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ABSTRACT

In this thesis, the heat affected zone (HAZ) of Gleeble simulated welds, the
weldments and the creep specimens for several types of 9%-12% Cr ferritic steels
were studied by focusing on the Type IV cracking in the fine grained zone (FZ). The
field emission gun transmission electron microscopy (FEGTEM) and scanning
electron microscopy (SEM) were used to measure the phosphorus segregation on the
grain boundary (GB) and the creep fracture morphologies respectively. Meanwhile
the well-developed grain boundary segregation and precipitation (GBSP) model was

applied to simulate the experimental results.

The experimental results have showed that the HAZ zone was characterised by
softening and Type IV cracking. All the high Cr ferritic steel welds gave a
microstructure of mainly tempered martensite and M»3Cs precipitates after the post

weld heat treatment (PWHT). There was no 3-fetrite observed in the HAZ.

The Type IV cracking exhibited a mixed cracking mechanism in which the
intergranular grain boundary separation is dominant due to the crack initiation by
voids and the faster M»3C¢ growth with the service time. A new model on the

mechanism of the Type IV cracking is established.

The FEGTEM research has also showed obvious non-equilibrium phosphorus
segregation at the grain boundaries, which is affected significantly by the quenching

temperature. The phosphorus GB segrégation deteriorates the weak grain boundaries.
The experimental results were well in agreement with the GBSP modelling.

Key words: High Cr ferritic steels, Gleeble simulation, Weldments, HAZ, Type IV
crack, Creep fracture, P segregation, GBSP model.
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CHAPTER 1 ' Introduction

CHAPTER 1:

Introduction

1.1 Research Background

The growth in world population and living standards continues to make increasing
demands on energy supplies, particularly electricity. There is some growth in the use
of renewable sources, such as Wind‘power, and a new interest in nuclear power in
some countries. However, for the foreseeable future, there will be major reliance on

electricity generated by fossil fuels with efficiency and minimum environmental

damage.

The efficiency of conventional boiler/steam turbine fossil power plants, and ultra
supercritical (USC) power plants is a strong function of the steam temperature and
pressure, The goal of improving efficiency has been pursued worldwide and for many
decades. The key components whose performance is critical for ultra supercritical
plants are high-pressure steam piping and header, super-heater tubing and waterwall
tubing. All of them have to meet creep strength requirements. In addition, pipes and
headers, being heavy section components, are subject to fatigue induced by thermal
stresses. High Cr (9%-12%Cr) ferritic/martensitic steels are preferred because of their
lower coefficient of thermal expansion and higher thermal conductivity compared to
austenitic steels. Many of the early problems in the USC plants were traceable to the
use of austenitic steels which were very prone to thermal fatigue. Research during the
last decades has, therefore, focused on developing cost-effective, high-strength ferritic
steels that could be used in place of austenitic steels. This has resulted in ferritic steels
capable of operating at higher temperature, with good weldability and fracture

toughness.

Ferritic steel developments are mostly aimed at their use for thick section pipes and
headers. Among the 9%Cr steels fully commercialised, the P91 steel has the highest

allowable stress and has been extensively used all over the world as a material for
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headers and steam pipes in USC plants operating at steam temperatures up to 593°C.
Alloy NF616 (P92), developed by substituting part of the Mo in P91 by W, has an
even higher allowable stress and can be operated up to steam temperature of 620°C.
ES11 is a European alloy similar in composition to P92 with similar capabilities.
Beyond 620°C, the 9%Cr steels become limited by oxidation resistance and 12%Cr

steel has to be used.

Among the 12%Cr steels, HT91 has been widely used for tubing, headers and piping
in Europe. Use of the steel in Japan and US has been limited due to their poor
weldability. HCM12 is an improved version of HT91 with 1%W and 1%Mo, having a
duplex structure of 8 -ferrite and tempered martensite with improved weldability and
creep strength. Further increases in creep strength by substituting more of the Mo with
W and addition of Cu has resulted in the alloy HCM12A (P122), which can be used
for header and piping up to 620°C.

The welding is one of the most essential fabrication processes for component
manufacture. The thick sections of these steels need to be welded. The welding could
exhibit all types of crackings, of which the Type IV cracking is a crack occuring in
the fine-grained heat-affect-zone. The principal Type IV cracking mechanism
affecting large CrMoV steel welds has still not clearly been identified.

1.2 Aims of the Project

The research contents and objectives in the project for the weld.metals of high Cr

ferritic steels are:

(1) To study the weld simulation (Gleeble testing) of the P91 ferritic steel.
This is a valuable and an easy way to simulate the actual welding situation and to

allow convenient weld HAZ zone exploration.

(2) To characterize the microstructures of high Cr ferritic steel weldments,
This will be done mainly by optical microscopy, scanning electron microscopy (SEM),

transmission electron microscopy (TEM), and field emission gun SEM (FEGSEM)
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techniques etc. to examine the phase transformation, precipitate type, size and
distribution, main and trace elements distribution, etc. The materials to be investigated

will include P91, P92, P122 and E911 weldments and creep specimens.

(3) To apply modelling to microstructures (grain boundary).

The grain boundary segregation and precipitation (GBSP) model will be used to
validate its application in the ferritic steel materials and the weldments in particular.
The model for the weld HAZ zone will be medified.

(4) To analyse the Type IV crack in the weldments.

This will be based on the research on the HAZ zone to gain a fundamental
understanding of why the weld HAZ zone is susceptible to “Type IV” cracking in
high temperature service, how its susceptibility is related to steel composition and

heat treatment, and consequently, how advanced steels can be best selected and

developed to minimize these risks.

(5) To determine phosphorus segregation on the grain boundaries.
The high-resolution field emission gun TEM (FEGTEM) will be used to determine

the phosphorus segregation on the grain boundaries.

In combination with experimenta'l work on the weld simulation, Type IV crack
weld characterization and Type IV crack creep specimen failure examination,
the aim is to explain the Type IV cracking in the high Cr ferritic steel weldments
by using 2 GBSP model.

1.3 Thesis Layout

There are 9 chapters in this thesis as follows:

Chapter 1 is the Introduction.

Chapter 2 is a literature Review of High Cr Ferritic Heat Resistant Steels and
Weldments

Chapter 3 introduces the Grain Boundary Segregation Model.

Chapter 4 introduces the Grain Boundary Precipitation Model.

Chapter 5 describes the Weld Simulation of P91 Materials with the Gleeble
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Testing Machine,

Chapter 6 describes the Microstructure Characterisation of High Cr Ferritic
Steel Weldments.

Chapter 7 describes the Determination of Phosphorus Segregation on Grain
Boundaries.

Chapter 8 describes the Type IV Cracking Mechanism of High Cr Ferritic
Steels.

Overall Discussion, Conclusions and future work appear in Chapter 9.

Appendices include the partial reports on the Type IV crack Creep Specimen

Failure Examination and the Phosphorus Determination.
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CHAPTER 2:

Review of High Cr Ferritic Heat Resistant Steels and Weldments

2.1 Development of High Cr Ferritic Heat Resistant Steels

High chromium ferritic heat resistant steels, usually referred to the ferritic-martensitic
(F/M) steels, are widely used in high temperature environments, combining high strength
at both ambient and elevated temperatures with adequate toughness'®, Based on basic
crystal structure of materials, the heat resisting steels include pearlitic, bainitic and
martensitic types. These steels contain chromium contents up to 12% with usually about
1%Mo. They were used in the oil and processing industry as early as the 1930s%7. Since
then a series of integrated standards concerning chemical compositions, heat treatment
procedure and mechanical properties have been established. These steels have also been

widely used for tubing or piping in the power generation industry.

The energy crisis in mid 70’s and subsequént sharp increase in fuel prices re-kindled
interest in the development of more efficient pulverised coal (PC) power stations. Electric
Power Research Institute (EPRI) initiated a study of the development of more economic
coal-fired power plants in 1978%. This study led to a number of research and development
activities involving US, Japanese and European manufacturers. These activities focused
on developing further the existing high-temperature-resistant ferritic-martensitic 9%Cr
and 12%CrMoV steels for the production of rotors, casings and chests, pipes and headers
capable of operating at inlet steam temperatures of up to 650°C. One of the early
conclusions from this project was that the construction of power plants with a 593°C/
31MPa steam condition would be feasible with only minor evolutionary improvements in
materials technology. This has in fact proved to be correct as evidenced by the spate of
power plants built in Japan and Europe over the last decade. In Japan, nearly 16 plants,

most of them with typical main steam temperature of about 593°C and pressure of
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24MPa, are operational. In Europe, nearly a dozen plants are operational with main steam

temperature/pressure of 583°C/30MPa.

Ferritic steel development is mostly aimed at their use for thick section pipes and headers.
Masuyama®, as shown in Fig. 2.1, has reviewed the systematic evolution of these
materials. Headers and pipes have traditionally been made from low alloy steels such as
P11 and P22 in the USA. Even in conventional boilers, such headers can fail due to
thermal fatigue cracking, caused by load and thermal cycling. A common failure mode is
the cracking of the ligament between the tube boreholes'®, The use of higher temperatures
and pressures can only increase the problem. Previous attempts to use austenitic steels

have not been successful due to high thermal expansion of these steels.
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Several candidate ferritic steels have emerged succeeding low Cr ferritic steels, such as
the P11 (1.25Cr-1Mo) and P22 (2.25Cr-1Mo), which are capable of operation up to
593°C.These include HT9, HT91, HCM9M, HCM12 and P91. Alloys HT9 and HT91 are
well-established steels with an extensive stress-rupture database which exceeds 10°h at
temperatures in the range 500 to 600°C for all product forms. There is also extensive
operating experience (>20years) in Germany, Belgium, Holland, South Africa, and
Scandinavia for steam temperatures up to 540°C and some limited experience on a few
small units with steam temperature from 560 to 580°C.This experience generally has
been satisfactory. Difficulties have, however, been reported during fabrication and
particularly during welding and post-weld heat treatment (PWHT). This arises because
the relatively high carbon content of the steel (0.2%) and the correspondingly low M;
temperature promoting the possibility of austenite retention after welding, high residual
stresses, and cracking prior to and during stress relief. It is reported that these problems
have been overcome by careful control of preheat treatment and PWHT backed up by
vigorous quality control. Difficulties have also been reported when the material has been
given inadequate solution heat treatment, Due to these concerns, these alloys have not
found much favour in the United Kingdom, the United States, or Japan. Alloys with
improved weldability characteristics, such as HCMI2M have been adequately

characterized for tubing and large-diameter, thick-wall pipes.

With regard to the 9Cr-2Mo steel (HCM9M), the feasibility of fabrication of large-
diameter, thick-wall piping and its application to in-plant header and main steam piping
was first demonstrated in 1985, The practical use of this material has been easy because
its simple composition provides fabricability and weldability comparable to those of low-
alloy steels. The critical strain of large-diameter pipes has been found to be over
102J/cm? at 0°C. Allowable stresses are comparable to those for the HT9 alloy, but lower
than those for P91. Service experience of nearly 25 years has been accumulated since the
alloy was-developed with about 2000 tons having been produced specifically for
superheater -reheater (SH/RH) tubes and steam pipes.
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The modified 9Cr alloy, P91, appears to be quite superior to HT9, HT91 and to HCM9M
in terms of creep-rupture strength and is, hence, the most promising candidate for use in
header and steam piping for températures up to 595°C. One of the early applications was
by the Chubu Electric Power Company ( Kawagoe Power Station, Units 1 and 2 ) for
565°C steam conditions as headers and steam pipes. A majority of the recent European
supercritical plants have utilized P91 as main steam and reheat piping. Numerous retrofit
applications have also been carried out for headers/steam pipes. The alloy was approved
by the ASME Boiler Code Committee for various uses between 1983 and 1986 as T91,
P91, F912. Since that time, the alloy has found applications worldwide and is available
from many sources, since the composition is not proprietary. It is especially popular in
Europe, where it proved superior in creep strength as well as weldability, compared to the

well-known HT91 steel, used in supercritical boilers.

The high creep strength of grade 91 steel is due to small additions of V, Nb and nitrogen
in addition to Cr, which lead to precipitation of M3;Cs carbides and (Nb, V) carbonitrides,
and solution strengthening by Mo. Very extensive studies were made worldwide to
evaluate the suitability of P91 for heavy section components. These included
manufacturing studies, welding trials, and various mechanical tests, on both virgin and
aged samples'® 3, The net result of all these tests is that P91 is now the preferred heavy
section materials for supercritical boilers worldwide. However, most designs using P91
will probably be limited to steam conditions of about 593°C/25MPa.This is especially the

case in Europe, where the allowable creep strength is about 10% lower than in Japan and
the USA.

Fortunately, Fujita in Japan discovered that the creep strength of 9-12Cr, Mo, V, Nb
steels could be raised by about 30% through partial substitution of Mo by W 1%, This has
spawned another round of intensive alloy development and evaluation worldwide'.
ASME has approved two of these steels, 2 9Cr steel developed by Nippon Steel NF
616(P92) and a 12Cr steel HCM12A developed by Sumitomo Metal (P122) for use in
boiler heavy section components. Another W containing steel E911 is in advanced

development in Europe. The allowable strength of the new steels at 600°C is about 25%
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higher than that of P91. Thus these steels should allow steam temperature up to 620°C
and pressures up to 34 MPa.

A sample list of European installations using the most advanced steels NF616 (P92),
HCMI2A (P122) and E911 is shown in Table 2.1'®. There is considerable interest in

using these alloys for outlet headers and main steam and reheat pipe work. The Danish

Table 2.1. Application of advanced ferritic steels in European power stations!®

Power Station Material Grade  Size Component Steam Condition™ Installation
Vestkraft Unit 3 P92 (NF 616) ID 240x%39 Straight PipeMain 560/25 1992
Steam
Nordjyllandsvaerket P92 (NF 616) ID 160x45 Header 582/29 1996
P122 (HCM12A)
Schkopan Unit B E911 ID 550x24 Induet.BenHot 560/7 1996
Reheat

Standinger Unit 1 ESt1 1D 201x22 Induct. BenMain 540/21.3 1996
Steam

Staudinger Unit 3 E911 1D 230x60 Induct. BenMain 582/29 1996
Steam

GK Kiel P92 ID 480x28 Header 545/5.3 1997

VEW ESIl CD 31.8x4 Superheater 650 1998

Westfalen E911 ID 159x27 Steam Loop 650/18 1998

Westfalen P92 ID 159x27 Steam Loop 650/18 1998

¥ C/MPa
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Utility, ELSAM, has installed full-scale headers in a 415MW supercritical plant under
construction. Headers using P92 and P122 have been constructed and installed. Two of
the headers will be tested under accelerated high-temperature conditions in a high-

pressure cell operated by Mitsubishi Heavy Industries.

2.2 Microstructures and Mechanical Properties of High Cr Ferritic Steels

2.2.1 Fe-Fe;C Diagram

Phase changes and solidification are best shown in an iron-carbon phase diagram
(Fig.2.2). The temperature range can also be obtained from the equilibrium diagram when
the iron carbon alloy is slowly heated. The Fe-Fe;C diagram presents the structure,
composition and percentages of the equilibrium phase that are shown for various Fe-C
alloys with different compositions at specified temperature. It can show the phase

transformations occurring during slow heating and cooling.
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Fig. 2.2. Fe-Fe;C phase diagram”
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Steels are an important range of commercial alloys. It is essential for successful steel
welding to understand the phase transformations taking place during this process. Based
on the Fe-Fe;C diagram, a eutectoid steel with pearlite structure and a hypo- or hyper-
eutectoid steel with proeutectoid ferrite (o-ferrite) are heated to above the Ac;
temperature (the temperature at which austenite formation is complete); all eutectoid and

proeutectoid are changed into austenite with a face-centred cubic structure.

During cooling, the austenite subsequently transforms back to a body-centred cubic
structure around 910°C known as a- iron or a-ferrite. When the temperature is below
723°C austenite transforms to ferrite and an intermetallic compound of iron and carbon

which is called cementite. Ferrite and cementite form a laminated eutectoid structure
which is called pearlite.

2.2.2 Composition Design

The typical composition of high Cr ferritic steels is given in Table 2.2'” 1%, As the 9% Cr-
1% Mo steel is used in high temperature environment (>500°C), the chemical
composition of the steel should be designed to obtain a high temperature strength and
oxidation resistance. Standard 9%Cr-1%Mo steel mainly contains 9%Cr and 1%Mo.
Although it can be used at higher temperature, both the dispersion effect and the creep
strength of the steel are poor due to the carbides mainly from the Cr, such as Cr2;Cs,
Cr,C;, and the corresponding lower carbide stability under long duration of high
temperature and stress. The modified 9%Cr-1%Mo steel has the 9% Cr and 1% Mo, and
modified V, Ti, Nb, W and also trace alloying elements, e.g. N, added to form nitrides.
The elements V, Ti, Nb etc. in the steel have strong tendency to form MX type
(V,Nb,Ti)(C,N) carbides, which possess higher stability. Hence the matrix is further

strengthened and higher creep strength performance and resistant to oxidation result® 1>,
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Table 2.2. Composition of high Cr ferritic heat resistant steels

wt%
Alloy* Cr C Mn Si Ni Mo W Nb V B N Co Cu
T9 90 012 045 060 -- 10 - - - e e -
HCMSM 9.0 0.07 045 030 - 20 - - - e e e e
T91 90 0.10 045 040 - 10 - 008 020 - 005 - -

P9l 90 0.12 0.66 0.29 051 1.05 001 0.03 0.18 - 003 --0.03
P92 90 0.11 051 032 024 045 1.80 006 020 -- 0.04 --0.05
ES11 9.0 0.12 051 020 020 094 090 0.06 020 - 0.06 -- --

HT91 120 020 060 040 - 10 - - 025 - - - -
HT9S 120 020 060 040 -- 1.0 05 - 025 -- - - -
HCMI12 12.0 0.10 055 030 -- 1.0 1.0 005 025 -- 003 -- --
TB12 120 0.08 050 005 -- 050 1.8 0.05 020030 005 -- --
HCMI2A 12.0 0.11 060 0.1 - 040 20 005 020 0.003 006 -- --
NF12 11.0 0.08 050 02 - 02 26 007 020 0.004 005 2.5 -
SAVE!2 11.0 0.10 020 03 - - 3.0 007 020 -- 004 3.0 -
TAF650 105 0.18 050 03 -~ 1.5 - 015 020 -- - - -

* weld metal, PWHT = 750°Cx2hr

The functions of all types of alloying elements in steels are as follows:

Cr The corrosion resistance and oxidation resistance will depend on the Cr content.
More Cr in the steel gains stronger corrosion resistance. The characteristics of Cr make it
one of the most important alloying elements in steels. Cr can also improve the
hardenability of steel. Cr is a strong ferrite formation element, which can stabilize the
ferrites, so & ferrites can often be seen at ambient temperature in high Cr steels®. The Cr-
strengthening mechanism to steel includes solid solution and precipitation. Using a
different composition and heat treatment condition, Cr can be formed as M;3Cs, M7C;,
MaX (where the M is a metallic element, X is the carbon or nitrogen) and other carbides

or nitrides. These carbides and nitrides have the effect of precipitation strengthening in
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steels. More importantly they will keep the microstructures of the steel stable at high

temperature and enhance their creep and fatigue strengths®.

Mo, W 2% Mo and W have similar effects in steels: both are ferrite stabilization
elements. Mo can restrain eutectoid transformation and proeutectoid precipitation and
increase the steel’s hardenability. Both Mo and W can improve steel’s anti-temperability,
which is attributed to the solid solution and precipitation strengthening mechanism. Mo
and W can be formed as MC, M;C or M¢C in different M/C ratio and heat treatment
conditions. For Mo, M>C is the commonest carbide while M¢C is more common for W.

Both Mo and W can promote the formation of the § ferrite.

V, Nb, Ti ®* The addition of V, Nb, and Ti is needed for the formation of the
secondary phase precipitation strengthening and stabilization of the high temperature
properties of the steel. MC carbides rich V or Nb will be precipitated in the form of fine
particles, and dispersed in the matrix steel. MC is a very stable phase and plays a very
important role in high temperature strengthening in steels. The V enriched M»C carbide
may also precipitate in steels, The effect of Ti on the high temperature properties of steels
is similar to V and Nb. However Ti is easily oxidized. Hence it is very difficult to control
the Ti content in steels, particularly during welding. When N exists in steels, V and Nb
will react with it to produce nitrides, V and Nb can also accelerate the formation of

residual & ferrite and restrain transformation of the austenite.

Ni Ni is an austenite stabilizer, which can increase the hardenability of steels and
strengthen steels in the form of solid solution hardening. However Ni cannot improve the
high temperature creep strength. Usually the addition of Ni in high Cr steels is to balance
the quite high Cr content and reduce residual & ferrite®®. Ni can also decrease the Ac;
temperature of steels and the stability of carbides. These effects of Ni will lead to the

degradation of resistance to temperability of steels.

Co Co is an austenite stabilizer too®!, Co is known to delay recovery on tempering of

martensitic steels. Co also promotes nucleation of finer secondary carbides on tempering.

13
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This is attributed both to its effect on recovery and its effect on the activity of carbon. Co
also slows coarsening of alloy carbides in secondary hardening steels. This was suggested
to be the result of cobalt increasing the activity of carbon and its insolubility in alloy

carbides. Furthermore Co has a positive effect on creep rupture stress.

C C has a strong strengthening effect in steels, but it can reduce the toughness and
ductility. C is an austenite-stabilizing element and it forms carbide in heat resistant steels,
which can block the dislocation and grain boundary (GB) movement in high
temperature®, resulting in the stabilization of the microstructure at high temperature.
‘However C is a harmful element in welding because it will increase the susceptivify to

cracking. Normally C content in high Cr steels should be controlled to under 0.2%.

N N is a strong austenite formation element whose effect is 20 times stronger than that of
Ni**. Meanwhile N can replace the C in carbides to produce nitride precipitation. Nitrides

are very stable precipitates. The disadvantage of N is its limited solubility in ferrites.

B A small amount of B will enhance the creep rupture strength of heat resistant steels. In
ordinary steels B is usually segregated on GB hence the grain growth is restrained”’.
Studies® showed that B will be dissolved in Ma3Cs precipitates. B in carbides may have

influence on the stability, distribution and size of carbides so that the creep strength is

enhanced.

Cu Cu is also an austenite stabilizer. The addition of copper to ferritic steels produces

alloys that can be precipitation hardened to higher strength and hardness.

Due to the different effects and the interactions of all kinds of alloying elements, a

balance must be sought in steels, in order to optimize the composition to develop high Cr

heat resistant steels.
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2.2.3 Microstructural Evolution

Modified 9%-12% Cr steels are commonly used in “normalized and tempered”

or “quenched and tempered” conditions. Austenitizing treatment dissolves the majority

of secondary phases (nitrides, carbides or carbo-nitrides). Austenite transforms to

martensite after air-cooling or oil and water quenching.

Tempering of martensite in 9%-12% Cr steels results in precipitation of M2;Cs carbides
(especially on subgrains and lath boundaries) and particles of nitrogen rich phases
(especially inside subgrains ).The type of nitrogen rich phases depends on the chemical
composition of steels and the temperature of tempering. At tempering temperatures below
700°C, M,X phases, which is isomorphous with Cr;N, is preferred while at higher
temperatures the MX phases is formed. This phase is often designated as the secondary
MX phase in order to distinguish it from undissolved NbX particles. The secondary MX

phase is almost pure nitride containing vanadium, chromium and a small amount of

niobium,

M33;Cs carbides precipitate during tempering with a chromium concentration very close to
equilibrium, but in the course of the subsequent creep exposure at lower temperatures the
redistribution of chromium towards new equilibrium takes many thousands of hours. It is
proposed that boron can reduce the coarsening of M23C¢ particles. The amount of boron
in M3C; particles after tempering corresponds in most cases to between 50% to 100% of
the total boron in the alloy. It is worth noting that microstructural investigations of boron
containing steels indicate that dislocation density during creep is significantly higher than
in the boron free steels®. In niobium and nitrogen containing steels, the secondary MX
phase is not thermodynamically stable. It dissolves due to precipitation of a more stable
nitride that is called Z-phase®. The particles of this phase form thin plates that grow fast
and do not contribute to the precipitation strengthening. The formation of Z-phase is
accbmpanied by dissolution of both MX and M,X phases. To avoid this microstructural
instability, the content of niobium in 9%-12% Cr steels has to be kept very low.
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Precipitation of Laves phase particles can significantly reduce the content of
molybdenum and /or tungsten in solid solution. Laves phase particles usually precipitate
during creep exposure, but in the steel TAF650 containing about 2.6wt.% W Laves phase
of Fe,W type was found to precipitate during tempering at 750°C%", Particles of Laves
phase usually nucleate at My;Ce/matrix interface possibly because this interface is
enriched in silicon and phosphorus®. Preferential nucleation of Laves phase at M23Cs

/matrix interface diminishes its contribution to the precipitation strengthening.
2.2.4 Phase Transformation

The addition of Cr to heat resistant steels is not only to improve the corrosion resistance,
but also to increase the effectiveness of Cr in gaining the right mechanical properties. The
effect of Cr on the microstructures of F/M steels can be seen in the Fe-Cr-0.1%C

equilibrium microstructure transformation diagram, (Fig. 2.3)'"¥.
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Fig. 2.3. Fe-Cr-0.1%C equilibrium microstructure transformation diagram'’
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It can be seen that, in different ranges of temperatures, 9%-12%Cr can form several types
of phases. In multi component systems it is more reasonable to use an equivalent to Cr

than Cr content, For Cr equivalent the following equivalent equation is defined!® %41,

Creq= Cr+ 1.37Mo + 1.581 +2Nb +3Ti

The diagram Fig. 2.3 shows that ferrite content increases as Creq (Mo or Nb content)
increases. When the steel is heated to above austenite temperature followed by
continuous cooling, it is observed that there is a close relationship between the
microstructure transformation and the cooling rate. As high Cr austenite has high

hardenability, fast-cooled austenite will be changed to martensite, which can be seen in

]

—
B
o
o

800

TEMPERATURE [°C

600

400

200
[Hvs] s10 400 408 400 375 M3 N0 W3
o L 'O | 1 3 1t L M | L 1 .t Az n
0’ ©? 10? 10* 03
TIME (s)

Fig. 2.4. 9%Cr-1%Mo steel CCT diagram*?

the 9%Cr-1%Mo steel continuous cooling transformation diagram (CCT diagram)
(Fig.2.4)*%. When the cooling rate is below the critical value, proeutectoid ferrite is
produced in the transformation. The larger the Cr.q is, the slower the critical cooling

speed for ferrite formation,
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2.2.5 Strengthening Mechanism

The most potential strengthening mechanisms operating during high temperature service
in modified chromium steels are precipitation of the secondary phases (PS), solid solution
strengthening (SSS) and transformation strengthening (TS) as the effect of dislocation
strengthening is usually limited to short time.

2.2.5.1 Precipitation strengthening

The precipitation strengthening of chromium steels containing 9%-12% Cr and about 1%
Mo is effected predominantly by M23;Cs carbides. It was shown that with decreasing
interpaticle spacing (IPS) of M2:Cs carbides the proof stress at room temperature and

creep rupture strength (CRS) at high temperature increases, while the creep rate decreases.

Microstructural analyses of chromium modified steels containing vanadium revealed
precipitation of very fine particles during creep exposure. The beneficial effect of
vanadium on the creep resistance of chromium steels is explained by the precipitation of
VN in the course of the creep process. The creep rate and CRS respectively are then
controlled by the mean effective IPS of M2;Cs and VN particles**, When the volume
fraction of VN increases, the creep resistance increases*®, With increasing Al and /or Nb
content in the steel, creep resistance decreases due to a reduction in nitrogen content

available for formation of vanadium nitride.
2.2.5.2 Solid solution strengthening

In order to assess how the creep strength of ferritic steel depend on Mo and/or W content,
the reduction of these elements in solid solution in the course of creep must be taken into
account. When the creep strength of Cr modified steels is defined by the stress leading to
the creep rate 10%s! at 600°C, the beneficial effect of increasing Mo content can be set to
2.64% and W content to 4%. When assessing how the creep strength of modified Cr

steels depend on the Mo and/or W contents, we must consider how the concentration of

18



CHAPTER 2 Review of High Cr Ferritic Heat Resistant Steels and Weldments

these elements in the solid solution changes in the course of creep. Precipitation of Laves

phase should be expected. especially in steels with a Mo equivalent (%Mo+0.5%W)
higher than about 1%.

FesMo and M¢C deplete the Mo content from the solid solution and weaken the SSS. The
solubility limit of Mo at 600°C is well below 1%, therefore there is no advantage to
increase the Mo content of modified Cr steels above 1%. Similarly, we can expect the
decrease of W content in the solid solution during creep exposure. This assumption was

confirmed on the Nippon W-bearing steel NF616 (9%Cr-0.56%Mo-1.8%W) 4.

The amount of W in precipitates increased with prolonged time of isothermal ageing or
creep exposure at 600°C. After 20,000 hours’ exposure at 600°C only one third of total W

content in the steel remained in the solid solution and could contribute to the SSS.

2.2.5.3 Transformation strengthening

A quenched martensite phase. is produced from austenite through diffusionless
transformation by quenching from high temperature. Therefore, the alloying elements are

dissolved in the y-phase remain in the martensite phase, resulting in strengthening®.
2.2.6 Mechanical Properties
2.2.6.1 Conventional mechanical properties

The conventional mechanical properties of the high Cr ferritic steels include the creep
and fatigue strength, yield strength and tensile strength at a high temperature. Compared
with other standard steels, e.g. T9, the properties of the modified 9%Cr-1%Mo steel are
better, as shown in Fig. 2.5" %, An advantage of the 9%Cr-1%Mo steel is its lower

ductile-brittle transition temperature (DBTT) and higher impact toughness (Fig. 2.6) **.

19



CHAPTER 2 Review of High Cr Ferritic Heat Resistant Steels and Weldments

150
HCM12A (P122)
NF618 (P92)
HCM12
e EM12
£ .00 HCM2S (T23)
= To1
2
g .
B WO
o .,
F=] N ~
o} . NN .
g 0 HOMOM \-. RN
= Tempaloy Fg = B i
<€ ~ S e ry
- — -
HT91 N s
T22 | ________
0 1 LT ] ]
500 550 600 650 700

Temperature (°C)

Fig. 2.5. Variation of nominal stress intensity with temperatures for different materials?’

250 r
200 r T91
(9%Cr-1%Mo)

5150 ] (12%Cr-1%Mo)
a X20CtMoV12-1
o (9%C1-2%Mo)
o 100 EMI2
=
=

-60 —40 =20 0 20 40 60 80
Temperature (°C)

Fig. 2.6. Comparison of Charpy impact curves for different high Cr steels®

20



CHAPTER 2 Review of High Cr Ferritic Heat Resistant Steels and Weldments

Although heat resistant steel structures are mostly used at high temperature, for pipes and
pressure vessels, the toughness should be maintained both at high and ambient
temperature to withstand the varied stress. These structures will also be tested under
water pressure, and the equipment handling, debugging and repairing will also stand
impact or cold initiation impact. Hence this kind of steel and weld should be ductile. On

this point, there is no doubt that the 9%Cr-1%Mo steel has great potential*®+,

As well known, the mechanical properties and microstructures cannot be considered
separately, and the microstructures are related closely to the chemical compositions. In
order to increase the mechanical properties of a material, the microstructure and the final
alloy composition must be optimized and controlled'” *!, The compositions of heat
resistant steels have been described above. The microstructural aspects connected to
mechanical performance include: lath martensites, original austenite grain size,
precipitate size and distribution, and amount of residual & ferrites. A large amount of
well-dispersed fine precipitates will be beneficial to the steel’s strength and toughness; a
fine grain size will also improve the overall properties. Generally it is known that the
smaller the lath martensite is, the better is the toughness of material. The effect of
residual 8 ferrite is more complex and contradictory. It was thought that the small amount

of residual & ferrite would not be harmful to the steel’s properties.

Studies show that small amount of & ferrite (e.g. <10%) form intergranularly in the heat
resistant steel and help to prevent austenite grains from growing. For example in weld
metal, 3 ferrite can reduce welding solidification cracking because of its better toughness.
Otherwise a certain amount of Ni must be added to remove all & ferrite. If a small amount
of 3 ferrite were allowed to exist, which could reduce the properties of materials in a

short period of time; however because there is no huge amount of Ni addition, the creep

strength will be improved in a long run®,
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2.2.6.2 Fracture toughness

Fracture toughness is the ability of materials to resist the crack propagation. Similar to
other toughness indices, the fracture toughness generally reflects the strength and
plasticity of materials. Different types of crack sources (gas pores, inclusions,
microcracks, etc) exist in practical structures, and fracture mechanics can be used to
quantify this. The relationship between the crack size in the structures and the working
stress of structure and the ability to crack materials (fracture toughness) can be evaluated
quantitatively by using fracture mechanics, which can be used to assess the safety and the
longevity of structures with cracks. At present the safety design of engineering structures

based on fracture mechanics has been widely used, such as K, Jjc, etc305?,

2.3 Welding of High Cr Ferrite Heat Resistant Steels

2.3.1 Welding Processes and Applications

Welding technology has been used widely in the manufacturing of almost all metal
material structures, including the high Cr ferritic heat resistant steels. The typical
applications of welding for turbine parts are given in Table 2.3*. The welded joint is
always the weak area in welded structures. Therefore the welding effect is the key to

controlling the quality of products.

Apart from the metal arc welding (MAW) and the submerged metal arc welding (SMAW)

electrodes, there is also a strong need for consumables for other welding processes, such
as GTAW (gas tungsten arc welding), GMAW (gas metal arc welding) and SAW

(submerged arc welding) ** .
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Table 2.3. Applications of welding in gas turbine parts*

Type of Welding Material Welding Reason for Welding Main Problem
Procedure

Fabrication Welding of Castings  12%CrMoV, MAW Repair of casting defects Creep and mechanical
2.25%CrMoV properties of weld
1%CrMoV, SMAW region
2.25%MoCMn

Construction Welding MAW

Casting 1o casting, similar material SAW ]

. . . as above Design and /or fabrication as above

Casting to forging /pipe, similar SMAW

tnat.

Casting to casting, dissimilar as abave MAW Design and /or fabrication Selecting weld metal

material 9-12%CrMoV (Nb) SAW compromise in PWHT

Casting to forging/pipe, dissimilar  2.25%Cr1%Mo SMAW temperature

mat. 1.25%Cr1.1%MoV Diffusion in fusion
0..5% MoC, CMn region

Forging to forging-rotor shaft 3%-12% NiCrMoV  SMAW Design and /or fabrication NDT

welding 2%Cr1%NiMo SAW Service behaviour Mechanical properties
1%CrMoV
12%CrMoV

Overlay welding of casting on Ni-base alloys MAW, SAW Wear, corrosion and erosion Dissimilar materials

Forging/piping Hardfacing material SMAW prevention Heat treatment
Martensitic Cr steel Filler wire Hot cracking

Rotor Forgings 3.25%NiCrMoV  MAW Prolongation of service-time Properties of base
2%Cr1%NiMo SAW by repairing of failures caused material
1%CrMoV SMAW by creep exhaustion, fatigue Local heat treatment
1%CrMo cracks, distortion, grazing

erosion, corrosion.
Turbine blades 12%Cr steels MAW, Prolongation of service life-time by  Stability of shape,
SMAW repair of erosion-corrosion failures residual stresses
Castings 12%Cr steels MAW, Prolongation of service life-time by Properties of base

SMAW repaiting of creep, creep-fatigue  material,
and fatigue damage heat treatment

23



CHAPTER 2 Review of High Cr Ferritic Heat Resistant Steels and Weldments

2.3.1.1 SMAW

Owing to its adaptability, the SMAW process is still widely used for both new
fabrications and upgrades or repairs. The electrodes used for welding CrtMo creep
resisting steels such as P91 and P92 employ low hydrogen basic flux systems, These are
designed to satisfy demanding all-positional operability for fixed pipework welding and
excellent metallurgical integrity is required for critical applications. The all-weld metal
composition closely matches the major alloying of the relevant base materials although
there is usually some minor variations to optimise weld metal properties (e.g. the impact

property).

2.3.1.2 GMAW

As a process of potentially high productivity, interest in GMAW for welding type 91
materials is increasing. Of the wires available for GMAW process, because of its
flexibility in alloying and low cost, MCW (Metal Cored Wire) is attracting more attention
and is now being used in real applications. The operability of the GMAW process using a

MCW is strongly influenced by the type of the shielding gas.

2.3.1.3 GTAW

There is a need for consumables for the GTAW process for various applications in
welding type 91 materials where other processes are either not practicable or too costly.
Solid wires with or without nickel additions are available but relatively expensive and
offer little flexibility in alloying content for some of the new highly alloyed steels®.
Metal-cored wire, on the other hand, offers a viable alternative particularly where

continuous consumables are required for auto-GTAW or for spool-on-gun manual
GTAW.
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2.3.1.4 SAW

For applications where mechanized welding is practically convenient, SAW is
undoubtedly preferred and more productive than SMAW®, Welding 9Cr material with
the MCW using SAW was investigated. Five fluxes of different levels of basicity were
employed.

232 Weldability

Because the martensite will be formed in wide range of cooling rates for high Cr ferritic
steels, more obvious hardenability and cool-cracking tendency will be obtained during
high temperature welding followed by air cooling. If the hydrogen has emerged in the

meantime, there will be a greater chance of cool-cracking“.
Preferential welding crack sensitivity index formula is used as follows,

-P,:,,,=C+¥£+§+—A£+ﬂ+y£+£+9-+53
20 30 60 20 15 10 20

The Pcm of high Cr ferritic steels is more than 0.6, which shows larger hardenability.
Furthermore, as large amounts of ferrite stabilizing elements exist in the high Cr steels, a
certain amount of & ferrite occurs in the welds and the heat affected zohe (HAZ). This
remains at room temperature, and will affect the properties of welded joint. Because of
the different welding and PWHT processes, different structures and carbide precipitates
will be formed in the welding resulting in welding joints with very different properties.
Therefore an appropriate welding process should be adopted to control the weld quality.
Typically, the processes chosen for the high Cr ferritic heat resistant steels welding

include following aspects® 6;
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2.3.2.1 Selection of welding materials

To ensure the welded joint and the parent material perform properly at high temperature,
it is necessary to select welding materials with the same composition as the parent
materials. As the property of weld metals is poor, some alloying elements should be

added to it to improve the weld performance.
2.3.2.2 Electrode drying and slope crater treatment

These two measures can reduce penetration of harmful hydrogen during welding. The
temperature for drying electrodes should be about 350°C. Before welding, electrodes

should be placed in an oven with a temperature of about 80°C.

2.3.2.3 Preheating

Preheating can extend the cooling time of welds from peak temperature to room
temperature and will allow the diffused hydrogen in welds to have enough time to diffuse
out and prevent the cool cracking. Preheating can also make the temperature distribution
of weldments more uniform and reduce internal stress. Hence preheating is a very
important process for preventing the cool cracking and improving the weld properties.
The preheating temperature chosen depends on the plate thickness, weld type and input

energy. Normally the preheating temperature is suggested to be 150~250°C*".

2.3.2.4 Interlayer temperature

The proper interlayer temperature (the temperature between the welding pass) is also a
very important measure to prevent welds from quenching crack or cooling crack; it is

usually chosen by minimum preheating temperature.
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2.3.2.5 Critical cooling temperature

Because the preheating and interlayer temperatures of high Cr heat resistant steels are
high, austenite exists in both the welds and the HAZ zone. If the treatment is carried out
once welding is finished, austenite may be decomposed or changed to nontempered
martensite during cooling, resulting in deteriorating properties of the welds. Therefore
PWHT should be employed till cooling to below the critical temperature has occurred.
The critical cooling temperature is based on the temperature of austenite to martensite

transformation under the condition of no crack appearance.

2.3.2.6 Post weld heat treatment

PWHT is a very important heat treatment process to high Cr steels. Excellent fatigue and
creep strength of high Cr steels at high temperature are attributed to well di.spersed
carbide particles and high-density dislocation sub-microstructures in the steels, Fine
carbo-nitride compounds (Nb, V)(C, N) with sizes less 0.1um in tempering are obtained
with the addition of elements such as Nb, V. The formation of M3;C¢ can prevent the
grain growth at high temperature and improve the stability of microstructures. In order to
form these carbides it is necessary to have enough time at the right temperature for the
diffusion of alloying elements. For example, Cr can only diffuse effectively above 500°C,
and equivalent temperature for Mo, V and Ti are at 550°C, 575°C and 600°C respectively,

so an efficient tempering temperature should be above 600°C%8,

For the high Cr steel weldments, PWHT is additionally important as high temperature
tempering can not only stabilize microstructures but also remove welding residual stress
and improve the toughness of welds. If the temperature is too low or the time is too short,
heat treatment effects can not be achieved; on the other hand, tempering at too high a
temperature or for too long might produce serious recrystallization of martensite and
precipitate growth resulting in the deterioration of the performance of welds. Generally
PWHT temperature cannot be higher than the tempering temperature of parent material.
The tempering temperature of the modified 9%Cr-1%Mo steel is at 680~780°C,
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depending on the compositions and service conditions of the steel. As a general rule, the
low temperature limit is chosen when the creep and fatigue strength are important, and
the upper limit should be taken if corrosion and resistance to hydrogen embrittlernent are

of great concern %,
2.3.3 Characteristics of Microstructure Transformation of Weld Metal

As weld materials are chosen by the principle of equivalent composition, the high Cr
ferritic steel, weld metals should be similar to parent materials in composition. However
the welding process is different to common heat treatments, the cooling rate is quite high
and far away from the equilibrium. Even though they have the same composition, the
microstructures of the welds and parent metals will not be completely the same, which
will lead the weld metals to have quite high strength but very low toughness and

plasticity which is not beneficial for either crack resistance or the practical performance

of welds.

The microstructures of weld metal microstructures after welding and PWHT consist
mainly of tempered martensites, precipitates, and small amounts of & ferrite. Tempered
martensites and precipitates are similar to parent materials while & ferrite is a non-
equilibrium phase formed in high temperature welding followed by rapid cooling, as
shown in Fe-Cr-C equilibrium diagram (Fig. 2.3). The & ferrite is the first phase produced
after solidification, and will be transformed to martenite at a lower temperature. However
there are many ferrite-stabilizing elements such as Cr and Mo in welds, and the cooling
rate of welds is fast; & ferrites may therefore remain at room temperature. Therefore in
weld composition design the amount of austenite stabilizing elements should be
considered to resist the formation of non-equilibrium & ferrite. Ni and Cr equivalent '* "
can show the influences of ferrite and austenite formation elements on the

microstructures in relation to the Schaeffler diagram (Fig. 2.7)™:

Creq=Cr+ 1.37Mo + 1.58i + 2Nb + 3Ti
Nieq = Ni + 0.81Mn + 22C + 142N + Cu
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Fig. 2.7. Schaeffler diagram of Fe-Cr-Ni weld metals
2.3.4 TypelV Crack
2.3.4.1 Weld crack classification

The typical weld damage includes creep, fatigue, thermal fatigue and creep-fatigue types
that can occur in different locations (e.g. outer diameter: OD, mid-wall and inner

diameter: ID; base metal, HAZ and weld metal).

The identification of weld zone and the weldment defects are commonly classified in

terms of their location in the joint according to the scheme reproduced in Fig. 2.8 772,

® Type I - Oriented transverse or longitudinal, located in the weld, and remains in the
weld
® Type II - Similar to Type I but grow out of the weld
Type Il — Located in the coarse-grained HAZ
® Type IV —Located in the fine-grained HAZ
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Heat Affected Zon
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Fig. 2.8. Identification of assessment zones and classification of weldment defects”"

2.3.4.2 Type IV crack characteristics

The intricate nature of damage accumulation associated with a growing creep crack in

HAZ of a 9CrMo-pipe joint is illustrated in Fig. 2.9,
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Fig. 2.9. Creep crack growth in the Type IV region of a 9CrMoVND pipe joint at 600°C™

The Type IV failure location is at the outer boundary of the HAZ. This region is partially
re-austenitised by reheating within the intercritical temperature range during the welding
thermal cyéle and most of the carbon and nitrogen are precipitated from solution. Further
recrystallisation of the transformed microstructure during PWHT produces a relatively
soft martensite, which lacks the carbo-nitride grain strengthening essential for creep

resistance. This weakened zone where “Type IV” creep failure occurs is characteristic of

all creep resisting CrMo steels.

The Type IV crack are also characterized as follows:
® Initiates at subsurface

Cracking occurs very early in component life

® Only creep cavitation present to 70%-80% life fraction (LF)
® Once a crack initiates, growth is very rapid through highly damaged material
® Cracking grows along the grain boundaries

2.3.4.3 Type IV crack susceptibility

® Material and process considerations

~-Welding process
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--PWHT
~Inclusions
--Carbide former elements (Cr, Ti, V)
® Stress considerations
--multiaxial stresses
--Piping system axial stresses
--Higher susceptibility at terminal connections (header outlets, Tees, Valves)

--Damage is greatest along planes that are closest to being purely radial

2.3.5 Fracture Toughness of Weld Metal

The weld metal toughness may be thought to be irrelevant in assemblies designed for
operation in the temperature range of 500-600 °C, since this is definitely far in excess of
the temperature range at which brittle fracture could occur. However, the components
may very well also be stressed at ambient temperature during testing or start-up, for
example. To minimise the risk of brittle fracture in these situations, some authorities
considered that the weld metal should satisfy a minimum toughness value at +20°C. The
American Welding Society (AWS) specification does not specify impact requirements,
but the non-mandatory appendix to A5.5-96 proposes that the purchaser and supplier
should agree a suitable test criterion. On the other hand, the recently introduced European
specification EN1599: 1997 requires a minimum average of 47J and a minimum single
value of 38J at 20°C. These values appear to be rough and values in the range 35-50J at
20°C after a prescribed PWHT are typical. However, it is difficult to justify the need for
toughness >41J specified for parent material, or indeed higher than that specified for X20

weld metal, with minimum of 34J average and 22J single values'®>!,
There are four factors which have a major influence on toughness of weld metal:
(1) Composition Normally, the elements which are beneficial in improving creep

performance, are detrimental in terms of toughness. These elements include niobium,

nickel, vanadium and silicon. For the modified 9%Cr-1%Mo steel, adjustments to the Nb
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" and Ni content are crucial to obtain acceptable toughness values. Compared with the
parent steel, the Nb content has to be lowered. However, as stated above, the Nb is
essential for satisfactory creep resistance and cannot be totally excluded. The Ni content,
on the other hand, is higher in the weld metal than in the parent material. The addition of
Ni lowers the Ac; temperature. This can have both a positive and a negative effect on the
toughness, depending on how much it is lowered. The positive aspects include the fact
that an Ac; temperature that is closer to the PWHT temperature improves the response to
tempering, and thus has a beneficial effect on the toughness. It also minimises the risk of
residual 3 ferrite. 8 ferrite is thought to lower the creep resistance and may also have a
detrimental effect on toughness. However, an excessive amount of Ni may lower the Ac,
to a level that is exceeded by the upper end of the PWHT temperature range, causing
austenite to form, which will in turn be transformed into untempered martensite.
Untempered martensite has a negative effect on the impact toughness. Hence a balanced
composition to restrict & ferrite and to give a fully martensitic microstructure’* helps to

contribute both optimum toughness and creep performance to the steel

(2) PWHT Effective tempering of the martensitic microstructure is essential to obtain a
reasonable level of toughness. In practice this involves selecting both an appropriate
temperature and time. The AWS specification requires PWHT of 730-760°C for 1h, This
is considered insufficient for normal fabrication procedures and a minimum of 2-3h at a

temperature range 750-760°C is usual, or longer for thicker sections.

(3) Welding process The choice of welding process can have a dramatic influence on
the toughness of weld metal because of the effects of fluxes and shield gases. The highest
toughness at + 20°C after PWHT is normally achieved with solid wire and MCW using
GTAW with pure argon, while flux processes such as MMW (Manual Metal Welding)
and SAW produce lower toughness values. It has been suggested that the reason for this
is varying oxygen content. Oxygen content of less than 100-200ppm may be reached with
GTAW procedures, while MAW and SAW will produce typical oxygen contents in the
range of 400-800ppm™.
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(4) Microstructural refinement This is influenced by heat input or bead size. The
sequence can also vary the toughness, as is the case generally for weld metals, which
undergo transformations during cooling and reheating in multipass welding. The fracture
toughness of welds will always be a problem in engineering. Studies indicate that the
crack propagation behavior is related closely to the stress field distribution near the crack
tip. However in weldments the crack tip stress distribution is more complicated because
of the influences of non-uniform weld microstructures, stress concentration and welding
residual stress, where severe inhomogenity appears to change the fracture toughness of

welds distinctly from that of the parent materials.
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CHAPTER 3:

Modelling of Grain Boundary Microstructure in Alloys (I)—
Grain Boundary Segregation Model

3.1 The Development on the Grain Boundary Segregation Modelling

The research on grain boundary segregation (GBS) can be dated back to 1957, whén
D. Mclean first studied the segregatibn of elements on the grain boundaries’. His work
led to the establishment of first boundary segregation criteria based on the equilibrium
thermodynamics of segregation. Later Mclean and Seah? studied the kinetic process of
equilibrium segregation (ES), as well as the effect of temperature and time on the
temper brittleness of boron-containing steels. Aust® and Anthony* developed the non-
equilibrium segregation theory. The mechanism is different from that of the
equilibrium segregation, and is dependent on the combined diffusion of vacancy-
solute complexes. Recently, based on the complex diffusion mechanism,
Faulkner’and T. Xu® both have carried out the detailed mathematical derivation on the
grain boundary non-equilibrium segregation (NES) thermodynamics and kinetics.
Their research confirmed that the grain boundary non-equilibrium segregation can be
classified into two stages: segregation and de-segregation. They put forward the
concept of a critical time. Currently the research on segregation has extended from the
grain boundaries to varied surfaces of phase boundaries. The research méthods have
also been developed from original radioactive tracer methods (which was done by
Mclean) to many modern approaches such as Auger electron spectroscopy, field ion
microscopy, neutron activation, and field emission gun transmission electron
microscopy (FEGTEM), etc. Up to now, boundary segregation has become an
important branch of metallic physics and surface science. It has also been developed
into an interdisciplinary subject which involves the knowledge of crystallography,

thermodynamics and mechanical properties.

40



CHAPTER 3 Modelling of GB Microstructure in Alloys (I)-Grain Boundary Segregation Modei

3.1.1 Equilibrium Segregation

The segregation of elements on the boundaries is determined by thermodynamics. The
tendency of the segregation of elements on the boundaries is to cause the overall free
energy to be reduced. Although there are many different boundary segregation
equations, they are all related to the thermodynamic dimension and can be
characterized to contain minus index relationship of energy/temperature, which is the
reflection of equally partial mole free-enthalpy. Hence it is called equilibrium
segregation. This includes: (a) the mechanism: Gibbs internal absorption; (b) driving
force: the reduction of boundary free energy; (¢) Characteristics: significant
segregation, but with narrow range (1~2 or several atomic layers); (d) Other affecting
factors: (1) temperature: when solute concentration is constant, a certain equilibrium
segregation exists at a temperature. When temperature rises to a higher value, the
segregation will tend to disappear. If temperature is too low, although the equilibrium
segregation level will be higher, because of difficult diffusion, it is hard to reach the
equilibrium value. (2) Solute concentration: grain boundary segregation increases as
solute concentration within the grain increases. (3) Maximum solid solubility: the
lower the maximum solid solubility, the more difficult for the solute is inside the

grains; this will promote the segregation. (4) Time: time has no influence on the

equilibrium segregation levels.
3.1.2 Non-Equilibrium Segregation

The history of research on the non-equilibrium segregation is that of research on the
boron segregation. From early 1970s, people had been trying to use the equilibrium
segregation of boron on grain boundaﬁes to explain the segregation behaviour of
boron in the steels’. Hence, many unexplained phenomena were met later. After 1973
Ueno and Gladman’ found during their research on the isothermal bainite
transformation that the boron segregation on the grain boundaries could not be seen
when the boron-containing steel was heated and quenched. The segregation could
only be observed when slow cooling prevailed or a period of time at lower
temperature was maintained. Therefore in order to understand the segregation, the
process should start from the heating stage, as pointed out by Grange. More
importantly, Williams et al.® studied the segregation of boron in the 316 stainless steel.
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They found that (i) as solid solution temperature increases, the segregation level of
boron on the grain boundaries after quenching increases, and (ii) the segregation is
dependent on cooling rate. Further research showed that segregation occurs during
slow cooling, whereas fast cooling will not result in segregation. Thus the segregation
mechanism is put forward as follows: solute atoms, vacancies and their complexes
are equilibrium both on the boundaries and within the grains when at the solid
solution temperature. During cooling, a part of loss of vacancies along the grain
boundaries will happen to maintain equilibrium at a lower temperature. This will lead
to a reduction in complex concentration in the vicinity of grain boundaries associated
with vacancy concentration, i.e., some of complexes have been changed into isolated
vacancy atoms. Because a complex concentration gradient appears on the grain
boundaries and within the grains, this causes diffusion in which more complexes
migrate towards the grain boundaries and dissociate. When the vacancies disappear,
the solute atoms are preserved. When the diffusion rate of complexes towards the
grain boundaries is greater than the rate of reverse diffusion of atoms on the grain
boundaries induced by enrichment, there will be an enrichment of solute atoms, i.e.,

segregation.

In 1979, Hwang et al.> added traces of boron to Fe-12Mn steel leading to significant
improvement in the low temperature toughness due to segregation of boron on the
grain boundaries. Later the segregation of Cr in the 2.25%Cr1%Mo steel was found
by Doig and Flewitt'®. It was explained by the diffusion of a vacancy-solute complex
to the grain boundaries. Subsequently an analytical model was formulated in which
the segregation amount would be dependent on the austenitising temperature, cooling
rate and complex binding energy. A higher temperature and lower cooling rate would
lead to an increased amount of segregation. Increasing the complex binding energy
would also improve the segregation. Doig and Flewitt also stated that if other vacancy
sinks exist, such as dislocation networks, dislocation substructures and secondary
precipitates exist, the theoretically calculated segregation curve would be affected

seriously. The research represented a systematic approach.

X. He et al.' studied the non-equilibrium segregation of boron and found that a
boron depleted zone existed on both sides of the segregated boundaries. When the

quenching temperature increases, the width of the boron depleted zone increases. The
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width is inversely proportional to the square root of the cooling rate, which means that

the segregation increases as the width extends.

Faulkner® presented a thermodynamic differential equation on the non-equilibrium
segregation. It was concluded that larger misfit atoms and larger grain size lead to
significant segregation. A very important concept of critical time was defined in this
theory. When the cooling time is longer than the critical time, the de-segregation of
segregated atoms is dominant. It can be seen in this model that concentration of
segregated atoms on the grain boundaries is constant. Adding the time will only lead
to a widen segregated zone. Furthermore in order to obtain maximum segregation, the
aging operation after quenching should be avoided. In another study'?, typical
vacancy-atom complex binding energies based on elastic strain energy arguments
were calculated at around 0.2~0.3eV.

X. He et al.’s studies™ also showed that non-equilibrium of boron in the low carbon
Mn-Mo steel and Fe-Ni steel was a type of kinetic phenomena. When it is treated at a
fixed temperature under certain conditions, the non-equilibrium segregation on the
grain boundaries will be many times greater than the equilibrium segregation.
However as holding time extended, this excess segregation will disappear. The change
of the segregation peaked being related with the temperature-holding time was an
important feature of this type of non-equilibrium segregation. Doig and Flewitt'4
discovered the segregation of Cr in the 316 stainless steel in 1987.

S. Song and T. Xu'® did some research on determining the critical time and cooling
rate of the equilibrium segregation of boron. They considered the holding time as the
critical time when segregation was transferred to de-segregation. In other words, when
the cooling rate is faster than this value, the segregation would be dominant;

otherwise de-segregation would be the main mechanism.

Faulkner and S. Song'® studied the equilibrium and non-equilibrium segregation of

elements such as C, Mo and P etc in ferritic steels in 1998.

Having considered the history of the non-equilibrium segregation, we can see that the

non-equilibrium segregation is a type of temporary kinetic phenomena and can be
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significant for a certain period of time. However as time prolongs, the de-segregation
will take place or the segregation will disappear. Thus this type of segregation is
phrased as non-equilibrium segregation. The driving force of this segregation is the
interaction of solute atoms and vacancies or solute concentration gradient. Therefore,

as a result, the segregation is related with the starting temperature and the cooling rate.

The cause for non-equilibrium segregation could be summarised as follows:
® During grain boundary precipitate growth, enrichment of the solute atoms was
at the phase interface
® Quenching induction
® Radiation induction

® Stress induction

3.2 The Model Details
3.2.1 Equilibrium Segregation

The equilibrium segregation for the solute was initially developed by McLean', which
was based the statistical thermodynamics of Gibbs. The approach states that for a

solute atom with a binding energy to the matrix ', at any temperature 7, there will

be an increased concentration of that solute on the boundaries or interfaces. The
driving force for segregation in this instance is the reduction of energy, associated

with the solute on reaching a strain-free environment at the grain boundary. The
maximum equilibrium segregation levels at a certain temperature T, C,, (T), is given

by

)= 2 e m
+ AC, exp(Q'/KT)
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where i is defined as the solute; C ; is the concentration of the solute i in the solution;

‘B is a constant representing the vibrational entropy of the grain boundary region; and

k is Boltzmann’s constant.

When complex alloys (solute iy, i; and i3) are considered, and it is assumed that the
sites available at the grain boundary are all the same type, these solutes will compete

with each other for the sites in the segregation process. This is called site competition.
Their maximum equilibrium segregation levels, C! (T), in the approximation that all

possible sites at the grain boundary are available for segregation of solute atoms, are

given respectively by ¢

C, exp[Qi kTJ

1+ Z C, exp[Q%T)

C.(D)= i=1,ixand iy )

In the research, the phosphorus segregation is focused, in which the i, is assumed to
be the P. Hence the prediction can be made of solute segregation in many dilute
ternary P containing alloys, e.g. Fe-B-P, Fe-C-P and Mo-C-P etc. through
consideration of solute-solute competition for segregation sites on the grain boundary.

Then the competition effect for P, C and Mo can be evaluated by

D)= C; exp(Q, / kT) )
® 1+ C; exp(Q, / kT) +C; exp(Q. / kT) + C° exp(Q,,, / kT)

Sy = Cg exp(Q. /kT) @
® 1+C; exp(Q, /kT) +Cg exp(Q, / kT) + C° exp(Q,, / kT)

() = C,” exp(Qy,, / kT) 5)

1+ C; exp(Q, / kT)+ C{ exp(Q,. / kT) + C;”° exp(Q,,, / kT)
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where C; , Cg and Ci”" are the concentrations of P, C and Mo in solution,

respectively; Op, O, and Q,, are the equilibrium segregation energies of P, C and

Mo respectively.

Because of the high concentration of all types of solutes encountered in grain
boundaries, the chemical interactions between atoms cannot be neglected. The
chemical interactions between the P and other solutes are complex. Some interactions
are obvious, but may not make a contribution to the solute segregation on the grain
boundaries, whereas some interactions are still unknown. If the P-solute (i) chemical
interaction effect is taken into consideration'™'®, the equilibrium segregation energy

of P, Qp, may be acquired from
Qp =0 +a,,C3(T) (6)

where @y is the binding energy of P with the boundary; and «,, is the i>-P chemical

interaction coefficient.

The kinetics of equilibrium grain boundary segregation of site-competition at

temperature T are given by "*°

' (H-C! ! 2,/ Dt
G C0® g oxp 2P e Y2y i iy, and i %
Co(T)-C(0) ae(i)d() &4,

where C;,(¢) is the grain boundary concentration of solute i after time t, C;, (0) is the
boundary solute concentration at time = 0, D), is the diffusion coefficient of solute i in
the matrix, d, is the thickness of the concentrated layer, and @, is the maximum

equilibrium enrichment ratio of solute i given by

@, =CL(T)/IC: (8)
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3.2.2 Non-Equilibrium Segregation

The non-equilibrium segregation mechanism relies on the formation of sufficient
quantities of vacancy-solute complexes. Solute atoms, vacancies and their complexes
are in equilibrium with each other at a given temperature. When a material that is
properly maintained at a high temperature is quickly cooled to a lower temperature, it
will exhibit a loss of vacancies along grain boundaries, i.e., at vacancy sinks, whereby
it achieves the equilibrium vacancy concentration corresponding to the lower
temperature. The decrease in vacancy concentration brings about the dissociation of
the complexes into vacancies and solute atoms. This in turn leads to a decrease in
complex concentration in the neighbourhood of grain boundaries. Meanwhile, in
regions remote from the grain boundary, where no other vacancy sinks are present, the
vacancy concentration, which is nearly equal to the equilibrium vacancy concentration
corresponding to the high temperature, always remains. As a result, a complex
concentration gradient appears between the grain boundary and the adjacent grains.
The concentration gradient of the complexes causes their migration leading to an
excess solute concentration in the vicinity of grain boundaries. It is obvious that the
larger the super-saturation level of vacancies induced by cooling from the high

temperature, the larger the segregation level of solute atoms resulting at the boundary.

Non-equilibrium grain boundary segregation can be classified into segregation and
desegregation. When a sample is quickly cooled from a high temperature to a lower
temperature and then maintained at this lower temperature, there is a critical holding
time at which the non-equilibrium segregation level will be maximum. If the holding
time of the sample is shorter than the critical time, the diffusion of solute-vacancy
complexes to the grain boundary will be dominant and the process is termed a
segregation process; if the holding time is longer than the critical time, the process in
which the diffusion of solute atoms from the boundary to the adjacent grains is

dominant will also take place. This is termed a desegregation process.
The non-equilibrium grain boundary segregation model** 2! is utilised to depict the

process. The model states that when a sample is quickly cooled to a lower temperature

T, , from a high one, such quenching temperature 7, and then maintained at the lower
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temperature, the maximum concentration of non-equilibrium grain boundary
segregation of solute i induced during holding at this lower temperature, C, (T), is

given by

Ei
C! exp(=2). ;
g s E'-E E,, -E
crmy=clle KL jexpt—2r _Zxo ~Bry iy Gandis  (9)
.4 v i
T aw(E] T &
<8 R

Where E, is the solute i-vacancy binding energy, C;, is the matrix concentration of

solute i, and E is the vacancy formation energy, 7, can be considered as the half of

the absolute melting point of the matrix (7, ).

When a sample is quickly cooled from a high temperature 7, to a lower temperature

7, so that no mass transfer occurs in the sample during cooling and held at

temperature T, , the non-equilibrium segregation kinetics are given by %
c,.(H-C: 4D't 2,/Dt L :
——I’L—E—=l—exp( 5 yerfe( —) i=1i1,1; and i3 (10)

Con(T) - C:; @iy s &y

where C,, (f) is the concentration of solute i at the concentrated layer as a function of
holding time at temperature 7,, D! is the diffusion coefficient of solute i-vacancy
complexes in the matrix, C;,(T") is the maximum non-equilibrium segregation level
of solutei at temperature 7, d, is the thickness of the concentrated layer, and

@, is the maximum non-equilibrium enrichment ratio of solute i, which is given by
iy = C,',’,’,_(T)/C;

Equation (10) is an isothermal kinetic relationship of non-equilibrium segregation for

the segregation process. It describes the non-equilibrium segregation concentration of
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solute atoms at grain boundaries as a function of holding time at temperature T, from
Equations (%) and (10), one may predict the non-equilibrium segregation level of
solute i in the sample quenched from a higher temperature and then tempered at

tempering temperature.

As mentioned above, a critical time, 7, , exists at a certain temperature. When the
critical time is longer than the effective time of complex diffusion corresponding to

the cooling process, ¢,, the process in which segregation is dominant takes place

alone; nevertheless, when ¢, is shorter than ¢,, desegregation is dominant.
- For solute i, the critical time, 7, , is given by"

2 i i
(= D /D) an
4D; - Dy)

where & is a numerical constant (quoted by Faulkner) as 0.05% and B is the grain size,

D! and D; are the diffusion coefficient of solute i atoms and solute-vacancy complex,

respectively. The D! and D! are given by the following relations:

i
D! =D, exp[— %}

D.: = Doi CXp _'g-i'
kT

where D,, and D, are the pre-exponential constant for diffusion of solute atoms and

solute i —vacancy complex, respectively; E, and E. are the activation or migration

energies for the diffusion of solute atoms and solute-vacancy complex, respectively.
As discussed elsewhere??, any continuously cooling curve for a sample may be

replaced by a corresponding stepped one, each step of which is set up by a horizontal

segment with a vertical one so as to calculate an effective time at a given temperature
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for this cooling process so long as the step is small enough. For solute i, the effective

time of a stepped cooling curve consisting of » steps at temperature 7', ¢, , is given

| 12
A a2

where £, is the activation or migration energy for diffusion of solute i-vacancy

complexes in the matrix, & is the cooling rate, R is the gas constant,

When the effective time is longer than the critical time at temperature T, the process

in which desegregation is dominant may take place after the critical time. In such an

instance, the grain boundary segregation level of solute atoms, C;, (), is given by 2

i _ _}_ i el d/2 - | —d/2
Cbn (t) - Cg + 2 [Cbn (rc‘) Cg ]3rf[([4D; (t _rc)]lIZ ) e’:f([4D; (t _tc )]1/2 )]
i=1p,1 and i3 (13)

where ¢ is the isothermal holding time at temperature. Segregation is two different
processes in nature. Non-equilibrium segregation is a kinetic process whereas
equilibrium segregation is a thermodynamic process. As a consequence, it may be
envisaged that these two processes are independent of each other. In the calculations,
the segregation level is taken to be the sum of the non-equilibrium and equilibrium

segregation levels minus the matrix concentration.

3.2.3 Site Competition and Co-segregation

Site competition between impurities during segregation is dealt with by the following
methods: the impurity atoms first segregation to the grain boundary by site

competition assisted solute drag (co-segregation) to obtain the segregation level C,,
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in Equation (1), and then redistribute there in proportion to their binding energies with

grain boundary Q' . The redistribution effect can then be evaluated by 2% 24

CL exp(Q' /kT)

Cl =Cl (= . . . (14)
C,exp(Q' /kT)+C] exp(Q’ / kT)

It should be noted that the vacancy is regarded as the main transporter of impurity due

to its lower migration energies and higher binding energies.

3.2.4 Free Carbon Concentration

It is well known that carbon plays an important role in thermally induced phosphorus
segregation. Free carbon is one of key input parameters in model. The concentration

of free carbon is determined using the following rules:

(1) For the quenching, starting at temperatures usually over 1000K, nearly all carbon
is dissolved in the matrix. Therefore it is assumed free carbon concentration equals to

the carbon concentration in material.

(2) For tempering or PWHT, usually carried out between 600°C and 700°C, the
equilibrium carbon concentration in materials is used and determined by Gibbs energy
minimisation calculations performed using the multiphase module of MTDATA in

conjunction with the SGTE (Scientic Group Thermodata Europe) solution plus
database 2.

3.3. Conclusions

(1) The GBSP models for both ES and NES segregation on GB in alloys are:
t o'
Ce exp( kT)

1+ ZC; exp(Q%T)

ES: CL(T) =
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d C;e(t)—c;;e(o) ( 4Dl ) f(2 D;t)
CL(T)-Ch(0) aipd’ a.qd
) i
C, exp(—) i oy v
j E'_E' E, ..—E
NES: CJ,(T)=C". g,,[ e exp( )
f ZC: expl Eb J 5 To
¢ KT,
and _CL"(O__C_;__ xp( 4Dt )e f(z“
Cm(M-C, fm a,nd

(2) The GBSP model gives prediction of GB segregation behavior.
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CHAPTER 4:

Modelling of Grain Boundary Microstructure in Alloys (II)—
Grain Boundary Precipitation Model

4.1 Introduction

The microstructure especially the grain boundary (GB) structure play a very important
role in alloys, such as aluminum, copper, magnesium, zihc alloys and steels. The GB
structure in alloys is determined by misorientation, composition, and heat treatment, the
resultant GB precipitation and segregation, the size and distribution of precipitates and
also inclusions and pores on GB will affect the properties of alloys e.g. creep strength,
stiffness, resistance to stress corrosion, and oxidation. Meanwhile some failures often
occur because of the flaws on GB; therefore, it is very important to be able to modify the
GB structure in order to control the final properties. Recently it has become more

important to realize that modelling of GB structures can provide useful information for

GB engineering.

4.2 Development on Modelling of Grain boundary Microstructure in Alloys

Modelling of the GB precipitation (GBP) behaviour was carried out first for Al-Cu alloy
by Aaron and Aaronson in 1969"* who pointed out that one of the most common
precipitate morphologies formed during solid-solid transformations is that of grain
boundary allotriomorph-crystal which nucleate at grain boundaries and grow
preferentially and more or less smoothly along them, and both the rate of thickening and
the rate of lengthening of allotriomorphs are considered to be controlled by the volume
diffusion of solute toward or away from the growing crystals. They put forward square
“collector plate” mechanism for lengthening of allotriomorphs, illustrated in Fig. 4.1, in

which each grain boundary is considered as completely to be filled by a set of square
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“collector plates” of length dy on a side, and of area A,, where A>>Ag=nR %, where R, is
the radius of the precipitate, Each square is taken to be centered on a single O
allotriomorph. Initial approximations show that the composition at the grain boundary

can be estimated to be x;'(‘q,) , essentially independent of time; it was found that
lengthening is proceeded by volume diffusion of solute to the a:a grain boundaries,

followed by grain boundary diffusion to the advancing edges of the allotrimorphs. x;"a) is

D,

D,

Plane of grain boundary

Fig. 4.1. The collector plate model

defined as the mole fraction of Cu in « at the edges (of radius R3) of an allotriomorph. It

is related to x3;, by the Gibbs-Thompson equation:

o V2 |
20 =320 | exp| —o (1)
(r) (T)[ RTR2 .
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where ngn is the solute concentration in equilibrium with the precipitate phase and

matrix at temperature, T ; g, is the specific interfacial free energy of the interface, V5

is the partial molar volume of Cu in the precipitate phase, R is the gas constant and T is
the absolute temperature. Finally the model of lengthening is given by the following

equation:

L =[

1
24, D2 (x,, —x°¢ 1
va l( o ar’r)pa +L‘.:a_1]3 (2)

P ]
72 (x5 - Xy

It was noticed that the thickening kinetics were controlled by the diffusion of solute over
the broad face of a growing precipitate through interfacial diffusion, and that it

determined that the a:a interface boundary diffusion coefficient is

D,, =0.23exp(-12,800/ RT) 3)

It has been suggested that the lengthening of proeutectoid ferrite allotriomorphs in steel
may be expedited by preferential diffusion of carbon along prior austenite grain
boundaries. However this has not been supported by either a preliminary growth kinetics
measurements or by the unsuccessful attempts which have been made to find evidence of

preferential diffusion of carbon along austenite grain boundaries.

Faulkner and Caisley” introduced a modified “collector plate” theory which assumed a
aspect ratio for the GB precipitates, and established a GB carbide precipitation model for

Nimonic PE16, which worked satisfactorily with experimental observations.

In 1981 Faulkner and Carolan*” modelled of carbide precipitation in steel; the simple
precipitation kinetics have been well developed and the models have been generated to
predict the growth rate of grain boundary precipitates. It has been noticed that segregation

can influence grain boundary precipitation by altering the driving force for grain
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boundary precipitation nucleation, which will strongly influence the mean initial size of
the collector plates. Segregation also alters the solute flux arriving at the grain boundaries.
The size of the collector plates and the solute flux strongly affect the grain boundary
precipitate growth rate.

By the 90’s the modelling studies of grain boundary precipitation in alloys by the
Faulkner group were intensified and widened. In 1992, Faulkner and Jiang®® put forward
a combined model which took into account solute segregation behavior and precipitate
growth kinetics by linking the fluxes expected at grain boundaries from both segregation
and precipitation mechanisms. This model was based on Faulkner and Carolan’s model
for grain boundary precipitation and segregation. The numerical model for constant
square collector plate control was used in predicting MgZn, grain boundary precipitate
growth in 7150-aluminum alloy with reasonable success. The combined model has been
further developed to predict the inter-particle spacing by relating the spacing to the
density of grain boundary precipitate nuclei. Furthermore the model has modified the
NES model for the segregation process. In this way the combined model can predict
nucleation, the precipitate free zone (PFZ) behavior, the dispersion of precipitates on the

grain boundaries and the onset of coarsening,

Faulkner, Meade and Goodwin"" 2 studied inter-and intra-granular Cr23Cg in type 316
austenitic stainless steels. It was pointed out that mass transfer to assist growth was
assumed to take place by a combined lattice and grain boundary diffusion controlled
mechanism. Nucleation was also included in the kinetics appraisal and for the case of
MxCs in an austenitic steel matrix the nucleation kinetics were lattice diffusion
controlled. The results for M3Cs in 316 steel showed that carbon content and precipitate-
matrix interfacial energy are sensitive parameters when considering the overall
isothermal precipitation behavior, and inter-granular precipitation rates exceeded those of

inter-granular precipitation when ageing times exceed 1000 hours at 650°C.

Faulkner’s GBSP model has also been successfully used for the heat resistant high Cr

ferritic steels. Further development of models is the Monte Carlo simulation {(MCS)

57



CHAPTER 4  Modelling of GB Microstructure in Alloys (II)-Grain Boundary Precipitation Model

method successfully used for Fe-Cr steels by Y. Yin and Faulkner’. This new simulation
approach is based on the Monte Carlo random sampling technique, time-dependent

nucleation theory, and diffusion laws.

4.3 The GBSP Model®
4.3.1 Segregation During Quenching

The model begins by describing the amount of the NES™ !* of solute (e.g. Cr in steels)
created around the GB during quenching. The effective quenching time is calculated
assuming that the quenching is performed at a constant temperature. The quenching
conditions set the solute concentration expected on the boundary as a result of non-

equilibrium segregation, which can be given by'!

C, =C, exp[

E,-E, E,~E \E @
kT,  k0.50T,, |E,

where Cg is the bulk solute concentration, E, is the solute-vacancy binding energy, £, is
the vacancy formation energy, k is Boltzmanns constant, 7, is the solution treatment
temperature and 0.507,,, is the temperature below which no more segregation is assumed

to take place since complexes are insufficiently mobile, taken as 0.50 times the melting
point of the alloy. Two regions, the solute concentrated layer (SCL) and the solute
depleted layer (SDL), are created near to the boundary (see Fig. 4.2). These originate
from solute being taken into the SCL by solute-vacancy complex diffusion during the

quenching time.

During quenching from solute treatment temperature, or during high temperature aging

where the aging temperature, 7,

is greater than 0.507,,, Equations (5a)-(5¢) govern

the NES segregation behavior',
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Cnt,)=C, exp(~ay?) if y<sw (5a)
C( _ 2 y—w s
Vil7) =C, exp(—ay )+——w—Cg ifw<y<w (3b)
Cyty)=C, exP("Wz)“'Cg ‘ if y2w (5¢)
G
7 |
E -ScL
8
g Cg | il T
@
E ™~
3 SDL
&
GB —
Y (distance from GB)

Fig. 4.2. Segregation profile during quenching

where y is the distance from the GB, w and w, are the width of the solute depleted and

concentrated layers respectively:

Cg‘\’ 2Dcite1]' W= 2wl(cb _Cg) = anZ
c, C " 8D,t,Cl

g

W =

©

where 7, is the effective quench time and D, is the diffusion coefficient of the

vacancy-solute complexes at the solution treatment temperature, 7, .
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| 2T -T)
ty -tToe( KT, ) _ ™)
p T -Ty)
=" )

where T is room temperature, 8 is the cooling rate between temperatures 7, and T,,, O,

is the activation energy term for the calculation of the diffusion coefficient of the

vacancy-solute complexes.

However, quenching processes generally have different cooling rates at different

temperatures, so this approach will only give an approximate value.

4.3.2 Precipitate Nucleation

Nucleation is important for two reasons. First, it defines the nucleation site density on the
GB which is crucial to predict the inter-particle spacing and hence the collector plate area
at the onset of growth. Second, it is important for determining the nucleation time, which

is needed to describe the total time necessary to grow a precipitate to a given size.

4.3.2.1 The nucleation site density

The nucleation site density i.e. the number of the critical precipitate nuclei per unit area

of GB, N,, is given by Russell’s equation **1;

N —AG* :
N,=— 9
0 X, exp( kT ] 9)

where x, is the solute concentration in the nucleus phase, T, . is the temperature of the

environment where nucleation takes place, AG* is the Gibb’s free energy of critical GB

nucleus formation and N is the number of atom sites at the GB, which is given by:
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N =s5,d 0, N, (10)

where s, is the unit area, d,, is the GB width, p, is the molar density of the matrix

phase and N, is Avagadro’s number.

Hence, the driving force, AG", to produce the critical nucleus size can be determined by:

Ano?
AG*=——2¢ (2 _3cosi +cos° 11
3AG? ( y ¥) (11)
AG, = Rlme 1 /. (12)
2V, x;‘Tm

where o, is the matrix/precipitate interfacial energy, Vg is the molar volume of the
precipitate phase, x, is GB solute concentration modified to account for the segregation
parameter of the material, which is taken to be equal to C,, AG, is the driving force for
the solid state transformation, y is the angle between the surface of nucleus and the grain
boundary, xgﬁm is the only unknown factor which is the equilibrium solute concentration

at the interface between the nucleated precipitate phase and the matrix at temperature

T,.. - The calculation of xﬁgm is described by Faulkner and Caisley*:

6
. 1 —28800 EZ
xagm = I:aexp( T - 0.9}:] (13)

where R is the gas constant, and C. is the carbon content of the alloy being considered.

4.3.2.2 Nucleation time

The equation of incubation time for a cap shape particle presented by Van der Velde et
al 16,17
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32T, a*cl, N2

D 4 x VIAGsi
bnuc® gp Xy ¥ g DT, SINY

(14)

where k is Boltzmann’s constant, ais the lattice parameter of the matrix phase, D, is

nuc

the GB diffusion coefficient of the solute atoms at temperature, T,

nuc ?

and o, is the

matrix-precipitate interfacial free energy.

4.3.2.3 Size distribution density

The distribution density function of grain boundary precipitate nuclei, #,, is given by a

normal distribution function of mean collector plate area (4, ):

_(Av _Am0)2] (15)

n, = Ny ex
" 2Jro . 20
where A4, is defined as an area of GB that has a precipitate nucleus at its center, and all

such plates together fill up a unit area of GB, o, is the standard deviation of the collector

plate area and is taken as: -

0, = (A — A )3 (16)

Anmo, is given by:

Ay =— (a7)
NO

where

4, =16D,, .7 (18)
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4.3.3 Segregation During Ageing

The width of the SCL increases with time until the temperature drops below the
temperature at which non-equilibrium segregation is expected to cease, usually about

0.507,,, whereT, , is the absolute melting point of the material. After this time no more

non-equilibrium segregation is expected to occur and the SDL is gradually filled up by
solute diffusion down the concentration gradient formed by the NES process (Fig. 4.2).

During ageing where the ageing temperature, 7, , is less than 0.507,,. The solute

concentration profile due to ES can be described as follows:
Cty=Cyexp(-a’y?)  if y<w, (19a)

C(y,n)=C, exp(—a'yz)+C,(y,t)+C,,(y,t)+Cm D+ Cp(y,t) ify2w (19b)

where:
2
' Lz (20)
8D,t.,C,
(y-w)C, y-w,  2{DiC, —(y—W)2
C,(y,)=C, + £ ! ! 2la
LY A = o, @19)
w+y—-w w— y+w1

C,(D= —_( rf

: 21b
TN T o
2\/D_ctcg[ _(W+y_w1)2 -(W“y+w|)2:|
aw

Cn)=-

X apsr T ups

lc)

yC wHy-w, w-— y+w
C,(y,)=—"—"L(er ! —=_ 21d
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C,\2Dut

where ¢ is the ageing time, w, = and D, is the diffusion coefficient of the

b

vacancy-solute complexes in the matrix at the ageing temperature.

434 Precipitate Growth

Assumptions are made that the precipitates have a cap shape and a constant morphology

throughout the early stage of precipitate growth occurs. The mean half volume of a
precipitate can then be written as, V = af(y)I?, where L is the mean radius of the

precipitate along the GB after ageing at a given temperature for a time of #. The model is
expected to give the prediction of precipitate size, L with time, ¢, during an isothermal

Process.

Modelling starts by dividing the time, ¢, into intervals of & such that ¢ = nd¢. Where n
is an integer. & is chosen to be so small that within which the solute concentration, the
mean size of collector plate area and the mean radius of the precipitate can be considered
as constants. Thus the solute concentration at the GB, the mean collector plate area and

the mean radius of the precipitate change with time in increments of &t .

At the ith stage (1 <i < »), the solute concentration in the vicinity of the GB is described

by x_, ; the mean collector plate area is described by 4, which is given by 4,, = 1

N

mi

where N, is the number of precipitate per unit area of GB at this time; and the mean

radius of the precipitate is described by L,.

L, is calculated by Faulkner and Carolan’s model for a constant collector plate condition.

In the model, the increase of the precipitate size, dL during the increase of time, dt, ata

given temperature, T , is given by equation:

1

1
— 320 2442
(x;z xaT )AVDI pat df (22)

312 py(x, — xS £ (W)

dL=
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Replacing x, (the solute concentration in the matrix) and 4, in equation (22) with x,,

and A, ,then integrating from

t' =(@i-1é tot =idt yields

1

1 1
24,,,D} (x, - X2 —(t-01)?]p, :
1, = (R DF G = XD =80 00 | s 23

Lo f (W) — X2

where xZ is the solute concentration in equilibrium with the precipitate and matrix at the
ageing temperature, T ; x, is the solute concentration in precipitate phase; D, is the
volume diffusion coefficient of the impurity at the ageing temperature; A4, |, is the mean
collector plate area at the (i-1)th stage; p, is the molar density of the matrix; p, is the

molar density of the precipitate phase, f(y) is the morphological factor; x,, is the solute

concentration term which is modified according to the segregation parameter.

x, is taken as the average concentration of the solute in the region from the GB to a

distance & into the grain. & is the diffusion distance of the solute in the matrix with

time £ .

8=iDr 24)

. &
P = oo 25)

1Dk -
~ Ay E C(y"t;ﬁ')dy -7f(y )L?-l (x, —xdg . 26)
N2Djidt A,

X
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where C(y,t") is the solute concentration distribution at this time, #' = iét.

The iteration carries on from i =1 till /= n, at which point, L (L = L )}, the mean radius

of the precipitate after ageing for a time of ¢ at ageing temperature 7', Thus,

1 1 1
f=n 5 _ ol . E Ifi_ 5
L = {Z 24,.,D} (x, ’gar){(lé}) [(G-Ddt]*}p,

i=l

1
3 + L) 7)
P72 fW)(x, — x7)

4.3.5 During Coarsening

After the coarsening begins, there is no more flux of the solute atoms from the grain
center to supply the growth of the grain boundary precipitates. Driven by the requirement
of a small surface to volume ratio, the precipitates coarsen on the grain boundaries. The

mean radius of the GB precipitate, L(t), increases with the increase in ageing time

according to the following relationship'™ "*:

Lo =[ae-1.)+ 2" 28)

where, L, is the initial mean radius of GB precipitates before the start of coarsening; A is

a constant determined by the temperature, the GB diffusion coefficient of the solute, the
GB width and the fraction of the boundary face covered by precipitates; ¢ is the ageing

time; £, is the critical time when the growth stops and coarsening begins. 7, is taken as
the time when no flux of solute atoms to the GB occurs. ¢,, = g 6t, where g is an integer.

Bringing g into Equation (24) to replace i, we will have x_, which satisfies the condition:
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X = 22 (29)

A program is written which leads the computer to carry out iteration from 7 = 1 until the

relation x,, <x77 is satisfied. Such a time is the critical time of the onset of coarsening.

4.3.6 Mean Collector Plate Area
4.3.6.1 Before the onset of growth

This is the situation that i = 0. The mean collector area is;

1

L 30
m0 No ( )

Where N, is the number of the equilibrium precipitate nuclei in 2 unit area of the GB.

N, is given by Equation (9) where 7, =T, the ageing temperature. This is because the

~quenching is assumed to be so fast that there is no nucleation until ageing occurs.

4.3.6.2 During growth

During the growth of the precipitates, i.e. before coarsening, the mean collector plate area
will not change with time unless coalescence occurs. The change of the mean collector

plate area is caused by a reduction in the number of precipitates.

The reduction in the number of precipitates after ageing for a time of ¢ (¢ =ndt) at the

ageing temperature is AN, given by
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412
- NAmm
N

n-1

AN, = N= @3n

where Nji is the number of all these precipitates which have collector plate areas

4l
smaller than 4% ; F“mi“’—is the probability of coalescence happening to one of those

n-1
precipitates; N, is the number of the precipitatés after time, (n—1)¢; L, is the mean

precipitate radius given by Equation (34).

The mean collector plate area (A4, ) after ageing for a time of ¢ (f=ndt) at ageing

temperature is to give 4., as in

4 = ! (32)

N, i‘l[ 1- 0.25[e:f[——-——‘4'"‘-‘,_2;‘4m ]— erf(———A”",_'z;4Lf ]]

where 4, is the previous collector plate area.

A computer program is generated to iterate the calculations of L, N, and 4, from i=1

to n. At this time, 4,,, is the mean collector plate area after ageing for a time ¢ at ageing

temperature T,

4.3.6.3 During coarsening

Once the coarsening begins, the concentration of the solute atoms at the grain boundaries

does not change with time. This can be expressed as:

NOZGILE’ =N g ()L, (33)
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where L, and N are the mean radius and the number of the precipitates at the time of

the onset of coarsening respectively; L(f) and N(7) are the radius and the number of the

precipitates at the grain boundary after ageing for a time ¢ at the ageing temperature,
respectively.

A, (1), the mean collector plate area after ageing for a time ¢( t2¢, t, =gdt) at

ageing temperature is

A,,,(t)=71(3 34)

which can be written as

A ()= AME[LL(’)] (35)

£

where 4, and L, can be obtained from Equations ( 32) and (27) respectively by
replacing index n with g; L(¢) is given by equation (28).

4.3.7 Mean Inter-Particle Spacing

In principle, the model can be used not only to calculate precipitate size as a function of

quenching and ageing treatments, but also to calculate inter-particle spacing, In the

modelling, the mean inter-particle spacing is taken as the square root of the mean area of

collector plate, i.e.

d, =44, (36)
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4.3.7.1 The initial size of the GB inter-particle spacing

The initial size of the GB inter-particle spacing is defined as the square root of the inverse
of the number of the equilibrium precipitate nuclei per unit GB area. Russell’s equation
for the number of critical nuclei per unit volume'® is adopted (see Section 4.3.2.1). The
number of the critical precipitate nuclei per unit area of GB is taken as the number of the
precipitate nuclei in volume of a unit area multiplied by the thickness of the GB. The
misorientation of the GB, the temperature at which the nucleation takes place and the
solute concentration at the GB strongly affects the initial inter-particle spacing. The
solute concentration at the GB is determined by the segregation concentration. The

limitations of the segregation model used could influence the reliability of the value of

this concentration.
4.3.7.2 The critical time for the onset of coarsening

The inter-particle spacing changes with time during the ageing. The change of the inter-

particle spacing is caused by coalescence before the coarsening begins.,

The critical time for the onset of coarsening is taken at the time when there no longer
exists supersaturation of solute atoms in the areas adjacent to the grain boundaries and
hence no flux of solute atoms to the GB appears, i.e. when the average solute

concentration in the region from the GB to a distance 3l becomes equal to or less than
x% . The model predicts that as the ageing time increases, the growth rate decreases and
eventually approaches zero. The relation x,, < x% exists only after a very long time

(t—<=). This is under the situation when the precipitation in the matrix is ignored.

Further ageing after the critical time leads to precipitate coarsening driven by the
minimization of interfacial free energy between the precipitate and the matrix-the process
known as Ostwald ripening. Increasing inter-particle spacing occurs with increasing

ageing time and is due to the reduction of the number of the precipitate in unit GB area.
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4.3.8 Intragranular Precipitation

The Zener model® is used for this type of growth. It simply applies a spherical diffusion
field around the precipitate, controlled by the lattice diffusion coefficient for the solute.

In one dimension the amount of solute supplied from a right angled triangle of
composition-distance space whose height is (x, —xgﬁm) and length is 2(Dz‘)}é is used to
grow a particle whose area in composition-distance space is (x, —x,,) x (particle radius).
With certain approximations, the particle grows with a power law relationship with time

of t% using the following equation

2D -
x= J (ko =52 37)

Xo

where x, is the solute concentration in the matrix and x, is the solute concentration in

the precipitate phase.
4.3.9 Width of Precipitate-Free Zone

The width of the precipitate-free zone (PFZ) after ageing for a time ¢ at the ageing

temperature is defined by w .

W =2Y, (38)
where
Vo=@ L (39)
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where A’ should satisfy the condition:
c(A ) =x27 (40)

c(A’,1)is the solute concentration distribution function in the solute depleted area, @ is

the half width of SCL.

The PFZ is formed for two reasons. The first is the depletion of the solute due to the
ready diffusion of the solute atoms into the boundary where relatively large particles of
precipitate are subsequently formed. The second is the depletion of vacancies to levels
below that needed to assist with nucleation of precipitates at the particular ageing
temperature. The vacancy depleted part of a PFZ may be absent in some alloys aged at
temperatures below the Guinier-Preston (GP) zone solvus as GP zones can form
homogeneously without the need of vacancies® 22, The modelling of width of PFZ here
considers only the depletion of solute atoms in the area adjacent to the grain boundaries

caused by segregation.

Solute depletion in the PFZ is caused by NES during quenching from high temperature
and subsequent growth of GB precipitates. In such areas it is difficult or impossible for

the precipitate nucleation to take place. Vacancy depletion profiles have not been

considered as a cause of the PFZ here,

4.4 The MCS Approach

A different approach is the Monte Carlo Metropolis sampling simulation (MCS)”‘“. The
simulation starts with assigning energies to the matrix and the precipitate phase and then
sampling the phase transformation using the Metropolis sampling algorithm. Detailed

information of precipitation, including particle size distribution may be obtained.
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4.4.1 Basic Theories

The theories on which the new simulation approach is based are briefly reviewed below.

44.1.1 Grain boundary segregation

Segregation of solute atoms to grain boundaries results in the redistribution of solute
atoms in the material, and this affects the nucleation site density. The segregation

mechanism is based on the model in section 4.3.1.

4.4.1.2 Nucleation

The nucleation rate, that is the nuclei formed per unit time, can be described by the

following equation 2*2¢;

I=28* [%J exp[— Ag*)exp(— —:-) (41)
@

where N is the number of a particular type of atomic sites, x,is the molar fraction of

solute atoms in the nucleus phase, k the Boltzmann constant, 7 the absolute temperature,
AG* the energy required to form the critical nucleus given by Equation (11), ¢ the time

and rthe incubation time for nucleation. The two coefficients Z and /S* are as follows

AR

TeOMy) (42)
87 JkTK f o,

7=

_ 16702, Dx, L

43
a*(AG, ) *3)
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where ¥} is the volume occupied by one atom in the nucleus, AG, given by Equation (12)
the free energy change per unit volume of nucleus, &, the interfacial free energy, D the

diffusivity, x, the solute concentration in the matrix, a the lattice parameter, L;and X are

precipitate shape factors and are defined by
V= §m~3K ; (44)

S=4m’L, (45)

In these two equations, ¥ and S are volume and surface area of the nucleus respectively

and rthe radius or a characteristic length parameter of the particle. The incubation time

. SkT o 0a’
V7 (aG, ) Dx,

(46)

is usually very small, so that the term exp(— %) in Equation (41) can be assumed as

unity.
4.4.1.3 Growth and coarsening

The formed nuclei can either grow or dissolve depending on the size of the nuclei and the
solute concentration in the matrix. The growth and coarsening mechanisms are shown in
Fig. 4.3. At early stages of precipitation, the solute concentration in the matrix is high and
it is probable that the average solute concentration in the matrix is higher than the solute
concentrations at surfaces of all precipitates despite their different size. Therefore, all
precipitates will grow. However, as the concentration gradient in the vicinity of the
smaller particles is lower than that of the larger particles, smaller particles grow at lower
rates. This process is commonly called growth. As the precipitates grow, the solute

concentration in the matrix decreases. When the concentration in the matrix decreases to
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such a level that the average concentration in the matrix is higher than some large
particles but lower than some smaller particles, then there is a concentration gradient
between small and large particles as shown in Fig. 4.3. In such circumstances, the larger
particles continue to grow at the cost of the dissolution of small particles. This is referred

to as coarsening. The driving force for coarsening is that larger particles have lower

surface to volume ratio and therefore a lower free energy.

Growth
Ceo
¢ average
/ il e
I
( Cs&
\ ¢ Lr
Distance

Coarsening
Cy
) ,:S
average
—__-.__-—-__-_—
Lr
Distance

Fig. 4.3. Growth and coarsening mechanism of precipitation®’

The solute concentration at the surface of a particle with radius of curvature of r, C, can

be described by the Gibbs-Thomson equation:

20V, '
C, =C,exp—2-2 , 47
r=Caexp— (47)
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where C_is the equilibrium solute concentration, &, the interfacial free energy, V,the

molar volume of the precipitate phase, R the universal gas constant and T the absolute

temperature. The equilibrium solute concentration is determined using the following

equation8

A
c. = Lexp[‘“f +§] 48)
c, "RT R

where C,, is the concentration of the non rate controlling element, X, the ratio of the

number of non rate controlling to rate controlling atoms in the precipitate phase. AH and

AS are the enthalpy and entropy of solution of the precipitate,

When the solute concentration gradient in the vicinity of a particle surface is known, the

rate of its growth or dissolution can be calculated using Fick's first law of diffusion:

dC
J=D=— 49
7 49

where .J is the diffusion flux, D the diffusivity and Z—g is the concentration gradient in the
direction normal to the particle interface.
4.4.2 The Simulation Approach??

4.4.2.1 The simulation cell

The previous section reviews the basic theories necessary for the simulation of

precipitation kinetics in alloys. This section presents the details of the new approach.
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™
As in all Monte Carlo simulations, the process is simulated in a simulation cell. The cell

can be a single grain or contain a number of grains, so that it contains both the matrix and
grain boundaries and can be regarded as the basic unit of the material. One of the

simplest forms of simulation cell is shown in Fig. 4.4. The material then can be

AZ

Ly >
L /N,

Y

X

Fig. 4.4. The simplest simulation cel! (the surface of the cell is the grain boundaries)

constructed with the periodic boundary conditions applicable to the cell, i. e. the cell is
imaged all over the space in three dimensions. In this way, the structure and properties of
the cell can be taken as representative of the structure and properties of the real material.
The cell can be regarded as a grain and the surface of the cell is the grain boundary,
though it is acknowledged that the actual grain may have totally different and irregular
shape. The size of the grain is characterised by its length in X, Y and Z directions,
namely Lx, Ly and d as shown in Fig. 4.4. In ferritic steels, d is taken as a measure of the

grain size and Ly, Ly are much larger than 4.
4.4.2.2 Segregation

Segregation of solute atoms to grain boundaries is considered in the new approach in two .

ways. (1) As most power plant steels are solution heat treated or normalised at
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temperatures around 1060°C and then either quenched or air cooled, the non-equilibrium
segregation model (Equation (19a)) is employed to predict the segregation effects during
quench. This gives the initial solute concentration distribution in grain boundaries and the
matrix within the simulation cell. (2) The time-dependent segregation model is employed
to give solute distributions during subsequent tempering and ageing of the alloys of
concern. In other words, the solute concentration at any time, ¢, during ageing is obtained
using Equation (19b).

4.4.2.3 Nucleation

Two types of nucleation sites are considered. One is the intra-granular precipitate. In this
case, homogeneous nucleation and spherical particles are assumed. In the case of inter-
granular or grain boundary precipitates, cap shaped particles are assumed (Fig. 4.5.). In

both cases, the critical nucleus size and the driving force can be determined using the

following equations:
2
g A‘(’;ﬂ (50)
4 .
3
aGr= e g, (51)
V

GB d

Fig. 4.5. Grain boundary cap shaped precipitate (GB stands for grain boundary, v is the

contact angle and # is the radius of the sphere from which the cap is cut)
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For spherical particles, r is the radius and thus X and I; in Equations (44)-(45) and (51)
are unity. For cap shaped particles, # is the radius of the cap, and K| and L; are related to

the contact angle by:
1
K, =E(2-3cosy/+cos:" l//) (52)

L, =1-cosy ’ (53)

Here it is assumed that y = 57°, as in reference 5 for M2;Cs particles in austenitic steels.
Therefore, K; = 0.2638 and L; = 0.4554, which are the same as Saito used for Nb
carbide®. It is found that the simulation results fit the experimental observations well
when the interfacial energy, o, , equals 0.51 J m™, This value is a little lower than that

used by Saito for Nb carbides.

AG, in Equations (42), (43), (50) and (51) is determined as a function of temperature and

matrix composition using MTDATA®”2, The equilibrium solute concentration in
Equations (47) and (48) is also determined using MTDATA.

The simulation treats the tempering and ageing of the steel consecutively. The whole
tempering and ageing process is divided to many small time intervals, At. At each time
interval ¢ ~ t + At, sets of random numbers (x, y, z) are generated to locate the critical
nucleus both in the grain boundaries and in the matrix. At present, we assume nucleation
is successful when the generated nucleus does not overlap with others. The total number

of nuclei accepted at any time interval £ ~ ¢ + At is controlled by Equation (41), i. e.,

AN()= ZB* [xﬁJ exp[- Ag*]At (54
8
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where AN(I) is the number of nuclei generated in the simulation cell during the time
interval. The numbers of nuclei generated in the matrix and in grain boundaries are
different due to the differences both in the solute concentration and the driving force for
nucleation. No particular size distribution of the nuclei is introduced here. Note that the
nucleation rate described by Equation (54) changes with time because solute
concentration in the matrix decreases due to the formation of precipitates. £, the rate of
arrival of solute at the nucleus, also decreases with time. N in Equation (54) is taken to
be the total atomic sites in the matrix and grain boundary for intra- and inter-granular

precipitation. The grain boundary width is assumed to be 1 nm.

4.4.2.4 Growth and coarsening

When the number of generated nuclei at any time interval ¢ ~ t + At reaches the value
determined by Equation (54), generation is stopped. When the next time interval is
considered and the appropriate number of new nuclei are generated according to Equation
(54), with adjusted parameters for § and AG* because of the changed matrix composition.
All particles generated before this time interval are assumed to be in the

growth/coarsening regime.

The average solute concentration at any time ¢ can be determined from the initial
composition of the material and the volume fraction of precipitates. Assuming that the

initial concentration of solute is C, and the volume fraction of precipitates at any time # is

¥, then the average solute concentration at time ¢ will be:

— VPN,

C =1- G (55)
a—g

t

where p,and p,are molar density of the matrix and the precipitate phase respectively

and N, is the number of rate controlling atoms in the precipitate molecule.
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From Equations (44) and (55), the concentration gradient in the vicinity of the surface of
a particle of radius of curvature r at any time ¢ can be estimated using‘a mean field

approximation

C,-C
= r 56
g 7 (56)

5

where d,is the average inter-particle spacing. If g>0 the particle grows and if g<0 the

particle dissolves. The rates of both growth and dissolution are determined using Fick's
first law of diffusion. Thus, the increase of the volume of a particle, AV, in time interval
t~t+Atis

AV =DSg—P¢ N (57)
C8p9 - Crpa

Where § = 47r? is the surface area of the spherical particle. For inter-granular particles,
§ is divided into two parts: one within the matrix and the other in the grain boundary to
allow both volume and grain boundary diffusion of solute atoms to or from the formed
precipitates. The latter is determined by the precipitate size and the grain boundary width.

The average solute concentration along grain boundaries is taken as the segregation factor,
C, /Cg times a calculated using Equation (55). In any time interval ¢ ~ f + Af during the

simulation, all the particles, including the nuclei generated in this time interval and all
others generated before time 7, are allowed either to grow or to dissolve. That is, at each
time step, concentration gradient and the volume increase are calculated for each
individual particle. The average concentration in the matrix is re-calculated when any one
of the particles changes its volume. To ensure a random sample particle, a random
number with values between one and the number of particles in the cell is generated to
pick up the first particle. Then the volume change of this particle is calculated according

to Equation (57) and consequently the average concentration in the matrix is calculated
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according to Equation (55). This process is repeated in each time interval for all existing
particles.

4.4.2.5 The simulation loop
The simulation process is summarized in Fig.4.6. After the establishment of the

simulation cell, the inter-granular segregation models are used to calculate the initial

solute distribution within the cell (section 4.4.2.2). Then the heat treatment time is

Simulation C ell

+

N E S

L R

Segregation
¥ L
N ucleation (0]
- o
Grow th/ P
Coarsening
-
A 4
R esults

Fig. 4.6. The simulation loop shows the main steps in the simulation.

divided into tens of thousands of small time intervals. Within each time interval,
segregation model is used to calculate solute concentration distribution (section 4.4.2.2),
then positions of a certain number of nuclei are generated randomly (section 4.4.2.3) and
all particles are individually allowed to either grow or dissolve (section 4.4.2.4). The

process is looped until the required ageing time is reached and simulation results are then
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written to a file. Particle size distribution data can be saved to a file at the end of

tempering and then at time intervals set at the start of the simulation.

4.5 Conclusions

(1) The GBSP model for precipitate growth on GB in alloys is:

1

. L a ) l—- . 1 1
L o8 2uaDF G = ¥08) (G- DOV, | 1}

3
Pem? )y =7

The GBSP model for precipitate coarsening on GB in alloys is:

Ly =d¢-1.)+ L‘;]%

(2) The GBSP model gives a good description of the trend in which solute atoms are
drawn to and concentrated at the grain boundary and the vicinity based on “collector

plate” theory.

(3) The GBSP model gives prediction of GB precipitation and segregation behavior, and
inter-particle spacing and PFZ width.

(4) The GBSP model can be widely used in different type of alloys for predicting the GB

microstructures.

(5) The MCS approach to the modelling of precipitation kinetics of chromium carbide in
ferritic steels based on Monte Carlo random sampling technique can automatically

predict the transition from growth to coarsening,
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CHAPTER §:

Weld Simulation of P91 Materials with the Gleeble Testing Machine

5.1 Introduction

5.1.1 Determination of Weldability by Simulation Techniques

In principle there are several methods which can be applied for the assessment of the
weldability. These are as follows:

Investigations of real, full scale weldments

Welding simulation, e.g. using a Gleeble machine

Determination of welding CCT diagrams

Hardness measurements across the heat affected zone (HAZ)"

Special weldability tests

Data bases on results of cracking tests

Empirical or parametric equations

Knowledge based systems

Mathematical models concerning fundamental microstructural phenomena involved

during welding

First of all, experimental investigations are used to understand the fundamentals and
further on to optimize the material or the welding conditions. Due to the difficulties
involved during full scale testing, it consumes on time and cost, produces many
troublesome secondary effects, and it results in a very small critical zone width, therefore
weldability tests have been developed to evaluate the cracking susceptibity, mainly on the
base material, to cracking®. These tests are of following types:

® Cold cracking tests

@ Hot cracking tests

® Stress-relief cracking tests
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® [Lamellar tearing tests

The basic idea of all these tests is that the most important parameters are taken into
account and measured, whereas disturbing parameters are eliminated as far as possible.
Besides the many advantages of these tests, the negative side is that the test conditions
have to be standardized and kept constant, so that the “system results” are in most of
the cases just an indicator and not a physical or metallurgical measure of a phenomenon.

A further disadvantage is that most of these procedures are limited to special cases,

material groups and perspectives.

In order to get a full understanding, a sound fundamental approach is necessary, which
separates effects which can be treated separately and linked together as appropriate. From
this physical point of view, weldability issues are accumulated or linked phenomena. It is

essential to separate this complex subject into its basic components.

These components comprise the following key elements:

® Changes in the mechanical properties or any defect appearance in weldments caused
by the effect of the thermal history combined with mechanical loading/deformation
or chemical reactions during and after welding’.

® Most of the microstructural changes in the weld metal or in the heat-affected zone
are thermally activated and can be described by metallurgical models*, which are

fully developed for isothermal conditions.

In any case, the most reliable procedure that should be applied is the sound investigation
of the underlying fundamental processes. One of the most promising and most reliable

ways to simulate weldability is the Gleeble simulation, which will be considered below in-

more detail.
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5.1.2 Gleeble Welding Simulation

Weldability testing by the Gleeble machine is nowadays accepted worldwide and
recommended®. Because it follows directly the above mentioned philosophy i.e.
separation of the individual phenomena and accurate measurement of the effects of the

most relevant parameters by simultaneous elimination of disturbing factors, it can be used
for studies of

Microstructural evolution

Hot ductility

Mechanical properties of the HAZ

Welding continuous cooling transformation diagrams
Precipitation kinetics in the HAZ

Basic weldability

Strain age cracking

Strain age embrittlement

Constitutional liquation

Liquid metal embrittlement

Solidification cracking of austenitic stainless steels

In general, the Gleeble system permits simulations of virtually any thermomechanical
process. It is a fully interfaced system, readily programmed to provide reference signals
for closed loop control of both thermal and mechanical operations. Heating is
accomplished by the flow of low-frequency alternating current in the specimen with
heating rates up to 10000 K/s. The feedback signal necessary for closed-loop control is

normally obtained from a fine wire thermocouple percussion welded to the specimen

surface.

In order to determine the specific properties of a particular region in the HAZ, one needs
to know only the weld thermal cycle, which can be predicted as a function of the welding
process, welding parameters, weldment form, thickness and preheating temperature. In

Europe, the cooling time (ts;s) concept is applied as standardized in SEW-088°. In
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computerized form, the HAZ-Calculator ® provides the input data of the thermal cycle for
the Gleeble weldability simulation. Depending on the distance from the fusion line, the

temperature history can then be programmed into the Gleeble machine and applied to a

cylindrical or square sample.

The advantages of Gleeble weldability testing can be summarized as follows™®:

@ Accurate application and measurement of the thermal cycle for a predefined location
in the HAZ

® Afier simulation, an enlarged volume for further metallographic investigation or
mechanical tests is available compared to the limited size in a real weldment

® Due to the larger volume and higher homogeneity of the simulated microstructure,
there is a reduced scatter of the HAZ properties

® Phase transformations during welding can be measured by thermal analysis or
dilatometric measurement of the C-strain

® In addition, mechanical stresses during the cooling phase can be superimposed in
order to simulate any contraction of the surrounding material

® The mechanical material properties during cooling from high temperatures can be
directly measured for input in finite element calculations

® Other combined thermomechanical tests can be applied, like reheating relaxation test,

hot ductility test, partly melting and afterwards cooling to simulated the behavior of
the weld metal

Some pitfalls are as follows™*;
® The temperature profile in longitudinal direction causes some experimental problems
® Effects of local gradients on microstructure, properties and residual stresses are not

taken into account when using the HAZ simulation technique

In order to be able to investigate sufficiently the HAZ, simulated microstructures were
produced using the Gleeble technique. Specimens, machined from a bar 110 mm in width
and 10 mm in diameter, were heated to a peak temperature in the centre of the gauge

section, held for a while and cooled with tgs = 22 second which is comparable to a
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manual arc welding. The HAZ zone can be enlarged from about 2 mm wide in the real
welds to 15 mm, so it will be easier to observe in detail the phase transformation and
microstructure changes across the whole HAZ region. Therefore the Gleeble testing

method is an ideal and also practical way for the HAZ analysis of ferritic steel weldments,

5.2 Experimental Procedure

5.2.1 Materials

P91 pipe material (Table 5.1) was supplied from KA series cast by Powergen in a

solution heat treated and tempered condition (1040°C/1.5W/AC; 780°C/1.5W/AC).

Table 5.1. Chemical composition of P91 material (balance Fe)

C Si |{Mn {P S Cr [Mo [Ni |Al |Nb |V N
wt. | 0.09 | 031 | 0.46 | .010 | .002 | 8.68 | 0.92 | 0.12 | .008 | 0.09 | 0.21 | .05
%

At. | 041|062 | 046 | .018 | .003 | 9.25( 0.54 | .11 | .016 | 0.06 | 0.21 | .05
% .

5.2.2 Gleeble Testing

The Gleeble 1500 simulator (Fig. 5.1) at Powergen was used to apply resistance heating
to cylindrical threaded specimens held unstrained at each end in water-cooled jaws. The
thermal cycle at the specimen center was controlled by a feedback loop. Diametral

expansion during the cycle was measured by dilatometry.

Simulated welding thermal cycles were applied to each specimen with peak temperatures
of 850°C, 900°C and 950°C. Simulated weld pre-heat was applied by heating to 200°C in

5 seconds followed by holding at 200°C for 10 second. Heating rates in each case to peak
temperature were 150°C/sec followed by a 5 second hold at the peak temperature.

Cooling from the peak temperature to 500°C was controlled at 15°C/sec?. The Gleeble
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Fig. 5.1. The Gleeble testing machine
a) Control panel, b) Jaws

control cycle was then set to 0°C such that a condition of free cooling continued. Details

of the thermal cycles are shown in Fig. 5.2.
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Fig. 5.2. Thermal cycle process (900°C)
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After the Gleeble testing, each specimen was cut from the middle (the point of the
thermocouple) into two pieces; one half will go through following the PWHT procedure.

5.2.3 PWHT Process

750°C, 2.5hr

After finishing the heat treatment, both slices were sectioned again (Fig. 5.3), then

mounted, ground and polished in the usual way for the hardness testing and etched for

microstructure observation.

Cut prior to PWHT

As Simulated [ PWHT

Not 10 scale \

Cut following
PWHT

Fig. 5.3. Specimen section map

5.2.4 Hardness Testing

Vickers Hardness testing was conducted along the surface of each specimen both with
and without simulated PWHT. Three directional measurements were carried out: firstly
the transverse direction along the whole central HAZ plane from the center (the
thermocouple position) to the edge of HAZ, i.e. C-E direction; secondly the radial
direction of the section of HAZ center (C direction); thirdly the radial direction of cross-
section of HAZ edge (E direction). This is shown in Fig.5.4. The hardness was measured

transversely at about 1mm intervals, whereas 0.5mm intervals used radially.
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E Direction C Direction

DY

~.

~
/ C-E Direction /

1

Edge HAZ Centre

Hardness Radial 2 3
z - AN

Section E ‘Section C

Hardness Traverse 1
Section C-E

»,
Thread End Middle of Specimen —p

Fig. 5.4. Sections and division of specimen for hardness testing

5.2.5 Microstructure Qbservation

Specimens were etched with Villela’s reagent for 20 seconds (for parent metal) to 1
minute (for reheated metal). Examinations were made using both the optical microscopy

and the scanning electron microscope (SEM).
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5.3 Results and Discussion

Table 5.2 and 5.3 has given the detailed hardness testing results.

Table 5.2. Vickers hardness testing results

As Received/Cycled PWHT
Hv+, VPN AHv+s(av)VEN RSD#++ % Hv(av), VPN | AHv(avT),VPN RSD, %
C-E* C* E CE C E™v CE C E CE C E CE C E CE C E
Parent 233 232 231 | - —_— e 101 - - 230 226226} — — — —_ —_- -
Metal
§50°C - 301 225 - +69 -6 — 325346 | 207 207 218 | -23 -19 -8 -~ 103 261
{min) (max)
900°C — 393232 —  #119 +1 — 441122 | 212 221223 |-18 -5 .3 - 450 1.22
{min) {max)
950°C — 419 227 -  +187 4 — 592063 | 208 222224 |22 -4 -3 — 1.33 141
(min) {max)
*Hv — Vickers Hardness; Hv,g;

*x*AHv— Hv value differences between cycled and parent metal.

w#+RSD—Relative standard deviation; RSD=58/X x 100%, where S is the standard deviation;
1 - Average value (X);

+C-E--C-E Direction;

++C ---C Direction;

+++ E---E Dirgction.
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Table 5.3. Vickers hardness testing data

Sample and Testing Hardness Values, VPN
Status* Direction
Parent Metal C-E 232,232,234,234,232,234,232,234,232,232 232
C 232,234,232,232,232,232
E 226,232,232,232,232
Parent Metal, C-E 225,228,229,231,231,231,231,231,231,231,231,231,229,229
PWHT C 211,226,232,234,232,226,223
E 226,226,230,225,225,226,226
AXT: _ C-E- 315,293,255,226,227,224,225,232,232,231,237,231,231,231
850°C C 277,305,305,308,307,307,299
E 210,223,227,227,232,232,227
AXIIL: C-E 207,209,207,210,214,218,217,221,219,221,223,221,225,220
850°C,PWHT | C 195,209,206,207,206,206
E 198,218,225,221,223,221
CXI C-E 396,393,389,387,385,353,295,232,224,227,227,229
900°C c 385,406,396,396,393,389,389
E 223,230,233,232,233,232
CXIL: C-E 214,219,219,217,212,216,224,224,224,229 226
900°C,PWHT | C 218,223,229,216,225,220,219
E 221,224,223,223,224
EXI: C-E 411,418,415,411,400,391,373,326,223,224,224
950°C Cc 418,409,418,427,418,422
E 212,226,227,228,227,227 227
EXIL: CE 218,221,220,220,219,216,211,208,220,224,224 223
950°C,PWHT (C 221,223,223,223,223,221,220
E 223,226,226,223,223,225
* Sample lablelling:

A-850°C; B-900°C; C-950°C;
X-unrestrained;
I-As cooled condition; II-PWHT (750°C, 2.5hrs)

The results for the three peak temperature cycles, compared with parent materials, show
the trend that the hardness increases as peak temperature increases. From Table 5.2, it is
also clear that the as-cycled hardness changes along the HAZ zone, there is a lower
plateau present, which is the starting point of the soft zone (Fig. 5.5). Then the hardness

slightly rises again to the average hardness value of the parent metal. The transformed
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zone is considered as the region where the Type IV cracking occurs during creep testing.
After PWHT, approximately 10% (-23 AHv), 8% (-18 AHv) and 9% (-22 AHv)
maximum hardness drop (softening) were obtained for 850°C, 900°C and 950°C
respectively in the soft zone compared with the hardness of the uninfluenced base metal.
Meanwhile there are no hardness differences between the centre and the edge of sample,

which means the microstructures across both C direction and E directions are quite

uniform.
| 440
420 ————= —&— Parent metal
| 400
o 380 Parent metal(PWHT)
2 360 —%—850°C :
I 340 1 2 ¢
< 320 —+—850°C(PWHT)
$ 300 900°C
5 538 %‘ 900°C(PWHT) .
(1]
x 240, W 950°C
200 | PR T e Rl 950°C(PWHT)
180 [

0.5 55 10.5 15.5
Centre  C-E distance(HAZ) (mm) Edge

Fig. 5.5. Hardness distribution along HAZ zone

1-transformed zone, 2-soft zone

Fig.5.6 shows the weld-simulated microstructures of HAZ at three temperatures
(transformed zone and soft zone in Fig. 5.5). The microstructures along HAZ zone after
tempering at these temperatures are shown in Fig. 5.7. The microstructures of both the
retransformed part of HAZ and soft zone are tempered martensitic microstructures.
Compared with the typical lath martensite in parent material, fine grain structure and
mixed equiaxed grain and short lath martensite are produced in the transformed zone and

soft zone respectively.
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e Bt s W
it .1 T ———

Fig. 5.6. Weld Simulated microstructures in HAZ zone (C direction)
(a) Parent metal, (b) 850°C, (c) 900°C, (d) 950°C,
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10N

Tiisn
—innt

1
(c)
Fig. 5.7. Optical micrograph of HAZ after PWHT

(a) 850°C + PWHT, (b) 900°C + PWHT, (c) 950°C + PWHT.

1-transformed zone, 2-soft zone
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The softening results from a low peak temperature during weld simulation, which is
slightly above the Acs or between Ac; and Ac, temperature respectively!" 12, As large
amounts of alloying elements such as Cr, Mo, V in the P91 are present, it will make the
austenite quite stable (hardenability). Hence it is difficult for austenite to be transformed
during cooling, thus the overcooled austenite will be directly transformed to martensite at

a lower temperature when the cooling rate is rather fast.

The M; temperature of P91 is high (about 380°C), mainly because of low C content.
Higher M; temperature means that more tempering is possible through the cooling.

Therefore Fe;C precipitates in the 9%Cr-1%Mo material during cooling could be formed.

It can also be assumed that at a low austenitizing temperature no significant amount of
precipitate goes into the solution. This austenite is, therefore, considered to have less
carbon than austenite formed at a higher temperature. After transformation a small
amount of austenite will still exist, which forms a mixed microstructure of non-
transformed base metal and transformed areas. Based on the short time heating and
existence of grain-refining elements e.g. Mo, V, Ti, fined equiaxed grains were obtained,

which will benefit the HAZ zone by improving the ductility'>.

It was observed that as cycled specimens under similar cooling speed show similar
structures, different peak temperature does not seem to affect structures significantly; it is

considered that reheating has refined the structures.

In this study, because of the fast cooling rate, block proeutectoid ferrites were not found
in the HAZ zone for all specimens. It is different for the HAZ of low Cr ferritic steel
described in the reference 14 and 15, where it was explained by the presence of ferrites in
an areca which was heated to a temperature between Ac; and Acs. Therefore, at the
maximum temperature, a two-phase microstructure of ferrite and austenite was obtained,
Upon cooling, the ferrite remains and the austenite forms into martensite. As the ferrite is

a soft constituent, the hardness drop can be related to this two-phase microstructure,
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Subsequent PWHT significantly reduces variations in hardness. For the low Cr steel, the
softening was found in the as-welded condition and vanished during PWHT. This can be
seen as one major difference in the weldability of these two steels. Because no §-ferrite
existed in the HAZ zone in the high Cr steel, it is very possible to form a soft martensite-

that has caused the soft region.

After reheating, PWHT at 750°C was carried out. As it is around the Acy, then a series of
changes will occur in the HAZ, including martensite decomposition, transformation of
residual austenite, carbide precipitation, recovery and recrystallization of lath martensite.

Here the carbide precipitation is more important to stabilize and strengthen the structures.

At 850°C, which is the intercritical temperature, little microstructural changes were
noticed either in the retransformed zone or in the soft zone. They are more similar to the
microstructures in parent materials. At 900°C and 950°C, although it was very difficult to
identify, obvious changes could be observed in these two zones before and afler
tempering. The simulated microstructures in the retransformed zone show fine austenite
boundaries and grains. However after tempering the grain boundary became unclear,
precipitation increased on the grain boundary; whereas there were no significant

differences in microstructures in the soft zone before and after tempering.

The TEM results have confirmed the above observations. Fig. 5.8a depicts the substruture
in the fine-grained region of the transformed zone, i.e. Type 1V zone in the simulated
condition. It shows a tempered martensitic structure with less evidence of carbides and a

rather high dislocation density.
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Fig. 5.8. TEM micrograph, simulated condition
a) Fine grained zone

b) Soft zone

¢) Parent metal

The substructure at the position, which shows the softening after PWHT, is illustrated in
Fig. 5.8b. Although the structure is slightly tempered martensite, it shows, in opposition
to the position in the Fig. 5.8a, some carbides. Finally Fig. 5.8c portrays the substructure
of the uninfluenced parent metal which is a typical tempered type containing carbides and

subgrains.

Fig. 5.9a2 and b show the different structures which have been found at these positions
after PWHT. In the fine-grained zone (Fig. 5.9a), the structure is fully recovered showing
subgrains and a large amount of M»;Cq carbides. In the soft zone, the structure shows
subgrains formation and but not heavy carbide precipitation (Fig. 5.9b). This is because
less transformation occurs in this region; therefore the microstructure is more similar to
that of the parent metal, which can be expected to be very stable after tempering for 2.5
hours at 750°C, and did not change significantly during PWHT (Fig. 5.9¢).
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Fig.5.9. TEM micrograph, PWHT condition
a} Fine grained zone,
b} Soft zone,

c¢) Parent metal

The soft zone was found not very obvious in both the as welded and the simulated
condition. Although the lightly tempered martensitic portion of the microstructure
increases the hardness, this lightly tempered matensite, transformed from a relatively low
austenitizing temperature, contains precipitates (evidenced by Fig. 5.8b) which have not
been dissolved during austenitizing. As a consequence, the martensitic matrix contains
less carbon since the carbon is trapped in the precipitates. These undissolved precipitates
are potential nucleation sites and accelerate the softening during tempering. On the other
hand, the lower carbon content could make the body-centred tetragonal martensite less

tetragonal, i.e. ¢/a —1, which leads to a softer type martensite.
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5.4 Conclusions

1. Maximum 10%, 8% and 9% hardness drop (softening) at 850°C, 900°C and 950°C

compared with parent P91 material in PWHT condition were obtained respectively.

2. Fine grain microstructure and mixed equiaxed grain and short lath martensites were

produced in the transformed region and the soft zone respectively.

3. No &-ferrite was found in the HAZ.
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CHAPTER 6:

Microstructure Characterization of High Cr Ferritic Steel Weldments

6.1 Introduction

This chapter is concerned a series of microstructures in the real weldments. Additionally
it can be used to validate the Gleeble weld simulation results. Four high Cr steel weld
materials, P91 (mod. 9Cr-1Mo), P92 (9Cr-0.5Mo-1.8W), E911 (9Cr-1Mo-1W), P122
(12Cr) , from the Nipﬁon pipe and plate, were subjected to weld microstructure
investigation. The Type IV zone ( and soft zone) of the HAZ is studied in most detail.

6.2 Experimental Procedure

6.2.1 Materials and Welding Conditions

The materials are described in Table 6.1.
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Table 6.1. Details of test materials

Experi. . Manuf./ MB I/
Material Status PTC No . Comments
Code No. Supplier Other
Off cut 15-20mm along weld x 19 mm
r E911 +weld KAl1274 MR 01/036 | W/T specimen defective
Sample size: 150 x 18 x 10mm
po2/ Cast | Nippon L
2%-1 ] KA1277 MET 16 Pipe size: 113 x 40mm thickness
NF616 pipe({parent metal)
’ Macro after welding
2%2 +weld +PWHT KA1276 MRO1/036
and PWHT + Gleebles T/P
P92/ Cast 2 SFEL Bar 120 x 120 x 120mm triangle
L]
3%1 KA1279 SFEL MET 20
NF616 (parent metal) %160mm length
y +weld .
32 KA1278 MR 01/037 | Bar size: 160 x 75 x 14mm
+PWHT
P12/ Casting-weld- ABB/ Macro from “as received weld”
4 i KA1280 MR 01440
HCMI2A | forging SFEL Plate size; 165 x 60 x 10mm
5.1 P51 As Received 027A Plate size:155 x 25 x 10mm
5'2 P91 ReN +Te 027B 155 x 25 x 10mm
5%3 Po1 Aged 027C 155 x 25 x 10mm

*1e N+ T: renormalized and tempered

Solution heat treatment and tempering conditions are shown in Table 6.2.

Table 6.2. Heat treatment for the parent materials

material P91 P92 E911 P122
1050°C/8h/AC,
Manufacturing | 1040°C/5.50/AC, { Nipponpipe: 1040°C/30/0Q,780°C/Sh/AC 1060°C/1WAC ST CIIAEC
heat treatment | 760°C/12W/AC SFEL Bar: 1070°C/ 15hW/0Q, 770°C/14h/ AC 760°C 2h/AC ’
T60°CI14WAC

The chemical analysis for parent metals is gained in Table 6.3"2.
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Table 6.3. Chemical analysis of parent metals

elements P91 P92 E911 P122
Nippon Pipe SFEL bar
C 0.10 0.11 0.09 |0.10 0.12
Si 0.22 0.32 0.02 |[0.21 0.20
Mn 0.47 0.51 0.51 030 0.68
P 0.013 0.009 0.010 | ©.010 0.009
0.008 <0.001 0.005 | <0.005 0.007
Cr 8.34 9.12 898 |9.24 11.07
Mo 0.93 0.45 051 | 111 0.35
Ni 0.16 0.24 0.09 |0.21 0.31
Cu n.d. 0.05 0.05 | 0.66 1.01
Nb 0.078 0.06 0.05 |0.075 0.054
\Y 0.19 0.20 0.19 |0.22 0.22
W nd. 1.80 1.89 10.99 1.94
Al 0.022 <0.005 0.011 | nd. n.d.
0 n.d. nd.  nd |nd nd.
N 0.03 0.044 0.038 | nd. 0.055
Co n.d. n.d. nd. |nd. 0.011

After preparation, the pipe or plate sample was preheated to 200°C, then was welded
(groove filled or butt weld) using different welding methods (MAW or TIG process), the
welding procedures can be seen from Table 6.4. The chemical compositions of the filler

metals are given in Table 6.5.
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Table 6.4. Welding procedures

Weld preparation:

90° sidewall
angle;

Hold 4h
at>200°C,  then

cool to 20°C on

completion

completion.
SFEL Bar*:
MMA groove fill
weld. Heat

input:1.2kJ/mm

Groove

sidewall angle;

15°

Cool to 200°C
min on
completion

Material P91 P92 E911* P122¢
MMA Nippon Pipe’ TIG/MMA MMA  horizontal-
buttering/weld MMA buttering | groove fill weld | vertical butt weld;
pads; weld; {MMA passes | Consumables:
Consumables: Consumables: BWP | creep tested); Safdry CDV92
Metrode Chromet | M2W, 4mm dia. | Consumables: (P92 type), Smm
OMV d4mm,batch | (batchx 546); Bohler Fox | dia. (fill passes);
WO15308; Heat input: | COMVW, 302mm | Heat input:
Heat input: | 0.92kj/mm; dia.; 1.8kj/mm;
average Preheat:200°C; Heat input: | Preheat: 200°C;
1.95k)/mm; Max. interpass: | 0.94kj/mm; Max. interpass:

Weld proc. | Preheat: 200°C; | 300°C; Preheat: 200°C; | 300°C;
Max, interpass: | Weld preparation: | Max. interpass: | Weld
300°C (in practice | 15° sidewall angle; | 300°C; preparation :10°
<260°C); Cool to 100°C on | Weld preparation; | sidewall angle {cast

side, lower), 35-40°

sidewall angle
(forgeing side,
upper);

Cool to 150°C on

completion

110



CHAPTER 6 Microstructure Characterization of High Cr Ferritic Steel Weldments

Table 6.5. Chemical analysis of filler metals

elements Po1 P92 E911 P122
C 0.086 0.082 0.12 0.09
Si 028 0.36 0.32 0.27
Mn 1.04 0.79 0.77 1.10
P 0.007 0.015 0.011 0.010
0.010 0.009 0.007 0.007
Cr 8.50 8.52 8.84 9.10
Mo 1.04 0.53 0.84 0.50
Ni 0.24 0.44 0.70 0.41
Cu 0.05 0.04 0.04 0.02
Nb 0.079 0.07 0.06 0.057
\% 0.22 0.23 0.16 0.20
W 0.010 1.71 0.90 1.54
Al 0.009 <0.01 nd. 0.002
0 n.d. nd. 0.066 n.d.
N 0.044 n.d. 0.041 0.043
Co n.d. nd. n.d. 0.002

After this welding the samples were given a standard post weld heat treatment followed
by air cooling (Table 6.6).
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Table 6.6. The PWHT details

material P91 P92 E9l1 P122
As received: Soak 765°C+/- | Ramp up | Soak 750°C/8h
no further heat | 10°C/3h; Above | 100°C/h; Soak
treatment; 400°C max | 750°C+/- 10°C/
Re N + T : | heating and | 50mins/AC
PWHT 1060°C/2h/AC/ | cooling  rates:
760°C/1h/AC; | 100°C/h
Aged:
760°C/30h

The macrostructure and geometry of the welds to be investigated are illustrated in Fig.6.1.

1" (E911)

112



CHAPTER 6 Microstructure Characterization of High Cr Ferritic Steel Weldments

5%1 (P91)

Fig. 6.1. Materials examined

6.2.2 Hardness Testing

In order to quantify different regions of the weld, microhardness (Hv30) measurements

were conducted transversely across the weld.

6.2.3 Microstructure observation

Specimens were mounted and polished down to 1um, then etched at room temperature
using an etchant of 100 ml dist. H,O, 5 ml of HNO; and 1 ml of HF. The etching time
was about 20 seconds.

6.3 Results

6.3.1 Hardness and Profile

The resulting hardness values and the profile across the multilayer weld are depicted in
Table 6.7 and Fig. 6.2 respectively.
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Table 6.7. Hardness testing results

Sample
No.

Hardness profile, Hv30

Average
value and
RSD

Comments

240,237,244,239,238,236,237,226.221,244
264,255,253,262,265,265,264,264,234,224,
223,233,237,240,238,242,246,239,237,232,
231,240

The figures in bold and are
supposed to be the values in
the weld zone and the HAZ
zone respectively, they are in
line with the macro pictures

2%.1

216,223,223,224,224,224,233,227,223,223,
224,220,223,223,234,224,223,224,224,226,
224

224,
1.7%

2%.2

261,261,265,263,263,268,262,262,257,263,
241,214,197,212 209,216,219,212,211,215,
213,216,217

3*.1

210,200,226,207,219,215,226,222,218,212,
215,203,215,205,207,216,219,228,212,219,
221,210,206,216,210,211,214,202,200,216

213,
3. 7%

3%.2

209,195,198,200,191,194,194,194,198,194,
198,202,192,191,189,189 191,206, 222,248,
241,242,243,252,245,258,250,266,271,260,
262,263,255,260,270,252,252,246,247,234,
227,189,194.189.191,184,191

4#

226,226,226,231,230,228,227,226,227,221,
212,223,234,258,252,236,233,235,224,232,
229,229,231,236,255,215.209,214.220,223,
221,224,220,226,229,225,224,224

5%.1

248,242,248,250,244,245,246,242,240,238,
237,240,238,188,184, 185,189,195, 194,191,
192.192,192,193,198,194,192, 192

5%.2

252,252,248,244,252,261,256,258,254,252,
252,253,251,224,.216.200.201, 207,210,209,
211211208211 212212216214214 214
217

5%3

243,240,245,242,246,245,234,236,244,249,
228214185, 176,179,181,185,185,188, 184,
188,187 188,187 191,189 189
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—e—As received —m—Re N+ T -2 Aged

Hardness (Hv30)

150 +——r—— . . —

0 20 40 60 80 100 120 140 160
Distance {(mm)

5% (5*1, 5*2 and 5"3) (P91)

Fig. 6.2. Hardness profile traverse across weld

1 = weld metal, 2 = retransformed part of HAZ, 3 = soft zone, 4 = parent metal

It can be seen from Fig 6.2 that the hardness is relatively constant across the weld for
specimen 1*, 2%, 3* and 5%, but a lower hardness platform appears in the weld for sample
4%, Outside the weld the hardness decreases linearly across the HAZ, a hardness
minimum in an area adjacent to the unaffected parent metal can be observed. So a weld

sample can usually be divided into four different regions as follows™%:

1 = fusion zone (weld metal)

2 = retransformed zone of the HAZ, which include two regions: coarse grained zone
(CZ) and fine grained zone (FZ)
3 = soft zone

4 = unaffected zone (parent metal)
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The hardness surveys of test pieces in the as-welded (AW) and post weld heat treated
(PWHT) conditions demonstrated that the weld metal and HAZ zone in high Cr ferritic
steels were very resistant to a post weld tempering heat treatment at 750°C, there béing
hardly any decrease in hardness on moving from the AW to the PWHT condition, the
peak figures being measured at around 270Hyv in both coarse grained zone (CZ) and weld
metal. The failure position in the HAZ is associated with the hardest part of CZ and the
softest part of the fine grained zone (FZ) (180Hv). The PM hardness was slightly reduced
from 220Hv to 210Hv on moving from AW to heat treated condition. The hardness

measurements are in agreement with the values in previous reports”'°,

6.3.2 HAZ Width
The HAZ width measurements are taken from the HAZ profile in Fig. 6.2 with a

combination of the across HAZ hardness testing. The HAZ width values are given in
Table 6.8

Table 6.8. The HAZ width measurements

Materials HAZ width*, mm Average, mm
1¥ 20,22,22232323,2.322 2.2
2#-2 2.1,1.9,2.0,2.1,1.6,2.1,1.7,1.8,2.3 1.9
3%-2 1.5,2.4,2.1,2.0,2.0,2.0,2.0 2.0
4 LHS" Measurements were made based on the 2.0
RHS microstructure difference under 500x 2.0
5 1.5,1.6,1.9,1.8,1.8,1.7,2.0 1.8

* measurement was taken from one side (left) HAZ zone under x20 macro magnification , another side

should be same,

# LHS- measurements from left side (casting side); RHS-from right side (forging side).

From the table it can be seen that the width of HAZ is almost constant (about 2mm), and

is not affected very much by the welding process or the weld width.
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6.3.3 Microstructures
6.3.3.1 Weld metal

The weld microstructures in 1#, 2 3% 4* and 5" specimens are shown in Fig. 6.3.

nEAIr
A
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“% R

10y

Fig. 6.3. Optical micrographs of five weld metals after PWHT
a)weld 1%, b) weld 2, ¢) weld 3%, d) weld 4%, e) weld 5%

In sample 1* (E911), it is mostly martensite { mixture structures of martensite and

austenite) in weld metal, no & ferrite was found.

In sample 2* (P92), some lath martensites can be seen; it was found that more lath

martensite recrystalized microstructures which are called ferrite (Fig. 6.4).

Fig. 6.4. The blocky ferrite in P92 weld(2")
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In sample 3* (P92), the microstructures are similar with sample 2* as they are both P92
materials; similarly there are large amounts of §-ferrite in the weld metal which are
dispersed inhomogeneously and are locally seriously agglomerated (Fig. 6.5). Several

long grain boundary-like bands exist along the welding bead direction (Fig. 6.6).

In sample 4* (P122), which is a casting-weld-forging material, both sides (cast side: C
and forged side: F) were stud.ied; the weld microstructures are quite similar, however
towards the forged side (F), more clear grain structures can be seen { Fig. 6.7);
meanwhile there is a very small amount of 8-ferrite found in the forged side weld metal
(Fig. 6.8).

Fig. 6.5. The rich §-ferrite area in 3* (P92)
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Fig. 6.7. Microstructure of WM in cast side of sample 4*(P122)
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Fig. 6.8. Microstructure of WM in forged side of sample 4* (P122)

In sample 5% (P91), three different heat treated materials (as received: 5%.1, re N+T: 5°-2
and aged: 5°-3) were compared. 1t is clear that the weld microstructures in all three
conditions are martensitic. However it can be seen that the structures are not quite
homogeneous in sample 5%.1 and 2 (Fig. 6.9); a large number of parallel black lines
appeared (Fig. 6.10), and are disconnected and agglomerated in local areas (Fig. 6.11),
while there are few black lines in sample 5%-3. The black lines could very possibly be
pearlite which needs to be identified further using transmission electron microscopy
(TEM). The pearlite consists of many laminated layers of ferrite and cementite. This
layer is much thinner than the martensite lath. The flaky pearlite can be sphericized by

fracture of cementite and diffusion of carbon below Ac; temperature.
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Fig. 6.9. Inhomogeneous WM microstructures in 5*-1(P91)

-2 (P91)

Fig. 6.10. The black bands in sample 5*
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Fig. 6.11.The disconnected and agglomerated lines in WM of P91 (5"-2)

Some coarse carbide precipitates can also be seen on the martensite lath boundary and the
prior austenite grain boundaries; these are M2;Cs. Meanwhile the fine precipitates inside
the blocky ferrite could be MX. The unclear lath boundaries are a result of the

recrystallization at PWHT temperature.
6.3.3.2 HAZ and Type IV zone
In the HAZ zone, there is clearly a narrow fine equiaxed grain zone which is the

retransformed region. Fig.6.12 shows the microstructures of the retransformed zone

(region 2 in Fig. 6.2) in all five weld metals.
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Fig. 6.12. Optical micrographs of HAZ of five weld metals after PWHT
a) weld 1%, b) weld 2%, ¢) weld 3%, d) weld 4%, e) weld 5

In sample 1%, the fine grain structures appear more uniform across the whole HAZ region
(Fig. 6.13)
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a) b)

Fig. 6.13. Micrographs of HAZ in sample 1 (ES11)
a)close to WM, b)close to PM

In sample 2, Fig. 6.14 shows the HAZ microstructure, in which there was no big change

across the region.

a)

Fig. 6.14. Micrographs of HAZ in sample 2* (P92)
a)close to WM, b)close to PM

In sample 3%, the grains seem to be more rounded (Fig. 6.15) in the region close to the

WM, and continuously networked 3-ferrite which are parallel with the fusion boundary
are formed (Fig. 6.16).
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a) o b)

Fig. 6.15. Micrographs of HAZ in sample 3* (P92)
a)close to WM, b)close to PM

Fig. 6.16. The §-ferrite band in the HAZ close to WM in sample 3*(P92)
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In sample 4% there was no clear HAZ zone (only a WM-HAZ interface, no HAZ-PM
interface) for both cast side 44C) and forged side 4’(F). However under high
magnification, the structure interface will be distinguished clearly, the HAZ width was
measured to 2mm. For the sample 4¥(C), in the region adjacent to the WM the grains are

very fine (Fig. 6.17), with isolated blocky &-ferrite (Fig. 6.18). And a fine grain structure

is seen in the area close to PM (Fig. 6.17b)).

a) b)
Fig. 6.17. Micrographs of HAZ in sample 4°( C) (P122)
a)close to WM, b)close to PM

Fig. 6.18. The isolated block 5-ferrite in the HAZ close to WM in sample 4* (C)
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For the sample 4*(F), the situation is similar; the grains across the HAZ zone are very
small. The only difference is that a 3-ferrite band perpendicular to the fusion line was
found at the interface of WM and HAZ (Fig. 6.19).

Fig. 6.19. The 3-ferrite band perpendicular to the fusion line was found at the interface
of WM and HAZ (sample 4%) (P122)

In sample 5, it is clearly seen that there is fine grain layer in the reheated pass during
multipass welding (Fig. 6.20 a)). The HAZ microstructures for P91 material under three

conditions are shown in Fig. 6.21.
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Fig, 6.20. HAZ interfaces in sample st (P91)
a)WM-HAZ (fine grains: left-lower corner/coarse columnar grains: right-upper
side), byHAZ-PM
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6.3.3.3 Soft zone

In sample 1%, Fig. 6.22 shows tempered structures in the soft zone.

Fig. 6.22. Optical micrograph of soft zone of E911 (1%

In sample 2* Fig. 6.23 shows almost martensite structures in the soft zone.
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Fig. 6.23. Optical micrograph of soft zone of P92(2")

In sample 3%, it is clear that martensite is formed in the soft zone (Fig. 6.24).
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In sample 4%, both casting and forging sides have shown similar soft zone martensite

microstructures (Fig. 6.25).

pLTE T

a) b)

Fig. 6.25. Optical micrograph of soft zone of P122 (4*)
a)cast side, b)forged side

In sample 5, it seems that different microstructures in the soft zone under three heat
treatments are produced; Fig. 6.26 indicates the fully lath martensite, and mostly short
Jath martensite for samples as received (5*-1), renormalization and tempered (5°-2) and

aged (5"-3) respectively.

Fig. 6.26. Soft zone microstructures of P91 ¢h
a)as received (5°-1), b)re N+T(5%-2), c)aged(5*-3)

135



CHAPTER 6 Microstructure Characterization of High Cr Ferritic Steel Weldments

6.3.3.4 Parent metal

The microstructures in the parent metal have revealed big differences for all these

different materials.

In sample 1%, it is pure ferrite structure which is demonstrated in Fig. 6.27.

Fig. 6.27. Optical micrograph of parent metal of E91 1(1%

Sample 2 is martensitic (Fig. 6.28).
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Sample 3* is fully lath martensite structure (Fig. 6.29), with a small amount of oval -
ferrites (Fig. 6.30).

Fig. 6.29. Optical micrograph of parent metal of P92 3%
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Fig. 6.30. The oval §-ferrite in PM of P92 (3*)

In sample 4%, the fully lath martensites appeared in both cast and forged sides (Fig. 6.31),
the difference is that there were very large amounts of oval 8-ferrites evenly dispersed in

the cast side parent metal (Fig. 6.31 a), while no ferrite at all were found in the forged
side part (Fig. 6.31 b).

Huun |

a) b)
Fig. 6.31. Optical micrograph of parent metal of P122 (4*%)
a) cast side, b) forged side
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In sample 5%, large difference exists under the three conditions (Fig. 6.32). The martensite

laths after ageing for sample 5*-3 seem shorter. However for the sample 5°-1, the

Fig. 6.32. Optical micrograph of parent metal of P91 )
a) as received(5*-1), b Yre N+T(5%-2), c) aged(5*-3)

inhomogeneous etched structures can be seen clearly under low magnification (Fig.
6.33). They are divided into light and dark areas, and this is possibly because of the grain
mis-orientation, Fig.6.34 shows the microstructures of the two different areas.
Furthermore there exist a few continuously black lines in the area (Fig. 6.35). For the
sample 5#-2, the PM microstructures are more uniform, there are also no black bands
found. For the sample 5%-3, the microstructures tend to be inhomogeneous, which is again

similar to sample 5*-1.
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Fig. 6.34. Microstructures in the light and the dark area in PM of P91 (5%)

a)light area, b)dark area
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Fig. 6.35. The long lines in the PM of P91 (5

6.4 Discussion

6.4.1 Microstructural Analysis of Weld Metal

During MAW welding, the welding fusion pool temperature can be well above 1700°C.
However the cooling time to interlayer temperature is just less than a minute, In this short
time, the fusion pool has undertaken a very complicated chemical and metallurgical
reaction and microstructural transformation, and has then been formed into weld metal.
The very early transformation is the solidification of liquid fusion pool, which is related
to the temperature gradient and the constitutional super-cooling, resulting in the
formation of large columnar grains. As the temperature decreases further, the
microstructure is transformed in the columnar grains; it will mainly result in martensite
for modified high Cr steel weld metals. Because of the low carbon content, the martensite
is low carbon lath martensite. After the transformation, there will still be a little residual

austenite. For the multi-pass welding, the effects among each pass should also be
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considered. The late-layer pass reheats the former layer pass, whereas the later layer pass
acts as a heat treatment on the fore-layer pass. The heat treatment will make the fore-
layer pass weld form a layer of fine equiaxed grains. The mechanism of the fine equiaxed
grain formation is similar to that of the HAZ zone. Because the heating temperature is
above Ac;, martensite is transformed to austenite. A large amount of grain refining
elements such as Mo, V, and Ti are present in solution. Therefore it is beneficial to
provide nuclei for grain nucleation and also restrain the grain growth after nucleation.
This leads to the formation of fine equiaxed grains, which are considered to improve the

toughness. Hence a post weld heat treatment (PWHT) is good for weld integrity.

After welding, heat treatment is carried out which results in a series of changes in the
weld microstructures, including martensite decomposition, transformation of residual
austenite, carbide precipitation, and recovery and recrystallisation of lath martensite.
Among these changes, the carbide precipitation is probably the most important factor as
the microstructure stabilization and strengthening will mainly depend on carbide

precipitation.

Much work has been carried out on the carbide precipitation in the high Cr steels during
tempering'**. It has shown that tempering at 650-700°C for 1 hour would have no
influence on the dislocation structure and the morphology of lath martensite of the 9Cr-
IMo. A small amount of Cr-rich M;3;C¢ is precipitated on the lath or prior austenite
boundaries from 650°C to 700°C and the grains have grown from 0.03Mm to 0.1Mm.
There is also very fine Cr,C precipitation observed. When tempering at 760°C for 1 hour,
the dislocation substructures start to rearrange and the lath morphologies of martensite
also begin to change. The Cr,C is precipitated at the beginning, and is then replaced by
M2;Cs. Furthermore VC (V,Cs) precipitates will grow as the tempering time extends.

The tempering procedure used in the experiment was 760 -780°C for 2.0-14 hours. The
TEM micrographs showed that this produces M,;C¢ as the main precipitate in the weld
metal. These coarse particles distribute along the lath martensite boundaries and the prior

austenite grain boundaries. M3Cs 52! is a face-centred cubic structure, and is able to
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B=[255]

c) d)

Fig. 6.36. TEM micrograph of weld metal of P91, M,3;C¢ precipitates
a) light field; b) dark field; ¢} and d) diffraction pattern.
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dissolve Fe and Mo. Sometimes in the high Cr steels Fe/Cr atomic ratio can be over 2,
and Mo/Cr can reach 0.6, other alloying elements such as V, Nb can dissolve in M23Cs.
The changes of M23Cg in the 9Cr-1Mo steel being tempered at 760°C were studied??, and
it was observed that the fine Cr-rich Cr,C was precipitated first at beginning of tempering
( within 16 minutes), then replaced by Cr-rich (Cr-Fe-Mo)2:Cs precipitate in 30 minutes.
M2;Cs is a very stable carbide having a significant influence on the high temperature

performances of the high Cr steel. In this research it was found that the M»3Cq particle

size was about 0.31m after tempering at 750°C for 4 hours, which is not very different
from the 0.254m (760°C, 1h) mentioned in the reference™ 24, indicating that the M33Cs¢

has very good stability at high temperature.

During the PWHT, on one hand there exists the residual austenite which will decompose
on PWHT; on the other hand because the 750°C chosen in the experiment is higher than
the austenisation temperature (about 730°C) of the weld metal, re-austenisation will be
taken place. According to the WM-CCT diagram, the austenite will make the
proeutectoid transformation to ferrite on cooling along with carbide (mainly M»3Cq)
precipitation. When the temperature is below 360°C, untempered martensite appears. It
was observed using TEM that besides the large amount of M3Cs, MX precipitates are
also found inside the 5-ferrite and in the vicinity of dislocations. The studies showed?®
that the super-cooling was needed for precipitation. Nucleation on dislocations is only
1/2 to 1/3 of that for homogeneous nucleation. The MX phase had often been observed in
the residual ferrite of the 12%Cr-1%Mo steel, and this is thought to be VN.

6.4.2 Microstructure Transformation under Continuous Cooling
6.4.2.1 Microstructure transformation characterization
The austenite in the 9%Cr-1%Mo steel welds will be transformed directly into martensite

in a high cooling rate range, because large amounts of alloying elements such as Cr, Mo

and V in the welds make ferrite very stable. When the cooling rate is lower, the alloying

144



CHAPTER 6 Microstructure Characterization of High Cr Ferritic Steel Weldments

elements in austenite have enough time to diffuse; and proeutectoid ferrite nucleates and

grows at the grain boundary.

There are fewer pearlite and bainite reactions happening in the 9%Cr-1%Mo weld metal,
due to the lower carbon and large amount of strong carbide formation elements e.g. V, Cr,
Mo and Nb etc. The formation of stable carbide consumes the carbon in austenite and
makes the transformation of peatlite and bainite difficult due to the lack of required
carbon. The high M; point also reduces the possibility of occurrence of pearlite and

bainite.

6.4.2.2 Martensite transformation

Martenite transformation is a diffusionless transformation in which another through a
shear transformation has replaced crystal structure. Based on this feature, martensite will

form at high speeds and at low temperatures. It was observed in the experiment that the

martensite has the following characteristics:

(1) Lath martensite. The microstructure of ferritic steel while quenching in a wide range

Fig. 6.37. Lath martensite
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of cooling rates are martensite which consists of large packets of laths called lath
martensite. Within the lath packet the laths are arranged in parallel and separated by low

angle grain boundaries (Fig. 6.37).

(2) High dislocation sub-structure. The lath martensite is characterized with high density
dislocations inside the laths. This is based on the solid strengthening of the carbon.

Fig.6.38 shows large amounts of dislocations in the lath.

Fig. 6.38. Dislocation in the lath

(3) Twin crystal in martensite (Fig.6.39). When the carbon in the steel increases and large
amounts of alloying elements which are able to reduce the M; temperature exist, the twin
martensites can be produced after quenching. Fig. 6.39 shows the twin crystal martensite

in the weld. However, this type of structure is minor and localized for all the specimens.
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Fig. 6.39. Twin crystal martensite

. (4) Residual austenite between martensite laths. This resulted from fast cooling. It is
generally considered that the residual austenite will be beneficial to improve the fracture
toughness of material®®, However after high temperature PWHT, most residual austenite

will decompose.

(5) FesC precipitates. These usually appear when the tempering temperature is over
200°C*” %, As it is a kind of unstable phase, it will be dissolved when tempering
temperature increases. Therefore no FeisC were observed in the weld after high

~ temperature PWHT.

6.4.2.3 Proeutectoid ferrite transformation

The proeutectoid transformation will happen in slow-cooled austenite in the temperature
range of 560-790°C during the continuous cooling of weld metal. Based on the metal

transformation theory, the proeutectoid phase (8-ferrite) will nucleate preferentially on

the austenite boundary, and then grow along grain boundary to form a network.
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6.4.2.4 Eutectoid transformation (Pearlite)

After forming proeutectoid ferrite transformation, eutectoid transformation will take
place to produce pearlite a+M;3Cs in further cooling. It can be seen from the equilibrium
diagram that the eutectoid temperature is about 800°C. However because the continuous

cooling is a non-equilibrium process, the actual eutectoid temperature is lower.

It can be seen from the comparison of the microstructures among the four types of
materials that 3-ferrite is only obtained in both weld and parent metal in P122 and P92
materials which contain higher Cr and other alloying elements. This is probably because
that higher alloying element increases the nucleation and growth rate of 8-ferrite, It was
also observed that there was no 6-ferrite in the soft zone for all the materials. Therefore it

can be concluded again that 8-ferrite which is a soft phase is not the reason causing the

softening in high Cr steel weldments.

6.5 Conclusions

(1) Hardness testing shows a softening in HAZ of the P91 weldment.
(2) The microstructures in the whole region of the weld are fully lath martensites.
(3) There were no big differences on the microstructures among the three heat

treatment conditions, No &-ferrite found in the HAZ.
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CHAPTER 7:

Determination of Phosphorous Segregation on the Grain Boundaries
7.1 Introduction
7.1.1 Non-Equilibrium Segregation

As mentioned in previous chapters, Type IV cracking has been observed in the heat
affected zone (HAZ) of welds in high Cr ferritic steel. The cracking is inter-granular
and occurs in regions where the microstructure is finely grained. Microstructurally the

cracking is explained by the possibility that the following effects are responsible™?.

® (Cavity formation and coalescence enhanced by stress accelerated diffusion
® Fast growth of M33C¢ carbides on grain boundaries

® P segregation on grain boundaries

These explanations are reasonable but an alterative proposal is that at the part of the
HAZ where crack propagation is observed, the cooling rates and thermal history are

such that maximum P non-equilibrium grain boundary segregation could be taking

place.
7.1.2 Transmission Electron Microscopy

So far the most widely employed analytical technique in the study of grain boundary
segregation is that of electron microscopy, and transmission electron microscopy
(TEM) in particular. The characteristic method of data acquisition in TEM is
dependent upon the formation and control of the electron beam. Fig.7.1 is a schematic

diagram showing the microscopic image.
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Fig. 7.1. Schematic layout of a TEM?
a) TEM mode, b) Diffraction mode

7.1.2.1 Electron source

There are basically two different types of electron source in electron beam
instruments. These are the thermionic electron gun and field emission gun (FEG). In
the thermionic electron gun, electrons are emitted from a heated filament (tungsten or
lanthanum hexaboride crystal) and then accelerated towards an anode; In the field
emission gun, a very strong electric field (10°Vm™) is used to extract eleétrons from a
metal filament. Temperatures are lower than that needed for thermionic emission.
This gives much higher sdurce brightness and much smaller incident electron beam

can be used when compared to both the tungsten filament and LaBg crystal.

7.1.2.2 Field emission gun TEM

The most recent field emission gun TEM (FEGTEM) instruments are the Philips
Tecnai F20 and Jeol JEM 2010F. The comparison of these two instruments is shown
in Table 7.1. Usually FEGTEM was applied with various advanced modes, such as
scanning TEM (STEM), parallel electron energy loss spectrometry (PEELS) and
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energy filtered imaging (EFI). The STEM covers the scanning attachment to

dedicated TEM, which enables the finely focused electron probe to scan across the

Table 7.1. Comparison of Tecnai F20 and JEM 2010F

Tecnai F20 JEM 2010F
Specifications:
Imaging modes TEM/STEM TEM/STEM
Accel. Voltage 200kV 200 kV
PTP resolusion 0. 24nm 0. 23nm
LTL resolution 0. l4nm 0. 10nm
Source Field emission Field emission
Tilt range +30° +30°
Ancillary equipments: CCD camera Gatan off-axis TC camera

Gatan imaging filter

Oxford Link ISIS 300
EDX system

Gatan digi. PEELS

Environmental cell

Gatan imaging filter
Oxford 300 EDX
Gatan PEELS 677

Auto-alignment system

sample. Results can be obtained from as many different operating modes as there are

detectors fitted, such as detectors for secondary, back-scattered and transmitted

electrons and X-rays; The EFI device is attached under the camera chamber and gives

the user the capability to carry out electron spectroscopic imaging (ESI) and electron

153




CHAPTER 7 Determination of Phosphorus Segregation on the Grain Boundaries

energy loss spectroscopy (EELS). The EFI incorporates sophisticated electron optics
and an energy selecting “slit’, which allows the beam to be filtered to reveal additional
information in the form of energy, filtered images, diffraction patterns or spectra.

FEGTEM also has a capability for high resolution TEM (HRTEM) imaging.

7.1.2.3 EDXS and EELS

In order to use the FEGTEM technique to measure segregation across an interface
such as a grain boundary, it is necessary to determine the chemical composition at
various points across the interface. Chemical composition can be determined in one of
two ways. Firstly, by analysing X-ray energy spectrum, as in energy dispersive
spectroscopy (EDXS), or secondly, by analysing electron energy spectrum, as in
EELS or PEELS.

The EDXS technique for X-ray analysis uses a semi-conductor detector to classify X-
rays according to energy rather than wavelength. The detector converts the energy of
the incident X-ray photons into pulses of current, proportional to the X-ray energy.

These pulses are then amplified and fed, typically, into a computer program that
manipulates the data into an energy spectrum™?,

The EELS is an alternative technique to EDXS for measuring segregation profiles.
However, only a few microscopes have the necessary apparatus to perform this
technique. The technique relies on the energy lost by an electron when it produces a
characteristic X-ray on passing through the specimen. The spectrum of energies of
transmitted electrons contains discontinuities at the ionisation edges, which can be
used to derive chemical composition. However, the technique is limited by specimen
thickness, and is most useful for determination of light elements, typically sodium and
below. EELS also has an advantage over EDXS in that it has a much higher collection
efficiency, typically in the range of 50%, compared to around 2% for EDXS.
However, the method of collection is much slower than for EDXS, and sometimes
requires up to 100 seconds, since the signal to background count ratio is much poorer
and the energy levels are detected sequentially. An iml;rovement over this is PEELS,

which can measure all energy levels at the same time.
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7.2 Experimental Procedure

7.2.1 Material

The materials for the experiment are the same as the materials used in the Chapter 5,
ie. P91. Round samples with the size & 11 x 110 mm were machined from the

origional parent materials for following Gleeble weld simulation program.

7.2.2 Gleeble Testing Programme

The weld simulation was designed by the Gleeble testing to explore phosphorous
segregation in the Type IV zone. The testing program is shown in Table 7.2. The
Gleeble running program is also the same as that in Chapter 5 in which the cooling
rate is constant from the maximum temperature down to 500°C, with subsequent air
cooling (Table 7.2 and Fig. 7.2).

Table 7.2. Gleeble testing programmme

Cooing rate, °C/s Temperature, °C
) 900 950 1100 1300
Fast (typical weld): X X X X

Trmax - 500°C: 15°C/s (tg;s =20s)

14’ weld rate: % x % x
Tiax - 500°C: 4°C/s (tgs =80s)
Slow rate: % x % «

Tmax - 500°C: 0.1°C/s (tg/s = 3000s)
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Quench (900-1300°C)

SC

EC Temper(750°C/2.5h)

TEMPERATURE

TIME —>

Fig. 7.2. The thermal cycles needed to produce NES

FC-fast cooling, SC-slow cooling

The number of samples was doubled for each testing condition, so totally 24
specimens were obtained. One half underwent the tempering procedure of 750°C for

2.5 hours. The sampling designation for all the specimens is shown in table 7.3.

Table 7.3, Sampling code

Cooing rate, °C/s Quenching temperature (°C) and heat treat conditions
900 (B) 950(C) 1100(D) 1300(E)
As-weld PWHT As-weld PWHT As-weld PWHT As-weld PWHT
D (I M am @ dan iy (I

Fast (typical weld): (X) BXI BXII CXI CXI DXI DXI EXI EXI
Ten=300°C: 15°Cls (tgs =

20s)

14> weld rate: (Y) BYI BYII CYI CYHO DYI DYII EYI EYII

Tnax=500°C: 4°C/s (tgss =805)

Slow rate: (Z)

Tme500°C: 0.1Cfs (tgs = |BZI  BZI  CZI CZIl DZI Dzl EZI  EZI
3000s)
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7.2.3 Hardness Testing

After the Gleeble testing, each specimen was sectioned along the centreline., One half
was used for hardness testing; the other half was for the TEM foil sample preparation

to determine the element segregation.
7.2.4 Specimen Preparation

0.3 mm thick slices were sectioned from the thermo-couple point to the interface of
HAZ and soft zone by using the cutting machine. Then discs 3 mm in diameter were
cut from each slice by the sparking unit and were ground to a thickness of about 70pm.
The discs were electropoIrished to obtain the thin zone using a dual jet electropolisher.
A polishing solution of .5% perchloric acid in methanol was used with operating

parameters of 28V in voltage, 7SmA in current and below —50°C in temperature.

7.2.5 Operation of the Instrument -

Both the Tecnai F20 and the JEM 2010F FEGTEM were used to determine the P |
content at grain boundaries. The operation of the instrument is very important. In
order to minimize specimen drift and contamination, the TEM specimen was cleaned
in plasma for five minutes and its thin zone was exposed for about 30 minutes to an
electron beam at a magnification of 2000x before EDX analysis. The spot size of
electron beam is minimized with a full width at half maxium height (FWHM) of about
Inm at an accelerating voltage of 200kV. A straight and narrow boundary was
selected for observation. The specimen tilt was carefully adjusted until the image
width of the boundary trace was less Snm. Both TEM and Scanning TEM (STEM)
modes of EDX were applied to obtain the most accurate elemental segregation
concentration on boundaries. Line and step scanning across the boundary were carried
out to compare the analytical results. Magnifications used can be up to a maximum of
910k. A 100nm measurement depth was chosen. Collecting time was optimised to
ensure either the effective spectrum counts to be obtained or without beam drifting

during the determination. This was monitored periodically. The acquisition status
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during determination is also important, so that the deadtime is between 10%-25% to
ensure proper accounting. Counting time is set to 50 seconds. Shorter counting time
cannot ensure a reasonable accounting number, whereas with longer counting time the
beam positioning is difficult to maintain precisely due to the beam drifting. The
counting number is optimised to no less than 4000 counts. The positions determined
include grain boundaries especially the lath martensite boundaries. Fig. 7.3 portrays

these types of boundaries.

GB without M'uCﬁ

] TriangleGB

2
GB with M)'{Cﬁ

¥

L

Fig. 7.3. The boundaries studied
a) grain boundary, b) triangle GB, c) lath boundary
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7.3 Results

As a consequence of the broadening of the electron beam as it passes through the foil
and there is an increase in the volume from which X-rays are generated, the corrected
GB concentration of P is higher than the measured concentration. The measured
concentration needs to be convoluted to derive a corrected GB concentration. The

corrected GB concentration can be written as >¢

1 1
ceC 1 . -C) f xd+-2—d0 f xd—ado
=C, +—=(C, —Cy) x| erf| —=2— |—erf| —2—
0 2( b 0 o_ﬁ O"JE

where C, is the concentration in the segregant layer, C, is the concentration in the
adjacent matrix, o is the standard deviation of the probe distribution (80%), x, is

nominal beam diameter (3.5nm) and d,, is a segregation layer width (1nm).

The values of P concentration at grain boundaries for each condition are presented in
Table 7.4.

Table 7.4. P concentration at grain boundaries in specimens

Specimen code BXI BYI BZI DXI DYI DZI EXI EYI EZI
P(at.%) oveasureay 0.56*(7**)0.54(11) 0.55(8) 0.70(4) 1.07(5) 0.85(2) 1.69(3) -- 1.83(1)

P(at.%) (Correctedy 0.59 0.58 058 077 118 093 185 - 203

P(at.%)cCatcutatedr* 0.34 - - 094 1.05 - 265 - 2.78

* Average value.
** Number of the boundaries measured.

*** It is calculated from the Equation (10) in Chapter 3
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Besides the status of the instrument, the determination is also affected significantly by
many factors related to the specimens, such as quality and quantity of grain
boundaries in the thin section, quality of the thin section of the specimen. Therefore it
is very difficult to ensure uniform measurement. Generally the scatter of
measurements within a same sample is not serious. Table 7.5 shows single

measurement for each boundary for all the specimens in Table 7.4.

Table 7.5. Single measurement for all specimens
at%
GB* 1 2 3 4 5 6 7 8 9 10 11 12

Specimen:
BXI 0.20 0.60 0.14 0.62 0.51 0.49 1.06
BYI 0.30 0.31 0.50 0.55 0.52 0.50 0.50 0.64 0.63 0.42 0.54
BZI 0.50 0.45 0.95 0.40 0.51 0.51 0.44 0.50

DXI 0.68 0.63 0.78 0.72
DYI 1.22 0.86 0.96 1.40 1.23 (L**) 0.94(L)
DZI 0.40 0.85

EXI 1.77 1.60 1.13
EY] - --
EZI 1.83

* GB-grain boundary, ** L- lath boundary.

7.4 Discussion

This is based on the grain boundary non-equilibrium segregation (GBS) model which
is related to the equations (9) and (10) in Chapter 3.
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7.4.1 Maximum GB Concentration

The maximum concentration of P at GB is dominantly controlled by the starting
temperature. When the quenching temperature increases, the maximum segregation of

P to GB increases significantly (Fig. 7.4).

300 1 T E T T L
250 |-
200
> ]
E 1501
=)
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300 400 600 800 1000 1200 1400 1600

75, K

Fig. 7.4. Maximum concentration on grain boundary with temperature
(Quenching rate: 15°C/s)

7.4.2 GB Concentration versus Quenching Time

It can be seen from Fig. 7.5 that the non-segregation of P to grain boundary enhances
with increasing the quenching time. However, when the time is longer, the non-

equilibrium segregation tends to reach a maximum.
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_ GB concentration vs quenching time
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Fig. 7.5. Concentration of P on the grain boundary with time
T=900°C, T=950°C, T=1100°C, T,~1300°C

7.4.3 The Effects of the Quenching Temperature and Rate on the P Segregation to GB

The simulated P segregation as a function of quenching temperature and rate is shown
in Fig. 7.6. It can be seen from the figures that the NES segregation of P to grain
‘boundaries increases almost in a linear manner with the quenching temperature, while
the GB concentration decreases as the cooling rate is increased. However the effect of

the quenching rate on the NES segregation at the grain boundaries is relatively minor.
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Fig. 7.6. Relationship between GB concentration with the quenching temperature

and cooling rate
7.4.4 Grain Boundary Segregation (GBS) Model Validation

It is clear that from Fig. 7.7 and 7.8 that the simulated results are in good agreement

with measurements.
600 T T T T T T T
500+ « Model simulation
* Experimental
400
gaoo -
2001
100
-
! 1 1 1 1 1 1
Soo 400 600 800 1000 1200 1400 1600 1800
Quenching temperature, Ts

Fig. 7.7. Simulated P segregation kinetics in P91, together with experimental
Measurements (Quenching rate: 15°C/s)
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Fig. 7.8. Relationship between GB concentration and the quenching rate

The study reveals a typical phosphorus concentration profile as a function of the
distance from the grain boundary, and a significant enrichment of P in boundary

e ——

4 do s

- S N ttn_p

D PP PP e

P concentration, at%

q

80 -40 -20 20 40 60
Distanc from GB, nm

o

Fig. 7. 9. Phosphorus distribution across the boundary (DYI specimen)
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regions <~7.5nm from the interface (Fig. 7.9). There is sharp peak of phosphorus
concentration in which the NES process is dominant during quenching. This is similar

with the result presented by Faulkner and Little”3,

It can be seen from Table 7.5 that phosphorus shows similar segregation behaviour on

all types of boundaries. There is big difference between grain boundaries and

lath boundaries. The phosphorus appears mainly on the boundaries without My;Cs
carbides (Fig. 7.3), this is because that the NES segregation is strongly influenced by
site competition. NES segregation can be classified into segregation and
desegregation. Desegregation is back diffusion of solute atoms after a critical time. As
a result of the effect of the desegregation process, the phosphorus segregation was not

determined for all the specimens after post weld heat treatment (PWHT). This agrees
with the work of Maier and Morgan™!1.

The data used in the theoretical calculation are listed in Table 7.6.

Table 7.6. Parameters for the theoretical calculations

Parameters Phosphorus Carbon Molybdenum
B (m) | 3x10° 3x107 3x10°

d (m) 2x10° 2x10” 2x10°

D (m*s™) 1.7x10° [12] 7%10° [13] 1.7x107% [12]
D, (m%sT) 7.12x107 [14] 3.94x107 [15] 3.467x107 [15]
E, (V) 1.6 [16] 1.33 [15] 2.56[15]
E, (eV) 0.36 [16] 0.5 [16] -

EY (eV) 1.4 [17] 1.4 [17] 1.4[17]

E, (eV) 2.68[16] 0.83 [15] 2.51 [15]
E' (eV) 0.87[16] 1.36 [13] 1.24 [13]}

k 1.837x10°2 1.837x10% 1.837x10%
Q' (eV) 0.54 [18] 0.829 [19,20] 0.00104 [18]
R 0.01 0.01 0.01

s 0.05 0.05 0.05
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7.5 Conclustons

1. The non-equilibrium segregation of P to prior austenite grain boundaries and lath
boundaries was observed after austenitising and quenching treatment with Gleeble
simulation. The maximum segregation to the grain boundary is mainly affected
and controlled by the start temperature.

2. The cooling rate has a less significant influence on the non-equilibrium
segregation of P to grain boundaries. The P concentration to the grain boundary
slightly increases as the cooling rate is reduced (from 15°C /s to 0.1°C/s).

3. The experimental measurements are well in agreement with the GBS model.
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CHAPTER 8:

Type IV Cracking Mechanism of High Cr Ferritic Steels

8.1 Introduction

Weld creep testing was used to simulate the service situation for ferritic steel weldments;
after that, microstructures mainly in the HAZ were investigated to understand the Type

IV crack faiture mechanism.

Creep rupture tests were performed at different stresses and temperatures. All materials
were tested in the PWHT condition. Therebys, all the creep specimens were taken parallel
to the longitudinal direction of the pipe but perpendicular to the welding direction in such

a manner that the HAZ was in the middle of the gauge section as shown in Fig. 8.1%2,

weld metal  HAZ base metal

AV

Fig. 8.1. Specimens for creep testing

The gauge section in size $11 x 90 mm, therefore, contained base metal, HAZ and weld

metal, The test methods used conform to the requirements of ASTM E 139-83,
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8.2 Experimental Results

8.2.1 Creep Sample Testing Results

Four types of materials 41 specimens in total were received for examination. The results

are shown in Table 8.1.

Table 81 Creep specimen testing results

PTC Ref Test Ref. Temp. Stress Est.. Final Elong. R.of
°C MPa Dur. Dur. % A%

MBEL comments

P122(HCM12A) Casting Weld (Group ref A)

KA1281/1 02/005 670 75.0 1000 1240B 512 17.75
KA1281/2 01/031 625 1350 1000 1695B 4.38 748
KA1414/1 01/032 625 1050 3000 (2290T)3.34 8.50
KA141422 02/015 625 750 2500 (853T) 5.99 13.35

2 X-weld, from etching a space sample the fusion line appears to
be at 80deg to specimen surface, in the centre of the gauge length

45deg failure, Y of gauge length, failure could be in weld metal
Jagged failure, % of gauge length, appears to be in the weld metal
45deg jagged failure, %4 gauge length

45deg jagged failure, % gauge length

P122 (HCM12A) Forging/Weld (Group ref B)

KA1414/3 01034 625 1050 3000 (1340T)7.84 13.35
KA1295/1 02006 670 75.0 1000 1988B 5.16 7.30

KA1395/1 02/016 650 750 2500 (829T)3.77 11.85
KAl1414/4 03/003 700 60.0 500 599 5.63 12.54
KAL281/3 01/033 625 1350 1000 1869B 11.24 1646

Y2 X-weld, the fusion line appears to be at 45deg to specimen
surface, in the centre of the gauge length(from etching a space
sample}

45deg jagged failure, ¥4 gauge length

45deg jagged failure, % gauge length in weld metal

45deg jagged failure, ¥4 gange length

45deg jagged failure, % gauge length

some necking at fusion line, but looks like failure in weld metal

P122 (HCMI12A) TWI Weld Test Plate W16 (Group ref C)

KA1281/4 02/007 625 75.0 1060 1061B 2.63 12.02
KA1392/1 02/013 6251050 3000 5069 262 15.51
KA1339/1 02/017 650 75.0 2500 2970 3.19 3.87
KAI1281/5 01/035 625 135.0 1000 1366B 4.00 7.13

X-weld with 2 45deg fusion lines, centre of weld is offset from
centre of gauge length{from exam. Of failed specimen 01/035)

45deg failure at fusion line,at end of gauge length and just beyond

45deg jagged failure, Y2 gauge length

45deg failure, ¥ of gauge length

Jagged failure in centre of weld

P92 (NF616) TWI Weld Test Plate W12 (Group ref D)

KA1281/6 02/004 670 75.0 1000 1054B 1.69 2.99
KA139572 02/012 625105.0 3000 6129 149 3.16
KAl1392722 02/014 650 75.0 2500 4421 1.11 0.89
KA1281/7 01/036 625 135.0 1000 1475B 12.5 39.55

Unknown construction, suspect X-weld with 2 off 45deg fusion
lines

45deg failure in centre gauge length

45deg failure, 2 of GL

45deg failure, ¥z of GL

45deg failure in centre of gauge length,severe necking on one side
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( continued)

PTC Ref Test Ref. Temp. Stress Est.. Final Elong. Rof
°C MPa Dur, Dur. % A%

MBEL comments

E911 Pipe ex-PIPE (rods+H/Ts) (Group ref E)

02/001 625 60.0 2000 (1318T)
KA1281/8 02/002 670 75.0 1000 703B 3.17 19.49

KA129572 02/003 650 75.0 2500 2574B 2.46 16.29

60deg failure in centre of gauge length, could be fusion line

60deg failure in centre of gauge length, could be fusion line

P92 (NF616) Nippon Pipe M2W electrodes PWHT 765°C,2hrs
(Group ref F) '

KA13392 02/036 625 135.0 1000 1631
KAl1414/5 02/037 625 1050 3000 7397
KA1339/3 02/038 670 75.0 1000 1567
KA1395/3 02/039 650 75.0 2500 5410

20.77 8288
3.06 630
3.53 11.09
217 1155

X-weld with 2 60deg fusion lines (from etched spare specimen)

cup and cone in parent metal
15deg failure, 2 GL

15deg failure

15 failure, 1/2GL

P92 (NF616) Nippon Pipe M2W clectrodes PWHT 765°C,2hrs
{Group ref G)

KA1295/3 02/040 625 135.0 1000 506B 24.01 8831
KA1414/6 02/041 625 105.0 3000 7454 2.66 524
KA1339/4 02/042 670 750 1000 1577 344 344
KA1414/8 02/043 650 750 2500 8531 3.35 594
KA1414/7 03/004 700 600 500 537 240 1072

X-weld with 2 60deg fusion lines (from etched spare specimen)

cup and cone in parent material
Jagged at 2/3 GL

Jagged failure, 2/3GL

Jagged at 2/3 of gauge length
45deg jagged at Y2 GL

P91 As-Rec’d. MR02/027A Weld with Metrode
PWHT 760"c3hrs

KAL395/4 02/080 600 105 4000 2222 3.97 1432
KA1339/5 02/047 600 120 1100 934 19.9278.16
KA1395/5 02/077 635 75 1000 1246 3.06 153
KA1392/3 02/067 655 750 400 519 3.05 13.68

Y X-weld, from etching a space sample the fusion line appears to

be at 80deg to specimen surface, in the centre of the gauge length

90deg failure in the centre of gauge length
cupand cone in parent material at 2/3 of gauge length
90deg failure in the centre of gauge length
90deg failure in the centre of gauge length

P91 N&Temper, MR02/27B Weld with Metrode.
PWHT 760°cihr

KA1395/6 02/081 600 105.0 4000 2176
KA1339/6 02/048 600 120 1100 1366
KA1392/4 02/096 600 155 100 215
KA1395/7 02/078 635 73 1000 926
KAI392/5 02/068 650 75 400 359

3.01 1547
3.40 765

18.34 55.32
257 1335
2.31 1807

Y% X-weld, the fusion line appears to be at 45deg to specimen

surface, in the centre of the gange length(from etching a space
sample)

90deg failure in the centre of gauge length

Type IV

at fusion line with necking in parent metal

90deg failure in the centre of gauge length

90deg failure in the centre of gauge length

P91 Aged, MRO2/027C Welded with Metrode.

KA1395/8 02/082 600 105 4000 2054 2555 82.33
KAL339/7 02/04% 600 120 1100 677 23.11 8263
KA1395/9 02/079 635 75.0 1000 1111 4.19 16.62
KA1395/1002/069 650 75.0 400 430 1046 28.77

X-weld with 2 45deg fusion lines, cenire of weld is offset from
centre of gauge length(from exam. Of failed specimen 01/035)
cup and cone in parent metal
cup and cone in parent metal
90deg failure, ¥ of gauge length
90deg failure in the centre of gauge length, some RA of PM
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8.2.2 Macroexamination

8.2.2.1 Low mag. photographs of the two specimen halves and the fracture surfaces

The specimen macrographs of the fracture in three regions are shown in Fig. 8.2.

a) (KA1414/1, P122)

b) (KA1395/5, P91)
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¢) (KA1395/8, P91)

Fig. 8.2. The macrographs of the fracture
a) Weld metal failure, b) Type IV crack, c¢) Parent metal failure

8.2.2.2 Macrographs of sectioned specimens

The macrographs of sectioned specimens are shown in Fig. 8.3.

a) (KA1414/1, P122)
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b) (KA1395/5, P91)

¢) (KA1395/8, P91)

Fig. 8.3. Micrographs of the sectioned specimens
a) WM failure, b) Type IV crack, c¢) PM failure

8.2.3 Microexamination on the Creep Damage and the Defects
The regions close to the fracture and both sides of the HAZ zones have been examined at

higher magnification to observe the creep damage, defects and other phenomena as

shown in the following figures:
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100um

——

b)
Fig. 8.4. a) Secondary crack in WM, and b) the fusion line, P122 (KA1281/1) ‘
The HAZ showed no creep damage. The weld metal secondary crack lies in the light-

etching zone near the weld inter-run boundary. There is also an undamaged very light-

etching zone at the fusion boundary, which may be due to carbon migration.
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Fig. 8.5. The fusion/slag defect crack, P122 (KA1281/3)

The apparent secondary crack at the fusion boundary in the macrograph is in fact

a lack of fusion/slag defect on the weld preparation sidewall,
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Em—

Fig. 8.6. The creep damage in a) HAZ, and b) unfailed HAZ, P122 (KA1281/4) The
creep damage can be seen in the HAZ adjacent to the failure and also in the
unfailed HAZ.
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Fig, 8.7. Creep damage in HAZ, P92 (KA 1281/6)
Creep damage is observed in HAZ adjacent to crack. No creep damage is
observed in the unfailed HAZ.
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Fig. 8.8. Creep damage in a) HAZ, and b) the necked region, P92 (KA1281/7).
Large amount of creep damage is present in the unfailed HAZ and in the necked

region of the parent metal (close to failure) (cavitation and microcracking).

Fig. 8.9. Creep damage and microcrack in HAZ, E911 (KA1281/8)

Creep damage and microcracking appear in unfailed HAZ.
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Intergranular
cracking

Fig. 8.10. Creep damage and microcrack in HAZ, P122 (KA1295/1)

HAZ contains microcrack which is intergranular.

8.2.4 Failure Conclusions

The examination results on the fracture for all specimens are given in Table 8.2. Of these

41 specimens, 23 are Type IV cracks, 13 are WM failures and 5 are PM failures.
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Table 8.2. Failure examination results

P122(HCM12A) Casting Weld (Group ref A)

PTCRef TestRef. Temp.'C SJS:S Est. Dur. ';"L‘lf' Elong. % R.ofA. % Failure
KA1281/1 02/005 670 750 1000 1240 512 17.75 WM
KA1414/2 02/015 650 750 2500 7984 599  13.35 WM
KA1281/2 01/031 625 1350 1000 1695  4.38 7.48 WM
KA1414/1 01/032 825 1050 3000 9162  3.34 8.50 WM
P122(HCM12A) Forging/Weld (Group ref B)
W~ Stress Final "
PTC Ref. Test Ref. Temp.'C MPa Est. Dur. Dur Elong. % R.of A. % Failure
KA1414/4 T 03/003 700 60.0 500 599 563 1254 WM
KA1295/1 02/006 670 750 1000 1988 5.6 730 WM (HAZ microcrack)
KA1395/1 02/016 650 750 2500 7050 377  11.85 WM (HAZ crack)
KA1281/3 01/033 625 1350 1000 1869 1124 1646 WM (HAZ damage)
KA1414/3 01/034 625 1050 3000 8819  7.84  13.35 WM
HCM12A (P122) TWI Weld Test Plate W16 (Group ref G)
PTCRef. TestRef. Temp.'C iﬁt’;:s Est. Dur. ';:f' Elong. % R.of A. % Failure
KA1281/4 020007 670 750 1000 1061 263  12.02 TV
KA133g/1 02/017 650 750 2500 2070  3.19 387 - T IV (WM crack)
KA1281/5 01/035 625 1350 1000 1366  4.00 7.13 WM
KA1392/1 02/013 625 1050 3000 5069 262 1551 TV
i o
P92 (NFB16) TWI Weld Test Plate W12 {(Group ref D)
PTCRef. TestRef. Temp.'C i;’;:s Est. Dur. 'ng' Elong. % R.of A. % Failure
KA1281/6 02004 670 750 1000 1054  1.60 200 TN
KA1302/2 02014 650 750 2500 4421 1.11 0.89 TV
KA1281/7 01/036 625 1350 1000 1475 1250 3955 T IV (PM damage.neck)
KA1395/2 02/012 625 1050 3000 6129  1.49 3.16 T IV (WM microcrack)
E911 Pipe ex-PIPPE(rods+H/Ts) (Group ref £
~ Stress Final "
PTC Ref. TestRef. Temp.'C MPa Est. Dur. Dur Elong. % R.ofA. % Failure
KA1281/8 020002 670 750 1000 703 347 19.49 TV
KA1295/2 02/003 650 750 2500 2574 246  16.29 TV
02/001 625  60.0 20000 10247T
PO2(NF616)Nippon Pipe M2W electrodes PWHT 765'c2hrs (Group ref F)
PTCRef. TestRef. Temp.'C 3 o°° Est.Dur. 'g:f_" Elong. % R.ofA. % Failure
KA1339/3 02038 670 750 1000 1667 353  11.09 TV
KA1395/3 02/039 650 750 2500 5410 217 1155 TV
KA1339/2 02/036 625 1350 1000 1631 2077 82.88 parent
KA1414/5 02/037 625 1050 3000 7397  3.06 630  TIV (WM microcrack)

=PQZ(NF616)SFEL: bar M2W electrodes PWHT 765°C 2hrs (Group ref G)

PTCRef. TestRef. Temp.'C jacc° Est.Dur. o' Elong. % RofA. % Failure
KA1414/7 03/004 700 600 500 537 240 1072 T IV (runninginto WM)
KA1339/4 02/042 670 750 1000 1577 344 334 WM
KA1414/8 02/043 650 750 2500 8531 335 594 WM
KA1295/3 02/040 625 1350 1000 506 2401  88.31 parent
KA1414/6 020041 625 1050 3000 7454 266 524 WM
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continued

Test Material & History :- P91 As-Rec'd. MR0O2/027A Welded withMetrode. PWHT 760'c3hrs
PTCRef. TestRef. Tomp.'C Sues® Est.Dur. T2 Elong. % RofA. % Fallure
KA1392/3 02/067 650 75 400 519 3.05 13.68 TV
KA1395/5 02/077 635 75 1000 1246 3.06 16.3 TV

: parent (T IV

KA1339/6 02/047 600 120 1100 934 19.92 78.16 microcracks)
KA1395/4 02/080 600 105 4000 2222 397 14.32 TV

Test Material & History :- P91 N& ‘-I'empered. MRO02/027B Welded with Metrode. PWHT 760'c1hrs
PTCRef. TestRef. Temp.C S1o°° Est.Dur. -0 Elong.% RofA.% Failure
KA1392/5 02/068 650 75 400 359 2.3 18.07 TV
KA1395/7 02/078 635 75 1000 926 2.57 13.35 TV

) T IV crack {running into

KA1392/4 02/096 600 155 100 215 18.34 55.32 necked parent)
KA1339/6 02/048 600 120 1100 1366 34 7.65 TV
KA1395/6 02/081 600 105 4000 2176 3.01 15.47 TV

Test Material & History :- P91 Aged, MR02/027C Welded withMetrode. PWHT 760'c3hrs
PTCRef. TestRef. Temp.'C Sios® Est.Dur. N2 Elong.% R.ofA. %

KA1395/10 02/069 650 75 400 430 10.46 28,77 T IV (slight PM neck)
KA1395/9 02/079 635 75 1000 1111 . 419 16.62 TIV
KA1339/7 02/049 600 120 1100 677 23.1 82.63 parent

parent (minor type IV
KA1385/8 02/082 600 105 4000 2054 25.55 82.33 cavitation)

8.2.5 Microstructures for the Type IV Crack Specimens

The microstructures of the Type IV crack samples were taken at the position shown in

Fig. 8.11. The Fig. 8.12 shows the microstructures of P92 weldment.

Neck Crack Fusion WM

- L\Ea/

Fig. 8.11. The position where the microstructures were taken
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a(WM)

.1

b (interface of WM and HAZ) (fine grain/ coarse columnar grain)
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d (soft zone: PM close to the crack)
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_—

Fig. 8.12. Micrographs of P92 weldment

8.3 Discussion

8.3.1 The Type IV Crack Definition

The heat-affected zone (HAZ) is shown in Fig. 8.13. The Type IV crack is the crack that
occurs in the fine-grained zone approximately one quarter of distance from the fine-
grained region to the PM. This range is still between intercritical temperatures, Ac; and
the melting point. For comparison the Type III crack region is also shown. Provided that
fusion welding is employed, the Type IV zone will always be present. It is inevitable that
there will always be a zone that is above the Ac; critical temperature range. The width
and the distance of this zone from the fusion boundary may vary; in this case the HAZ
zone is about 2.0mm wide while the Type IV zone is in the range of 0.1 to 0.5mm from
the edge of the PM.
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Type 11 crack Type 1V crack
/ ®) @) (©
| 3 L
i
|
i SZ —* PM
wm | €| 7
"1 s
!
\ | . _ Zz
Cleavagza\ Intergranular+Ductil 0.1-0.5mm  Ductile 7
‘ FZ Type leog
~ T
HAZ (TZ)

Fig. 8.13. The Type IV crack location
WM-Weld metal, CZ-Coarse grained zone, FZ-Fine grained zone, SZ-Soft zone,

TZ-Transformed zone, HAZ-Visible heat affected zone, PM-Parent metal.

a) 1.7/2.0 (P91) (Elong 3.01%; R of A 15.47%)

b) 1.5/2.0 (P122) (Elong 3.19%; R of A 3.87%)
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QLR

¢) 1.9/2.0 (P91) (Elong 18.34%; R of A 55.32%)
Fig. 8.14. Type 1V cracking varies with the location

The typical Type IV crack (position (a) in Fig. 8.13) is where the crack is about 1.7mm
away from the fusion boundary and 0.3mm away from the interface between HAZ and
the soft zone. It has shown a flat fracture face (cleavage) and some deformation
(ductile)(Fig. 8.14 a)). When the cracking is closer to the weld metal (the position (b) in
Fig. 8.13 where the crack is about 1.5mm away from the fusion boundary), the fracture of
Type IV crack is more like the cracks in weld metal (e.g. Type I and Il cracks) with little
deformation (cleavage), and with some secondary cracking in the weld metal (Fig. 8.14
b)). When the cracking moves toward to the interface of HAZ and soft zone (the position
(c) in Fig. 8.13) where the distance of the Type IV crack away from the fusion boundary
is about 1.9 mm), the Type IV cracking fracture exhibits severe plastic deformation,
while the parent metal has almost failed (Fig. 8.14 ¢)). The welding process will only
have an indirect influence through the heat input and the cooling rate and will not change
the position of the Type IV cracking. A higher welding temperature will lead to a wider
Type IV zone, which will be placed further away from the fusion line *4, Therefore it can
be concluded that the Type IV cracking is strongly related to the parent metal, whereas
the Type III crack region is strongly related to the weld metal, on which the heat input

would have a significant effect.
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8.3.2 Effect of Process Parameters on the Fracture

The testing results of all the creep specimens are summarized in Table 8.2 in order to
investigate the effect of the various creep parameters (mainly the stresses and the

temperatures).

8.3.2.1 Effect of stress

It can be seen in Fig. 8.15 that all the four types of materials have Type IV cracks and the
9Cr steel (P91, P92 and E911) is more sensitive to Type IV cracking compared with the

Crack in
WM O 0O O
(HAZ close to failure)
O0000 OO0 OO0
HUEX XXX
Ooagoao
HAZ !
O O
PM O 0O
| | I
60, 75 105 120,135
Stress, MPa
x P91, O P92, + E911, O P122

Fig. 8.15. The effect of the stress on the fracture
12Cr steel (P122) which tends to fail in the weld metal. From the Fig. 8.15 it is also clear

that at the lower stress level there is more Type IV cracking. As the stress increases, the

failure shifts to parent metal, and is more related to parent metal strength.
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8.3.2.2 Effect of temperature

Fig. 8.16 shows that the temperature has no significant influence on the Type 1V cracking.

However, it can be seen that the PM failures always occur at lower temperature.

Crack in
WM O O O
OO0 000 OO0 OO0
X XXX XX XX XX
HAZ, DEIrEI O O ggaagd
+ +
@) O O
X X x
PM 0O O
] | |
600, 625 650 670,700

Temperature, °C

x Po1, O P92, + E911, O P122

Fig. 8.16. The effect of the temperature on the fracture

8.3.2.3 Cracking sequence

Fig. 8.17 to Fig. 8.18 also shows the individual sequence of cracking at different stresses
and temperatures. When the stress decreases at a given temperature, the possibility of the
Type IV cracking increases, the amount of the Type IV cracked samples reaches
maximum at 75MPa. Meanwhile only one PM failure was obtained at a lower
temperature (625°C). When the temperature increases (Fig. 8.18), the cracking situation is

almost same, and the amount of the Type IV cracks is unchanged.
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Fig. 8.17. Cracking sequence at different stresses

1-P122 (TWL, 12A), 2-P92 (NE616, TWI), 3-P92 (NF616, W12),
4-P92(NF616SFEL, W12), 5-P122 (HCM12A forged), 6-P122(HCM12A cast)
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Fig. 8.18. Cracking sequence at different temperatures

1-E911, 2-P122 (TWI 124), 3-P92 (NF616, TWI), 4-P92 (NF616, W12),
5-P92 (NF616SFEL, W12), 6-P122 (HCM12A forged), 7-P122(HCM12A cast)
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8.3.2.4 Effect of time

Fig. 8.19 shows that the type IV crack tends to occur after duration of around 2000 hours,
particularly for P91 and P92 materials. The average values for P91 and P92 are 1042
hours and 2500 hours respectively. This is in agreement with other estimations that P91

shows Type IV cracking at a reasonably early stage in life 67,

26
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e 14 ¥ _ WM failure
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Fig. 8.19. Relative incidence of three cracks

8.4 Analysis on the Micro-Mechanism of the Type IV Cracking

8.4.1 Basic Theory
8.4.1.1 Cleavage fracture

The cleavage is a type of brittle fracture. It occurs by separation across crystallographic

planes (crystals of mica split along their weakly bonded basal planes for example) under
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the action of normal stress. Normally the cleavage plane is the low index crystalline plane
with lower surface energy and theoretical strength. In body centred cubic metal the
cleavage mainly happens along {100} plane. Although the cracking rate is rather low, it

can still be divided into two stages: crack initiation and unstable propagation.

(1) Energy criterion for cleavage

The crack initiation and unstable propagation of cleavage will meet the Griffith energy
criterion, i.e. the crack starts to propagate under the condition that the released elastic

energy is larger than the work needed by the newly formed surface. Based on this

criterion, the condition of crack propagation in plane stress can be given by™:
1/2
s =[ ”EJ (M
7,

where o, is critical stress, y is surface energy of the material, &, is half length of the

crack, and E is elastic modulus.
(2) Crack initiation

The crack initiation includes the microcrack initiation and microcrack propagation in the
matrix resulting in cleavage. The microcrack will tend to nucleate at the brittle secondary
phase particles, blocked slip bands or weak grain boundaries’. The propagation does not
start immediately after initiation and will possibly stop at some discontinuous boundaries.
The crack nuclei will expand in the matrix to induce cleavage only when the local stress
reaches a critical value. On the other hand because the cleavage is based on the atomic
bond separation occurring along specific crystalline planes, the crack nucleus tip inducing

cleavage should have a sharpness equal to the atomic spacing.
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(3) Unstable propagation of cleavage crack

This is not a continuous propagation to fracture after initiation: very possibly the
propagation contains a series of pause and re-initiation phases. When the crack source
induced cleavage crack propagates, it may meet a larger energy barrier e.g. grain
boundary or secondary phase particle, and then propagation will not continue. Crack
arrest can occur because the preferred orientation of a neighboring grain makes the crack
tip passive; after that the newly formed crack nuclei in a high stress regioh of a crack tip
induces the cleavage. The new cleavage crack propagation combines with the original

crack and makes the propagation continue.

8.4.1.2 Ductile fracture

This is a common mechanism in materials that undergo easy plastic deformation. These
types of fractures are characterized by depressions in the microstructure called dimples,
which form from microvoeids in places of high local plastic deformation. Voids form
when the material is pulled apart internally. Under increased strain these voids (Fig. 8.20)
gradually expand and join with other voids (coalescence) to form the fracture surface,
which has a dimpled appearance to it, For the most part, these voids form at second-phase
particles. In some instances, these particles can be found lying in the dimples on the
fracture surface. These dimples are formed by either the particles tearing in half or the
particle-matrix interface failing. The size and shape of the dimples is determined by the
characteristics of the loading and the material. Also it depends on the stress direction. If
the sample fails in tension, the dimples are round and equiaxed. If the sample is torn or
sheared apart, the dimples might look like teardrops. Fig. 8.21 shows the parent metal
ductile failure of P91.
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Fig. 8.20. The progression of void coalescence

Fig. 8.21. Parent metal fracture, P91 (PM part in Fig. 8.13)
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8.4.1.3 Quasi-cleavage

According to Brooks’on quasi-cleavage, "a fracture surface forms which consists of
regions showing ill-defined or relatively faint signs of cleavage (sometimes called
rosettes) separated by regions showing extensive plastic deformation. These latter regions
are tear ridges." This is called quasi-cleavage and develops with microcracks and the
subsequent tearing of the connecting material. The mechanism of the creep failure is

associated with the cavitation at high temperature with the following characteristics:

® Intergranular

@ Cavitation initiates at discontinuities in the microstructure, i.e. grain boundary

precipitates

® Multiple initiation sites that are very localized at some microstructural features such

as grain boundaries, weld fusion lines or weld centerlines
® Very little local deformation at the crack location thus no global deformation.
® Cavities grow slowly by a diffusion-controlled mechanism
® (Cavity density and size increase until the cavities link-up and form microcracks

® Microcrack growth at rapid rates is dependent upon the cavity density, local

chemistry and local stresses
The properties of creep cavities are as follows:
® They form in grain boundaries
® They are not surface connected or even interconnected until late in life
@ They link to form intergranular cracks

® They are localized by weld geometry
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This mechanism occurs when the grain boundary is the weakest part (i.e. at high
temperature). So the fracture is changed from transgranular to intergranular as the
temperature rises. Often other mechanisms can be found, but intergranular separation is
the primary mechanism. Cavitation, GB precipitates and impurities in the grain
boundaries are prime crack initiation sites. In such a case, small prior austenite grain size
and the short martensite laths might not be so important to the fracture, as they both can
enhance either the strength and the toughness, which should be good for preventing

fracture. Here the prior austenite grain size in the HAZ is in grade 10 (8-10#m) compared
with the grain size of grade 5 (40-501m) in the weld metal (Fig. 8.13).

8.4.1.4 Intergranular fracture

The intergranular fracture is induced mainly by the cavitation (vacancies) and the
segregation (impurities). This type of fracture occurs because there is significantly
reduced GB energy due to Gibb’s thermodynamic absorption of impurities. Generally the

segregation of metal or gas-metal impurities changes the GB free energy. The changes of

the GB energy result in intergranular cracking,

8.4.1.5 Mixed fracture

The differences of the segregation to GB can also produce a mixed fracture mechanism,
in which ductile zones exist simultaneously with intergranular cracks. The brittle
intergranular fracture is produced because of the thermal induced segregation to separate

the grains along the smooth interface.

Usually the fracture that is caused by simultaneous action of two or more mechanisms is
defined as ‘mixed fracture’. The fracture induced by the mixed mechanism is dependant
upon the following:

@® Stress situation

® [oad history

® Microstructure
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® Environment

The mixed fractures involved in intergranular cracking are mainly as follows:

(1) Cleavage + intergranular. Both the cleavage and the intergranular mechanisms are
based on low energy criteria. When the energy required for both mechanisms are equal, it
is possible for these two mechanisms to take place simultaneously.

(2) Ductile + intergranular. This is a more common mixed fracture mechanism in the

materials such as steels in which the typical intergranular fracture is shown in between

ductile tearing regions.
8.4.2 Types of Particles in Ferritic Steels

In general most low carbon lath martensites fail by ductile fracture. However high
temperature tempered P91 weld metal will exhibit brittle quasi-cleavage, mainly because
of the strengthening effect of large quantities of alloying elements in the material. The
strength of the high Cr ferritic steel is improved by large amounts of alloying elements
through solid solution hardening and the precipitation mechanisms, which will normally
reduce the ductility. The precipitation strengthening is dominant for P91 material, The
precipitates and interaction between the precipitation stress fields and dislocations

prevent dislocation movement.

The second phase particles in the P91 weld metal can be classified as three types™'*: |

® (Coarse particles. These particles mainly are non-metallic inclusions (SiO; for
example) which are not precipitates. They are characterized with larger diameter (e.g.

© >1pum), brittleness and low ductility. They will have no effect on the material

strength but play a key role in crack formation and initiation

® Medium size particles. These particles are mainly M23;C¢ precipitates with diameter
of about 0.1-0.5um. They have a significant effect on the matrix strength and
cracking

® Small particles. These types of particles are particularly defined as the fine MX

carbides and nitrides formed by precipitation. They possess much smaller particle
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diameter (only in order of several 10 microns). They are firmly dispersed, and will

strongly influence the strength of the material

Generally when secondary phase strengthening (including precipitation and dispersion
strengthening) is considered, the strengthening mechanism is distinguished from the
deformation characteristics of the particles. In the tempered martensitic steels, small
particles can be intersected by the dislocation, and can be considered as deformable
particles. If the particle is larger, it becomes a non-deformable particle, e.g. M23Cs

particles. The large inclusions such SiO; can be considered as non-deformable particles'.
8.4.3 Micro-Mechanism of Cracking
8.4.3.1 Micro-mechanism of fracture

The stress in the plane strain condition reaches a maximum when it is at the crack tip

(Fig.8.22). The crack propagation or formation will first occur from this position.

Stress

" Distance

Fig. 8.22. The stress distribution of plasticity zone in plane strain'?
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Because there might be no microcracks at the main crack tip, and the nucleation and
growth of the microcracks exists, the connection with the main cracks under the stress

results in the propagation of macro-cracks (Fig. 8.23).

., ;::{:::, '&"'\‘ ;7-\

main crack main crack  high stress main crack microcrack maincrack  microcrack
strain zone
a [+] [+] G
a) b) <) d)

Fig. 8.23. Progress of cleavage induced in the macrocrack tip
a) Macro-main crack under stress,
b) A high stress-strain zone on the tip of main crack tip passivated,
¢) Microcrack occurs in the high stress-strain zone,

d) Microcrack growth, connections with the main crack inducing cleavage

8.4.3.2 Influence of particles on fracture

As mentioned above, there aré large quantities of inclusions in the high Cr ferritic steel
weld metal. These particles play a significant role in the crack formation and propagation.
Although the large particles can promote the nucleation of the microcrack, the volume
fraction in the matrix and the HAZ zone is very small and the spacing is too big
(>500um). Therefore for the crack tip with a displacement of several microns, these
inclusions have negative effect on promoting the crack propagation. By contrast, it is
those finely dispersed particles and solid solution alloy atoms which play a key role in the
propagation, because they prevent the dislocation movement. The matrix is strengthened,

the ductile zone and plastic relaxation of the crack tip are reduced by those particles; and
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they will enhance the propagation. Hence the fine particles are harmful to the crack
growth,

Besides the particles, the grain boundary and sub-boundary can also obstruct the
dislocation movement. Fine grain size brings the only method to improve both strength
and ductility simultaneously. As the grain size reduces, strength increases. The grain
boundaries can be thought as an accumulation of dislocations which produce interaction
with the dislocations inside the grains to prevent slip. Multipass welding is used in high
Cr ferritic weldments; there is a fine-grained region in the HAZ zone. There is no doubt
that this region will benefit the toughness of the material. The sub-grain boundaries
(martensite lath) can also have the same action as grain boundaries. Obviously fine
martensite lath is better for the strength. However in this work, it was observed that the
width of martensite lath in the TZ and SZ regions (Fig. 8.13) of weldments for all the
high Cr ferritic steels were almost same. However, the fine grain size in the HAZ has no
effect on the Type IV cracking which is an intergranular fracture mechanism, because
more grain boundaries will increase the possibility of the intergranular segregation along

the grain boundaries.
8.4.3.3 Factors controlling fracture

As known, the microstructure is the key to determining the mechanical properties of
materials, hence we always hope to use the microstructure of materials to predict its
macro-properties, or determine the microstructures based on the property required, in

order to obtain best property/cost ratio materials through metallurgical methods.

It is possible to establish the quantitative relationship between mechanical properties and
microstructure in order to provide a precise basis for optimizing the material composition

and heat treatment,

Microstructural features, which control the material properties in Fe-Cr steels, include:

® Residual austenite content
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Twin crystal amount

Carbide size and distribution

Grain size

Metallic and non-metallic inclusion and its spacing
Lath martensite width

Solute atom strengthening

Dislocation density

Because the Type IV cracking has been shown to be involved with the ductile and
intergranular fracture at high temperature, the carbide precipitation and coarsening at a

given temperature on the grain boundary will play a key role in determining this
mechanism.

8.4.4 The Grain Boundary Precipitation (GBP) Model Application

This is based on the GBP model in Chapter 4. Fig. 8.24 shows the model prediction and
the experimental results, which are in well agreement. There is a very important
phenomenon which can be seen in Fig. 8.25 that the M»3Ce precipitates grow and coarsen
faster in the Type IV zone than in the soft zone. The recovery of excessive dislocations is
also faster for the Type IV zone heated up to Acs. It is considered that the lower creep

strength of fine grained HAZ structures is attributed to the high rate of precipitate growth.
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Fig, 8.24, Simulated M»;Cg precipitation kinetics in P91, aged at 600°C
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Fig. 8.25. SEM precipitates, 2000h ageing at 600°C

a) Type IV zone, b) soft zone

In contrast with Type III cracking region where the cracking mechanism has been

confirmed to be the carbon depleted zone formed near the fusion line and the large
amount of &-ferrite which will grow significantly with time at service temperature, there
is no &-ferrite in the Type IV region, so the fracture mechanism will be totally different.
Although the P122 is a exception (see Fig. 6.8 in Chapter 6), which has a 5-ferrite
containing transformed zone, the failure always tends to occur in the weld metal in this
material. Hence the soft constituent 3-ferrite does not appear to be a key factor in Type

IV cracking.

The data used in the theoretical calculation for the MCS approach in Chapter 4 (Fig. 8.24)
are listed in Table 8.3.
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Table 8.3. The data used in the theoretical calculation for the MCS approach

Parameter Unit Value Reference
a lattice parameter nm 0.2866 [14]
v, molar volume, precipitate m’ mo!™ 1.82x10™ [14]
v, molar volume, matrix m® mol 9.05x10° [15]
D, grain boundary diffusion m’s™ 502 [15]
pre-exponential term
0, grain boundary diffusion kJ mol” 283.1 [15]
activation energy
D,, volume diffusion m’ st 8.5x10™ [161
pre-exponential term
o, volume diffusion kJ mol 240 [16]
activation energy .
v contact angle degree 57 [13]
AH enthalpy of solution kJ mol™ 102.9
AS entropy of solution Jmol* K -109.3

8.4.5 Model for the Type IV Cracking

8.4.5.1 Thermodynamics of impurities and vacancies at grain boundary

Grain boundary adsorption is an important aspect of the thermodynamic and kinetic
properties of grain boundaries, such as mobility, energy, diffusivity; and those of
polycrystalline systems, such as brittleness. The theory is based on the Gibbs’

thermodynamic model and the GB structure.

(1) Impurity absorption at GBs
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The Gibbs’ thermodynamic method has been applied successfully to GBs. The Gibbs’

equation!’

do = —Z I dy, (2)

relates the microscopic parameter: adsorption of ith component, I', ; the GB surface
tension, o; and the chemical potentials of the components in the bulk of the grain, z,. It

is presumed that a grain boundary is as a homogeneous layer of thickness A and density

p. Then
[, =A(Np'-N,p) (3)

where N, and N, are the atomic fraction of the ith component on the boundary and in
the matrix, respectively, p° and p are the atomic densities on the boundary and in the

matrix, respectively. N, , which represents the Zhuchovitsky adsorption isotherm, is

given by“I
N f = ___..L 4
1- N, + BN,
therefore
do =-2ZkT L dN, (5)
1-N, + BN,
ie. ¢ -0, =—ZkTIn(l- N, + BN,) ©6)

where o, is the equilibrium GB surface tension, Z is the concentration of impurity

adsorption sites on the boundary, B is a constant given by
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QIE,

Bz=exp T ] )]

E, isthe formation energy, which is 1.4eV for ferritic steel, £ is the Boltzmann constant

(=1.38x102 JKh,
(2) Adsorption of vacancies at GBs
The description of vacancy adsorption, I", by the Gibbs equation is

N, do
= 8
kT dN @)

v

where o is the grain boundary surface tension, N, is the vacancy concentration in the

bulk. Assuming that the GB consists of bulk matrix atoms and one other component, the

vacancy, the GB adsorption isotherm coincides with the Langmuir isotherm for free

surfaces.

ZbN

v

N=——*— 9
1+2ZbN, ©)

where b is an absorption constant given by

0.5H,

b=b
o €Xp( T

) (10)

H, is the enthalpy of vacancy formation in the bulk, b, is a constant.

Therefore
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o-a, =—ZkT1n[1+bN“ ] 1)

1+bN¥

where N.? is the equilibrium thermal vacancy concentration for a given temperature. N,

and N can be expressed by

N, =NCexp “E; 12)
v v kT

N# = Nex ~E; = ex _H“) (13)
I e W

where N? indicates the number of lattice sites, E7 is the formation energy of vacancy

when the stress is present, E} is the formation energy of vacancy when o = 0. The

volume and number of the vacancies are related to the stress as follows:
E] =E} -0 AV, (14)
where AV, is the volume of a void.

8.4.5.2 Intergranular embrittlement in solids

It is well known that elements like P and S will embrittle materials like steel'®. The
reason for this behavior is believed to be the segregation of impurities to the GBs with a
resultant loss of GB energy and thus the resistance to intergranular (IG) fracture. Lim and
Watanabe®® showed that there is a correlation between IG fracture resistance and GB type.
GB types are increasingly being characterized in terms of coincidence site relationship
terminology. The number of atomic sites on either side of the boundary that coincide as a

fraction of total site density is denoted by a £ value. The X value is a measure of the
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disordered state of the boundary. High X values indicate high levels of disorder whereas

low £ values indicate almost perfect matching, similar to coherent twin boundaries.

Generally the crack initiation and propagation should be in accordance with the Griffith
energy criterion (Equation (1)). When the GBs and impurities are considered, a small
increment of GB energy caused by changing either the vacancy or impurity concentration
on the GB will result in a much larger change in the work of fracture. This is because the
work of fracture must be provided by a dislocation pile-up mechanism around the
advancing crack tip on the GB. In other words, additional work must be provided to
deform the materials at the crack tip in addition to the conventional work needed to

overcome the GB energy. The revised formula was given by Orowan

100Ey, |2
3 =[ 4 ] (15)
d

where ¥ is surface energy or elastic deformation work, d is the grain size since it is
P gy

assumed that cracks of the order of the grain size are present when considering IG

fracture.

Therefore, the GB fracture energy in terms of the equilibrium thermodynamics of the
impurity-containing GB and the misfit of the impurity with the matrix can be calculated.
The only unconsidered feature is that of the GB structure. This is reflected in the value of
Z in Equation (5). Z is described as the fraction of GB sites available to be occupied by

impurity atoms and related to the Z value for the GB in the following way

1 dgb
z=(1_§j5_ (16)
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where d, is the GB width (~2nm) and Q is the atomic volume. This returns us to the

discussion of the ideas of Lim and Watanabe®, who indicate that o, will be influenced

by GB structure. The above equation supports the contention that as T decreases (better
fitting, Z reduces and so the reduction in o, is less significant. Thus, low Z boundaries

will be stronger than high £ boundaries.
8.4.5.3 Type IV cracking mechanism

Based on the above basic theory and the experimental results, a new mechanism of the
Type IV cracking is established and described in Fig. 8.26. When the weldment is under
the tensile stress at a given temperature, the vacancies originate in the matrix and tend to
move towards the grain boundary, and then coalesce in the boundary as voids resulting in
a stress concentration on the tip leading to the main crack nucleation and formation,
Because the stress concentration of the crack tip is at the stage that it is difficult to relax
to reach the rupture strength of material, the cracks grow by a mixed cracking mechanism
in which the intergranular separation is dominant. At the same time the M»3;Cs carbides
on the grain boundaries grow and coarsen faster at high temperature, and re-initiate
microcracks on the tip. The propagation of the main crack is connected with the
microcracks. The carbide distribution along the boundaries and faster growth in the fine
grained zone of the HAZ allow the crack to propagate easily, which results in weakened
grain boundaries and final separation of the grain boundary. Fig.8.27 shows the grain
boundary separation caused by the void crack initiation. A clear micro crack around a

whole grain boundary can be seen in Fig. 8.28.

209



CHAPTER 8 Type IV Cracking Mechanism of High Cr Ferritic Steels
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Fig. 8.26. Type IV cracking mechanism

Fig. 8.27. Secondary cracks along the grain boundary
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Fig. 8.28. A microcrack around a grain

Based on the Type IV cracking mechanism, the y, in the equation (15) can be expressed

as follows
Vo==AY =By, =Cy 7)
where ¥, 7, and ¥, are the elastic deformation work or intergranular work-of-

fracture required to overcome the impurities, precipitates and voids, respectively. A, B

and C are constant which depends on the degree of segregation, precipitation and void

formation.

7, can be obtained from the equation (6)
7.5 =0, - ZkT In(1~ N, + BN,) (18)
where N, = C, , which can be calculated from the equation (7) and (10) in Chapter 3.

7 » is related to the precipitate size, spacing, and can be described as
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a,o L

7 o= K7, size, spacing)= +5, (19)

5

Where y, is the interfacial energy, b, is the intergranular work-of-fracture related to

precipitation. The size (L) and spacing {d,) of the precipitate can be calculated based on

the precipitation model (equation 26 and 34) in Chapter 4 respectively.

¥~ canbe obtained from the equation

Q0

Yo =0 —Zlen( 1+5N, J

1+5N

Therefore the y,will be a function of the precipitate size, spacing, Z value and the

segregation which can be defined as

L 1+bN,
y,= 01(1 - ZJ - ZkT[In(l =N, +BN))+In(— v )) Q1)

The relationship between critical stress &, and particle size L can be seen from Fig. 8.29
that o, decreases significantly as precipitate size increases. When the carbides on the

grain boundary grow in the coarsening stage (Fig. 8.24), the fracture stress is minimised.
The experiment has shown (Fig. 8.29) that the precipitate size is around 200-250nm when
Type IV cracking occurs for both P91 and P92 materials. This is well in agreement with
the model simulation,
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Fig. 8.29. Relationship between fracture stress and precipitate size on the GB

The data used in calculations for equation (21) are shown in Table 8.4.

Table 8.4. Data used in calculations for Equation (21)

Property Value
o, , GB surface energy, Jm? 2.85

d, grain size, m 5.0x10”
E, , formation energy, eV 1.4

0, atomic volume, mm’ mol! 1.0x10°
d,,, GB width, m 1.0x10°
Z, GB structure parameter 99

E, Young’s modulus, MPa 2.1x107
H,, enthalpy of solution, eV 1.0

S, , entropy of solution, eV 0.02
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The data used in calculations for particle size (L) in Equation (26) in Chapter 4 are listed
in Table 8.5.

Table 8.5. The data used in calculation for particle size (L)

Parameters | Explanation Units Value

T, Solute treatment temperature K 1323

0.507,, Half of the melting point K 1023

d GB width m 5x10°°

¥ Angle of GB and precipitate ° 57 7

a Lattice parameter m 3.649x107"°

A, Mean collector plate area m* 6.3x10°

E, Solute-point defect complex | eV.atom 3.61x107
binding energy

E} Vacancy formation energy eV.atom 1.6

2, Molar density of matrix mol m™ 1.4092x10°

Po Molar density of precipitate mol m™ 5.496x10°

v, Molar  volume of  the |mol’ 1.81932x10"
precipitate phase

X, Solute  concentration  on | mol.fr 0.78
precipitate phase

C Specific interfacial free energy | J.m™ 0.668
of the interface

8 Numerical constant 0.05

A Constant 1

AH Enthalpy of solution of the|Jk” 1.2096x10°
precipitate

D, Volume diffusion coefficient of 1.7x107
solute at ageing temperature
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8.5 Conclusions

1. All Fe-Cr steel weldments exhibit Type IV cracking, which occurs at the outer edge of
visible HAZ.

® For P92 welds, the failure at both the higher temperature/lower stress and lower
temperature/higher stress seems to be Type IV cracking.

® For E911 material, at the low stress level of 75MPa the crack occurred in the fine
grain zone of the HAZ,

® It is more confusing for P122 materials. Type IV cracking occurs in TWI's welds at
lower stresses (75MPa) (and higher temperature of 670°C), however for the casting
and forging welds, the failures all are in the weld metal, which are not influenced by

_ either stress or temperature.

® Generally at the high stress levels, the crack will occur in the soft zone, whereas at
the lower stress levels the crack shifts towards the retransformed region of the HAZ;
it can be seen from the testing results that at the higher stress, secondary cracking or

necking occurs in parent metal for most creep samples.

2. The microstructures in the HAZ for all the materials are mostly tempered lath

martensites. No & ferrites were observed in any creep specimen.

3. The Type IV crack will be more likely occur at lower stress, whereas at higher stress

" levels, the crack will shift to the soft zone.
4. There is no strong temperature effect on the Type IV cracking.

5. The cavitation initiation and rapid GB precipitate growth induced inter-granular

fracture is the mechanism of the Type IV cracking.
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6. The grain boundary segregation precipitation (GBSP) models are contributed to an
explanation of Type IV cracking.

7. A new fracture model for the Type IV cracking in high Cr steel weldments is proposed.

8.6 Advices on Practice

From the discussion. of Type IV cracking in the preceding paragraph, it might be thought,
when the subject is examined from a creep point of view, that the chemical composition
of the weld metal is of interest. This is, however, only partly the case. The chemical
composition affects the creep strength of the weld metal and, because of the stress
distribution mechanisms that are activated in a creep-loaded weld, the creep lifetime of
the Type IV zone is also affected. Too strong a weld metal will lead to a concentration of
creep strain in the weakest area, i.e. the Type IV zone. Moreover, when deformed, a weld
metal that is weaker than the parent metal will attempt to shed its load onto adjacent
region and thereby induce a Type IV failure. So the optimum solution is probably to aim

at weld metal creep strength in the same range as that of the parent material.
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CHAPTER 9:

Overall Discussion, Conclusions and Future Work

9.1 Overall Discussion

In the thesis, an analysis of Type IV cracking in the heat affected zo‘ne (HAZ) of high
Cr ferritic steel weldments was considered. An investigation of the weld simulation,
real welds and the creep specimens was carried out. These three areas have strong
inter-dependency. Based on the experimental evidence, a new model for grain
boundary segregation and precipitation (GBSP), and cavity coalescence, was

validated and used to explain Type IV cracking.

HAZ The hardness of the 850+°C HAZ region is lower than that of the parent metal
(Fig. 5.5), although the both specimens have similar lath microstructure (Fig. 5.8 and
5.9). Because 850°C is much higher that the tempering temperature (750°C) of the
parent metal, the simulated HAZ material from the 850°C temperature region is over-
tempered, which results in a lower hardness than that of the parent metal. The
stabilization of laths by the finely dispersed array of Ma3C¢ carbides along lath
boundaries present below A, is considered to cause the longer duration of secondary

creep in the parent metal compared to material heated at temperatures above Ac;.

For these reasons, high Cr ferritic steel is characterized with a softening in certain
sectors within the HAZ after welding. The softening occurs throughout the welded
joint during creep but the distribution of hardness is similar for specimens before and
after creep. The microstructures across the HAZ are similar, in both Gleeble-
‘simulated conditions and real creep samples, No & -ferrite is observed in the HAZ

zone (Fig. 5.7, 6.12 and 8.12) in either simulated HAZs or real creep specimens of the

material.

The soft zone was not clearly defined in either the as welded or the simulated weld

condition, Although the lightly tempered martensitic portion of the microstructure
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increases the hardness, this lightly tempered martensite, transformed from a relatively
low austenitizing temperature, contains precipitates (Fig.5.8b) which have not been
dissolved during austenitizing. As a consequence, the martensitic matrix contains less
carbon since the carbon is trapped in the precipitates. These undissolved precipitates
are potent particles for coarsening and accelerate the softening during tempering.
Additionally, the lower carbon content matrix makes the body-centred tetragonal

martensite less tetragonal, i.e. ¢/a =1, which leads to a softer type of martensite.

Type IV Cracking One of the major problems that limiting the application of the
ferritic steels in power plant applications is Type IV cracking of welds. This is
characterized by fracture in the fine-grained HAZ of the weld joints close to the

- fusion zone and with a rupture life much shorter than that obtained for the parent
metal.

Type IV cracking is associated with an enhanced rate of creep void formation in the
fine-grained zone. These zones contain coarse carbide particles, leading to a reduction
in creep strength; the particles also help nucleate voids. In creep, the weakened Type
IV region is sandwiched between the stronger base metal and coarse-grained HAZ.
The resulting accumulation of creep damage in the Type IV region causes the
premature failure (Fig. 8.7 and 8.10).

Typical ferritic high Cr steels, P91, P92, E911 and P122, are strengthened by solid
solution hardening and precipitation hardening as a result of adding a large amount of
alloying elements such Cr, W and Mo. However, the high working temperature of
ultra-supercritical (USC) plant accelerates the growth and coarsening of precipitates
in the steels, which leads to a decrease in hardening. In addition, coarse precipitates

may act as sites of initiation of creep voids.

Creep tests 6f welded joints showed the Type IV cracking occurs predominantly at
low stress and high temperature. One of the reasons for Type IV cracking is
considered to be the deterioration of creep properties due to coarsened precipitates
(M23Cy) in the fine-grained HAZ. Because the weld thermal cycle induces different

material properties in the weld joint, it can be concluded that there is a relationship
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between weld thermal cycle and precipitation behaviour in the HAZ. Grain boundary
segregation and precipitation (GBSP) modelling has confirmed this phenomenon.

Phosphorus Segregation The segregation of elements to the boundaries takes place
by two mechanisms: equilibrium segregation (ES) and non-equilibrium segregation
(NES). Equilibrium segregation is determined by thermodynamics while the non-
equilibrium segregation is more of a kinetic process. The ES is caused by the high
binding energy for phosphorus at grain boundaries and other defects. This effect
decreases with increasing temperature and depends strongly on the grain boundary
structure. The NES results from the dissociation of phosphorus-vacancy complexes
near the grain boundary which acts as a vacancy sink. In this case, the segregation
effect increases as the starting temperature increases (Fig.7.4 and 7.7), and decreases
with increasing cooling time (Fig. 7.8). Theoretical studies and experiment indicate
that NES is the main cause of substantial grain boundary segregation during the fast
cooling stage during welding, and that the situation is altered by post weld heat
treatment and service exposure, after which ES-related grain boundary segregation
mechanisms take over. The field emission gun TEM (FEGTEM) measures
segregation at both prior austenite grain boundaries and lath boundaries with much
higher than hitherto analytical spatial resolution.

Phosphorus grain boundary segregation is one of the main influences on cracking

susceptibility and embrittlement in steels.

9,2 Overall Conclusions

1. The Gleeble testing is an ideal method for simulating the HAZ of ferritic steel
weldments.

2. The modified 9Cr-1Mo weld metal contains a soft zone both before and after

tempering.
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3. The microstructure of high Cr ferritic steel after PWHT is mainly tempered
martensite and M»3Cq. No 3-ferrite is observed in the HAZ zone for all the
high Cr steel (P91, P92, ES11, and P122) weldments studied in this work.

4. The Type IV failure tends to occur at the lower stress levels. Temperature has

no big influence on Type IV cracking.

5. The carbides (M23Cs) are larger in the Type IV zone, probably because the
material has been above A¢; and therefore there are already large, undissolved

carbides present before tempering.

6. The Type IV cracking is characterized with a mixed, quasi-cleavage cracking
mechanism, in which the inter-granular grain boundary separation is dominant.
Premature failure in the Type IV region is caused by cavity initiation due to
vacancy injection on the grain boundaries, segregation of impurity atoms to
the grain boundaries, in this case phosphorus, and a more coarse distribution’

of grain boundary carbides.

7. The grain boundary segregation and precipitation (GBSP) model is in good
agreement with the experimental results, and can be properly used to explain

the faster grain boundary carbide coarsening at the early stages (~2000 hours)

of life at a given temperature.

8. There is significant non-equilibrium segregation of phosphorus to grain
boundary observed during weld simulation, in which the effect of quenching
temperature is dominant. Equilibrium GB segregation is not dominant after

short time heat treatment. This effect is included in the model.

9. The vacancy injection effect is incorporated into the microstructural model for
failure by calculating the vacancy supersaturation resulting from high
temperature exposure and using this to determine the reduction of grain

boundary energy. This is the equivalent of calculating the reduction of grain
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boundary strength resulting from cavities forming on the boundaries by high

vacancy flux injection.

10. From the practical viewpoint of reducing Type IV cracking, three main
options are available: (1) Composition control: use less strong filler metal to
join with parent metal; (2) HAZ zone width reduction: either lower the weld
torch energy or use advanced welding techniques (e.g. EB or laser beam
welding); (3) Stress optimisation: preferably operate in higher stress regime
where early Type IV failure is less likely.

9.3 Future Work

1.

More fractography on further creep specimens identifying crack initiation sites to

better understand the micro-mechanism of Type IV cracking,.

Refinement of the GBPS model and further validation using the ferritic steel

weldments.

Continue to validate the P grain boundary segregation models by conducting more
thermal cycle simulations and subsequent high resolution analytical electron

microscopy.

Deeper investigation on the soft region of the HAZ to explore the sofiening

mechanism in the high Cr ferritic steel weldments in more detail.
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APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on
As-Weld Specimens (Part of the Results)

TEMQuant results. Listed at 15:56:51 on 13/07/04
Operator: ben

Spectrum label: BXI-GB4

Calibration data: Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50.039

Livetime = 50,0 seconds

Sample data; Energy Resn. Area
Strobe: -7.4 61.04 41258
Total spectrum counts = 15972

Livetime = 43.6 seconds

System resolution = 72 eV

Geometry (degrees):

Tilt = 18.00

Elevation = 20.00

Azimuth = 0.00

Entry angle = 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/lem®

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards : -
None

Elmt Peak Stat. Obser. k  Abs. Element Sigma Atomic
Area Sigma % Factor Corm. % % %
AlK 2* 16 0.01* 1.030 1,047 0.02* 0.15 0.03*
SiK  33* 17 026* 1.000 1.000 0.28* 0.15 0.56*
PK 42* 24 0.32* 1.000 0.971 0.34* 020 0.62*
VK 15 19 0.13* 1.121 0914 0.13* 0.17 0.15*%
CrK 938 58 8.25 1.129 0912 824 049 8.31
MnK 9% .38 -0.09* 1.134 0.000 -0.09* -0.35 -0.09*
FeK 9543 165 8926 1.202 0912 89.14 1.00 88.74
NiK 14* 16 0.14* 1.279 0.922 0.14* 0.16 0.14*
NbL 37* 45 049* 1.707 0960 0.52* 0.62 0.31*
MoL 91 40 122 1.725 0952 127 055 074
Total 100.00 100.00 100.00

Beam broadening estimate = 8.40 nm
Density estimate = 781 g/cm®
* =<2 sigma
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TEMQuant results, Listed at 15:11:38 on 12/08/04
Operator: ben

Client: none

Job: 101

Spectrum label: BYI-GBS

Calibration data: Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50.039
Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.5 61.20 40159
Total spectrum counts = 21655
Livetime = 42.8 seconds

System resolution= 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth 0.00
Entry angle = 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.{ 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/cm?

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs. Element Sigma Atomic
Area Sigma % Factor Corm, % % %
AlK  12* 18 0.07* 1.030 1.047 0.08* 0.13 0.17*

SiK 159 25 095 1.000 1.000 1.04 0.16 2.04
PK 46 27 027 1.000 0972 029* 0.17 0.52%
VK 16 27 0.11* 1.121 0914 0.11* 0.18 0.11*
CrK 1205 68 8.10 1.129 0913 808 044 8.56
MnK 2% -54 -0.02* 1.184 0913 -0.02* -0.38 -0.02*
FeK 12486 189 89.27 1202 0912 89.10 091 8787
NiK -7¢ 220 -0.05* 1.279 0.922 -0.05* -0.15 -0.05*
NbL 41* 51 0.42* 1.707 0961 0.44* 0.55 0.26*
MeL 87* 46 0.89* 1.725 0.953 0.93* 0.49 0.53*
Total 100.00 100.00 100.00

Beam broadening estimate = 8.42 nm
Density estimate = 7.76 g/cm?

* =<2 sigma
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T]élMQuant results. Listed at 13:48:23 on 20/07/04
Operator: ben
Spectrum label: BZI-GB1

Calibration data: Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50.039

Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.5 61.09 33977
Total spectrum counts = 7109
Livetime = 35.5 seconds

System resolution= 72 eV

Geometry {degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle= (.00

Acceleratihg voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/em®

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs. Element Sigma Atomic
Area Sigma % FactorCorm. % % %
AlK  -7* -12 -0.13* 1.030 1.047 -0.15* -0.26 -0.31*
SiK 6* 12 010* 1.000 1.000 0.11* 025 023+
PK 14* 15 026* 1000 0971 0.28* 0.30 0.50*
VK 4* 15 0.09* 1121 0915 0.09* 030 0.10*
CtK 391 37 813 1.129 0913 812 0.74 879
MnK 3* 26 0.06* 1.184 0.912 0.06* 0.56 0.07*
FeK 3974 106 87.97 1202 0913 87.81 1.64 88.47 °
NiK -4* -9 -0,08* 1279 0.921 -0.09* -0.22 -0.08*%
NbL  54% 32 1.69* 1707 0960 1.78*% 1.03 1.08*
MoL 60* 30 1.90* 1.725 0.953 1.98* 0.98 1.16*
Total 100.00 100.00 100.00

Beam broadening estimate = 8.51 nm
Density estimate = 7.86 g/cm’

* =<2 sigma
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TEMQuant results, Listed at 13:55:51 on 20/07/04
Operator: ben
Spectrum label: BZI-GB2

Calibration data: Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50.039
Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.3 61.39 42899
Total spectrum counts = 7089
Livetime = 44.8 seconds

System resolution = 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth 0.00
Entry angle= 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/cm?

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs, Element Sigma Atomic
Area Sigma % Factor Corrm. % % %

AlK  -5% -12  -0.09* 1.030 1.047 -0.11* -0.27 -0.22*

SiK  12*% 13 0.25*% 1.000 1.000 0.27* 027 053¢

PK 12* 15 024* 1.000 0971 0.25* 032 045*
VK 6* 13 0.14* 1.121 0913 0.14* 029 0.15*

CrK 422- 39 940 L1129 0912 940 0.83 10.04

MnK -30* -25 -0.70* 1.184 0.910 -0.70* -0.59 -0.71*

FeK 378 105 89.77 1.202 0.912 89.70 1.71 89.19

NiK -5* -10 -0.12* 1279 0921 -0.13* -0.26 -0.12*

NbL 12* 30 041* 1.707 0960 0.44* 1.05 0.26*

MoL 21* 27 0.71* 1725 0.952 0.74* 0.96 0.43*

Total 100.00 100.00 100.00

Beam broadening estimate = 8.44 nm
Density estimate = 7.80 g/cm?

* = <2 sigma
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TEMQuant results. Listed at 13:58:52 on 20/07/04
Operator; ben
Spectrum label: BZI-GB3

Calibration data: Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50.039

Livetime =50.0 seconds

Sample data: Energy Resn, Area

Strobe: -7.5 61.14 42997
Total spectrum counts = 6324
Livetime = 45.0 seconds

System resolution = 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle= 0.00

Il

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/em?

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs, Element Sigma Atomic
Area Sigma % Factor Corm. % % %
AlIK  -10* -10 -021* 1.030 1.046 -0.24* -0.26 -0.50*
SiK 27 11 057 1.000 1.000 062 026 1.22
P K 24% 17 0.50* 1.000 0972 0.53* 038 0.95*
V K -3* -14 -0.20* 1.121 0913 -0.20* -0.34 -0.22*
CrK 512 40 1216 1.129 09514 12,13 092 1298
MnK -35* 25 -0.88* 1.184 0916 -0.88* -0.61 -0.89*
FeK 3379 97 8535 1202 0914 85.19 1.86 84.83
NiK -4* -9 -0.11* 1279 0.921 -0.11* -0.24 -0.11*
NbL 25% 33 091* 1.707 0961 0.96* 1.24 0.57*
MoL  53* 30 1.93* 1.725 0.954 2.00* 111 1.16*
Total 100.00 100.00 100.00

Beam broadening estimate = 8.43 nm
Density estimate = 7.79 g/cm?

* = <2 sigma
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TEMQuant results, Listed at 14:07:34 on 20/07/04
Operator: ben
Spectrum label: BZI-GB4

Calibration data; Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element: 4504.8 180,09 139375
Gain factor = 50.039

Livetime = 50.0 seconds

Sample data: Energy Resn. Area

_ Strobe: -7.6 61.08 42108
Total spectrum counts = 10154
Livetime = 44.3 seconds

System resolution= 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0,00
Entry angle= 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5,120 g/em?

Thickness = 100.00 nm

! peak possibly omitted: 0.00 keV
Standards :

Elmt Peak Stat. Obser. k  Abs. Element Sigma Atomic
Area Sigma % Factor Corrn. % % %

AlK  -3* -13 -0.04* 1.030 1.046 -0.04* -0.20 -0.09*

SiK  16* 14 020* 1.000 1.000 0.22* 020 0.44* .

PK 16 20 0.21* 1.000 0.971 0.22* 027 0.40*

VK -7 -16 -0.10* 1.121 0914 0.10* -0.24 -0.11*

CrK 566 45 833 1.129 0913 8.32 064 895

MnK -41* .32 -0.63* 1.184 0.912 -0.63* -0.50 -0.64*

FeK 5715 131 8959 1202 0912 8946 1.37 89.53

NiK 4* 13 0.07* 1.279 0.922 0.07* 022 0.07*

NbL 26* 37 0.58* 1.707 0960 0.61* 0.85 0.37*

MoL 79 33 178 1.725 0.952 1.86 0.76 1.08

Total 100.00 100.00 100.00

Beam broadening estimate = 8.45 nm
Density estimate = 7.84 g/cm’

* =<2 sigma
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APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results. Listed at 14:09:33 on 20/07/04
Operator: ben
Spectrum label: BZI-GBS

Calibration data: Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50.039

Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.5 60.63 41905
Total spectrum counts = 10562
Livetime =442 seconds

System resolution = 72 eV

Geometry (degrees):
Tit = 18.00

Elevation = 20.00
Azimuth 0.00
Entry angle= 0.00

non

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/em®

Thickness = 100.00 nm

| peak possibly omitted: 0.00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs, Element Sigma Atomic
Area Sigma % Factor Corm. % % %
ALK -10* -13 -0.13* 1,030 1.046 -0.15* -0.20 -0.32*
SiK 35 14 045 1.000 1.000 049 020 0.97
P K 21* 19 0.27* 1.000 0971 0.28* 026 0.51*
VK 2* 17 003* 1.121 0914 0.03* 025 0.03*
CtK 540 45 7.9 1.129 0912 790 064 8.44
MnK  -2* .32 .0.03* 1.184 0.912 -0.03* -0.49 -0.03*
FeK 5796 133 90.31 1.202 0.912 90.21 1.38 89.75
NiK -17% .12 -0.27*¢ 1279 0.922 -0.28* -0.20 -0.26*
NbL  25¢ 37 0.55* 1.707 0960 0.57* 0.8 034*
Mol  42% 34 093* 1.725 0953 097 078 0.56*
Total 100.00 100.00 100.00

Beam broadening estimate = 8,39 nm

Density estimate = 7.80 glem’
* =<2 sigma

viii



APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results. Listed at 15:29:55 on 20/07/04
Operator: ben
Spectrum label: BZI-GB6

Calibration data: Energy Resn. Area
Strobe; -7.6 138.43 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50,039

Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.6 61.10 34924
Total spectrum counts = 9874
Livetime = 36.8 seconds

System resolution= 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth 0.00
Entry angle= 0.00

i

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.{ 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/em?®

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards ;
None

Elmt Peak Stat. Obser. k  Abs, Element Sigma Atomic
Area Sigma % Factor Corrn. % % %
AlK -7* -14 -0.10* 1.030 1.044 -0.12* -0.22 -0.24*
SiK 31* 17 043* 1.000 1.000 0.47* 026 0.93*
P K 19 19 027* 1.000 0971 028* 028 0.51*
VK I2* 18 0.18* 1.121 0.914 0.13* 0.27 0.20*
CtK 631 46 983 1.129 0913 982 069 10.48
MnK -35% -32 -0.57* 1.184 0.913 -0.57* -0.53 -0.57*
FeK 5335 127 88.52 1202 0913 8841 1.34 87.83
NiK -3* 11 -0.06* 1,279 0.922 -0.06* -0.19 -0.05*%
NbL 19% 32 045*% 1.707 0960 0.48* 0.80 0.28+
MoL 44* 29  1.04* 1.725 0953 1.09* 0.70 0.63*
Total 100.00 100,00 100.00

Beam broadening estimate = 8.45 nm
Density estimate = 7.79 g/em®
* =<2 sigma



APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results. Listed at 15:30:46 on 20/07/04
Operator: ben
Spectrum label: BZI-GB7

Calibration data: Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50.039

Livetime = 50.0 seconds

Sample data: Energy Resn, Area

Strobe: -7.6 61.35 41931
Total spectrum counts = 11865
Livetime =44.1 seconds

System resolution= 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle = 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/em?®

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs. Element Sigma Atomic
Area Sigma % Factor Corm. % % %
AIK  -10* -15 -0.12* 1.030 1.044 -0.14* -0.20 -0.29*
SiK 43 19 050 1000 1.000 054 024 1.07
PK 20* 20 0.23* 1.000 097! 024* 025 044*
vV K 1* 19 0.02* 1,121 0914 0.02* 024 0.02*
CrK 762 350 10.02 1129 0913 1001 0.64 1067
MnK -39* -35 -0.54* 1.184 0913 -0.54* -0.49 -0.54*
FeK 6349 140 88.87 1.202 0912 88.78 1.24 8807
NiK -12* -12 -0.17* 1.279 0.922 -0,17* -0.13 -0.16*
NbL 14* 35 0.28* 1.707 0960 029* 073 0.18*
+ MoL  46* 31 092* 1725 0.953 0.96* 0.64 0.55*

Total 100.00 100.00 100.00
Beam broadening estimate= 8.43 nm

Density estimate = 7.79 g/em®

* =<2 sigma



APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results. Listed at 15:39:07 on 20/07/04
Operator; ben
Spectrum label: BZI-GBS

Calibration data: Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50.039

Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.5 61.25 43165
Total spectrum counts = 5438
Livetime = 45.0 seconds

System resolution= 72 eV

Geometry (degrees):
Tilt = 18.00 .
Elevation = 20.00
Azimuth = 0.00
Entry angle= 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.{ 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/em®

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs. Element Sigma Atomic
Area Sigma % Factor Corm. % % %

AlK -10* -8 -025* 1.030 1.047 -0.28* -0.23 -0.59*

SiK 14* 10 0.32* 1.000 1.000 0.35* 026 0.70*

PK 11* 14 026* 1.000 0971 028* 034 0.50*
VK I* 13 0.04* 1.121 0.914 0.04* 034 0.04*

CtK 299 32 799 1.129 0913 798 0.82 8.1

MnK -40% -24 -1.13* 1.134 0.915 -1.13* -069 -1.15%

FeK 3156 94 89.74 1.202 0913 8959 1.85 90.04

NiK  -3* -10 -0.10% 1279 0.921 -0.10* -0.29 -0.10*

NbL  33* 28 1.34* 1.707 0.960 141* 1.17 0.85*%

MoL  44* 25 1.80* 1725 0953 1.88* 1.05 1.10*

Total 100.00 100.00 100.00

Beam broadening estimate = 8.49 nm

Density estimate = 7.85 g/cm?
* =<2 sigma

xi



APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMOQuant results. Listed at 13:43:37 on 20/07/04
Operator; ben

Client: none

Job: 101

Spectrum label:

Calibration data; Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element:  4504.8 180.09 139875
Gain factor = 50,039

Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.6 61.25 42786
Total spectrum counts = 6966
Livetime = 44,7 seconds

System resolution = 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle= 0.00

Accelerating voltage = 200,00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series
Analysed all elements
Density = 5.120 g/fem?
Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards :
None

Elmt Peak Stat, Obser. k  Abs. Element Sigma Atomic
Area Sigma % Factor Corm. % % %
AlK  -12* -12 -0.25*% 1.030 0.000 -0.28* -0.28 -0.58*
SiK 25% 13 0.50* 1.000 1.000 0.55* 030 1.09*
PK -8 -15 -0.17* 1.000 0.000 -0.18* -0.33 -0.32*
VK 5% -14 -0.11* 1.121 0.000 -0.11* -0.31 -0.12%

CrK 373 36 8.60 1.129 0911 8.61 0.81 9.19
MnK -42* -25 -1.01* 1.184 0910 -1.01* -0.62 -1.02*
FeK 3746 105 91.87 1.202 0511 91.86 1.74 91.36
NiK 9% 12 0.24* 1279 0.921 0.24* 031 0.23*
NbL -24* -29 -0.82* 1707 0.000 -0.87* -1.06 -0.52*
MoL  32* 26 1.13* 1.725 0952 1.18* 0.95 0.69*
Total 100.00 100.00 100.00

Beam broadening estimate = 8.42 nm
Density estimate = 7.84 g/cm?

* =<2 sigma
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APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results, Listed at 14:14:19 on 13/07/04
Operator: ben
Spectrum label: DXI-GB3

. Calibration data: Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element:  4504.8 180.09 139875
Gain factor = 50.039
Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe; -7.5 60.77 40790
Total spectrum counts = 16181
Livetime =43.1 seconds

System resolution= 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle = 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/cm’

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards :
None

Elmt Peak Stat. Obser. k Abs. Element Sigma Atomic
Area Sigma % FactorCorn. % % %
AlK  -13* -13 -0.10* 1,030 1,048 -0.12* -0.12 -0.24*
SiK 34 17 027 1000 1.000 029 0.14 0.58
PK 52 25 041 1.000 0971 043 020 0.78
VK 36* 22 032* 1.121 0915 0.32* 0.19 0.35*
CrK 1093 62 965 1.129 0913 964 053 1034
Mn K 99 42 092 1,184 09513 092 039 093
FeK 9163 165 86.14 1.202 0913 8601 1.06 8584
NiK  -16* -16 -0.16* 1.279 0.920 -0.16* -0.16 -0.15*
NbIL 102 50 137 L1707 0960 143 069 0.86
McL 88 44 118 1.725 0.953 123 0.61 0.72
Total 100,00 100,00 100.00

Beam broadening estimate = 8.43 nm

Density estimate = 7.80 g/cm®
* =<2 sigma
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APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results. Listed at 11:56:40 on 08/07/04
Operator: ben

Spectrum label; DYI-GB1

Calibration data: Energy Resn. Area

Strobe: -7.6138.43 756623

Calib. element:  4504.8 180.09 139875

Gain factor = 50.039

Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.4 61.03 43163
Total spectrum counts = 4159
Livetime =45.0 seconds

System resolution = 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle= 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations),
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 gfem?

Thickness = 100.00 nm

1 peak possibly omitted; 0.00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs. Element Sigma Atomic
Area Sigma % Factor Corm. % % %
AlIK  -5* -8 -0.16* 1.030 1.045 -0.19* -0.32 -0.38*
SiK 4* 8§ 0.13* 1.000 1.000 0.15* 030 0.29*
P K 19* 12 0.64* 1.000 0.971 0.68* 0.43 1.22%
VK 7% .6 -027* 1.121 0919 -0.27% -0.61 -0.30*%
CrK 228 30 8.53 1.129 0913 8.52 1.09 9.14
MnK  -7* 24 -0.26* 1.184 00916 -0.26* -0.94 -0.27*
FeK 2244 78 89.19 1.202 0.913 89.06 2.35 8898
NiK -4* .7 .0.15% 1.279 0925 -0.15*% -0.31 -0.14*
NbL 24* 24 1.35*% 1.707 0.960 1.42* 1.42 0.85*
MoL  18* 22 1.00* 1.725 0.953 1.05*¢ 130 0.61*
Total 100.00 100.00 100.00

Beam broadening estimate = 8.44 nm
Density estimate = 7.81 g/fem?

*=<2gigma
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APPENDIX B-1; Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results, Listed at 13:05:19 on 08/07/04
Operator: ben
Spectrum label: DYI-GB2

Calibration data; Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element:  4504.8 180.09 139875
Gain factor = 50.039
Livetime = 50.0 seconds

Sample data; Energy Resn. Area

Strobe: -7.5 61.38 43041
Total spectrum counts = 4201
Livetime =44.9 seconds

System resolution = 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle= 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/om®

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs. Element Sigma Atomic
Area Sigma % FactorCorm. % % %

AlK 8 8 0.30* 1.030 1.047 034* 031 0.70*

SiK 0* 9 0.00* 1.000 1.000 0.00* 0.34 0.01*

PK 13* 14 045* 1.000 0970 0.48* 052 0.86*
VK -7 -16 -027* 1.121 0915 -0.27* -0.61 -0.29*

CrK 247 32 975 1.129 0912 974 121 10.35

MnK -30* -25 -1.24*% 1.184 0911 -1.24*% -1.06 -1.24*

FeK 2143 77 90.10 1202 0912 8999 2.60 89.09

NiK -2* -7 -0.07* 1279 0923 -0.07* -0.33 -0.07*

NbL 3* 26 0.15* 1,707 0.960 020* 160 0.12*

MoL 13* 22 0.79* 1.725 0952 0.82* 1.39 0.47*

Total 100.00 100.00 100.00

Beam broadening estimate= 8.42 nm

Density estimate = 7.79 g/lem®
* =<2 sigma
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APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results, Listed at 13:12:04 on 08/07/04
Operator: ben
Spectrum label: DYI-GB3

Calibration data: Energy Resn. Area
Strobe: -7.6 13843 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50,039

Livetime = 350.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.5 61.27 42969
Total spectrum counts = 4341
Livetime = 44.9 seconds

System resolution = 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle = 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/em?

Thickness = 100.00 nm

1 peak possibly omitted; 0.00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs, Element Sigma Atomic
Area Sigma % Factor Corm, % % %

AlK  -1* -6 -0.05*% 1030 1.048 -0.06* -0.27 -0.13*

SiK 1* 8 0.05¢ 1.000 1.000 0.05* 031 0.10*

PK 14* 14 051* 1.000 0970 0.54* 052 0.96*
VK 16* 16 0.62* 1121 0913 0.62* 0.63 0.68*

CrK 223 33 891 1.129 0912 8.90 127 9.49

MnK -15* 25 -0.63* 1,184 0911 -0.63* -1.04 -0.64*

FeK 2107 78 8961 1.202 0912 8955 2.56 88.87

NiK 4* 10  0.19* 1279 0.921 0.19* 0.44 0.18*

NbL 1* 24 006* 1707 0960 0.06* 151 0.03*

MoL 12* 21 0.75* 1.725 0.952 0.78* 1.35 0.45*

Total 100.00 100.00 100.00

Beam broadening estimate = 8.42 nm

Density estimate = 7.79 g/em?
¥ =<2 sigma
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APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results, Listed at 14:40:45 on 08/07/0
Operator; ben :
Spectrum label; DYI-GB4

Calibration data: Energy Resn, Area
Strobe: -7.6 138.43 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50.039

Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.5 61.19 429388
Total spectrum counts = 4272
Livetime = 44.9 seconds

System resolution = 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle= 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series
Analysed all elements
Density = 5.120 g/em?
Thickness = 100.00 nm

1 peak possibly omitted: 0,00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs. Element Sigma Atomic
Area Sigma % FactorCormn. % % %

AIK  3* 9 009 1.030 1.046 0.11* 037 0.22*

SiK 15 10 0.51* 1.000 1.000 0.55% 039 1.10*

PK 21* 13 0.74* 1.000 0971 0.78* 046 140*
VK -3* .14 -0.10% 1.121 0.915 -0.10* -0.54 -0.11*

CrK 225 31 875 1129 0914 873 116 9.34

MnK  -2* -28 -0.07* 1.184 0911 -0.07* -1.12 -0.07*

FeK 2094 77 8664 1202 0914 8639 231 86.07

NiK -5% -8 -020% 1279 0.921 -0.21* -0.35 -0.19*

NbL  22* 22 1.27* L1707 0961 1.34* 135 0.80*

MoL 40 19 237 1725 0954 247 114 143

Total 100.00 100.00  100.00

Beam broadening estimate = 8,47 nm

Density estimate = 779 g/cm?
¥ =<2 sigma
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APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results, Listed at 13:25:05 on 08/07/04
Operator: ben
Spectrum label: DYI-Lathl

Calibration data: Energy Resn. Area
Strobe; -7.6 138.43 756623
Calib. clement:  4504.8 180.09 139875
Gain factor = 50.039

Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.4 60.97 43185
Total spectrum counts = 3999
Livetime = 44,9 seconds

System resolution = 72 eV |

Geometry (degrees):
Tit = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle= 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/em®

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs, Element Sigma Atomic
Area Sigma % FactorCorrn. % % %
AIK  -1* -9 -0,04* 1.030 1.046 -0.05* -036 -0.10*
SiK 14* 10 0.52* 1.000 1.000 0.57* 038 1.12*
P K 18* 13  0.65* 1.000 0971 0.69* 0.50 1.23*
VK 0* 16 0.01* 1.121 0915 0.01* 064 0.01*
CrK 227 31 929 1.129 0914 927 123 992
MnK 12* 25 0.52* 1.184 0913 0.52* 1.06 0.52%
FeK 1972 75 85.89 1202 00914 8569 249 8535
NiK 1* 7 0.03* 1279 0.923 0.03* 035 0.03*
NbL 19% 24 1.20* 1.707 0961 1.26% 1.56 0.75*
MoL  31* 21 194* 1725 0954 202* 133 1.17*
Total 100.00 100.00 100.00

Beam broadening estimate = 8.45 nm

Density estimate = 7.79 g/cm®
* =<2 sigma
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APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results, Listed at 13:56:25 on 08/07/04
Operator: ben
Spectrum label: DYI-Lath2

Calibration data: Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element:  4504.8 180.09 139875
Gain factor = 50,039

Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -74 60.90 43054
Total spectrum counts = 4297
Livetime =44.9 seconds

System resolution = 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle = 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/lcm®

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards :
None

Elmt Peak Stat. Obser, k  Abs, Element Sigma Atomic
Area Sigma % Factor Corrn. % % %
AIK  2* 9 008% 1030 1.046 0.10* 039 0.20*
SiK 24 10 0.85 1.000 1.000 092 040 1.82
P K 14¥ 13 0.50* 1.000 0972 0.53* 049 0.94*
VK -8 -16 -033* 1121 0913 -0.32* -0.64 -0.35*
CtK 244 33 974 1129 0913 972 126 1031
MnK -5* -24 -0.22* 1.184 0.912 -022* -1.02 -0.22*
FeK 2052 78 87.16 1.202 0.913 8696 246 8595
NiK 0* 7 0.01* 1279 0922 0.01* 033 0.01*
NbL 13* 23 0.76* 1.707 0961 0.80* 1.48 047*
MoL  24%* 20 1.45* 1.725 0954 1.51* 1.28 0.87*

Total 100.00 100.00 100.00
Beam broadening estimate = 8.46 nm

Density estimate = 7.76 g/fem®

* = <2 sigma
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APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results. Listed at 15:59:24 on 29/06/04
Operator: ben
Spectrum label: DZI-GB1

Calibration data: Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50.039
Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.5 60.51 17223
Total spectrum counts = 4450
Livetime = 13.0 seconds

System resolution = 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle = 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed zll elements

Density = 5.120 g/cm?®

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards -
None

Elmt Peak Stat. Obser. k  Abs., Element Sigma Atomic
Area Sigma % VFactor Corm. % % %
AlK -3* -7 -0.09% 1030 1.046 -0.11* -024 -0.22%
SiK 9% 8 0.49* 1.000 1.000 0.40* 047 0.79*
P K 16* 10 0.85* 1.000 0971 047* 0.53 0.85*
VK 8* 10 046* 1.121 0915 0.41* 0.59 045*
CrK 148 23 8.69 1.129 0914 887 131 948
MnK  -3* -19 -0.21* 1.184 0.000 -0.15* -1.18 -0.15%*
FeK 1403 64 87.57 1202 0.913 8797 2.67 8748
NiK -6* -6 -038* 1.279 0.000 0.23* -0.40 0.21*
NbL 8* 17 0.75* 1.707 0961 0.73* 1.53 043*
MoL 17* 15 1.50* 1.725 0954 1.18* 1.41 0.68*

Total 100.00 100.00 100.00
Beam broadening estimate = 8.45 nm

Density estimate = 7.74 g/cm®

* =<2 sigma



APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results, Listed at 11:39:00 on 29/06/04
Operator: ben
Spectrum label; EXI-GB1

Calibration data: Energy Resn, Area
Strobe: -7.6 138.43 756623
Calib. element: 4504.8 180.09 139875
Gain factor = 50.039

Livetime = 50.0 seconds

Sample data: Energy Resn. Area

Strobe: -7.5 60.51 17223
Total spectrum counts = 2804
Livetime = 18.0 seconds

System resolution= 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle = 0.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 4 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/cm?

Thickness = 100.00 nm

1 peak possibly omitted: 0.00 keV

Standards ©
None

Elmt Peak Stat. Obser. k  Abs. Element Sigma Atomic
Area Sigma % Factor Corm. % % %

AlK 5 9 0.29* 1.030 1.046 0.33* 0.52 0.68*

SiK 9* 8 049 1.000 1.000 0.54* 047 1.05*

PK 16* 10 0.85* 1.000 0971 0.90* 0.53 1.60*
VK 8 10 046* 1.121 0915 046* 0.59 0.49*

CrK 148 23 869 1129 0914 8.67 131 9.19

MnK  -3* -19 -0.21* 1.184 0.000 -0.21* -1.13 -0.21*

FeK 1403 64 8757 1.202 0.913 8735 2.67 86.19

NiK -6* -6 -0.38* 1279 0.000 -0.39* -0.40 -0.36*

NbL  8* 17 0.75* 1.707 0.961 0.78* 1.53 0.46*

MoL 17* 15 1.50* 1725 0954 1.57* 141 0.950*

Total 100.00 100,00 100.00
Beam broadening estimate = 8.45 nm

Density estimate = 7.74 g/cm?

* =<2 sigma



APPENDIX B-1: Results of Phosphorus Determination by FEGTEM on As-Weld Specimens

TEMQuant results. Listed at 10:40:49 on 12/08/04
Operator: ben

Client: none

Job: 101

Spectrum label: EZI-GB9

Calibration data: Energy Resn. Area
Strobe: -7.6 138.43 756623
Calib. element:  4504.8 180.09 139875
Gain factor = 50.039

Livetime = 50.0 seconds

Sample data; Energy Resn. Area

Strobe: -7.4 61.33 18665
Total spectrum counts = 2857
Livetime = 19.6 seconds

System resolution = 72 eV

Geometry (degrees):
Tilt = 18.00

Elevation = 20.00
Azimuth = 0.00
Entry angle = (.00

Accelerating voltage = 200.00 kV

Quantitative method: Cliff-Lorimer Ratio Thin Section.( 5 iterations).
Ratio standard element and line: Silicon, K Series

Analysed all elements

Density = 5.120 g/em?

Thickness = 100,00 nm

1 peak possibly omitted: 0,00 keV

Standards :
None

Elmt Peak Stat. Obser. k  Abs. Element Sigma Atomic
Area Sigma % FactorCorrn. % % %

AlIK  -11* 9 -0.63* 1.030 1.043 -0.71* -0.58 -1.36*
SiK 140 17 747 1.000 1.000 8.05 1.00 1494
PK 19 11 1.03* pL000 0981 1.09* 0.62 1.83*
VK 8 12 046*% 1.121 0922 046% 0.74 047
CrK 146 25 8382 1.129 0921 875 145 8.77
MnK  .7* .18 -0.42* 1.184 0.919 -0.42* -1.16 -0.40*
FeK 1242 59 79.81 1202 0.921 79.16 296 73.89
NiK -6* -7 -042*% 1.279 0.924 -0.42* -0.46 -0.37*
NbL 23* 20 2.10* 1.707 0971 2.19* 1.89 1.23%
MoL 19% 19 179% 1,725 0.963 1.85* L76 1.01*

Total 100.00 '100.00 100.00
Beam broadening estimate = 8.27 nm

Density estimate = 738 g/cm®

* =<2 sigma



APPENDIX B-2: Results of Phosphorus Determination by FEGTEM on PWHT Specimens(Part of the
Results)
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Spectrum processing :
Peaks possibly omitted ; 8.891, 17.480 keV

Quantitation method : Cliff Lorimer thin ratio section.
Processing option : All elements analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Area k Abs Weight Weight Atomic
nt % % %
Area Sigma  factor  Corm. Sigma
AlK 3 50 1.044 1000  0.00 0.04 0.01
SiK 1282 71 1.000 1.000 1.07 0.06 2.10
PK 124 90 0992 1.000 0.10 0.07 0.18
VK 417 67 1093 1000 038 0.06 0.41
CrK 9982 175 1100 1000 920 0.16 9.72
MnXK 524 103 1.153  1.000 0.51 0.10 0.51
FeK 89984 490 1.i70 1.000  88.19 0.34 86.74
NiK 66 53 1.245  1.000 0.07 0.06 0.06
NbL 36 163 1.687 1.000 0.05 0.23 0.03
MoL | 295 140 1.701 1000 042 0.20 0.24
Totals 100.00
Quantitative results
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Spectrum processing : Ey—
Peak possibly omitted : 8.860 keV

Quantitation method : Cliff Lorimer thin ratio section.
Processing option ; All elements analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Area k Abs Weight Weight Atomic
nt % % %
Area Sigma  factor  Corm. Sigma
SiK 174 24 1.000 1.000 1.27 0.18 249
PK 1 29 0992 1.000 0.01 .21 0.02
VK 84 25 1.093  1.000 .67 0.20 0.72
CrK 1116 59 1.100  1.000 894 0.46 947
MnK 83 35 1.153  1.000 0.70 0.29 0.70
FeK 10197 163 1.170  1.000 86.93 1.01 8571
NiK 11 19 1.245  1.000 0.10 0.17 0.10
NbL 54 57 1.687 1.000 0.66 0.69 0.39
MoL 58 49 1,701  1.000 0.72 0.60 041
Totals 100.00
Quantitative results
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Spar gt F

Spectrum processing :
No peaks omitted

Quantitation method : Cliff Lorimer thin ratio section.
Processing option ; All elements analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Area k Abs Weight Weight Atomic
nt % % %

Area Sigma  factor  Corm. Sigma

SiK 35 37 1.000  1.000 1.03 0.11 2.00
PK 1 47 0992 1000 000 0.14 0.00
SK 152 130 0940 1000 042 036 0.71
VK 116 36 1.093 1000 037 0.11 0.40
CrK 2906 95 1100 1.000 933 0.31 9.82
MnK | 178 56 1.153  1.000 060 0.19 0.60
FeK 25818 263 L170 1000  88.19 1.17 86.37
NiK 52 27 1.245 1000 0.19 0.10 0.18
NbL 23 88 1.687 1.000 Q.12 0.43 0.07
MoL | -48 225 1700 1.000 -0.24 112 -0.14
Totals 100.00

Quantitative results
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Spectrum processing :
Peak possibly omitted : 8.920 keV

Quantitation method : Cliff Lorimer thin ratio section.
Processing option : All elements analysed (Normalised)

Number of itcrations = 1

Standardless
Eleme | Peak Area k Abs Weight Weight Atomic
nt % % %
Area Sigma  factor  Commn. Sigma
AlK 14 27 1.044  1.000 0.06 0.12 0.13
SiK 332 37 1.000 1.000 1.38 0.15 2.69
PK -52 36 0992 1.000 -0.21 0.15 -0.38
VK 57 29 1.093 1.000 0.26 0.13 0.28
CrK 1836 17 1.100  1.000 8.36 0.34 8.84
MnK 73 46 1.153 1.000 0.35 0.22 0.35
FeK 18399 222 1.170  1.000 £9.13 0.69 87.69
NiK 14 20 1.245 1.000 0.07 0.10 0.07
NbL -68 61 1.687 1.000 -0.48 0.43 -0.28
MoL 153 53 1.701 1.000 1.08 0.37 0.62
Totals 100.00
Quantitative results
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Spectrum processing :
No peaks omitted

Quantitation method : Cliff Lorimer thin ratio section,
Processing option : All elements analysed (Normalised)

Number of iterations = 1

Standardless
Elemen | Peak  Arca k Abs Weight Weight Atomic
t % % %

Area  Sigma  factor  Corm. Sigma

AlK -10 14 1.044 1000 -0.14 0.21 -0.29
SiK 81 20 1.000  1.000 1.13 0.28 223
PK -14 28 0992 1000 -0.19 0.39 -0.34
VK 929 51 1.093  1.000 14.19 0.78 15.40
CrK 715 53 1,100  1.000 10.98 0.78 11.69
MnK |36 29 1.153 1000 0.58 0.47 0.59
FeK 4185 105 1.17¢ 1000 6841 1.65 67.75
NiK -5 19 1.245 1000  -0.08 0.33 -0.07
NbL 219 59 1.687 1000 517 1.33 3.08
MoL | -2 49 1701 1000  -0.06 1.18 -0.03
Totals 100.00

Quantitative results
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Spectrum processing :
Peak possibly omitted : 8.920 keV

Quantitation method : CLiff Lorimer thin ratio section.
Processing option : All elements analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Area k Abs Weight Weight Atomic
nt % % %

Arca Sigma  factor  Cormn. Sigma

AlK 57 36 1.044  1.000  0.08 0.05 0.17
SiK 240 47 1.000  1.000 0.32 0.06 0.64
PK -82 63 0992 1.000 -0.11 0.08 -0.20
VK 251 57 1.093  1.000 037 0.08 0.40
CrK 6191 140 1,100 1.000 921 0.20 9.83
MnK | 271 83 1,153 1.000 042 0.13 0.43
FeK 56032 390 1,170 1.000 8369 040 88.12
NiK 36 42 1.245  1.000 0.6 0.07 0.06
NbL -71 111 1.687  1.000 -0.16 0.25 .10
MoL | 481 96 1.701  1.000 1.1 0.22 0.64
Totals 100.00

Quantitative results
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Spectrum processing :
Peaks possibly omitted : 8.889, 17,427 keV

Quantitation method : Cliff Lotimer thin ratio section.

Processing option : All eletnents analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Area k Abs Weight Weight Atomic
nt % % %
Area Sigma  factor  Corm. Sigma
AlK =220 90 1.044  1.000 -0.06 0.03 -0.13
SiK 2345 113 1.000 1.000 0.64 0.03 1.27
PK 178 152 0992 1.000  0.05 0.04 0.09
SK 724 489 0.940 1.000 0.19 0.13 0.32
YK 861 122 1.093  1.000 0.26 0.04 0.28
CrK 67011 434 1160 1.000 2027 0.15 21.54
MnK | 2032 222 1.153  1.000 0.64 0.07 0.65
FeK 233311 793 1.170  1.000 75.06 0.35 74.25
NiK 265 88 1.245 1.000 0.09 0.03 0.09
NbL 187 313 1.687 1000 0.09 0.15 0.05
MoL 5930 826 1.701  1.000 277 0.38 1.60
Totals 100.00
Quantitative results
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Spectrum processing ¢
Peaks possibly omitted : 8.892, 17.441 keV

Quantitation method : CLiff Lorimer thin ratio section.
Processing option : All elements analysed (Normalised)

Number of iterations = |

Standardless
Eleme | Peak Area k Abs Weight Weight Atomic
nt % % %

Area Sigma  factor Corrn. Sigma

AlK -86 35 1.044 1000  -0.21 0.08 -0.42
SiK 382 43 1.000  1.000 088 0.10 1.73
PK -28 52 0992 1.000 -0.06 0.12 -0.11
VK 183 45 1.093 1000 046 o.n 0.50
CrK 3587 106 L100  1.000  9.09 0.26 9.68
MnK | 109 62 1153 1000 029 0.16 0.29
FeK 32788 296 1.170 1.000 88.41 0.56 87.66
NiK 11 33 1.245  1.000 0.03 0.09 0.03
NbL -36 95 1.687 1000 -0.14 0.37 -0.08
MoL | 316 82 1.701  1.000 1.24 0.32 0.72
Totals 100.00

Quantitative results
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Spectrum processing :
Peak possibly omitted : 8.918 keV

Quantitation method : CLiff Lorimer thin ratio section.

Processing option : All elements analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Areca k Abs Weight Weight Atomic
nt % % %
Arca Sigma  factor  Corm. : Sigma
AlK 22 30 1.044 1.000 0.10 0.14 0.20
SiK 107 30 1.000 1.000 0.46 0.13 092
PK 38 36 0992 1.000 0.16 0.15 029
VK 9 30 1.093  1.000 0.04 0.14 0.05
CrK 1834 78 1.100  1.000  8.68 0.36 9.28
MnK |90 48 1153 1.000 0.44 024 0.45
FeK 17417 219 1.170  1.000 87.63 0.76 87.27
NiK 49 27 1.245  1.000 0.26 0.15 0.25
NbL 98 68 1.687  1.000 on 0.49 0.43
MoL 206 60 1701  1.000 151 0.43 0.87
Totals 100.00
Quantitative results
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Spectrum processing :
Peaks possibly omitted : 8.901, 17.431 keV

Quantitation method : Cliff Lorimer thin ratio section,
Processing option : All elements analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Area k Abs Weight Weight  Atomic
nt % % %

Area Sigma factor  Corm. Sigma

AlK -139 75 1.044 1000 -0.06 0.03 -0.12
SiK 978 89 1.000 1000 0.38 0.03 0.75
PK 114 118 0992 1000 004 0.05 0.08
VK 699 101 1093 1.000 030 0.04 0.32
CrK 20027 255 1.100 1.000 852 0.10 9.09
MnK | 1066 156 1153 1000 048 0.07 0.48
FeK 197651 726 1.170  1.000 8940  0.22 88.82
NiK 179 77 1,245 1.000 009 0.04 0.08
NbL 86 216 1.687 1.000  0.06 0.14 0.03
MoL 1220 186 1.701 1000  0.80 012 . 046
Totals 100.00

Quantitative results
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Spectrurn processing :
Peaks possibly omitted : 8.899, 16.572 keV

Quantitation method : Cliff Lorimer thin ratio section.
Processing option : All elements analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Area k Abs Weight Weight Atomic
nt % % %

Area Sigma  factor  Comm. Sigma

AlK =20 39 1044 1.000  -0.02 0.04 -0.05
SiK 274 52 1.000  1.000 029 0.05 0.58
PK 30 75 0992 1000 003 0.08 0.06
VK 1993 95 1.093 1000 232 0.11 2.54
CrK 7442 160 1100 1.000  8.69 0.18 9.32
MnK | 441 96 1.153 1000 0.54 0.12 0.55
FeK 68810 432 1.170 1000 8544 0.39 85.35
NiK 93 47 1245 1000 012 0.06 0.12
NbL 895 151 1.687  1.000 1.60 0.27 0.96
MoL | 548 130 1701 1.000 0.99 0.23 0.58
Totals 100.00

Quantitative results

100 ¢

N R O
o O Q O
I T I T

Weight%

(=]

S,
o
N

-
o]
Mg
[

o

Al 8i P V CrMnFe Ni NbMo e e N A

ull Scale 8221 cts Cursor: 0.049 ke'v (3430 cis) key

X



Spectrum processing :
Peaks possibly omitted : 1.210, 8.894, 17.432 keV

Quantitation method : Cliff Lorimer thin ratio section.
Processing option : All elements analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Area _k Abs Weight - Weight Atomic
nt % % %

Area Sigma factor  Comn. Sigma

AlK 83 66 1.044 1000 0.04 0.03 0.09
SiK 859 82 1.000  1.000 042 0.04 0.83
PK 25 105 0992 1000 -0.01 0.05 -0.02
VK 264 90 1.093  1.000 0.14 0.05 0.15
CrK 15276 227 1.100  1.000 8.19 0.12 8.74
MnK | 1008 142 1.153  1.000 0.57  0.08 0.57
FeK 156823 651 1.170 1000 89.42 0.25 88.88
NiK 169 73 1245 1000  0.10 0.04 0.10
NbL 192 192 1.687 1.000 0.16 0.16 0.09
MoL 1180 166 1.701  1.000 098 0.14 0.57
Totals 100.00

Quantitative results
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Spectrum processing :
Peak possibly omitted : 8.900 keV

Quantitation method : Cliff Lorimer thin ratio section.
Processing option : All elements analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Area k Abs Weight Weight Atomic
nt % % %

Area Sigma  factor  Corrn. Sigma

AlK 29 52 1,044 1000 002 0.04 0.05
SiK 531 63 1,000  1.000 043 0.05 0.86
PK 121 85 0.992 1000 0.02 0.07 0.03
VK 107 70 1.093 1000 010 0.06 0.10
CrK 9529 175 1.100  1.000 858 0.15 9.15
MnK | 537 109 1.153 1000 051 0.10 0.51
FeK 93301 50 1170 1000 8537  0.32 88.71
NiK 68 54 1245 1000  0.07 0.05 0.06
NbL 214 153 1.687 1.000  0.30 0.21 0.18
MoL | 431 128 1701 1000  0.60 0.18 0.35
Totals 100.00

Quantitative results
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Peak possibly omitted : 8.889 keV

Quantitation method ; CLiff Lorimer thin ratio section.
Processing option : All elements analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Area k Abs Weight Weight Atomic
nt % % %

Area Sigma  factor  Corm. Sigma

AIK -41 39 1.044 1000 -0.07 0.07 -0.14
SiK 469 48 1.000 000 078 0.08 1.53
PK 35 57 0992 1000 0.06 0.09 0.10
VK 77 47 1.093 1.000 0.14 0.09 0.15
CrK 4708 125 1.100  1.000 8.59 0.22 9.13
MnK | 207 75 1.153 1000 (.40 0.14 0.40
FeK 45895 351 1170 1.000 89.06 0.46 83.17
NiK 68 38 1.245  1.000 0.14 0.08 0.13
NbL 29 104 1.687 1.000 0.08 0.29 0.05
MoL | 294 92 1.701  1.000 0.83 0.26 0.48
Totals 100.00

Quantitative results
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Spectrum processing :
Peaks possibly omitted : 8.895, 17.425 keV

Quantitation method : Cliff Lorimer thin ratio section.
Processing option : All elements analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Area k Abs Weight Weight Atomic
nt % % %

Area Sigma  factor  Corm. Sigma

AlK 79 47 1.044 1000 0.10 0.06 0.20
SiK 497 57 1.000  1.000 0.59 0.07 1.16
PK 73 74 0.992  1.000 0.09 0.09 0.15
VK 91 61 1.093 1000 0.12 0.08 0.13
CrK 14265 202 1L.100 1000 8.62 0.25 9.84
MnK | 306 104 1.153 1000  0.42 0.14 0.42
FeK 55319 389 1.170 1L.000  86.81 0.42 86.17
NiK 92 46 1.245 1.000  0.14 0.07 0.13
NbL 168 145 1.687 1.000 0.34 0.29 0.20
Mol 1377 133 170t Loo0 278 0.26 1.61
Totals 100.00

Quantitative results
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Spectrum processing :
Peak possibly omitted : 8.905 keV

Quantitation method ; Cliff Lorimer thin ratio section.
Processing option : All elements analysed (Normalised)

Number of iterations = 1

Standardless
Eleme | Peak Area k Abs Weight Weight Atomic
nt % % %

Area Sigma  facteor  Corm, Sigma

AlK -6 58 1.044 1.000  0.00 0.04 -0.01
SiK 759 69 L1000 1000 054 0.05 1.07
PK 34 92 0992 1000 002 0.06 0.04
VK 524 82 1.093  1.000 041 0.06 0.45
CrK 10801 188 1.100 1.000 848 0.14 9.07
MnK | 471 114 1.153  1.000 (.39 0.09 0.39
FeK 105849 532 1.170  1.000  88.42 0.32 87.98
NiK -25 56 1.245 1000 -0.02 0.05 -0.02
NbL 666 177 1.687 1000 0.80 0.21 0.48
MoL 790 152 1.701  1.000 0.96 0.18 0.56
Totals 100.00

Quantitative results
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C\MTHINVUSRSun Ben ShuangtA-1.spe
Acquisition Time:23:49:42

kV:200.00

Detector Type :SUTW-Sapphire

Thin Apx
KAB Set : User

Elem
CK
NakK
MgK
SiK
PK
SK
LaL
VK
NdL
CrK
MnK
FeK
CuK
PbL
NbK
MoK
Total

Date:13-Apr-2004 _
Azimuth:45.00 Elevation:0.00
Resolution :151.61 Lsec :47

Elements

Weight % Atomic %

08
24
038
0.5
0
0.9
0.7
1.3
1.5
13.4
0.4
71.%
28
0
0.7
1.7
100

3.5
5.5
1.8

0.1
1.4
0.3
1.3
0.6
13.5
0.4
67.1
23

0.4
0.9
100

AmpT:12.8



CAMTHIN{USR\Sun Ben Shuanghi-1.spc

Label A:

Fe

Mo
Pb Nb

3.00 6.00 9.00 12.00 15.00 18.00 21.00 24.00



C:AMTHIN\USR\Sun Ben Shuang\A2.spc

Acquisition Time:01:45:05 Date:14-Apr-2004

kV:200.00 Azimuth:45.00
Detector Type :SUTW-Sapphire Resolution :176.58
Thin Apx

KAB Set ; User Elements

Elem Weight %

AlK 0.7
SiK 0.6
PK ¢.1
VK 0.1
CiK 9.7
MnK 0.4
FeK 87.3
NiK 0
NbK 0.1
MoK 1
Total 100

Elevation:0.00

Lsec :63

Atomic %

1.4
1.2
0.2
0.1
10.2
0.4
85.8

0.6
100

AmpT:6.4



CAMTHINMUSR\Sun Ben Shuang\A2.spc

Label A

Ni‘

2.00 4.00 6.00 8.00 10.90 12.00 14.00 16.00
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CA\MTHIN\USR\Sun Ben Shuang\Cl.spc

Acquisition Time:04:42:32

kVv:200.00
Detector Type :SUTW-Sapphire

Thin Apx
KAB Set : User

Elem
AlK
SiK
PK
VK
CrkK
MnK
FeK
NiK
MoK
Total

Date:14-Apr-2004

Azimuth:45.00 Elevation:0.00
Resolution :134.75 Lsec :177

Elements
Weight % Atomic %
0.6 1.3
0.8 1.6
0 0.1
0.1 0.1
8.2 8.7
0.4 0.4
89 87.4
0 0
0.8 0.5
100 100

AmpT:51.2
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Label A;

il

5.80 6.40 7.00 7.60 8.20 8.80 9.40 10.00 10.60 11.20
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C:\MTHIN\USR\Sun Ben Shuang\C2.spc

Acquisition Time:04:52:56

kV:200.00
Detector Type :SUTW-Sapphire

Thin Apx
KAB Set : User

Elem
AlK
SiK
PK
VK
CiK
MnK
FeK
NiK
NbK
MoK
Total

Date:14-Apr-2004

Azimuth:45.00
Resolution :134.75

Elements

Weight %

06
0.8
0.1
0.2
7.7
0.5

89
0.1
0.2
0.9
100

Elevation:0.00

1.2
1.6
0.2
0.2
8.2
0.5
87.6

0.1

0.5
100

XXV

AmpT:51.2
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Fe

Cr
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CA\MTHINWUSR\Sun Ben Shuang\Cr1.spc

Acquisition Time:01:36:15

kV:200.00
Detector Type :SUTW-Sapphire

Thin Apx
KAB Set : User

Elem
AlK
SiK
PK
VK
CrK
MnK
FeK
NiK
MoK
Total

Date:14-Apr-2004

Azimuth:45.00
Resolution :176.58

Elements

Weight %

0.4
0.4

0.5
42

49.9

58
100

Elevation:0.00
Lsec :68

Atomic %
0.9
0.7

0.5
44.4

49.1

33
100

XXVII

AmpT:6.4
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CAMTHINVUSR\Sun Ben Shuang\D2.spc

Acquisition Time:21:49:30

kV:200.00
Detector Type :SUTW-Sapphire

Thin Apx
KAB Set : User

Elem
AlK
SiK
PK
VK
CrK
MnK
FeK
NiK
NbK
MoK
Total

Date:14-Apr-2004

Azimuth:45.00
Resolution :176.58

Elements

Weight %
0.5
0.6
0.1
0.1
8.6
0.5
88.8

0.8
100

Elevation:0.00

1.2
0.2
0.1
9.1
0.5
87.5

0.5
100

XXIX

AmpT:6.4
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Label A:

Mo
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CAMTHINVUSR\Sun Ben Shuang\D3.spe

Acquisition Time:23:13:23

kV:200.00
Detector Type :SUTW-Sapphire

Thin Apx
KAB Set : User

Elem
AIK
SiK
PK
VK
CrK
MnK
FeK
NiK
NbK.
MoK

Total
MoK

Azimuth:45.00

Date:14-Apr-2004

Resolution :138.88

Elements

Weight %

0.7
1.2
0.1
0
82
0.4
838.7
0

0
0.7

1060
5.83

Elevation:0.00 AmpT:25.6

Lsec :70

Atomic %

1.5
23
0.1
0
8.6
0.4
86.6
0

0
04

100
5.25 8.27 111
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CAMTHIN\USR\Sun Ben Shuang\D-Cr.spe

Acquisition Time:21:35:16

kV:200.00
Detector Type :SUTW-Sapphire

Thin Apx
KAB Set : User

Elem
CK
VK
CiK
MnK
FeK
MoK
Total

Date:14-Apr-2004
Azimuth:45.00
Resolution :176.58
Elements

Weight %

Elevation:0.00
Lsec :147
Atomic %
0 0.1
0.8 0.9
41.9 44.5
0.9 1
51.1 50.6
5.3 3
100 100

XXX

AmpT:6.4
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CAMTHIN\USR\Sun Ben Shuang\substrate

Acquisition Time:01:06:45

kV:200.00
Detector Type :SUTW-Sapphire

Thin Apx
KAB Set : User

Elem
AlIK
SiK
PK
SK
VK
CrK
MnK
FeK
NiK
MoK
Total

Date:14-Apr-2004
Azimuth:45.00 _
Resolution :176.58
Elements

Weight %

04
0.6

Elevation:0.00
Lsec:118

Atomic %

0.1

0.5
0.2
9.4
0.4
87.5

0.9
100
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APPENDIX C:

Reports on the Type IV Crack Failure Examination

APPENDIX C: Reports on the Type IV Crack Failure Examination
(Part of the results)

FOURCRACK creep specimen failure examination (KA1392/1)

Micro

Number PTC Ref. TestRef. | Temp,°C StressMPa | Est. Dur. | Final Dur. Elong.% | R.of A.% Failure
03/110 KA13921

037111 (]” ’2”) 02/013 625 105.0 3000 5069 262 1551 Type IV

HCM 12A (P122) TWI Weld Plate W16

Macroexamination

Length of specimen halves (longer half + shorter half)(mm): 55 + 50
Distance from the fracture to other surface defect/s (mm):

Low mag. photograph (optical stereomicrograph) of the two specimen halves and the.
fracture surface/s, alongside a ruler.

Comments:

none

45 deg failure at end of gauge length and just beyond.




APPENDIX C: Reports on the Type 1V Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments: Failure in HAZ. No obvious creep damage in HAZ.

Conclusions

Type TV failure

Drafted by: Ben Sun

Verified by: D. Allen



APPENDIX C; Reports on the Type 1V Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1392/2)

Micro
Number PTC Ref. Test Ref. | Temp.°C Stress MPa | Est. Dur. | Final Dur. Elong. % | R.ofA.% | Failure

031112 KA139272
037113 (1*,2%) | ozio1a 650 750 2500 4421 111 0.89 Type IV

P92 (NF616) TW1 Weld Plate W12

Macroexamination

Length of specimen halves (longer half + shorter half)(mm): 55 + 50
Distance from the fracture to other surface defect/s (mm):  none

Low mag. photograph (optical stereomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: 45 deg failure in centre of gauge length,




APPENDIX C: Reports on the Type IV Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments; Failure in HAZ, Significant creep damages in HAZ.

Conclusions

Type IV failure



APPENDIX C: : Reports on the Type IV Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1392/3)

Micro
Number PTC Ref, Test Ref, { Temp,°C Stress MPa | Est. Dur. | Final Dur. Elong. % | R.of A.% | Failure

03/114 KA139273
03/115 (1*,2% 02/067 650 75.0 400 519 3.05 1368 Type IV

P91 As-Rec’d. MR02/027A Welded with Metrode
Macroexamination

Length of specimen halves (longer half + shorter half){mm): 53 + 52
Distance from the fracture to other surface defect/s (mm):  none

Low mag. photograph (optical stereomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: 90 deg failure in centre of gauge length.



APPENDIX C: Reports on the Type IV Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments: Failure in HAZ . Some creep damages in HAZ.

Conclustons

Type IV failure



APPENDIX C:

Reports on the Type IV Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1392/4)

Micro

Number PTC Ref. Test Ref. | Temp.*C Stress MPa | Est. Dur. | Final Dur. Elong.% | R.ofA.% | Failure
03/116 KA1392/4

03/117 (1*,2% | o20696 | 600 155 100 215 1834 5532 Type IV

P91 N & Temper, . MR02/027B Welded with Metrode

Macroexamination

Length of specimen halves (longer half + shorter half)(mm): 60 + 55
neck 7mm

Distance from the fracture to other surface defect/s (mm):

Low mag. photograph (optical stereomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: near fusion line with necking in parent metal.




APPENDIX C: Reports on the Type IV Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments: Failure in HAZ. No obvious creep damage in HAZ. Some creep damages in
the neck region.

creep damage in the neck region

Conclusions

Type IV failure



APPENDIX C: Reports on the Type 1V Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1392/5)

Micro
Number PTC Ref. Test Ref. | Temp.°C Stress MPa | Est. Dur. | Final Dur. Elong.% | R ofA.% | Failure

03/118 KA1392/5
03/119 %2 | oxoes 650 75 400 359 231 18.07 Type IV

P91 N & Temper, . MR02/027B Welded with Metrode

Macroexamination

Length of specimen halves (longer half + shorter half)(mm): 58 + 52
Distance from the fracture to other surface defect/s (mm):  none

Low mag. photograph (optical stereomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: 90 deg failure in centre of gauge length.




APPENDIX C: Reports on the Type 1V Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

-Comments: Failure in HAZ . Some creep damages in HAZ.

Conclusions

Type IV failure



APPENDIX C; Reports on the Type IV Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1395/1)

Micro
Number PTC Ref. Test Ref. { Temp.°C StressMPa | Est. Dur. | Final Dur. Elong. % | R.of A.% |{ Failure

037124 KA13951 | 02/016 650 75.0 2500 7050 377 11.85 WM

P122 (HCM12A) Forging/Weld
Macroexamination

Length of specimen halves (longer half + shorter half)(mm): 80 + 25
Distance from the fracture to other surface defect/s (mm):  none

Low mag, photograph (optical stereomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: 45 jagged failure, ¥ gauge length in weld metal.




APPENDIX C: , Reports on the Type IV Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments: Failure in weld metal.

Conclusions

Failure in WM



APPENDIX C: Reports on the Type IV Crack Failure Examination

FOURCRACK creep specimen failure examination (1395/2)

Micro
Number PTC Ref. Test Ref. | Temp.’C Stress MPa | Est. Dur. | Final Dur. Elong. % | R.ofA. % Failure

03/125 KA139572
03/126 (1* 2% 02/012 625 1050 - | 3000 6129 1.49 3.16 Type 1V

P92 (NF616) TWI Weld Test Plate W12

Macroexamination

Length of specimen halves (longer half + shorter half){mm): 53+ 52
Distance from the fracture to other surface defect/s (mm):  none

Low mag, photograph (optical stereomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: 45 deg failure in centre of gauge length.



APPENDIX C: Reports on the Type IV Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments: Failure in HAZ . No obvious creep damage in HAZ.

Conclusions

Type 1V failure



APPENDIX C: Reports on the Type I'V Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1395/3)

Micro .
Number PTC Ref. TestRef. | Temp. °C Stress MPa | Est. Dur. | Final Dur. Elong.% | R.ofA.% | Failure

03/127 KA139573
03/128 (1*2% | 0239 650 750 2500 5410 217 11.55 Type IV

P92 (NF616) Nippon Pipe M2W Electrodes
Macroexamination

Length of specimen halves (longer half + shorter half)(mm}): 55+ 50
Distance from the fracture to other surface defect/s (mm):  none

Low mag. photograph (optical sterecomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: 45 deg failure in centre of gauge length.




APPENDIX C: Reports on the Type IV Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments: Failure in HAZ . No obvious creep damage in HAZ.

Conclusions

Type IV failure



APPENDIX C:

Reports on the Type IV Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1395/4)

Micro

Number PTC Ref. Test Ref. | Temp.C Stress MPz2 | Est. Dur. | Final Dur. Elong. % | R.of A. % Failure
03/129 KA1395/4

03/130 (]# ,2#) 02/080 600 105 4000 2222 397 14,32 Type IV

P91 As-Rec’d. MR02/027A Welded with Metrode

Macroexamination

Length of specimen halves (longer half + shorter half)(mm): 53+ 52
Distance from the fracture to other surface defect/s (mm):

none

Low mag. photograph (optical stereomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: 90 deg failure in centre of gauge length.




APPENDIX C: Reports on the Type 1V Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments: Failure in HAZ. No obvious creep damage in HAZ.

Conclusions

Type 1V failure



APPENDIX C;

Reports on the Type 1V Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1395/5)

Micro

Number PTC Ref. Test Ref. | Temp, °C Stress MPa | Est. Dur. | Final Dur. Elong. %  R.ofA. % Failure
03/13 KA1395/5

03/132 %24 | o2am 635 750 1000 1246 3.06 15.30 Type IV

P91 As-Rec’d. MR(G2/027A Welded with Metrode

Macroexamination

Length of specimen halves (longer half + shorter half)(mm): 55+ 50
Distance from the fracture to other surface defect/s (mm):

none

Low mag. photograph (optical stereomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: 90 deg failure in centre of gauge length.




APPENDIX C: Reports on the Type IV Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments; Failure in HAZ . No significant creep damage in HAZ.
Cavitation microcracks in the HAZ.

Conclusions

Type IV failure



APPENDIX C: Reports on the Type 1V Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1395/6)

Micro
Number PTC Ref. Test Ref. | Temp.°C Stress MPa | Est. Dur. | Final Dur. Elong.% | R.ofA. % Failure

03/133 KA1395/6
03/134 (*,2% 02/081 600 105 4000 2176 3.01. 15.47 Type IV

P91 N + Temper, MR02/027B Welded with Metrode

Macroexamination

Length of specimen halves (longer half + shorter half)(mm): 55+ 50
Distance from the fracture to other surface defect/s (mm):  none

Low mag. photograph (optical stereomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: 90 deg failure in centre of gauge length.




APPENDIX C: Reports on the Type IV Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments: Failure in HAZ . No significant creep damage in HAZ.

Conclusions

Type IV failure



APPENDIX C:

Reports on the Type IV Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1395/7)

Micro

Number PTC Ref. Test Ref. | Temp.°C Stress MPa | Est. Dur. | Final Dur. Elong. % | R.of A.% | Failure
03/135 KA1395/7 .

03/136 a*.2% 02/078 635 75 1000 926 257 13.35 Type IV

P91 N + Temper, MR02/027B Welded with Metrode

Macroexamination

Length of specimen halves (longer half + shorter half)(mm): 53+ 52
Distance from the fracture to other surface defect/s (mm):

none

Low mag. photograph (optical stereomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: 90 deg failure in centre of gauge length.




APPENDIX C: Reports on the Type IV Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments: Failure in HAZ . No significant creep damage in HAZ.

Conclusions

Type IV failure



APPENDIX C:

Reports on the Type IV Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1395/8)

Micro
Number

PTC Ref,

Test Ref.

Temp, °C

Stress MPa

Est. Dur.

Final Dur.

Elong, %

Roof A%

Failure

03/137

KA1395/8

02/082

600

105

4000

2054

25.55

82.33

PM

P91 Aged, MR02/027B Welded with Metrode

Macroexamination

Length of specimen halves (longer half + shorter half)(mm): 70+ 52
Distance from the fracture to other surface defect/s (mm):

cup and cone in PM

Low mag. photograph (optical stereomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: cup and cone in parent material.




APPENDIX C: Reports on the Type 1V Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments: Failure in PM, No obvious damage in HAZ.

Conclusions

Failure in PM



APPENDIX C:

Reports on the Type IV Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1395/9)

Micro

Number PTCRef, | TestRef. | Temp.°C | StressMPa | Est.Dur. | FinalDur. | Elong.% | R.ofA.% | Failure
03/138 KA13959

03/139 @a*,2h |0 635 75 1000 111 419 16.62 Type [V

P91 Aged, MR02/027B Welded with Metrode

Macroexamination

Length of specimen halves (longer half + shorter half)(mm): 55+ 50
Distance from the fracture to other surface defect/s (mm):  none

Low mag. photograph (optical stereomicrograph) of the two specimen halves and the .
fracture surface/s, alongside a ruler.

[T

Comments: 90 deg failure in centre of gauge length.



APPENDIX C: Reports on the Type IV Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments: Failure in HAZ . No significant creep damage in HAZ.

Conclusions

Type 1V failure

bb



APPENDIX C:

Reports on the Type IV Crack Failure Examination

FOURCRACK creep specimen failure examination (KA1395/10)

Micro

Number PTC Ref. Test Ref. | Temp.°C Stress MPa | Est. Dur. | Final Dur. Elong. % { R.ofA.% | Failure
037140 KAI395/10 '
037141 (1*,2% 02/06% 650 75 400 430 10.46 2877 Type IV
P91 Aged, MR02/027B Welded with Metrode

Macroexamination

Length of specimen halves (longer half + shorter half)(mm): 55+ 50

Distance from the fracture to other surface defect/s (mm):  neck Smm

Low mag. photograph (optical stereomicrograph) of the two specimen halves and the
fracture surface/s, alongside a ruler.

Comments: 90 deg failure in centre of gauge length.

cC




APPENDIX C: Reports on the Type IV Crack Failure Examination

Sectioning and Microexamination

(Creep specimen width in this view = 10.9mm)

Comments: Failure in HAZ . No significant creep damage in HAZ. No obvious creep
damage in the neck region.

Conclusions

Type IV failure

dd



APPENDIX D: Grain Boundary Segregation (GBS) Model Computer Programme

APPENDIX D: GRAIN BOUNDARY SEGREGATION (GBS) MODEL
COMPUTER PROGRAMME (Matlab)

cg1=0.0002;

cg2=0;

cg3=0;
eb1=0.36*1.6*10"-19;
efv=1.4*1.6%10"-19;
Ts=1573;

T0=823;
k=1.3807*10"-23;
d=2*10"-9;

r=0.01;

thita=15;
ea=2.6*1.6*10"-19;
delta=0.05;
b=3*10"-5;
doc=1.7*10"-5;
em=1.63*1.6*10"-19;
doi=7.12*¥10"-5;
€i=2.68*1.6*10"-19;

figure(1); Cbnm/Cg-T's
cbnmT=cgl*(ebl/efv)*((cgl*exp(eb1/{k*Ts)))/(cgl *exp(eb1/(k*Ts))))*exp(((ebl-
efv)/(k*Ts))-((eb1-efv)/(k*T0)));
C=cbnmT/cgl;

alfan=cbnmT/cgl;
te=r*k*Ts"2/(thita*ea);
dei=doc*exp(-em/(k*Ts)),
dsi=doi*exp(-ei/(k*Ts));
tc=delta*b"2*log10(dci/dsi)/(4*(dci-dsi));
Ts=273;

for j=1:101
cbnmT(j)=cgl1*(ebl/efv)*((cgl*exp(ebl/(k*Ts)))/ (cgl*exp(ebl/(k*Ts))))*exp(((ebl-
efv)/(k*Ts))-((ebl-efv)/(k*TO)));
C(i)=cbnmT(j)/cgl;

Ts=Ts+13; '

end

Ts=273:13:1573;

plot(Ts,C);

¢bnmT,C(101);

xlabel('Ts,K")

ylabel("Cbnm/Cg")



APPENDIX D: Grain Boundary Segregation (GBS) Model Computer Programme

figure(2): Cbn/Cg-t

cbnmT(1)=cgl*(eb1/efvy*(cgl*exp{ebl/(k*Ts(1)))/cgl *exp(eb1/(k*Ts(1))))*exp((eb1-
efv)/(k*Ts(1))-(eb1-efv)/(k*T0));

cbnmT(2)=cgl*(ebl/efv)*(cgl *exp(ebl/(k*Ts(2)))/cgl *exp(eb1/(k*Ts(2))N*exp((ebl-
efv)/(k*Ts(2))-(ebl-efv)/(k*TO0)); _
cbnmT(3)=cgl *(eb1/efv)*(cgl *exp(eb1/(k*Ts(3)))/cgl *exp(eb1/(k*Ts(3))))*exp((ebl-
efv)/(k*Ts(3))-(eb1-efv)/(k*TO));

cbnmT(4)=cgl *(ebl/efv)*(cgl*exp(ebl/(k*Ts(4)))/cgl *exp(eb1/(k*Ts(4))))*exp((ebl-
efv)/(k*Ts(4))-(eb1-efv)/(k*T0));

alfan(1)=cbnmT(1)/cgl;

alfan(2y=cbnmT(2)/cgl;

alfan(3)=cbnmT(3)/cgl;

alfan(4)=cbnmT(4)/cgl;

dci(1)y=doc*exp(-em/(k*Ts(1)));

dci(2)=doc*exp(-em/(k*Ts(2)));

dei(3y=doc*exp(-em/(k*Ts(3)));

dci(4)=doc*exp(-em/(k*Ts(4)));

cbnmT(1)=cgl1*(ebl/efv)*(cgl *exp(ebl/(k*Ts(1)))/cgl *exp(eb1/(k*Ts(1))))*exp((ebl-
efv)/(k*Ts(1))-(ebl-efv)/(k*T0));
cbnmT(2)=cgl*(ebl/efv)*(cgl*exp(eb1/(k*Ts(2)})/cgl*exp(ebl/(k*Ts(2))))*exp((ebl-
efv)/(k*Ts(2))-(eb1-efv)/(k*T0));

cbnmT(3)=cgl *(ebl/efv)*(cgl *exp(ebl/(k*Ts(3))Vegl *exp(eb 1/(k*Ts(3)))) *exp((ebl-
efv)/(k*Ts(3))-(eb1-efv)/(k*TO));

cbnmT(4)=cgl*(ebl/efv)*(cgl *exp(ebl/(k*Ts(4))Yecgl *exp(ebl/(k*Ts(4)))) *exp((eb1-
efv)/(k*Ts(4))-(ebl-efv)/(k*T0));

alfan(1)=cbnmT{(1)/cgl;

alfan(2)=cbnmT(2)/cgl;

alfan(3)=cbnmT(3)/cgl;

alfan(4)y=cbnmT(4)/cgl;

dci(1)y=doc*exp(-em/(k*Ts(1)));

dei(2)=doc*exp(-em/(k*Ts(2)));

dci(3)=doc*exp(-em/(k*Ts(3)));

dci(d)=doc*exp(-em/(k*Ts(4)));

t=0

for i=1:101

cbntl(i)=cgl+(cbnmT(1)-cgl)*(1-
(exp((4*dci(1)*t)/(alfan(1)"2*d"2)Y*erfc((2*((dci(1)*t)~(1/2))/(alfan(1)*d))));
cbnt2(i)=cgl+(cbnmT(2)-cg1)*(1-

(exp((4*dci(2)*t)/(alfan(2)y 2*d 2))*erfe((2*((dci(2)*t)(1/2))/(alfan(2)*d)))));
cbnt3(i}=cgl+(cbnmT(3)-cgl)y*(1-

(exp((4*dci(3)*t)/(alfan(3)"2*d 2))y*erfc((2*((dci(3 Y*t)(1/2)) (alfan(3)*d))));
cbnt4(i)=cgl+(cbnmT(4)-cgl)*(1-
(exp((4*dci(4)*t)/(alfan(4)2*d"2)) *erfc((2* ((dci(4)y*t)(1/2))/(alfan(4)*d)))));
c1(i)=cbntl(i)/cgl;

c2(i)=cbnt2(i)/cgl;

c3(1)=cbnt3(i)/cgl;
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c4(i)=cbntd(i)/cgl;

t=t+0.01

end

t=0:0.01:1;

plot(t,c1,’b-"t,c2,'r:" t,c3,k-."t,c4,'m--;
title ('GB concentration vs quenching time'")
xlabel('quenching time, s")
ylabel('Cbn/Cg")

text(0.8,1200,'T1"

text(0.6,1500,'T2")

text(0.4,3000,'T3")

text(0.2,5000,'T4")

figure(3): Cbn/Cg-Ts

t=1;

Ts=273;

for j=1:101

cbnmT(jy=cgl*(ebl/efv)*((cgl*exp(ebl/(k*Ts)))/(cgl *exp(eb1/(k*Ts))))*exp(({eb1-
efv)/(k*Ts))-((eb1-efv)/(k*T0)));

te(i)=r*k*Ts"2/(thita*ea);

alfan(j)=cbnmT(j)/cgl;

cbnt(j)=cgl+(cbnmT(j)-cgl)*(1-

(exp((4*dci*te(j))/(alfan(j) 2*d "2))*erfc((2* ((dci*te(5)) (1/2))/ (alfan( y*d)))));
C(j)=cbnt(j)/cgl;

Ts=Ts+14;

end

Ts=273:14:1673;

plot(Ts,C);

figure(4): Cbn/Cg-Ts with experimental data

t=1;

Ts=273;

for j=1:101

cbnmT(j)=cgl*(ebl/efv)*((cgl *exp(eb1/(k*Ts)))/(cgl *exp(ebl/(k*Ts)))) *exp(((eb1-
efv)/(k*Ts))-((eb1-efv)/(k*T0)));

te()=r*k*Ts"2/(thita*ea);

alfan(j)=cbnmT(j)/cgl;

cbnt(jy=cgl+(cbnmT(F)-cgl)y*(1-
(exp((4*dci*te(j))/(alfan(G) 2*d" 2)y*erfc((2*((dci*te(§))"(1/2))/(alfan(j)*d)))));
C(j)=cbnt(j)/cgl;

Ts=Ts+15;

end

Ts=273:15:1773;

plot(Ts,C);
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xlabel('Quenching temperature,Ts")
ylabel('Cbn/cg")

text(1173,44,'*")

text(1373,98,"*")

text(1573,221,'*")

text(600,500,- Model simulation”)
text(600,450,"* Experimental')
cbnt(80)

~ figure(5): Cbn/Cg-Thita
thita=0;
for j=1:1001
cbnmT(j)=cgl*(ebl/efv)*((cgl *exp(ebl/(k*Ts)))/(cgl *exp(eb1/(k*Ts))))*exp({(eb1-
efv)/(k*Ts))-((eb1-efv)/(k*T0)));
te(j)=r*k*Ts"2/(thita*ea);
alfan(j)=cbnmT(j)/cgl;
cbnt(j)=cgl+{cbnmT()-cgl)*(1-
{exp((4*dci*te(y))/(alfan(jy"2*d"2)y*erfe((2*((dci*te())N1/2))/ (alfan(G)*d))));
C(j)=cbnt(j)/cgl;
thita=thita+0.02;
end
thita;
thita=0:0.02:20;
plot(thita,C);
xlabel('Cooling rate, K/s")
ylabel('Cbn/Cg'}
axis([0,20,200,300])
text(15,265,+")
text(0.1,278,+")
text(3,230,'+ Experimental')
text(3,270,"------Model")

figure (6): Cbn/cg-(Ts, Thita)
thita=1;
for i=1:100
Ts=273;
for j=1:100
cbnmT(j)=cgl*(ebl/efv)*((cgl *exp(ebl/(k*Ts)))/(cgl *exp(eb1/(k*Ts))))*exp(((ebl-
efv)/(k*Ts))-((eb1-efv)/(k*T0)));
te(j)=r*k*Ts"2/(thita*ea);
alfan(j)=cbnmT(j)/cgl;

"N chnt()=cgl-+cbnmT()-cg1)*(1-

- (exp((4*dci*te(j))/(alfan(jy 2*d" 2))*erfe((2*((dci*te(GY)M(1/2))/(alfan(j) *d))));
C(ij)=cbnt(j)/cgl;
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Ts=Ts+20;

end

thita=thita+0.2;

end

Ts,thita

meshz(C);

colormap(]1 0 0]},
xlabel("Quenching temperature K"
ylabel("Cooling rate, K/s")
zlabel('Cbn/cg)
axis(1473,2273,0,20,0,10000)
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