEL A
Norm. temp. 338K 1473K Cr 10.61 9
Duration, hour 2h 2h Mo 0.44 0.75

Cooling rate 11 air in air W .87 3
Tempering T. 1043 K L0431 Ni 0.32 0
Duration. hour 4h 4h Cu (.86 ()

Cooling rate in air in air V 0,21 (.21
Annealing T. 13K 013K NI (0.0 (0]
Duration, hour 4h 4h N (1.064 {.064

Cooling rate i air in air Al 0.022 ()

C witls 0.12 0.12 B 0.0022 0,008

Sl (.05 () Co 0.015 .25

Mn (.64 (48 la (L0003 {03

P 0.016 0016 O (.11 RN

5 0.001 0.001 Re 0.0003 (.0003
Tuble 6

lable 6 shows the composition of this new steel which is called steel A and

the composition of the T0CTMoW steel from which the improvement was developed.

Steel A was theoretically tested. The crecp properniies were noticeably
improved at 600°C but the predicted behaviour at 650°C and 1057 hours was ot
stgnificantly better than that of the 10.6Cr steel. The combination of two Improvements

probably gave worse properties.
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b) Second improvement of the 10CrMoW steel

A second improvement was made from the same new 9CT steel. The effoct of
compositional changes was predicted for all the mputs which had been changed or tested
dunng the design of steel A, i.e. carbon, manganese, silicon. molybdenum. tungsten,
nickel. copper. cobalt. aluminium and boron contents and normalising temperature
Vartations 1 content were made step by step. Each time the change giving the best
Improvement m creep resistance and reasonable error bar size (about 22 MPa) was
chosen, and the steel was re-tested with its new compaosition. To ensure that an
improvement at 650°C and 1037 hours was obtained. these values were used as inputs 1o
make predictions, Nine steps were necessary 10 obtain a local minimum. that is 1o say
after nine steps, any change of content or heat treatment was detrimental to the creep

behaviour of the steel oblained.
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First step (Figured$): lungsten content was set to 3 wi%.
Second step (Figure 49 - Aluminium content was set to (wt'y

Phird step (Figure 30) 0 Molybdenum content was set (o 0.3 wi®,
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Fourth siep (Figure 511 ;. Manganese content was set 1o 0.5 wi%
Fifth step (Figure 52) : The cobalt was removed (Owta).

Sixth step (Figure 33) - The chromium content was lowered to 8.7 wit,



TTii STEP BrH  STEP ke STE
] (AT} K b 5
s m Ef:tn
o = e S (SN =
= o b
£ b A0 — B Lo ‘ e =
— S s o
o i (3 = S -
e R - A Lo umy
n R e = - i
Y iy e R0 =T
i e s = 4 7 Mo
L At E L | N
LY w 0 LA ] [%
ge LT TOT _Pleg ST [BE e
e 200 4u0 i D o 0.z u.afmm o.oo0  0.032 0.064
TEMPERATURE OF o
NORMALT S TR (5] CARBON % BORON %

Figure 534 (K/MPa)

Seventh step (Fig, 54) -

Eighth step (Fig. 55) .

Ninth step

Figure 55 (wi%/MPa)

Figure 56 (wi%/MPa)

The highest temperature of the database was

chosen that 1s to say 1453K.

The carbon content was fixed at 0.13 w1

According Lo the fist part of the figure 56, the

boron content was set to 0.0003 wi%;,

Steel B was obtained. Tts predicted behaviour is much better than steel A at

630°C and for a longer time than 10,000 hours. which is really important for a power

plant applicanon (Figure 57),
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If the predictions are relevant, this steel will withstand a 100MPa stress for

about 36 years at a temperature of 630°C. that is really exceptional. The contents and heat

treatments of the steels 10CAMoW A, B are given in Table 7.

STEEL HOCTMoW A B
Norm. lemp. | 338K 1473K 1453K
Duration 2h 2h Zh
Cooling rate in air In air in air

Tempering temp. 1043K HO73K 1072K
Duration 4h 4h 4h
Cooling rate 1n air In air 0 anr

Annealing temp. 1013K 1013K 1013K
Duration 4h 4h 4h
Cooling rate L1t 4ir n air 1m air
Cowiy 0.12 0.12 13
51 (.05 i ()
M .64 (48 (.3
£ (LO16 0.0016 0.0016
5 (.001 (.00 1 0.007
Cr [l 9 mT
who (.44 0.75 (), 3
W |87 3 3
Ni Q.32 { th
Cu (.56 { Y]
\ 0.21 0.21 (21
Nh 0.01 (o (hi]
ki 0604 64 ()04
Al 0.(22 i 0
B 0.0022 0.00S ChO0es
Co 0.015 .25 0
I'a 00003 (0003 0.0003
Ll (.01 0.01 0.0
Re 0.0003 0.0003 0.0003

Table 7
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As reported in chapter two, &-ferrite may form when the normalising

lemperature

is 100 high. It is likely that this formation is not represented in the model

because the heat treatments contained in the database were probably predetermined to
prevent &-ferrite from forming. The microstructural changes during the normalising were

calculated with MTDATA software deseribed in chapter five -c. As shown in Figure 58,
beyond 1448K 5-ferrite forms in steel A. The normalising temperature was fixed at

1473K: it 15 oo high. According to these thermodynamic calculations. the highest
normalising lemperature without &-ferrite farmation is 1448K. In the case of steel B

(Figure 59). the &-ferrite forms later, bevond 1473K. therefore the chosen normalising

temperature (1433K) is correct. As shown in Figure 60, the 10CrMaW steel behaves

similarly,
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The same thermodynamic caleulations indicate the cquil
mam precipitates, Ma3Ce and Laves phase. Th

ibrium contents of the

cse values are given in table 8. In each
case. MaX is not an equilibrium phase, MX exists but in very low

e TTOUL,

Temp. BT3'K 923°K 973"K
10Cr Mz21Cs 2.69 2.69 2.68
steel Laves p. 113 0.79 (0.24
steel Mz3Cs 2.73 2,72 2.1
A Laves p. 2.64 2.34 .58
steel M23Cs 2.94 2,04 2.92
B Laves p, 2 .65 13

Table 8.

Laves phase is an equilibrium phase and is detrimental 1o creep propertics

But the formation of Laves phase 1s not proved: the kinetic of formation must be taken

mo aecount. That is why another software program was used 1o predict the

developpement of micostructure under service canditions. 1t is 1.1, Rabson's program

named hinedos. for | Robson, 1996:Robson ind Bhadeshia, 1996]. Adthough Laves phase

ts an equilibrium phase. this kinetic model does not predict any lormation ot this

intermetallic precipitate in steel A or B at 600°C or 650°C (Figure 61 -64). These

temperature are probably too high for the formation of Laves phase. The same predictions

were made for the 10CTMoW steel. At 600 C (Figure 65). the microstructural changes are

stmilar in spite of a smaller amount of MaX precipitate. At 650°C (Frgure 661, Laves

phase 1s predicied 1o form afier more than 5 years. This phenomenaon probably causes bad

creep properties of this steel.
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Fhese microstructural predictions do not prave the good creep behaviour of

the steel A and B by, assuming that Laves phase is detrimental 1o Crecp properties, the

ahsence of this intermetallic phase scems (o be in accordance with the predicted and
expected creep properties.

d) Comparison with NF616 and NF12 [Ohgami et af 19497]

Nippon Steel developed two high creep resistant steels named NF616 and
NF12. Their composition and those of steels A and B are given in table 9,

STEEL A B NF6l6 NFE12 |
C wo% 0.12 0,13 .10 0.08
51 [ 0 .23 0:2
M {48 (1.3 1.3 (1.5
Cr 9 8.7 Y 11
Mo 0,75 0.3 0.5 (.15
W 3 3 I8 2.6
Ni U v <{}.4 <{).A
V 0.2 0.21] 20 0.24)
@ Nb (.01 u.ol (.07 007
N U064 0 (g (1.0510) (LOA0
B (.00% (0,0003 0.002 0004
Lo [ 25 () t 255

“Tablc 9

As can be seen, the general trends in composition are similar; high tungsten
content. low silicon content. similar chromium. manganese, vanadiunt mitrogen and

boron contents and absence of aluminium and copper,

This is the best proof of the efficiency of the neural network modelling.



._| _|

CONCLUSIONS AND FURTHER WORK

During this work, a neural network was trained to
of steel. A database of 2066 creep rupture test re

neural network was able 1o reproduce

model the creep properties
sults was used. After the traming, the

accurately the behaviour of any steel found in the

database. In some cases and in particular when one of the contents of the tested steel was

out of the range of the database, large error bars were obtained and no convincing

prediction could be made.

This suggests one of the possible area for fur her work. Indeed. by inere
the size of the database. and by including vthe

chromium content is low or between 2.5

asing
r kinds of steels such as stecls in which
and 8 wi%, the model could be extended 1o
predict behaviours of a greater number of stecls and with a greater accuracy,

The model has been used 1o design two very creep resistant steels, Starting
from a typical 10CTMoW steel, the main composition changes consist of removing Al and
Ni and elements which promate formation of Laves phase - silicon, copper. coball,
Chromium and molvbdenum contents were lowered. In spite of increasing tungsten
content. all these changes suggest that Laves phase is detrimental to creep properties

The compositions of steels A and B are similar to that of two creep resistant

steels named NF616 and NF12, This proves the power and the effectiveness of the neural
network modelling.

In conclusion, even if the compositions of theoretically created steels A and
B scem to be reasonable and not in contradiction 1o good creep properties. these steels
must be manufactured. experimentally tested and analysed. This could be another subject
for further work.
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APPENDIX |

LOCALISATION OF THE GRAPHS
OF THIS REPORT IN THE SUN-
FILES

All files are in the folder brun:
Shuge/users/brun

Table 1; brun/predictions/minmaxtaka
Figure 8. a; brun/training/graphte.spy
Figure 8. b:br:..r:rrm-zrfnfngx"gmp&sn..\pv
Figure 9: brun/committee/graphte.spy

Figure 10. a:
brun/committee/araph st spy

Figure 10. b:
brun/committee/graphexpdco, spy

Figure 11: brun/committee/graphsw.spy

All the outprdt'i' foders, where
i'" is included between 1 and 32,
are in the brun/predictions/..
folder. If you want to find the
name of the graph, go to the
indicated folder and read the file
named fnfo.

Figure 12, a; outprdtt
Figure 12.b: ouiprde7

Figure 12. ¢: outprdt7

Figure 13. a: outprdr29
Figure 13, b: outprdi29
Figure 14: outprdis
Figure 15: outprds
Figure 16: outprdi6/
Figure 17: outprdt7
Figure 18: outprde7
Figure 19: outprde7
Figure 20: outprde7
Figure 21: ouiprdts
Figure 22: outprd:8
Figure 23: outprd:8
Figure 24: outprdid
Figure 25: outprdit
Figure 26: ougprdr
Figure 27: owpretid4

Figure 28: ourprdil 4



Figure 29;
Figure 30):
Figure 31:
Figure 32;
Figure 33;
Figure 34

Figure 35.

Figure 36:
Figure 37:
Figure 38:
Figure 39;
Figure 40:
Figure 41:
Figure 42:
Figure 43:

Figure 44:

Figure 45;
Figure 46:
Figure 47:
Figure 48:
Figure 49:

Figure 50:

Figure 51:

outprdrG

outprd30
autprddi30
outprdr3n
outprdt3()

ottprdei2

a and b: owrprde] ]

outprdrl 6
outprdl 6
ouiprdtl 6
outprdtl 6
owtprde 6
outprdel 6
outprdtl 6
outprdtl6
outprdtl16
outprdtl 6
outprdtl 6
outprdil 7
outprdtl 18
outprdr20
outprdi2 |

outprdt2?

Figure 52:
Figure 53:
Figure 54:
Figure 55;
Figure 56:

Figure 57:

outprde23
ouiprde24
outprdt2s
outprde26
outprdi27

outprdt28

Figure 58: MTDATA :
homed/user. s/guest/firedStest] 3. Spy

Figure 59: MTDATA ;
homed/users/guest/fi edStesti4, spy

Figure 60: MTDATA -
homed/users/guest/fredStest] 7 SpV

Figure 61: brun/kinempredic
Figure 62: brun/kinepredict
Figure 63: brun/kinetpredict
Figure 64: brun/lanetpredict
Figure 65: brun/kinetpredict

Figure 66: brun/kinetpredict



APPENDIX 2

LOCALISATION OF THE GRAPHS OF
THIS REPORT IN THE DISK
(FREDGRAPHS) AND

PT TRIGGER/

B-TEAM/FRED/FREDGRAPHS

Figure 8, a: graphte.spy
Figure 8. bigraphsn.spy
Figure 9: graphtecom.spy
Figure 10. a: graphcom.spy
Figure 10. b: graph Ist.spy
Figure 11: graphsw.spy
Figure 12.a: 10Creraph(.spy
Figure 12.b: [0Crgraphl spy
Figure 12. ¢: 10Crgraph2 spy
Figure 13, a: 3Crgraph.spy
Figure 13. b: 9Crgraph.spy
Figure 14: Caraphl spy
Figure 15: Magraphi spy
Figure 16: Nigraphi.spy
Figure 17: Nbgraphl.spy

Figure 18: Sigraphi spy

Figure 19: Cograph Lspy
Figure 20: Ngraph1 spy
Figure 21: Ograph i spy
Figure 22: dleraph] Spy
Figure 23:Bgraphi_spy
Figure 24: Mngraphi_spy
Figure 25: Varaph!.spy
Figure 26: NTgraph4.spy
Figure 27: NTgraphl.spy
Figure 28: NTgraph3.spy
Figure 29: Cugraphl.spy
Figure 30:Wgraphl spy
Figure 31: Weraph4.spy
Figure 32: Waraph6 spy
Figure 33: Waraphi(.spy
Figure 34: W-Cugraph! spy
Figure 35. a : Steeilll spy
Figure 35. : Steelll2 spy
Figure 36:Sigraph2.spy
Figure 37: Mngraph2.spy

Figure 38: Ceraph2.spy



Figure 39; Nigraph2 spy Figure 59: NT; phaseB. spy
Figure 4(: Mograph2 spy Figure 60: NTphase/ OCr.spv
Figure 4] :Cugraph2.spy Figure 61; A873 spy

Figure 42: Cograph2.spy Figure 62: 4923 spy

Figure 43: Bgraph2.spy Figure 63: B873.spy

Figure 44: 4 lgraph2.spy Figure 64: B923 5py

Figure 45: NTeraphs.spy Figure 65: 10Cr873.spy
Figure 46: Weraph8.spy Figure 66: 10Cr923.5py

Figure 47: ABgrah3.spy
and ABgraph4 spy

Figure 48: Weraph9.spy
Figure 49: Algraph3.spy
Figure 50: Mograph3.spy
Figure 51; Mngraph3.spy
Figure 52: Cograph3.spy
Figure 53: Crgraph3.spy
Figure 54: NTgrapht.spy
Figure 55: Cgraph3.spy
Figure 56:Beraph3.spy

Figure 57: ABgraph3.spy
and ABgraphd.spy

Figure 58: NTphased.spy



APPENDIX 3

HOW USE THE NEURAL NETWORK TO DO SOME
PREDICTIONS.

All the useful files and FORTRAN program are in the folder fuge/users/brun/predictions
1) Go to this folder.
2) Create a folder named outprdt.

3) Create a document named test. dat

4) In this file named resr.dat, write the composition, the heat treatments and the test duration
and temperature of the steel you want creep resistant to be predicted. You must fill the 37
columns which must be separated by a tabulation. The columns must be in the following

order:

1) log(creep rupture time(h))
2) temperature(K)
D
4} 51
5) Mn
6) P
S
8) Cr
9y Mo
10) W
- I Ni
12) Cu
13V
14) Nb
15) N
16) Al
17)B
18) Co
19) Ta
2000
21) Normalising Temp.
22) Normalising Time



23) Cucﬂ@ng rate of Normalise in furnace (0 or [)
24) Cooling rate of Normalise in ajr (Oorl)

23) Cﬂufing rate of Normalise for oil quench (0 or 1)
26) Cooling rate of Normalise for water quench (0 or |)

27) Temperin g Temp.
empering Time
29) Cooling rate of Tempering in furnace (Qor1)
30) Cooling rate of Tempering in ajr (Oor 1)
31) Cooling rate of T, empering for oil quench (Oor 1

)

32) Cooling rate of Tempering for water quench (D or 1)

33) Anealing Temp.

34) Anealing Time

35) Cooling rate of Anealing in furnace (Dorl)
36) Cooling rate of Anealing in air (Dorl)
37)Re

The simplest Way to write a test.dat file is to copy and paste
one of the outprd'’ files) and 1o change its values,

5) When rest.dar is completed, count its number of lines (=

values in the normiest,jor, treatout, for, gencom.for and spe

a line of an old test.dat file (in

number of rows), and change the
c.g files,

In normtest.for: line 15:

iIrowW="number of lines in test.dat'.

In treatout.for: line [4: irow="number of lines in test.dat',

In gencom.for: line 64: irow="number of lines in test.dar’.

In spec.g: lines 18 10 22: Nrows indicates where you have to type the 'number of

lines in test.dat":

6) Run the normeest for program which normalises the in

bype:

Datﬂ_ﬁles(inpuls_mrgels] normiest outran.g
Number data Nrows

Truin_ﬁ"om_i‘m_this 1
Test_set | l I‘\!rnws
Test_set 2 1 Nrows

77 normtest.for (return)
a.out (return)

puts and write them in normrest:



7) Run the neural network program:type:
csh run.gen (return)
8) Run the gencom_for program: type:

{77 gencom.for (return)
a.out (return)

The normalised output are written in the com.dar file.

9) Run the treatout. for program which unnormalises the outputs and writes them in

wnnorm_com file,

77 treatout.for (retum)
a.oul {return)

In unnorm_com are written 4 columns:
1} Predicted value
2) Error (63% confident)
3) Predicted value + Error

4) Predicted value - Error

10) Move the com.dat. test.dat, and unnorm_com files from the predictions to the outprdt
folder. You can now use spyplot to draw your graphs.



