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Fabrication of metals by welding is not unlike
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ABSTRACT

The development of new welding alloys for power plant steels has in the past been achieved by trial
and experience. The purpose of this work was to enable a significant proportion of the development
procedure to be done by computation. A variety of methods have been used towards this end, ranging
from physical models to other methods which rely heavily on patterns in experimental data.

The thesis begins with an introduction and literature review covering both a description of the
essential features of power plant, and the steels used in constructing the plant. The reliability expected
from the steels over a period of some thirty years of service is quite remarkable, and sets similarly
stringent requirements on any model used for design purposes.

A thermodynamic method based on the theory of martensite nucleation has been applied to the
calculation of martensite-start temperatures of highly alloyed steels. This information is necessary
for welding procedures. The formation of martensite is . "suppressed as the strength of austenite is
increased by alloying. Thus, the critical driving force necessary to trigger martensite is larger for
stronger austenite.

Some confusing mechanical property data on 9CrlMo type steel welds have been thoroughly
explained by considering the relative stabilities of §-ferrite and austenite as a function of chemical
composition. Excessive concentrations of austenite stabilising elements such as nickel cause the
formation of austenite during post weld heat treatment. The austenite then transforms to untemp‘ered
martensite on cooling, thereby causing a drastic increase in strength and reduction in toughness. By
contrast, large concentrations of tungsten make it impossible to fully austenitise the alloy, rendering it
exceptionally soft.

A weld typically might contain more than twenty important solute additions and impurities. Its
properties also depend on the welding conditions and post weld heat treatment. It is a formidable
task, therefore, to attempt to predict the yield and ultimate tensile strengths, elongation and Charpy
toughness, all of which are elementary design parameters. A massive dataset was compiled using
detailed data from the published literature, and subjected to neural network analysis. This is a highly
flexible and powerful empirical method, but it is demonstrated that with care the network can be trained
to recognise metallurgically sound relationships. The resulting models have been validated in a variety
of ways with emphasis on data previously unseen by the models. Having done this, the models have
been used to successfully design a new welding alloy. A detailed case study is presented to illustrate
the design procedure and to show how both the success, and in some cases the failure, of the models

can be used to advantage in efficient design.
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CHAPTER ONE

Introduction

1.1 Aim of the Project

A necessary requirement for success in the power plant generation industry, as in any competitive
market, is to sell a reliable product meeting the desired criteria for a reasonable price. An effective
way of achieving this requirement is to increase the operational capability of the plant, thus providing a
better quality product than the competition. Additional benefits are reaped if the cost of manufacturing
can be reduced. This then can be passed on to the customer as a reduction in price.

Traditionally, the development of a manual metal arc electrode of new composition has been based
on experience and empirical experimentation. This can cost in excess of £35,000, with a typical time
scale of 12 months from concept to production. The time scales involved are large because of the need
to produce and test electrode variants. Technology to reduce the work load and the lead time by a
factor of two could lead to an increase in sales turnover of about £75,000 per annum for each electrode
variant, and also give a competitive edge in sales.

At present, there is no formal method for the design of welding alloys; their development is
based on trial and error. The aim -of this project was to utilise the vast range of knowledge and
technology available today to develop computer models suitable for enhanced production of power
plant components. A survey of the operation of the power station and theservice conditions is presented
first in order to set the background for the modelling research.

1.2 Power Plant Operation

The basic function of steam power plant is to convert the energy from the steam, via mechanical
energy in the turbine, to electrical energy in the generator [Graham, 1975]. Although there are several
categories of plant, each has the same basic set of components independent of the type of fuel used to
create the steam [Race, 1992]. A schematic plan of a power station is shown in Figure 1.1.

Water is heated to steam in the evaporator before being passed onto the steam drum, where it is
collected in headers. There it undergoes a superheating stage and it is then passed into the high pressure
(HP) turbine. On exit from this stage, the steam has undergone about 25% of its total expansion
[Graham, 1975] and is fed back to the reheater where it is returned to the same temperature, before
being introduced to the intermediate pressure (IP) turbine. The steam then flows into a maximum of
three low pressure (LP) turbines, the number of which is dependent on the size of the plant. The exhaust
steam from the final low pressure stage is condensed and then returned to the boiler [Race, 1992].
Typical inlet and outlet temperatures and pressures are shown in the text accompanying Figure 1.2
[Graham, 1975].

The advantage of reheating the steam after the first (HP) stage is to improve the overall efficiency
of the unit. The steam is also allowed to expand to a lower pressure before becoming wet, and as a
result, water droplets form at a later stage in the LP cycle which reduces the erosion and stress corrosion
problems on the last few rows of turbine blades [Graham, 1975]. Some smaller machines (< 100 MW)
in the past have missed out the reheat stage, but only when fuel costs have been low.

1
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Figure 1.1: Schematic view of thc components of power production. After Weisman and
Eckart [1985]. )

An annotated artist’s impression of one of the six 660 MW turbine generator sets at Drax in North
Yorkshire — the largest coal fired power station in Europe is shown in Figure 1.2. Some of the notation
used in this figure will be explained fully later in the chapter.

1.3 The Turbine

The turbine consists of a long cylindrical rotor to which are attached the blades which shape the path
of the steam throughout the cycle. There are three types of rotor to consider; high pressure (HP),
intermediate pressure (IP) and low pressure (LP). To provide an estimate of the size, the LP forging
usually weighs between 17 and 34 tonnes, and the HP between 9 and 16 tonnes. The weights of
these components in service are further increased by that of the turbine blading. The LP blades are
considerably larger than those of the HP turbine (Figure 1.3), due to the increased volume of steam
taken up at the LP end. The turbine rotors are coupled between each stage, and the final LP stage is
directly coupled to the generator.

Figure 1.4 shows the coupling of the turbine rotors to each other and finally to the generator rotor
for a machine with one HP, one IP and one LP turbine.

1.3.1 Turbine Rotors

There are three main methods in current use in the power industry for the manufacture of turbine rotors
[Hohn, 1973]; a single forging, a shaft with shrunk on discs, and a welded rotor.

Asthe name suggests, a single forging is arotor forged out of one ingot of steel. Very few steelworks
have the large scale equipment necessary to satisfy these requirements. There are disadvantages linked
to the manufacture of such rotors due to their vast size, and the high degree of quality required for their

2
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Figure 1.2

Pipework transporting steam at 565 °C, 15.8 MPa from the boiler to the HP turbine. %Cr%Mo %V steel.

HP Steam valves. These consist of four closed die forgings of %Cr%MoLV steel welded together. Advances

in technology have now reduced the need for welding, so a casting woulé be used in a modern power station.
The valves control the steam flow, and allow stoppage in case of emergencies.

HP turbine. The rotor is fabricated from a single forging of ICrMoV steel, and the blades are of 12CrMoV
steel. The turbine casing is %Cr%Moi—V, with the upper casing attached to the lower by 1CrMoV bolts.
Pipework taking steam at ~ 420 °C, ~ 4 MPa back to the boiler for reheating.

Pipework transporting steam at 565 °C, 3.8 MPa to the IP turbine.

IP turbine. The rotor, blades and casings are made of the same materials as the HP turbine. This section is
“double flow”, i.e. the steam enters in the middle of the turbine, and flows outwards. This balances the thrust,
as the forces on the turbine are equal and opposite, leaving no net forces acting on the turbine.

Pipework transporting the steam at ~ 250-300 °C, 620 kPa from the LP turbine to the three LP.turbines.
LP turbines. The rotors is made of a 3%NiCrMoV steel with 12Cr steel blades. The outer casings are
fabricated from a steel casting. There are three LP turbines. Technology has improved such that only two
would be needed for the same output in modern power stations.

Pipework transporting steam at ~ 80 °C from the LP turbines to the condenser.

The condenser. The condensers in Drax are unusual in that they are panier mounted, with one at each side of
each turbine generator set. Conventional condensers are situated underneath the turbines. The outer wall of
the condenser is made of mild steel. Steam travels through copper alloy tubes in the condenser, and is cooled
into water before being returned to the boiler for the next cycle. It is cooled by a separate cycle of water flow.
This cooling water is heated up in the process, and is what can be seen being returned to its lower temperature
in cooling towers.

Pipe returning water to the boiler. This is a %;Cr%Mo }TV casting.

Cooling water pumps.

The generator. It can be seen from the diagram that the turbines and rotors are directly coupled together.
The rotor of the generator is made from 3%NiCrMOV steel, and the stator, the outer casing through which it
rotates, holds the conductors which carry the electricity generated by the rotation of the generator, (effectively
a large magnet). An aluminium (non-conducting) alloy holds the conductors in place.

3
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Figure 1.3: The author (height 1.56 m) next to one of the LP rotors from Drax power

station. Compare the blade size to HP blading, which is typically about the length of a finger.

extreme operating conditions, as well as the long lead time associated with their production.

Metallurgically, the degree of chemical segregation is increased with the size of the forging, and
this could lead to a reduction in quality, or an increase in expense for improved core forging techniques.
It is important to achieve consistent properties in both the rim and the core, which is a difficult goal,
due to the dimensions of the forging. The tempering processes needed after the initial formation of
the ingot depend upon its shape and size, and for a huge sample, the latter cannot be relied upon to be
uniform. The testing of the rotor for quality could also prove problematic, as non-destructive testing
procedures cannot access the core of the rotor, and although destructive methods can provide samples
from trepanning, the size is usually too small to be reliable.

The shaft of the rotor with shrunk on discs is in the form of a long thin “pencil” piece forged from
a single ingot, with discs shrink fitted to the body of the shaft. The turbine blading is then attached to
the discs. This has similar disadvantages to the single forging in that it is of a large size. Although
the volume of this thinner forged shaft is smaller, reducing the problem of segregation to an extent,
there will still be the disadvantage of the huge length of the forging with relation to the availability of
resources in steel producing plant.

The welded rotor is made up of a series of thick discs made from single forgings and welded
together. The design of the discs produces an essentially hollow bodied rotor, with welding required
only around the surface of the discs. These small forgings have a size advantage; from a production
point of view they can be produced in a relatively short period of time, and metallurgically, they have

4
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CHAPTER ONE — Introduction

a lower tendency towards segregation [Liithy, 1968], as well as an improved through hardening in the
discs and shaft ends. Their smaller dimensions also allow an easier and more uniform temper and
anneal, and exceptionally good access for testing both before and after the welding. Low pressure
shafts are often welded for high temperature considerations [Dien, 1973], and high pressure turbine
shafts are occasionally welded, but not from a size point of view. The submerged arc process is most
commonly used in the manufacture of these rotors as it is fully mechanised, and therefore reliable and
repeatable [Dien, 1973].

The three types of turbine needed for the power station are outlined below:

For a typical HP cylinder the high temperature steam enters the turbine through two pipes, 180°
apart, then passes through a series of fixed and rotating blades. The triple casing around the turbine
allows acceptable pressure and temperature gradients across cylinders. Many low alloy steels can
cope with such steady state stresses across cylinder walls. During start up, however, severe thermal
stresses may arise [Graham, 1975]. 3CriMo3V steels are suitable for all castings in the creep range.
The rotor forgings require high creep strength to avoid excessive dimensional changes, but a balance is
needed between creep strength and creep ductility in order to prevent grain boundary cracking [Graham,
1975]. A 1CrIMo0.2V steel which is used for high temperature rotors may have low i’ ! values
at ambient temperature, but the toughness increases with temperature. Care must be taken during the
manufacturing heat treatment to ensuire that the creep strength is identical at opposite sides of the rotor
to avoid bending during service [Graham, 1975].

The temperature of the steam at the IP inlet is the same as that of the HP, but due to its lower
pressure, it occupies a higher volume. This requires a larger blade annulus, and therefore a larger
diameter rotor than the HP turbine. As a result, there are higher steady state and transient stresses
present. A lCrlMo%V steel is used. The stresses in the casing are lower than that of the HP, due to the
decreased pressure, and the cylinder arrangement is not so complicated [Graham, 1975].

HP and IP rotors require good creep and rupture strength at their highest operating temperature
[Marriott and Greenfield, 1988]. The rotors must also remain dimensionally stable over their lifetime
(~ 30 years), and must not bow in service due to differential straining round the circumference in
start up or in general running. CrMoV steels have been used successfully in rotors in the range of
550565 °C, but it is recommended that 12Cr steels are used for temperatures exceeding 600 °C.

The LP section of the turbine operates below the creep range, and the pressures are much lower.
The inner cylinder can be manufactured of carbon steel, or spheroidal graphite iron, and the outer of a
mild steel plate. The steam occupies a large volume by this stage in the cycle, and typical dimensions
for a system with three LP units, the exhaust diameter is 3450 mm. The blades are required to be long,
due to the high volume of steam, and as a result, a large rotor diameter is needed to support them.
This is of the order of 1625 mm. High strength and toughness are needed, due to the high centrifugal
stresses, and a 35Nil$CrMoV steel which has been quenched and water tempered is often used.

The rotor styles outlined above are designed to satisfy the requirements of the conventional HP, IP
and LP turbines. However, developments of the steelmaking process and rotor materials have made it

! K | represents the fracture toughness [Knott, 1973] and is a property which can be used in design
of engineering structures [Dieter, 1988].
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CHAPTER ONE — Introduction

possible to produce turbines with HP, IP and LP conditions within a single cylinder. This reduces the
cost of manufacture and improves the efficiency. This is of particular interest to combined cycle work,
where the cooling water temperatures are high, or the absence of water requires air cooling [Beech et
al., 1990]. The temperature region over which the rotor is required to operate ranges from less than
100 °C to 565 °C. In combined cycle plant, gas is used to fuel industrial gas turbines, and the waste heat
exhausting from them is used to produce steam which then drives a steam turbine generator (Figure 1.5).
At the inlet end of the turbine, creep and fatigue properties of a conventional HP rotor are required, and
at the outlet end, the mechanical properties of a conventional LP rotor are necessary, particularly low
FATT,,? [Bertilsson and Berg, 1980].

. Combined Cycle Power Plant

Gas Turhlne é Condensing

Steam Turbine

Heat Recovery

Gas Turbine
' Steam Generator Condenser

Figure 1.5: Schematic of combined cycle plant operation.

1.3.2 Turbine Blading

There are two types of blading in turbines — fixed blades and moving blades. The fixed blades are
stationary during turbine operation, and are attached to the outer cylindrical casing of the turbine
(Figure 1.6). The moving blades are attached to the turbine rotor, which is caused to rotate with the
action of the steam on the blades. Together these blades provide a path for the steam to travel through
the turbine which provides the rotation necessary for electricity generation.

Table 1.1 shows typical LP blade lengths and their associated exhaust area. Each turbine blade
consists of three distinct sections; the root to align the blade into the rotor or cylinder, the tip, which
may aid in supporting the blade, and the aerofoil which guides the steam to develop the power in the
turbine [Graham and Barnes, 1990].

4 FATTj, is the fracture appearance transition temperature, based on 50% cleavage, 50% shear on
the fracture surfaces of Charpy impact specimens [Dieter, 1988].
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Figure 1.6: LP turbine casing at Drax showing the stationary blades.

Blade Length mm Exhaust area m?
635 7.60
762 10.94
914 14.58
1070 19.08

Table 1.1: Typical exhaust areas of LP turbines [Graham, 1975].

The root of the blade provides the necessary constraint to keep the blade in position in the turbine.
This must be secure, to maintain the steam path. There are several styles of root, depending on the
position of the blade in the turbine. Small HP blades may use a “fir tree” root with serrations on the
blade which fit into corresponding slots on the rotor/cylinder. Larger blades may use a “forked straddle
root” where the root of the blade is shaped like the tines of a fork, fitting into slots on the rotor. The
largest LP blades use a “side entry fir tree root” where the serrated blades are inserted at an angle to the
circumference of the rotor (Figure 1.7).

The tip of the blade is generally a long thin edge, designed to minimise contact between the blade
and the cylinder or rotor, if rubbing were to occur during service. It should also ensure minimum steam
leakage in order to get the maximum work out of the steam in turning the rotor. In HP blading the
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T

Figure 1.7: Typical blade roots. (a) fir tree root, (b) forked straddle root, (c) side entry fir
tree root [Westinghouse, 1981].

tips tend to be shrouded together in groups which are then interconnected. For larger, LP, blading, the
tips of rotating blades are required to be strong to maintain their rigidity against the centrifugal forces
during rotation, which would alter the geometry of an unconstrained blade. They are often joined with

lacing wire (Figure 1.8).

[N, NI . N

NN

I e

Figure 1.8: Typical blade tips. (a) integral shroud, (b) lacing wire [Westinghouse, 1981].

The shape of the aerofoil transforms the steam energy into torque. Blades can be machined from a
solid billet or formed into shape by roll forming or pressing, the latter leading to enhanced mechanical
properties. The blades may also require snubs or lacing wire holes, and due to these complex geometries,
cannot be rolled. They are instead produced by drop forgings. The advances of computer numerical
controlled (CNC) machining has allowed the complex machining necessary to produce more advanced
blades [Graham and Barnes, 1990]. A stylus follows a copymaster which embodies the blade geometry,
enabling an exact replica to be produced (Figure 1.9).

The general material requirements of blading are resistance to corrosion, and fatigue, as well as
good hot working and machinability [Graham, 1975]. The degree to which these properties are required
is a factor of the position of the blade in the turbine, and whether it is a stationary or a moving blade.
Final and penultimate LP blades are positioned in a region of the turbine where steam is wet, and are
susceptible to erosion on their leading edge. The leading edge of the blade is the edge of the aerofoil
that hits the steam first. It is usually very thin to minimise turbulence. Shields made of tungsten tool
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Figure 1.9: Schematic of copy milling [Graham and Barnes, 1990].

steel are brazed onto the edge of these blades to protect from erosion. As HP blading is considerably
shorter than the LP blading it therefore receives less centrifugal force. The forces on the moving blades
are much higher than the forces on the stationary blades, and are as such required to be of a tougher
material. 12Cr steels hardened by alloy carbides satisfy all the mechanical requirements, as they have
the high creep resistance necessary at the HP end and the very high tensile strength required at the last
row of HP blades. .

1.4 Material Requirements

The choice of material for each of the components is governed by the operating conditions which are
dictated by the design and the type of fuel used [Graham, 1975] together with availability and cost.
Wyatt [1976] has stated that the capital cost of a nuclear power station accounts for 70 % of the cost of
the electricity sold, as compared to 40 % for a conventional fossil fuel fired plant. The material must be
able to be reliably fabricated to the shape and size required. The component must also be resistant to
the environment in which it will be expected to operate, either intrinsically, or with protective treatment
(e.g. a coating). The typical service life of a power station is ~ 30 years and steels used for this length
of time at elevated temperature must retain their mechanical properties. The majority of steels used
in power plant are low in carbon, with chromium, molybdenum and vanadium as the major alloying
elements. Due to the high service temperature, creep resistance is important. These bainitic steels
have good formability and weldability, and are fortunately not very expensive. As the steels are held at
high temperatures for a number of years, the microstructure must be resistant to graphitisation, which
is not directly related to creep properties. Because of this, the aluminium concentration is kept low
(<0.015 weight %), and chromium and molybdenum are used together. Molybdenum alone can lead to
graphitisation [Hriviak, 1987]. Typical steel compositions are summarised in Table 1.2, and outlined
in more detail in the next section.

1.5 Typical Steels Used For Power Plant Applications

1.5.1 I1CrMoV Steels

These steels have been used extensively for superheater tubing [Day, 1965], steam turbine castings and
turbine rotor forgings since the 1960s [Buchi ez al., 1965]. Their creep strength is due to fine uniformly
dispersed precipitates of vanadium carbide particles in irregular ferrite grains. Poorer creep strength
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Element LeriMolv 2CtMoNiWV 31NiCrMoV
Carbon weight % 0.10-0.18 0.10-0.15  0.20-0.26  0.20-0.30 0.20-0.30
Silicon weight % 0.14-040 0.150.45 <0.25 <030  0.10-0.30

Manganese weight % 0.40-0.70 0.40-0.70  0.60-0.80 <0.40 <0.40
Sulphur weight % <0.025 <0.03 <0.015 <0.015 <0.015
Phosphorus weight % <0.030 <0.03 <0.015 <0.015 <0.015
Nickel weight % <0.30 <0.30 0.65-0.85  3.25-3.75 3.00-3.75
Chromium weight % 0.30-0.60 0.30-0.50  2.00-2.20  1.25-1.80 1.25-1.75
Molybdenum weight % 0.50-0.70 0.40-0.60  0.75-0.95  0.40-0.60 0.40-0.60
Vanadium weight % 0.22-0.28 0.22-0.28  0.28-0.37  0.050.20 0.05-0.20
Tungsten weight % — — 0.55-0.75 — —
Yield Strength MPa >300 280-495 >600 >700 >750
Ultimate Tensile Strength MPa | 460-610  460-650 730-850 800-950 850-1000
Elongation % “>18 >16 >15 >15 >10.
Impact Energy J <25 >54 >35

Table 1.2a: Typical specifications for steels used in power plant fabrication.

is observed in samples with coarser irregularly dispersed precipitates and polygonal matrices. These
differences in microstructure can even be observed in the cross section of a single casting, as they are
due to the effects of the different cooling rates from the austenitisation temperature. Maximum creep
strength is obtained in a tempered upper bainite structure. Carbon concentrations in excess of that
required for alloy carbide forming result in cementite, which lowers the creep strength of the alloy.

The optimum balance of tensile, creep and creep rupture properties of this steel is achieved by heat
treatment to granular bainite [Batte ez al., 1978). Studies of heat treatment practise have lead to better
microstructure, with the development of oil and water spray quenching to control the cooling rate, as
well as vertical heat treatment of rotor forgings to ensure symmetrical properties. For large castings, if
the quenching rate is reduced in order to prevent martensite and promote granular upper bainite at the
rim, then there is a danger of a ferritic core. The cooling is sometimes interrupted to prevent quench
cracking on the surface, but this has little effect on the core properties, as the amount of ferrite formed
depends on the cooling time spent in the ferrite transformation range, rather than total cooling, much of
‘which will be spent in the austenite range. The presence of ferrite influences the mechanical properties,
mainly controlling the hardness and tensile strength, but concentrations in excess of 50 % also influence
the creep rupture strength.

The hardenability of the steel can be controlled without upsetting the C, Cr, Mo balance required
for good creep properties if Mn and Ni are increased.

11



CHAPTER ONE — Introduction

Element high temperature low témperarure diaphragms
Carbon weight % 0.09-0.15 0.10-0.15  0.08-0.15 0.080.15 0.09-0.15
Silicon weight % <0.50 <0.60 <0.50 <0.50 <0.80

Manganese weight % <0.70 0.30-0.70 <1.00 0.50-1.00 <1.00
Sulphur weight % <0.03 <0.03 <0.03 <0.03 <0.03
Phosphorus weight % <0.04 <0.03 <0.03 <0.03 <0.04
Nickel weight % <0.60 <0.80 1.50-3.00  2.00-3.00 <1.00

Chromium weight % 11.5-13.00 11.00-12.50 11.00-12.50 11.00-12.00 11.50~13.50
Molybdenum weight % 0.40-0.80 0.40-0.80 0.70-2.00  1.00-2.00

Vanadium weight % ) 0.10-0.25  0.05-0.40 0.05-0.40
Niobium weight % <0.40 <0.40
Yield Strength MPa >465 >615 <770 >880 >340
Ultimate Tensile Strength MPa [ 620-770  740-900  930-1080 1030-1190  540—700
Elongation % >18 >15 >15 >12 >20,
Impact Energy J >34 >34 >34

Table 1.2b: Typical specifications for 12Cr steels used for turbine blading applications.

Carbide precipitation is responsible for the creep strength of these low alloy steels. For optimum
results, a carbon concentration of ~ 0.1-0.2 weight % is required, as well as an upper bainitic structure
[Cornwell and Pollard 1971].

1.5.2 2§Cr1Mo Steels

This alloy has the high creep resistance required for use in power plant, which is provided by a fine and
highly stable dispersion of alloy carbides. Despite the value of these carbides, the carbon concentration
of the steels is kept low, in order to allow a proportion of molybdenum (a strong alloy carbide forming
element) to remain in solid solution, thus contributing to the strengthening [Lundin, ez al., 1982]. Solid
solution strengthening increases with importance for longer service at high temperatures, as annealing

effects reduce the microstructural effects [Bhadeshia, 1992].

1.5.3 9Cr Steels

The 9Cr steels used in power plant are ferritic [Aplin and Middleton, 1990]. Such a microstructure
gives the steels several advantages over their austenitic counterparts. These are more resistant to stress
corrosion cracking at higher temperatures and are considered useful at temperatures up to 600 °C. They
have a lower expansion coefficient and higher thermal conductivity and ductility, which combined,
result in improved thermal fatigue properties. A further advantage is their reduced cost compared to
austenitic steels.

12



CHAPTER ONE — Introduction

Element WCr tool steel carbon steel
Carbon weight % 0.65-0.70 0.15-0.20
Silicon weight % <0.40 <0.60

Manganese weight % <0.50 0.50-1.10
Sulphur weight % <0.035 <0.050
Phosphorus weight % <0.035 <0.050
Nickel weight % <0.50 <0.40
Chromium weight % 5.80-6.50 <0.25
Molybdenum weight % 0.20-0.50 <0.15
Vanadium weight % - 0.20-0.50 -
Tungsten weight % 18.50-20.00 —
Cobalt weight % 0.20-0.50 —
Yield Strength MPa - 215-340
Ultimate Tensile Strength MPa 40-540
Elongation % >22
Impact Energy J >45

Table 1.2c: Typical specifications for steels used in power plant. Mechanical prop-
erties are not stated for the WCr tool steel, as it is not used under stress, and is merely

required to provide corrostion resistance.

An addition of 1 weight % molybdenum to the 9 weight % chromium basic steel renders a fully
martensitic structure [Barnes, 1994]. Common applications of these 9Cr1Mo steels in the power station
are in heat exchanger tubing and headers of steam plant. These steels have better high temperature
properties than their Z}CrlMo counterparts, allowing higher stresses on components of a given thick-
ness, thus reducing cost as well as enhancing performance. The precipitation strengthening of Mo
modified 9 (or 12) Cr steels is predominantly by M,;C,* carbides [Foldyna and Kubon, 1993]. Vana-
dium and/or niobium additions improve the creep resistance and high temperature creep strength of
the steels due to VN and/or Nb(C,N) precipitation. These elements (V, Nb and high Cr) which are
essential for the creep characteristics of the material have an adverse effect on the toughness of the
steel. They are unable to be reduced because of the high toughness requirements [Dittrich and Heuser,
1986]. Oxidation resistance is also improved by these additions. Strengthening of the solid solution
during creep of these steels is caused by the presence of Mo and/or W content in solid solution. In
nitrogen containing steels, the carbides are likely to be replaced by complex carbonitrides. Aluminium
also interacts with nitrogen to form AIN. The factors influencing solid solution strengthening change

3 Here, M represents metallic elements, including iron.
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with time, as the carbide precipitation depletes the lattice of solutes. “For example, creep strength in
these steels can only be improved by addition of molybdenum equivalent (Mo + 0.5 W wt. % ) up
to a maximum of about 1 weight %, as higher contents cause the precipitation of M;C carbides and
the Fe, Mo intermetallic which remove Mo and W from the solid solution [Abe and Nakazawa, 1992).
After aging at low temperature, precipitations of Laves phases occur in the structure. These from large
particles, principally on the prior grain boundaries [Foldyna and Kubon, 1993]. To minimise these
phases, the silicon content of the steels is kept to a minimum.

1.5.4 10CrMoV Steels

These steels are suitable for steam conditions with temperatures up to 600 °C. Although austenitic steels
can be used for such conditions, these are susceptible to thermal fatigue [Berger et al., 1994] because of
their large thermal expansion coefficient. These steels are typically used for critical components such
as forged turbine rotors and blades, and castings for turbines and valve casings.

1.5.5 12Cr Steels

These alloys are useful in power plant épplications, as the high quantities of chromium control the
oxidation resistance [Irvine, Crowe and Pickering, 1960]. They are completely austenitic at a solution
temperature in the region of 1050 °C, and have a martensite-start temperature such that they will be
completely martensitic at room temperature. Nickel is kept at below 2 weight % to keep the Ac,?
temperature high enough to ensure no reversion to d-ferrite on tempering. This may be deviated
from if sufficient ferrite stabilising elements (e.g. Si, Al, Mo and V) are present. The transformation
characteristics of the steel show that carbide precipitation precedes the pearlite reaction, and the bainite
reaction is completely suppressed. Secondary hardening can occur within the temperature range 400—
500 °C, by precipitation of a Cr-rich carbide of the type M, X. Carbon and nitrogen in the steels are
very effective in accentuating the secondary hardening, but nickel and manganese are less effective,
and increase the softening rate of the steels. Overaging produces the precipitation of M,,C; at grain
boundaries, accompanied by a slow reabsorbsion of the M, X. The ferrite forming elements such as
Mo, W, V, and Si cause solid solution hardening of the steel and also intensify the secondary hardening
reaction. Vanadium'’s main contribution is to stabilise M, X, so that higher hardnesses are produced at
higher tempering temperatures Mechanically, the secondary hardening is accompanied by poor impact
properties. This results because of the coherency straining due to the M, X formation. Additions of Mo
up to 2 weight % improve both the strength and the impact resistance. At greater concentrations, it affects
the M, X precipitate, which outweighs these benefits. Vanadium increases the tensile strength, although
only small amounts can be used without deleterious effects on the impact properties. For the best
combination of strength and impact, a composition of 0.1 weight % carbon, 12 weight % chromium,
2 weight % nickel, l% weight % molybdenum and 0.3 weight % vanadium is recommended. For
improved ductility and impact properties in an application where reduced tensile strength is acceptable,
then a reduction of nickel to l% weight % can be used.

1.5.6 3%Ni Steels

These alloys are used for thick section (LP) rotor forgings in the power plant [Elsender et al., 1978,

4 Ac, is the temperature at which austenite first begins to form on heating.
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Ridley er al., 1994, Iwanaga ez al., 1990]. They have excellent hardenability, along with high strength
and good toughness.

These steels are used in the “superclean” condition. Such steels are free of impurities and also of
the additions which are usually added to standard steels to counteract the effects of impurities [Jaffee.
1989]. For example, manganese is usually added to steels to counteract the effects of sulphur, but
in superclean steels, sulphur is removed through reducing slags in ladle furnaces so manganese is
not required. Similarly, silicon and aluminium are not necessary for the steels, as carbon is used for
deoxidation by the vacuum carbon deoxidation process. The gases hydrogen, oxygen and nitrogen are
removed from the steel by vacuum processing. There are no proven processes of removing tin, arsenic
or antimony from the steel, so these must be controlled by scrap selection. As a result these steels have
no inclusions, no impurities and only the intended alloying elements.

Superclean 3 3NiCrMoV steel is found to be immune to temper embrittlement, and it benefits from
improved ductility, toughness and creép properties as compared to steels of conventional purity. These
advantages outweigh the extra cost required for its production (~ 10 % higher for the price of the scrap,
and ~ 8 % higher for the longer processing times involved).

These steels have satisfactory weldability. However, low sulphur levels lead to low weld penetration
due to the negative surface tension coefficients. This can be improved upon by raising the heat input
(defined later, in section 1.6.6).

1.5.7 Future Development

Tried and tested ferritic steels used in earlier applications are no longer of use at the higher temperatures
and pressures needed to achieve higher efficiency, as their useful limit is 560 °C [Adam er al., 1993].
Austenitic steels may be used at temperatures up to 600 °C, although they may have unfavourable
physical properties, e.g., low thermal conductivity and higher thermal expansion [Adam er al., 1995].

They are also more expensive than their ferritic counterparts.

1.5.8 Steelmaking Techniques for Advanced Material Quality

The electroslag refining process is used in the production of high temperature rotor forgings, allowing
control of non-metallic inclusion formation, and increasing the usable weight of the ingot. Creep
rupture strengths of steels produced in this manner are comparable with those produced by the basic
electric arc method, with slightly lower creep rupture properties. However, chemical analysis of
the steels showed that the aluminium content of electroslag refined rotors was increased compared
to conventional rotors (0.017-0.066 weight %, compared to 0.003 weight %), which is known to
reduce creep ductility [Viswanathan and Beck, 1975]. Care must therefore be exercised to control the
aluminium content. However, the electroslag refining process reduces the probability of large inclusions
or excessive segregation.

As the use of remelted scrap has continued in the manufacture of steel, concern has arisen that
the level of residual elements in the steel may increase to unacceptable levels, especially in the use of
high integrity components [Batte and Murphy, 1979]. Trace elements such as aluminium, arsenic and
antimony can be deleterious to the high temperature performance of steels. Basic oxygen steelmaking
with blast furnace hot metal as the charge is a viable method of controlling the quantities of residual
elements present in the steel. Batte and Murphy [1979] illustrate that this method of production could
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be used to lower the phosphorus, arsenic, antimony, tin and aluminium contents of a ICrMoV steel.
with respect to a basic electric steel forging from the same initial cast. Due to the lower concentration
of major elements added to the steels in the basic oxygen process, the nickel concentration was found to
be lower, which consequently reduced the proof strength and creep rupture strength of the steel, though
kept them within an acceptable range. The creep rupture and ductility properties of the steels were
comparable, as was the weldability, but the basic oxygen steel had an above average strength.

Vacuum carbon deoxidation gives improved control of silicon and manganese levels, and reduces
the segregation in large forgings [Sawada er al., 1977). It is also applicable to 1%CrMoV forgings
without detriment to their creep resistance [Schinn and Schieferstein, 1970]. Silicon deoxidation
reduces the FATT of the steel, which is termed “semikilled” [Dieter, 1988]. Silicon and aluminium
deoxidation reduces the FATT further, producing a “killed” steel.

1.6 Welding in the Power Station -

Joints in the power station are required to have mechanical properties matching those of the parent
materials. In order to achieve this, the materials joined together are required to have good “weldability”.
This is a very broad term, best defined as “the capacity of a metal or a combination of metals to be
welded under the fabrication conditions imposed into a specific suitably designed structure and to
perform satisfactorily in the intended service. The better the weldability, the easier these requirements
may be met” [Gorton, 1975].

1.6.1 Background on Weld Microstructure

The action of the process of welding not only provides new solidified weld material, but also influences
the structure of the parent steel adjacent to the weld. This is called the heat affected zone (HAZ). For a
single pass weld, a heat affected zone structure is produced which consists of four major regions [Slater,
1993], each region having been subject to a different range of peak temperatures, T'; during the act of
welding. In all, seven different zones exist in the cross section of the single pass weldment, each having
their own range of microstructure and properties [Easterling, 1983, Honeycombe and Bhadeshia, 1995]
(Figure 1.10).

1. The solidified weld.
This region consists mainly of the deposited weld metal, though some dilution with the
parent is likely to occur in certain cases. It is essentially a cast structure, with long thin
grains. However, in contrast to a casting, the grains are nucleated from the neighbouring

parent material, and there is no shrinkage.

o

The solid/liquid transition zone.

This is a very thin layer which has experienced a peak temperature approximately equal to
the melting temperature of the parent steel.

Coarse grained heat affected zone.

This region has received a peak temperature greater than ~ 1100 °C, up to the melting point
of the steel. The material is austenitic, and consists of large grains. It is also known as the

(93

“grain growth zone” [Easterling, 1983].
4. Fine grained heat affected zone.
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Figure 1.10: Schematic illustration of the microstructural variation to be expected in the

heat affected zone of steel welds [Honeycombe and Bhadeshia, 1995].

Otherwise known as the “grain refined HAZ” [Slater, 1993]. This region is defined by a peak
temperature between 1100 °C and the Ac, temperature of the steel. Ac, is the temperature
at which austenite formation is completed during heating.

Intercritical heat affected zone.

The intercritical heat affected zone is defined by the temperature range Ac) < T; < Aey.
Both ferrite and austenite are stable, so the microstructure is mixed. On heating, steel with
a low carbon content remains in the ferritic state and carbon enriched regions transform to
austenite [Slater, 1993]. On cooling, the stable phases would be ferrite and pearlite (ferrite
+ cementite).

Subcritical heat affected zone.

This area of the HAZ has received a T; of less than Ac,, but greater than ~ 600 °C. No
phase change happens, but at this reasonably high temperature diffusion is easier, and partial
spherodisation of pearlite may occur [Slater, 1993]. This is also known as the tempered
zone [Easterling, 1983].

Unaffected parent material.

At temperatures less than ~ 600 °C, diffusion is less able to occur, and so the heat affected
zone ends, leaving the parent material in its original state [Easterling, 1983].

Multipass welds are often used in the power station, as they cause both an improvement in
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toughness, and a reduction in residual stress as compared to single pass welds [Easterling, 1983]. Using
more than one pass, however, causes reheat of the heat affected zone and weld metal of previous welds,
modifying the simple weldment regions outlined above. The reheated weld metal, deposited in earlier
runs, experiences recrystallisation and grain growth. The latter, however, is unlikely to be extensive, as
the heat input for mulipass welds is lower than for a single pass. Reheating of the HAZ has the effect
of refining the microstructure. However, only a relatively small part of the HAZ is reheated to T}, the
rest receiving a milder heat treatment.

1.6.2 Roles of Welding in Power Plant

Welding plays a wide range of important roles in the construction of power plant [Harris and
Lee, 1962]. An application of this is the simple concept of joining together two smaller castings or
forgings, to produce a larger unit, as in the forgings for the HP valves for Drax (Figure 1.2). This can
reduce the problems associated with the casting of large components. This process can be extended
to composite turbine cylinders. Because of the gradation in temperature and pressure along the length
of the component, a less highly alloyed and therefore cheaper material can be used for the lower
temperature end. Another important use is to attach an extension stub to the cylinder or a steam chest
for site welding, where this is not possible in the cast used. An illustration [Harris and Lee, 1962] of
how welded components add to the efficiency of power plant, can be found in welded steam turbine
diaphragms. These are superior to diaphragms produced by a riveted construction for the fol'loWing

reasons:
1. They are stronger for given dimensions.
2. Construction is simpler.
3. Steam leakage is reduced.
4. Integral steam guides can be used.

However, despite these advantages, some service failures in power plant have been encountered in
weldments [Parker and Parsons, 1994]. Such failures have been classified in the following manner
[Schuller er al., 1974]:

Type I — cracking in the weld metal.

Type 11 — cracking originating in the weld metal, but extending into the HAZ.
Type III — cracking in the coarse grained region of the HAZ.

Type IV — cracking in the intercritical region of the HAZ.

It has been found that the majority of weldments reach their design life without damage, but there
are trends in those which do fail. The study of performance of low alloy steel weldments has revealed
that Type III damage was more likely to occur early in service life, with Type I more common at service
lives of 40 00060 000 hours (47 years). Both of these types of crack initiate because of relaxation
of welding residual stresses in relatively brittle microstructures [Parker and Parsons, 1994]. Type IV
damage becomes more prominent at lives of about 60 000—100 000 hours, which is the normal design
life of the plant. This develops because of high system loading in a region of low creep strength.

Tests show that as the weld microstructure ages, micro-hardness across the HAZ tempers to a
homogeneous level. Long term aging, (100 000—210 000 hours service) leads to carbon depletion in the
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HAZ. The width of this decarburised zone for any time and temperature combination can be calculated
using a model developed by Race [1992]. The carbides provide creep resistance to the low alloy steel.
and this decarburised zone has an increased rate of creep deformation [Parker and Parsons, 1994].

1.6.3 Welding Techniques

As expected, the type of welding taking place in power plant varies according to individual requirements.
Fabrication welds may well be processed in a different way to site repairs even if they are for welds on
the same component. The commonly used processes are outlined below.

Manual metal arc welding is a simple and convenient method for the majority of applications.
and where required, the work can rotated on a manipulator, so that welding may be carried out in the
flat position [Harris and Lee, 1962]. “U” and “V” type notches are both in common use for weld
preparations, and backing plates are used, which are later machined out, to leave a sound root. This
process has the advantage that it can be used in all positions (horizontal, vertical and overhead), but a
lower heat input can be attained than if an automated process is used, for the safety of the welder.

Submerged arc welding is also used in many applications, with the “step pass” method, used to
avoid rotation of components [Harris and Lee, 1962], or a rotating method. This is an automated
process, and as such produces reliable and reproducible results. A higher heat input can be used, as the
operator is well away from the heat source when the welding is taking place.

1.6.4 The use of Preheat

Preheating of a weldment helps to minimise the risk of cold cracking, as it affects the microstructure of
the HAZ and the weld metal as well as aiding hydrogen diffusion away from the joint zone [Hriviak,
1985]. Hydrogen removal for welded steel with no danger of HAZ martensite can more effectively be
achieved with a post weld heating. Evans [1982a] frequently uses a treatment of 250 °C for 14 hours
for this purpose. The preheat temperature must not exceed the A/ < temperature of the steel as this can
result in the stabilisation of residual austenite [Hriviiak, 1985]. Harris and Lee [1962] illustrated that the
preheating of a CrMoV sample to 200 °C before welding resulted in a marked improvement in impact
strength, and reported similar results for other power plant alloys. Preheating is therefore necessary
to increase crack propagation resistance, which is a necessary property for the high wall thicknesses
often present in power plant components. With the Z}Crl Mo steel, preheating provides a dual function
of reducing the underbead hardness, as well as maintaining an adequate toughness. British Standard
recommended preheat levels for a hydrogen controlled® weld metal with parent material thickness

> 12 mm are:

1.6.5 The Interpass Temperature

The interpass temperature is only becomes an important factor when multipass welds are considered
[Hriviidk, 1985]. It is usually lower than the preheat temperature, as the dilution of subsequent weld
runs never reaches the degree of that in the root zone. A range ought to be provided for the interpass
temperature, as heat removal is low in multipass welds, and so, unrestrained, the temperature gradually
increases with the number of passes.

5 Hydrogen controlled weld metal contains < 15 mL of diffusible hydrogen per 100g of deposited
weld metal [British Standard EN499, 1995].
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Alloy Minimum Preheat Teinperature °C
1CriMo 150
1:CriMo 150
;CriMolv 200
21CrlMo 200
9CrlMo 200
12CrMoV 150
31Ni 150

[able 1.3: Common preheat levels [British Standard 2633, 1987].

The martensite transformation ought to be taken into account when choosing the interpass tem-
perature. If a weld is carried out at an interpass temperature above the martensite-start temperature,
M g, then the weld structure will be totally austenitic during deposition. On cooling, this austenite will
transform into an untempered martensitic structure, which will be brittle and liable to crack.

If the interpass temperature is less than the martensite-finish temperature, M, then the deposition
of the weld will produce 100 % martensite, and no transformation will take place on further cooling.
Again, a completely martensitic structure will result and the weld will be susceptible to cracking.

The ideal scenario would be for the interpass temperature to be chosen between Mg and M,
where some, but not all of the austenite will transform to martensite during welding. Once the
weld is completed, it can be heated to a higher temperature to temper the martensite in the mixed
microstructure of martensite and austenite. This tempered martensite is composed of Fe,C and cubic
ferrite which is only slightly supersaturated with carbon [Bain and Paxton, 1961]. On further coolingto
ambient temperature, the remaining austenite will transform to untempered martensite, which will be
supported by the more ductile tempered martensite. This represents the best welding procedure, with
approximately 50 % tempered martensite, providing ductility to support the remaining 50 % untempered
martensite. The higher the tempering temperature, the more spheroidal the carbide particles become,
and the greater the improvement in ductility [Bain and Paxton, 1961].

1.6.6 Heat Input
The heat input is a measure of energy provided by the welding process, and can be defined by the

equation

current X voltage
welding speed

heat input = (1.1)

Heat input is one of the most important welding variables as it influences heating rates, cooling
rates and weld pool size [Lancaster, 1993]. A high cooling rate can lead to hydrogen-induced cracking.
Metallurgically, the cooling rate governs the size of the grains in the resolidified region of the weldment.
In ferritic steels, coarse grains are associated with a reduction in notch ductility. Bhler Welding [1993)
similarly report that Charpy impact toughness values from a weld metal sample built up of thin layers
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were a distinct improvement on measured values from a thick layered specimen. As well as reducing
the heat input (usually by reducing current), these improved properties could also be obtained by using
smaller diameter electrodes, or using a “weave bead” technique of depositing the weld.

Typical heat inputs for a variety of welding processes are provided in Table 1.4 [Easterling, 1983].

Welding Process Typical heat input range kJ mm™!
Electroslag 5-50
Submerged arc 1.0-10
Gas-metal arc 0.53
Manual metal arc 0.5-3
Gas-tungstenarc 0.3-1.5
Electron beam 0.1-0.6
Laser beam 0.1-0.6

Table 1.4: Typical heat inputs (after Easterling [1983]).

Evans [1980] studied the effect of heat input variations on multi pass C Mn welds. These variations
were achieved by adjusting the welding speed, keeping current and voltage constant. Research showed
that as the heat input was increased, the size of the weld beads increased, which caused variation in the
number of beads deposited per layer, hence making standardisation between the different heat inputs
used difficult. This was accompanied by an increase in width of the columnar grains in the deposit.
A decrease in the hardness, yield strength and tensile strength of the weld was also observed. The
reheated regions of the weld were also influenced, and grain growth took place in both the coarse and
fine grained zones as the speed was decreased.

These results show that a lower heat input provides enhanced mechanical properties. This explains
why multipass welding techniques are often chosen, because many small layers with low heat input
produce a better weldment than one large deposition from a single pass weld.

1.6.7 Post Weld Heat Treatment

Completed welds are, where possible, transported to the stress-relieving furnace without cooling.
Stress-relieving of cold weldments brings the additional risk of cracking, because of the addition of
thermal stresses to the already high levels of residual welding stress [Harris and Lee, 1962]. British
Standard recommendations for the post weld heat treatment temperatures for these particular steels are
outlined below: ,

During the post weld heat treatment, both heating and cooling must be carried out slowly, to avoid
temperature differences across the component. This would cause thermal stresses, thus counteracting
the desired effect of reducing the stress.

1.6.8 Weld Metal Composition

Despite intuition, selecting a weld metal composition matching that of the parent is not always the most
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Alloy Post Weld Heat Treatment Minimum Post Weld Heat

Temperature °C Treatment Time minutes
1CriMo 630670 120
11CriMo 630670 120
$CriMoiVv 680-720 180
21CrlMo 680-720 180
9CrlMo 710-750 120
12CrMoV 720-760 180
35Ni 580-620 60

Table 1.5: Common post weld heat treatment levels. [British Standard 2633, 1987].

practical of cases. In CrMo alloys, such a selection has been found to produce satisfactory results for
those alloys of lower creep strength [Harris and Lee, 1962]. In contrast, it is found in CrMoV steels
of higher creep strength, that the risk of cracking of the base metal during stress relieving is increased.
This is still observed, even when the stress relief is carried out immediately after welding, with no
allowance for cooling. However, if a 2}CrlMo electrode is used on the CrMoV steel, then a much
sounder joint is produced. Residual stresses in such a weld are much lower than for weld matched to
the parent [Harris and Lee, 1962].

Weld metals, therefore, are chosen on a basis of matching the physical properties rather than the
composition to that of the parent steel or steels. A prime example of this is the development of filler
metals for use with P91, a 9Cr creep resistant steel [Adam et al., 1995). Three basic types of filler metal
are now available for this steel; 9CrMoVNb, 10CrMoWVNDb and 9CrMoWVNb. In developing these
compositions, the effects of the individual alloying elements were considered.

1.6.9 Dissimilar Metal Welds

If the different types of steel outlined in the sections above are to be used to their best advantage in the
manufacture of power plant, it is evident that there will have to be some fabrication of dissimilar steel
welded joints. This phenomenon brings with it some associated problems. Carbon diffusion across
the welded joint occurs at elevated temperatures, such as a post weld heat treatment, or during service
in one of the hotter regions of the power station, and is greatest across a weld where the difference
in activity of the carbon between the two parents is greatest. The diffusion is an act of equilibration.
Race [1992] has outlined the major problem of carbon diffusion, providing calculations for the carbon
depleted zone and the carbon enriched zone width. As chromium has a large influence on the carbon
activity, diffusion will then be greater between steels with a contrasting chromium concentration, for
example a weld between 12Cr and Z%CrMoV steels. Nickel based weld metals may eliminate carbon
migration [Eaton and Glossop, 1970] but they provide hard lamellar phase precipitation at the interface
and in diluted regions on post weld heat treatment. 12Cr steel parent metals are also prone to hydrogen
induced hard zone cracking if they are welded without adequate preheat or are allowed to cool before
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tempering. This risk is lessened if welds are carried out by the TIG process, as this is associated with a
lower quantity of hydrogen. 9Cr welds fortunately do not suffer from this problem.

It can be seen that the selection of welding consumable compositions, process conditions and post
weld heat treatments is an important process, critical to the mechanical properties and integrity of the
weld. Historically, this has been achieved by a “trial and error” process, which requires experienced
researchers and is costly in both time and consumables. The work described in subsequent chapters
takes a look at the prediction of the effect of varying these parameters on the mechanical properties of
welds and parent material, with a view to optimisation of the weld properties. This would enable new
welds to be developed more rapidly and cheaply.
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CHAPTER TWO

Experimental Materials and Techniques

2.1 Introduction

A variety of specimens typical of power plant applications were provided for the tests described later
in this thesis. They consisted of both wrought alloys and weld deposits. The alloys used and the
experimental techniques employed are described below.

2.2 Experimental Alloys — Wrought Steels

The wrought steels were provided by Parsons Power Generation Systems Ltd. They were chosen
from the range of steels used in manufacturing power plant. Their chemical compositions are listed in
Table 2.1, the steels being identified by their proprietary designations.

Sample BI158 4HSG HYE 97 P91 F ADQ

Carbon 020 - 0.29 0.25 0.14 0.093 0.13 0.11
Silicon 0.084 - 0.22 0.34 0.20 041 0.19 0.26
Manganese 0.64 0.85 0.28 0.52 0.49 0.55 0.44
Sulphur 0.003  0.009 0.007 0.009 0.003 0.006 0.002
Phosphorus | 0.009  0.011 0.008 0.011 0015 0.013 0018
Nickel 0.76 0.73 3.51 0.084 0.23 0.62  0.043
Chromium 2.12 0.97 1.60 0.30 9.08 10.2 2.01
Molybdenum | 0.83 0.65 0.46 0.56 0.92 1.51 0.94
Vanadium 0.32 0.26 0.13 0.23 0.25 0.21 0.008
Cobalt 0013  0.021 0069 0.021 0.012 0010 0.008
Tungsten 0.63 0011  0.017 0.007 0.000 0.000 0.009
Niobium 0020 0.017 0.020 0.010 0.000 0.000 0.022
Nitrogen 0.006 0012 0.009 0.011 0.035 0.060 n/a

Table 2.1: Composition of the wrought samples. All elements are in weight %.

2.2.1 B158: 2CrMoNiWYV Steel

This steel is used for high temperature (up to 565 °C) turbine rotors of the HP and combined HP/IP
single cylinder type. HP rotors are supplied in the oil quenched and tempered condition for optimum
creep properties. The steel has improved toughness over the 1% CrMoV steel normally used in
this application. For single cylinder applications, this material is supplied in the “dual” heat treated
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condition, i.e. simulated oil quench at the HP end, and a water quench at the LP end. A simulated oil
quench uses water sprays for quenching at the correct rate to mimic a quenching received by oil. This
procedure gives optimum creep properties where they are needed and improved strength and toughness.
as required for the LP end of the shaft. It also enables the LP rotor diameter to be significantly jncreased

without promoting ferrite formation in the core region of the forging.

This steel has been in use for approximately 35 years for high temperature rotors operating at con-
ventional temperatures (538565 °C). It was developed to give optimum creep strength and rupture

density.
2.2.3 HYE: 3%NiCrMoVSteel

This is the “industry standard” steel for LP turbine rotor and generator rotor forgings. Problems with
embrittlement restrict the temperature of operation to below 350 °C. The steel is desi gned for optimum
strength and toughness, rather than for creep strength.

2.2.4 97: $CriMolV Steel
This is the conventional creep resistant steel that has been used in the UK for the last 20 years for the

manufacture of cast turbine cylindérs and steam chests, forged components and steam pipework (to
British Standard 3605 [1991] grade 660) for turbines operating at 538565 °C. '

2.2.5 P91: Modified 9CriMo Steel

This steel is now being used in the manufacture of pipework, forgings and castings for steam turbine
plant where operating temperatures are greater than 565 °C, up to about 620 °C, where the conventional
materials no longer have creep strengths high enough for them to be used in thicknesses that are practical
or economical. Itisalso being used to replace conventional materials at the lower operating temperatures
where reductions in thickness are advantages from a flexibility point of view (pipework), or there is
an economical advantage [Orr and Burton, 1993]. Steel P91 has superior creep rupture properties to
Z}CrMo and X20 CrMoV steels [Naylor, 1993]. It has high creep strength with good ductility in test
durations up to 80 000 hours, high resistance to thermal fatigue cracking, good weldability and good
corrosion and cracking resistance in both aqueous and gaseous environments [Naylor, 1993]. Sufficient
data and experience of this steel are held to justify its use at temperatures up to 600 °C.

2.2.6 F: 10CrMoWNbVN Steel

This steel is one of the “12Cr” steel variants produced under the COST 501! development programme
for advanced steam cycle turbine rotors, operating at temperatures above 600 °C. The steel is designed
for optimum creep strength and creep ductility at these higher operating temperatures. Long term
testing of the material is still in progress in a collaborative European development programme.

2.2.7 ADQ: 21CrIMo Steel

This is a creep resistant steel that has been used internationally for many years as the standard material
for cast turbine cylinders and steam chests, forged components and steam pipework (to ASTM A335

! COST 501 is a collaborative committee comprising representatives from European countries
working together for improved properties of power plant components.
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grade P22) for turbines operating at 538-565 °C. It has slightly lower creep strength than the “97” type
of material (Section 2.2.4).

2.3 Experimental Alloys — Weld Deposits

The weld deposits studied as part of this work were provided from the COST 501 programme, to study
the effect of alloying elements on modified 9CrIMo weld deposits. They form a systematic series
beginning with a basic 9Cr1Mo composition, with additions of nickel, cobalt and tungsten individually
up to a level of 3 weight %. Some samples with mixtures of these alloying elements were also provided,
combining the effects of nickel with both tungsten and cobalt. The welds were made to match a parent
material from the COST 501 project - NF616, a high strength 9Cr1Mo wrought steel. The deposits from
which the samples were taken were multi-run welds prepared to ISO 2560 geometry, which ensures
minimal dilution so that all-weld metal samples can easily be machined. The welds were made using
4 mm diameter electrodes at a heat input of 1 kJ mm~! and an interpass temperature of 175 °C. Welding
was followed by a post weld heat treatment of 750 °C for 8 hours, defining the condition in which the
samples were received. The compositions and mechanical properties of the samples are presented in
Table 2.2, along with data for NF616.

Three further welded alloys were produced by Oerlikon as being typical of power plant steel welds.
They were manufactured using the manual metal arc process, with 4 mm diameter electrodes. Their
chemical composition, welding conditions and mechanical properties are outlined in Table 2.3.
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Figure 2.1: Schematic of the thermomechanical simulator.
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Sample Base INi 2Ni 3Ni 1Co 2Co 3Co
Carbon 0.099 0.093 0.101 0.095 0.096 0.094 0.091
Silicon 0.17 016 0.17 0.16 0.16 0.18 0.16
Manganese 1.01 1.03  1.02 1.02 1.01 1.00 1.00
Sulphur 0.007 0.008 0.008 0.007 0.007 0.008 0.008
Phosphorus 0012 0.012 0.012 0.012 0.013 0.017 0.015
Nickel 008 098 192 301 0 0 0
Chromium 930 9.08 9.12 9.17 9.6 931 930
Molybdenum .00 098 100 096 099 098 0.8
Vanadium 020 019 019 019 0.19 019 0.19
Cobalt 0 0 0 0 095 189 280
Tungsten 0 0 0 0 0 0 0
Niobium 0.046 0.043 0.047 0.045 0.045 0.043 0.041
Nitrogen 0.0539 0.0515 0.0494 0.0489 0.0552 0.0517 0.0520 |-
Oxygen 0.0634 0.0651 0.0664 0.0610 0.0672 0.0687 0.0666
Yield Strength MPa | 617 551 672 920 525 526 481
UTS MPa 762 751 866 1151 696 690 672
Elongation % 184 196 136 106 198 219 237
Reductionof Area % | 61.2 645 568 476 644 660 66.7
Table 2.2a: Composition and mechanical properties of the welded samples. All

elements are in weight %.

2.4 Thermomechanical Simulator

A thermomechanical simulator is a programmable piece of equipment with the ability to simulate a
specified thermal cycle on a sample of the alloy to be studied. The Thermecmastor Z simulator was
used to study phase transformations during heating and cooling conditions. The control of the machine,
and data collection are both via a computer. It is possible to monitor temperature, stress and dilation
of the specimen with respect to time. Heating is achieved using high frequency induction, and cooling
using a gas (N, or He) or water quench. Helium was used for all of the experiments.

The temperature of the specimen is monitored using a platindm/platinum-rhodium thermocouple,
which is spot welded to the specimen. The accuracy of the temperature measurements obtained in this
way is £3 °C [Fuji Electronic Industrial Co. Ltd., 1986].

The diametrical dilation of the specimen is monitored without contact to the specimen using a
He-Ne laser beam, with an accuracy of + 1 um. The laser beam scans and moves with the ram in order
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Sample IW  2W  3W 1WINi 1WICo 1W2Co NF616
Carbon 0.095 0.096 0.094 0.097 0091 0.09 0.2
Silicon 018 020 020 018 018 017 0.02
Manganese 1.04 099 103 100 099 097 047
Sulphur 0.008 0.007 0.008 0.007 0.008 0.008 0.006
Phosphorus 0.015 0015 0.015 0015 0015 0015 0011
Nickel 0 0 0 093 0 0 0
Chromium 935 925 926 9.0 894 920  9.07
Molybdenum 100 091" 084 09 097 096 046
Vanadium 019 019 019 019 018 0.18 0.19
Cobalt 0 0 0 0 092 187 0
Tungsten 103 192 299 098 098 097 178
Niobium 0.051 0.053 0.058 0.046 0.044 0045 0.06
Nitrogen 0.0544 0.0526 0.0537 0.0529 0.0509 0.0523 0.043
Oxygen 0.0656 0.0669 0.0640 0.0667 0.0695 0.0662 n/a
Yield Strength MPa | 526 515 489 531 492 524 525
UTS MPa 702 698 68 738 673 701 680
Elongation % 196 189 187 173 218 207 22
Reductionof Area% | 59.3 590 496 581 653 637 72

Table 2.2b: Composition and mechanical properties of the welded samples, along
with NF616 [Hald, 1994], a wrought steel. All elements are in weight %.
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