Sheffield
Hallam
University

Effects of the weld thermal cycle on the microstructure of alloy 690.

TUTTLE, James R.

Available from the Sheffield Hallam University Research Archive (SHURA) at:

http://shura.shu.ac.uk/20461/

A Sheffield Hallam University thesis

This thesis is protected by copyright which belongs to the author.

The content must not be changed in any way or sold commercially in any format or medium
without the formal permission of the author.

When referring to this work, full bibliographic details including the author, title, awarding
institution and date of the thesis must be given.

Please visit http://shura.shu.ac.uk/20461/ and http://shura.shu.ac.uk/information.html for
further details about copyright and re-use permissions.


http://shura.shu.ac.uk/information.html

Fines are charged at 50p per hour

12 SEP 2005

Sfi

0 6 OCT 2006

Sheffield Hallam University

REFERENCE ONLY



ProQuest Number: 10701108

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10701108

Published by ProQuest LLC(2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



Effects of the Weld Thermal Cycle
on the Microstructure of Alloy 690

James Robert Tuttle

A thesis submitted in partial fulfilment of the
requirements of Sheffield Hallam University
for the degree of Master of Philosophy

July 1997

Collaborating Organisation:

Health & Safety Executive; H.M. Nuclear
Installations Inspectorate



The beginning of the end

‘Vulgo enim dicitur: Icundi acti labores.! (for it is
commonly said: completed labours are pleasant) - Cicero

(106-43 B.C.) De Finibus Bk. 2 Ch. 105.







Declaration

During the period of registration for the Sheffield Hallam University degree of
M.Phil. the candidate has not been registered for any other Sheffield Hallam

University award or for a University degree.

The results and theories presented in this thesis are original except where reference is

made to previous work.

Signed: Date: 14thJuly 1997



Acknowledgements

Whilst this thesis is the work of myself, the research required the help of many
people to make it valid and complete. In addition to the references identified in the
main text I would like to acknowledge the industrialists, academics, manufacturers,
producers and individuals whose literature, recommendations, studies, inputs and
advice were invaluable in making the research programme, and therefore this thesis,

more complete than it would otherwise have been.

At the risk of offending the many others who have assisted me, I would like to

mention the following people and institutions who were particularly helpful:

H.M. Nuclear Installations Inspectorate (HMNII) for their technical and
financial support through an EPSRC CASE Award.

Dr B Hemsworth and Dr R Nicholson of HMNII for their support, guidance

and technical knowledge in their roles as my industrial supervisors.

Sheffield Hallam University (SHU), School of Engineering (SOE), for the

provision of the necessary facilities.

Dr A J Smith of SHU, SOE, for his support, guidance and help as my studies

supervisor.

Dr R P Stratton of SHU, SOE, for his support, guidance and help as my

academic director of studies.

Professor R L Reuben of Heriot-Watt University, Department of Mechanical
and Chemical Engineering, for support, guidance and discussions on the

format of this research and thesis.



Dr A Neville of Heriot-Watt University, Department of Mechanical and

Chemical Engineering, for assistance and suggestions.

Mr Craig Cooper, Technical Manager, Greengrove Welding Wires Ltd, for
his help in obtaining a number of the weld consumables required for this

research project.

Babcock Energy, Renfrew, Scotland, for their help with information on
current welding practices and codes for Pressurised Water Reactor Nuclear
Power Plant (PWRNPP), particularly with respect to those used in the

construction of the steam generators for the Sizewell B project in Suffolk.

Westinghouse Electric Corporation, PA, USA, for kindly giving Babcock

Energy permission to release the information given above.

Sermatech Repair Services, Codnor, nr Chesterfield, for their help, assistance
and free use of electron beam welding equipment used in assembling the

CERT specimens.

Dr J Titchmarsh, formerly of AEA Technology and now at Sheffield Hallam
University Materials Research Institute, and Dr G Cattle at AEA Technology,
Materials Performance Department, Structural Integrity Division, Harwell,
for their assistance and collaboration in high resolution transmission electron
microscopy (TEM) research work of welded samples manufactured during

the project.

Jarhes Robert Tuttle
July 1997



Associated Studies and Work

During the course of the research studies the student has attended and successfully
completed the following units from the MSc course in Materials Process Engineering

at Sheffield Hallam University:

High Strength Alloys
Energy Management Studies parts I & 11

Attended and successfully completed an examination to pass with credit level on the

following short course:

Royal Microscopical Society (RMS) Spring School in Electron Microscopy -
University of Leeds - 5-10 April 1992

Attended the following short course:

Thermocalc - Computer Modelling of Materials Thermodynamic Systems -

Imperial College - 19-21 April 1993

Attended the following conferences:

Materials Selection for Design and Manufacture - Institute of Materials,

London - November 1991

International Metallographic Society Lectures Session - Micro '92 Exhibition

- Ramada Inn, London - 10 July 1992



Presented the technical papers detailed below:

“The Effect of the Weld Thermal Cycle on the Microstructure and Corrosion
Resistance of Alloys 690, 600 and 800°; A Smith, R Stratton, R Tuttle - Sixth
International Symposium on Environmental Degradation of Materials in
Nuclear Power Systems: Water Reactors - Bahia Resort Hotel, San Diego,
USA - 1-5 August 1993.

“The Effect of the Weld Thermal Cycle on the Corrosion Resistance of Alloy
690’; R Tuttle - Junior Euromat '92 - Swiss Federal Institute of Technology,
Lausanne, Switzerland - 24-28 August 1992.

‘Is Alloy 690 the Answer?’; R Tuttle - International Workshop on PWR
Steam Generator Research - Hallamshire Business Park, Sheffield - 8 April
1992.



Abstract:

Alloy 690 has been introduced as a material for use as the heat exchanger tubes in the
steam generators (SGs) of pressurised water reactor (PWR) nuclear power plant. Its
immediate predecessor, alloy 600, suffered from a number of degradation modes and
another alternative, alloy 800, has also had in-service problems. In laboratory tests,
alloy 690 in both mill annealed (MA) and special thermally treated (STT) condition
has shown a high degree of resistance to degradation in simulated PWR primary side
environments and other test media.

Limited research has previously been undertaken to investigate the effects of welding
on alloy 690, when the material is used in SG applications. It was deemed important
to increase knowledge in this area since fabrication of PWR SGs involves gas
tungsten arc welding (GTAW) of the heat exchanger tubes to a clad tubeplate. For
this research investigation welded samples of alloy 690 have been produced in the
laboratory using a range of thermal cycles based around recommended weld
parameters for SG fabrication. These samples have been compared with archive
welds from PWR SG manufacturers. A number of welds incorporating alloy 600 and
a number using alloy 800 tubing material have also been fabricated in the laboratory
for comparative purposes. Two experimental melts have been produced to study the
effects of Nb substitution for Ti in alloy 690 type materials.

Welded and unwelded specimens have been studied, analysed and tested using a
variety of methods and techniques. A method of metallographic sample preparation
for transmission electron microscope (TEM) thin foil specimens has been developed
and documented which ensures foil perforation in a specific region. The effects of Nb
substitution for Ti have been discussed. Chemical balances and microstructures in the
fusion zone of welds manufactured from alloy 690 tubing incorporating alloy 82
weld consumable have been shown to be non-ideal. Within the heat affected zone
(HAZ) of both laboratory produced and archive welds the microstructures have been
identified as detrimentally altered from the STT condition original tubing material(s).
A number of conclusions have been drawn and recommendations have been made for
future work.

James Robert Tuttle - BEng CEng MIMechE
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1.Introduction

1.1. Background and Motivation

The work in this thesis is concerned with the materials used in heat exchanger tubes
in Pressurised Water Reactors. There are currently three Nickel-Chromium-Iron (Ni-
Cr-Fe) materials being used for the heat exchanger tubes in Pressurised Water
Reactor (PWR) nuclear power plant steam generators (SGs) - alloys 600, 800 and
690. Alloy 690 is the specified steam generator tubing material for the first British
Pressurised Water Reactor (Sizewell B PWR). Sizewell B has been constructed using
the standard Westinghouse ‘four loop’ system. Each loop has a steam generator (heat
exchanger) between the primary circuit of the reactor core and the secondary circuit
of the steam turbines/generators. Figure 1 shows a schematic diagram of a typical

PWR system.

As the literature survey in this thesis will show, there has been a wide range of
degradation problems associated with PWR steam generator tubing on both primary
and secondary sides. Continued efforts to reduce, or eliminate, these degradation
problems has led to a number of modifications in SG design, materials selection and
the methods of materials processing used for this application. The latest material
used for PWR SG tubing is alloy 690, which it is hoped will provide long-term
reliability up to PWR service life of around forty years. This work is concerned with
an examination of problems which might occur with alloy 690 tubing as a result of
fusion processes. During SG fabrication the heat exchanger tubes on the primary side
of the tubesheet are welded at both ends. Any alterations to tube microstructure

and/or composition in the weld and adjacent area could affect the resistance of the



material to degradation in operating environments and thus the reliability and

efficiency of the SG.

As the work in this thesis is concerned with certain aspects of the PWR’s it is
appropriate at this point to outline briefly the modus operandi of the particular PWR
with which the work is concerned. The principle of operation of the Sizewell steam
generator is detailed at length by Sylvester et al [1]. A summary of the operational

parameters is now given.

1.2. Sizewell B Steam Generator Mode of Operation

The steam generators for the Sizewell station are based on the Westinghouse Model
F steam generator design, with minor modifications to comply with United Kingdom
Safety Legislation [1]. The steam generators are substantial structures, being over
twenty metres in height and approximately four and a half metres diameter across the
top steam separator section of the component. Figure 2 shows details of the Sizewell
B nuclear steam supply system whilst figures 3 and 4 show the Westinghouse model
F steam generator dimensions and internal structure respectively. The steam
generators are the second largest components in the PWR nuclear steam supply

system, being exceeded in size only by the reactor itself.

The Model F is a vertical U-tube heat exchanger design which uses high temperature
pressurised water on the primary side, which flows around the reactor core and, via
heat transfer through the SG tube walls, the secondary side water is boiled. This
eventually produces dry saturated steam on the secondary side. In this manner the SG
tubes form the interface between the continually re-circulating, pressurised, primary
side coolant and the secondary side fluid where boiling produces steam which

subsequently drives the turbines that generate electricity.



1.2.1. Primary side

The primary PWR water, which is heated in the reactor vessel, enters the steam
generator tubes at a temperature of 326°C and is maintained at a pressure of 155 bar
to prevent boiling. The water is relatively pure with boric acid additions for neutron
absorption together with lithium hydroxide for control of primary circuit dose rates.
To further inform the reader, details of a simulated PWR primary water chemistry as

used by Skeldon et al [2] for their investigations is shown below:

Simulated PWR Primary Water [Skeldon ef al]
(ppm) 6000
(ppm) 2
e (ppb) <2
ydrogen | (cm3kg'STP) | 050
a (ppb) <50
(ppb) <50
(ppb) <30

The water flows through the U-tubes, where heat transfer takes place, and exits from
the opposite side of the divided channel head. The primary and secondary sides are
separated by a thick forged plate called the tubesheet. The U-tubes are held firmly in
the tubesheet by tube expansion and welding, and are supported laterally along their
length by tube support plates. In the U-bend area, support is provided by a series of

anti-vibration bars.



1.2.2. Secondary side

On the secondary side, feedwater enters through a feedring and is directed downward
by inverted J-tubes. The feedwater, mixed with the recirculating water from the
moisture separators, flows down the annulus between the tube bundle wrapper and
the lower shell and enters the tubesheet bundle just above the tubesheet. The
secondary side water is purified and treated river, lake or sea water. A flow
distribution baffle enhances horizontal sweeping velocities across the top of the
tubesheet, so minimising any lower flow zone at the centre. The steam-water mixture
(wet steam) produced rises through the tube bundle whilst heat is transferred from the
primary side fluid, through the tube walls, to the secondary side fluid.

The wet steam that leaves the tube bundle then passes through a centrifugal moisture
separator followed by a secondary moisture separator, to produce dry saturated steam
at a temperature and pressure of 285°C and 69 bar, respectively, with a final moisture
content of less than 0.25% by weight. Steam then exits through a nozzle in the upper
head. The steam nozzle incorporates an integral flow limiter that restricts the flow
during any possible steamline break. Water that is separated from the steam is mixed
with the entering feedwater and recirculated through the steam generator. The steam
exiting the upper head is fed to the main turbine generators. The overall power train
at Sizewell B incorporates two turbine-generator units, each of 630 MW nominal
output and each machine draws one half of the steam flow generated via the four

steam generators by the 3425 MW(Th) PWR reactor.

1.3. Tube-to-tubesheet section

At Sizewell B the SA508 Class 3 ferritic tube baseplate (normally referred to as the
tubesheet) is clad on its primary side face with the Ni-Cr-Fe weld metal alloy 82 to a



minimum depth of 5mm. The specification and selection of this material, as opposed
to SA 533 Grade A Class 2 and other SA 508 materials previously used, is as
recommended by the United Kingdom Atomic Energy Authority (UKAEA) study
report [3]. The reasons for this change of material are documented in detail elsewhere
[1] but to summarise, the material exhibits a satisfactory fracture toughness for its
duties and the lower carbon together with the higher manganese/sulphur ratio make
the material less susceptible (than previously employed materials) to liquation
cracking during the weld cladding overlay operations. Further analysis and tensile
requirements for the SA 508 Class 3 and its comparison to SA 508 Class 2A is to be
found in the paper of Sylvester et al [1]. The tubes, 5,200 per steam generator, are
placed in position through the clad and drilled tubesheet where they are hydraulically
expanded before being autogenous Gas Tungsten Arc Welded (GTAW) into place at
either end of each tube to the clad primary side tubesheet. Further details of the
Westinghouse welding specifications for PWR steam generator tube welding are to
be found in the experimental methods&section of this thesis. Thus 10,400 tube-to-
tubesheet welds exist in each steam generator making a total of 41,600 tube-to-

tubesheet welds in a four-leg PWR system such as the Sizewell B plant.

1.4. Tube Manufacture

The successful manufacture of SG tubing requires the use of a combination of both
mechanical and thermal processes under highly controlled conditions. Each process
is important and can affect the microstructure, and will be examined where
appropriate at a later stage. A summary of the typical material processing route as

used by the French tube manufacturers, Vallourec, [4] is as follows:
= Alloy Melting (Vacuum Induction Process).
= Bar Forging.

= Hot Extrusion to Hollow Shell .



=> Cold Reduction to Final Dimensions via Cold Pilgering Process Multiple Step
Operation with Intermediate Mill Anneals.

= Final Cold Reduction to Finished Size via Drawing Process for Strictest
Dimensional Requirements.

= Final Mill Anneal.
= Roll Straightening.

=> Surface Preparation (Shot Blasting Inside Diameter and Grinding Outside
Diameter).

= Special Thermal Treatment (STT).
= Bending to U-Section.
= Stress Relieving of Tight U-Bends.

= Final Inspection and Packing.

1.5. Thesis Scope and Objectives

A study of the effects of the weld thermal cycle on the microstructure of alloy 690
was chosen for the research project presented in this thesis. Emphasis is given to the
microstructural aspects, whilst recognising the importance of corrosive attack in life-
cycle considerations. Corrosive attack has, historically, been a major limiting factor
in PWR steam generator operations and any microstructural alterations from the
effects of welding might effect the material resistance to this mode of degradation.
To this end alloy 690 material has been subjected to weld thermal cycles typical of
those expected weld procedures specified for PWR fabrication. For comparison
purposes alloys 600 and 800 have also been welded to PWR specifications. A range
of heat inputs has also been examined for alloy 690 and a number of samples have

been subjected to two weld thermal cycles, in order to simulate weld repair.

Two experimental alloy 690 type melts, with Nb substitution for Ti, were produced

in a vacuum furnace then cold rolled, heat treated, welded to PWR SG specifications



and the effects studied. A number of the welded samples were subjected to Modified
Huey testing in order to ascertain if ‘sensitisation’ was present. Alloy 690 samples
(in both welded and as received form) are studied to failure under Constant Extension
Rate Tests (CERT) in an argon environment. By using weld thermal cycles based
upon established industrial practice and then studying the effects of changes in weld
parameters together with the associated tests undertaken in this project, the work
updates current knowledge on SG tubing materials. Conclusions are drawn as to the
“effect of the weld thermal cycle on alloy 690 and recommendations made for future

investigations.

1.6. Thesis Layout

The thesis is comprised of seven chapters and its layout and presentation conform
with the regulations of the Research Degrees Committee and the Research Office of
Sheffield Hallam University. The contents of each chapter are summarised as

follows:

Chapter 1, the current chapter, introduces the reader to the project. The research is
discussed within the context of the Sizewell B PWR and typical operating methods

are given.

Chapter 2 presents a summary of previous research, relevant literature and
discussion in areas related to the thesis. In p;rticular, research on the three main
materials currently, or recently, used for SG tubing (namely alloys 690, 600 and
800), historical failures and failure modes of SG tubing and issues related to the

welding of the tubing materials together with any associated weld consumables.

Chapter 3 introduces the experimental techniques used for the research - including
details of the materials, equipment, test conditions and methodology. The welding
parameters selected for the purposes of these investigations is also detailed together

with the reasons for these choices.



Chapter 4 incorporates the experimental results obtained during laboratory
investigation. Where appropriate, the reader is directed towards the necessary figures

and tables which accompany the laboratory investigations and results.

Chapter 5 presents discussion on the issues highlighted both by the literature and the
experimental results. Particular focus has been placed upon the microstructural
changes within the heat affected zone(s) following welding. Also highlighted are
differences in chemical composition of the fusion zone(s) before and after the

application of a weld thermal cycle.

Chapters 6 and 7 summarise the conclusions drawn and state the principal research
contributions of the thesis. Recommendations for further research are also indicated

in this section.

Details of the references used within the thesis are listed immediately following

chapter 7.

The appendix is at the rear of the thesis. It is in this section that the majority of the
figures and tables relating to literature, experimentation, results and discussion have

been placed together, for the convenience of the reader.

Having discussed the specific operation of the Sizewell B PWR, outlined the
fabrication route for the SG tubes and detailed the thesis scope and organisation, it is
appropriate at this stage to review relevant literature on steam generator tubing
materials aﬁd the welding of such alloys. Also reviewed are details of general
operating experience with PWR plant, together with such laboratory investigations

and testing of SG materials as have been published



2. Literature Review

2.1. Materials Performance in PWR Service

PWR design has evolved rapidly since the first PWR power plant was commissioned
in Shippingport USA in 1957, and over two hundred reactors have now been ordered
in over twenty countries. Steam generator operating experience with PWR power
stations over the past thirty seven years has shown steam generators to be a major
area for failures due to problems associated with the corrosion of the internal heat

exchanger tubes.

One such problem has been denting of the tubes, induced by constriction resulting
from the accumulation of by-products of corrosion of the steel support plate. The
denting arose from plastic deformation of the tubes at the support plate intersections
due to squeezing of the tubes by the build-up of corrosion products in the gaps
between the tubes and the tube support plates. Furthermore, this plastic deformation
of the tubes induces high residual tensile stresses at the inside surface of the tube

which could result in stress corrosion cracking.

The current practice, as in the Westinghouse model F, of employing tube support
plates with a broached quatrefoil hole rather than a drilled cylindrical hole has largely
alleviated the denting problem in modern PWR plant. The quatrefoil hole provides
four flow areas in the plate surrounding each tube thus offering a resistance to
chemical concentration, the tube contact area is minimised and flow along the outer

tube surface is therefore increased. Thus the potential for dryout and any subsequent



impurity concentration is reduced, whilst a high structural load carrying capability is

maintained. A diagram of a typical broached quatrefoil hole is shown below:

PN
S

-

Quatrefoil hole for tube with tube inserted

In other cases, experience has shown that thinning and wastage of the tubes has
occurred. This is a localised dissolution of the tube wall on the secondary-side caused
by a chemical attack from acid phosphate residues, concentrated in low flow velocity
areas adjacent to the tubesheet and in those same areas when a tubesheet sludge pile
has created a crevice effect. In order to minimise this form of tube degradation a
number of remedial measures have been used, including: crevice flushing, boric acid
soaks (off-line); on-line boric acid addition(s), temperature reduction; sludge pile
removal (by chemical cleaning or water lancing) and (in severe cases of degradation)

by tube sleeving.

Stress corrosion cracking (SCC) on the primary side tubing inner surface and the
secondary side tubing outer surface of PWR SG has frequently occurred. Stress
corrosion cracking occurs in areas where high stresses exist. The term Caustic Stress
Corrosion Cracking (CSCC) refers to the special case of SCC where a corrosion

agent of a caustic nature has been identified as being present. The CSCC form of
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tube degradation has been observed on the secondary side in the roll transition zone
of the tubes. Specifically this has been found to occur in the crevice between the
tubes and tubesheet in the case of partial rolling, and at the tubesheet surface level
when there has been full depth tube-to-tubesheet expansion. Where the aggressive
agent cannot be identified the phenomenon is referred to as Secondary Side Stress

Corrosion Cracking (SSCC). SSCC has been observed in the same areas as CSCC.

Primary Side Stress Corrosion Cracking (PSSCC) refers to stress related corrosion
of the tubes on the primary side, where the water chemistry environment is highly
controlled. This form of corrosion has been observed on alloy 600 in several regions
of the SG, in particular in the tube rolling transition zone, in the tube section within
the tubesheet, at the apex of the small U-bent inner tubes of the tube bundle and also
at the transition between the straight and bent portions of the tubes.

The failure phenomena discussed above are now well documented and have been
attributed to a combination of factors which are necessary in order for failure to

occur. These factors are:
0 Corrosive environment:-

On the primary side this relates simply (and perhaps surprisingly) to dearated,
doped water at high temperature; whilst on the secondary side this relates to

salt concentrations at lower temperatures.
0 High stresses:-

The presence of high stress levels with a surface tensile component.
0 Material susceptibility:-

A material which is chemically and/or is microstructurally inappropriate for

the PWR service conditions encountered.
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Thus, correct material selection is of great importance in PWR steam generator
design, since the materials are being submitted to high temperature and high pressure
operating conditions over considerable periods of time. Further, it appears likely that
the welding of the tubes into position may alter the chemical composition from the
preferred one in the weld fusion zone and in addition alter the, previously optimised,
microstructure within the weld heat affected zone (HAZ). The welding process itself
will leave residual stress within the section. This is primarily due to the fusion zone
melting and then contracting on solidification and subsequent cooling from the
melting point to room temperature whilst being constricted in its movement by lesser

affected and unaffected adjacent areas of material.

Any residual stresses from the weld thermal cycle are often reduced by a post weld
heat treatment (PWHT). Domain et al, [5] during their investigations into the effect
of microstructure on the stress corrosion cracking resistance of alloy 600, comment
on the advantages of a simulated PWHT (18hrs @ 621°C). However, the weld
procedure data sheets for the Sizewell B SG tube-to-tubesheet welds indicate that no

PWHT was applied.

In the HAZ the weld thermal cycle can affect the microstructure of that region. In the
area of the HAZ immediately adjacent to the fusion line the peak temperature will be
close to the melting point, T, of the material. At these temperatures grain coarsening
can occur, even at the short time of exposure typical of a weld thermal cycle. Also, at
the temperatures experienced during welding, the grain boundary carbides formed by
the expensive and time consuming STT could be taken back into solution and thus
negate the beneficial effects of the STT [5], [13] and increase the material
susceptibility to SCC.

12



Hence, the requirements for possible failure by SCC exist within the fusion and/or
heat affected zones following the weld thermal cycle. This, together with the
associated steam generator life-cycle requirements, and the dire consequences of any
catastrophic failures, show the research undertaken to be appropriate since materials
degradation within the steam generators is still a major limiting materials issue in

PWRs at the present time [6], [7], [8], [9].

2.2. Materials used in steam generator tubing

The three materials currently in use for steam generator heat exchanger tube are, as
previously stated, alloys 690, 600 and 800. The chemical compositions of these
materials is to be found in the appendix, table 1. The materials are fully austenitic in
nature. Alloys 690 and 600 are thermally treated for PWR applications, to produce a
carbide morphology of semicontinuous chains of carbide precipitates at the grain
boundaries. The alloy 800 tube samples used in this research programme contained a
grain boundary carbide morphology consisting of an equal mixture of
semicontinuous chains and discrete carbides. Alloy 600 was, to all intents and
purposes, the predecessor of alloy 690 in Nuclear PWR applications. Steam
generators tubed with Alloy 600 are susceptible to corrosive attack in environments
of primary and secondary water circuits as has been demonstrated by laboratory
studies and service experience [5]. Further, it has been shown that Alloy 800, an
alternative material for use as steam generator tubing, is also susceptible to corrosion

under certain conditions and environments [10], [11].

Alloy 690 has ostensibly better corrosion resistance than alloys 600 or 800 [12] in the
primary side PWR steam generator environment. This resistance has been attributed
to its chemical composition and its microstructure [12], [13]. The material is

subjected to time consuming and expensive thermal treatments in order to optimise
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the microstructure and promote the grain boundary carbide precipitation which has
been shown to be critical in corrosion control [13]. The carbon morphology has a
pronounced influence on the corrosion resistance of these alloys in both primary and
secondary side PWR environments [14] with a semi-continuous precipitation of
chromium carbides being preferred. The heat treatments applied to the alloy 690
tubes of the steam generators prior to assembly, in order to obtain the preferred
morphology, are typically in the form of a short high temperature mill anneal at 925-
1100°C for 2-5 minutes, followed by a special thermal treatment (STT) of 700-
750°C, in a vacuum, for 5-15 hours. Manufacturing practices differ in the actual time
periods used for the STT, but detailed investigations by Smith on commercial alloy
690 tubing [13] revealed no discernible change in corrosion resistance for a given
composition and corrosive environment for thermal treatment times greater than 1
hour. For alloy 600, at least 14 hours are needed to replenish the depleted region
around the grain boundaries with chromium from the bulk material [14] but it is
argued that since alloy 690 has circa 10% higher chromium content, a shorter
thermal treatment may be adequate. The STT promotes the formation of the semi-
continuous grain boundary network of chromium carbides and also allows sufficient
time at temperature for the back diffusion of chromium to the denuded grain

boundary regions.

2.3. Welding of SG Tubes

During the final stages of manufacture, and indeed after the STT has been completed,
the tubes are positioned through the tubesheet then welded in place by autogenous
GTAW. This process causes alterations to the ideal composition in the fusion zone
and the microstructure, which has been previously optimised by use of the STT, is

altered in the weld heat affected zone (HAZ) [14].
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The tube-to-tubesheet welds on the Sizewell B plant are unlikely to be exposed to
secondary side water environment since there has been full depth hydraulic
expansion to eliminate a crevice and thus minimise any potential concentration zone
(i.e. the crevice) on the secondary side of the tubesheet [4]. The ‘full depth
expansion’ is accomplished hydraulically using high pressure water to expand the
tube. In this context, ‘full depth expansion' refers to expansion of the tube through
the full depth of the tubesheet. This method of fabrication is designed to minimise
the residual stresses placed in the expanded to unexpanded transition zone so

lowering the probability of SCC occurring.

There is also the previously mentioned potential problem of grain growth in the heat
affected zones of the welds which may give a region of lower proof or yield stress
and an increased susceptibility to failure by mechanical overload. Whilst this is a
theoretical failure mode, the design of the Westinghouse SG model F is such that the
heat exchanger tubes (and therefore the welds also) are expanded into and supported
by the adjacent tubesheet and therefore the welds cannot be subjected to any large

radial strain.

The three candidate materials under investigation will now be examined separately,

with particular emphasis on alloy 690.

2.4. Alloy 690

The continued failures and repairs on steam generators tubed with alloy 600 led to
the development of alloy 690 as a suggested alternative material for this application.
Alloy 690 contains nominally 10% higher Cr than alloy 600, with an associated
lowering of the Ni content. Alloy 690 is characterised by a fully austenitic structure,

with small amounts of inclusions and precipitates. The thermal treatments (STT)
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given to the material for steam generator applications induce the precipitation of
semi-continuous chains of Cr-rich carbides at the grain boundaries. A small number
of Ti(CN) particles formed from the melt have been found to be distributed in the

matrix.

Smith [13] undertook detailed investigations of alloy 690 (STT) and confirmed that
the grain boundary carbides were exclusively of M,,C; form. During the
investigations of intergranular precipitation on alloy 600 and alloy 690 undertaken by
Stiller [15], a similar grain boundary carbide formation of semi-continuous chains of
M,;C, to that revealed by Smith, was found in thermally treated alloy 690. In
addition, one single M,C, carbide was also found. It is important to note that both

Smith and Stiller were investigating commercially produced alloy 690 samples.

The observation by Stiller of an M,C, precipitate in thermally treated 690 confirms
that this type of precipitate is thermodynamically stable in 690 material. If a driving
force exists for M,C, to convert to M,,Cq, then the single M,C, found by Stiller also
has the potential for in-service transformation. Should this occur in sufficient
numbers, further Cr denudation of areas adjacent to the grain boundary would result
which could leave these regions more susceptible to corrosive attack. Indeed, this
was shown in work on alloy 600 by Hall and Briant [16] using laboratory tests with
acidic environments. Hall and Briant also discuss the fact that in Ni-Cr-C alloys
M,C, is formed at temperatures above 1000°C, but below this temperature M,C; may

form initially but with increasing annealing time should transform to M,,C;.

The hypothesis that M,;C, particles form from converted M,C, particles was
postulated by Lewis and Hattersley [17] as a precipitation carbide formation mode
during their investigations on austenitic stainless steels. Angeliu and Was

commented on the possibility of this conversion mode in Ni-Cr-Fe systems during
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their investigations on high purity samples of alloy 690 type specimens [18]. There is
evidence that such a conversion is possible in both austenitic steels and Ni-Cr-Fe
alloy systems [19]. But the facts that no M,C; particles were found by Smith [13] and
the knowledge that, in stainless steels, with increasing Cr content the thermodynamic
driving force is towards carbides of larger Cr content leads one to the conclusion that
the formation of different carbide phases is most dependent upon Cr and C content

with the possibility of some intermediate carbide formation being unproven.

The general sequence of carbide formation in stainless steel systems has been shown

to be [20] of the simplified form:

(Fe,Cr),C — (Cr,Fe),C, - (Cr,Fe),;C,

with each increasing stage becoming the preferential formation with increasing wt%
of Cr, assuming sufficient C is available for free carbide formation. Sarver et al [21]
investigated the carbide distribution and stress corrosion cracking behaviour of alloy
690 and compared it with alloy 600. Amongst other findings, the studies of Sarver et
al showed that with the higher Cr content of alloy 690 to that of alloy 600 and the
associated lower solubility for C there would be an increased tendency for carbide
precipitation. This again suggests direct formation of M,,C; in the high Cr alloy 690

system with no intermediate carbide formation.

The composition of the carbides formed depends in part upon alloying additions
other than chromium as can be seen from detailed diffraction pattern analysis of the
actual carbide structures found by Stiller [15]. The composition of typical grain
boundary precipitates seen in the alloy 690 (STT) samples investigated by Stiller [15]

were found to be as follows:
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M23C6 = (CrO.Q1SNiO.OSOFe0.029Ti0.006)23 (C0.981B0.015N0.004)6

with the single M, C, grain boundary precipitate found being of the form:

M;C; = (Cry ;oNiy s5Feg.05)7 (Co 51Bo.04No 15 )3

It is, however, unclear from the paper of Stiller [15] whether the composition values

quoted were average values or derived from just one carbide in each case.

Detailed analysis of the effect of microstructure on corrosion resistance of alloy 690
by a number of researchers has shown that, when thermally treated, the material
exhibits a high corrosion resistance in a range of environments [12], [13], [21], [22].
Airey et al [12] found alloy 690 (STT) to be less susceptible to stress corrosion
cracking than alloys 600 and 800 in simulated PWR primary side environment.
Sarver et al [21] showed that thermally treated alloy 690 (thermal treatments of
between 1 and 15 hours at various temperatures between 607°C and 871°C) was more
resistant to stress corrosion cracking, in a caustic environment (deaerated 10%
NaOH) than alloy 600 with the specified post mill annealed thermal treatment (i.e.
704°C for 15 hours) [21]. Page and McMinn [22] investigated the corrosion
susceptibilities of alloys 600 and 690 in a simulated Boiling Water Reactor (BWR)
environment and also found alloy 690 to have superior resistance to both IGSCC and

SCC in such a medium.

Thus, comprehensive comparative evaluation has shown that thermally treated alloy
690 was superior as a PWR steam generator material to alloy 600 in a simulated
PWR primary side environment. The use of alloy 690 in PWR steam generator
applications began with the incorporation of it in replacement steam generators
delivered by Westinghouse to two United States facilities in 1988. It was selected as

the tubing material for the Sizewell B project [4] in preference to the initial selection
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of alloy 600 (STT) [23]. This change of selected material reflected the superior
performance consistently demonstrated by alloy 690 in corrosion testing and other

laboratory evaluations.

Alloy 690 (STT) is now being widely incorporated into steam generator design. In
fact it is the material recommended by Framatome in French PWR construction
following successful comparative testing with alloy 600 in a variety of environments
[24]. Further, it has been announced by the same company that, following the
discovery of cracks in the alloy 600 vessel h