UNCONVENTIONAL SURFACE TREATMENTS
FOR

HIGH-STRENGTH STEELS

by

Kankanange Jagath Ananda Mawella

Hughes Hall

Cambridge

A dissertation submitted for the degree of Doctor

of Philosophy in the University of Cambridge.

February 1983



e T ———— T T T

Dedicated to
my brother Nihal
and

sister-in-law Anoja



111

PREFACE

This dissertation, which is submitted for the degree of Doctor
of Philosophy in the University of Cambridge, describes research
work carried out in the Department of Metallurgy and Materials Science
under the supervision of Professor R.W.K. Honeycombe between October
1979 and October 1982. Except where due acknowledgement is made to
previous work, this work is to the best of my knowledge original and
has been performed without collaboration. No part of this dissertation
has been or is currently being submitted for any other qualification
at this or any other university. This dissertation contains less than

sixty thousand words.

K.J.A. Mawella

February 1983.
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Summarz

The possibility of altering the physical nature of the surface layer
of high-strength steel by electron beam rapid quenching has been
investigated. After initial studies on steel itself, changes in
the nature of the surface layers were made using surface coatings of
FeBOPISC7 alloy, in order to induce the formation of metallic glass.
Sputtering and plasma spraying methods and the combination of each
process with electron beam rapid quenching have also been investigated

as alternative means of producing amorphous layers.

The published work on rapid quenching with the main emphasis on the
surface quenching processes is reviewed and the experimental techniques
used are described. A theoretical heat flow analysis has also been

carried out to investigate the influence of process parameters.

The structure of the electron beam quenched steel was examined and
compared with the structures of the solid-state quenched steel and melt
spun steel. The results indicate, that rapid quenching leads to a
higher grain refinement and increases the amount of retained austenite,
the solid solubility and the microhardness. The surface tension
gradients, counteracted by the force of gravity lead to the formation of
the ripples on the electron beam quenched surface. However, the surface

roughness is reduced by an increase in traverse speed.

The electron beam rapid quenching process has been used to obtain
metallic glass layers at the surface of FeBOP1307 alloy and a few other
alloys. Amorphous layers of Fe_ P__C_ alloy were clad to the steel

substrate by the application of igelleoy powder followed by electron
beam rapid quenching. The process parameters were controlled to

obtain a minimal dilution at the interface between the substrate and

the amorphous layer. The sputtering seems to be the best coating method
used in this work to produce uniform amorphous layers on a substrate with

a different composition. By sputtering, amorphous Fe layers

80P1307
have been obtained on the steel substrates. Finally suggestions are

made to indicate directions that possible future work could follow.
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CHAPTER 1

INTRODUCTION

There is considerable interest in the development of wear resistant
coatings and surface treatments used in service (Zemel 1980) under a
variety of different conditions. These conditions include dry sliding
applications, abrasive wear conditions, lubricated environments and
solid, liquid and gaseous erosion environments.

In this introductory chapter, the problem of wear in tubes under
explosive conditions are summarised. Potential wear resistant methods,
at present being investigated by other workers and the scope of the
present research work, which is directed towards improvement of
reduction in erosion wear in gun barrels of ultra high-strength steels

will be described briefly.

1.1. Process of Wear by Erosion in Explosive Conditions

The deterioration of the inner surface of steel tubes under explosive
conditions (e.g. gun barrels) is a phenomenon caused by the interactions
of hot gases and the projectile with the inner surface of the tube. At
each firing the propellant burns and develops a localized very high
temperature and an extremely high pressure, which causes the projectile
to move at the necessary high velocity. It is now known that at each
firing the surface of the bore is exposed to (Glue et al. 1981);

1. High pressures of about 700MPa.

2. High surface temperatures of about 2500 - 3700K.

3. Severe mechanical stresses caused by high temperature and pressure,
and associated phase changes in the ultra high-strength steel.

4. Chemical reaction with hot gases, produced by the combustion of the

propellant.



5. Abrasive action of the unburnt powder or loosened erosion products

of the gas-metal reaction.
The amount of wear of the inner surface, varies along the length of the
tube according to the variation of the erosive conditions described above.
Maximum erosion usually occurs at or near the commencement of rifling,
as this area coincides with maximum exposure to the hot gases at high
pressure. At each firing the hot gases of high velocity heat the surface
in a very short time and remove the softened or molten material away from
the surface of the bore. Alternating thermal stresses caused by the
successive firings result in tensile rupture. During subsequent firings
these cracks increase the tendency to remove material. The hot gases also
soften the copper driving band of the shell and some copper particles may
remain in cracks leading in time to intergranular penetration, accelerating

crack propagation.

1.2. Potential Coating Processes.

A number of processes are being investigated to increase the wear
resistance. It has been assumed that the thermal effects on the surface,
dominate the wear process and there has been much effort to reduce the
transfer of the heat input to the bore surface. Methods used include:

1. Use of wear reducing additions to the propellant.

2. Use of cooler propellant.
3. Application of liquid capsules to reduce the heat transfer to the
surface.

Although these methods have received attention, the choice is limited
by the constraints imposed due to the cyclindrical configuration and
the performance requirements of the weapon. In recent years, efforts
have been concentrated on improvements to the inner surface. Most of
these approaches are based on the deposition of some material with a

high melting point which is chemically inert with respect to the propellant



gases. The methods which are at present under investigation by other
workers are:

1. Electrodeposition.

Chromium electrodeposition is being investigated. It has been
found that the coatings obtained by electrodeposition are highly stressed
and that the resulting micro-cracks lead to spalling in service. The
possibility of producing a coating with a reduced inherent stress is
being investigated while deposition of other metals using fused salts,
(Sethi 1978) such as boriding has also been examined.

2. Physical Vapour Deposition Methods.

Methods such as vacuum evaporation (Dugdale 1976), sputtering,
ion plating (Teer 1978), and ion nitriding (Bell 1978) are used to apply
coatings of a range of refractory metals (e.g. tungsten and titanium) as
well as refractory carbides and nitrides. All these processes have their
own advantages and disadvantages (Glue et al.1981) in obtaining uniform
coatings, adherence and resistance to the thermally erosive conditions
during firing. Recently there have been many improvements in these
processes but the work is still in progress.

3. Chemical Vapour Deposition

This method (Yee 1978) uses a volatile metallic compound and
produces coatings on heated substrates. The deposition of tungsten
has been studied by Bryant (1978) but the high temperatures required
seem to cause problems such as tempering of the substrate.

4, Plasma Spraying

Plasma spraying using powder or wire guns is being tried to
deposit refractory materials. The porous nature of the layer, which is
a problem has yet to be overcome, possibly by plasma spraying in vacuum.

This method as applied in the present work will be discussed in Chapter 6.



1.3. The Scope of Present Research

In the search of wear resistant improvements to the inner surfaces
of cylinders subjected to explosive conditions, it was suggested that
technique of rapid quenching be applied to the surfaces using electron
beams. The present work adopts this approach and in addition, sputtering
and plasma spraying methods have been investigated as alternative means
of producing amorphous layers as wear resistant metallurgical coatings.
The combination of sputtering or plasma spraying with electron beam
surface melting was also studied in order to obtain amorphous layers.

The technique of rapid quenching using laser or electron beams,
(Breinan et al,1976) shows that interesting alloy structures and
properties can be produced by this method. The structural changes,which
occur by surface quenching range from the refinement of the solidification
micro-structure to the enhancement of solubility and the formation
of metastable phases, and in the most extreme cases, complete suppression
of crystallisation with the formation of metallic glasses. The production
of amorphous layers at the surface, seems attractive as this extremely
homogeneous metallurgical micro-structure is free of grain boundaries,
and should lead to good mechanical strength and wear resistant properties.

Chapter 2 reviews the rapid solidification processing and includes
previous work on both amorphous and crystalline structures. The interest
in the production of amorphous layers on steel substrates has led to the
processes of plasma spraying and sputtering, so brief descriptions of
these methods are also included in the same chapter. Chapter 3 describes
the experimental details of the electron beam rapid quenching process.

It also includes the specimen preparation techniques for optical, scanning
and electron microscopy, energy dispersive X-ray analysis and micro-hardness
measurements. A discussion of the theory of heat flow in materials
subjected to a moving point heat source, effects of beam power and speed

on the melt depth, melt width and the cooling rate and finally a comparison



of experimental and theoretical results to Jjustify the application of

this theory are included in chapter 4. In chapter 5, electron beam
surface melting of ultra high-strength alloy, Fe80P13C7 alloy and other
alloys is investigated by structural and surface morphology studies.
Similarities of the rapidly quenched micro-structure of the same steel
obtained by another rapid quenching method, melt spinning, are also
described and the products of both these rapidly quenched methods are
compared with the conventionally solid state quenched steel. The results
of the applications of surface layers on steel, by cladding and alloying
are presented and discussed in chapter 6. Microhardnesses of surface
layers are discussed in both chapter 5 and 6, while a practical assessment
of the surface layers by the results of thermal erosion experiments are

included in chapter 6. Chapter 7 contains the main conclusions and

indicates directions that possible future work could follow.



CHAPTER 2

2. Rapid Quenching of Metals

2.1. Introduction

The term quenching is usually defined as a process of cooling a
metal or an alloy from a higher temperature by contact with liquids,
gases or solids, with the main aim of cooling the material at a high
enough rate, so the phases stable at higher temperatures are either
partially retained, transformed into non-equilibrium phases or both.
In the quenching of solid alloys, it is expected to cross the phases
boundaries fast enough to completely or to at least partially avoid
the equilibrium reactions from taking place. Basically, solid state
diffusional transformations are suppressed. The technique of quenching
metals and alloys at non-equilibrium cooling rates has been used in
practice for a long time, to increase the strength of materials. Usual

cooling rates achieved by quenching processes are of the order 104KS_1

L which Mori and

or less, with the exception of the cooling rate of 105Ks—
co-workers (1962) had achieved, for quenching very fine gold wires.in brine.
Quenching from the liquid state is usually carried out with the same
aim, but in this case the critical phase boundaries are the liquidus
and the solidus of the particular alloy. The configuration of the atoms
in a liquid is much different from that of a solid, and extensive re-
arrangement of atoms must take place during the solidification from the
liquid. There is a greater mobility of atoms in the liquid state than that
in the solid state, therefore the rate of cooling required in quenching
from the liquid state necessitates faster quench rates, compared with

those necessary to suppress solid state diffusional transformations.

Therefore rapid quenching techniques; more effective techniques to increase



the cooling rates, which are based on cooling from the liquid by conduction
as well as the techniques based on quenching from the vapour phase have
been developed. By these methods, crystallization of liquid alloys are
being modified and in some cases completely suppressed.

Historically, one may track the interest in production of rapidly
quenched materials to the problems associated with alloy segregation
during conventional processing of castings and ingots. The advantages
of rapid quenching were first recognised by Falkenhagen and Hoffmann (1952),
who used a refrigerated copper mould to rapidly quench aluminium based
alloys, but there was not much work carried out on rapid quenching until
Duwez, Willens and Klement (1960a) reported that a complete series of
solid solutions were obtained in the usually binary eutectic Ag-Cu system.
Their motive for achieving extreme rates of cooling, in liquid alloys,
was to prevent the phase separation in binary alloy systems, which
according to the Hume-Rothery rules, should form a complete series of
solid solutions and yet an eutectic system was found under equilibrium
conditions. Their extra-ordinary results were followed by a new crystalline,
non-equilibrium phase in the Ag-Ge system (Duwez, Willens and Klement 1960b)
and soon after Klement et al (1960) reported the achievement of a non-
crystalline phase in Au-Si system. Since the initial work of Duwez, a
large number of resourceful investigations of the rapid quenching process
have ensued. As in many other fields, practice has preceded theory. The
observation of unusual fine structures, increased solid solubility of
alloying elements, non equilibrium phases and non-crystalline structures
has stimulated the interests of scientists to develop theories explaining

these phenomena.

2.2. Metallic Glass

2.2.1. Formation

On cooling below its melting temperature, Tm, a liquid either crystallizes



or forms a glass, depending on the cooling rate. If crystallization
occurs, properties such as viscosity, volume and internal energy change
discontinuously, but if the crystallization can be bypassed these

changes occur continuously, the liquid eventually solidifying into a glassy
state. (Fig.2.1). Since the liquid has a higher free energy than its
corresponding crystalline state at temperatures below Tm’ there is a
capacity for rapid crystal growth below this equilibrium temperature.
Since nucleation becomes thermodynamically most favourable during further
cooling, the crystallization rate exhibits a maximum. However if the
cooling rate is very rapid for crystallization to be avoided, the liquid
solidifies into a glass, within a narrow temperature range interval,
which is known as the glass transition temperature, Tg. At Tg, the
viscosity of the undercooled liquid increases up to about 1013 poise,

and at such a high viscosity, atomic motions are much reduced, with no
essential change in spatial atomic configuration occurring during the
transition. Thus the formation of a glass occurs at a high enough
cooling rate, which prevents detectable crystallization, so the glass
formation does not depend only on the cooling rate but also on the
kinetics of crystallization.

In the search for kinetic conditions which enhance the ease of glass
formation, a simple parameter which is useful in expressing the glass
forming tendency (GFT) has been found. Considering the conditions which
have to be fulfilled by the crystal nucleation frequency and the cooling
rate of the liquid for crystallization to be bypassed, Turnbull (1969)
showed that the glass forming tendency should increase with increasing
"reduced glass temperature" (Trg)’ defined as the ratio Tg/Tm. It
is in the temperature range qn—Té that crystallization can occur during
cooling, so that a minimisation of this range should increase the chance of

bypassing crystallization.
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with temperature in a glass forming system. Faster
cooling rate at b gives a higher Tg.
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Fox and Flory (1950) attributed the glass transition to the falling
of the free volume of the material below some critical value. Considering
the freé volume again and based on the idea that molecular transport
occurs by the movement of molecules into voids with a size greater
than some critical value, Cohen and Turnbull (1959) predicted that all liquids
if sufficiently undercooled would undergo a transition to glassy state.
Theoretically these predictions may be true but practically it is not
possible to obtain a metallic glass of every desired alloy composition,
at least with the level of quenching rates achieved at present. However,
since the original invention of metallic glass by Klement et al (1960),
metallic glasses of a large number of suitable alloy compositions have
been formed. Those compositions fall into three main categories.

A) Transition metals (Fe, Ni etc) or noble metals (Pd, Ag etc)

based alloys containing about 15-25 at % metalloids.

B) Alloys between the late transition metals (Fe, Co, Ni, Pd etc)

with early transition metals (Ti, Zr, Nb etc.).

C) Alloys based on group 2a metals (Mg Ca, Sr) generally, with 2b

solutes (Zn etc.)

Metallic glasses of category A have attractive combinations of
properties and have received the most attention to date, due to their
higher technological potential. Alloys used in the present work also
fall within this category. Most of the metallic glasses have eutectic
or near eutectic compositions since the critical cooling rate is at a
minimum at eutectic compositions. This effect can be easily described
with reference to the reduced glass temperature. The lower the value
of Tm and higher the Tg’ the larger is Tpg, which increases the glass
forming tendency. In the transition metal-metalloid alloys, at deep
eutectic compositions, Tnlis at its lowestbut Tg remains high, due to
the fact that Tg generally varies relatively slowly with composition,
(Lewis and Davies 1977, Ray et al 1977) resulting in a higher glass

forming tendency.
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2.2.2. Mechanical Properties

Metallic glasses exhibit an interesting combination of mechanical
properties. Most of the mechanical property measurements published to
date have been carried out on ribbons produced by melt spinning The
ratio between the fracture stress (of) and Young's modulus (E), E/of
is found to be™ 60 approaching the theoretical maximum. (Masumoto
and Maddin 1975). Iron based glasses have aog of about 3.5 GNm-2
(Davies et al.1975), which is higher than that of the conventional
highest strength steel; piano wire. This exceptionally high strength
seems to be associated with localised deformation. Leamy et al (1972) found
that glass metals deformed in tension, initially undergo localised shear
along the direction of maximum shear stress. Thus plastic flow seems to
occur in the form of highly localised shear deformation, the samples
finally fracturing by decohesion within the locally deformed material
leaving a vein pattern of ridges on the fracture surface (e.g. Davies
and Kavesh 1975).

An effective measure of the intrinsic strength of a material is
also given by its microhardness. Very high values of hardness, in
metallic glasses have been reported. As predicted by the two dimensional
slip line field analysis of Hill (1967) for rigid plastic materials,
the yield stress (oy) of metallic glass has been found to scale with the
microhardness (Davies 1975). A hardness to yield strength ratio of ™3
was reported by Davies (1975). A direct proportionality between hardness
and the shear modulus (G) for metal-metalloid glasses was also found
by Chou et al. (1977). Naka et al. (1975) attributed the properties such
as hardness to bonding between the transition metals and metalloids.

They suggested that the bonds were formed by the overlap of s-p

hybrid orbitals of metalloids and s-p-d orbitals of transition metals.
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The increase of elements such as Cu and Ni, which would increase the
d-electron concentration would reduce the hardness. It should also be
noted that the effect of metal atoms on the properties of iron based
metal-metalloid glasses are influenced by the type of metalloids present.
For example, the substitution of chromium or vanadium for iron in
F680P1307 glass resulted in an increase in hardness, whereas replace-
ment of iron by cobalt lowered its hardness. (Naka et al. 1975). In
comparison, when boron was the only metalloid present (in FesoB20 glass),
replacement of chromium, vanadium or cobalt by iron did not alter the
hardness at all. (Ray and Tanner 1980). Naka et al.also showed that

an increase in the metalloid content increased the micro hardness.
Working on binary metallic glasses containing boron, K8ster and
Hillenbrand (1980) also showed this effect. This increase in hardness
may be caused by the increase in metal-metalloid bonds and the decrease
in free volume (Johnson and Williams 1979) due to the formation of

stable phases (e.g. Co_B in COSOBZO glass).

2
The behaviour of amorphous metals under cyclic loading have
shown the fatigue stress (s)vs number of cycles (N) curves to be of the
same general type as for crystalline metals (Masumoto and Maddin 1975).
Fatigue fracture occurs at stress levels well below the maximum yield
stress but the fatigue stresses may attain considerably high levels due to
the inherently higher strength of amorphous metals.
Only a few workers have reported investigations of the behaviour
of metallic glasses under service conditions,similar to those which
may arise in potential applications. Although the materials were

in the form of ribbons, Amuzu (1980) measured the coefficient of

friction () of some metallic glasses. These values were found to



12.

!

be in the range of 0.014-0.017. Since u = t/p » where t is the

o
shear strength and P, is the effective main yield pressure, the co-
efficient of friction is related to the bulk properties of the material.
Values of t and P, have been computed from hardness and yield strength
values reported by Davies (1978) and it was observed that the measured
values of coefficients of friction are a factor of about 30 smaller
than the computed values. However metallic glasses turn out to be
very low friction materials and when combined with their high
resistance to wear, may find useful applications. Boswell (1979)
measured the relative wear resistance of amorphous and partially
crystalline specimens of liquid quenched Pd-Cu-Si alloy. Pin-on-disc
wear tests were carried out on rods of metallic glasses, before and
after heat treatments. The results showed that on heating, the wear
rate initially decreased during the first crystallization stage MS-1,
where the formation of small closely spaced crystals of a fcc phase
occurs but the wear rate increased significantly during the subsequent
MS- II crystallization stage. The decrease in the wear resistance

during the second stage is attributed to easy crack nucleation within

the brittle crystalline phases and to the subsequent crack propagation.

2.3. Fabrication Methods

In an effort to obtain higher cooling rates, Falkenhagen and
Hoffmann (1952) devised a technique of heat removal by conduction.
A molten aluminium based alloy was sucked into a refrigerated copper
mould in order to chill it against the mould surface kept at liquid
nitrogen temperature. After a gap of a few years Duwezs et al.'s invention
(1960a, 1960b) of propelling a small liquid droplet onto the inner surface

of a rotating copper cylinder, re-opened the field of rapid quenching
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of liquid metals by conduction. Since then, many rapid quenching
methods have been developed, satisfying the following conditions,
to obtain the full advantage of the principles of rapid quenching.
1) A good thermal contact between the liquid and the substrate
during solidification and subsequent solid state cooling.
2) The liquid layer should be relatively thin. This is based on the
assumption that non-equilibrium phases are likely to occur during the
solidification of a material, if the solid-liquid interface can be
forced to move at a sufficiently high velocity.
3) The time between the initial contact of liquid and substrate
and the end of solidification must be as short as possible. This takes
into account the fact that nucleation will start as soon as the liquid
makes contact with the substrate and excessive time spent between the
first contact and the complete solidification is likely to induce the
growth of equilibrium phases.

Methods of rapid quenching by conduction can be broadly classified

as follows.

1. Static quenching of droplets or vapour by a solid substrate.
2. Continuous quenching of liquid metal by a moving substrate.
3. In situ surface quenching process.

Since the present work is directly involved with the in situ surface
melting process, that method will be fully reviewed but the other

methods will be described only briefly.

2.3.1. Static Quenching of Droplets or Vapour by a Solid Substrate

a. Splat Quenching.

Splat quenching by a gun technique was first described by
Duwez and Willens (1963). In this process, a droplet of molten metal
is ejected with a high speed onto a stationary copper target which is

bent in a circular form. The globule is aimed at a glancing angle to
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the target so the molten material is given a radial acceleration by

the target which keeps it in good thermal contact with copper.

Measuring the rate of cooling is a difficult problem due to the
necessarily short time available during the quench. Using an analysis,
which took into account the shape and the size of the splat, velocity and
the heat transfer coefficient, Predecki et al.(1965) have calculated
average cooling rates of 1.5 - 3.0 x lO7 °C/s for a gold alloy containing
14 at.% antimony.

The splats obtained by gun technique were uneven and contained many
holes. This non-uniformity caused problems in measuring mechanical
properties although being ideal for TEM studies. In order to improve
the morphology, Pietrokowasky (1963) developed the piston and anvil
technique. The rapid spreading of the liquid globule against the
surface of a metal having a high thermal conductivity is the basic
principle, but in this case the globule is squeezed between two heat
conducting surfaces brought into contact very rapidly. Thus actual
quenching is achieved by allowing a liquid globule to fall in between
a fixed anvil and a fast moving piston activated by high pressure.

Since Pietrokowasky's invention, various modifications have been

made to this technique, such as the use of electromagnetic drive

instead of gas pressure to move the piston (Harbur et al.1966) and the use
of two pistons instead of a piston and an anvil (Harbur et al. 1969).
Splats obtained by this method were quite uniform in thickness.

Harbur et al. reported experimentally determined average cooling rates
using iron and aluminium anvil plates as an intrinsic thermocouple which
were connected to a storage oscilloscope. After the conversion of
electromotive forceto temperatures, they obtained cooling rates, in

the range of 6.9 x lO5 to 1.2 x 1O6 °C per second.
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b) Plasma Spraying

Rapid quenching of liquid droplets using a plasma jet has been
described by Moss et al. (1964). The powder of the alloy to be
quenched has to be pre-prepared and is introduced into an inert gas
plasma jet and the molten droplets moving at a high speed are rapidly
quenched upon the impingement on a cold substrate. Moss et al. have
reported non-equilibrium phases found in plasma sprayed Mo-Ru layers.
This technique is currently used to obtain reasonably thick films of
metals and alloys (Cahn 1977). This method as applied to present work
will be discussed in chapter 6.

c) Sputter Deposition

Sputter deposition is another way of achieving fast quenching. In
this process, an electric discharge is generated between two properly
cleaned metals or alloys, the coating material being the cathode. Due to
the bombardment of positive ions, atoms are ejected (sputtered) from the
cathode, and are condensed on the other metal (substrate). Usually the
substrate is kept cold. As soon as the atoms are deposited on the
substrate, they are rapidly cooled. As long as the atoms striking the
substrates have sufficiently low energy, a metallic glass will be formed.
In d.c. sputtering a high gas pressure (n0.1 Torr) is required to avoid
arcs which can be present between the electrodes. At relatively high
gas pressures sputtered particles collide with gas molecules resulting
in a reduction in the deposition rate to just a few angstroms per second.
Due to these colisions some energy of the sputter particles is transferred to
gas molecules (thermalisation). By the time condensation occurs, the sputter
particles may have substantially reduced momentum. In magnetron sputtering
due to the crossed electrical and magnetic fields, electrons follow a curved

path, resulting in an increase in the sputtered rate. Many workers have
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obtained rapidly quenched crystalline layers by direct current or magnetron
sputtering (e.g. Hoffmann and Thornton 1977), but only a few have

reported the formation of glassy layers (e.g. Allen et al 1976). A

main advantage of sputter deposition is that this process can be used

for coating specimens with complex geometries (Gibson 1981).

2.3.2. Continuous Quenching of Liquid Metal by a Moving Substrate

The technique of continuous wire production using free jet melt
spinning was first reported by Pond (1961). Molten metal was ejected
through an orifice in a crucible and the rapid heat removal was by
the surrounding fluid medium. Using this technique with a
refrigerated salt solution as the quenching medium, Kavesh (1978) obtained
a cooling rate of about lO4 K s—l. The chill block melt spinning was
based on the same principle but uses a solid substrate to remove heat.
Originally this method was prepared by Strange and Pym (1908) but
much later the production of wire by Pond (1961) re-started the interest
in the continuous production of metal wires and ribbons. Bedell
(1975) modified the process by ejecting the molten liquid onto
the perimeter of a rotating copper disc. A schematic diagram of the
melt spinning apparatus is shown in Fig.2.2. The spinning disc
drags the molten metal onto the perimeter. Due to the rapid transfer
of heat from the molten liquid to the disc, a rapidly quenched ribbon is
produced. This technique,normally known as melt spinning has been
used extensively to produce crystalline and amorphous ribbons and
has now become the standard method of rapid quenching. This method was
used in the present work to produce rapidly quenched crystalline and
amorphouse ribbons.

2.3.3. In-Situ Surface Quenching Process

This technique involves the use of power available from a laser

or an electron beam in conjunction with a short beam-specimen inter-
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Fig. 2.2. Schematic diagram of the melt spinning apparatus.
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action times to confine the thermal effects of the beam to a shallow
surface layer of a material. The beam is pulsed or traversed on the
surface of a material with a power level, which would give the required
depth. Rapid surface melting occurs in a short time during which a negli-
gible amount of thermal energy can be conducted into the bulk of the
specimen, producing a steep temperature gradient betweenthe bulk solid
and the liquid layer. Hence rapid solidification follows and subsequent
solid state cooling is also very fast. Both electron and laser beams
can be used. Due to the high electron beam to material energy transfer
efficiency, low power electron beams (relative to laser beams) can be
used to melt the surfaces; on the other hand electron beam systems
require a high vacuum environment. Laser systems are subject to some
energy coupling in-efficiency, wunless the reflectivity of the surface
is reduced. In most cases, coatings have been used to increase the
absorbtion of laser power. This rapid quenching process will be

reviwed in detail in the next section.

2.4. Electron or Laser Beam Surface Quenching.

2.4.1. Progress of Surface Quenching Technique.

Techniques of producing rapidly solidified metals and alloys
have made a good progress since the original invention. The advent of
different kinds of melt spinning methods has improved both the
controllability and reproducibility of the process. However all
the above quenching techniques led to the formation of very thin
ribbons, splats or powder material. The main limitation of these
techniques, as far as maximum quench rate capability is concerned,
is that heat flow from the liquid metal during solidification
involves energy transfer across an interface layer at the contact surface
with the heat sink. Since actual contact of liquid metal with the
substrate occurs at isolated points over the nominal contact area,

overall heat transfer is dominated by not only direct conduction from
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the liquid metal to substrate, but also by radiation across the
intervening gaps, in which case a slower cooling rate can result.
More intimate contact between the melt and the substrate could lead
to higher cooling rates.

A method in which melting and solidification of a substrate in
in-situ conditions was first reported by Jones (1969), subjecting an
Al-Fe alloy to short high energy pulses by means of cap§é{tance
discharge and laser beams in a method he described as surface pool
freezing. This technique was meant to eliminate the effects
dependent on the pressure applied in splat cooling, while retaining
the comparable cooling rate by conduction. The control of power in
melting these materials was not successful, resulting in the evaporation
of a considerable amount of the material, but thin rapidly solidified
areas were certainly obtained. (Fig.2.3). Phases obtained in this
solidified region have also been found in the rapidly solidified splats
of the same material. In fact in some earlier work Brekhovskhki
and co-workers (1968) reported surface melting of steel by laser
irradiation. Cavities were formed when high intensity beams were
used and the cavity walls were relatively hardened. Micro-
structural details were not given but cooling rates of about 106 °C/sec
were reported.Elliott, Gagliano and Krauss (1972) also reported results
of a single pulse laser melt quenching experiment. A cooling rate of
3.7 x 106 ‘C s-l was determined for a laser melted Al-4.5% Cu alloy
by utilising an established relationship (Matyja et al. 1968) between
dendrite spacing and cooling rate. In another study carried out
by Elliott and co-workers (1973) to test the capability of laser melt
quenching to retain non-equilibrium phases in the Ag-Cu system,
it was found that within the laser melted area, theequilibrium structure

of Ag-Cu alloys underwent complete melting with a suppression of
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Fig.2.5. Schematic diagram of the surface melting of specimens
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equilibrium microstructure upon solidification. It led to the formation
of metastable solid solution phase (in addition to the non-equlibrium
phases) and has caused a threefold increase in hardness within a well
defined micro-region. Laridjani and co-workers (1972) studied
Ag-21%Ge alloys subjected to high energy laser pulses. This resulted
in the formation of craters (Fig.2.4) and X-ray analysis showed the
formation of a hcp phase in the irradiated zone, the lattice parameters
being in close agreement with the values given by Klement (1961) for
metastable phases obtained by splat quenching the same material.
Although these workers have published their work on surface
quenching, it seems that the work has not been continued, probably because
the high energy pulses used in rapid quenching also lead to cavitation
problems. In a study of the metallurgical response of some steels
subjected to laser heating, Harth et al. (1976) traversed a laser beam
on the surface of the specimen. The surface of the steel was
coated with manganese phosphate to aid the absorbtion of energy
from the beam but this did not prove successful due to pre-melting
and the removal of the coating. The rapidly solidified areas of AISI
1045 steel consisted largely of martensite but in the melted region
of 0-1 steel (0.9C, 1.0Mn, 0.5Cr, 0.5W) carbides were also present
in addition to martensite. No non-equilibrium phases were found.
In the same year Breinan and co-workers (1976) developed a technique
of surface melting which involved the rapid traversing of the surface
of a material with a laser beam focussed to a suitable power density.
The apparatus used by them is shown in Fig.2.5. The specimens were
placed on a rotating disc and were irradiated by a focussed laser beam
of a high power density (in the range 104—107 W/cmz). This procedure
usually yields a thin rapidly quenched layer at the surface. There is

practically no hindrance to heat transfer between the molten pool and
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the solid. Using the results of an analog computation (Cohen 1967),
average quench rates in excess of 108 °C/ s seem to have been achieved
with melt thicknesses in the 1-10 um range.

An interface heat transfer coefficient of infinity only occurs
at ideal thermal contact between the liquid metal and the solid
substrate and is typical in electron or laser beam surface melting
process. Using computerised calculations for a one dimensional
heat flow and assuming ideal cooling of splats, Ruhl (1967) obtained
average cooling rates in the order of 107 and 109 °C /s for splat thicknesses
of 10 ym and 1 pm respectively. Thus it can be seen that whatever the
method of calculation 1is, very high cooling rates can be obtained in
ideal cooling. These high cooling rates can give rise to supercoolings
of higher degrees prior to solidification resulting in non-equilibrium
alloy phases and extended solid solubilities.

Breinan and co-workers (1976) used a slightly off eutectic base
metal, an alloy of Pd-4.2 wt%. Cu - 5.1 wt%. Si, which is usually
crystalline. By laser beam process, the melted area was re-
solidified as a homogeneous single phase region. The amorphous nature
of this melted region was confirmed by the diffuse ring pattern
observed in electron diffraction, the veiny nature of the fracture
surfaces revealed by SEM and the localised flow of material (intensive
shear bands) surrounding the micro-hardness indentations. In another
laser melted sample of an alloy of Ni with Co, Cr, Mo and B, the
treated area was made homogeneous and appeared featureless, as
compared with the multiphase inhomogeneous base alloy. Micro-
hardness (DPH) values up to 1400 diamond pyramid hardness in the
melted region were achieved compared with that of 650 DPH of the base

alloy.
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All the experiments have not resulted in metallic glass layers
at the surface. As described earlier,the formation of metallic
glass is not only based on the cooling rate but also on the composition.
Breinan and co - workers have shown that in an alloy of Co, Ta and C,
the rapidly quenched area had become a uniformly dendritic region
with carbides distributed in a fine equiaxed network. Furthermore
electron microscopy revealed two morphologies; a dendritic solid
solution and a fine eutectic. The interdendritic regions contained
homogeneous single phase solid solutions supersaturated with carbides.
Experiments on a steel specimen, involving two superimposed beam
passes also were reported by Breinan and co -workers. The initial
pass was used to homogenise the surface layer composition and the second
pass to obtain the real effects of rapid quenching. After the second
pass, the rapidly quenched area showed a microhardness of 100 DPH
more than that of the base metal and of about 30 DPH more than the
microhardness of the area melted by the first pass.

After these initial successes of the surface melting process,
the use of laser beams as well as electron beams in the processing of
materials for the control of microstructure has spread widely.

Generally, the most of the power in a laser beam is absorbed at
the surface of the material upon which it is incident. i.e. it is
not transmitted, but the power in an electron beam is absorbed both
at and beneath the surface. Therefore for the same power employed
the transient temperature response of a material is different
depending on whether the power came from a laser or an electron
beam. Using a semi-infinite plate model presented by Greenwald et al.
(1979), Strutt (1980) compared the theoretical values of the maximum
melt depths with experimental values obtained by both laser and
electron beams. On the basis of this comparison between prediction
and observation, the energy coupling between the beam and the material

is about 55% efficient for the electron beams and about 5.5%, for the
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laser beams. Thus the surface melting efficiency of electron beams

is about ten times greater than that of a laser beam. Greenwald
(1975) compared the temperature profiles in a material, due to

heating by both kinds of beams. An important conclusion was that

if the electron energies are low enough, cooling rates in the material
surface melted by an electron beam would be similar to those in a
laser melted material.

On the basis of these discoveries, the use of electron beam
surface quenching to achieve high cooling rates have been explored by
a few workers (Bergmann and Mordike 1980, Strutt 1981, Ruff and Ives
1982). Since electron beam technology is well established, the
required equipment is readily available or only a little effort is

necessary for the modifications needed.

2,4.2. Crystalline Structures by Surface Quenching.

Except for the work of Breinan et al, (1976), most of the earlier
studies of laser or electron beam quenching were on the production of
crystalline structures. Surface melting of aluminium and titanium
alloys was carried out by Weinmann and Kim (1977). Massive
solidification cracks and surface porosity have been observed in
commercial aluminium alloys but not in pure aluminium. The
examination of fracture surfaces showed that the specimens fractured
along an interfacial void line and through the surface solidification
cracks. Gas seemed to have been expelled from the melt interface
towards the free surface and has escaped through the surface pores.
The micro-hardness of the commercial alloys had dropped slightly at
the interface, probably due to the large amount of voids present,

but Al-4%yt. Fe alloy specimens showed an increase of about
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40 kg/nmg }after rapid quenching. A Ti alloy (Ti- 6Al - 2Cd - 1 Ta -
0.8Mo wt%f; produced uncracked re-solidified regions. X-ray
diffraction technique and TEM showed that the melt had completely
transformed to o« martensite.

Beck and co-workers (1977) investigated the microstructure
produced by scanning a laser beam across single crystals of nickel
base super-alloys. The microstructural features were found to vary
with the crystal orientation, incident power and the scanning rate.

Over a wide range of conditions, resolidification involved the growth
of dendrites, which has resulted in the formation of surface grains.
It was suggested that the surface grains were nucleated at surface
ripples. These ripples were believed to be a result of the over-
flowing of the melt pool. Anthony and Cline (1977) studied these
surface ripples and this will be discussed later in chapter 5.

The microstructures of nickel base superalloys were also studied
by Breinan et al. (1976) and Narasimhan et al, (1979). They suggested
that regrowth during solidification was epitaxial. Narasimhan et al
(1979) showed that the solidification may involve the growth of mis-
oriented grains along the centre line and near the surface of the melted
region. A microstructural investigation into rapid solidification of Al-
4.5% wt,Cu (Munitz 1980) also showed that the melted regions resolidify
epitaxially onto the unmelted crystalline substrate. Numerous
diffraction patterns taken from the melted area and regions near and
far from the interface were identical, suggesting that all three regions
had the same orientation, implying epitaxial growth. .

Observation of laser melted Zircaloy - 4 (1.7Sn, 0.3Fe,
0.14Cr, Bal. Zr) (Snow and Breinan 1979) revealed that there was no crack

formation over the entire range of parameters used (3-6 kW power with
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14-127 cm s"l speeds). Very fine martensite laths were found in the
melted regions. Both the martensitic packet size and plate length
decreased with increasing cooling rate. In the microstructures

produced by slow traversing speeds, a few long internally twinned

plates were infrequently observed but more rapidly solidified structures
contained very fine (" 0.3um average width) internally twinned martensite
laths. Whatever the method of production was, quite a few investigations
revealed the presence of internally twinned martensite plates in rapidly
quenched microstructures and this phenomenon will be discussed later

in section 5.1.4.2.

There are quite a number of reported investigations of rapidly
solidified layers of iron-based alloys produced by surface quenching
technique. Tool steels have been subjected to laser beam quenching by
several workers. Tuli and co-workers (1977) and Strutt and co-
workers (1979) carried out microstructural analyses on tool steels.
Working on alloy M-2 (0.85C, 0.25Mn, 0.3si, 0.03P, 0.3S, 4.2Cr, 1.9V
5.0Mo, 6.3 W and balance Fe) they found out that the microstructure
consisted of both s-ferrite and austenite with residual amounts of
carbides. At the maximum melt depth, the morphology in a narrow
area resembled that of the chilled zone of a solidifying ingot on a
very fine scale. The relatively long columnar dendrites grew into
the melt and finally an equiaxed cellular structure was found in the
upper melt region. A predominant feature is the formation ofy by
peritectic reaction of s§-ferrite with liquid. The extent to which
the reaction proceeds depends upon the position within the melted
zone. The region near the surface was predominantly g-ferrite.

The fine elongated dendrites in the austenitic lower melt zone

presumably formed as §-ferrite which then transformed to austenite due
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to a relatively slow velocity of the liquid solid interface. (Greerwald
1977). In the lower melt region, the peritectic reaction §+ liquid-

Y + carbide, has gone to completion. The euiaxed structure in the
upper zone formed by nucleation and growth of § -ferritg which later
reacted with the carbon enriched liquid to form austenite and carbides
but the very high cooling rate greatly reduced the re-distribution of
the alloying elements by diffusion so this peritectic reaction was
stopped.

The results of Tuli et al.and Strutt et al, are very similar to the
observations of Sare and Honeycombe (1978) on splat quenching studies
of tool steels and Fe-10%Mo-0.5%C alloy. They reported that the micro-
structure consisted of a carbide dispersion in a matrix with varying
properties of a fcc phase and a bcc phase with no detectable
tetragonality.

Steen and Courtney (1979) described the microstructure of laser
melted En8 (0.36C, 0.22Si, 0.58Mn, 0.08Cr, 0.25Ni, 0.5Cu) steel.

Two different metallurgical microstructures were observed depending

on the process speed. At lower speeds microstructure of the melted EnS8
steel was mainly martensitic.However the material near the heat
affected zone consisted of pro-eutectoid ferrite and martensite, which
demonstrated the fact that the material in this region had been heated
above the eutectoid temperature but not into the austenite single-phase
field. In high speed runs, the microstructure consisted of a large
amount of a dark etching phase, which was thought to be a different
morphology of austenite which had turned into martensite. It is
possible that the pré—eutectoid ferrite transformed to austenite by

a diffusionless shear transformation, since the diffusion of carbon

was limited by a higher freezing rate.
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More recently Molian (1981) carried out a microstructural study
of laser melted AISI 4340 steel (0.4C, 0.69Mn, 0.32Si, 0.69Cr,
1.87Ni, 0.2Mo). The microstructure consisted of packets of parallel
laths and internally twinned plate martensites. The presence of
twinned martensite plates in rapidly quenched steels and other
ferrous alloys were earlier reported by Inokuti and Cantor (1976)
and Sare and Honeycombe (1978), although the methods used were different.
Molian found substantial amounts of thin films of retained austenite
in the laser treated steel and the comparison with the conventionally
heat treated steel showed an enhancement of retained austenite in the
rapidly quenched structures. Surface treated regions were also found
to contain a homogenous dispersion of cementite particles, both at the
lath boundaries and along the internal twins. The formation of twinned
martensites (Messler et al. 1969,Thomas 1971) and the difference in the
amount of retained austenite for different heat treatments (Webster
1968, Donachie and Ansell 1975) have been attributed to various causes
by different investigators and will be discussed in detail in chapter

five, with the experimental results of the present work.

2.4.3. Amorphous Structures by Surface Quenching.

As described earlier the main advantage of the use of laser or
electron beams for rapid quenching is that there is a perfect contact
between the liquid metal and the solid, allowing ideal cooling
situation to exist. If the material has a glass forming composition
or in other words a high GFT and if the cooling rate exceeds lO6 °C/sec,
liquid metal becomes an amorphous solid during solidification. Since
Breinan and co-workers (1976) produced amorphous layers at the surface,
(section 2.4.1) some research workers have shown interest in using this

method to produce metallic glasses. Becker, Sepold and Ryder (1980)
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produced about 10ym thick amorphous layers at the surface of Fe4ONi4OP14BS
alloy by means of a laser beam. Yatsuya and Massalaski (19&2)

produced amorphous layers on the same ternary alloy Pd-Cu-Si which
Breinan et al.studied. They observed cracks, which were originated

at the sharp demarcation boundary adjoining the amorphous phase.

Some cracks extended into the unmelted substrate. Fine cracks which
were normal to the interface were found in the intermediate zone

between the amorphous phase and the substrate. An increase in the

free volume during the formation of amorphous phase (free volume of

an amorphous phase > free volume of crystalline solid) leads to
tensile stresses at the boundary between the amorphous and intermediate
zones. The eutectic mixture consists of brittle phases, and the tensile
stresses lead to cracks in the intermediate zone and the substrate,

but the crack free amorphous layer itself shows the increase in

properties, such as strength and plasticity.

2.4.4. Surface Cladding;

The method of coating a material on a different substrate material
followed by surface quenching is used in surface cladding and surface
alloying. (Fig.2.6). This method can be very useful in applications
involving wear, impact, erosion, corrosion and abrasion resistance.

In cladding the power source can be used to melt, resolidify and densify
the pre-applied coating on the substrate. Application of the coating
can be carried out by plasma spraying, sputtering, electro-deposition

or by spreading loose powder on a substrate. The laser or the electron
beam also melts a very thin layer of the workpiece. This thin

liquid layer mixes with the liquid cladding alloy and subsequently

freezes to form a metallurgical bonding between the cladding alloy
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using electron or laser beams.



2

sibbeln

orly

o1l £

el

s i1 ihbsie

Ly



28.

and the substrate. The control of the heat input is critical during
cladding because excessive heat can locally melt the base metal
resulting in undesirable dilution of the cladding material, which
leads to substantial loss of properties of the clad surface.

Bergmann and Mordike (1980 , 1981) produced Ni Nb metallic

x 100-x
glass layers by prior application of a 20-40 ym thick Ni_ Nb

60 40
powder on the surface of aniobium single crystal, followed by electron
beam melting. The melting of the substrate crystal underneath was controlled
by varying the process parameters, so that nickel concentration necessary
for the metallic glass formation was not unduly diluted. By this
method, amorphous beads on single crystals were obtained. It seems
that the complete surface layer was made by the rotation and
translation of the specimens while the beam was scanned. These
amorphous layers were reported to be crack free. No cracks have been
found even in the boundary areas between the amorphous region and the
substrate. It is interesting to note that they have reported obtaining
a complete amorphous layer covering the surface. It was reported that no
evidence of crystallization of the beads by subsequent passes has been
detected although no proof has been shown.

This method was also used by Tucker and Ayers (1981) to produce
amorphous layers of a brazing alloy (Ni-7Cr-2.8B-4.5Si - 3Fe) on a steel
substrate. After the application of the powder, the specimens were
vacuum sintered to provide sufficient bonding and both electron and
laser beams were used as the source of melting. By scanning the beam
and moving the specimen, complete surface areas were rapidly quenched.
There was a tendency for the coatings to crack during the solidification

but it was controlled by scanning the beam at low speeds (less than
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2cm/s) . However, although reducing the beam speed gave better results
in this case, it should be noted that the speed relates to the inter-
action time of the beam at any point, which in turn relates to the
cooling rate. For every power used, they found a certain critical
speed, which should be exceeded in order to obtain amorphous phases.
Individual laser melt passes at high sample translation speeds were
found to be structureless and have been confirmed to be amorphous by
electron diffraction. The areas, covered by multiple passes of
different speed levels were subjected to X-ray examination and the
diffraction patterns showed that overlapping melted regions remain
amorphous only when rapidly quenched with a sufficient high speed;

that is at very low interaction times. These results are more acceptable
than the results of Bergmann and Mordike (1981) and show that a
solidification rate higher than that needed to produce an amorphous
structure in a single melt pass is necessary to avoid surface cracking
or crystallization, when overlapping melt passes are employed.

The concept of the 'layerglaze' process described by Breinan and Kear
(1977) is the sequential build up of bulk rapidly chilled structures on a
substrate by surface cladding using laser beams. In this process a
mandrel is rotated and traversed (Fig. 2.7) in a controlled helium
atmosphere and the alloy to be clad is continuously fed to the laser
beam interaction point in order to deposit material on the circumference
of the mandrel. Breinan and Kear reported the deposition of 0.23
and 0.51 cm thick 304 stainless steel (72Fe, 18Cr,8Ni,1.5Mn,0.5Si)
layers by this method. The layerglazing of Ni and Co base alloys were
also carried out and the specimens with Co-Ta-(C alloy cladding have

exhibited a higher yield strength than that of hot isotatically pressed
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Co-Ta-C alloy.

Gnanamuthu (1979) successfully clad several alloys on different
substrates using laser beams. A cobalt base alloy was clad to a
steel containing 2.25%Cr and 1%Mo. Cladding thicknesses of 6-7mm
and widths of nearly 10mm were reported to be achieved by a single

sweep. Cast rods of an alloy containing M and MGC carbides in an

703
austenitic cobalt matrix also were clad to AISI 4815 (0.15C, 0.5Mn,
3.5Ni,0.2Mo). In both cases EPMA revealed that the compositions
were constant across the cladding thickness and that the dilution
of the cladding alloy with the substrate was less than 5%wt.
Another important use of surface cladding is that a high melting point
alloy can be clad to a low melting point substrate. Clad layers
containing a high volume fraction of silicon particles in an Al-Si
eutectic matrix were produced by Gnanamuthu, by applying silicon
(mp of 1430°C) on aluminium alloys. (m.p. range 508-649°C). A harder clad
layer on steel has also been produced by the application of a mixture of
tungsten carbide particles (n 0.5 mm size) and iron powder followed by
laser beam melting.

A study by Montgomery (1979) involved the laser treatment of
electrodeposited chromium plating. Chromium layer had a high hardness
of 920-1140 Knoop Hardness Number but after the treatment it became
softer with hardness values ranging from 150-280 KHN. Snavely and
Faust (1950) found the same softening effect of electrodeposited
chromium layers and attributed this effect to the recrystallization and
grain growth. According to Sully and Brandes (1967), agglomeration
of the oxide constituents which occur in the chromium layers upon heating
contributes to the softening. Greco's (1981) laser beam quenching
experiments on chromium and combined chromium-cobalt electrodeposited

layers also confirmed this softening effect.
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Steen and Courtney (1980) reported a study, in which lasers were
used to clad Stellite 12 hardfacing alloy (Co-29 Cr-9 W - 1.8C) onto
a Nimonic 75 (Ni-20Cr-0.4Ti - 5Fe) substrate. The cladding alloy powder
was applied on the substrate by levelling off a pile of powder and the
surface was transversed across a laser beam. Depending on the process
parameters used, extensively melted areas of the substrate, well
adhered continuous layers and discontinuous poorly adhered layers
were obtained. The onset of the non-wetting region of the solid by
a liquid cladding alloy was characterised by a particular value of
the average energy per unit area. It was shown that a critical value
of the average energy per unit area should be exceeded, to achieve

wetting and that critical value varies with the thickness of coating.

2.4.5. Surface Alloying

Surface alloying using an electron beam or a laser beam is a
similar process to surface cladding, except that the alloys or the
elements added are expected to mix completely and diffuse into a
thin layer of the substrate. This process is carried out either
by the application of a coating on a substrate, followed by surface
melting treatment or injecting the alloy particles simultaneously
with the surface melting. (Fig.2.8). However the latter method is
difficult to carry out when the electron beams are used since the
process has to be carried out in a vacuum. During melting, alloying
elements diffuse into the liquid substrate and on freezing, form solid
solutions and compounds. Superior chemical, physical and mechanical
properties can be achieved by adding suitable elements. The depth of
the alloying layer can be controlled by the control of power input and
the traversing speed. Copley, Bass et al.(1978) and Copley, Beck et al.

(1979) described the microstructure of laser alloyed Ag-Cu films. A
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Ag-6.6%wtCu alloy with a 5 pum thick electroplated Cu layer has been
subjected to laser quenching. In the transverse cross sections of
re-solidified areas, regions of copper rich solid solutions
surrounded by eutectic mixtures were observed at the edges, where
¢9pper electrodeposited layers had submerged onto the melt pool.

' Ag rich and Cu rich regions and eutectic areas were well observed.
Although this alloy is a single phase solid solution at its melting
point, after alloying with copper film, the copper concentration in
the melted region exceeded the maximum solid solubility limit of
copper in silver.

The manufacture of Cr-steel surface alloys on low carbon steel
substrates has been described by Weinmann, De Vault and Moore (1979)
and Moore and Weinmann (1979). Specimens of 1018 steel with 2 to 18pum
electrodeposited or sputter-deposited chromium layers were irradiated
with laser beams. The resolidified regions showed no solidification
cracking or porosity. With the same processing conditions the melt
layers contained average Cr contents of 2-11 %wt, depending on the
thickness of chromium layer,SEM examination of the surface of melted
layers showed a dendritic structure and based upon these dendritic

spacings cooling rates of lO5 —lO7 °C s_l

during the solidification were
estimated. Electron microprobe analysis demonstrated that chromium was
uniformly distributed in the melted region. For large area coverage

of the substrates, a series of overlapping passes have been employed.

Due to the overlapping of passes, it is possible that some areas would
contain less chromium, thus weakening those regions. To avoid this,
they suggested to process the surface a second time, probably normal to

the first set of passes, so that the mixing will be maximum and the

composition variations will be reduced.
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Plasma sprayed coatings of titanium and 316L stainless steel (18Cr,
12Ni, 0.03C, 2Mn) on steel substrates have been subjected to laser
surface treatment by Ayers and Schaffer (1979). A difficult problem
encountered in surface melting these layers was the expulsion of the gases
entrapped in the layer. During melting, the trapped gases were expelled,
sometimes blowing the material away. Due to this reason, the most
successful consolidations were carried out with only very thin plasma
sprayed coatings. (thickness <0.5mm) in which the amounts of entrapped
gases were minimum. Another problem which had arisen during the rapid
solidification of plasma sprayed coatings was the frequent formation of
cracks caused by thermal stresses and porosity. Due to these problems,
so far the laser or electron beam surface melting of plasma sprayed layers
has been unsatisfactory.

Another process involving laser surface melting was reported by
Ayers, Tucker and Schaffer (1980), whereby carbide containing layers were
produced at the surfaces of different metals. This method does not need
a coating prior to surface melting. The added material retains its
composition and in that respect, it is different even from the surface
alloying, in which the added material is dissolved into the substrate
melt. In this process a laser beam is used to melt a thin layer of the
substrate. (Fig.2.8). Carbide powder particles are blown to the melt
pool from a fixed nozzle, which is positioned near the interaction point.
These powder particles are incorporated into the surface as the melt
pool solidifies. Ayers et al.injected wear resistant particles
(e.g. TiC and WC) onto different substrate materials. Measurements
carried out in a Ti - 6A1-4V melt injected with TiC, showed that the
volume fraction of carbide in the melt decreased as the laser power was

increased. It was shown that about 7% of injected carbides had dissolved



in the melt. The observation of localised clusters of

dendritic titanium carbides in the solidified region, also showed
that a few carbide particles have diséolved and resolidified.
Although the injection of TiC particles was successful, the results
of the injection of WC to stainless steel and Inconel x-750
superalloy substrates were unsatisfactory since WC particles
partially dissolved and embrittled the matrix. This embrittlement,
caused by the formation of brittle Fe-W or Ni-W carbides lead to

cracks in the resolidified region.

2.4.6. Property Evaluation.

Most of the investigations on electron or laser beam surface
quenching were restricted to microstructural studies and micro-
hardness measurements. Property evaluation of the modified layer
has been carried out only by a few workers. Anthony and Cline (1979)
performed intergranular cspgsion resistance tests and mechanical
tests of laser beam surface treated 304 stainless steel (72Fe,
18Cr, 8Ni, 1.5Mn,0.5Si in %wt. The surfaces of sensitized (made
susceptible to intergranular corrosion) specimens were rapidly quenched
and were subjected to standard Strauss tests (in a boiling solution
of 1O%H2804 + 10% CuSO4 for 72 hours). There was a complete grain
boundary disintegration at the unprotected areas but a complete
absence of attack was observed in the laser treated areas. The protective
effect of laser surface melting is being illustrated by the observations
of intergranular attack, which has spread through a gap which existed
in the treated area. Mechanical tests showed that the yield strength
of the laser treated sample was greater by about 6 x 107 Fa
than either the normalised or sensitized samples. It has been estimated
that the laser treated area has a yield strength about 10 times greater
than that of the rest of the sample. Moore, Kim and Weinmann (1979a)

tested the susceptibility of the laser quenched layers to stress
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corrosion crack initiation. 'The experiments carried out on titanium
alloys showed that pitting occurred in the stressed areas of the un-
treated alloy. Microcrécks propagated from many of the pits. Some

of the pits were linked by these microcracks until there was a
continuous crack. In the laser treated samples cracks were mainly found
in the heat affected zone with only a few occasional cracks in the melted
region. It seems that the residual stresses in the heat affected

zone were sufficient to cause stress corrosion cracks. The results
observed by both Moore et al and Anthony and Cline, show that the laser
treated areas have a good corrosion resistance but incomplete coverage
of complete surface areas would result in local areas highly susceptible
to stress corrosion cracking.

Carbide injection to surfaces using laser or electron beams may
prove valuable in applications involving dry sliding wear because the
coefficient of friction of the surfaces can be reduced by this process.
Ayers, Tucker and BRowers (1980) showed this effect by injecting titanium
carbides to a Ti-6A1-4V alloy samples. The values of kinetic co-
efficients of friction (uk) of these samples were between 0.4 and 0.45,
prior to the surface treatment but were reduced after the injection of
TiC particles. The value of e dropped with increasing volume fraction of
TiC,achieving a minimum value of 0.16 at a volume fraction of about 0.5.
Ayers, Schaffer and Robey (1981) carried out wear tests on surface
treated specimens using dry sand/rubber wheel test and reported that
the laser quenched samples performed substantially better than the
untreated alloys. Wear rates of the treated surfaces were only a few
percent of those of the untreated area. Ruff and Ives (1982) carried
out wear tests of surface melted tool steel, under dry sliding

conditions. The rapidly quenchsd surfaces showed a 25% reduction in the wear
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rate may have been caused by the high hardness of the layer and the
finer microstructure produced by this process.

The feasibility of improving the cavitation erosion resistance
of laser beam rapidly quenched 1040 steel (0.4C, 0.8Mnin %wt) and 303
stainless steel (18Cr, 9Ni, 0.15C, 2Mn, 0.6Mo) was examined by Preece
and Draper (1981). The surfaces, which were completely laser beam
treated were exposed to cavitation in deionized water. The mass loss
data of the material, as a function of time of exposure to cavitation
erosion, showed that despite the initial rough surface,laser treated
samples were less eroded than the untreated samples. However, after
the initial attack at some areas of the rapidly quenched layer, deep
pits were produced due to the susceptibility of the untreated areas
to erosion. Surface roughness, which results in rapidly quenched
surfaces seems to be detrimental to erosion resistance. Masé loss can
be increased due to the removal of the surface asperities by necking
down due to the impact pressure or the fluid flow. Formation of surface
ripples is certainly a disadvantage. This rough surface can also act
as a surface with shallow cavities and accelerate corrosion than in a
smooth surface. Formation of these ripples has been studied by Anthony
and Cline (1977) and will be discussed in chapter five with the results

of the present work.
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CHAPTER 3.

3. Experimental Materials and Techniques

3.1. Experimental Materials

The materials used in this work mainly consisted of an ultra high-
strength alloy steel and a few iron based alloys with high glass forming
tendency. The ultra high-strength alloy steel was supplied by the

RARDE, Fort Halstead and had the following composition in %wt.

0.38C, 2.9Ni, 0.23Si, 0.55Mn, 0.7Cr

0.57Mo, 0.2V and balance Fe.

This steel had been austenitised at 980°C for 1 hour before quenching in
oil, then secondary hardened by keeping at 620°C for 6 hours and quenching
again in oil. After secondary hardening, the steel had been kept at
400°C for 4 hours for stress relief to occur. In this as received
condition it consisted of a tempered martensitic microstructure. All

the rapid quenching experiments using this steel, were carried out in this
as received condition.

Most of the alloys were made in the department but some of the
Fe80P13C7 alloys were cast at RARDE, Fort Halstead. Concentrations of
the main alloying elements in the alloys used are given in Table 3.1. The
alloys, prepared in the department were made by melting the alloys in an
argon atmosphere either in a Balzer high-vacuum induction furnace or a
Via-vac vacuum melting furnace. The tentative application requires an
alloy with a high capability of glass formation as well as the retention
of the amorphous nature, when subjected to rapid quenching repeatedly.

Therefore these eutectic alloy compositions were chosen, because of
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their high glass forming tendencies. These alloys were prepared
several times resulting in slightly different variations in composition.
The range of compositions are given in Table 3.1. Glass forming
ability 1s not affected by small composition variations, so the effect
was not significant. Although all these alloys were used in the

experiments, most of the work was carried out on Fe alloy.

80P1307
For the application of powder layers of Fe80P1307 alloy on steel

for surface cladding, the alloy was powdered at Davy-Loewy Limited,

Bedford. Powder of particle size less than 100 mesh were mixed with a

binder; Collodion. When the powder was slightly wet, it was pressed

between the cleaned surface of a specimen and a glass slide, both of

known thicknesses. By clamping the whole unit together and pressing, the

necessary thickness of coating was obtained. When the powder was dry,

the glass slide was removed thus obtaining a powder layer on the specimen.

3.2. Electron Beam Rapid Quenching Process

A CVE 60 electron beam welder was used for rapid quenching of
materials described in the present work. It mainly consists of a
vacuum system, an electron gun and a working stage inside the vacuum
chamber of 30 x 30 x 30cm dimensions. The electron gun is a triode,
thermionic type, with a tungsten filament. There are three fixed
voltages (40, 50 and 60 kV) and necessary power can be obtained by
changing the emission current at a fixed voltage setting.
Fig.3.1 shows the front section of the electron beam welder. The vacuum
chamber, gun column and the control unit are shown but the section containing
the rotary pumps are not visible.

Using the rotary and diffusion pumps, the chamber was usually pumped
down to a pressure below 10—4 Torr, before the emission of electrons.

Focussing was done by adjusting the electromagnetic coils. An electro-



Table 3.1.

Compositions of alloys used in the experiments (in %wt.)

Alloy C P Cr Fe

Fe80P13C7 1.6 - 1.8 8.0 - 8.5 - 89.0 - 91.0
Fe7OCrloP1307 1.7 -1.8 8.0-8.2 10.0 - 11.0 78.0 - 81.0
Fe_Cr_P_.C 1.6 - 1.8 8.0-8.3 21.0 - 22.0 67.0 - 69.0

60 20 137



Fig.3.1.

Fig.3.2.

Electron beam quenching equipment.
(a) gun column

(b) vacuum chamber
(c) control unit

el

Inside view of the vacuum chamber.
(a) specimen

(b) high speed rotating stage

(¢c) horizontal traverse stage
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magnetic deflection of the beam up to 10 degrees from the vertical could
be obtained in two orthogonal directions. The small interaction time
(duration, which the beam was on a point of a material) necessary for a
higher cooling rate in rapid quenching was obtained by traversing the
specimen under the focussed beam. In this machine, there were no
facilities for the high speed electromagnetic deflection or oscillation
of the beam over a wide area.

The working stage could be moved linearly in two orthogonal
directions at varying speeds with a maximum speed of 4.4cm s_l. Electron
beam welder also consisted of a 5cm diameter rotating stage, but rotating
speed was too low for the use of rapid quenching process. Therefore a
high speed rotating stage was designed and was made in the department.
Fig.3.2. shows the linear and the rotating stages inside the vacuum
chamber. For a certain rotating speed of the disc, traversing speed of
the specimen was varied by changing the position of the specimen on the
disc. With an increase in the distance between the position of the
specimen on the disc and the centre of the disc, the traversing speed of
the specimen under the beam was increased up to a maximum speed of 36.4cm s-%
Prior to the interaction with beams, specimens were ground down to 180 grit
size. No coatings were applied for the absorbtion of power, since electron

beam to material energy transfer efficiency is high.

3.3. Melt Spinning Apparatus.

To obtain rapidly quenched material for the initial studies of
micro-structural changes, which occur in rapid quenching, melt spinning
was used. The melt spinning apparatus is described here briefly. A
schematic diagram of the apparatus is shown in Fig. 2.2. The metal
or alloy was kept in a silica crucible with a little orifice at the
bottom, and was heated using radio frequency waves. On melting, the
liquid metal was pressurised and a Jjet of molten metal was directed

onto the surface of a brass disc, which was rotating with a
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circumferential speed of 13.5 ms—l. The liquid was thereby drawn into
a thin rapidly quenched ribbon with an average thickness of ~50pum and an
average width of 2.8mm. To prevent oxidation and contamination during
the heating and melting, this process was carried out in a helium

atmosphere.

3.4. Sputter Deposition

The conventional high pressure direct current sputtering process was

employed for sputter deposition. A 3 x 2 x 0.8cm solid of Fe alloy

80P13C7
was used as the cathode. The sputtered alloy was deposited on high
strength alloy steel substrates. Usually flat specimens of 2 x 2 cm
dimensions were used as the substrates but in the case of samples for
the vented chamber erosion system (vide section 3.10) a curved segment
was used. The flat specimens were ground and polished on diamond wheels
to 1lum size. All the specimens which were used as substrates were
ultrasonically cleaned prior to assembling. The substrates were placed
directly opposite and as much as possible near the centre of the target
(cathode), in order to obtain a uniform deposition profile. Different
thicknesses of sputtered films were obtained by varying the distances
between the substrates and the target. The average distance was about
2cm, It was highly desirable that the substrate temperature remains
constant throughout the film growth in order to ensure the amorphous
structure of the films and the adhesion of the film to the substrate.
During sputtering, the temperature of the substrate increases substantially
by bombardment of charge carriers. Therefore liquid nitrogen in contact
with the anode assembly was used as a heat sink.

For better adhesion of the film to the substrate and for the develop-

ment of a uniform film, the pre-cleaning of the substrate surface
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and the target was very important. At first the chamber was pumped down

to about 10_9 Torr, in order to remove most of the gaseous contaminants

to ensure that the outgassing by impurities during sputtering was minimal.
Then, purified argon gas was introduced to the chamber. The target

was cleaned first by pre-sputter cleaning for 2 hours, during which time
the substrate was kept shielded. The substrate was also pre-sputter
cleaned for 10-30 mins by temporarily making it the cathode and after

that the target was pre-sputter cleaned again for about 10 minutes.

After this cleaning procedure, the final sputter deposition was carried out.

Argon was used in sputtering with a gas pressure of about 0.3 Torr.
Sputter deposition was carried out using different arc voltages, the
average current and voltage being about 55mA and 580V respectively. The
duration of sputtering was also varied in the range of 24-72 hours,. in
order to obtain films with different thicknesses. The sputtering rate
was about 0.5 - 1.5 °A per second.

Sputter deposition by magnetron sputtering was also tried to increase
the rate of deposition. 1In magnetron sputtering, a low gas pressure was
used, but at low pressures, thermalisation of sputtered particles
(vide section 2.3.1) is not efficient as at high pressures. Consequently
the sputtered particles reach the substrate with higher energy. Sputtered
films obtained by magnetron sputtering were not amorphous and the adhesion
to the substrate was also poor probably due to the reasons given above.

Therefore magnetron sputtering process was abandoned.

3.5. Metallography

3.5.1. Optical Metallography

For optical metallography, specimens were mounted in bakelite in
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hot mounting presses. Since crystallisation temperatures of the metallic
glasses used were much higher than the temperatures used in hot mounting,
it was safe enough to use without causing any structural damage to
metallic glasses. The specimens, in which the edges were investigated
were mounted in special edge-mount green bakelite. This resin has a
higher hardness and during grinding and polishing, reduces the curving
effect of the edges. The surfaces were ground down to 1200 grit size
using silicon carbide abrasive papers and then were mechanically
polished using diamond paste to lum. 2% Nital was suitable to etch all
the specimens except Fe-Cr-P-C alloy specimens. Those specimens were

etched using a solution of CuSO4 (10 g) in 50% HC1.

3.5.2. Scanning Electron Microscopy

Scanning electron microscopy was used to study the surfaces of
sputtered, plasma sprayed and electron beam quenched samples and in
some cases to study the microstructure of the cross sections of electron
beam quenched regions. A Cambridge Stereoscan II A and an International
Scientific Instruments 100, scanning electron microscopes were used,
operating at 40kV. Generally secondary electron imaging was used but
X-ray imaging was also employed for the investigation of the distribution

of certain elements in rapidly quenched regions.

3.5.3. Transmission Electron Microscopy

Transmission electron microscopy was carried out on JEM 200,
Phillips 300 and Phillips 400 instruments operated at accelerating
voltages of 200, 100 and 120kV respectively. In the cases, where the
obtained thin areas were comparatively thicker to examine under these
microscopes, a high voltage electron microscope was used at an
accelerating voltage of 500kV. Bright field, centred dark field and

diffraction modes were employed.
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Thin foils for transmission electron microscopy were prepared
either by ion-beam thinning or electrochemical thinning. In the
case of melt spun ribbons, 3mm long pieces were cut and were mechanically
ground prior to electrochemical or ion-beam thinning. Due to the thin
nature of the ribbon, conventional grinding was not possible. Pieces
of melt spun ribbons were adhered to a steel block with the use of double
sided cellotape and were carefully ground. Obtaining the thin foils of
electron beam rapidly quenched areas was also difficult and was a long
process. The steps used in the preparation of thin foils are shown
schematically in fig.3.3. After electron beam quenching, about O.8mm
thick surface layer was cut by spark erosion technique using a copper
wire (Fig.3.3b). Then this layer was adhered to a brass plate using a
conducting adhesive material; a mixture of Durofix glue and carbon powder.
When the adhesive was dry, 3mm diameter discs were cut using the spark
machine (fig.3.3c) in such a way that the electron beam treated area
was across the disc (fig.3.3d). These discs were then thinned to a
thickness of about three thousandths of an inch by mechanical grinding
of the untreated side of the disc. (fig.3.3e). The electron beam
treated regions of these thin discs were a little thicker than the
untreated area due to the surface ripples present in that area.
Consequently when the discs were thinned, the untreated areas were
thinned relatively sooner. To avoid this problem, in the case of electro-
chemiéal thinning, Lacomit was used to cover the whole untreated area
of the electron beam treated side of the disc. (fig.3.3.f). Thus only
the rapidly quenched area was allowed to be thinned. When the ion beams
were used, ion bombardment was carried out only from the untreated side.
Tantulum plates with very small holes were used to hold the specimens,

in order to expose only the rapidly quenched region to the ion bombardment.
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Fig. 3.3. Schematic representation of the steps used in the
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Fig.3.4. Schematic diagram of the arrangement in the vacuum chamber
of ion beam thinning machine.
(a) Ion beam (d) specimen holder
(b) Specimen © = grazing angle

(c) tantulum plates
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The methods used for specimen thinning are described below.
a) Ion Beam Thinning - The principle of this technique is the use of ion
bombardment on a material to remove atoms from the surface of the material.
An Edwards ion beam thinning machine was used in this work. A schematic
diagram of the arrangement in the vacuum chamber is illustrated in
fig.3.4. The specimen was held between tantulum plates in the holder and
was bombarded either from both sides or one side, as the case may be
by argon ion beams. The specimen holder was rotated, so that the beam
bombards a non-stationery surface giving a smooth thin area. The
grazing angle could be varied. An angle of between 15-20° would give
a suitable smooth surface at a reasonable thinning rate. Usually the
thinning rate was slow. At 6kV and 60pA beam current, thinning rate
was about 1ym per hour. Heating of the specimen during the ion
bombardment (Greer 1979) was a disadvantage. Greer showed that the heat
effects during the ion beam thinning affected the structure of the
metallic glass. Hence, in the present work, this mode of thinning was

only used for thinning crystalline materials.

b) Electrochemical thinning - A Fischione twin jet polisher was employed
for electrochemical thinning using either 5% Perchloric acid in
Butoxyethanol solution or 5% Perchloric acid, 25% Glycerol in Ethanol
solution. Since the polishing, pitting or etching of the surface
depends on the applied voltage (Hirsch et al 1965), the voltage was
adjusted to get the best polishing effect. The solution was cooled

to slower the reactions in order to obtain larger thinned areas. After
polishing, the specimens were cleéned in a gentle stream of alcohol.
Lacomit coated thin foils were washed in acetone to dissolve the

coating.
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Some of the thin areas obtained by these methods were not electron
transparent for examination by transmission Electron microscopy even at
an accelerating voltage of 200kV. Therefore a high voltage electron
microscope was used at an accelerating voltage of 500kV. The techniques

of thin foil preparation used for different materials are given in

Table 3.2.

3.5.4. Micro-analysis

To investigate the compositional variations in sputtered, plasma
sprayed and electron beam quenched samples, microanalysis was performed
using a Cambridge Scientific Instruments Microscan 5 Electron Micro-
probe Analyser (EPMA) and an Energy Dispersive System (EDX) linked to
ISI 100 Scanning electron microscope. EDX analysis was carried out
at an accelerating voltage of 20kV and the specimen was tilted at an
angle of 45° to the beam enabling the X-rays to reach the silicon detector.
Although a beam size of "Vv1000A° was used, the beam instability may have
caused a size variation. Obviously EDX analysis could not be employed
to analyse elements such as carbon, but in all the analyses carried out,
corrections for atomic number effect (Z), absorption (A), and fluorescence
(F) were made. In some cases, the electron probe microanalyser with a
Wavelength Dispersive Spectrometer (WwDS) was used to obtain concentrations
of elements including carbon. EPMA analysis was carried out at 16kV, with
a spot of 1lum. Since the ZAF correction was not carried out on the

EPMA analysis, these results were used only for qualitative assessments.

3.6. X-ray Diffraction Techniques

X-ray techniques were used to verify the amorphous nature of the
metallic glass and to measure the lattice parameters of crystalline

melt spun ribbons and electron beam rapidly quenched regions. A
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Phillips PW 1390 vertical diffractometer was used with a standard
proportional counter and conventional counting electronics.

In the case of melt spun ribbons, an aluminium plate with a
15 x 25 mm rectangular hole in the middle was used for mounting the
ribbons. Flat plate specimens were constructed by mounting about 30mm
length pieces of ribbons, side by side across the hole, using double
sided cellotape on two sides of the hole to stick the ribbons evenly
and flat. When placing these specimens, it was ensured that X-ray
beam was incident only on ribbons. It was difficult to collimate
the beam on the electron beam quenched regions of single passes,
because these individual passes were too narrow. An effort was made to
completely cover the untreated areas of the specimens with thin lead sheets,
exposing only the treated areas to the X-ray beam. The lead peaks obtained
in the results were ignored.

Either cobalt K, (A = 1.7902 Ao) or copper Ky ( A= 1.5417 Ao)
was used from thermionic tubes operated at 40kV and 25mA. Intensity of
kB was reduced using iron filters. Step scanning of the materials were
carried out. Results, in punched tape form were fed into the computer
and computer drawn graphs of intensity VS 20 wyere obtained. Since
metallic glass has no long range order, when subjected to X-rays, no
intensity peaks are given, instead, only a hump over a range of 20
is shown. This lack of intensity peaks was used to check the amorphous
nature of the materials. For crystalline materials angle 0 was
measured at the peaks. The Bragg equation was solved for these angles.
Hence spacings of the atomic planes (d) and the lattice parameter (a)
were obtained. The technique of weighted least mean square linear
analysis of lattice parameter against the Nelson-Riley-Taylor-

- . . 2
Sinclair function (cosze + cos 0O ) gave an accurate lattice

Sinb 0

parameter (ao) value when the above function reaches a value of zero.
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3.7. Measurement of Crystallization Temperature of Metallic glass

The crystallization temperature of Fe metallic glass

BOPISC7
ribbons was measured by differential scanning calorimetry (DSC).

A Du Pont heat flux DSC system consisting of a model 910 calorimeter
and a model 990 console was used in this work. The principle of the
operation of heat flux type DSC systems has been described in

detail by Baxter (1969). In DSC, the sample and the reference
material are kept in similar environments and both are subject to
identical heat treatments. The temperature difference between the
materials is measured. The heat flux type DSC systems are made in such
a way that the DSC curves give a plot of the rate of enthalpy change
with time as a function of time or temperature. DSC systems can be
employed to measure many physical properties of materials (Greer 1979),
but in the present work, it was used only for the measurement of
crystallization temperature. Crystallization of metallic glasses is

an exothermic reaction and this reaction gives rise to a major DSC peak
at the crystallization temperature.

Very small sample masses and heating rates were used in order to
reduce the distortion of the DSC curve. 4mg samples were used with a
heating rate of 10°C per minute. Since the sample mass was small, only the
empty specimen container and lid were used on the reference side.
Continuous heating was used. Heating was carried out in argon
atmosphere at a flow rate of 40ml/minute and at ambient pressure.
Temperature was plotted on the abscissa of the chart.

It is known that there is a temperature discrepancy (AT) between
the recorded temperature and the real temperature of the sample.
However, this difference in temperature is so small and not important
in this case,so it was assumed negligible. Greer (1979) using 37.8mg
sample of nickel, measured the temperature differences between the
sample and references for different heating rates. At a heating rate

of lO°C/min#&T was about 0.3°C.
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3.8. Measurement of Micro-hardness

The measurement of microhardness is a useful method of studying
the properties of materials. Since the hardness to yield strength
ratio is about 3.2 for metallic glasses and 3.0 for Crystalline
materials, the strength of the materials can also be assessed
approximately. A Leitz miniload micro-hardness tester, with a diamond
pyramid indenter was used in these measurements. Generally 50 and 100g
loads were employed. When the load is small, the dimensions of the
diagonals are also small, resulting in a larger percentage error
during the measurement of diagonals. Therefore the use of very small

loads were avoided.

3.9. Measurement of Surface Roughness

Variations of the surface roughness of electron beam melted areas,
with the process parameters were investigated. A Ferranti Surfcom 30B
surface finish and roughness measuring system was used. This system
employs a differential transformer type transducer to sense surface
irregularities. A diamond stylus with a tip of 0.003pym radius detects
very fine surface irregularities. The transducer is usually driven on
the surface to be measured by a tracing driver. The tracing speed can
be set to 0.3, 0.6 or 1.5mm s-l. Transducer output is amplified and
displayed by an amplifier and indication unit giving measurement
normal to workpiece surface in a range from 0.1 to 50 m. The amplifier
and the indication unit are connected to a pen recorder which provides a
permanent record of the roughness profile.

Surface roughness of electron beam rapidly quenched high strength

1

steel and Fe alloy was measured using a tracing speed of 0.3 mm s_ .

80F13%7
The chart speed and the vertical sensitivity of the chart were changed

in order to obtain clear profiles of surface irregularities.



3.10. Measurement of Erosion Wear

For the measurement of erosion wear, coated surfaces of steel
samples were subjected to hot propellant gas erosion. These tests

were carried out at RARDE, Fort Halstead, using a vented chamber
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erosion system. This system has been described in detail by Glue et al.

(1981). A schematic diagram of the vented chamber erosion system
developed at RARDE is shown in Fig.3.5a. It consists of a cylinder
steel bomb chamber with part of the cylinder modified to hold the
samples. These samples (cross sections are shown in Fig.3.5b and 3.5c)
are made of ultra high-strength steel and consists of three 120°
segments, (three split vent samples) which can be coated separately
using external coating sources. These segments are assembled to form
a standard nozzle shaped sample and are held in a tapered collar to
prevent gas wash erosion of the segment cages during firing. Thus
the coated areas resemble a coated inner surface of a gun barrel.

This system consists of a vented chamber with the coated samples
forming part of the vent. A propellant is ignited in the chamber

and the resulting hot gas jet erodes the sample surface as it escapes
through the vent. The burster disc helps to raise the pressure of the
gas in the sample area before allowing the gas to escape at a critical
pressure. Thus a hot pressurised propellant gas environment,
approximately similar to which prevails in a gun bore environment

is made. The conditions used; a charge weight of 130gm, a burster dis
of 2mm thickness and a vent diameter of 12.5mm are known to produce a
venting pressure of 150MPa with a venting time of 20ms and a thermal
pulse length of 40ms. The erosion of the samples are usually measured

by determining their mass loss during each firing.

Cc
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CHAPTER 4.

4., Theoretical Study of Heat Flow in Electron Beam Quenching

4.1. Introduction

During the rapid melting and quenching of materials using electron
or laser beams as heat sources, the heat flow distribution and the
cooling rate depend on many process parameters, such as beam power and
beam speed and the thermal properties of the material. For a better
understanding of the process and to obtain optimum results, it is
necessary to undertake both experimental and theoretical studies of
the heat flow problem involved. This chapter is concerned with the
theoretical modelling of the electron beam rapid quenching method
used in the present work. One of the best known analytical solutions
for the problem of heat flow involving moving point sources, was
published by Rosenthal (1946), and has been extensively used in
metallurgical applications. This solution was developed for the use
in the field of welding, although it can be applied to other processes,
which involve moving heat sources. Rosenthal's theory of three
dimensional heat flow in a material subjected to a moving point
heat source and the results obtained by applying that theory to the
electron beam quenching of steels will be discussed in the next

sections of this chapter.

4.2. Rosenthal's theory of Heat Flow.

Rosenthal's theory of heat flow involving a moving point source
of heat is based upon the experimentally established principle of
quasi - stationery state. (Bornfield 1933). Bornfield showed that if
a heat source moved at a constant velocity on a sufficiently large
body, the temperature distribution around the heat source soon becomes

constant. In other words, an observer stationed at the point source,
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fails to notice any change in the temperature around him as the source
moves on. This state of flow is called quasi - stationery. Rosenthal
applied this theory to situations requiring the consideration of one,
two and three dimensional heat flow. Since thick plates were used in
electron beam surface melting, three dimensional heat flow is
considered in the present work.

Following nomenclature will be used in this work.

q = rate of heat input gs~t
v = traversing speed of beam or specimen ms_l
T = temperature °C
t = time s
s -1 -1,1q
k = heat conductivity of metal J s ~ m K
1 . . 2 -1
% A = thermal diffusivity of metal cm™ s
1
> = Ce)
k 1.-1
c = specific heat J kg K
. -3
o = density kg m

In using this theory the major assumptions made are as follows.
a) The physical characteristics of the metals, such as specific heat (c)
and thermal diffusivity (%I) are independent of the temperature.
b) The speed (v) and the rate of heat input are constant.

c) The latent heat of melting is neglected.

d) Cooling is by conduction only.

Fig. 4.1 illustrates the moving point heat source. For the heat
distribution, the differential equation of heat flow expressed in
rectangular co-ordinates (x, y and z as shown in Fig.4.1) which are

referred to a fixed origin in the solid is given in the form,



Fig.4.1. Denotations referring to a moving point source of heat.



§T + § T + § T = )\QI
2 2
8x 8y Y st

Assume that the rate of heat input, q, is supplied by a point source
moving along the x axis with a constant speed vy. To determine the
temperature distribution around the heat source, a moving system of
co-ordinates will be used, with the origin at the point source, O'.
After a time t has elapsed, the origin of the system will have been
displaced from 0' to O, a distance of yt. The coordinates of some
point P may be x, y and z with respect to the fixed system and €,

y and z in the moving co-ordinate system, where e= x-vt. Replacing
X in equation 4.1 by €, where € is the distance of the point

considered from the point source and by differentiating with respect

to €,
620 4+ 6% + 8% = _2Av6T + 2) 6T 4.2
se2 sy §2° se st

but, according to the definition of quasi-stationery state, §T = O

§t
Therefore equation 4.2 becomes,
2 2
621 4+ §°T 4 8°T = 25y 6T 4.3
58.2 6y2 éz2 §e

For the simplification of equation 4.3, T is given in terms of,

-2
T=T +e ° «e&y,z) 4.4

where To initial temperature of the solid

¢

a function to be determined for various geometrical

configurations.
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substituting equation 4.4 in 4.3 and after the reduction of terms,

the following equation is obtained.

%0 _ (W) . g 4.5

2 522

In the case of three dimensional heat flow, if heat flows in g,

y and z directions from a point source at O, moving in the direction x,
. . 2 2 2 2

the function ¢ depends only on a distance R, where R = ¢ +y +z .

Boundary conditions in the three dimensional case are

_(S_.T + O for € + ™

Se

ST + 0 for Yy + 4.6
Sy

ST + O for Z + ®

(¥4

Also when a spherical surface 41rR2 is drawn around the heat source with
radius R,

ST 4mR K > q for R ~» (o} 4.7

o + 2 do - (a)%6 = o 4.8
dR2 R dR
. 2 2
Using d ¢ + 2 d¢ = 1 d"(R¢)
dR2 R.dR R dR2

equation 4.8 becomes

d2(R¢) - (Av)2 Rey =

dR2

[e)
D
o



A general solution of equation 4.9, satisfying boundary condition
4.6 is

by substituting for ¢ in equation 4.4

T - To = e MV, M e MR 4.11

This solution, also satisfies the boundary condition 4.7 since
2
-R~ 8T tends to a constant value M, when R so.

SR

Therefore M = 9
41K

Hence, the temperature distribution

-Ave -AVR 4,12
e e
=T, = Zx =

That is, the temperature at a point in the melt zone is given by

q -Ave -AvR 4,13
e . €
T = m R + To
By differentiating equation 4.13 with respect to time, the cooling

rate can be obtained.

§T q @) (ev + )‘z-:\)2 +v2)\) 4.14
St an K R2 R

where a = - Ave

and B = ( _A“%

According to equation 4.13, the temperature at the point of the heat

source on the substrate surface (when R =0 ) cannot be measured, since

54.

the answer will always be infinity. Therefore it is necessary to carry out

the calculations, only at points away from the point source (R>0).



55.

4.3. Analytical Results and Discussion

Computer programs were used in these theoretical calculations.
All the calculations were carried out using approximate values of the

physical properties of high strength steel, as given below.

1 -1 -1
k = 42 Jstanlk
c = 691.0 J kg k7t
-3
o = 7874 kgm
T = 1400 °C
m

Since the electron beam to material energy transfer efficiency is
very good (Strutt 1980), the reflectivity of the beam at the surface
of the material was assumed to be negligible.

Fig. 4.2a shows the temperature variation at points, which are
on the path of the beam but at different depths below the surface.
Computer program 'Heat 1' (vide appendix 1) was used to obtain these
curves. As the beam approaches the point, the temperature gradually
increases, reaching a maximum when the beam is at the surface directly
above the point. As soon as the beam moves away, the temperature
rapidly drops with time due to the rapid cooling caused by the steep
temperature gradient between the melted region and the solid substrate.
For a constant power, the maximum temperature at points below the surface
decreases with the increasing depth below the surface. In the particular
heat flow centre shown in fig.4.2a, a 300W power beam input was used
with a traverse speed of 4.4 cm s—l. The depth being nearer to the
surface, curve 1 shows a maximum temperature of 1998°C, which is well
above the melting point of the material. The maximum temperature of
curve 2 is 1400°C, which was considered as the melting point. Therefore
at the beam power and speed used, maximum depth of the melt is ~200ym.

Curve 3 shows that the process parameters used were not able to melt
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400pm depth below the surface, the maximum temperature at that depth
rising only to 668°C.

The approximate heating and cooling rates at those points are
shown in fig.4.2b, the positive values being the heating rates and
the negative values, the cooling rates. For the same power input,
the points nearer to the surface reach higher temperatures, therefore
the temperature gradients at those points are greater than at points
well below the surface, resulting in a higher cooling rate near the
surface. Fig.4.3 shows how the cooling rate at a point 0.0lmm depth
below the surface varies with the temperature. Each cooling rate was
calculated using the program 'Heat 2', (vide appendix 1), at a
value of time corresponding to the cooling part of the heat cycle, but
very near the peak temperature, at which the cooling rate was to be determined.

The variation of the theoretical melt depth with power input is
shown in fig.4.4a. Melt depths were determined as a function of power
input using the program 'Heat 1'. The melt depth was taken as the
distance along z direction (at y = o) from the surface to the point,
at which the temperature was equal to the melting point of the metal.

It can be seen that the melt depth increases as the power is increased.
The variation of experimental melt depth with power is shown in fig.4.4b.
Experimental results show the same tendency of increasing melt depth with
power.

The difference in experimental melt depths for constant increments
of power, gradually decreased as the beam power was increased. In the
range of power from 900 - 1100 W, the melt depth changed very little.
This tendency can be explained, in terms of an increasing amount of
vapourisation at higher temperatures. Once the metal is melted, the
melt depth is not affected by an increase of beam power in a small

range, since the latent heat of vapourisation is absorbed for the
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vapourisation of the material at the surface. If the increase in
power is sufficient enough to vapourise a considerable amount of
material the melt depth will be increased (keyhole effect, Mazumdar
and Steen 1980), but since the maximum power obtained by the modified electron
beam welder is only 1200W, further experiments could not be carried out.
No limit on the melt depth was observed theoretically due to the fact
that the latent heat of boiling or vapourisation was not taken into
consideration.
Fig.4.4a and b also show how the width of the melt pool increases

with theoretical (P h) and experimental (PEx) power inputs. Computer

T
program 'Heat 3' (vide appendix 1) was used to calculate the widths
theoretically. The tendency of increase in power to give an

increasing width of the melt pool is similar for both PTh and PEx'

The difference between the theoretical and experimental values of melt
depths and widths are due to the assumptions, such as constant thermal
characteristics of the material, made in the theoretical calculations.
Since a point source has a constant area, when the power is increased
theoretically the effect is similar to an increase <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>