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Abstract

Welded joints of austenitic stainless steel possess coarse columnar microstructures. When
subject to ultrasonic inspection, the interaction of sound waves with such highly textured
grain assemblies causes the applied beam to be unpredictably skewed. Consequently, although
ultrasonic testing is the desired method, it is not satisfactory for non-destructive evaluation
of austenitic weldments employed in safety critical situations, e.g. nuclear fuel reprocessing
plant.

The aim of the work presented in this thesis was to induce grain refinement in austenitic
stainless steel welds, thereby producing equiaxed microstructures that would facilitate ultra-
sonic inspection. To achieve this an inoculant addition was sought that would provide potent
nucleation sites for austenite during weld pool solidification.

Initially, a procedure based on lattice matching and solubility criteria was used to pre-
dict potentially useful inoculant compounds. This was subsequently extended on the basis of
experimental results to include electrostatic, density and chemical reactivity factors.

TaN satisfied all of the procedure’s requirements, and was firmly established as an effec-
tive nucleant for austenite. Grain refinement was attained as a result of TaN additions for a
number of weld geometries and procedures. Ultrasonic experiments performed on a TaN inocu-
lated multipass weld demonstrated that the refined microstructure permits improved ultrasonic

transmittance, hence the prime objective of the project was achieved.
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Nomenclature and abbreviations

A Constant in temperature dependent equilibrium solubility product
A, Area of plate covered by inoculant flux
Agr Solid/liquid interfacial area
Agps Solid /substrate interfacial area
A, Transverse cross-sectional area of weld deposit
a Lattice parameter
apr Activity of M
aprx Activity of M X
ay Activity of X
Aa Magnitude of the difference between two lattice parameters
B Constant in temperature dependent equilibrium solubility product
Cy Nominal composition of binary alloy
Ci Equilibrium interfacial liquid composition
Cs Equilibrium interfacial solid composition
c Constant in Arrhenius relationship
(Cr)eq Chromium equivalent
d Grain size
duvw],, Interatomic spacing along [uvw],,
dluvw], Interatomic spacing along [uvw],
E, Statistical error in v,
het Free energy barrier to heterogeneous nucleation
hom Free energy barrier to homogeneous nucleation
G, Thermal gradient in the liquid
AG,,, Free energy change for heterogeneous nucleation of solid
AG,,. Free energy change for homogeneous nucleation of solid
AGy, Magnitude of free energy difference per unit volume of solid and liquid
g Gravitational constant
AH, Heat of formation of a compound
(hkD),, Low index plane of the substrate
(hkl), Low index plane of the solid

k Equilibrium solubility product; equilibrium partition coefficient
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NOMENCLATURE AND ABBREVIATIONS

Constant associated with deformation propagation across grain boundaries

Liquid

Length of weld deposit

Substitutional metal atom

As a subscript refers to a substrate

Mass of inoculant flux

Mass of inoculant flux per unit area of plate covered
Mean value of m,,

Mass of weld metal

Number density; number of measurements
Number of interceptions of inclusions per unit test area
Number of interceptions of inclusions per unit length of test line
Number of inclusions per unit volume
Nickel equivalent

Heat of dissolution of M X

Crystal growth rate; molar gas constant
Radius of a sphere

Critical radius for nucleus formation
Shape factor

As a subscript refers to a nucleating solid
Temperature

Interfacial temperature

Liquidus temperature at composition z
Equilibrium melting temperature

Solidus temperature at composition z
Undercooling during solidification

Base current time in arc modulation

Peak current time in arc modulation

Low index direction in (hkl),,

Low index direction in (hkl),

Volume of a spherical cap

Volume of weld metal

Terminal velocity of a spherical particle moving through a liquid



NOMENCLATURE AND ABBREVIATIONS

v, Volume of inoculant flux per unit area of plate covered
v, Mean value of v,
w Width of weld deposit
X Interstitial atom
Tar Concentration of M
Tarx Concentration of MX
Ty Concentration of X
Zn Relative atomic mass of M
Zyx Relative molecular mass of M X
Zx Relative atomic mass of X
« Ferrite
) d-ferrite; disregistry
€ Strain
Coefficient of viscosity
v Austenite
Yei Electrostatic contribution to g,
™ Activity coefficient of M
YMmL Substrate/liquid interfacial free energy
TsL Solid/liquid interfacial free energy
Ysm Solid /substrate interfacial free energy
Vst Structural contribution to yg,,
Tx Activity coefficient of X
® Angle between incident ultrasonic beam and receiver probe
P Wetting angle
P298K Room temperature density
Py Particle density
Ps Steel density
o; Friction stress opposing dislocation glide
oy, Standard deviation in v,
o, Lower yield stress
e Incident angle between columnar grain axis and applied ultrasonic beam
0 Angle between [uvw],, and [uvw)],
AISI American Iron and Steel Institute



NOMENCLATURE AND ABBREVIATIONS

A-TIG TIG welding with activating flux

bce Body centred cubic

BNFL British Nuclear Fuels Ltd.

CET Columnar-to-equiaxed transition

CSR Consumable socket ring

d.c. Direct current

EDX Energy dispersive X-ray analysis

EMS Electromagnetic stirring

fec Face centred cubic

HAZ Heat affected zone

ICPS Inductively coupled plasma spectroscopy
MTDATA Metallurgical and Thermochemical Databank
NAG Nitric acid grade

PISC Programme for the Inspection of Steel Components
SEM Scanning electron microscopy

TEM Transmission electron microscopy

TIG Tungsten-inert-gas



Chapter 1 - Introduction

1.1 - Overview

Nuclear power stations use the heat produced by controlled nuclear fission to generate electric-
ity. Numerous types of fuel element are used in reactors, but all contain some form of enriched
uranium ore sealed within metallic cans made from either magnesium alloys, zirconium alloys
or stainless steels. Whilst in service, waste products from the various fission reactions build up
within the fuel rods lowering their efficiency. Waste products also increase the net volume of
the fuel, hence can cause the cladding to swell and rupture. Consequently the average life-span
of a nuclear fuel rod is about four years.

However, after this time the fuel element still contains 97% reusable nuclear material
(96% uranium and 1% plutonium) which can be recovered by reprocessing. There are two
reasons why such recycling is advantageous (Addinall, 1982). Firstly, on a like for like basis,
reprocessing reduces the total volume of nuclear waste by 25% when compared with the direct
disposal of spent fuel after a single cycle and its replacement with fresh material. Secondly,
although the world’s remaining uranium resources are considerably greater than for any other
non-renewable energy source based on current and projected usage, the supply is still estimated
to last only 175 years. This can be significantly prolonged if all nuclear fuel is reprocessed.

Nuclear fuel reprocessing in the U.K. has been carried out since 1964 at British Nuclear
Fuels Ltd.’s (BNFL) Sellafield plant. The reprocessing facility of BNFL’s operation is now a
world leader, with current secured orders worth over £12 billion, half of the business coming
from overseas customers.

The recycling of nuclear fuel is thus now a well established industrial process (Addinall,
1982). Spent fuel rods are first stored under water to allow them to cool. After a number
of months they are transferred to the reprocessing plant, where computer-controlled machines
strip off the metal casings, and chop the fuel inside into small pieces. The fuel is then dissolved
in concentrated nitric acid, and solvent processes are used to extract waste products. The
remaining uranium and plutonium are then separated. The recovered material is sent to fuel

manufacturing plants for use in new rods.
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The nitric acid used in the process is highly concentrated, typically over 60%, and hence
the materials used for pipework, condensers, reaction vessels and so on, must have extremely
good corrosion resistance. The predominant material currently employed for these purposes is
austenitic stainless steel (Chapter 2), and special grades have been developed over the past 40
years to meet the increasingly exacting standards demanded by safety regulations.

However, welded joints of austenitic stainless steels have presented a problem. Whilst
the steel is easily weldable and completed joints have satisfactory corrosion resistance and
mechanical properties, ultrasonic inspection of these welds is extremely difficult, particularly

to the levels required by such a safety critical application (Whiting et al. 1978).

Austenitic stainless steel welds develop extensive coarse, columnar grain structures during
their fabrication. When subject to ultrasonic inspection, the microstructure causes unpre-
dictable skewing of the applied sound beam, making it virtually impossible to determine the
size and position of any defects present. Consequently, welds can only be tested by the less
favourable means of radiography. Safety margins are thus reduced and strict, time consuming
welding procedures have to be followed to ensure as few defects as possible.

Therefore, the aim of this project was to investigate methods of grain refining austenitic
stainless steel welds to produce microstructures that facilitate ultrasonic inspection. The origin
of the problem is considered in detail by reviewing fusion welding processes, weld pool solidifi-
cation and hence microstructural development, and the effects of microstructure on ultrasonic

wave propagation.
1.2 - Review of fusion welding processes
1.2.1 - Introduction to fusion welding

The advent of reliable fusion welding processes in the 1930s has made them the most common
method of joining metals in large scale industrial applications such as ship building, chemical
and petroleum plant and structural frameworks (Lancaster, 1987). Fusion welding involves the
application of a heat source sufficient to melt the edges of two components to be joined whilst
further molten material is added in between to fill any gap. When the joint is completed, the
components are so well bonded that they can be regarded as a single structural unit.

The fusion welds of concern to this study are formed by arc welding (Svensson, 1994).
Although there are numerous arc welding systems, their general configuration remains the
same. A power source generates an arc between an electrode and the workpiece, creating a

plasma of ionized atoms and free electrons. The heat from the arc, which has a core temperature
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CHAPTER 1 - INTRODUCTION

in excess of 10,000°C, is carried by the plasma to the workpiece causing parts of it to melt.
The electrode is heated by resistance heating from the current passing through it, and by the
arc. If the electrode is a consumable, then it is melted itself to provide the filler material. If
non-consumable electrodes are used, the heat produced melts an extra rod of filler material
placed close to the tip of the electrode (n.b. in the absence of filler material, non-consumable
electrodes simply melt the workpiece and produce autogenous welds). In both cases drops
of molten material are transported to the workpiece by forces in the plasma. The mixing of
molten material from the workpiece and molten drops of filler material creates a weld pool,
which when solidified forms the join between the two components.

All arc welding processes use a shielding system to protect the molten weld metal from the
air. This shielding is usually provided by one of two methods. The electrode may be coated
with minerals which melt and cover the solidifying weld metal with a protective layer of slag.
Alternatively, an inert gas may be used to shield the surface of the weld pool.

The structure of an arc weld is shown in Fig. 1.1. The two components to be joined
constitute the base material, and these are bonded together by the weld metal. The heat from
the fusion process is sufficient to cause transformations in a region of base material adjacent
to the weld metal, commonly known as the heat affected zone (HAZ). These transformations
are frequently of great importance to the metallurgical, mechanical and corrosion properties

of the joint.
1.2.2 - Welding in the nuclear fuel reprocessing industry

By far the most practised welding method in the construction of reprocessing plant is the
tungsten-inert-gas (TIG) process. All of the welds in this study have been made using this
method. TIG electrodes are non-consumable, and are made from tungsten or thoriated-
tungsten alloys because of their extremely high melting points. Even so the electrode tip
is still usually cooled to ensure it remains solid. Filler material is supplied by a rod or wire
which melts as it is fed close to the electrode tip. The weld pool is shielded by an inert gas,
typically argon or helium, piped in around the electrode. The TIG welding method is versatile
and can be applied either manually or mechanically. A schematic diagram of the arc area and
components of the TIG process is shown in Fig. 1.2.

The TIG process usually generates very clean welds with high standards of weld metal
quality, hence is well suited to the welding of components in safety critical applications such
as the reprocessing industry. However, there have in the past been complications with welding

pipework. Pipes are butt-welded end-to-end using a mechanical TIG unit which orbits the
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Fig. 1.1 - Structure of an arc welded joint (Svensson, 1994).

Fusion surface

: Base material ‘Weld®  Heat
metal affected
Zone

Fig. 1.2 - The TIG welding process (Svensson, 1994).

Electrode
Gas cup ———»|
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Arc : . .

[] solidified weld metal
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Fig. 1.3 - The consumable socket ring (CSR) (Carrick et al. 1985).
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circumference of the joint. The supply of filler material evenly around the joint is often
difficult, leading to problems such as variable weld penetration, misalignment and distortion
from necessitated multiple weld passes.

In the mid-1980s, BNFL developed a new method of providing filler material for circum-
ferential welds to replace the traditional rods and wires (Carrick et al. 1985; Mothersill, 1993).
The consumable socket ring is an accurately machined insert which has the dual function of
aligning the pipes and providing a measured amount of filler material which can be fused in a
single pass (Fig. 1.3). The weld preparation time is thus reduced as the pipe ends can simply
be square cut and are instantly aligned by the ring. Uniform deposition of filler material leads
to fewer weld defects and better surface finish. The joints do not therefore require “dress-
ing” before inspection and testing. Consumable socket rings permit the rapid production of

consistently high quality TIG welds.
1.3 - Weld pool solidification
1.8.1 - Initial solidification of the weld metal

In all fusion welding processes initial solidification of the weld metal occurs by the same mech-
anism (Easterling, 1992). During welding the heat supplied melts back a part of the base
material causing it to mix with some of the molten filler material. This dilution is important
as it ensures that the base material in contact with the liquid weld metal is clean and free of
oxide films. It also means that solidification of the weld pool initiates from grains in the base
material along the fusion surface, which is the boundary between melted and unmelted metal.
There is no nucleation barrier to solidification, thus crystals of weld metal simply grow with

an orientation determined by the grains in the base material, i.e. epitazially.
1.3.2 - Competitive growth mechanisms

Whilst epitaxial growth leads to the crystals of weld metal solidifying as an extension of the
base material, most of these initial grains do not grow very far. This is because of a competitive
growth mechanism.

Crystal growth tends to occur along certain preferred crystallographic directions (Easter-
ling, 1992). In the case of body-centred cubic (bcc) and face-centred cubic (fcc) metals, growth
is most rapid along the <100> direction. This is thought to be because the <100> direction
in these materials is the least close-packed, hence offers the easiest way for the random atomic

arrangement of the liquid to align during crystallization. Unfavourably oriented grains thus
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CHAPTER 1 - INTRODUCTION

grow slowly and their development is quickly stifled as the solidifying interface moves forward
(Fig. 1.4).

An additional constraint is provided by growth being favoured parallel to the maximum
thermal gradients. Because of the geometry of a typical weld pool, the direction of the maxi-
mum thermal gradient varies as a function of position along the fusion line (Baikie et al. 1976).
The effect of this is to further restrict grain growth, and the predominant orientation which
results consists of grains possessing a <100> direction perpendicular to the average fusion line

(Fig. 1.5).
1.3.8 - Generation of multipass weld microstructure

The growth mechanisms which have been discussed lead to a columnar grain structure evolving
within a single deposited weld pass. Where completion of a joint requires several such passes,
each subsequent run partially remelts the underlying deposit. Epitaxial solidification again
ensues, with new columnar grains adopting an orientation identical to those within the previous
columnar zone. Consequently, the microstructure of multipass welds consists of continuous
coarse columnar grains, sometimes several centimetres in length (Fig. 1.6). It is the interaction

between sound waves and such microstructures that impedes ultrasonic inspection.
1.4 - Ultrasonic inspection of austenitic stainless steel welds
1.4.1 - Introduction to ultrasonic inspection

Internal flaw detection is almost exclusively carried out by radiography and ultrasonic inspec-
tion. Other non-destructive evaluation methods, for example magnetic particle and liquid dye
penetrant tests, are useful only for the identification of surface defects.

In radiography X-rays or v-rays are passed through components onto radiation sensitive
film (Fig. 1.7). On encountering a flaw, radiation is affected differently from that passing
through the defect-free bulk material. The film is thus exposed to a different level of radiation
and once developed displays an image of the fault.

However, there are significant drawbacks inherent to the technique (Mix, 1987). The
shadow formation principles that apply to visible light transmission are also applicable to X-
ray and v-ray transmission; hence images are not sharp. Geometric distortions occur as some
parts of the object are always further away from the film than others. This effect is heightened
if the plane of the film is not parallel to that of the sample, which is often the case for complex

components. A single radiograph gives no information about a defects size and position normal
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Fig. 1.4 - Diagram of region close to weld fusion surface (David and Vitek, 1993).

Unfavourably
oriented grains —
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Fig. 1.5 - Diagram of single-pass weld. Favourably oriented grains

grow along maximum thermal gradients (Baikie et al. 1976).
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thermal gradients varies
along fusion surface
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Fig. 1.6 - (a) Schematic diagram of a multipass
weld showing columnar grains growing continuously
between successive passes. (b) Micrograph of an

austenitic stainless steel multipass weld.

(2)
Columnar grains
grow continuously

Individual
weld passes




CHAPTER 1 - INTRODUCTION

Fig. 1.7 - X-ray radiography of a component (Mix, 1987).
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to the film. Several radiographs are often required to properly “triangulate” the size, shape
and location of the flaw.

Ultrasonic inspection eliminates these problems and is thus generally preferred to radio-
graphy when accurate investigation is required (Halmshaw, 1987). A high frequency sound
beam (typically 1-10MHz) is passed through the component under examination. Defects in
the path of the beam reflect back some of the sound. The location of each flaw can then be
determined by measuring the time of travel of the ultrasonic beam to and from the defect, and
the size and shape assessed by observing the amplitude of the reflected beam as the transducer
is moved.

Ultrasonic testing also has another application, of particular importance to the nuclear
reprocessing industry, which cannot be achieved by radiography. The concentrated nitric acid
used in the separation process causes uniform corrosion of the pipework which contains it.
It is therefore desirable to monitor the effect by regularly measuring the wall thickness of
vessels. The echo from the backwall of components during ultrasonic inspection facilitates

such examination.
1.4.2 - Effect of austenitic weld structure on ultrasonic propagation

When subject to ultrasonic inspection all materials cause some interference with the sound
beam (Krautkramer and Krautkramer, 1969). For example, grain boundaries in the material
can act as acoustic discontinuities scattering the beam. The amplitude of signals from defects
is thus reduced by this attenuation, and the sound reflected by the grain boundaries appears
on the oscilloscope screen as grass, lowering the signal-to-noise ratio. Because of this the
resolution of defect detection is limited.

In most metals, including fine grained austenitic stainless steel plate and pipe, the extent
of attenuation and grass is sufficiently low to present few problems; clear signals are usually
received from e.g. backwall and defect echoes (Fig. 1.8a). The coarse columnar microstructure
of austenitic stainless steel welds, however, induces considerable, unpredictable scatter of the
ultrasonic beam. The intensity of received signals is greatly reduced with the consequence that
important peaks become indistinguishable from grass (Fig. 1.8b). Satisfactory inspection is
thus difficult to achieve.

In materials composed of large grains, the negligible random scatter of sound waves is
replaced by geometrical division, which can cause a total loss of reflected sound (Krautkramer
and Krautkramer, 1969). This effect occurs once the grain size becomes greater than a tenth

of the sound beam wavelength. In steel the velocity of sound is about 6000 ms~1, so with a
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Fig. 1.8 - Comparative ultrasonic traces from (a) equiaxed

austenitic plate and (b) columnar austenitic weld metal.
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typical frequency of 6 MHz, the wavelength is 1mm. The grains in austenitic stainless steel
welds can be considered as hexagonal prisms, with diameters often in excess of 100 um and
lengths of several millimetres, thus are clearly of a size to generate problems in ultrasonic
propagation.

Work has also been performed to describe another phenomenon that occurs when sound
waves interact with a coarse columnar microstructure (Baikie et al. 1975; Baikie et al. 1976;
Tomlinson et al. 1980). A cylinder of austenitic stainless steel weld metal, machined with the
columnar grains aligned along a diameter, was mounted with its axis vertical, and ultrasonic
transmitter and receiver probes were positioned so that a sound beam could be passed hori-
zontally through the cylinder. Both the cylinder itself and the receiver probe could be rotated
about the axis of the cylinder (Fig. 1.9).

With the probes in line and the cylinder being rotated, the transmitted signal was found to
vary as a function of the incident angle © between the columnar grain axis and the ultrasonic
beam (Fig. 1.10a). Similar experiments were performed by traversing the receiver probe
around the cylinder whilst the incident angle © remained fixed. For several values of ©, the
maximum transmitted signal was not recorded when the transmitter and receiver probes were
in line, indicating that the sound beam was skewed off the intended path (Fig. 1.10b).

Negligible skewing effects and variations in signal with orientation were observed with
cylinders of equiaxed austenitic stainless steel plate demonstrating that these phenomena are
not related to the composition of the alloy.

With a single crystal of a fcc nickel alloy, machined with a <100> direction along the
cylinder axis, almost identical results to those from the austenitic weld metal were recorded
(Fig. 1.10c).

These observations can be explained because the highly textured assembly of columnar
grains in the weld metal can be considered as a homogeneous anisotropic medium akin to the
nickel alloy single crystal. An important feature of the propagation of waves in anisotropic
materials is that, in general, the beam direction—the direction of energy travel—is not perpen-
dicular to the wave front. This arises because the variation in elastic constants with direction
in an anisotropic material affects components of the beam velocity differently with respect to
an arbitrary initial direction of travel (Musgrave, 1954). Consequently an ultrasonic beam

passing through such a material will be skewed off the straight through direction.
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Fig. 1.9 - Experimental arrangement to study the effect of weld

microstructure on ultrasonic propagdtion (Baikie et al. 1975).
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1.4.3 - Ultrasonic inspection procedures for austenitic stainless steel welds

The skew angle varies as a function of the angle © between the <100> columnar grain axis and
the incident ultrasonic beam so that theoretically, for an inspection in which the orientation of
the columnar grains is known, the receiver probe can be positioned to pick up the maximum
transmitted signal and thus give useful information about any defects present.

The orientation of the columnar grain assembly differs for every welding procedure, and
for complex industrial procedures, is virtually impossible to predict. Therefore ultrasonic
inspection routines for austenitic stainless steel welds have to be devised for specific welding
geometries, each of which requires extensive, time consuming laboratory investigation.

However, laboratory successes are not mirrored when applied to real industrial situations.
Procedures are developed using defects of known size and position, whereas inspectors on-site
have no knowledge of the internal state of components to be examined. The procedures also
assume a certain level of proficiency on the inspectors part, which may be outside the scope
of existing qualification schemes. A recent survey found no national training or certification
available for personnel testing austenitic weldments (Edwards, 1996), and the Programme for
the Inspection of Steel Components (PISC) highlighted the variation in inspector competence
(Lemaitre et al. 1994). PISC conducted round-robin trials involving over 20 teams from dif-
ferent countries, each asked to perform ultrasonic inspection of austenitic stainless steel welds
using a given procedure. The reports produced by each team differed dramatically.

Physical problems can also arise when applying laboratory techniques to in-service welds.
Inspection routines for specific weld geometries are often coupled with changes to the welding
procedure itself, which sometimes cannot be accommodated during the final installation of
components. It is also possible for the columnar grain orientation to vary from the laboratory
determined value because of cast-to-cast variations and differing heat flow conditions during
final installation affecting weld pool solidification.

All of these shortcomings mean that the reliability of test procedures is highly questionable
when they are employed in industrial environments, a point succinctly made by Silk (1987)
whilst reviewing ultrasonic techniques and routines for austenitic welds; “Each can work spec-

tacularly well on some specimens, but may then fail on others.”
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1.5 - Summary

Safety regulations demand rigourous inspection of components throughout nuclear fuel repro-
cessing plant, the majority of which—pipework, condensers, reaction vessels etc.—are con-
structed from austenitic stainless steel. The preferred method for non-destructive evaluation
of such material is ultrasonic inspection.

Welded joints of austenitic stainless steel possess coarse columnar microstructures, which
arise because of epitaxial grain growth. The interaction between sound waves and such a highly
textured grain assembly leads to an applied ultrasonic beam being unpredictably skewed off
its intended path. Consequently it is extremely difficult to satisfactorily inspect austenitic
stainless steel welds using ultrasonics, and although testing procedures have been devised for
numerous specific weld geometries, it is generally held that their industrial application is not
practicable. Austenitic weldments thus have to be tested by the less favourable means of
radiography, hence safety margins are reduced and strict, time consuming welding procedures
are required to ensure minimal defect levels.

In collaboration with BNFL, the current project was thus established to investigate meth-
ods of grain refining austenitic stainless steel welds to produce equiaxed microstructures that

facilitate ultrasonic inspection.
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Chapter 2 - Austenitic stainless steels

2.1 - Introduction

The aim of the present study was to refine the grain structure of austenitic weldments as
a means of improving ultrasonic wave propagation through such material. Thus to select a
suitable approach to the problem, the behaviour of austenitic stainless steels, particularly in
the context of welding, must be well understood.

Pure iron under equilibrium conditions undergoes a phase transformation from ferrite
(a) to austenite (y) at 910°C. Additions of other elements when steel-making though, can
strongly affect the formation of either phase. For example, chromium additions alone favour the
formation of ferrite, whereas nickel promotes austenite stability (Honeycombe and Bhadeshia,
1995).

Chromium additions of appreciable quantity greatly improve the corrosion resistance of
steels, giving rise to the term “stainless” (Section 2.2.1). The high levels of chromium cause
these materials to be wholly ferritic at room temperature. However, if such steels are also
alloyed with sufficient nickel, then austenite can be retained at room temperature and below,
leading to the class of austenitic stainless steels (Pickering, 1976; Rivlin and Raynor, 1980;
Marshall, 1984). If the stability of the austenite is inadequate then martensite may form. A
stable austenitic steel is thus defined as one in which the martensite-start temperature, M, is
lower than room temperature. A phase diagram for Fe-Cr-Ni alloys is shown in Fig. 2.1. Many
other common alloying elements are also important in determining austenite/ferrite stability,
hence the phase equilibria of austenitic steels is usually more complex (Section 2.3).

Austenitic stainless steels are readily available, easy to fabricate and weld, and exhibit
several properties which make them ideal for use in nuclear fuel reprocessing plant (Roberts,
1994). They are corrosion resistant both at room and elevated temperatures even in powerful
oxidising media such as nitric acid, do not undergo a ductile-to-brittle transition which causes so
many problems in ferritic steels and have excellent impact resistance even at low temperatures.

Many of these properties, most notably corrosion resistance, need to be optimised for the
steels to be of use in the nuclear reprocessing industry because of the stringent safety require-
ments which must be satisfied. For example, the maximum permitted uniform corrosion rate
for pipework containing nitric a,éid is 0.3mm year~! (Gladman, 1988). This can be achieved

by careful control of the alloying elements present in the steels.
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Fig. 2.1 - Vertical section of phase diagram for very low carbon Fe-Cr-Ni

alloys at 18 wt% chromium (Castro and de Cadenet, 1974).
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A collaboration between BNFL and the steel companies led to the development of a nitric
acid grade (NAG) austenitic stainless steel specifically for use in the reprocessing facilities
at Sellafield. The following two sections discuss the effect of various alloying additions on
corrosion resistance and weldability, which governs their composition limits within the NAG

steel used throughout the present study.
2.2 - NAG austenitic stainless steel
2.2.1 - Effect of alloying additions on corrosion resistance

The corrosion resistance of austenitic stainless steels is primarily due to their high chromium
content (Dillon, 1960; Shreir et al. 1994). If a steel contains above ~12 wt% Cr in solid solution,
then a thin, adherent, continuous oxide film will form on its surface. The exact composition
of such oxide films is difficult to determine, but they all contain chromium in (III), (IV) and
(VI) oxidation states in varying proportions. Paradoxically, the oxide film itself is formed by
rapid corrosion of the steel surface. However, once established it dramatically stifles the rate
of further oxidation by acting as a barrier between the metal and the corrosive environment.
The steel is thus said to be in a state of passivity.

In this respect the carbon content of the steel is critical (Cowan and Tedmon, 1973). Car-
bon binds chromium in the form of Cr-rich grain boundary carbides, usually Cr,3Cg. During
the precipitation of such carbides, which contain 70-80 wt% Cr, the austenite matrix adjacent
to the grain boundaries is depleted of chromium. Moreover, the chromium level in these re-
gions drops below the necessary ~12wt% required to maintain passivity. Consequently the
steel undergoes localised intergranular corrosion (Fig. 2.2). The problem is minimised in NAG
steel as it has an extremely low carbon content—typically 0.01 wt% maximum, well below that
of other austenitic grades—which prevents all carbide precipitation (Berglund, 1981).

Dissolved nitrogen is widely believed to have a beneficial impact on the general corro-
sion resistance of austenitic stainless steels, although the mechanism by which it contributes
is unclear (Stein and Menzel, 1995; Murata and Sakamoto, 1997). However, increased nitro-
gen concentrations facilitate precipitation of the Cr-rich nitrides Cr,N and w-phase (typically
Cr,, gNigFeg ,N,). In accordance with the chromium depletion theory presented above, inter-
granular corrosion resistance is thus reduced. The nitrogen content of NAG steel is kept below

0.02wt% to prevent nitride precipitation.
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Fig.2.2 - (a) Intergranular precipitation of Cry3Cq particles leading to
chromium-depleted zones adjacent to grain boundaries, (b) variation in chromium

content across a grain boundary and (c) resultant intergranular corrosion.
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Boron is often added to commercial austenitic grades to enhance hot workability. However,
such levels of boron can result in intergranular precipitation of Cr,B which has a detrimental
effect on corrosion resistance via localised chromium depletion. Excessive boron can also
contribute to solidification cracking during welding. Because of these factors, deliberate boron
additions are precluded from NAG steel (Gladman, 1988).

Minor alloying additions such as silicon, sulphur and phosphorus tend to segregate to
grain boundaries, thereby altering their composition and destabilising the protective oxide film
over such regions (Blom and Kvarnback, 1975). Intergranular corrosion is thus encouraged.
Therefore, these elements are present in NAG steel in minimal quantities. However, if the
sulphur content is reduced by too much the weldability of the steel can be impaired (Section
2.2.2).

Titanium and niobium are added to steels as stabilisers and can have contradictive effects
on corrosion resistance. The carbides of these elements—TiC and NbC—are more stable
than Cry3Cg and so form preferentially. Localised chromium depletion is thus prevented and
intergranular corrosion resistance is improved (Gladman, 1988). On the other hand, in titanium
stabilised steels, the inevitable increase in dissolved titanium renders the steel more vulnerable
to general corrosion. Problems also arise in niobium stabilised steels. In rolled sections, the
deformation causes grains to elongate parallel to the rolling direction. Surfaces perpendicular
to the rolling direction thus display end-grain (Fig. 2.3a). NbC tends to arrange in stringers
also parallel to the rolling direction. Impurity elements segregate to the boundaries between
NbC and the steel matrix, reducing corrosion resistance in these regions. Where end-grain is
exposed, the distribution of NbC thus provides paths for heavy corrosive attack into the steel
(Fig. 2.3b) (Quayle, 1997). In the past this effect was wrongly attributed to the dissolution of
NbC itself because of its absence in corroded samples (Berglund, 1981). However, the carbides
simply fall out once the surrounding steel matrix has been dissolved.

Molybdenum has a small negative effect on intergranular corrosion resistance. This is
thought to arise from reduced homogeneity of the steel through increased microsegregation
(Berglund, 1981). However, the pitting resistance of steels can be greatly improved by molyb-
denum additions. Pitting occurs in environments which contain particularly aggressive species
such as chloride ions, which substitute into the protective oxide film coating the steel caus-
ing localised breakdown of passivity and the formation of pits (Champion, 1964). Pitting is
especially insidious as the propagation of corrosive attack is predominantly into the metal,
which in thin vessels can easily result in perforation and subsequent fluid leakage. In steels,

molybdenum additions become incorporated into the protective oxide film giving it improved
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Fig. 2.3 - (a) Schematic diagram of end-grain occurring in rolled steel

and (b) distribution of NbC resulting in heavy corrosive attack.
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stability, although the reasons why such changes in film composition should improve resistance

to breakdown remain speculative (Mitrovic-Scepanovic et al. 1987; Landolt et al. 1990; Mischler

et al. 1991).
2.2.2 - Effect of alloying additions on weldability

The levels of certain alloying additions can present problems in the weldability of austenitic
stainless steels. Other elements produce damaging effects in the parent material during welding
because of reactions which occur due to elevated temperatures in the HAZ. Three of the most

significant effects are described here.
i) é-ferrite content

Fully austenitic stainless steel weldments are susceptible to hot-cracking during solidification.
Severe cracks occur at grain boundaries, particularly along the weld centreline (Crook and
Shaw, 1979). However, hot-cracking can be minimised if the steel contains a small amount of
d-ferrite.

The prime cause of hot-cracking is the segregation of sulphur and phosphorus during solid-
ification (Castro and de Cadenet, 1974). These elements form low melting point interdendritic
liquid films which result in a lack of cohesion between grains at the same time as shrinkage
stresses become felt during cooling of the solidified weld metal.

The presence of é-ferrite alleviates the problem in three ways (Porter and Easterling, 1992).
The fine duplex § +  structure increases the total grain boundary area, thus the severity of
sulphur and phosphorus segregation is lessened. Phosphorus also dissolves in d-ferrite, reducing
its impact. If solidification is entirely to austenite, all manganese present remains in solution.
The existence of §-ferrite, however, allows manganese to combine with sulphur to form discrete
MnS inclusions. MnS is desirable as it does not extensively wet dendrite boundaries, unlike
FeS which would otherwise form.

The é-ferrite content can be manipulated by adjusting the alloy composition. For welding,
the effect of this on the resultant phase formation can be conveniently represented by the
Schaeffler diagram (Fig. 2.4) (Castro and de Cadenet, 1974). The room temperature phase
boundaries of austenite, é-ferrite and martensite are plotted in terms of the chromium and
nickel equivalents. The chromium equivalent has been empirically determined to take into
account the effect of the common ferrite forming elements. Similarly, the nickel equivalent does

the same for the austenite formers. The ratio between the two thus describes the proportions

of each phase present in an alloy.
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Fig. 2.4 - The Schaeffler diagram (Castro and de Cadenet, 1974).
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Unfortunately, d-ferrite has a detrimental effect on the corrosion resistance of austenitic
7

stainless steels, and in NAG weld metal the volume fraction is typically less than 0.05.

ii) Weld decay and knife-line attack

Weld decay is a phenomenon whereby a region of the HAZ is subjected to increased inter-

granular corrosion (Crook and Shaw, 1979; Shreir et al. 1994). Between 550 and 850°C

the nucleation and growth of Cry3Cg is favoured (Fig. 2.5). Any process which allows the
steel to pass slowly through this temperature range will thus lead to Cr,3Cg formation with
subsequent grain boundary chromium depletion and increased susceptibility to intergranular
corrosion. During welding, a band of material in the HAZ parallel to the deposit is held within
the critical temperature range, hence is subject to this problem (Fig. 2.6). Closer to the fusion
surface the critical temperature range is exceeded, whilst further away the temperature does
not reach the lower limit.

Knife-line attack is a closely related phenomenon which occurs in titanium and niobium
stabilised steels (Crook and Shaw, 1979; Shreir et al. 1994). During welding, the parent ma-
terial immediately adjacent to the fusion surface is heated to just below the melting point.
All Cry3Cg and TiC/NbC present dissolves completely, and on cooling neither precipitates.
However, if the joint is reheated to within the critical temperature range, e.g. during multi-
pass welding or to relieve residual stresses, Cr,3Cq formation occurs in the region where the
stabilising carbides dissolved. This is because at such temperatures precipitation of the ther-
modynamically more stable TiC/NbC is sluggish (Fig. 2.5). Consequently a sharply defined
zone becomes depleted in chromium and suffers from increased intergranular corrosion, as the
name of the phenomenon implies.

NAG steel, however, appears immune to both of these forms of corrosive attack as their

low carbon content prevents significant carbide formation.

iii) Effect of sulphur

The weldability of steels is affected by surface tension driven flow, known as Marangoni con-
vection (Velarde and Normand, 1980). The temperature dependence of the surface tension of
liquid steel can be altered by additions of sulphur (Halden and Kingery, 1955). At low concen-
trations the melt has a negative temperature coefficient of surface tension producing upward
flow at the weld pool centre. This leads to poor penetration and unsatisfactory welds (Fig.
2.7a). With higher levels of sulphur, the temperature coefficient of surface tension becomes

positive and downward flow occurs at the weld pool centre. The desired degree of penetration
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Fig. 2.6 - (a) Curves showing the variation of temperature with
time at various points adjacent to a weld in austenitic stainless

steel and (b) the resultant weld decay (Shreir et al. 1994).
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Fig. 2.7 - Effect of sulphur on weld pool flow and penetration.
(a) Low sulphur and (b) high sulphur (David and Vitek, 1989).
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can thus be achieved (Fig. 2.7b). However, whilst a higher sulphur content is beneficial to

weldability, it can have an adverse effect on the corrosion resistance of the steel (Section 2.2.1).
2.2.83 - Summary of NAG steel composition

The deleterious effects of many trace elements on corrosion resistance and weldability are
reduced in NAG steel compared with most other austenitic grades. The principal reductions are
in carbon, nitrogen and boron content, which prevents chromium carbide, nitride and boride
precipitation. Localised chromium depletion is thus eliminated and intergranular corrosion
resistance greatly improved. Molybdenum and sulphur can provide some beneficial effects
hence are added in optimal quantities. The compositions of AISI (American Iron and Steel
Institute) NAG304L plate and 308592 welding wire, which are used throughout this study, are
given in Table 2.1. The composition ranges of some other important austenitic grades, which
will be referred to in later sections, are also shown for comparison. These include Mo-rich

AISI 316, used in environments where chloride ions are prevalent, and titanium and niobium

stabilised AISI 321 and 347 respectively.

Table 2.1 - Compositions of austenitic stainless steels (all in wt%, Fe to balance).

AISI grade | NAG304L | 308592 304 310 316 321 347
(Plate) | (Wire)
Cr 18.5 19.5 18-20 24-26 16-18 17-19 17-19
Ni 10.2 9.9 8-12 19-22 10-14 9-12 9-13
C(max) 0.01 0.01 0.08 0.25 0.08 0.08 0.08
Mn 1.33 1.61 1-2 1-2 1.5-2 1-2 1-2
Si(max) 0.4 0.4 0.8 0.8 0.8 0.8 0.8
P(max) 0.02 0.02 0.04 0.04 0.04 0.04 0.04
S(max) 0.004 0.009 0.012 0.012 0.012 0.012 0.012
N 0.02 0.02 |0.01-0.07}0.01-0.07 | 0.01-0.07 0.01-0.07]0.01-0.07
B 0.0012 | 0.0009| 0.005 0.005 0.005 0.005 0.005
Mo 0.25 0.18 0.2 0.2 24 0.2 0.2
Ti — — — — — 5x%C —
Nb — — — — — — 10x%C
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2.3 - Phase transformations in austenitic stainless steel during welding

2.8.1 - Introduction

The aim of the present study was to grain refine austenitic weld metal. To do this it is use-
ful to understand the phase transformations that may occur in such material. However, the
phase equilibria of austenitic stainless steels are dependent on a number of their components
(Section 2.1). Fortunately, the study of phase equilibria has been made simpler by the recent
advent of computer programs capable of estimating the equilibrium state for multi-component,
multi-phase systems. The National Physical Laboratory’s Metallurgical and Thermochemical
Data Bank (MTDATA) works by combining experimentally determined data for unary, binary
and ternary sub-systems using thermodynamic solution theory to estimate the overall result
for larger systems (Hodson, 1989). For any given system MTDATA calculates the composi-
tions and volume fractions of the phases present by minimising the Gibbs free energy whilst
conserving mass. However, the reliability of calculations is dependent on the availability of

data for all of the sub-systems.
2.3.2 - Phase equilibria during solidification of AISI 308592 weld metal

Throughout the present study, AISI 308592 filler wire was used during welding. The phase
equilibria for this material were thus investigated. The composition of AISI 308592 entered
into MTDATA is given in Table 2.1. The phases included in the calculations are listed in Table
2.2. Phase equilibria were determined within the temperature range 300-2000 K.

Table 2.2 - Phases included in MTDATA calculations on AISI 308592.

Liquid Laves-phase  m-phase
Austenite M,C Cr,N
Ferrite M,C Cr,B
Cementite M,C, Fe;P
Graphite M,C, FeS
o-phase M,;Cq MnS
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Fig. 2.8 - MTDATA calculated equilibrium phase fractions during
solidification of AISI 308592. Below ~1300 °C the steel is fully austenitic.
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Fig 2.10 - MnS fraction as a function of temperature in

AISI 308S92. The dashed line indicates the steel melting point.
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It was found that initial solidification is to Sferrite. However, a larger proportion of

austenite also forms directly from the liquid. On cooling, all of the é-ferrite transforms to

austenite. Thus the overall equilibrium solidification sequence was found tobe L = L+ 6 —
L+6+v—8+7— 7. Aplotof the phase fractions as a function of temperature is shown
in Fig. 2.8. A schematic diagram of the solidication front based on these results is shown in
Fig. 2.9. The only other phase present was a small quantity of MnS, which forms in the liquid
and is stable down to room temperature. The MnS fraction as a function of temperature is
shown on an expanded scale in Fig. 2.10. As expected from the low carbon, nitrogen and
boron contents of the steel, no carbides, nitrides or borides were calculated to exist at any
temperature.

It must be remembered, however, that MTDATA only predicts what is possible thermo-
dynamically. The kinetics during solidification strongly influence phase formation and thus
can affect the solidification sequence and allow retention of phases outside of their equilibrium
boundaries.

During welding cooling rates are relatively high, hence weld pool solidification is considered
a non-equilibrium process. Fredriksson (1972) investigated the effects of cooling rate on /7
formation by directional solidification of an Fe-18Cr-8Niwt% austenitic stainless steel. At
higher cooling rates the kinetics allowed less time for the § — v transformation to occur, hence
é-ferrite could be retained at room temperature.

Therefore, despite the thermodynamic calculations, we might expect the microstructure
of AISI 308592 austenitic weld metal to contain a certain amount of residual é-ferrite, which

is beneficial in preventing hot-cracking (Section 2.2.2).
2.3.3 - Microstructure of AISI 308592 weld metal

Austenite and residual J-ferrite within the weld microstructure can be revealed by using differ-
ent etching techniques (Vander-Voort, 1984). The sample used to illustrate these methods was
a single-pass bead-on-plate TIG weld (Section 5.2.2). Sections of the weld were hot-mounted

in conductive bakelite, ground flat on abrasive SiC papers and polished with 1um diamond

paste.
i) Electrolytic oxalic acid etch

A polished weld section mounted in conductive bakelite, and another piece of NAG stainless
steel were used as electrodes. The two were immersed in a saturated solution of oxalic acid

(C;H,0,), prepared by dissolving 10g of crystals in 100 ml of distilled water. The electrodes
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ched being made

were connected to a constant voltage power source, with the sample to be et
the anode. A strip of nickel was held against the weld section as a contact so that the circuit
could be broken (and thus etching stopped) at any time. A6V d.c. potential was applied with
the electrodes placed approximately 25 mm apart, which drew a current of about 1A. After

etching for 30s the é-ferrite structure within the weld metal was clearly revealed whereas the

fully austenitic parent material was unaffected (Fig. 2.11).
ii) Mixed acids etch

10 ml acetic acid
10 ml HNO;4

15ml HCl

5 drops of glycerol

Samples were etched by swabbing the solution over the polished surface for 20-30s, after which
both the é-ferrite weld structure and austenite grains in the parent material could be seen.
The greater corrosion of d-ferrite within the weld, however, masked the columnar austenite
grain boundaries with the exception of a few which underwent enhanced delineation near to

the fusion line (Fig. 2.12).
iii) Ferric chloride based etch

30g FeCl,
20ml H,O
10ml HCI1
3 ml HNO,

Samples were etched by swabbing the solution over the polished surface for about 15s. The
columnar austenite grains could be clearly seen even at very low magnifications, indicating
the coarseness of the microstructure (Fig. 2.13a). Higher magnifications revealed the skeletal

residual §-ferrite structure present within each austenite grain (Fig. 2.13b).

The MnS predicted to exist by MTDATA was present in the form of isolated, globular, sub-
micron inclusions. The morphology and distribution corresponded to that frequently reported
for MnS, which forms as a liquid phase within the molten steel (Salter, 1979; Hale and Nutting,

1984). Fig. 2.14 shows a bright field TEM (transmission electron microscopy) image of a MnS
inclusion from AISI 308592 weld metal.
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Fig. 2.11 - AISI 308592 weld metal etched in oxalic acid.

Fig. 2.12 - AISI 308592 weld metal etched in mixed acids.
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Fig. 2.13 - AISI 308592 weld metal etched in ferric chloride based

solution. (a) Low magnification and (b) high magnification.

— | .
2 mm

Fig. 2.14 - Bright field TEM image of MnS inclusion
in AISI 308592 weld metal (courtesy D. Tricker).
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2.4 - Summary

Numerous alloying additions influence the corrosion resistance and weldability of austenitic
stainless steels. NAG material used in nuclear fuel reprocessing plant has a composition de-
signed to optimise these properties. Therefore, proposed methods of grain refinement should
aim to have as low an impact on steel composition as possible.

Phase equilibria calculations have shown that AISI 308592 filler wire solidifies to a mixture
of é-ferrite and austenite. Under equilibrium conditions the steel is fully austenitic at room
temperature. However, during welding, kinetic conditions permit the retention of a small

volume fraction of §-ferrite.
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Chapter 3 - Grain refinement

3.1 - Introduction

Grain refinement is a key metallurgical process which provides important benefits in a num-
ber of materials and applications, and has thus been investigated extensively. A reduction
in grain size is a fundamental strengthening mechanism in polycrystalline materials where
yielding is propagated between grains by dislocation pile-ups at boundaries, producing stress
concentrations large enough to initiate slip in adjacent grains. When the grain size is small,
fewer dislocations can participate in the pile-up within each grain, so a higher applied stress
is required before the material will yield. The relationship between the lower yield stress of a

material, o,, and the grain size, d, is given by
_ -1/2
o,=0;+k,d / (3.1)

where o; is a friction stress which opposes the glide of dislocations and k, is a constant
associated with the propagation of deformation across boundaries (Hall, 1951; Petch, 1953).
For example, the yield stress of mild steel increases by 400 MPa as the grain size is reduced
from 0.25 to 0.0025mm. It is also possible to alter microstructural morphology via grain
refinement, e.g. promote the columnar-to-equiaxed transition (CET) in castings and welds.
This is essential to achieve the aim of the present study.

In any instance the most effective method of grain refinement is dependent on the material
and processing route (Fig. 3.1) (Burke et al. 1949; Honeycombe, 1984; Honeycombe and
Bhadeshia, 1995; Polmear, 1995). The aim of the present study was to refine the austenite
grain structure of AISI 308S92 stainless steel weld metal. Investigations have shown that such
material undergoes an allotropic transformation after solidification (Section 2.3.2). However,
only a small volume fraction is subject to the § — v transformation; the majority of the steel
solidifes directly from the liquid as austenite which is retained down to room temperature.
Thus, for grain refinement purposes, it is more useful to consider AISI 308592 weld metal as a
single phase material.

One practical way to grain refine such material would be to increase the number density
of new crystals growing in the liquid ahead of the solidification front. Columnar grain growth
can thus be stifled and an equiaxed structure will result (Fig. 3.2) (Hunt, 1984). This can
be achieved by using dynamic stimuli to fragment the solid at the solid/liquid interface, or by

introducing solid second phase particles into the melt to provide nucleation sites.
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Fig. 3.1 - Examples of grain refinement methods.
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Fig. 3.2 - Promotion of CET by crystal growth
ahead of the solidification front (Hunt, 1984).
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3.2 - Grain refinement by dynamic stimulation
3.2.1 - Introduction

Fragments of growing dendrites can be broken off if a solidifying columnar interface is phys-
ically disturbed. If enough fragments survive and grow then columnar development can be
stifled, leading to a refined equiaxed microstructure (Davies and Garland, 1975). However, for
this to occur, fragments must remain in the constitutionally undercooled region ahead of the
solidification front (Section 3.2.2).

Several methods of inducing the necessary disturbances have been attempted in order to
refine the grain structures of welds. Vibrations can be induced into the weld pool; pulsed
currents and the associated variation in arc force can disturb normal pool solidification; elec-
tromagnetic fields can be used to stir the weld pool. Sections 3.2.3-3.2.6 review these attempts,

their merits and shortcomings.
3.2.2 - Constitutional undercooling

Constitutional undercooling arises during the solidification of alloys (Tiller et al. 1953; Tiller
and Rutter, 1956). The phenomenon does not occur in pure metals. However, commercially
pure grades still contain sufficient impurities to induce alloy solidification characteristics.

Alloys do not have a single freezing temperature. Instead, solidification occurs between the
liquidus and solidus temperatures. These temperatures vary as a function of composition, and
at any given temperature the solid and liquid in equilibrium with one another are of different
compositions.

Consider the solidification of an alloy of nominal composition C;, assuming no diffusion in
the solid and only diffusional mixing in the liquid. At the onset of plane front solidification the
liquid composition at the interface is C;. The first solid to form is in equilibrium with this lig-
uid, and therefore has a composition £Cj, where k is the equilibrium partition coefficient, taken
here to be < 1. k = C5/C}, where C§ and C7 respectively are the equilibrium compositions
of the solid and liquid co-existing at the interface at a given temperature. The temperature at
the interface, T, is the liquidus temperature corresponding to Cj, thus initially 7* = Tyico:

As solidification continues, solute is rejected at the interface and a boundary layer enriched
in solute builds up in the liquid immediately ahead of the solidification front (Fig. 3.3a). A
concurrent enrichment of the solid at the interface also occurs since equilibrium is maintained
and C§ = kC}. The interface temperature falls correspondingly. After a short time, steady

state solidification conditions are attained (Fig. 3.3b).
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Fig. 3.3 - Phase diagrams and composition profiles during

solidification; (a) initial stages and (b) steady state.

(c) Condition for constitutional undercooling.
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The resultant compositional gradient means that the liquidus temperature of the melt
varies as a function of distance ahead of the solidification front. Because a thermal gradient
also exists across the interface, it is thus possible for the actual temperature of the liquid
within a region ahead of the solidification front to be lower than the liquidus temperature
(Fig. 3.3c). Within this zone of constitutional undercooling, solid perturbations, e.g. detached

crystal fragments, can survive and grow.
3.2.3 - Grain refinement by induced vibration

Weld pool vibration has been demonstrated to grain refine welds of aluminium and mild steel.
Vibrating the electrode parallel to the welding direction, with an amplitude of 1.2mm at
frequencies in the range 10-30 Hz, produced extensive grain refinement in TIG welds on Al-
2wt% Mg alloy sheet up to 3.2mm thick (Garland, 1974). The motion of the arc caused
backwashing of liquid over the solidifying interface, which periodically fragmented, providing
the crystal multiplication necessary to form an equiaxed structure. However, refinement was
only achieved within a narrow range of conditions, determined by the welding speed, current
and plate thickness (Fig. 3.4). With identical conditions, no grain refinement occurred in
welds across AISI 321 stainless steel sheet. It was only by increasing the vibration amplitude
to 1.8 mm on very thin (2mm) plate that refinement was attained.

Experiments have also been performed by welding across a mild steel plate clamped to
a vibrating table (Tewari, 1993; Tewari, 1999). Grain refinement occurred at much higher
frequencies (up to 300 Hz) and much smaller amplitudes (up to 30 um) of vibration compared
with Garland’s work, but although optimum parameter values were found, the results could
not be explained.

The widely differring degrees of disturbance required to initiate a CET demonstrate that
the conditions for grain refinement by vibration are dependent on the material and weld ge-

ometry.
3.2.4 - Grain refinement by current pulsing

Grain refinement can be induced by welding with a modulated arc, in which the current is
applied in a series of short pulses. The pulse profile has several variables, such as peak, base
and average current, and the base current time to peak current time ratio (t,/t,) (Fig. 3.5). All
of these can affect the nature of the resulting disturbance and hence the degree of refinement

that occurs.
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Fig. 3.4 - Range of operating parameters yielding grain refinement during
welding with a vibrating electrode (25Hz, 1 mm vibration amplitude)

across Al-2 wt% Mg plate 2.5 mm thick (Garland, 1974).
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Use of this method successfully generated refinement in AISI 321 stainless steel welds, with
distinctive growth bands indicating the effect of the arc modulation in disrupting solidification
(Garland, 1974). The fluctuations were assumed to cause the crystal fragmentation necessary
for refinement.

Further work revealed flaws in this explanation (Scott-Lawson, 1975). Whilst samples
etched with mixed acids displayed an equiaxed austenitic weld microstructure, a subsequent
electrolytic re-etch in oxalic acid showed the d-ferrite structure to be columnar. The welds
solidified entirely to é-ferrite, with austenite forming on cooling via a randomly nucleated solid
state transformation. The lack of refinement within the primary phase proved that crystal
fragmentation did not occur, and that the equiaxed austenite structure arose from a repeated
cycling through the § — + transformation temperature as a result of the pulsed heat source.
These conclusions were substantiated by the failure to achieve any grain refinement in non-
transformable AISI 316 steels welded under similar conditions.

More recent experiments by Watanabe et al. (1987) have established conditions for pro-
ducing refinement in fully austenitic AISI 310 stainless steel welds. Their investigation covered
much wider parameter ranges than the work of Scott-Lawson; for example pulse frequencies
of 0-100Hz and ¢,/t, ratios from 0-20. Grain refinement by crystal fragmentation was indeed
achieved, with optimum results at 2.5Hz and a tb/tp ratio of 10. A refined, albeit unsound,
weld was also generated at a frequency of 33 Hz. The low frequency optimum was ascribed to
the degree of undercooling and the time period of the melting/freezing cycle caused by each
pulse and their subsequent effects on the growth of crystal fragments. Refinement at 33 Hz
coincided with the resonant frequency of the weld pool, with the resultant severe agitation
providing sufficient fragmentation to stifle columnar growth, but also generating voids and
variable penetration.

As with vibration induced refinement, the examples discussed here demonstrate that arc
modulation can lead to the formation of equiaxed weld structures. However, the required
conditions vary between materials and weld geometries and the refinement mechanism is not

always crystal fragmentation.
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3.2.5 - Grain refinement by electromagnetic stirring

Grain refinement of a wide range of alloys has been reported as a result of using external
magnetic fields to stir the weld pool. The field is applied parallel to the axis of the electrode
whereby Lorentz forces cause the arc to rotate. The rotary motion of the arc is transferred
to the weld pool generating a strong stirring effect (Fig. 3.6). The use of an alternating
magnetic field periodically changes the direction of flow and thus cancels out any asymmetries.
Centrifugal forces acting on the arc cause it to spread out into a conical shape, creating a
broader and less penetrating weld. These factors allow consistent welds of predictable shape

to be produced by electromagnetic stirring (EMS).

Many early welds using EMS were concerned with aluminium alloys (Pearce and Kerr,
1981). Most of the refinement resulted from heterogeneous nucleation occurring on Ti-rich
inclusions (Section 3.3.5). However, equiaxed zones were also observed in stirred welds devoid
of titanium. At certain magnetic field strengths and oscillation frequencies, the stirring motion
detached crystal fragments from the solid/liquid interface to block columnar grain development.
A further effect of the stirring was to reduce thermal gradients and thus widen the undercooled
region ahead of the solidification front. This allowed more fragments to survive, aiding the
refinement process.

Similar conclusions were drawn from a study into the effects of EMS on welds of AISI
310 stainless steel, although the field strengths and frequencies required for refinement dif-
ferred from those for aluminium, emphasising material dependence (Malinowski-Brodnicka et

al. 1990).

Less successful EMS experiments have been conducted with AISI 304 and 321 stainless
steels in which the austenite structures of welds performed under a wide range of conditions
remained columnar (Villafuerte and Kerr, 1990a). However, the primary d-ferrite structure,
whilst columnar in AISI 304 welds, was equiaxed in AISI 321 samples. The latter class of
steels contain high levels of titanium, and refinement of the é-ferrite structure was attributed

to heterogeneous nucleation on Ti-rich inclusions (Section 3.3.6).
3.2.6 - Summary

The grain refinement techniques reviewed all aimed to encourage the formation of an equiaxed
structure by crystal fragmentation. However, in each case this only occurred over narrow
ranges of operating parameters, which differred between materials and weld geometries. This

is because the dynamic stimulation of weld pools produces two interacting effects.
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Grain refinement requires a sufficient number density of crystal fragments within the
undercooled region to stifle columnar growth. The degree of fragmentation is governed by the
strength and nature of the applied disturbance.

Dynamic stimuli also affect weld pool solidification conditions. The ease with which a
CET can occur is frequently described by the G /R ratio, where G, is the thermal gradient
within the liquid and R is the crystal growth rate (David and Vitek, 1989). Decreasing G, and
increasing R extends the region of constitutional undercooling (Fig. 3.7). High growth rates
contribute by reducing the time available for solute diffusion away from the solidification front,
hence compositional gradients become steeper. Low G /R ratios thus promote columnar-to-
equiaxed transitions as the survival and growth of more crystal fragments is favoured.

For example, the change in solidification conditions brought about by arc modulation
contribute to the observed optimum conditions for grain refinement in pulsed current welds.
Watanabe et al. (1987) calculated the G /R ratio as a function of heat input into the weld,
which varies strongly with pulse frequency. At very low frequencies (0.5 Hz), the value of G; /R
is large and crystal fragments do not grow extensively enough to block columnar growth. At
a frequency of 2.5Hz, the G /R value is sufficiently low to allow fragments to grow into an
equiaxed structure. Remelting by the succeeding pulse causes some epitaxial growth and thus
a few small areas of columnar character are present in the microstructure. Higher frequencies
(10Hz) generate G /R ratios so small that an equiaxed structure develops immediately on
solidification. However, in this case, because the pulse time interval is short, the solidified
distance is also short, and therefore remelting causes the granular crystals to be linked by
epitaxial growth producing long columnar grains and hence no refinement. These effects are
displayed schematically in Fig. 3.8.

To achieve grain refinement by dynamic stimulation, a balance must be struck whereby
the disturbance produces sufficient crystal fragments and generates solidification conditions
which favour growth into an equiaxed microstructure. The need for this compromise hinders
the effectiveness of such refining methods. The material and weld geometry dependence means
that operating parameters have to be established for each individual case, thus development
of these methods is on a par with development of the specific ultrasonic test procedures they
are designed to avoid. The cost and complications associated with welding equipment capable

of performing these operations also reduces the significance of the benefits they may provide.
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Fig. 3.6 - Generation of weld pool stirring by an applied
magnetic field (Malinowski-Brodnicka et al. 1990).
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Fig. 3.8 - Variation in weld structure with arc

modulation frequency (Watanabe et al. 1987).

Dashed lines indicate successive pulses.

Fig. 3.9 - Effect of the number density of crystals, N,

on the columnar-to-equiaxed transition (Hunt, 1984).
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3.3 - Grain refinement by heterogeneous nucleation

8.8.1 - Introduction

For a given set of weld pool solidification conditions, the onset of a CET depends on the num-
ber density of crystals in the liquid ahead of the solidification front (Fig. 3.9) (Hunt, 1984).
With dynamic stimulation, sufficient numbers of crystal fragments are obtained over rather
narrow ranges of operating conditions. However, an increased number density of crystals can
be generated if solid second phase particles are introduced to the melt to provide heteroge-
neous nucleation sites. Deliberate additions of nucleants can be made in whatever quantity is
necessary.

For a given phase, some particles are more effective heterogeneous nucleants than others.
There is no established nucleant for austenite. To rectify this situation it is therefore useful to
examine heterogeneous nucleation theory and its application to the grain refinement of other

phases.
3.3.2 - Theory of heterogeneous nucleation

Homogeneous nucleation is defined as nucleation without the aid of a foreign body (Christian,
1975; Porter and Easterling, 1992). Below the equilibrium melting point of a material, T,,,
the free energy of the solid becomes lower than that of the liquid, thus formation of solid
particles produces a negative volume free energy change. However, the energy required to
form a solid/liquid interface opposes this. The change in free energy on formation of a solid
sphere of radius r is given by

—4rr? AGy,

AGhO’m = 3

+4nriygy (3.2)

where AGy, is the magnitude of the difference in free energy per unit volume of solid and
liquid, and vg; is the solid/liquid interfacial free energy per unit area.

For small values of r, the surface energy term dominates, hence the free energy increases
on formation of a solid embryo. However, with increasing r, the free energy reaches a maximum

and thereafter falls. Thus there is an energy barrier to homogeneous nucleation

167"')’2 L
which occurs at a critical particle size
«_ 2¥sL
rt=x G (3.4)
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obtained by differentiation of Equation 3.2 (Fig. 3.10). Beyond r* particle growth reduces the
free energy. Particles in this condition are called nuclei.

The activation energy means that solidification by homogeneous nucleation usually occurs
at large undercoolings. For example, nickel can be undercooled by 250K below T, before
it begins to solidify (Turnbull and Cech, 1950). In practise, however, undercoolings of more
than a few kelvin seldom occur. This is because the walls of the liquid container and solid
impurity particles catalyse solidification. This phenomenon is called heterogeneous nucleation
(Christian, 1975; Porter and Easterling, 1992).

For isotropic systems, interfacial energy is minimised if an embryo forms as a spherical
cap on a flat substrate (Fig. 3.11), with a characteristic wetting angle, 1, determined by the

balance of the various surface energies involved, such that

YmL = Ysm + Vs Ccos P (3.5)

where v,,7, Ysar and gy, are the free energies per unit area of the substrate/liquid, solid/sub-
strate and solid/liquid interfaces respectively. The formation of such an embryo is associated

with an excess free energy given by

AG.; = —VsAGy + Aspvsp + AsmYsm — AsmYMmL (3.6)

where Vg is the volume of the spherical cap, Ag; is the area of the solid/liquid interface and
Ag,, is the area of the solid/substrate interface (Equations 3.7-3.9). Of the three interfacial
energy terms, the first two concern interfaces created during the nucleation process, hence are
positive, whilst the third arises from the destruction of the substrate/liquid interface under

the embryo and thus gives a negative energy contribution.

Agy = 2nr?(1 — cos ) (3.7)
Agyp = rlsin? ¢ (3.8)
Vg = nr3(2 + cos ) (1 — cos )2 /3 (3.9)
It follows that
AG),, = {i”;& + 47rr275L}S('¢) (3.10)
where
S(%) = (2+ cos9)(1 — cos 9)*/4 (3.11)

Except for factor S(¢), this expression is the same as that obtained for homogeneous nucleation

(Equation 3.2). S(%) is dependent only on the wetting angle, i.e. the shape of the embryo,
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Fig. 3.10 - Comparison of the free energy of formation as a function of particle

radius for homogeneous and heterogeneous nucleation (Porter and Easterling, 1992).
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and has a value of < 1. Differentiation of Equation 3.10 shows that the energy barrier to

heterogeneous nucleation G%,, is thus smaller than G}, by the shape factor S(%):

* 16“7.%L . 3.12
het — 3AG%, S(¢) ( . )

although the critical nucleus radius r* remains the same:

2vs1,
= 2a 3.12

Therefore, heterogeneous nucleation always provides an easier route for solidification than
homogeneous nucleation, and at low wetting angles the reduction in the energy barrier to

nucleation can be dramatic, as shown in Fig. 3.10.
3.3.3 - Nucleant potency

The wetting angle determines the magnitude of the reduction in the energy barrier to nucle-
ation. The wetting angle itself is determined by interactions between the solid, liquid and
substrate phases, hence factors such as the chemical nature of the substrate, the electrostatic
potential between the phases, and the structure of the solid /substrate interface play an impor-
tant role.

Turnbull and Vonnegut (1952) proposed that when all chemical parameters are favourable,
i.e. bond type and strength of the solid and substrate are similar, only structural aspects of the
interface contribute to the energy barrier to heterogeneous nucleation. This has been shown to
apply to the nucleation of magnesium, aluminium and ferrite from the liquid on specific solid
particles. These systems will be reviewed in Sections 3.3.4-3.3.6.

The energy of the interface as a result of its structure is dependent on the similarity
between the lattices of the solid and substrate. The closer the lattice matching, the lower the
interfacial energy, and hence the lower the barrier to nucleation. The lattice mismatch, also
commonly referred to as the disregistry, depends on the lattice parameters of the two crystals,

and is defined as

0=Aa/a (3.14)

where a is the lattice parameter of the solid and Aa is the magnitude of the difference between
the lattice parameters of the solid and substrate.

If the nucleus can be strained by an amount ¢ in the plane of the interface such as to
completely accommodate the mismatch the interface will be in forced coherence with a volume

strain energy proportional to €2 (Fig. 3.12a). If the level of strain required is very high, i.e.
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when the lattice mismatch is large, a semi-coherent interface tends to form, in which regions
of good fit are interspersed by dislocations (Fig. 3.12b). The interfacial dislocation density is
proportional to §, and the energy associated with the dislocations contributes to the interfacial
energy. Fig. 3.13 shows how the energy barrier to heterogeneous nucleation and the type of

interface that forms varies with lattice mismatch.
3.3.4 - Grain refinement of magnesium

Grain refinement of magnesium can be achieved by alloying with zirconium (Emley, 1966;
Polmear, 1995). The most effective results are obtained by additions of around 0.6wt%.
During solidification, small zirconium particles first separate from the liquid. At 654°C a
peritectic reaction occurs in which zirconium reacts with the liquid to form magnesium. This
reaction is nucleated on the existing zirconium particles. Evidence for this is provided by the
metallic pips which always occur at the centre of grains in refined Mg-Zr alloys. Microprobe
analysis of such pips shows them to be zirconium.

Magnesium and zirconium exhibit very close lattice matching (Mg: hexagonal, a=3.20 A,
¢=5.20A and Zr: hexagonal, a=3.23 &, c=5.14A), with a disregistry of just 0.94% between
parallel close-packed planes. The energy barrier to nucleation is thus very low and effective
heterogeneous nucleation can easily occur.

However, only relatively pure magnesium alloys can be refined by zirconium (Glasson and
Emley, 1968). If elements such as Al, Mn, and Zn are also present then the process is disrupted
by the formation of intermetallic compounds with zirconium. Consequently the number of pure
zirconium particles available as nucleation sites is reduced. Additions of powdered elemental
zirconium to magnesium casts are also ineffective in generating refinement (Roberts, 1960).
The high oxidation tendency of zirconium results in powder particles being coated by surface
oxide layers. When such particles are added to a solidifying melt, these layers inhibit the
formation of the Mg—Zr interface necessary for effective nucleation.

Grain refinement of autogenous TIG welds across magnesium sheet has been observed in
alloys containing zirconium (Bailey and Scott-Lawson, 1975). The weld microstructure was
finer than that of the parent material, although this was ascribed to the high cooling rates
within the weld pool. Consistent with casting practice, minute zirconium pips were found at the

centres of weld grains, indicating the role of zirconium in providing heterogeneous nucleation

sites.
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Fig. 3.12 - Atomic configurations at (a) forced coherent and

(b) semi-coherent interfaces (Turnbull and Vonnegut, 1952).
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Fig. 3.13 - Variation in heterogeneous nucleation barrier and type of interface

as a function of lattice mismatch (Turnbull and Vonnegut, 1952).
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8.8.5 - Grain refinement of aluminium

The grain refinement of commercial aluminium alloys is performed by adding rods of mas-
ter alloy, containing inoculants, to liquid metal (McCartney, 1989). The composition of the
master alloy is typically Al-5Ti-1Bwt%. The effects of Ti and B additions on aluminium
microstructure were first identified by Cibula (1949).

For many years, however, the refinement mechanism was unclear. Cibula (1952) had
proposed that aluminium nucleated from the liquid on TiB, particles, whereas Crossley and
Mondolfo (1951) suggested that a peritectic reaction induced aluminium to nucleate on inter-
metallic Al;Ti.

TiB, has a low lattice mismatch with aluminium (5.9% for (111) ,, || (0001);p,, [110], ||
[1120]1;p,) and is virtually insoluble in the liquid even at low Ti and B concentrations. How-
ever, adding TiB, powder to a pure aluminium melt does not lead to a greater nucleation rate
(Mohanty and Gruzleski, 1995). The TiB, inclusions are instead pushed to the grain bound-
aries during solidification, indicating a lack of wetting. Thus despite the low disregistry other,
presumably chemical, parameters prevent the wetting, and hence nucleation, of aluminium on
TiB,.

The addition of an excess of Ti together with the boride, on the other hand, stimulates
nucleation on particles, even if the surplus of Ti is minute. Microscopy revealed Al;Ti growing
on TiB, inclusions at the centre of grains, indicating a two-stage process. It appears that
Al;Ti first nucleates on the boride, with aluminium then forming on Al;Ti.

Crystallographic calculations have shown that a low mismatch of 3.8% exists between
fcc aluminium and tetragonal Al;Ti on (111) and (112) planes respectively (Hashimoto et
al. 1983). This has been confirmed experimentally by embedding boride particles in a glassy
aluminium matrix to observe the nucleation process (Schumacher et al. 1998). TEM revealed
that aluminium nucleates on the basal faces of TiB, particles coated with Al;Ti. Well defined
crystallographic orientations were recorded, with {0001}, || {112} 5,,1; || {111}, These
results imply that unlike TiB,, Al;Ti promotes wetting by aluminium.

Further evidence that Al;Ti is the nucleating agent for aluminium is provided by the
microstructures of master alloy additions themselves, in which TiB, particles are usually con-
fined to the grain boundaries, whereas Al;Ti particles are frequently found in grain centres
(Schumacher et al. 1998). Thus the intermetallic is more active in catalysing solidification of

the master alloy than the boride.
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Fig. 3.14 - Results of MTDATA calculations showing Al;Ti and TiB, stabilites

in (a) master alloy and (b) commercial cast with master alloy addition.
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Fig. 3.15 - Effect of AT, on the columnar-to-equiaxed transition (Hunt, 1984).

logR A

Columnar

Py

log G '’

55



CHAPTER 3 - GRAIN REFINEMENT

AL, Ti can only lead to grain refinement, though, if it is present as a solid within the melt.
MTDATA calculations—phases and compositions in Tables 3.1 and 3.2—illustrate that for
the master alloy composition, Al;Ti is thermodynamically stable in liquid aluminium, even at
high superheats (Fig. 3.14a). A calculation using the composition of a typical cast to which
master alloy has been added, shows that Al;Ti may not survive in the melt (Fig. 3.14b).
However, extensive grain refinement is nevertheless achieved. In such cases the presence of the
insoluble boride is critical, because Al;Ti can be preserved on the basal planes of TiB, outside

its equilibrium range of stability, and hence remain present to nucleate aluminium.

Table 3.1 - Phases included in MTDATA calculations on Al-Ti-B alloys.

Liquid Al Ti
fc-Al  TiB,

Table 3.2 - Compositions in wt% of Al-Ti-B alloys for MTDATA calculations.

Material Al Ti| B

Master alloy [tobal.| 5 1
Commercial cast | to bal. | 0.2 ]0.04

Dramatic grain refinement of aluminium welds via the same mechanism has also been
reported when the sheet and welding consumables contained the required levels of Ti and B

(Ganaha et al. 1980).
3.3.6 - Grain refinement of ferrite

The grain refinement of ferrite by heterogeneous nucleation on particles present in the liquid
has been extensively studied. Bramfitt (1970) investigated the nucleating effects of a series
of carbide and nitride inoculants on pure iron by measuring the degree of undercooling that
occurred during solidification, AT,. By definition, a low activation energy corresponds to a
potent nucleant and a small level of undercooling before solidification is initiated. Fig. 3.15
shows the effect of AT, on the ease of achieving a columnar-to-equiaxed transition.

Six compounds were found to stimulate grain refinement, with the extent of the refinement
correlating with the undercooling—TiN, TiC, SiC, ZrN, ZrC and WC in decreasing order of

effectiveness. If wetting is assumed then only structural aspects of the inoculants contribute to
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the nucleation barrier—i.e. in accordance with the theory of Turnbull and Vonnegut (1952)—
hence Bramfitt plotted AT, as a function of the disregistry.

With the exception of the results for WC, a parabolic trend was observed (Fig. 3.16).
However, Bramfitt noted that the basic disregistry equation (Equation 3.14) can only account
for interfaces between planes of similar atomic arrangement, in this case (111);_g, || (0001)yc.
If the most closely-packed plane of ferrite is considered instead, i.e. (110)5_p, || (0001)yc,
then although the atomic arrangements are dissimilar, a better fit arises.

To take account of this, Bramfitt modified the disregistry calculation such that the mis-
matches along the three lowest index direction combinations within a 90° quadrant of the two
interfacial planes are averaged, with a cos term included to resolve any angular differences.

The planar disregistry can thus be written as

3 . .
(hk)m _ N~ | (d[uvw];, cos§ — dluvw]y)| | 100
Sk = X_; dwva]l X = (3.15)
where:- 6((:::));" = Disregistry between substrate and solid in %

(hkl),, = A low index plane of the substrate
(hkl), = A low index plane of the solid

[uvw],, = A low index direction in (hkl),,

[uvw], = A low index direction in (hkl),
d[uvw],, = The interatomic spacing along [uvw),,
d[uvw], = The interatomic spacing along [uvw],

6 = The angle between [uvw],, and [uvw],

The planar disregistry between ferrite and WC gives a mismatch of 12.7%, compared with the
unmodified value of 29.4%. The modified result fits with the parabolic trend (Fig. 3.16).
Bramfitt’s experiments also highlight the need for substrates to remain solid in the melt
in order to act as nucleation sites. For example, although disregistry values of <1% imply
that V,C; and VN should be very potent nucleation catalysts, additions of these compounds
yielded no grain refinement for the simple reason that they both completely dissolved in the

liquid iron.
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Fig. 3.16 - Variation in AT, as a function of disregistry. When the
disregistry calculation is modified to account for dissimilarities in

atomic arrangements WC fits the parabolic trend (Bramfitt, 1970).
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Fig. 3.17 - Phase boundaries at 1800K for the steels used by Heintze
and McPherson (1986) showing that TiN, but not TiC, could survive in
the melt. Squares represent the alloy compositions. Solubility data for TiN

and TiC from Morita and Kunisada (1978) and Sumito et al. (1981) respectively.
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Ostrowski and Langer (1979a) reported the effectiveness of Ti additions in grain refining
casts of single phase ferritic stainless steels. Electron microscopy coupled with microanalysis
revealed the presence of TiN inclusions at the centres of refined grains. Bramfitt had attributed
the nucleating potency of TiN to its low disregistry of 3.9% with ferrite between parallel
(100) planes. However, TEM investigations showed a predominant {311}s_p, || {100} 1;n»
< 110 >;_p|l< 010 >,y orientation relationship to exist (Ostrowski and Langer, 1979b).
The planar disregistry for this arrangement has an even lower value of 3.53% thus explaining
its occurrence.

TiN particles have also been found at grain centres in refined ferritic stainless steel welds
containing Ti. Identical additions to fully austenitic stainless steel welds did not generate
refinement. Ti-alloyed austenitic welds solidifying to a mixture of é-ferrite and austenite,
however, displayed an equiaxed d-ferrite structure whilst austenite grains remained columnar
(Heintze and McPherson, 1986).

Calculation of the planar disregistry between austenite and TiN for numerous orientation
relationships shows it to be large in each case. Consequently, whilst the nucleation of ferrite
on TiN is facilitated by close lattice matching, nucleation of austenite is precluded for the
opposite reason.

Villafuerte and Kerr (1990b) confirmed that only é-ferrite is refined by TiN in dual phase
austenitic welds. In such steels austenite begins to form at the §-ferrite/liquid interface and
grows via a solid state diffusion controlled process (Leone and Kerr, 1982). This suggests that
refinement of the primary d-ferrite phase would lead to refinement of the secondary austenite
phase. However, it appears that austenite can bridge the gap between é-ferrite grains without
having to renucleate.

The need for potential nucleants to have low solubilities has been reiterated by the work
on stainless steels. For example, Bramfitt’s results showed that it is also possible to effectively
nucleate ferrite on TiC. However, Heintze and McPherson (1986) found no carbide inclusions in
their refined welds. Unlike the case for the nitride, the concentrations of Ti and C in the alloys
used were too low for TiC to remain thermodynamically stable in the melt, as demonstrated

by the solubility product plots in Fig. 3.17.
3.3.7 - Summary

The provision of solid impurity particles to increase the number of nucleation sites for a so-
lidifying melt has been shown to be an effective way of grain refining a number of alloys.

Magnesium, aluminium and ferrite are successfully nucleated from the liquid on Zr, Al;Ti
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and (in particular) TiN respectively. The potency of these nucleants results from close lattice
matching with the nucleating phase.

The level of additions must be such that particles are thermodynamically stable and thus
remain solid in the melt. For example, TiC can be a potent nucleant for ferrite, but only if the
Ti and C contents of the steel are high enough to permit the survival of carbide particles above
the melting point. Refinement of commercial aluminium alloys requires a dual addition of Ti
and B, so that the necessary Al,Ti nucleants are preserved outside their equilibrium range of
stability on co-existing TiB, particles.

However, it must be remembered that the refining potential of an inoculant satisfying the
disregistry and solubility criteria can still be complicated by other factors. TiB, meets both
criteria with respect to aluminium, yet fails to provide grain refinement, and the refining action
of Zr on magnesium alloys can be disrupted by the presence of other alloying elements and

oxidation reactions.
3.4 - Summary

The grain refinement of austenitic stainless steel welds may be achieved by increasing the
number density of crystals in the liquid ahead of the solidification front. This has previously
been attempted by using dynamic stimuli to fragment the solidifying interface. Whilst some
successful results were achieved, the necessary operating parameters were heavily dependent
on material and weld geometry.

In contrast, the grain refinement of magnesium, aluminium and fully ferritic stainless
steel welds can easily be achieved by the provision of Zr, Al;Ti and TiN inclusions respectively
to increase the number of heterogeneous nucleation sites within the solidifying melt. The
effectiveness of these nucleants is primarily attributed to their close lattice matching with the
nucleating phase and their low solubility in the molten alloy.

The aim of this project may thus be achieved if a potent nucleant for austenite during

solidification can be established.
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4.1 - Introduction

We have seen that Zr, Al;Ti and TiN are potent nucleants for magnesium, aluminium and
ferrite respectively, as they satisfy the criteria of having low lattice mismatches with the nu-
cleating phase and being thermodynamically stable in the molten alloy. The disregistry and
solubility calculations necessary to quantify these criteria are relatively easy to perform. Thus
investigation of these properties for an extensive series of compounds with respect to austenitic
stainless steels would be a sensible first approach to finding an effective heterogeneous nucleant
for austenite.

Whilst it is fully appreciated that other factors can reduce the potency of nucleants meet-
ing the two criteria, a complete prediction of all possible interactions would in practise be
extremely difficult to achieve. Consequently, no account of this is made in the selection proce-
dure presented below.

The selection of appropriate grain refining inoculants was conducted in two stages. Firstly,
the disregistry of compounds with austenite was calculated. Secondly, the thermodynamic
stability in molten steel of those exhibiting a low mismatch was examined.

The compounds investigated were a series of borides, carbides, nitrides and oxides of B,
Al Si and the elements in transition metal groups IV, V and VI, with the exception of Cr,
compounds of which are known to be undesirable in austenitic steels (Clark and Brown, 1973;
Clark et al. 1973; Greenwood, 1973; Rochow, 1973; Rollinson, 1973; Wade and Banister, 1973).
The majority of these compounds have not previously been studied within austenitic stainless
steels.

Compounds for investigation had to fulfil two initial stipulations. As solid crystal particles
are required to act as nucleants, the melting point of had to exceed that of the steel (AISI
308592 : T,,=1440°C from Fig. 2.8). The compounds were also required to have cubic or
hexagonal crystal structures at the steel melt temperature where nucleation must occur. The
limitation on crystal system was imposed as cubic and hexagonal symmetries are closest to
that of austenite, and hence more likely to give the required lattice match. The compounds

investigated are listed in Table 4.1.
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Table 4.1 - Compounds for which disregistry and solubility calculations

were performed with respect to austenitic stainless steels.

Element | Boride ] Carbide | Nitride | Oxide

Al | aB,| A,c | AN |ALO,®
Si — | sic |si;N®) si0,©

Ti | TiB,| Tic | TiN | —
7zt | zB,| z:c | ZN | Z0,@
uf | umB,| HfC | HIN | HfO,¥
v | vB,| vc | wN —
Nb | NbB,| NbC | NbN | —
Ta TaB, TaC TaN —
Mo — Mo,C | Mo,N —
w — | we | wpN| —

a) 0-AlgOg. Other forms of alumina, e.g. v, 9, 7, X etc. are hydrated phases which revert to the anhydrous (¢ form

upon heating above 1100 °C (Cawley and Lee, 1994).

b) ,B-Si3N4. Commercial SigN, is supplied as a mixture of & and ,3 Q¢ is a defect structure which transforms

irreversibly to ,3 on annealing above 1400 °C (Hampshire, 1994).

c) On heating SiO, follows the transformation sequence (Q-quartz— ﬂ-qu&rtz—) ﬂ-tridymite—-) ,B-cristobalite. At

the steel melt temperature, SiO4 exists as ﬂ-cristobalite which has a cubic structure (Bragg and Claringbull, 1965).

d) Pure ZrOy and HfO5 both follow the structural transformation sequence monoclinic—tetragonal—cubic when
heated (Cawley and Lee, 1994). At the steel melt temperature pure ZrOy would have a tetragonal structure and pure
H{O, would be monoclinic. However, it has long been established that the cubic structure of ZrO4 can be stabilised
throughout the solid state by the addition of Y903 (Scott, 1975), and the same effect has recently been reported for

HfOq (Lakhlifi et al. 1995). Cubic forms of both compounds are now commercially available.

4.2 - Disregistry calculations

4.2.1 - Introduction

The disregistry between austenite and each compound in Table 4.1 was calculated for low index

orientation relationships. Where planes of similar atomic arrangement were involved, the basic
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disregistry equation (3.14) was used. Conversely, if atomic arrangements were dissimilar, the
modified planar disregistry equation (3.15) was employed. Throughout the discussion presented
below, the terminology is defined as follows: d=disregistry in %, a=lattice parameter, and the
subscripts m and s refer to the substrate and nucleating solid, i.e. austenite, respectively. The
necessary lattice parameters for austenite and each compound were obtained from the JCPDS

Metals and Alloys Data Book (Weissmann et al. 1978).
4.2.2 - Matching cubic substrates to fcc austenite

For fcc substrates, disregistries with austenite were calculated for two orientation relationships,
both of which only required use of the basic disregistry equation. The second case differs from
the first in that a 45° rotation about the parallel [100] axes is made, which is accounted for by
the introduction of a v/2 term. Thus for (100),, || (100),, [001],, || [001],

5= lam =l 109 (4.1)

as

and for (100),, || (100),, [011],, || [001],

6=

|(a‘m/\/a§) _ a’sl % 100 (4.2)

For bcc substrates, disregistries were calculated for the two orientation relationships stated
above, and a third whereby the close-packed planes and directions of the substrate and solid
were parallel, i.e. (110),, || (111),, [110],, || [T10],. Fig. 4.1 shows a diagram of this interface
illustrating a dissimilarity in atomic arrangements. Consequently the lattice mismatch for this
orientation relationship was calculated using the planar disregistry equation (3.15).

The interatomic spacings d[uvw] required by the planar disregistry equation were deter-
mined from lattice parameters using formulae derived by inspection of numerous directions on

(100) and (110) projections of fcc and bec lattices. In fec crystals, if u + v 4+ w is odd then

dlvvw] = avu? 4 v? + w? (4.3)

If u+ v+ wis even then
P .

dluvw] = 5

(4.4)

In bee crystals, if u,v and w are all odd or all even, Equation 4.4 applies, whereas if u,v and

w are mixed odd and even, Equation 4.3 is valid.
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Fig. 4.1 - Lattice matching between bce (110) and fec (111) planes.
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Fig. 4.2 - Lattice matching between hexagonal (0001) plane
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4.2.8 - Matching hezagonal substrates to fcc austenite

For hexagonal substrates, disregistries were calculated for three orientation relationships in-
volving the close-packed (0001) substrate plane. The basic disregistry equation was sufficient

for (0001),, || (111),, [1210],, || [T10], such that

5= |a,, — d[110],] « 100 = |am\/§—as
d[110], a,

The two remaining orientation relationships shown in Fig. 4.2 involve dissimilar atomic ar-

x 100 (4.5)

rangements, hence require use of the planar disregistry equation (3.15). Interatomic spacings
within the (0001) hexagonal plane are a along < 1120 > directions and av/3 along < 1010 >

directions.
4.2.4 - Ezamples of disregistry calculations

The following cases illustrate calculations using basic and planar disregistry equations. It
should be noted from the second example that interatomic spacings were sometimes given
as multiples, i.e. if only every second nucleus atom in a direction [uvw], coincided with a

substrate atom, then 2d[uvw], was used in the calculation (Ostrowski and Langer, 1979b).
i) Substrate and nucleating solid have similar atomic arrangements

Disregistry between NbC and austenite for the orientation relationship (100)y,c || (100).,,
[011]npc | [001],.

Austenite (v) : fcc, a=3.60 A
NbC : fec, a=4.47A

From Equation 4.2, § = (M%go_&fﬂ) x 100 = 12.2%

ii) Substrate and nucleating solid have dissimilar atomic arrangements

Disregistry between HfB, and austenite for the orientation relationship (0001)ygm, || (100).,,
[1210] g, || [011].,. The required data are summarised in Table 4.2.

Austenite (v) : fcc, a=3.600 A
HfB, : hexagonal, a=3.143 A, c=3.476A

. 3.413-2.546| |, [3.036—3.600] , |5.444—5.092
From Equation 3.14, § = (I 1S | 4 B3 =500 L4 | 5555 I) x 180 = 15.3%
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Table 4.2 - Data for substitution into Equation 3.15.

[wvwlyg, | [uvw], | duvw]ym, (A) d[uvw],y(A) 0(°) | dluwvw]ym, cos 0(A)
[12i0] | [o11] 3.143 2.546 0 3.143
@110] | [001] 3.143 3600 | 15 3.036
[o10] | [011] 5.444 25002 | O 5.444

4.2.5 - Results of disregistry calculations

Compounds exhibiting disregistries with austenite of less than 10% were deemed to have satis-
fied the lattice matching criterion necessary for a potent nucleant. This was the case for eight
of the compounds from Table 4.1. These compounds, their lowest disregistry with austenite,

and the corresponding orientation relationship are given in Table 4.3.

Table 4.3 - Compounds exhibiting low disregistries with austenite.

Compound Lattice type | Disregistry (%) Orientation relationship

HfC fec 8.84 (100),, || (100),, [011],, || [001],

BN hex 1.63 (0001),. || (111),, [T210],, | [T10],

B-SiN, hex 0.45 (0001),. || (111),, [1210],, || [T10],

TaN hex 1.96 (0001),. || (111),, [T210],, || [T10],

a-Al, 0, hex 6.54 (0001),, || (111),, [1210],, || [110],
Cubic-HfO, fec 0.37 (100),. || (100),, [011],, || [001],
Si0, (B-cristobalite)]  fec 0.97 (100),., || (100),, [001],, || [001],
Cubic-ZrO, fce 0.02 (100),, || (100),, [011],, || [001],

4.3 - Solubility calculations
4.3.1 - The solubility product

The thermodynamic stability of a compound within liquid steel can be described by a tem-
perature dependent equilibrium solubility product (Gladman, 1997). When a compound M X,
where M is a metal and X is an interstitial, becomes unstable in liquid steel at a temperature,

T, it dissolves and goes into solution such that

MXsolid + Feliquid = (Fe‘) M’ X)solution (46)
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The compound thus breaks down according to the reaction
MX+=M+X (4.7)

z)r and zy represent the concentrations of M and X dissolved in the liquid steel. The
equilibrium constant for the reaction is thus
f= M 0x (4.8)
Gpx
where a,;, ax and a5 are the activities of the three species. The equilibrium constant, k, is
referred to as the solubility product. a,, and ax can be expressed in terms of the elemental

concentrations and activity coefficients, v, to give

Gy =TTy and axy = 75Ty (4.9)

If it is assumed that the activity coefficients ,, and vy are equal to unity (Atkins, 1994), and

given that the activity of the pure compound M X is also unity, Equation 4.8 becomes

The convention within ferrous metallurgy is to express z,, and zx as weight percentages.
This is acceptable for the majority of situations in which such solubility products are used,
namely the field of microalloyed steels, whereby z,, is very low and M X compounds subject
to comparison (e.g. Ti, V, Nb carbides and nitrides) have similar molecular weights. In this
study, however, species with widely differing molecular weights (e.g. BN=24.8, Hf0,=210.5)
present in higher concentrations had to be compared, thus z,, and zyx were expressed as
atomic percentages.

The temperature dependence of the solubility product can be described by an Arrhenius

relationship

Ink = —(Q/RT) +¢ (4.11)
or log,ok =—(Q/2.303RT) + ¢/2.303 (4.12)

where @ is the heat of dissolution of M X, R is the gas constant and c is a constant. Equations

of this form are usually condensed to
logk = —A/T + B | (4.13)

where A and B are constants for a given system.
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From such equations it is possible to construct the boundary between the liquid single
phase region and the liquid+MX two phase region for the ternary system Fe-M-X over a
range of temperatures. Fig. 4.3 shows that as the temperature increases within a given
system, M X has a higher tendency to dissolve. Two hypothetical compounds are compared

in Fig. 4.4, with M X1 less soluble in liquid steel than M X2.
4.3.2 - Calculation of solubility products

The solubility product in liquid steel was not available for many of the compounds investigated.
Solubility products for M X compounds in liquid alloys can be determined from sets of isother-
mal experiments in which the relative amounts of dissolved M and X and precipitated M X
are measured (Morita and Kunisada, 1978; Sumito et al. 1981). Such methods are difficult
and time consuming to perform.

Alternatively, thermodynamic calculations of the solubility product can be made. The
existence of programs such as MTDATA capable of interpreting thermochemical data greatly
simplifies this task (Section 2.3.1). MTDATA also offers a further advantage. “By hand” cal-
culations are generally limited to Fe-M-X ternary systems (Inoue et al. 1998). The solubility
of species in heavily alloyed steels, e.g. austenitic stainless, can be significantly different. For
example, the solubility limit of nitrogen in pure iron melted under atmospheric pressure is
only 0.04at%. Alloying with 18 wt% Cr and 18 wt% Mn increases this to 0.6at% N (Stein and
Menzel, 1995). MTDATA can account for such effects in multi-component systems.

The temperature dependent equilibrium solubility products in liquid austenitic stainless
steel for the eight compounds satisfying the low disregistry criterion (Table 4.3) were thus

estimated from MTDATA outputs via the following method, which uses TaN as an example:

Stage 1: The austenitic character of the steel was accounted for by calculating TaN solubility
in a (Fe-20Cr-10 Ni at%)-Ta-N pseudo-ternary system. Liquid and TaN phases were allowed

to coexist.

Stage 2: To act as nucleants, the compounds need to be stable within the liquid ahead of the
solidifying interface. Solubility was thus determined over the temperature range 1900-1750 K

using 1K intervals.
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Fig. 4.3 - Temperature dependence of the liquid/liquid+M X
phase boundary for the ternary system Fe-M-X.

T2>T1

xM/at%

xX/ at%

Fig. 4.4 - Relative thermodynamic stabilities of two different compounds

at a temperature T. (a) M X1 is less soluble than (b) MX2.
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Stage 3: Ta and N concentrations were systematically adjusted such that TaN first formed
at some point between 1800-1750K. The compositional inputs and corresponding MTDATA
outputs are shown in Tables 4.4 and 4.5. The liquid/liquid+TaN phase boundary for steel of
this composition occurred at 1792 K whereby k=z, zx=[0.3][0.3]=0.09 (Fig. 4.5).

Table 4.4 - Steel compositions from Stages 3 and 4 in at%.

Fe |Cr]NiJTa| N

Stage 3: to bal.|20]10}0.3]10.3
Stage 4: to bal. |} 20]10]0.410.4

Stage 4: Ta and N concentrations were increased such that TaN first formed within the higher
temperature range 1900-1850 K. The subsequent compositional inputs and MTDATA outputs
are given in Tables 4.4 and 4.5. The liquid/liquid+TaN phase boundary for steel of this
composition occurred at 1877 K whereby £=0.16 (Fig. 4.5).

Table 4.5 - Segments of MTDATA output from Stages 3 and 4
at the liquid/liquid+TaN phase boundary.

Temp/K | Liquid/mol% | TaN/mol%

Stage 3: 1794 100 0
1793 100 0
1792 99.9998 1.96E-4

1791 99.9996 3.87E-4

Stage 4: 1879 100 0
1878 100 0
1877 99.9999 8.43E-5
1876 99.9997 3.20E-4

Stage 5: The gradient and intercept from a linear plot of logk vs. 1/T using data from
Stages 3 and 4 gave the constants A and B required by Equation 4.13. Thus the temperature
dependent equilibrium solubility product in at% of TaN in liquid austenitic stainless steel over

the temperature range 1900-1750K was found to be:

logk = (—9939/T) + 4.5 (4.14)
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Fig. 4.5 - MTDATA calculated liquid/liquid+TaN phase boundaries
for (Fe-20 Cr-10Niat%)-Ta-N as a function of temperature.
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Fig. 4.6 - Solubility products in at% of BN, HfC, Si;N, and TaN in molten austenitic

stainless steel as a function of temperature, compared with that of TiN.
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To gauge the relative thermodynamic stabilities of the compounds, solubility products
were compared with that of TiN (calculated via the same method), known from the literature
(Section 3.3.6) to exhibit low solubility in molten stainless steel.

However, it must be remembered that MTDATA calculations deal only with thermody-
namics. For example, whilst particles added to a molten alloy may be thermodynamically
unstable, if the liquid solidifies rapidly, e.g. weld pool solidification, there may be insufficient

time for complete dissolution to occur, in which case they may be able to act as nucleants.
4.3.8 - Results of solubility calculations

The four oxides from Table 4.3 were found to be insoluble over the temperature range 1900-
1750 K, hence solubility products were immaterial. The temperature dependent equilibrium
solubility products in liquid austenitic stainless steel for the four other compounds are listed
in Table 4.6, along with the benchmark value for TiN. A graphical representation illustrates
more clearly the relative thermodynamic stabilities of these compounds (Fig. 4.6). BN and
Si;N, are thus shown to have high solubilities, whereas HfC and TaN have low solubilities

comparable with that of TiN.

Table 4.6 - MTDATA calculated solubility products in at%.

Compound Solubility
BN logk = (—5142/T) + 3.4
HfC log k = (—14929/T) + 6.0
SizN, | logk = (-2079/T)+ 2.7
TaN logk = (—9939/T) + 4.5
TiN logk = (—-13630/T) + 6.2

4.4 - Summary

Of the 34 compounds initially selected for investigation with respect to austenitic stainless
steels (Table 4.1), eight satisfied the lattice matching criterion, i.e. disregistry with austenite
of less than 10% (Table 4.3). Of these, six also fulfilled the low solubility requirement: a-
Al, O3, cubic-HfO,, SiO, (#-cristobalite), cubic-ZrO,, HfC and TaN. Hence these compounds
were predicted to be potent nucleants for austenite, theoretically capable of producing grain

refinement upon addition to austenitic stainless steel welds.
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BN and Si;N,, whilst exhibiting low disregistries with austenite, are highly soluble. Ex-
cessive additions would be required for any chance of successful refinement, which would be
likely to have detrimental effects on weld properties. For example, for inoculant BN particles
to remain stable in the liquid at 1750K, an addition equivalent to 0.35wt% B is required,
the majority of which would be dissolved in the steel. Such levels of B would probably prove
disastrous in terms of weld cracking, the usual B content of austenitic welds being ~0.01wt%

in order to avoid this (Table 2.1).
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Chapter 5 - Single-pass welds : Part 1

5.1 - Introduction

To achieve the aim of this project it has been deemed necessary to establish a grain refining
addition for austenitic stainless steel that can eliminate continuous grain growth between suc-
cessive deposits in multipass welds. A selection procedure to identify compounds exhibiting low
disregistries and solubilities with respect to austenitic stainless steels predicted that a-Al, O,
cubic-HfO,, SiO, (B-cristobalite), cubic-ZrQO,, HfC and TaN should be effective nucleants for
austenite.

However, to make an initial evaluation of their grain refining potential, single pass welds
were inoculated with these compounds and compared with a control specimen. The validity of
the selection procedure was further examined by studying the effect of BN and Si; N, inoculants.
These two compounds fulfilled the low disregistry criterion, but were calculated to be soluble
in liquid steel. They should, therefore, not lead to grain refinement; indeed it is possible that
their dissolution may have detrimental effects on weld quality.

The welding experiments presented below—and those in subsequent chapters—were car-

ried out at TWI, Abington, Cambridgeshire.
5.2 - Experimental design
5.2.1 - Inoculant addition

Direct additions were made to welds by mixing inoculant powders with acetone to form a flux
which was painted over the plate to be welded. The acetone quickly evaporated leaving a thin
covering of inoculant.

The grain refining potencies of different inoculants should strictly be compared with the
number and size of added particles kept constant. Unfortunately, this was prevented by the
commercial availability of the necessary powdered compounds. The particle size and supplier

of each compound is given in Table 5.1.
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Table 5.1 - The particle size and supplier of inoculant powders.

Compound | Particle size (pm) Supplier

HfC 2 Sigma-Aldrich Co. Ltd.
BN 1 Sigma-Aldrich Co. Ltd.
SigN, 10 Sigma-Aldrich Co. Ltd.
TaN 5 Sigma-Aldrich Co. Ltd.
AL Oq 1 Alfa-Aesar

HfO, 1 ABCR-Gelest (UK) Ltd.
SiO, 10 Sigma-Aldrich Co. Ltd.
710, 1 Zirconia Sales (UK) Ltd.

Flux of suitable consistency was prepared by mixing 1cm® powder in 10 ml acetone. The
mass of each compound required was obtained from the room temperature density, pyggx (Table
5.2). To quantify the level of additions, tests were performed in which each flux was painted
over a given area of plate. The powder layer was then scraped off into a petri-dish with a razor
edge and weighed. This gave the mass of inoculant powder per unit area of plate covered, m,,.

The volume of inoculant powder per unit area of plate covered is thus given by

m
v, = —L (5.1)
P98k

Errors arose as the painting technique and occasional particle agglomerations prevented com-

pletely uniform coverage. The statistical error in v, is given by

2
1 (o
7 -5 (%) 52

where N is the number of measurements, o, is the standard deviation in v,, and T, is the
mean value of v,. The results, from ten measurements for each compound, are shown in Table
5.2. v, was approximately the same for each case (~ 2 X 1073 cm?3), thus despite differing
particle sizes, comparable additions of each inoculant could be made.
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Table 5.2 - Data quantifying the amounts of inoculant additions.
v, ~ 2 x 1073 cm? for each case showing that comparable additions

could be made. 7, is the mean value of m,, (Section 5.3.4).

CHAPTER 5 - SINGLE-PASS WELDS

m, (gcm™?)

v, (/1073 cm3)

Compound | pyeex (gcm™)
HfC 12.65
BN 2.29
SigN, 3.44
TaN 14.40
ALO, 3.97
HfO, 10.48
Si0, 2.65
ZrO, 6.20

0.028
0.004
0.008
0.030
0.008
0.020
0.006

0.012

22+0.1
1.8+0.3
23+03
2.0+0.1
2.0+0.2
1.9+£0.1
22+03
1.9+0.2

5.2.2 - Weld geometry and operating parameters

: PART 1

Coupons of austenitic stainless steel plate (composition in Table 2.1) were cut to 150 X 100 x

12mm and machined with a 3mm radius half-round groove along their length. Flux was

painted along the groove, which reduced the chance of inoculant being pushed or blown away

from the weld pool. Once the flux had been applied, a mechanised TIG unit was used to

complete the weld under the conditions given in Table 5.3 (Fig. 5.1).

Table 5.3 - Welding parameters for initial

single pass inoculation experiments.

Filler wire
Filler size
Wire feed speed
Electrode

Shielding gas

Gas flow rate

Current 200 A (d.c. negative)
Voltage 10V
Weld speed 100 mm min !
Heat input 0.72kJ mm™!

308592 (Table 2.1)
1.2mm (diam.)
0.55m mm™1!
2% thoriated tungsten

Argon

121 min~!

76



CHAPTER 5 - SINGLE-PASS WELDS : PART 1

Fig. 5.1 - Design of single-pass weld inoculation experiment.

TIG electrode

Filler wire ——» Completed deposit
Weld pool
Flux painted
along groove
12 mm <
6 mm 150 mm
- 100 mm -

Fig. 5.2 - Sections cut for optical microscopy. (a) Transverse
profile, (b) plan view 100 um below weld surface, (c) plan view

1 mm below weld surface and (d) section along the weld centreline.

EI Inoculated weld metal
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5.3 - Primary analysis techniques
5.3.1 - Optical microscopy

The weld microstructures were characterised by optical microscopy of up to four cross-sections;
transverse profile, plan view 100 um below the weld surface, plan view 1 mm below the weld
surface, and section along the weld centreline (Fig. 5.2). Samples were prepared and etched
to reveal the austenite grain structure following the methods outlined in Section 2.3.3. The

as-welded surface of each weld was also examined.
5.8.2 - Scanning electron microscopy

The presence of inoculant particles and other inclusions within weld deposits was verified by
examination of sections in a JEOL 5800LV scanning electron microscope (SEM). Light etching
allowed inclusions to be clearly observed in the secondary electron imaging mode. As-welded
surfaces were also studied in the SEM. Inclusions and weld surface slag are non-conducting,

hence specimens were gold sputtered to prevent charging within the microscope.
5.8.3 - Microanalysis

The chemical compositions of inclusions and weld surface slags, and the concentrations of
species dissolved in the steel matrix, were investigated using a NORAN VOYAGER energy
dispersive X-ray microanalyser (EDX) attached to the SEM. The system uses a windowless
detector which also permits identification of the light elements Be-Ne, Which cannot be detected
if a beryllium window is present. However, the precise quantification of the concentrations of
these elements is prevented by contamination, e.g. oxygen and nitrogen from the imperfect
vacuum, carbon from organic compounds present as grease or dirt on the specimen, and oxygen
from surface oxides on the specimen.

The concentrations of species dissolved within the matrix were determined from measure-
ments at 50 locations, with errors estimated by an expression of the same form as Equation
5.2. The microanalysis equipment, however, was not sensitive enough to detect the very small
concentrations of boron, carbon, nitrogen and oxygen. Where this was necessary, specimens
were sent to Bodycote Materials Testing Ltd. for analysis by inductively coupled plasma

spectroscopy (ICPS). The error quoted for such analyses was +10% of the measured value.
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Fig. 5.3 - Extraction replica preparation. (a) Inclusions in polished
specimen, (b) inclusions revealed by light etching and (c) inclusions

adhere to carbon film as steel matrix is subjected to further etching.

Inclusion Carbon film

C I
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Reliable determination of inclusion compositions was more difficult. The spatial resolution
of EDX is about 1um. Inclusions are often smaller than this, making overlap of information
with the matrix inevitable. Although the resolution can be enhanced by reducing the accel-
erating voltage and probe spot size, this can lead to insufficient X-ray emissions, particularly
from heavier elements.

Instead, inclusions were extracted on carbon replicas. Polished sections of weld metal
were lightly etched electrolytically in 10% HCI in methanol at 6 V d.c. This dissolved the steel
matrix but not the inclusions. Carbon films were deposited on the specimen surfaces using a
vacuum vaporising system. Coated samples were then subjected to further etching. The steel
matrix was heavily attacked whilst the inclusions adhered to the carbon film (Fig. 5.3). The

replicas were collected on aluminium stubs and gold sputtered prior to viewing in the SEM.
5.3.4 - Estimation of total inoculant addition in wt%

In a number of cases it was necessary to compare the measured concentrations of dissolved
species with the total inoculant addition to assess the extent of particle dissolution. For an
inoculant M X, the amount added to a weld as a weight percentage is given by

Tarx = # x 100 (5.3)

2

where m; is the mass of the inoculant, and m,, is the mass of the weld metal. Inoculant flux
was painted along the 0.3cm radius half-round groove of the plate to be welded. The area of

plate covered by inoculant in cm? is thus
» = 0.37l (5.4)
where [ is the length of the plate in cm. Hence

m; = A,m, = 0.3rim, (5.5)

where T, is the average mass of inoculant powder per unit area of plate covered in gcm ™2

(Table 5.2). The mass of the weld metal in grams is given by
m, = T.84,1 (5.6)

where 7.8 is the density of the weld metal in gcm—3, and A, is the transverse cross-sectional
area of the weld metal in cm?. A, was measured using a SEESCAN image analyser. Substi-
tution of Equations 5.5 and 5.6 into Equation 5.3 gives

_ 0.37m,
TMX = 784, +0.37m,

x 100 (5.7)
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The wt% additions of M and X from the inoculant flux are thus

Trrxd
wM__._MJL_M and zy4 =

TuxZx (5.8)
ZMX

ZMX

where Z,,, Zx and Z,,x are the relative masses of M, X and M X respectively.
5.4 - Results and discussion
5.4.1 - Control weld

Fig. 5.4 shows four cross-sections of the control weld. The microstructure is wholly columnar,
but with the unusual feature of a set of long, almost continuous grains along the weld centreline.
These azial structures have been previously observed, and their presence attributed to slow
welding speeds, whereby the weld pool has an elliptical shape (Ganaha et al. 1980; Li and
Brooks, 1998). The pool tail thus has a relatively flat surface from which grains can easily
grow parallel to the welding direction (Fig. 5.5). The as-welded surface of the control weld
was clean and free from slag, allowing the shape of the pool tail to be confirmed (Fig. 5.6).
SEM of the control weld revealed the presence of globular, sub-micron inclusions (Fig.
5.7). EDX investigation of these particles found them to have consistent compositions, rich in
Mn and S, with occasional traces of Fe, Cr and O (Table 5.4), indicating that they are most
likely to be impure MnS. This result is in agreement with thermodynamic calculations which

predict the existence of MnS (Section 2.3.2).

Table 5.4 - Typical measured composition in wt%

of a globular inclusion from the control weld.

Mn] S |Fe]Cr] O
61.4134.711.911.4]0.7

5.4.2 - Ozide inoculated welds

The welds inoculated with the oxides a-Al, O3, cubic-HfO,, SiO, (B-cristobalite) and cubic-
ZrQO, all exhibited similar characteristics. Transverse profiles and sections along the weld
centreline show the microstructure of each weld to be columnar, but with an absence of the

axial grains seen in the control weld (Fig. 5.8).
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Fig. 5.4 - Microstructure of the control weld. (a) Transverse profile,

(b) plan view 100 um below weld surface, (c) plan view 1 mm

below weld surface and (d) section along the weld centreline.

(d)
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Fig. 5.5 - Comparison of microstructures resulting from high and low
welding speeds. (a) At low welding speeds the weld pool is elliptical
and axial grains can grow from the pool tail. (b) The teardrop shaped

weld pool at high welding speeds prevents axial grain formation.
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Fig. 5.6 - As-welded surface of the control deposit.

Fig. 5.7 - SEM image of MnS inclusion within the control weld deposit.
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Fig. 5.8 - Microstructures of the oxide inoculated welds.
(a-b) a-Al,Oj, (c—d) cubic-HfO,, (e-f) SiO, (B-cristobalite)

and (g-h) cubic-ZrO, inoculated. Transverse profiles are on

the left and sections along the weld centreline on the right.
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(d)
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SEM and EDX showed that all of the welds contained globular MnS inclusions identical
to those of the control. However, only the cubic-HfO, inoculated weld contained inclusions
corresponding to the flux addition. Cuboidal particles about 1um in size composed of Hf,
Y, Zr and O (Table 5.5), were observed throughout the weld deposit (Fig. 5.9). Traces of Y
within the inclusions arose from the Y,0, additions used to stabilise the cubic allotrope of
HfQ,, and unless specially purified, all Hf compounds contain small amounts of Zr (Clark et

al. 1973).

Table 5.5 - Typical measured composition in wt% of a
cuboidal particle within the cubic-HfO, inoculated weld.

H |Y|Zr] O
81.313.510.5]14.7

No dissolved Al, Hf or Zr was detected during microanalysis of the steel matrix of o-
AL, O,, cubic-HfO,, and cubic-ZrO, inoculated welds respectively. The measured Si content of
the matrix in the SiO, inoculated weld was 0.40 4 0.03 wt%, which is the standard content of
the filler material (Table 2.1). These results verify the insolubility of the four compounds as
calculated in Section 4.3.3.

Each oxide inoculated weld was covered with a surface layer of slag (Fig. 5.10). The
texture was of a powdery crust for the a-Al, O, cubic-HfO,, and cubic-ZrO, inoculated welds,
whereas SiO, additions produced a hard, globular slag. The composition of the slag in each
case corresponded to the deliberate addition.

The absence of deliberate additions within the oxide inoculated weld deposits, either as
inclusions (except cubic-HfO,) or dissolved species, and the presence of slags correlating to
inoculants on deposit surfaces, show that the steel did not wet these oxides.

The lack of wetting suggests that the austenite/oxide interfacial free energies are high.
Thus the structural aspect of the interface, i.e. the lattice mismatch which was low in each
case, is not the controlling factor in defining the energy barrier to nucleation (Section 3.3.3).

Theory proposed by Tiller and Takahashi (1969) suggests an additional contribution to
interfacial free energy which explains the inability of steel to wet the oxides in question. If
two different materials are brought together to form an interface, the initial electrochemical
potential of each is different. Therefore charge must flow into the regions either side of the

interface to balance this, creating charged electrostatic layers.
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Fig. 5.9 - SEM image of a cuboidal inclusion within the cubic-HfO, inoculated

weld. Microanalysis showed it to correspond to the deliberate addition.

Fig. 5.10 - As-welded surfaces of (a) a-Al,O,, (b) cubic-HfO,,
(c) SiO, (B-cristobalite) and (d) cubic-ZrO, inoculated deposits.
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The solid/substrate interfacial free energy, 7y, can thus be partitioned into structural,

7v,t» and electrostatic, v,;, components:

Ysam = Vst + Vel (5.9)

7, is always positive and refers to the increase in free energy from strain/dislocations at the
interface as a result of lattice mismatch. v, is always negative and refers to the reduction in
free energy due to the redistribution of charge at the interface.

The oxides Al,O;, HfO,, SiO, and ZrO, are all excellent insulators, with electrical resis-
tivities in the order of 107108 ohmcm at the steel solidification temperature (Ryshkewitch,
1960; Brook, 1991). Because of this, charge cannot easily flow across the austenite/oxide inter-
face. The magnitude of v,, is thus very small, hence 7, is not favourably reduced. Therefore
despite the oxides’ close lattice matching with austenite, the energy barrier to nucleation re-
mains high. Consequently the oxide inoculants could not act as nucleation sites and the weld
microstructures remained columnar and unrefined.

However, the use of oxide flux did alter the solidification structure by eliminating axial
grains. Therefore the flux must have affected the shape or stability of the weld pool tail from
which axial grains would otherwise grow.

The cubic-HfO, inoculated weld was anomalous in that it contained inclusions pertaining
to the deliberate addition. The cross-section along the weld centreline (Fig. 5.8d) and the
as-welded surface (Fig. 5.10b) show the deposit to be very uneven. This indicated that cubic-
HfO, flux destabilised the welding arc and thus severely disturbed the weld pool. The ensuing
agitation most likely led to the entrapment of some cubic-HfO, particles within the deposit.
However, no explanation for the exclusiveness of this effect to cubic-HfO, flux can be made
from these experiments.

The anomalous appearance of the slag on the SiO, inoculated weld can be explained by a
more detailed consideration of silica chemistry (Rochow, 1973). At the steel melt temperature,
the equilibrium form of Si0, is B-cristobalite. This allotrope is fcc and exhibits a low disregistry
with austenite of 0.97%, hence its selection as a potentially effective nucleant. However, the
phase transformation to B-cristobalite is sluggish, and if SiO, is heated rapidly, it melts as
B-quartz at around 1550°C. On rapid cooling liquid SiO, solidifies to a vitreous mass. The

thermal conditions during welding were conducive to this, hence glassy SiO, weld slag was

formed (Fig. 5.10c).
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5.4.8 - BN inoculated weld

Fig. 5.11 shows four cross-sections of the BN inoculated weld. The microstructure is columnar
and unrefined, although the extent of the axial character is greatly reduced compared with the
control weld. The most significant feature, though, is the cracking along the weld centreline,
which can be seen from the as-welded surface, which was clean and free from slag (Fig. 5.12).
Higher magnification microscopy of an etched specimen shows the cracks to be inter-dendritic
(Fig. 5.13).

The only inclusions detected by SEM and EDX were globular MnS, as common to all
the welds examined thus far. The measured concentrations of dissolved B and N were 0.09 +
0.01 wt% and 0.11 4 0.01 wt% respectively.

Using the method from Section 5.3.4, the additions from the inoculant flux were estimated
to be 0.08wt% B and 0.11wt% N. The weld metal also inherently contains 0.0009wt% B and
0.02wt% N (Table 2.1), giving a theoretical total composition of 0.0809wt% B and 0.13wt%
N if all B and N is in solution.

Allowing for errors in flux coverage and the ICPS technique, the measured concentrations
of B and N are thus consistent with complete dissolution of the BN inoculant within the steel.
Substitution of the measured concentrations (equivalent to 0.45at% B and 0.44 at% N) into the
temperature dependent solubility product equation for BN in liquid steel (Table 4.6) confirms
that with this level of addition, BN particles should not be stable in the melt. The B content
of the weld pool was thus ~ 90 times higher than that of the control weld. Such concentrations
inevitably lead to solidification cracking, as was observed.

The experiment thus verifies the predictions made in Chapter 4; complete dissolution
of BN, the consequent absence of nucleation sites and hence lack of grain refinement, and

detrimental effects on weld quality as a result of dissolved species.

89



CHAPTER 5 - SINGLE-PASS WELDS : PART 1

Fig. 5.11 - Microstructure of the BN inoculated weld. (a) Transverse profile,

(b) plan view 100 ym below weld surface, (c) plan view 1 mm

below weld surface and (d) section along the weld centreline.
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Fig. 5.12 - As-welded surface of the BN inoculated deposit.

2 mm

Fig. 5.13 - Magnified view of crack in the BN inoculated weld.

91



CHAPTER 5 - SINGLE-PASS WELDS : PART 1

5.4.4 - SigN, inoculated weld

The four cross-sections of the Si; N, inoculated weld show an equiaxed microstructure indicative
of extensive grain refinement (Fig. 5.14). The as-welded surface was clean, even, free from slag
and displayed an elliptical pool tail shape (Fig. 5.15). Therefore the absence of a columnar
axial structure was not a result of Si;N, flux disrupting the shape or stability of the weld pool
tail.

However, comparison of the transverse profiles of the control and SizN, inoculated welds
show an increase in the depth-to-width ratio as a result of the flux addition (Figs. 5.4a and
5.14a). Whilst it is generally assumed that extreme changes in weld pool shape are required
to promote spontaneous columnar-to-equiaxed transitions (Davies and Garland, 1975), never-
theless an experiment was performed to verify that this was not occurring here.

A further weld was made using identical conditions (Table 5.3), but with an activating
flux applied (Table 5.6), a method better known as A-TIG welding (Lucas and Howse, 1996;
Paskell et al. 1997). Activating fluxes increase weld penetration, but are not incorporated into

the deposit (Section 6.2).

Table 5.6 - Composition of the activating flux.

Compound Proportion
Titania (TiO,) 70%
Titanium powder (Ti) 15%
Chromium (III) oxide (Cr,05) 10%
Sodium fluoride (NaF) 5%

The transverse profile of the A-TIG weld shows enhanced penetration, and hence a similar
shape to the Si;N, inoculated deposit (Fig. 5.16a). Further cross-sections confirm that the
A-TIG weld microstructure remained entirely columnar with an axial character akin to the
control (Fig. 5.16b—d). Thus a change in weld pool shape could not have caused the observed
refinement.

It was therefore postulated that Si;N, inoculant particles must have acted as nucleants,
despite thermodynamic calculations which predict the compound to be extremely soluble (Sec-
tion 4.3.3). SEM and EDX analyses were performed to search for such inclusions. However,

extensive study of lightly etched cross-sections revealed only MnS inclusions.
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Fig. 5.14 - Microstructure of the Si;N, inoculated weld. (a) Transverse profile,
(b) plan view 100 um below weld surface, (c) plan view 1 mm

below weld surface and (d) section along the weld centreline.

(d)

Fig. 5.15 - As-welded surface of the SigN, inoculated deposit.
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Fig. 5.16 - Microstructure of the A-TIG weld. (a) Transverse profile,

(b) plan view 100 um below weld surface, (c) plan view 1 mm

below weld surface and (d) section along the weld centreline.

i 1
2 mm §

Fig. 5.17 - SEM image of fractured section of the SizN, inoculated

weld. MnS inclusions only are located in cusps.
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The measured concentrations of dissolved Si and N were 0.59 + 0.03wt% and 0.14 +
0.02wt%. The theoretical Si and N contents of the steel assuming complete dissolution of
Si;N, inoculant were estimated using the method from Section 5.3.4 and the filler material
composition (Table 2.1), and found to be 0.64 wt% and 0.17 wt% respectively.

These results suggest that some Si and N remained bound as SizN, particles. However, if
the nucleation efficiency was very high, few particles would be required to produce significant
refinement. Consequently, the chance of finding nucleant particles in a random two-dimensional
section would be low. This is in accordance with initial SEM observations.

Samples of SigN, inoculated weld metal were thus fractured in tension. Failure tends to
initiate at inclusions, revealing a greater number of particles for examination. However, again
only MnS inclusions were found (Fig. 5.17).

A method was then attempted whereby the steel matrix was electrolytically dissolved
in 10% HCI in methanol at 4+1.5V potential with respect to a platinum cathode (Gill and
Gnanamoorthy, 1982). Filtration of the solution through a fine glass fibre mesh was used to
collect any insoluble inclusions. However, no particles were apparent from SEM examination
of the filters. The mesh size was 0.7 um, whereas nucleant particles may have been smaller.
The absence of extracted MnS inclusions could certainly be accounted for by this, as they
were typically <0.5um in diameter. Future tests involving centrifuging the solution would
be required to check for the presence of the smallest particles. Another possibility is that
the electrochemical conditions used may have also led to inclusion dissolution, in which case
alternatives need to be sought.

The lack of success in finding nucleants prompted an experiment which provided indirect
evidence that grain refinement occurred by nucleation on Si;N, inoculant particles. If nucleants
were present within the refined weld, successive remelting would facilitate their dissolution
thereby eliminating the equiaxed structure and raising the concentrations of dissolved species
(Kou and Le, 1986). This was achieved by making autogenous weld passes over the SizgN,
inoculated deposit.

After one pass, although some columnar grains appeared, the microstructure was still
largely equiaxed (Fig. 5.18a—b). After two passes, the structure had reverted to that of the
control, i.e. fully columnar with axial character (Fig. 5.18c—d). Chemical analyses of the steel
matrix showed a slight increase in dissolved Si and N contents after the autogenous passes
(Table 5.7). These results thus support the proposed existence of Si;N, nucleant particles in

the inoculated weld.
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Fig. 5.18 - Microstructure of the Si;N, inoculated weld
after (a—b) one autogenous pass and (c-d) two autogenous

passes. Plan views at 100 um and 1 mm below weld

surface are shown on the left and right respectively.

Fig. 5.19 - Proposed nucleation mechanism by Si;N, inoculant.

|- Equiaxed grain
— Si3N4 nucleant particle

__ Reaction layer; facilitates Si
survival and stimulates nucleation
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Table 5.7 - Dissolved Si and N contents of the Si; N

inoculated weld before and after autogenous passes.

Weld wt% Si wt% N
SigN, inoculated ]0.59 £ 0.03 |0.14 + 0.02
+ autogenous passes | 0.65+ 0.03 | 0.18 & 0.02

It was predicted in Chapter 4 that Siz;N, inoculated welds would be unrefined due to total
dissolution of the addition. However, the results were contrary to this. Further study of the
literature revealed a possible contributory factor. It has been reported that SizN, undergoes
a chemical reaction with steel above ~ 700°C to give various binary iron silicides and nitrogen
gas (Weitzer and Schuster, 1987). Whilst chemical analyses indicated that the majority of
such products dissolved, some may have facilitated the survival of a few SigN, particles and
led to efficient nucleation (Fig. 5.19). As a result of a reaction layer, the bond between SizN,
inclusions and the steel may be stronger than the steel matrix itself. Hence in accordance
with experimental observations, failure in the tensile fractured specimens would not initiate at
nucleant particles, which remained undetected.

Consideration of the electrostatic contribution to nucleation (Section 5.4.2) also supports
the existence of a reaction layer. Like the oxides, SizN, is a good insulator, with an electrical
resistivity of ~ 108 ohm cm at the steel solidification temperature (Brook, 1991). Thus wetting

by the steel would be unlikely if a distinct austenite/SizN, boundary had to be formed.
5.4.5 - HfC and TaN inoculated welds

The welds inoculated with HfC and TaN both exhibited similar characteristics. Fig. 5.20 shows
that the HfC inoculated weld was partly refined, the coarse axial structure of the control
replaced by finer columnar grains with interruptions along the weld centreline. The TaN
inoculated weld (Fig. 5.21) displays extensive grain refinement; the axial structure has been
eliminated and replaced by coarse equiaxed grains, although some columnar character persists
closer to the fusion surface.

Examination of the as-welded surfaces shows the pool tail shape remained elliptical in
both cases (Fig. 5.22), hence as with Si;N, additions, the absence<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>