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ABSTRACT

High power lasers have been clearly recognized in the past two decades as reliable heat
sources for the deposition of hard and wear resistant layers, e.g. of cobalt-base alloys, on
relatively soft metal surfaces. This project reports work carried out to produce alloy and
composite clad deposits on an En 3b mild steel substrate for enhanced hardness and wear
properties. A series of experiments was done to form single and overlapping clad tracks
by either injecting SiC particles or blowing a mixture of powders of SiC with Stellite
alloy 6, a low alloy steel (Alloy 4815) and an austenitic stainless steel respectively.

A 2 kW CW CO; laser was used to generate a melt pool on the substrate. The powder
mixtures were blown into the melt pool using a pneumatic powder delivery system. The
clads were produced using various combinations of processing parameters to study their
effect on the clad quality and also to obtain optimum conditions for a good clad. The
parameters varied during this study include, substrate traverse speed, powder feed rate,
powder mixture composition, and laser power density.

The powder particle velocity was found to influence the powder intake into the melt
pool. Higher particle velocities resulted in more powder loss. An acoustic emission
technique was used to determine the effect of various parameters, related to the powder
feed system, such as carrier gas flow rate, powder density and feed tube length , on the
particle velocity.

Clad samples were subjected to various metallurgical and mechanical tests to observe
the effect of different processing parameters. Microstructural studies were done by using
various electron microscopy techniques including SEM and TEM. Samples were
chemically analysed using electron probe micro analysis to determine the dilution level of

the clads. X-ray diffraction was used to examine different phases.



-1v-

Overlapping clad samples were subjected to two types of abrasive wear tests, namely,
two- and three-body wear test. The wear testing equipment was designed to provide
severe wear conditions simulating those encountered in service.

The comparative studies of the various alloys and composites produced showed that
the composite clads were far better than the alloy clads in hardness and wear resistance.
The increase in the hardness and wear resistance of the composite clad matrices was
attributed mainly to the dissolution of SiC; resulting in the enrichment of the matrix
regions in carbon and consequent formation of fine carbides. Composites of relatively
inexpensive low alloy steel (Alloy 4815) and SiC particles showed high wear resistance

comparable with that shown by expensive Stellite alloy and SiC composite.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INTRODUCTION

This project is mainly concerned with the improvement of the surface properties of
relatively cheap mild steel substrate by cladding with hard and wear resistant alloy and
composite layers using a high power laser as a heat generating source.

Wear is considered to be an unavoidable process which occurs in a variety of forms in
both industrial and "everyday" use machinery. In many service applications, for
example; oilwell drilling and automobile engines, wear of certain operating parts is a
major factor in determining the overall life and performance of machine components. The
untimely replacement of worn parts and subsequent losses due to process shut down,
can lead an industry to high annual expenses. In general engineering use, various parts
of a component are subjected to different wear conditions. Itis, therefore, desirable to
improve the wear resistance of the surface which faces a "harsh" environment while the
rest of the component will keep its bulk properties.

One process for improving the wear resistance of specific surface is known as
hardfacing. In this process a hard and wear resistant material is "welded" onto a surface
to increase its service life at a relatively low expense. There are numerous conventional
hardfacing techniques, including TIG welding and oxyacetylene torch welding, which
have been widely used for overlaying the hard and wear resistant layers onto inexpensive
material substrates.

Cobalt-base alloys have been extensively used in wear related engineering applications

for more than half a century because of their good mechanical properties e.g. high



strength and hardness even at elevated temperatures, and also good corrosion resistance.
The cobalt-base commercial alloys include the Stellites, which cover a range of
compositions. Their relatively high cost has led to interest in processes for improving the
surface properties of cheaper substrates rather than using special alloys for manufacturing
the bulk component.

The process of hardfacing was further developed when high power lasers were
introduced in this field in 1970's. Lasers can truly be considered as one of the most
important discoveries of this century for their economical impact and variety of
applications. The use of high power lasers in materials processing applications has been
a subject of interest for many researchers during the last two decades. Lasers have been
applied for a range of processes such as cutting, welding, transformation hardening,
surface melting, alloying and cladding of many materials.

Some significant advantages of lasers which favour their application in material
processing include high productivity, high flexibility and easy automation. These
advantages come from the following intrinsic characteristics of the laser beam as a
working tool (1).

1. Transfers energy fluxes of extremely high intensity.

Localized rapid heating upto temperatures of 2 x 10* K possible.
Applies its energy to any surface which is optically reachable.
Saves processing energy.

Reduces/eliminates post processing finishing operations.
Performs in a clean manner.

Quick response to commands, e.g. intensity and position of the beam.

® N ok~ »wDN

Performs as a self restoring tool.



1.2 LASER CLADDING/PARTICLE INJECTION

Laser surface cladding is a process which usually involves the deposition of a metallic
layer onto another metallic substrate for producing hard and wear/corrosion resistant
layers wherein the laser beam acts as a heat generating source to melt both the substrate
and the cladding material, commonly in powder form. There are a number of methods
for applying the cladding powder, for example; preplacing powder on the substrate, or
blowing the powder into the melt pool. In the present studies, a pneumatic powder
blowing technique was used. Laser cladding using blown powder has the main
advantages of being capable of producing fusion bonded clad layers having very low
dilution from the substrate. It is also potentially capable of automation. These
advantages make the process an interesting competitor in the fast growing market for
hardfacing. The laser hardfacing process was first used in 1981 on an industrial basis.

In a later study (2), a laser injection process was developed whereby hard and wear
resistant surfaces were produced by injection carbide particles (e.g. TiC and WC) into

various substrates (e.g. Ti-6Al-4V and Inconel).
1.3 MAIN OBJECTIVES OF PRESENT WORK

One important example of wear conditions is that of drilling bits in various cutting and
drilling processes, especially oilwell drilling operations; where, wear is an important
factor in determining the shut down periods of the process. Frequent replacements of the
drilling bits may increase the operational cost to a high level.

The main objective of the present study was, therefore, to investigate suitable alloy
compositions which can be applied as coatings to drilling bits and other similar type of
applications using a high power laser as a heat producing source. The present work was
divided into two parts. In the first part, laser was used to inject SiC particles into a mild

steel substrate and also to produce overlapping clads of various alloys, e.g. Stellite alloy



6, an austenitic stainless steel and a low alloy steel (Alloy 4815) and their composites
with SiC by including SiC particles in the cladding powders. In the second part,
comparative wear studies of various alloy and composite deposits were carried out. This
task was, therefore, started in the following sequence to achieve the set goals.

1. An indepth review of the previous literature on the subject was carried out.

2. Laser processing conditions were established by producing various single track
clads using different processing parameters e.g. laser beam diameter, substrate
traverse speed and powder feed rate.

3. Preliminary microstructural studies and hardness measurements were carried out to
find out some suitable composite compositions for better wear properties by
changing the proportion of SiC in the cladding powder.

4. Wear studies were made of various alloy and composite overlapping clad deposits
to establish their ranking in the wear resistance. Relationships between the wear
behaviour and their structural properties were also determined.

The present work of cladding and particle injection differs from previous studies in
two ways. Firstly in the present work on particle injection, relatively cheaper carbide
particles (SiC) were used for injecting into a mild steel substrate. In all the previously
reported work on particle injection, the carbide particles used were relatively expensive
TiC and WC particles. Secondly, in most of the previous studies, the hard and wear
resistant surfaces were produced by either injecting the hard carbide particles (e.g TiC and
WQC) into various substrates (e.g. Ti-6Al-4V and Inconel) or by cladding some suitable
hardfacing alloys (e.g. Stellite or stainless steel). However, in the present studies,
composite clads were produced by blowing mixtures of hardfacing alloy powders (Stellite
and stainless steel) and carbide particles (SiC) into the laser generated melt pool in various
proportions and feed rates to study the effect of incorporated SiC particles on the wear
properties of the clads. By using this combination, it was aimed to superimpose the

advantageous properties of both the components with the hard carbide component



providing hardness and wear resistance and the relatively ductile binder (Stellite or
stainless steel) contributing towards the toughness.

Wear is a complex phenomenon and usually occurs in more than one form depending
on the service conditions. However, about 50% of the total wear loss results from the
abrasive type of wear; for that reasons present studies were confined to abrasive wear
testing only. The alloy and composite clad samples were subjected to both type of
abrasive wear, namely, two-body and three-body abrasive wear. In the preliminary
studies, a qualitative two-body abrasive test was carried out on a variable composition
(constant Stellite and variable SiC) Stellite + SiC composite clad to find out the effect of
SiC feed rate on the wear properties of the composite. On the basis of these preliminary
studies, overlapping track clad samples were produced for quantitative wear testing. In
the first series of tests, the samples were tested for two-body wear under a high stress,
severe wear conditions; the effect of various process parameters, e.g. sliding distance
and applied pressure, on the wear loss was studied. The three-body wear set-up used
was, in fact, a simulation of drilling process in the sea water. These tests were carried
to calculate the wear loss of various laser produced composites to find out their feasibility

to apply as coatings on the oilwell drilling bits.



CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

The chapter on the literature survey includes the following two sections.

1. Lasers and their interactions with materials

2. Laser cladding

The first section givés an outline of the history of lasers and a brief description of the
physics of CO, lasers and their interactions with materials. In the second section an
indepth review of previous work on laser cladding/injection of various alloys and carbide

particles is presented.

2.2. LASERS AND THEIR INTERACTIONS WITH MATERIALS

2.2.1. Short History of Lasers

The process of laser invention was, in fact, first started in 1917, when Albert
Einstein showed that the process of simulated emission must exist which would allow
light to be amplified. The experience gained in the development of radar during world
war 2 helped and led scientists to explore the conditions necessary for laser action to be
achieved. In the early 1950's a group at Columbia University (USA) headed by C.H.
Townes operated a microwave device that amplified radiations by the stimulated emission
process (3). The device was termed as 'MASER', an acronym for Microwave

Amplification by Stimulated Emission of radiation. The maser principle was employed in



many materials until 1958, when Schawlow and Townes published an important paper
(4) in which they discussed its extension to the optical region of the electromagnetic
spectrum. After that a new area of research was opened to investigate the systems that
might serve as the basis for an optical maser or laser. T.H. Maiman (3), in 1960, was
the first to achieve the lasing action at optical frequencies. His laser consisted of a pink
ruby rod with silvered ends to act as mirrors inserted in the helical coil of a photographic
flash lamp. A major advance occurred when in 1964, C.N. Patel (5) developed a CO,
laser. Although the laser developed by Patel was of low power, it led to the development

of high power CO; lasers.

2.2.2 Physics of CO,_ Lasers

CO; lasers fall in the category of molecular laser systems where the active media are
molecules. This laser is considered to be the most efficient and powerful continuously
operating gas laser. The maximum efficiency of a conventional CW CO; laser discharge
has been reported as upto 30% at low laser output (5-6). In CO, lasers the lasing action
occurs by the emission of photons from the excited CO, molecules. Nitrogen is used as
an efficient excitation mechanism for CO, molecules. The emission of photons can occur
in the following two ways as shown in Fig. 2.1.

1. By the atom changing to the lower state at random. This is called spontaneous

emission.

2. By a photon having energy equal to the energy difference between the two levels
interacting with the atoms in the upper state and causing the ¢ to change to the
lower state with the creation of a second photon. This process is, in fact, the
converse of absorption and is known as stimulated emission.

It is thus apparent that in a system containing a very large number of atoms (or

molecules) the dominating process will depend on the relative numbers of atoms in the

upper and lower states. A large number of atoms (also called population) in the upper
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level will result in stimulated emission dominating, while if there are more atoms in the
lower level, there will be more absorption than stimulated emission. For stimulated
emission to dominate, it is necessary to increase the population of the upper energy level
so that it is greater than that of the lower level. This situation is known as population
inversion.

The carbon dioxide molecules, composed of two oxygen atoms and a carbon atom
between them, undergoes three types of oscillation as shown in Fig. 2.2.

These three fundamental vibrational configurations are called vibrational modes.
According to the quantum theory, the energy of oscillation of a molecule in any one
mode can have only discrete values. These discrete values are all integers multiple of
some fundamental value. At any one time, a CO, molecule can be vibrating in a linear
combination of the three fundamental modes. The energy state of the molecule can then
be represented by three numbers (ijk). These numbers represent the amount of energy,
or the number of energy quanta, associated with each mode. For example the number
(002) next to the highest energy level shown in Fig. 2.3 means that a molecule in this
energy state is in the pure asymmetric stretch mode with two units of energy i.e. with no
unit of energy associated with the symmetric stretch or bending mode. In addition to the
vibrational states, rotational states, associated with the rotation of the molecule about the
centre of mass, are also possible. The energies associated with the rotational states are
generally small compared to those of the vibrational state and are observed as splittings of
the vibrational level into a number of much finer sub-levels.

The various low-lying energy levels of the CO, molecule that are responsible for the
laser transition are shown in Fig. 2.3. Each group of lines represent a different
vibrational energy level and each individual line represents a different rotational energy
level. In the 'CO; laser', the molecules are pumped from the ground state to higher
energy states from which they trickle back by radiative and non-radiative process to state
(001) which is metastable. With sufficient pumping a populatiQn inversion is produced

between the (001) state and the (100) and (020) states. If the losses in the laser cavity are
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sufficiently low, laser oscillation begins. The strongest line of the CO laser is at a
wavelength of 10.6 um in the infrared region. For improving the laser output, nitrogen
and helium are added to the gas mixture. The excited nitrogen molecules transfer energy
to the CO, molecules by resonant collisions, whereas helium increases the laser
efficiency by speeding up the transition from the (100) energy level to the ground level

maintaining a large population inversion.

2.2.3 Types of CO, Lasers

A large number of CO; lasers are available today, varying in structure, method of
excitation and capacity. The following types of lasers have been reported by Duiey (5)
based on excitation method, gas flow pressure and direction relative to optical axis. The
reader is advised to consult reference (5) for a detailed study of these lasers.

1. Slow axial flow system

2. Fast axial flow system.

3. Fast gas transported system.

4. Waveguide lasers.

2.2.4 Fundamentals of Laser-Materials Interaction

In order to produce good quality clads, with a CO; laser, by exercising control over
different processing parameters, it is helpful to understand the fundamentals of laser
beam interaction with materials. The first question that arises is what happens when a
solid surface is irradiated by a laser beam ? When a laser beam falls on an opaque metal
surface, heat is transferred to the metal by the interaction of the photons with free and
bound electrons (7). Electrons absorb . the quanta of light energy and are raised to
higher energy states. The electrons very rapidly give up their energy via collision

processes in a time of the order of 1012 seconds or less (8). The absorbed energy is
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thus transferred very rapidly into lattice vibrations i.e. heat. The temperature of the metal
is raised due to heat absorption. The increase in temperature depends on laser power,
interaction time, absorption coefficient, specific heat and thermal diffusivity (8-9).

The following three types of laser-metal interaction have been reported by Ready (10)
depending upon the heat absorption.

1. Heating without phase change.

2. Heating with a solid-liquid phase change.

3. Melting with a solid-liquid phase change combined with plasma formation.

This list omits the important use of heating with a solid state change as is important
e.g. in steels. The physics of laser interaction is different for each type. The first two
types are related to only the surface heat treatment whereas the third type provides a melt
pool for powder injection for cladding.

The efficiency of laser process depends on the absorption of light energy by the
substrate. Thus, the reflectivity of metals is an important factor affecting the coupling of
laser energy to the substrate. The reflectivity of all metals is high in the long infrared
wavelength. Almost all metals have a reflectivity greater than 90% for wavelengths
greater than 5 pm (11). The machined surfaces show a reflectivity of about 80-95% at
the 10.6 um wavelength of CO; (12-13). At wavelengths greater than 5 um, the
reflectivity is dependent on electrical conductivity. Metals with high electrical
conductivity have the highest values of infrared reflectivity. When the laser beam falls on
a metal substrate, only a portion of the incident laser energy is absorbed by the metal
within its electromagnetic skin depth typically 10-100 nm (14-15). However, it has been
reported by Oakley and Engel (16-17) that the infrared radiation absorptivity of metal
increases very rapidly when their melting points are reached. For example, the
absorptivity of Al increases from less than 10% at room temperature to 40-50% at its
melting point and to as high as 90% at its vaporization point. This means that small
variations in solid reflectivity will have a lesser effect if the laser is incident upon a pool

of molten material at the surface. Therefore, surface reflectivity variations will be more
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critical during laser heat treatment, when no surface melting occurs, than during laser
welding, cladding or alloying (18). Reflectivity also changes as the angle between the
laser beam and the surface changes, making it difficult to get heat into surfaces that are
not close to normal to the beam (19).

Roessler (20) has described the laser-material interaction in termsof another parameter
called coupling coefficient. If a small portion (H) of the incident laser energy (H,) is
absorbed by the metal surface, then the fraction H/Hy can be defined as the coupling
coefficient, y. For smooth and solid surfaces that are sufficiently thick and absorbing so
that the incident light is not transmitted completely through them, the coupling coefficient
v would be equal to 1-R, where R is the reflectivity of the metal. Since the reflectivity
varies with the wavelength of laser emission and the temperature of the metal, v will
change accordingly. The reflectivity of some materials at room temperature as a function
of incident light wavelength is shown in Fig. 2.4. This figure shows that NaCl is
transparent throughout the visible range of the spectrum and much of the near ultraviolet
and near infrared. This means that for cutting such material we require a laser operating
in the far ultraviolet or far infrared wavelength ranges. The absorptivity of iron,
however, decreases as we go far away from the ultraviolet region. The reflectivity of
aluminium is so high at wavelengths higher than 1 pum that the coupling coefficient is only
a few percent. On the other hand, at wavelengths lower than 1 im only a small decrease
in the reflectance of aluminium and iron would result in a large increase in coupling
coefficient y. As the temperature of the surface increases, the reflectivity of almost all
metals decreases, making better coupling of the laser beam. However, Roessler (20)
has reported that the reflectivity of silicon sharply increases throughout the visible and
near infrared region when it melts. The effect of temperature on the coupling coefficient
of steel is shown in Fig. 2. 5. At the beginning of the heating, the reflectivity decreases
slowly leading to a corresponding increase in y. But once the melting is stated, the

coupling coefficient 7y is rapidly increased due to the differences in the optical properties

of the liquid and solid phases and also due to non specular reflections by the molten
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surface. If the heating is continued, vaporization will occur and the absorption by the
vaporized material or plasma formed above the surface may sometimes lead to decoupling

of the laser beam.

2.2.4.1 Coatings for Decreasing Reflectivity

As earlier mentioned, the reflectivity is not very critical in cladding or alloying where a
molten pool is formed soon after the beam is interacted with the metal surface. Sand
blasting of the substrate prior to cladding will serve to provide sufficient coupling of the
laser beam. However, for the processes that do not involve surface melting, it is
advisable to apply some absorptive coating to the surface of the metal to increase laser
coupling. Surface coatings provide a uniform and high absorptivity of the far infrared
laser energy up to the melting point of the metal irrespective of the surface finish. Engel
(17) has reported some of the criteria to consider in selecting the proper coatings which
are as follows,

1. Coatings should be absorptive in the far infrared portion of the electromagnetic
spectrum. Crystalline materials such as oxides, phosphates and fine ground metal
and carbon powders suspended in a binder are good choices.

2. Coatings should have high melting points.

3. Should be good thermal conductors to conduct the heat into the metals.

4. Should be compatible with the base metal having good adherence with the metal
surface.

5. Should be easily applicable and controllable in thickness.

6. Coatings should be economical.

Some of the most commonly used absorbant coatings are colloidal graphite,

manganese phosphate, zinc phosphate, and black paint. A mixture of sodium and
potassium silicate is also known to produce very high absorptivity (21). All these

coatings have been found to show a laser beam absorptivity of about 60-90%.
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2.3 LASER SURFACE CLADDING

Conventional surface cladding or hardfacing is a process which involves the
application of a hard and wear resistant material to the surface of a component by
welding, spraying or allied welding processes in order to reduce wear loss of material by
abrasion, impact, erosion, galling and cavitation (22). Duley (23) and Belforte (24)
have defined laser cladding as a process involving the bonding of an alloy material layer
to a metal substrate surface, producing a hard and wear resistant surface by using the
scanned laser beam as a heat source. The advantages of laser cladding over the
conventional processes, such as fusion welding, have been a subject of debate since it
was first applied in 1976. Monson (25) has carried out a comparative study of laser and
conventional cladding processes. He has shown the superiority of laser clad deposits in
many aspects, e.g. hardness, microstructure and wear. The conventional cladding or
hardfacing processes used by Monson (25) are listed below,

1. Tungsten Inert Gas (TIG) welding.

2. Oxyacetylene welding.

3. Plasma Transferred Arc (PTA).

4. Spray Welding (oxyacetylene torch fused).

5. Spray Welding (vacuum furnace fused).

6. Fusion Welding.

The process of laser cladding is the same as that of alloying except that in alloying
substantial dilution of the applied material by the melted substrate is necessary while in
cladding a minimum dilution is required because it degrades the properties of the clad
layer. The laser cladding process can be carried out by using the clad material either as a
metal powder, or as a wire, sheet or rod. Nurminen et. al. (26) have reported that
cladding using metal powder is especially suitable for many of the brittle cobalt-base
hardfacing alloys which are not available in wire or rod form. Although many of the

cobalt base alloys are also available these days in the form of wire, rod and electrode
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(36), laser cladding using alloy powders is still preferred due to many advantages as
reported at the end of this section. Matthews (27) reports that the first patent entitled
'cladding' describes the use of direct wire feed under a scanning beam of a laser.
However, the latter researches (27) showed that the shadowing effect of the solid wire
does not seem to couple the laser energy as effectively as powder and hence the powder
would be the preferred consumable for hardfacing.

Several different methods have been explored for applying the powder to the substrate
surface. The most simple and straight forward method was that reported by Steen and
Courtney (28). They passed a defocused laser beam of 2 mm diameter over a uniform
layer of powder (1-2 mm thick) resting on the surface to be clad. Another method of
laser cladding is by placing the powder as a paste on the substrate using some organic
binders. However, this method often results in increased porosity or surface roughness
due to the ejection of vapours from the binder. Eihalzer et al (29) have reported some of
the advantages of the pre-placed powder cladding which include,

1. Reduced distortion.

Reduced machining.
Reduced alloy material loss.
Minimum clad dilution.

Production of novel alloys.

I

Adaptability of process to automated techniques.

However, despite these advantages of pre-placed powder cladding method, it is
difficult to use this technique for irregularly shaped substrates because of the difficulty of
maintaining a uniform layer at the desired position (30).

Rolls Royce Ltd. adapted a blown powder technique for cladding part of high pressure
turbine blades of aero engines owing to the difficulty in pre-placing powder on the small
pad area (31). Weerasinghe and Steen (32) developed another powder delivery system,

where the powder clad material was directly delivered into the laser-substrate interaction
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by
region. Steen (7,12) has reported some of the characteristics of the laser claddingiblown

powder method which are listed below;
1. Controlled levels of dilution.
. Localized heating which reduces the thermal distortion.
. Controlled shape of clad within certain limits.

e

. Thickness between 0.3 and 3.0)in one pass.

2

3

4

5. Smooth surface finish (25 pm).

6. Good fusion bonding.

7. Fine quenched microstructures.
8. Non-contact method of application.
9. Easily automated.

Powell and Steen (33) suggested another powder delivery system for cladding where

the powder was blown with a spray gun. The powder flow rate was governed by the

argon gas flow.
2.3.1 Laser Cladding with Stellite

Before proceeding to a detailed review of the work carried out to date on the cladding
with Stellite, a brief introduction will be given to the history and physical, chemical and
mechanical properties of Stellite.

Stellite is a trade name of cobalt-base hardfacing alloys produced by Cabot
quporation, Kohomo, Indiana USA. Stellite alloys were first developed in 1900 by
Elwood Haynes and are the first cobalt-base alloys of commercial use. The initial Stellite
alloys, so called because of their star like lustre, were simple binary cobalt-chromium
alloys which were subsequently modified and improved by the addition of tungsten,
nickel, molybdenum or both (34). Deloro Stellite (UK) Ltd. also produces cobalt-base

Stellite and nickel-base Deloro alloys under their own trade name. More than 20 types of
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Stellite alloys are commercially available today. The chemical composition of some of

these alloys is given in Table 2.1.

Table 2.1

Nominal Composition of some Stellite Alloys

Alloy Wt.% |Wt.% |Wt.% |Wt.% |Wt.% [Wt.% |Wt.% |Wt. %
Co Cr W C Mo Fe Ni others

Stellite | bal. 30 12 2.5 - - - -
alloy 1
Stellite | bal 28 4 1.1 - - 2.0 -

k
alloy 6
Stellite | bal 28 4 1.1 - 3 2.5 -
alloy S6
Stellite | bal 19 8 0.7 - - 13 Si=3,B
SF6 =1.7
Stellite | bal 19 15 1.5 - - 13 Si=3,B
SF20 -
Deloro |- 17 5 0.1 17 6 bal -
alloy C

* Used in present work.

These alloys are essentially based on Co-Cr-C system with high Cr content up to ~ 30
wt.% and with carbon content up to ~ 2.5 wt.%; other carbide forming elements , such
as W, are also present. References (34-36) present a complete range of nickel and
cobalt-base hardfacing alloys. Stellite and Deloro alloys are available as castings, rods,
wires, electrodes and fine powders. Stellite alloys are extensively used in wear related
engineering applications for their high strength, wear resistance, corrosion resistance,

and high hardness even at elevated temperatures. Some physical and mechanical



properties of some Stellite alloys are listed in Table 2.2; also high temperature hardness
data are given Table 2.3.

A number of experiments were carried by Matthews (27) using various cobalt and nickel
base Stellite alloys for laser cladding on to a steel substrate. The powder pastes were
prepared by mixing the powders with organic binders and water and then spread on to the
substrate to a thickness of 1.1 mm. He studied the effect of laser beam frequency and
traverse speed on the surface roughness and microstructure of the clads using a 1.2 kW
pulsed CO; laser at frequencies of 10, 50, and 100 Hz and traverse speeds of 1.7, 3.4,
and 5.0 mm/s. A combined effect of fastest traverse speed (5.0 mm/s) and slowest
oscillation frequency (10 Hz) resulted in the roughest clad surface.

On the other hand, the smoothest clad surfaces were obtained by fusing the alloys at
the slowest speed (1.7 mm/s) with the highest frequency (100 Hz). Also, fine dendritic
structures were obtained in alloys fused at relatively higher traverse speeds. Since a
pulsed laser was used for these experiments, the frequency of oscillation together with
the beam diameter and traverse speed also determine the depth of melting and cooling
rate. Matthews (27) has reported a relationship to correlate these parameters as follows,

N= 120fd/t

where,

N = number of times the beam passes through a given point along the centre line on

the substrate.

d = beam diameter in inches

f

oscillation frequency Hz

t traverse speed inches/minute

The optimum parameters found for a smooth surface and fine dendritic structures
were, a laser frequency of 75 Hz, traverse speed of 2.5 mm/s and N equals to 30.
Although the pre-placed powder clad samples were dried at 150 °C for two hours before

laser fusing, a considerable amount of porosity was found in almost all clads.



Table 2.2

Physical and mechanical properties of some Stellite alloys

Alloy Melting Density, Hardness, [[ensile
point, °C g/cm3 Hv strength,

MN/m?>
Stellite 1 1255-1290 | 8.69 550-685 618
Stellite 6 1285-1395 | 8.46 380-425 896
Stellite 12 1280-1315 | 8.56 480-550 834
Stellite SF6 | 1085-1150 | 8.32 425-460 633
Stellite SF20| 1010-1215 | 8.39 740-900 -

Table 2.3

High temperature hardness data of some Stellite alloys

Alloy Test co | Hv at Hv at Hv at Hv at Hv at Hv at
-ndition|20 °C 100 °C 1200 °C |300 °C [400 °C |500 °C
Stellite 1 | Ascast | 606 573 540 508 485 453
Stellite 6 | Ascast |410 390 356 345 334 301
Stellite12 | As cast | 546 456 418 390 380 371
Stellite | Deposit | 450 450 439 418 396 365
SF6
Stellite | Deposit | 850 830 790 738 670 590
SF20
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Nurminen and Smith (26) studied the effect of physical nature (i.e. loose powder,
sintered powder, or fused preform) of pre-placed S 156 Stellite alloy on the laser beam
coupling. A series of clad runs was conducted with various combinations of materials
condition, laser power and substrate traverse speed. At constant laser power, the
absorption efficiency of the powder was found to vary from 80% for loose powder to
57% for sintered powder and 20% for fused preforms. It was also observed that the laser
melting efficiency, for loose and sintered powder, was increased with increasing
traverse speed. This may be attributed to less heating of the substrate by conduction at
higher traverse speeds. These results showed that the maximum energy efficiency for
laser hardfacing of Stellite alloy, S 156, would be attained by using loose powder with a
combination of high power density and high traverse speed. Argon shielding was
preferred over helium for the parameters studied since its density is greater than air, thus
giving effective shielding to prevent excessive oxidation. However, for processes which
require power densities in excess of 108 W/cm?, helium is found suitable because argon
becomes subject to ionization which generates an opaque plasma that absorbs the incident
laser radiation and prevents the laser energy from reaching the work piece.

Surface cladding of various Stellite alloys on a mild steel substrate was reported by
Metzbower and co-workers (37) using a pneumatic powder feeding system. They used a
CW CO; laser at a power of 9 kW which was found to provide 10% less power at the
interaction point than the recorded power at the calorimeter. Single and triple clad tracks
were produced using a 10 mm beam at a constant traverse speed of 8.5 mm/s and powder
feed rate of 1.1, 1.7, and 2.5 kg/h. The triple clad track was produced by depositing
two passes separately parallel to each other at a distance of 4 mm. The third pass was
deposited between the first two. The dilution of single tracks in both single and triple
passes was found to be within the range of 1.6-16.4%. However, the dilution for the
third pass in the triple pass was reported to be higher (8.4-25.2%) than the other two
passes. The higher dilution level in the third pass is contradictory to the previous studies

by Weerasinghe (38) which showed a lesser dilution in subsequent passes in the case of
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multiple track cladding. The reason for this, as reported by Metzbower, could be the
errors in measuring the penetration of the melt into the substrate. The hardness tests
showed a maximum of 600 Hv in the centre of the single track with a decreasing tendency
towards the heat affected zone. Addition of 25% stainless steel powder to Stellite alloy
158 was found to reduce the hardness of the clad deposit but did not affect the
metallurgical bonding.

Giordano and Ramous (39) observed the effect of laser power density and interaction
time on the microstructure and hardness of Stellite alloy F and SF6 deposited on an AISI
304 stainless steel substrate. It was claimed that 2-3 mm thick clad deposit can be
obtained with a laser having a power density of 0.12 kW/mm?> a coverage rate of 8.3
mm?/s with a rectangular beam of 10 x 10 mm. The short laser interaction time of 0.1-1
second for the parameters studied resulted in cooling rates of the order of 50-5000 K/s as
compared with 10 K/s for TIG deposited coatings. Consequently, a fine dendritic
structure was formed with an average primary and secondary dendrite arm spacing of 70
and 8 um respectively. The dendrite size of the laser melted coatings has been reported to
be increased with increasing energy supplied during melting (36). Higher hardness
values were observed in those clads formed at low interaction times resulting in high
cooling rates and hence fine dendritic structure as shown in Fig. 2.6.

Li and Mazumder (30) studied the mechanism of pre-placed and pneumatically
delivered powder cladding on mild steel and stainless steel plates using Stellite alloy 6 and
a nickle-base alloy containing 80% Ni, 12% Cr, 6% Al and 2% Hf. Stellite alloy
powder was levelled on a 9 mm thick mild steel and 6 mm thick stainless steel plate
before cladding in the 0.5, 1.0, and 1.5 mm thickness layers. The nickel-base alloy was
pneumatically delivered from a screw powder dispenser at a rate of 7.8 g/min. A 10 kW
CW CO; laser was used with a 6 x 6 mm spot size beam at different power densities.
The main emphasis in this work was given to the specific energy requirements for
producing good clads and its effect on the microstructure and dimensions of the clad

formed. Some interesting conclusions made in this study are summarized below.
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. The mechanism of the laser cladding process of pre-placed powder is different from
that of pneumatically delivered powder; the powder layer is first melted and then
the substrate heated through the melted powder layer whereas in the latter case the
substrate and powder are melted almost simultaneously.

. If the powder layer is relatively thin, the specific energy needed for powder melting
is negligible and the heat conduction of the process can be treated as laser beam
incident on the substrate surface with an absorptivity of the melted powder layer.

. The absorptivity of melted Stellite layers to the laser beam was found to be 37%.

. Powder thickness does not have much influence on the minimum specific energy of
the laser cladding process within the experimental parameter range studied, so the
calculation for this powder layer can be used to estimate the minimum specific

energy for thicker powder layers.
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5. In order to obtain higher energy efficiency, a small beam diameter, a substrate
with low thermal conductivity, density and specific heat, and a high traverse speed
are needed.

6. The cross sectional area of a laser clad bead is equal to that of the melted powder,
but its width depends on how wide a region of the substrate is wetted. The higher
the laser power and specific energy, the wider and shorter the bead.

7. In order to obtain a fine grain size structure in the clad layer, the specific energy
should not be much higher than the minimum required to obtain wetting of the

substrate and achieving a bond.

A comparative study of conventional and laser hardfacing process has been reported
by Monson and Steen (40) for cladding of Stellite alloy 6 on a mild steel substrate. The
process parameters used include a laser beam power of 1.8 kW with 5§ mm beam
diameter, 12 g/min Stellite feed rate and a substrate traverse speed of 8.33 mm/s. The
deposits formed by laser cladding were found superior to those formed by conventional
methods when subjected to hardness and abrasive wear tests. The results showed that the
clad deposit hardness was inversely related to the mean secondary dendrite arm spacing,

as shown in Table 2.4.

Table 2.4
Effect of dendrite arm spacing on the hardness of deposits produced by various

techniques (Ref. 40).

Hardfacing process Mean secondary Hv, kg/mm?
dendrite arm spacing,
(Lm

Oxyacetylene 15 467

TIG 10 475

PTA 8 475

Laser 3.5 565
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Macintyre (31) has discussed some economic aspects of laser processing work carried
out at Rolls Royce Ltd. for cladding of cobalt-base hardfacing alloy on Ni-base gas
turbine blades for aero engine use. The blades had been hardfaced previously using a
manual TIG welding process. The TIG process is reported to utilize high heat input,
producing deposits high in dilution by Ni from the substrate, and extended heat affected
zones initiating cracking in the blade material. The laser cladding process was found to
eliminate these problems by producing deposits free from porosity, fully fused to the
blade material, and with a Ni content of only 1-2% higher than the cobalt-base alloy.
Macintyre claimed that despite the higher operating cost of the laser, the cost for the laser
cladding process was reduced due to reduction in process time from 14 minutes ( required
for the TIG welding process) to only 75 seconds for laser processing. The consumption
of expensive cobalt-base alloy was also estimated to be cut by 50%.

Steen and Courtney (28) used Stellite alloy 12 powder for cladding on to a thin sheet
(1.1 mm) of Nimonic 75 (Ni-20Cr-0.4Ti-5Fe) substrate using a 2 kW CO, laser at
various beam powers. The powder was simply placed on the substrate by levelling off a
pile of powder between two metal shim plates. Different thicknesses were obtained
without packing down the powder layer so formed. Although, this method of applying
powder for cladding can no longer be recommended for industrial use due to the
disadvantages described earlier in this section, this work still explains some basic
process parameters affecting the quality of clad. It was found that to achieve wetting of
the Nimonic 75 substrate by Stellite alloy 12, the average energy per unit area must
exceed about 23 J/mm?® for 0.5 mm initial powder thickness and 27 J/mm? for 1.0 mm
powder thickness.

Liu et. al. (41) produced overlapping clads of Stellite alloy 6 on types 304 and 410
stainless steel substrates by pre-placing the alloy powder in layers of different thicknesses
(0.9 and 1.65 mm). The experiments were done on an AVCO HPL 15 kW laser with a
square beam of 12.7 x 12.7 mm. The substrates covered with Stellite alloy powder were

scanned under the laser beam of powers 6 kW and 7 kW at speeds of 5.0 mm/s and 4.2
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mmy/s respectively. The calculations of energy requirements of this process showed that
for a specific coating material and thickness a certain level of energy is required to form a
coating. For example, for a layer of Stellite alloy 6 powder 0.9 mm thick at a relatively
low energy level of 38 J/mm?, melting of the powder and agglomeration into large
molten beads occurred. The energy was not sufficient to cause the molten alloy to flow
and wet the substrate. A higher energy level of 52 J/mm? was found sufficient for
melting the powder and wetting the substrate, but no molten pool flow was occurred;
hence rough coated surfaces resulted. However, a smooth coating was formed at an
energy level of 64 J/mm? when melting, wetting and flow of the molten pool were
achieved.The microstructures showed relatively much longer dendrites for thick coatings.
This was a result of higher laser energy required for thick coatings inducing more heat in
the specimen and hence resulting in comparatively lower solidification rate. The dilution
level of the clads was found to be in the range of 6-27% depending on the power density
level. However, the dilution level of the second pass in the overlapping clads was
reduced to 14%, as compared with 22% of the first pass, due to partial melting of the
first. The hardness was found to be inversely related to the dilution level for the
parameters studied.

Thermal stress induced cracking and deposit porosity are some of the drawbacks of
laser cladding which have not been overcome completely so far. The porosity is however
much reduced in comparison with other methods, but is still considered as a problem
particularly when the deposit thickness exceeds 1 mm. Powell and Steen (33) have
reported a reduction in both porosity and cracking to a lower level by using in-process
ultrasonic vibrations of the substrate during laser cladding. The ultrasonic vibrators used

for this purpose were standard powerful cleaning transducers (Lead-zirconium-titanate

piezo- electric crystals with a frequency of 25 kHz). The experiments were carried out by
blowing a nickel-base Deloro Stellite alloy, SF40, into the molten pool produced on a
mild steel substrate. The experimental arrangements were the same as for the ordinary

cladding process except that the substrate was spring clamped to an aluminium plate
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attached to the transducer for vibration. The amplitude of the vibration of the substrate
was of the order of 20 um. They claimed that by using the 'vibro-cladding' technique,

the extent of crack and porosity formation was reduced to an average of about 64%.

2.3.2 Laser Cladding/Alloving with Stainless Steel

Stainless steel surface coatings have been successfully produced on mild steel
substrates for improved mechanical properties by either alloying or cladding processes.
In alloying the elements are added in various proportions to mix with molten substrate to
form stainless steel surface of the desired composition, whereas in cladding, stainless
steel powder of a selected grade is melted on the mild steel substrate to produce a clad
having good fusion bond and low dilution from the substrate. The work on alloying
ferrous and non ferrous substrate materials has been reviewed by Draper (14-15,42). A
brief review of stainless steel surface formation on mild steel substrate by alloying or
cladding is given below; however, the reader can find more information in reference
(43).

The work carried out by Weerasinghe and Steen (32, 44) involved the investigation of
the effects of various process parameters on the quality of clad layers of 316 L stainless
steel on a mild steel substrate using a pneumatic powder delivery system. The clad
features investigated include, microstructure, compositional homogeneity, degree of
dilution, corrosion resistance, porosity and cracking. The laser used was a 2 kW CW

CO; machine with the following main processing parameters.

Laser power = 1.8 kW
Beam diameter = 2-5mm
Powder feed rate = 0.16-0.22 g/s
Substrate traverse speed = 7-40 mm/s

The conclusions of this study are summarized below.
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1. For a given traverse speed and powder flow rate, there is an optimum spot
diameter for maximising the clad rate.

2. For a given specific energy, the injected powder mass flow controls the level of
dilution.

3. Porosity in clad layers may be caused by one or a combination of the cavities
between the tracks, solidification cavities, and gas evolution.

4. Cracking occurs due to tensile solidification stresses which result from differential
expansion in the steep thermal gradient associated with laser processing.

5. Very small amounts of dilution ( 0-5%) were found in the clads together with little
macro segregation.

6. Thermal penetration of the order of 1-2 mm was found with a low substrate
distortion.

7. The melting efficiency of the process was improved from 6% to around 15% by
using a hemispherical laser radiation reflecting device.

8. The corrosion rate (using boiling magnesium chloride solution) of the clads was
found to be greater than that of the wrought 316L stainless steel, but a relatively
small number of pits were observed on the laser clad layers.

Takeda et. al. (45-46) investigated the in-situ alloy formation of Fe-Cr-Ni steel using
three elemental powders either premixed or fed through separate feeders into a common
delivery pipe. The experimental results showed that significant lack of homogeneity in
composition occurred when the traverse speed was greater than 7.0 mm/s for a 1.7 kw
beam power, 7.9 mm beam diameter and 0.293 g/s powder feed rate. However, below
7.0 mm/s traverse speed, the composition was approximately uniform. The
compositional inhomogeneity occurred preferentially at the edges of the deposits or at the
clad-substrate interface and in deposits formed when the powder was injected at a point
late in the melting process. These observations indicate that the time for which the
material is molten is probably the most important factor in establishing the level of

inhomogeneity. Takeda claimed that at the regions where inhomogeneities were found,
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there is likely to be less convective stirring and therefore the mixing mechanism would be
confined principally to diffusion processes. For the short melt times encountered in the
process ( of the order of 0.3 s) the expected diffusion distance would be of the order of a
féw microns. Therefore without significant convective stirring inhomogeneities would be
expected. A comparison of hardness values in the literature and those observed by

Takeda for different compositions is given in Table 2.5.

Table 2.5

Comparison of experimental hardness values with those reported in the literature.

Stainless steel Structure Hv observed

Cr : Ni

13:6 Martensitic 330-380

18:9 austenitic/martensitic | 322-386
[erritic

25:20 martensitic/ferritic 158-183

A great deal of work has been carried out by Mazumder and Singh (47-49) and
Eiholzer et. al. (29) to develop a cobalt free Fe-Cr-Mn-C alloy for cladding which
exhibits superior wear properties as compared with cobalt base alloys such as Stellite
alloy 6. The cladding (48) was done on an AISI 1016 steel substrate by blowing a
mixture of Cr, Mn, and C powders in the ratio of 10:1:1 through a pneumatically
operated powder dispenser. An AVCO HPL 10 kW CW CO, laser was used for the
cladding with the following process parameters; laser power = 3-5 kW, beam diameter =
2 mm, substrate traverse speed = 6-50 mm/s. A variation in hardness was observed
across the laser clad region and substrate. The scattering and fluctuations in hardness

were reported to be due to the presence of fine and uniform distributions of the second
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phase in the matrix. The degree of uniformity and fine structure depended on the laser
processing conditions. The microstructure also was found to influence the wear and
friction properties. The best friction and wear properties were achieved at lower laser
power and high traverse speed.

Liu and Humphries (50) examined the significance of various parameters (including
laser power density, scan speed, beam optics, slurry binder and addition of boron) on
the properties of laser cladding of- pre-placed - 310 stainless steel powder on
310 stainless steel substrate. The powder was applied as slurry using accetate/acetone as
binder. The results showed that a laser power level of 4.5 kW with a scanning speed of
1.9 mm/s would provide adequate energy to form a coating. Increasing power levels
caused an increase in melt depth. However, the melt depth was found independent of the
scan speed except at very low speeds (£ 2.0 mm/s at 12 kW laser power) where
excessive melting of the substrate could occur. A boron addition to 310 stainless steel
powder results in a lower melting temperature, enhanced fluidity and wettability of the
melt. The process with 310 stainless steel powder showed an average energy loss of
12% and 68.4% with integrated and oscillated laser beams respectively. This energy loss
was reduced to only 2.6% and 7.6% for integrated and oscillated laser beams with
addition of boron to the stainless powder.

Marsden et. al. (51) have reported an increase in the hardness of 420 stainless steel
(12% Cr, 0.15% C) by carbon alloying using graphite coatings. Studies were carried out
by using various coating thicknesses, traverse speed and laser power. The trend
observed was to increasing microstructural refinement with increasing traverse speed and
hence increasing the cooling rate from liquid state. For example, the secondary dendrite
arm spacing was found to vary from about 1.8 pm (for tracks produced at 10 mm/s
traverse speed indicating a cooling rate of the order of 5 x 10° K/s) to about 0.6 um (for
the traverse speed of 200 mm/s indicating a cooling rate of the order of 6 x 10* K). The
maximum hardness values achieved were 600 Hv and 1500 Hv in hypoeutectic and

hypereutectic structures.



-33-

Chand at. al. (52) used an AISI 1016 steel substrate for the alloying of Ni and Cr. A
mixture of 50 wt.% of Ni and Cr was blown into the laser generated molten pool by
using a pneumatic powder delivery system. A 10 kW CW CO, laser was used at power
densities upto 2 x 10° W/mm? at traverse speeds upto 30 mm/s. Their observations were
that stainless steel alloys of uniform chemical composition could possibly be produced
this way with very smooth top surfaces (with an average surface roughness, Ra, of 29.3
um). Surface roughness decreased with increase in substrate speed and beam diameter.
An increase in speed from 25 to 50 mm/s decreased the surface roughness average (Ra)
by 14.8 um, while increasing beam diameter from 0.8 to 1.28 mm decreased Ra values
by 11.8 um on the average.

The surface properties of a free machining stainless steel (19 at.% Cr, 1.3 at.% Mo)
substrate have been reported (53) to be improved by alloying with Mo and B. The
alloying powder was applied as a paint containing about one ml of glue, 2-3 g of powder
and diluted with some solvent for easy painting on the substrate. A low power (100-150
W) CW CO, laser with a defocused beam of 150-450 um diameter was used to provide
power densities in the range of 1-5 x 10> W/mm?. These power densities were found
sufficient for alloying when scanning the substrate at speeds 10-100 mmy/s.
Microstructural studies showed that the average grain size was related to the interaction
time. EDAX analysis showed that the initial laser alloying process resulted in a fairly
inhomogeneous structure. However, remelting the alloy region, under the same
processing conditions except for high traverse speeds, resulted in structural
homogeneity. A maximum hardness of 800 Hv of stainless steel substrate was reported
on alloying with 10.2% molybdenum and 9.2% boron.

A different method of applying Ni and Cr powders has been reported by Weston and
Wright (54) to produce stainless steel surfaces on an alloy steel substrate. The alloying
elements were electroplated on the substrate in various ratios before melting by scanning
under a CW CO, laser beam. This procedure provided a clean surface coating with

uniform thickness. However, the deposit thickness was restricted to only a few microns
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with a total melt depth in the range of 30-130 um. Surfaces produced with melt depths in
excess of 100 um were reported to be very rough. The microstructural analysis showed
that the surfaces containing more than 20 wt.% of alloying elements (Cr or Cr/Ni) were
not free from cracks. Crack formation was reduced by placing the samples in stainless
steel holders which were preheated to 450 °C prior to laser alloying. Preheating at high
temperature  :, however, = rnes.é2.2( - in low surface quench rates promoting coarse
microstructures. Chemically homogeneous surfaces were produced by 60% overlapping

laser tracks which ensured double melting and adequate element mixing in the melt pool.

2.3.3 Laser Surface Treatments with other Fe-base Alloys

Laser cladding of low alloy steel powders on a mild steel substrate has not so far been
reported in the literature. The reason is that it does not seem advantageous to clad steel
powders on steel substrates while the same surface properties could be achieved by other
methods (e.g. alloying, melting and transformation hardening), at comparatively low
cost. However, low alloy steel powders may be used with other alloying elements or
ceramic particles as a carrier powder. The author's present work also includes cladding
of an iron-base alloy 4815 with SiC particles to produce a composite on a mild steel
substrate for enhanced wear resistance. A brief review of some work done on laser
treatments of low alloy steel is included here for comparative study with the author's
cladding work on the same type of material.

The most simple method of improving the surface properties of an En8 mild steel
substrate reported by Oakley (55) is transformation hardening using a 2 kW CW CO,
laser. The sample was scanned under laser beams of wide diameter (7.1, 10, 14.1 and
20 mm) at high speeds (upto 200 mm/s). The high cooling rate resulted in martensitic
transformation increasing the hardness from 230 Hv of the substrate to 880-1000 Hv for

the hardened zones.
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The surface properties of some cast irons and pure iron substrates have been reported
(56-60) to be improved by either melting or alloying with other alloying elements. All
these studies showed that the hardness of the processed layer is increased due to the
refinement of the microstructure and to the formation of hard phases (martensite and
carbides), which is attributed to high cooling rates and short interaction times associated

with laser processing.

2.3.4  Laser _Surface Injection_ of rbi Particles

Hard and wear resistant surface layers can be produced by injecting carbide particles
into laser generated melt pools on different metal substrates, and thus making them an
integral part of the coatings. The process of particle injection was first developed in 1979
by Scheafer et. al. (61) where TiC and WC were injected into Ti-6A1-4V and Inconel X-
750 substrates using a pneumatic powder delivery system. The laser particle injection
process consists of first producing a melt pool on the substrate surface and then injecting
the carbide particles so that they do not come in contact with the laser beam before
entering the melt pool. The processing conditions are chosen such that the injected
particles dissolve as little as possible before the substrate solidifies. This makes the
process different from laser cladding in which the clad layer produced is of the same
composition as the powder applied and also different from the laser alloying where the
added material is deliberately dissolved into the melt. The processing parameters selected
by Scheafer et.al. (61) for their study included a laser beam power of 3-10 kW, 3 mm
beam diameter and 50-150 mm/s of scan speed. About 100-700 pum thick layers were
produced by this method. The volume fraction of the carbide in the layers was found to
be upto approximately 50%. The surfaces produced were rough because of partially
embedded particles projecting above the matrix material.

This work was extended by Ayers and co-workers (2, 62-63) and several

investigations were made injecting WC and TiC particles successfully into other metallic
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substrates including 5052 Al, Al-bronze and 304 stainless steel substrates. The
experiments were carried out using a CW CO, laser at power levels of 3-16 kW and
beam diameters of 1:5-35 mm. The processing was done in an evacuated chamber at a
pressure of about 100 Pa. The samples were translated under the laser beam at speeds
ranging from about 25 to 150 mm/s. The carbide powder was injected into the melt pool
at feed rates ranging from 0.1-1.0 cm’/s. The preliminary studies of particle injection
showed that above the laser power necessary to achieve surface melting, the actual
volume of carbide incorporated into a melt pass is nearly independent of laser power.
However, at a given feed rate, the volume fraction of carbide in a melt pass decreases
with increasing laser power. A maximum volume fraction of about 45% has been
reported when injecting TiC particles into 304 stainless steel at 6 kW laser power. The
hardness of the matrix on the upper surface of the clad was found to be increased with
increased carbide particle dissolution.

The solubility of carbide varies from metal to metal; thus, for example, no solution
of TiC was found to occur in a 5052 Al alloy with, therefore, no hardening of the
matrix. On the other hand, extensive dissolution of TiC occurs in titanium and iron-base

alloys hence increasing the matrix hardness as given in Table 2.6.

Table 2.6

Hardness of various TiC injected matrices.

Alloy Hv, as received | Hv, HAZ Hv, carbide
injected

Ti-6Al-4V 345 ' 405 460

304 Stainless steel | 152 196 219

4340 Tool steel 430 950 1061

5052 Al 78 70 71

Al-bronze 225 - 1239 287
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The composite layers formed showed the presence of porosity and cracking of the
carbide particles. The porosity was attributed to the entrapment of the carrier gas in the
melt and was controlled by minimizing the impingement of carrier gas on the surface.
Individual carbide particles can be cracked by thermal stressing which is reduced by
screening out the large particles.

Montez et. al. (64) have reported improvement in surface properties of 42CD4 steel
(0.42% C, 1.0% Cr-Mo) by injecting WC particles. Their study showed that the
coatings with large proportions of carbide particles had more cracks and porosity. The
surface hardness of the WC injected composite matrix was increased to 800-1000 Hv as
compared with 300 Hv for the substrate. The microstructure showed fine dendrites with
large proportions of undissolved carbides near the upper surface of the processed zone,
with a cellular structure at the bottom of the zone. They have also reported that at higher
velocities the entire matrix showed a cellular microstructure and a smaller amount of
undissolved carbides, showing that the cooling rate decreases with an increase in the
scanning velocity. However, their statement is contradictory to all the previous work
including the author's work on the subject which showed lower cooling rates and higher
particle dissolutions at lower scanning speed.

Lewis et. al. (65) used arc melted buttons of Fe-37 vol.% TiC composite for laser
glazing using a 3 kW CW CO; laser. A slow homogenization pass was first made to
dissolve large carbide particles in the as-cast buttons. This treatment was followed by a
pass at a very high scan speed of 500 mm/s which generated a shallow melt zone of 130
um depth. The microstructure obtained was an equiaxed cellular matrix with embedded
fine TiC particles. The dissolution of carbide particles was low due to limited solubility
of Ti/TiC in iron (£ 0.5%). The hardness was increased from 550 KHN of the as-
received buttons to 1100-1300 KHN for the matrix of the processed surface.

Ayers et. al. (66) studied the effect of TiC particle injection, into Ti-6Al-4V substrate,
on the coefficient of friction of the composite surface formed. The samples were

produced by overlapping 10 melt passes of about 2 mm width advancing about 1.2 mm
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after each melt pass. Sliding wear tests on TiC-6Al-4V substrate and carbide particle
injected Ti-6Al1-4V/TiC composite showed a decrease in the coefficient of friction from
0.4 for the former to 0.16-0.29 for the latter.

Tucker and co-workers (67) used mixtures of carbide/silicide (TiC, WC, MoSi;) and
Stellite alloy 6 for cladding on AISI 1018 steel substrate to improve wear properties. The
conditions leading to the best clad properties include laser power 2-3 kW, powder feed
rate 50-100 mm3/s, sample traverse speed 20-40 mmy/s, laser beam diameter 2.3 mm and
helium shield-carrier gas 1.5 m>/h. The tendency for dissolution of the carbide particles
in the melt layer was higher with WC than with TiC. Furthermore, the dissolved WC
did not reprecipitate on cooling as did the TiC. As a result the dissolved W and C
components remained in solid solution reducing the ductility of the binder-phase and
hence increasing cracking tendency. The embrittlement of the matrix was reduced by
replacing Stellite with pure cobalt but it generated significant internal porosity. Cladding
with 50 vol.% mixture of MoSi; and Stellite alloy 6 showed complete MoSi; particle
dissolution in the laser generated melt pool. This dissolution produced a highly alloyed
melt which formed a brittle structure on cooling. The clad layer was severely cracked and
unsuitable for wear evaluation. Injection of MoSi, particles into a 304 stainless steel
substrate also showed the same type of behaviour on solidification due to complete
dissolution of MoSi, in the steel matrix.

Cooper and Ayers (68) studied the effect of different parameters, including melt width
and powder feed rate, on the cracking tendency of the composites produced by injecting
TiC and WC into laser melted Inconel 650 substrate. The results obtained were
similar to previous studies (62-64) with other substrates, e.g. Inconel X 750, AISI 1018
steel, except for a few new observations about the effect of particle size. The results
showed that for the medium (45-75 pm) and coarse (75-150 um) WC, the crack density
diminishes with increasing powder feed rate. For the medium (45-75 pm) TiC particles,
the crack density increases initially with increasing feed rates followed by a slight

decrease at higher powder feed rates. At medium to high powder feed rates (20-50
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mm3/s) a substantially larger degree of cracking occurs in layers treated with fine WC and
medium TiC, compared with those treated with medium and coarse WC particles.
Following the first development of the laser particle injection process in 1979 (61),
most of the work has dealt with the injection of TiC and WC into various substrates.
Although hard and weaf resistant composite surfaces can be produced by the injection of
SiC particles at relatively low cost and comparable properties with those of TiC and WC
injected composites, unfortunately there are few publications on this subject except for
those reported in this thesis and in conference proceedings (69-72). The work on laser
injection of SiC particle was started by the author of the thesis in 1986 producing
composites by either injecting SiC into mild steel or cladding a mixture of SiC with other
alloys including Stellite alloy 6, SMO 254 stainless steel, and Alloy 4815 on mild steel
substrate. Subsequent ly Abboud and West (73) studied the feasibility of SiC particle
injection into commercial purity titanium and Ti-6Al-4V alloy substrates. Their
preliminary studies showed that composites of SiC and titanium alloys can be produced
with a low dissolution of SiC particles in the matrix. The microhardness of both
composite matrices was increased to 650 Hv as compared with values of 210 Hv and 355

Hv for CP Ti and Ti-6Al-4V respectively, due particularly to the formation of TiC.

2.3.4.1 _Properties of SiC

Since the work presented in this thesis is mainly concerned with the formation of
composites of SiC with other alloys, it is appropriate to briefly review the physical,
chemical, mechanical and thermal properties of SiC.

Silicon carbide is a man-made mineral of high hardness and wear resistance. It is the
ideal abrasive for grinding materials of low tensile strength. Its thermal properties along
with high hardness make it an excellent medium for use in manufacture of refractory

products, turbine blades, ceramic seals etc. (74). Silicon carbide is manufactured by
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melting together silica and ground petroleum coke in an electric arc furnace at 2400 °C for
36 hours (75).

Some of the physical, chemical, mechanical and thermal properties of SiC are listed
below (76), whereas the Si-C binary phase diagram is shown in Fig. 2.7 (78). The Si-C
phase diagram shows that SiC decomposes on heating by a peritectic reaction at ~ 2545

°C: SiC = Liquid + C.

Colour : Black

Melting Point : Decomposes at 2773 K
Density 1 3.2 g/cm3

Chemical Composition : 70 wt.% Si and 30 wt.% C

Spectral Emissivity : 0.77 at 1823 K.

Thermal Conductivity  : 2.1 W/m K at 1273 K.

Thermal Expansion . 217 x 10°%/K at 297-2773 K.

Hardness : 3000-3500 Hv.

Structure : (i) Cubic (B) at low temperature, a =4.349 A

Bending strength

Specific heat

(if) hexagonal (c) at high temperature, a = 3.073 Z\,
c=15.070 A.

: 7.7 x 10® kg/m? at 1673 and 1.05 x 107 kg/m? at 2073

K.

: 1.465 kJ/kg K at 1823 K.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 INTRODUCTION

This chapter describes the materials, apparatus and process involved in the production
of high quality clad deposits of different alloys and composites. The experimental

procedure will be reported in two parts i.e. as pre- and post-cladding treatments.

3.2 PRE-CLADDING TREATMENTS

3.2.1 Materials Used

The material used for the present work was En 3b mild steel with the following
nominal composition (wt.%); C =0.25, Si=0.35, Mn = 1.0, Fe = balance.

Four different types of powders were used for producing alloy and composite clads.
These powders include SiC, 254 SMO stainless steel, Stellite alloy 6, and an iron base
alloy 4815. The SiC powder was of irregular shape containing 70 wt.% Si and 30 wt.%
C. Three different sizé ranges (i.e. 50-150, 250-450, 250-750 um) of SiC were used
whereas for the other powders used throughout this work only one particle size range
was used for each type as follows, stainless steel (40-200 um), Stellite alloy 6 (50-200
um), alloy 4815 (40-250 um). The screen analysis of particle size range of SiC is
shown in Fig. 3.1 and for the rest of the powders in Fig. 3.2. The nominal composition

of Stellite alloy 6, Stainless steel and alloy 4815 is given in Table 3.1.
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Fig. 3.1 Screen analysis of various SiC powders.
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Fig. 3.2 Screen analysis of different powders.
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Table 3.1

Nominal composition of alloy powders.

Alloy | Wt.% | Wt.% | Wt.% [Wt.% | Wt.% | Wt.% | Wt.% | Wt.% | Wt. %
C Fe Co Cr Mn Si Mo W Ni

Stellite

alloy6 | 1.1 bal. 60.0 [28.0 - - - 4.0 2.0

Alloy

4815 |0.15 bal. - - 0.5 0.27 0.25 - 3.5

Stainle-| 0.02 | bal. - 20.0 - - 6.2 - 18.0

ss steel

2.2 Laser Used

A 2 kW fast axial flow CW CO; laser, developed by Control Laser, was used as a
heat source for cladding during the present work. The general lay-out of this laser is
shown in Fig. 3.3. The laser assembly can be divided into the following five different

parts based on their functions (78);

—_

. Optical System

2. Power Supply

3. Water Cooling System

4. Gas Flows

5. Laser Beam Manipulations

The machine carries four electric discharge tubes connected optically in series to
produce one long tube which is then folded in the middle by means of two mirrors.
These discharge tubes are supported on a rigid 4m long laser bench making a total cavity
of 8 metres. The four cathodes of the tube are earthed to a central cathode box. This

cathode box also acts as gas manifold through which the laser gas from the four tubes can
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be drawn to a heat exchanger provided to extract the heat produced by the discharge
current.

A mixture of CO;, He and N3 (0.8 : 1 : 7) is introduced into the discharge tubes by
means of a blower at a pressure of 30-35 tor (mm Hg). A combination of low current
(140 mA maximum) and high voltage (30 kV) electrical discharge results in excitation of
the gas mixture through the glass tube to produce a 10.6 wm laser radiation. This
radiation is strongly absorbed by many materials; so it is necessary to use specialized
unsusceptible material for CO,, The out put window used in a 2 kW CO, Control laser is
made of water cooled GaAs which has a reflectivity of 35% at 10.6 pm wavelength.

The laser head consists of a Lw.s assembly. The laser beam passed through the lens
assembly is focussed on to the work-piece at a desired distance which depends on the

focal length of the lens. A KCl lens of 150 mm focal length was used for this purpose.

2,21 T.aser Power Qut Settin

This laser can provide a maximum power of 2 kW. When the laser beam is not in use,
it is directed to the cone of a water-cooled calorimeter which acts as an output power
measuring device and also power dump. A metered flow of water cools the calorimeter
cone and the difference between the water inlet and outlet temperature is measured by
different thermocouples whose output is directly displayed on a digital meter as watts of
laser power. The laser output power depends on many parameters including gas mixture
composition, gas flow rate, discharge current, gas pressure, and tube diameter (5).
Since all parameters except discharge current were kept constant, the laser output was
found to be a function of discharge current. The discharge current determines the rate at
which CO, molecules in the laser tube are pumped by direct excitation and by collision
with excited N, molecules. The output laser power would therefore be expected to be

increased by increasing the discharge current. However, a saturation point is reached
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where the heating effect at the tube axis becomes substantial so that the gain decreases,

resulting in a decrease in power.

3.2.2.2 Laser Beam Alignment

The alignment of the laser beam, emitted from the output window, with the laser
head is an important factor for obtaining maximum laser power at the work piece. The
misalignment of the beam at any point in the beam path would result in edge truncation,
causing a decrease in output power. The clipping of the beam with the nozzle was found
to be causing an excessive heat loss and nozzle melting as well.

A visible red colour HeNe laser was used for the alignment of the main laser beam
with working laser head to obtain a focussed beam through the nozzle without any
clipping. The laser was fired, for a very short time, on a fire brick placed in the beam
path, thus making a spot on the brick without entering the laser head. The HeNe laser
beam, following the same path as main laser beam, was then aligned with the spot
marked on the fire brick by the CO; laser. This method was repeated under the laser head

to align the beam with the nozzle aperture.

3.2.2.3 Beam Diameter Setting

The laser beam emitted from the output window was about 22 mm in diameter. The
beam is focussed on a point at the work piece to achieve maximum heat energy by placing
a converging lens in its path. The distance of the focal point depends on the focal length
of the lens used.

A focussed beam was obtained just at the bottom of the nozzle by placing the spacers
below the lens holder to make the distance between the lens and bottom of nozzle equal to
the focal length of the lens. A KCl lens of 150 mm focal length and 38 mm in diameter

was used for all experiments reported in this thesis. The focal position was then checked
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by changing the distance between the nozzle and the work piece. A range of distance,
which is called depth of focus and increases with focal length of the lens, was obtained
over which the laser produced a blue flash with argon gas. The centre of this was
considered as the focal point.

An overfocussed beam (3-5 mm) was used for cladding, during the present work, to
prevent excessive melting of the substrate which results with a focussed beam. The
working distances for the beam diameter used were calculated by using the following
relationship (79),

Working Distance = (D x F)/22

where, D = Required beam diameter in mm

F =Focal length of the lens
22 = QOriginal beam diameter in mm

The working distance is about 34 mm for a 5 mm beam diameter with a lens of 150

mm focal length. This working distance was used for most of the experiments unless

stated otherwise.

2.2.4 Beam Mod tructure

The beam mode structure is the most important process parameter in determining the
heat distribution of the laser beam output obtained on the work piece. The mode structure
depends on the optical cavity design and the lasing medium used. Two types of modes
exist in laser cavities. The modes parallel and perpendicular to the optical axis of the laser
cavity are called longitudinal and transverse modes respectively. The transverse mode of
a laser is more important 2~/ determines the beam propagation and pattern marked on
the work piece. Transverse modes are denoted by TEMp,, where m and n are integers
referring to the number of zeroes of intensity in the x and y directions respectively. Fig.
3.4 shows examples of intensity profiles of some low order modes. The CO, lasers

generally operate in two modes. The most commonly used mode is the uniphase TEMgg
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mode. This structure mode produces a Gaussian intensity distribution and hence is
generally referred to as a ' Gaussian beam' mode. The Gaussian beams contain more
energy which can be focussed to a small size and, therefore, are preferred for cutting and
welding applications. The other beam mode is denoted by TEMy* and is referred to as
'doughnut’ mode. This beam mode produces more uniformly distributed heat energy and
is generally used for surface treatment applications including hardening, alloying and
cladding.

The laser used throughout this work produces a mixed Gaussian and doughnut mode.
A beam burn print was produced on a piece of perpex before and after the experiments to

ensure the stability of the mode structure. A laser beam analyser (LBA) was also used

sometimes to assist with in-process monitoring of the mode structure.

TEMq, TEM g+

TEM;jo TEM;,

Fig. 3.4 Some examples of low order beam modes
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2 Powder Feeding System

A pneumatic powder delivery system was used for the present work. The design of
the powder feeders used was the same as the that developed by Weerasinghe (38). This
powder feeder utilizes a standard twist drill as the feeding screw. The rotation of the drill
transports the powder away from the shank through flutes. The powder flow increases
with screw speed until a point where it becomes non-linear due to many factors as
reported by Weerasinghe (38). The screw is driven by coupling it with a variable speed
motor having a control for screw rotation speed over a wide range. A smooth and regular
flow of powder was achieved by introducing argon as the carrier gas ahead of the powder
entry point. The accumulation of the powder in the delivery tube may cause cyclic flow
of powder which can be avoided by making all surfaces inclined at some angle.

The argon gas flow was kept to a minimum necessary required for effective conveying
of powder. The high gas flow increases the particle velocity which reduces the
deposition rate due to many factors including unfavorable particle distribution in the
particle jet, increased convective cooling effects, and particle rebounce from the
surfaces (25). The minimum effective gas flow used for powders of different
compositions and particle sizes is given in Table 3.2.

For the cladding of composites of SiC particles with other alloys, two different
powder feeders were used for SiC and other alloys, for providing separate control over
the feed rate of both powders. The two powders were conveyed through two separate
copper tubes (3 mm internal diameter) to a Y-junction, where they were mixed and
blown into the laser generated melt pool. Single alloys and alloy mixtures (pre-mixed
with SiC) were blown into the melt pool by using the same type of powder feeder. The
powder was directed towards the melt pool using a copper tube positioned at an angle of
about 40 degrees and at an approximate distance of 15 mm from the melt pool. The angle
and distance of feeding tube was chosen so as to provide a minimum rebound of particles

from the surface. The cladding set-up is shown in Fig. 3.5.
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Table 3.2

Carrier gas (argon) flows used for various powders

Nos. Powder Gas flow, lit/min
1. Stellite 1.7
2. Stainless steel 1.7
3. Alloy 4815 1.7
4. Stellite + SiC 2.5-2.9
Stainless steel + SiC 2.9
6. Alloy 4815 + SiC 2.5
7. SiC 2.1-2.9

3.2.4 Sample Preparation

A mild steel substrate in the form of 120 x 60 x 10 mm flat plates was used throughout
this work unless stated otherwise. All sample surfaces were sand blasted prior to
cladding to minimise the heat loss by reflection of the incident laser beam, and then
washed thoroughly -~ with alcohol to remove any dust particles. The samples were
first held in position on the working table by using double sided adhesive tape. Samples

7Ze

were then fixed withlhelp of clamps on both ends to resist thermal distortion and keep

them flat during cladding.

3.2,5 Laser Working Station

The laser working station is comprised of a laser head and a working table. The

standard laser head is shown in Fig. 3.6. It consists of a lens holder assembly and a 15
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mm high copper nozzle with 1.5 mm aperture. Argon was introduced into the nozzle at a

flow rate of about 1.2 lit/min to prevent smoke or particle entry into the lens chamber

without disturbing the powder flow into the molten pool. The working table is a

moveable X-Y table capable of moving hydraulically in the X-direction at a range of

speeds and manually in the Y-direction . This table is provided with a digital timer to

measure the speed of the working table. The sample is fixed on the table and can be

traversed under the laser beam at a range of speeds. The laser was first fired on the

substrate to make a spot. The powder was then aligned with the beam print on the

substrate by adjusting the position of the powder delivery tube.

2 Processing Parameters

The various processing parameters which were used, either kept constant or varied,

throughout this work are given below,
1. Laser power
2. Beam diameter
3. Substrate traverse speed
4. Powder feed rate
@) SiC
(ii) Stellite
(iii) Stainless steel
(iv) Alloy 4815
(v) 10% SiC + Stellite
(vi) 20% SiC + Stellite
(vii) 20% SiC + Stainless steel
(viii) 10% SiC + Alloy 4815
(ix) 20% SiC + Alloy 4815

: 1.85-2.0 kW
: 3-5mm

: 2.5-20.0 mm/s

: 3.5-59.4 g/min

: 11.4 -60.0 g/min

: 11.2 and 37.0 g/min

: 13.0 - 27.5 g/min

: 36.0 g/min (for overlapping clads)
: 10.0 g/min (for overlapping clads)
: 9.0 g/min (for overlapping clads)

: 45.0 g/min (for overlapping clads)
: 13.0 g/min (for overlapping clads)
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3.3 POST CLADDING TREATMENTS

Samples covered with single and overlapping clad tracks of different alloys and
composites were prepared for different types of tests. These include microstructure,
microhardness, compositional analysis, wear resistance tests, x-ray diffraction and

surface topography.

3.3.1 _ Microscopy

The microstructure and compositional analysis of clads produced using different
powder flow rates and traverse speeds were studied systematically by optical microscopy,

and by scanning and transmission electron microscopy to assess the quality of the clads.
1.1 tical microsc

Low magnification ( X 50 -100) optical micrographs were obtained to determine the
dimensions of the clads and melted substrate. High magnification optical microscopy
was used to observe the distribution of different phases. A Nikon optical microscope
was used for this purpose. The samples for optical and scanning electron microscopy
were prepared in the following sequence;

1. Small samples were cut from the transverse sections of different clad tracks using a

laboratory cut-off wheel.
2. Samples were mounted in cold setting resin making a size 30 mm in height and 30
mm in diameter suitable for loading into the electron microscope.

3. Mechanically ground using SiC abrasive papers starting from 120 and going upto
1200 in steps.

4. Polished in four stages of 14, 6, 3, and 1 um on a polishing wheel using

diamond spray.
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5. Etching; all samples were etched firstly with 2% nital for few seconds to reveal the
microstructure of the HAZ ( heat affected zone) and substrate without affecting the
clads. This solution was also found effective for the etching of alloy 4815 and its
composite with SiC.

6. Stainless steel and stainless steel + SiC composite clads were etched using Vilella's
reagent (picric acid = 1 g, nitric acid = 5.0 ml, methyl alcohol = 100 ml). The
normal time required for etching was 0.5-1.0 minute. This solution completely
darkened the substrate.

7. Electrolytic etching was used for Stellite and Stellite 4+ SiC clads with a solution
containing 6 g of chromic acid, 10 ml of nitric acid and 90 ml of distilled water.
The normal etching time taken by this solution was about 10 seconds at 0.6 A
current with a Ni cathode. By using this method only the clad microstructure was

revealed without any further etching of the HAZ or substrate.
1.2 canning Electron Micros

Electron microscopy was used to study the microstructures of the clads at
magnifications upto 5000 and for EDAX (energy dispersed analysis of x-rays) and
EPMA (electron probe microanalysis) of some selected clads.

Etched samples were first coated with carbon and then covered with silver dag to
enhance electrical contact and prevent charging.

Jeol electron microscopes (models T220 and T200) were used for obtaining secondary
image micrographs.. - Quantitative compositional analysis of the clads was
done on a JSM 35 electron microscope. Energy dispersive analysis (EDAX) of wide clad
areas (150 x 150 um) and micro probe analysis (EPMA) of some selected spots in the
clad area were done on this microscope. The x-ray detector attached to the microscope is
fitted with a thin beryllium window to protect it against any foreign particles. X-rays

produced by the elements having atomic number less than 9 cannot enter the detector due
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to their insufficient energy to penetrate the thin window. The carbon content in the clad
could not be analysed due to its low atomic weight. However, the balance to a 100%
composition was treated as the amount of carbon present. An experimental error of + 1%

was taken as acceptable for EDAX analysis.

3.3.1.3 Transmission Electron Microscopy

A few selected clads, from which thin foils could be prepared, were examined under
a Phillips 'EM 301' transmission electron microscope (TEM). The microstructure of
some slightly thicker samples which could not be seen using 'EM 301' microscopy were
examined using a high voltage transmission electron microscope. Thin foils suitable for
the examination under these microscopes were prepared in the following sequence;
1. A 10 x 30 x 3 mm slice was cut from each selected overlapping clad track by using
a laboratory cut off wheel under a stream of coolant to avoid heating.
2. The specimens were then ground down to 100 pm size on SiC papers from the
under side of the clad.
3. These specimens were then used to cut 3 mm diameter discs by using a Metals
Research 'Servomet' spark machine.
4. These discs were subjected to electrochemical thinning in a Struers "Tinupol’

machine.

3.3.1.3.1 _ Electrochemical Thinning

A Struer 'Tinupol' electrochemical thinning machine consists of a twin jet device
which is designed to detect the formation of a hole in the disc. The sample holding
chamber has a shining light on one side of the disc and a photo-cell on the other dark side

of the disc. When the hole is formed, light is passed through it and is fallen on the photo-
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cell, a buzzer sounds indicating the initiation of hole. Thinning of all samples was done

at potential of 15 V at -20 °C.

3.3.2. Microhardness Testing

Microhardness tests of the clads were performed on the same samples prepared for the
optical and electron microscopy. A Leitz miniload 2 diamond pyramid microhardness
tester was used for this purpose. Preliminary studies showed that the hardness measured
on the matrix region of all the alloy and composite clads varied significantly with load in
the range of 50-500 g (Fig. 3.7): a value of 300 g was, therefore, selected for results
presented in this thesis to obtain comparative values. Microhardness tests were carried
out using a 300 g load. At least three readings on each sample were taken to ensure the
reproducibility. The diameter of the indentation produced on the sample was measured
and the corresponding hardness value was read from the table available with this
instrument. The indentation produced on SiC particles was very small and its
corresponding hardness value could not be found in the given table, and was calculated
from the following relation (80),

Hv = (189 x 10%) F/d

where, F = force applied in N, d = diameter of diagonal produced, Hv = Vicker's

hardness number

3.3.3.  Surface Roughness

Comparative studies of worn samples were made by measuring their surface
roughness on a 'Talysurf 10' surface texture measuring instrument. A metered cut off
length of.2 mm, with a2.5 um radius diamond stylus, was used to generate average
surface roughness values (Ra). A mean of the five roughness values measured on the

same length was taken as the average roughness value.
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Fig. 3.7 Effect of applied load on the hardness of the matrix region of
Stellite + SiC clads, Power = 1.85 kW, Powder feed rate (50 wt.% SiC
préemixed) = 14 g/min., Traverse speed, mm/s; S1 =16, S2=7.7,S3
= 11.6.
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3.3.4. X-Ray Diffraction

Specimens for x-ray diffraction were prepared by cutting overlapping tracks of
different clads to a size 15 x 10 x 1 mm. The samples were then ground on emery paper
of grade 220 to 600 to make the surfaces flat and smooth. The work was carried out on a
Phillips 'PW 1710’ diffractometer using copper Ko radiations at 40 kV potential and 38
mA current. The specimens were rotated through angles ranging from 10 to 140 degrees
at a constant scanning speed of one degree per minute. The samples were spun during
diffractrometery to minimize texture effects. The diffraction patterns obtained were

indexed and compared with standard data available (81).

3.4 METHOD ADOPTED FOR PRESENTATION OF RESULTS

The results in this thesis will be reported in four ways; either as photographs, line
sketches, tables or plotted as curves. The graphs presented were drawn on a computer
using 'Cricket Graph' software. This software, sometimes, draws 'serrated' curves

rather than smooth.
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CRAPTER 4

PARAMETRIC STUDIES OF LASER CLADDING

4.1 INTRODUCTION

This chapter presents the results of preliminary studies carried out on the laser injection
of SiC particles and also cladding of various alloys and composites using different
combinations of various processing parameters, including substrate traverse speed,
powder feed rate, powder composition, beam diameter, particle size and particle
velocity. The clad parameters studied include thickness, buildup, width and also
substrate melt depth. Some possible relationships were also established between the laser
processing parameters and the clad parameters and also some derived parameters like %
area dilution. Fig. 4.1 shows the nomenclature for various regions of clads. For the
sake of simplicity, the area dilution of clad was, in fact, calculated as the ratio of
substrate melt depth (M) and the clad thickness (T) rather than the ratio of their areas.
However, in a study of area dilution measurements on some selected clads, the dilution
values obtained using both methods, i.e. by considering the actual clad area or M/T
ratio, were found to be in a good agreement (+ 10%). The alloys and composites studied
are listed below.

1. Stellite alloy 6

. Stellite alloy 6 and SiC (separately fed to obtain variable composition)
. Stellite alloy 6 and SiC (pre-mixed)

2

3

4. Stainless steel and SiC (pre-mixed)

5. Stainless steel and SiC (separately fed to obtain variable composition)
6

. Alloy 4815
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Fig. 4.1 Schematic diagram showing various features of clad deposit, B = clad buildup,

M = substrate melt depth, T = clad thickness, W = clad width, HAZ = Heat affected

zone.
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7. Alloy 4815 and SiC (pre-mixed)

The laser beam power was kept approximately constant during each set of experiments
in the range 1.85-2 kW. An experimental error of about + 15% (of calculated
dimensions) was considered to be acceptable during compilation of these results. This
error was always expected to occur during laser processing due to either malfunctioning
of the equipment or due to its manual handling. The results of these preliminary studies
provided a basis for selecting the best combination of parameters for producing good
clads with low dilution. This experience was then used to produce overlapping track
clads of various alloys and composites for wear resistance studies. The processing
parameters used for producing overlapping track clads are reported at the end of this

chapter.

4.2 LASER INJECTION OF SIC PARTICLES (Figs. 4.2-4.12)

The laser surface injection of SiC particles was carried out by using three particle
sizes, namely .. fine (50-150 pm), medium (250-450 um) and coarse (250-750 pum).
The surfaces injected with large particles (250-750 pm) showed a substantial amount of
porosity due to embedding of large particles into a limited melt depth (€ 1 mm) produced
on the substrate by the parameters used. On the other hand, surfaces produced by
injecting fine SiC particles (50-150 pm) showed a complete solution of injected particles
with poor fusion bonding. Both of these sets of results have been discarded for
parametric studies. The results presented here are those obtained by injecting the medium
particle size (250-450 pm) of SiC. The parameters studied are feed rate, traverse speed,

and particle velocity.
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4.2.1  Effect of Feed Rate on Cl Dimensions

This set of clads was produced using a constant beam power of 2 kW and a beam
diameter of 5 mm. The particle feed rate ranged from 9 g/min to 19.2 g/min at a constant
substrate speed of 6.5 mm/s. The argon carrier gas flow rate was 2 1/min which provided
a particle velocity of about 1.6 m/s. Fig. 4.2 shows the effect of particle feed rate on the
clad dimensions. The clad thickness was slightly increased with an increase in the feed
rate whereas the substrate melt depth was decreased. A comparatively larger increase was
found in the clad buildup with increasing feed rate. However, the clad width was
S&gu{g' decreased with increasing particle feed rate (Fig. 4.3). Fig. 4.4 shows an
interesting plot M}j feed rate, hardness and % area dilution. The % area dilution
showed an 1inverse relation with the feed rate at constant values of other parameters
whereas no definite trend was found on the hardness of the processed surfaces.

4,2,2 Eff f Travers d and Particle Veloci
Two sets of SiC particle injected clads were produced using a constant laser power and

beam diameter of 1.95 kW and 4 mm respectively. The other processing parameters used

for these two sets are given in Table 4.1.

Table 4.1

Processing parameters

Set No. Particle velocity, | Particle feed Traverse speed,
m/s rate, g/min mm/s

1. 4.0 59.4 16.5-22.5

2. 2.5 34.0 16.0-35.0
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Figs. 4.5 and 4.6 show the effect of traverse speed on the clad dimensions of set 1 and
set 2 respectively. The overall trend observed was the same in both the cases except for
the magnitude of the changes in the clad dimensions which is attributed to the difference
in the particle velocity. An almost constant clad buildup, together with a comparatively
larger decrease in both thickness and substrate melt@ng, was observed with increasing
substrate traverse speed. A comparison of the effect of traverse speed on the thickness
and width of these two sets produced at differen.t particle velocity and feed rate is shown
in Figs. 4.7 and 4.8 respectively.The trend observed was a decrease in both the thickness
and the width of clads with increasing traverse speed. The effect of traverse speed on the
clad dimensions was found to be more pronounced at lower particle velocity (2.5 m/s)
than at higher velocity (4 m/s). An interesting point to be noted in Fig. 4.7 is that at a
given substrate speed, the thickness of clad formed is greater at lower particle velocity
despite the low feed rate (34 g/min) as compared with that (59.4 g/min) at higher particle
velocity (4 m/s). This shows a lower particle deposition rate at higher particle velocity.
Both the sets showed a slight decrease in the clad width with increasing the traverse speed
up to 25 mm/s. However, a marked decrease in the width of set 2 occurred when the
traverse speed was increased beyond 25 mm/s (Fig. 4.8) which is attributed to the low
specific energy available for substrate melting at that speed. Although the substrate melt
depth was greater in the clads formed at lower particle velocity than those formed at
higher particle velocity at a given substrate traverse speed (Fig. 4.9), the corresponding
area dilution was lower in the case of the former (Fig. 4.10) which is attributed to the
larger clad thickness (Fig. 4.7). Fig. 4.11 shows the effect of traverse speed on the
hardness of the matrix regions of both clad sets. In set 1 a slight decrease in hardness
was observed at the beginning with an increase in the traverse speed with almost no
change with any further increase in the speed. However, the hardness of set 2 was
found to be increased, at the beginning, with an increase in the substrate traverse speed,

but was decreased sharply with further increase in the speed. The effect of area dilution
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Fig. 4.8 Effect of traverse speed on the width of SiC injected clads
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on the clad hardness, in the case of set 1, was found almost negligible except for a slight
increase at the dilution level corresponding to a traverse speed of 16.5 mm/s (Fig. 4.12).
On the other hand, in case of set 2, the hardness increased with an increase in the area
dilution reaching a steady state and then a relatively small decrease with further dilution as

shown in Fig. 4.12.

4.3 LASER CLADDING WITH STELLITE (Figs. 4.13-4.19)

Single clad tracks of Stellite alloy were produced in three sets at various substrate
traverse speeds and powder feed rates to study their effect on clad dimensions, hardness
and dilution. The experiments for all these sets were performed at a constant laser power

level of 1.85 kW and beam diameter of 4 mm.

4.3.1 Effect of Powder Feed Rate

Stellite powder was blown at feed rates ranging from 23 g/min to 60 g/min while
keeping the traverse speed constant at 5 mm/s. The clad dimensions, both the thickness
and width, were found to increase with an increase in the powder feed rate; however,
the effect of feed rate was less pronounced on the width as compared with the thickness
(Fig. 4.13). The increase in the dimensions of clad with feed rate also affected the quality
of the clads formed. The dilution was low (£ 7%) and by increasing the powder feed,
the dilution of the clad matrix by iron from the substrate was reduced as is evident from
Fig. 4.14. The dilution plotted in Fig. 4.14 is a compositional dilution and was
calculated as the difference in iron content between the the applied Stellite powder and the
clad matrix. Fig. 4.15 shows that the hardness of the matrix regions of clads produced
at speeds of 5 and 7.5 mm/s is increased with increase in the feed rate; this is attributed to

the decrease in dilution at the higher feed rate.
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Fig. 4.14 Effect of powder feed rate on the dilution of Stellite
clad, traverse speed = 5 mm/s.
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Fig. 4.15 Effect of powder feed rate on the hardness of Stellite
clads produced at different traverse speeds.
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4,.3.2 Effect of Traverse Speed

Two sets of clads were produced using constant feed rates of 50 g/min and 60 g/min at
traverse speed ranges of 2.5-7.3 mm/s and 3.5-8.5 mm/s respectively. The thickness and
width of both these sets of clads were found to be inversely related to the substrate
traverse speed (Figs. 4.16 and 4.17). A substantial increase in the hardness of the clad
from 530 to 618 Hv was found when the traverse speed was increased from 2.5 to 7.3

mmy/s at a powder feed rate of 50 g/min (Fig. 4.18)

These studies were carried out to find out the consistency of the hardness values at
various points within the clad track. Three samples produced at different speeds and feed
rates were selected from the series described in sections 4.3.1 and 4.3.2. The
microhardnesses were measured at four different points, 0.3 mm apart from each other,
starting from near the surface of clad down to the clad-substrate interface using a 300 g
load. The hardness of all these clads was found to be slightly (< 50 Hv) lower near the
clad-substrate interface (Fig. 4.19) and this is attributed to the higher dilution near this
interface. The hardness values measured at various points on the clads formed at
relatively lower traverse speeds were more consistent than for those produced at higher
substrate traverse speeds. The reason is lack of homogeneity of structure at the higher

speeds due to the shorter mixing times available than at lower traverse speeds.

4.4 LASER CLADDING WITH STELLITE + SIC POWDER MIXTURES
(Figs. 4.20-4.31)

Three sets of Stellite and SiC composite clads were produced using various

compositions, powder feed rates and substrate scanning speeds. In the first set, pre-
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Fig. 4.16 Effect of traverse speed on the thickness of Stellite

clads produced at different feed rates.
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Fig. 4.17 Effect of traverse speed on the width of Stellite
clads produced at different feed rates.
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Fig. 4.18 Effect of traverse speed on the hardness of Stellite clad.

650
¥ S1
o S2
600 - ® S3

550 - T~
ﬁ - ._\
500 -
450 v ] L 1 T T T T T T T
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Distance from Clad Surface, mm
Fig. 4.19 Effect of distance from the clad surface on the hardness of Stellite
clads, laser power = 1.85 kW, beam diameter = 4 mm, traverse speed, mm/s;
S1=5,82=3.5,S3 =25, feed rate g/min; S1 and S2 = 60, S3 = 50.
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mixed 50 wt.% SiC (particle size 250-750 pm) and Stellite powder was blown into the
laser generated melt pool: in the other two sets, SiC (50-150 pm) and Stellite powders
were fed separately at various feed rates to produce clads of various compositions.
Neither the fine nor the coarse SiC particle sizes provided fine distributions of particles in
the Stellite matrix as a result of complete solution of the fine particles and a large amount
of porosity in the case of the coarse particles due to limited clad dimensions (< 1 mm) as

compared with particle size.

4.4.1 ladding _with_Stellite iC Pre-mixed Powder

Composite clads were formed at constant powder feed rate of 10 g/min with scanning
speeds from 6.2 to 16 mm/s and a constant laser power of 1.85 kW and 4 mm beam
diameter. Fig. 4.20 shows the effect of traverse speed on the clad dimensions. A
reduction in clad thickness and depth of substrate melting with little effect on buildup was
found with increase in traverse speed, associated with a decrease in area dilution (Fig.
4.21). This decrease in area dilution was accompanied by an increase in hardness (Fig.

4.21). The width of the clad also decreased with increase in traverse speed (Fig. 4.22).

4.4.2 Cladding with Separate Feeding of Stellite and SiC Powder

Two sets of composite clads were produced. The powder mixtures were fed at
various rates keeping SiC and Stellite feed rate constant in set 1 and set 2 respectively.
The laser power, beam spot diameter and substrate traverse speed for both sets were kept
constant at 1.85 kW, 4 mm and 7 mm/s respectively whereas the other processing

parameters are given in Table 4.2.
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Table 4.2

Processing parameters for set 1 and set 2

Set No. SiC feed Stellite feed |Total feed Wt.% SiC in
rate, g/min |rate, g/min |rate g/min mixture

1. 7.0 11.4-26.7 18.4-33.7 20.0-38.0

2. 3.5-9.8 35.0 38.5-44.8 9.0-21.8

4.4.2.1 Effect of Various Parameters on Clad Dimensions

The effect of total powder feed rate (Stellite + SiC) on the clad dimensions of set 1 and
set 2 is shown in Figs. 4.23 and 4.24 respectively. An increase in the thickness and clad
buildup, with little effect on the substrate melt depth, was found in both the sets with
increasing powder feed rate. However, at constant Stellite feed rate, a decrease in clad
thickness was observed above a value of 41 g/min feed rate (Fig. 4.25). An increase in
width occurred with increase in the total feed rate irrespective of the wt.% of SiC in the
powder mixture (Fig. 4.26). The width of clads formed at constant Stellite feed rate

decreased sharply when the feed rate exceeded 41 g/min.

4.4.2.2 Effect of Various Parameters on Microhardness of Clads

Fig. 4.27 shows the relationship between the % area dilution and the microhardness of
the matrix regions of both clad sets. The microhardness decreased markedly as the clad
dilution increased. As the dilution of the clad area can be decreased by increasing the

powder feed rate, the microhardness of the clad matrices was also dependent on the feed
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Fig. 4.22 Effect of traverse speed on the width of Stellite + SiC
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Fig. 4.23 Effect of powder feed rate on the clad dimensions of
separately fed Stellite + SiC composite clads (constant SiC).
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feed rates and vice versa, respectively.
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set of Stellite + SiC clads produced at constant Stellite and variable
SiC feed rates and vice versa, respectively.
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rate (Fig. 4.28). The trend observed was an increase in the hardness with increasing feed
rate. A plot of SiC wt.% in the powder mixture versus microhardness of clads (Fig.
4.29) shows that the hardness of clads formed at constant Stellite feed rate is increased
with increasing wt.% of SiC in the powder mixture to a maximum of about 1260 Hv at
about 22 wt.% of SiC. On the other hand, the microhardness of the clads formed at
constant SiC decreased with increasing the SiC beyond 16.6 wt.% from a maximum of

about 1200 Hv.
4.4.2 Eff f Various Parameters on_Area Dilution _of CI

The area dilution of both sets of clads was found to be inversely related to the powder
feed rate. The effect of increasing powder feed rate in decreasing the % area dilution of
clads is illustrated in Fig. 4.30. The relative decrease in dilution level is lower at constant
SiC feed rate, despite the large change in total feed rates, as compared with the dilution
for constant Stellite feed rate. Fig. 4.31 shows that the dilution is substantially decreased
with increase in SiC content of the mixture for clads formed at constant Stellite feed rate
and is increased with .increase in SiC content of the mixture beyond 20 wt.% with
constant SiC feed rate. Itis of interest to note that at about 20 wt% SiC, the dilution for
the constant Stellite feed rate is considerably less than that for the constant SiC case; this
arises from the fact that the total feed rate is higher in the former case (= 41 g/min) than in

the latter (< 33.7 g/min).

4.5 LASER CLADDING WITH STAINLESS STEEL AND SIC POWDER
MIXTURE (Figs. 4.32-4.34)

Stainless steel powder and coarse SiC particles (250-750 pum) were fed separately at
constant feed rates of 37 g/min and 10.5 g/min respectively. The clads formed had large

amounts of porosity for the same reason as in the case of Stellite and SiC composites
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Fig. 4.28 Effect of powder feed rate on the hardness of the
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Fig. 4.29 Effect of wt.% SiC in the cladding powder mixture on
the hardness of the matrix region of a set of Stellite + SiC clads.
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described in section 4.4. A laser power of 2 kW with a beam spot diameter of 3 mm and
traverse speed 3 to 10 mm/s were used.

Fig. 4.32 shows the effect of traverse speed on the clad dimensions. The trend
observed was a decrease in the clad thickness and substrate melt depth with increase in
the traverse speed. However, only a small effect of speed was found on the clad buildup
except at very low traverse speed (3 mm/s) where the powder flux was so high that only a
small amount of heat reached the substrate resulting in very shallow melting and poor
fusion bonding. At higher speeds (8-10 mm/s) a good compromise between substrate
melting and clad buildup was achieved. Fig. 4.33 shows the effect of traverse speed on
the clad width. The wﬂ‘:h was found relatively low at low traverse speeds due to
excessive feed intake. It increased with speed to a maximum and the decreased with
further increase in speed. A trend of decreasing dilution with increasing traverse speed
was observed (Fig. 4.34) except at very low speed where poor substrate melting occurred

due to excessive powder intake as mentioned earlier.

4.6 LASER CLADDING WITH ALLOY 4815 AND SIC POWDER
MIXTURE (Figs. 4.35-4.39)

Two sets of clads were produced at a constant laser beam power of 1.85 kW and beam
spot diameters of 3.5 mm and 4 mm respectively. The SiC particles used were of a
medium particle size range (250-450 pm). The first set was produced by blowing
premixed 5 wt.% SiC and Alloy 4815 powder at a feed rate of 27.5 g/min with traverse
speeds from 4 to 12.5 mmy/s. The other set was formed using a 10 wt.% SiC and alloy
4815 premixed powder at a constant feed rate of 36 g/min and traverse speeds ranging
from 12 to 25 mm/s. The SiC particles, in most cases, completely dissolved possibly
due to low weight fractions in the powder feed, except in a few cases where partial
solution occurred and particles segregated to upper regions of the clad surface. Drastic

change in the hardness of the matrix regions of the clads formed occurred due to the
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solution of SiC particles. The maximum hardness measured was about 950 Hv as
compared with that of 211 Hyv for alloy 4815 clads.
mtnnionn o

Figs. 4.35 and 4.36 show the effect of traverse speeds on the]clads formed at 27.5 and
36 g/min feed rates respectively. The trend observed in the first set was a decrease in the
thickness and substrate melt depth, with little effect on buildup, with increase in the
speed. However, in the second set the clad thickness and buildup decreased with
increasing speed whereas the substrate melt depth was slightly increased at higher speeds.
The relationship between the clad width and the traverse speed for both the sets is shown
in Fig. 4.37. A marked decrease in the width was found in both cases with increase in
the speed. The data in Fig. 4.38 show a decrease in area dilution with increasing traverse
speed for 274 g/min feed rate. In the case of high feed rate (36 g/min), the trends of
dilution are much lower and show a trend to increase with increasing speed. Fig. 4.39
shows a significant effect of feed rate on the hardness of the matrix regions of both clads.
For a feed rate of 27.5 g/min, the hardness decreases with increasing traverse speed
reaching an approximate constant value at = 8 mm/s. For the higher feed rate (36 g/min)

a maximum hardness is reached at 20 mm/s traverse speed.

4.7 SELECTION OF PARAMETERS FOR OVERLAPPING TRACK
CLADS

The parametric studies on single tracks were used to select optimum cladding
conditions for producing overlapping clads with low dilution and good surface features
(i.e. buildup, width, and continuity etc.). Initially single tracks were formed using these
optimum conditions for different alloys and composites which were subsequently
overlapped at different overlapping distances. The parameters for different clads were
chosen so as to obtain the same clad buildup suitable for subsequent comparative wear
studies. Three sets of overlapping clads were produced at various processing parameters

reported in Tables 4.3-4.5.



% Area Dilution

Clad Dimensions, mm

-89-

80
60
40
20
Poor fusion bonding
<
0 T r | I T T T T T LA S S T
2 4 6 8 10 12

Traverse Speed, mm/s

Fig. 4.34 Effect of traverse speed on the dilution of stainless
steel + SiC clads.
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Fig. 4.35 Effect of traverse speed on the dimensions of Alloy 4815
+ SiC clads, feed rate (5 wt.% SiC premixed) = 27.5 g/min.
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4815 + SiC clads produced at different feed rates.
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92-

Table 4.3

Processing parameters and surface features of clads formed

with 5 mm beam diameter and 1.9 kW laser power (series 2 and 4, Ch. 6)

Powder Powder Traverse  |Overlapping | Clad Heightat | Substrate
composition| feed rate, | speed, distance, height, mm [ overlap, melt depth,

g/min mm/s mm mm mm

/ % overlap

Stainless 11.2 2.5 2.5/52 2.6 2.6 Negligible
steel
Stellite 12.4 2.5 2.5/52 2.8 2.8 Negligible
Alloy 4815( 13.0 2.5 25/52 3.2 3.2 0.16
20 wt.% 10.0 4.5 2.0/45 1.0 0.73 0.16
SiC +
Stellite
20 wt.% 9.0 4.5 2.0 /45 1.3 1.3 Negligible
SiC +
stainless
steel
20 wt.% 10.0 4.5 2.0/45 1.0 1.0 0.16
SiC + Alloy

4815




with 4 mm beam diameter and 1.85 kW laser power (series 3, Ch.6)
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Table 4.4

Processing parameters and surface features of clads formed

Powder Powder Traverse Overlapping | Clad Heightat | Substrate
composition| feed rate, | speed, distance, height, mm | overlap, melt depth,
g/min mmy/s mm mm mm

/ % overlap
Stellite 22.7 4.8 1.5/42 1.2 0.8 Negligible
Alloy 4815]22.7 4.8 1.5/42 1.0 1.0 Negligible
10 wt.% 36.0 20.0 1.5 /50 0.65 0.32 Negligible
SiC +
Stellite
10wt.%SiC| 45.0 20.0 1.5/50 0.65 0.4 Negligible
+Alloy
4815

Table 4.5

Processing parameters and surface features of 10% SiC + Alloy 4815 composite

produced at various feed rates and traverse speeds, beam diameter =4 mm,

laser power = 1.85 kW (series 5, Ch. 6)

Sample Powder Traverse Overlapping | Clad Heightat | Substrate
Nos. feed rate, speed, distance, height, mm | overlap, melt depth,
g/min mmy/s mm mm mm
/ % overlap
S1 17.7 12.5 2.0/47 0.7 0.7 Negligible
S2 17.7 5.0 2.0/44 1.0 1.0 Negligible
S3 21.5 12.5 2.0/47 0.8 0.8 Negligible
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CHAPTER 9%

STRUCTURAL STUDIES OF CLADS

5.1 INTRODUCTION

This chapter comprises three main parts. In the first part, structures as observed by
light and scanning electron microscopy are reported. The second part contains the micro-
probe analyses of some typical samples from each set of clads. In the third part, x-ray

diffraction data of these clads are reported for the identification of various phases present.

5.2 LOW AND HIGH MAGNIFICATION MICROSCOPY

2.1 neral F r f Overl in 1

Figs. 5.1-5.6 show the macrographs of plan views of overlapping track clads of
Stellite alloy 6, stainless steel, Alloy 4815 and their composites with SiC. The heights
of the alloy clads (Stellite - Fig. 5.1, stainless steel - Fig. 5.3, Alloy 4815 - Fig. 5.5)
were about 2 mm whereas the composite clads (Stellite + SiC - Fig. 5.2, stainless steel +
SiC - Fig. 5.4, Alloy 4815 + SiC - Fig. 5.6) were around 1-1.5 mm high. Other related
data about the dimensions of these overlapping clads are reported in chapter 4.
Generally, the alloy clad surfaces were rougher than the composite clad surfaces due to
their lower asperity ratios (width/height ratio) but the latter were high in surface porosity
which was attributed to the presence of SiC particles in the cladding mixtures. Small in
size and round shaped droplets of alloys were found on the surfaces of Stellite (Fig. 5.1)
and stainless steel (Fig. 5.3) clads, but the occurrence was less frequent in the case of the

latter. A narrow region at the upper surface of Alloy 4815 (Fig. 5.5) clad was found to
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Fig. 5.1 Macrograph showing plan view of overlapping track clad of Stellite
alloy 6, Laser power, P =1.9 kW, Beam diameter, D =5 mm, Powder feed
rate, F =12.4 g/min., Substrate traverse speed, S = 2.5 mm/s, Overlapping
distance, d = 2.5 mm, 2.3 X.

Fig. 5.2 Macrograph showing plan view of overlapping track clad of Stellite +
SiC composite, P = 1.9 kW, D =5 mm, F (Stellite + 20 wt.% SiC) = 10
g/min., S=4.5mm/s, d =2 mm, 2.3 X.

Fig. 5.3 Macrograph showing plan view of overlapping track clad of stainless
steel, P=19kW, D=5mm, F=11.2 g/min., S =2.5 mm/s, d =2.5 mm,
23 X.

Fig. 5.4 Macrograph showing plan view of overlapping track clad of stainless
steel + SiC composite, P = 1.9 kW, D =5 mm, F (stainless steel + 20 wt.%

SiC) =9 g/min., S =4.5mm/s, d =2 mm, 2.3 X.

Fig. 5.5 Macrograph showing plan view of overlapping track clad of Alloy
4815, P=19kW, D=5mm, F =13 g/min., S=2.5mm/s, d=2 mm, 2.3
X.

i*‘ig. 5.6 Macrograph showing plan view of overlapping track clad of Alloy
4815 + SiC, P =19 kW, D =5 mm, F (Alloy 4815 + 20 wt.% SiC) = 10
g/min., S =4.5mm/s, d=2mm, 2.3 X.
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be slightly oxidized. However, the extent of oxidation in the case of Alloy 4815 + SiC

composite (Fig. 5. 6) clad surface was markedly less than the Alloy 4815 surface.

5.2.2_ SiC Injected Clads

Fig. 5.7 shows three clad tracks produced by injecting large SiC particles (250-750
um) into the mild steel substrate at constant laser power density and traverse speed and
different powder feed rates. The proportion of embedded SiC particles increases with the
feed rate. Fig. 5.8 shows part of the transverse section of track 3. The SiC particles are
partially dissolved with a tendency to crack formation in some undissolved particles. The
average height of these tracks was about 1 mm, so that the SiC particle size used was too
big for this track dimensions, which led to the formation of large amounts of porosity.

Fig. 5.9 shows a low magnification micrograph of a clad produced using a medium
size range (250-450 pum) of SiC particles. Although some SiC particles were also
partially dissolved in this series of clads, the extent of internal porosity was much lower
than in the other series of clads formed with larger SiC particles (Fig. 5.7). Microcracks
were found in the areas surrounding the partially dissolved SiC particles (Fig. 5.10).
These microcracks seem to propagate into the matrix regions which were found to be rich
in Si and carbon contents (see section 5.3.1) and hence increased brittleness. Fig. 5.11

shows dendritic microstructure of the matrix region consisting of martensite.

5.2.3 Stellite_Clads

Fig. 5.12 shows a low magnification transverse section of overlapping clad tracks.
The surface of this overlapping clad was not smooth due to a lesser degree of overlapping
as compared with the overlapping clads of other series, e.g. stainless steel overlapping
clad tracks in Fig. 5.39. The extent of porosity was almost negligible except for a small

amount at the clad-substrate interface, particularly in the regions where two tracks were
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Fig. 5.7 Macrograph showing plan view of three different single track clads
produced by injecting large (250-750 pm) SiC particles into mild steel, Laser
power, P =2 kW, Beam diameter, D =5 mm, Powder feed rate, F; track 3
= 14 g/min, track 4 (central) = 10 g/min, track 5 = 6 g/min, Substrate traverse

speed, S =6 mm/s, 1.5 X.

Fig. 5.8 Transverse section of track 4 shown in Fig. 5.7, illustrating large

embedded SiC particles (1) in the mild steel substrate matrix (2).

Fig. 5.9 Transverse section of a composite clad produced by injecting medium
(250-450 um) SiC into mild steel substrate, P =2 kW, D=4 mm, F =14.1
g/min, S =6.5 mm/s, (1) =SiC particle, (2) = matrix, (3) = substrate.

Fig. 5.10 A magnified view of Fig. 5.9 showing completely dissolved SiC

particle (1) and area rich in Si and carbon contents.

Fig. 5.11 A magnified view of Fig. 5.9 showing the microstructure in the

matrix area.
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overlapped. The processing conditions used for producing these clads resulted in a very
small area of melting of the substrate (Fig. 5.12) and hence led to a very low dilution of
the clad matrix. Although the amount of substrate melting was low, it was sufficient to
make a good clad-substrate fusion bonding (Fig. 5.13). Fig. 5.14 shows a micrograph
taken from a transverse section of overlapping Stellite clads shown in Fig. 5.12. This
micrograph represents a typical solidification structure of Stellite alloy 6, obtained in
single tracks also, consisting of primary dendrites, interpreted as Co-rich solid solution
of W, Cr, and carbon, with some secondary branching. The secondary dendrite arm
spacing was found to be dependent on the cooling rate of the clad matrix. An increase in
secondary dendrite arm spacing was obtained with decrease in the substrate traverse
speed which resulted in a decreased cooling rate. For example, the mean secondary
dendrite arm spacing, in a set of clad tracks formed at constant Stellite feed rate (50
g/min) and laser power density (147 W/mm?), was found to be increased from ~ 2-3 pm
(Fig. 5.15) to ~ 8-10<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>