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ABSTRACT

The new subject of laser cladding is investigated. The important
processing parameters governing the morphology and quality

of metal clad deposits on metal substrates are identified

both theoretically,and in practice. Cladding metal is either
preplaced on a substrate as a powder prior to laser irradiation
or blown, in pdwder form, into a laser produced weld pool on

the éubstrate surface. Crackingd and porosity in clad deposits.was~
reduced by ultra sonic vibration of the substrate (now a patented
process). The direction for future’work is“indicated and

commercial viability .is investigated.



CHAPTER 1

AIMS AND OBJECTIVES OF THIS WORK

1.1. INTRODUCTION

The coating or cladding of one metal or alloy with another is
an important aspect of industrial metallurgy. The benefits
of tailoring material combinations to any given application
are numerous and, of course, include corrosion protection

and improved erosion and wear resistance.

The laser is a relatively new industrial tool which is capable
of producing a hot spot on the surface of a material which,
according to tle operating parameters can be used as an energy

source for heat treatment, welding or cutting.

The aim of this present work is to investigate the mechanisms
involved in welding a new surface onto a substrate using a high
power iaéer as the energy source. This process, laser cladding, J.
is of great interest to industry and has already found in-

dustrial application even in tle absence of a thorough under-
standiﬁg of how thé laser~substrate-cladding metal interactions

create the finished product.

1.2 METHODS OF LASER CLADDING

The two methods of laser cladd.ng investigated in this work
are:

A. Pre placed powder cladding: A set amount of the cladding
metal powder is placed on a substrate and the laser beam with

a chosen energy density distribution travels over the powder,



melting it and Qelding it to the surfacc of the substrate.
B. Blown on powder cladding: Cladding metal powder is
continuously blown into a weld pool created on the surface
of the substrate by the impingment laser beam. This powder

is melted and incorporated into a surface weld.

Both methods have heen tried in industry with varying degrees

of success and it is obvious that a deeper understanding of the
mechanisms will facilitate the application of either process

to future engineering problems. This thesis attempts to

identify the effects of the various process variables upon the
quality of the clad surface. This analysis involves a combination
of theoretical and practical results and the completion of this
initial investigation shquld pave the way towards an optim-

isation of the process in future applications.

1.3 AIMS AND OBJECTIVES

The aims and objectives of this thesis are ennumerated below
with indications showing where the various aspects are tackled

in the text.

1. The completion of a literature survey covering the
various aspects of laser surface treatments (chapter 2 and
appendix:A) and the major competitive cladding processes
(apperdix Q).

2. The development of theoretical models of both pre placed
and blown on powder cladding and the laser-material inter-
actions involved (chapter 3).

3. An investigation into the effect of the processing para-

meters on the quality of the clad deposit for both processes,



(Quality refers to porosity, cr&cking; dilution and
morphology), (Chapter 4 and 5).

L, After identification of the flaws possible in a depesit
and the reasons therefore, deyelop methods to reduce their

likelihood (Chapter 6 appendicesB)C and F).

It is of course impossible to cover all the ground in one
thesis but many major points are covered and the direction to

be taken by new work is made clear.



GHAPTER TWO

LITERATURE SURVEY

2.1. INTRODUCTION

The literature survey which follows begins with an explanation
of laser physics and the basics of laser-material interactions.
A subject as new as laser cladding requires this basic intrg-
duction to facilitate the readers' understanding of the points
raised later. There follows an indepth review of the small
amount of previous work on laser cladding. Laser cladding
itself is compared and contrasted with closely associated
techniques. If the reader requires further information about
non laser cladding in order to put laser cladding into

context, a full review of competitive techniques is included

- in this thesis as AppendixG .

2.20 CARBON DIOXIDE LASERS AND THEIR INTERACTIONS
WITH MATERIALS

2.2.1 THE PHYSICS OF CO2 LASERS
2.2.1.1 GENERAL

The word laser is an acronym for ‘Light Amplification py the

Stimulated Emission of .Radiation'. A triatomic



molecule such as CO2 has several meta-stable excited
vibrational states in which it can exigt under the

correct energy conditions and it is the relaxation of

the molecule from such an energy state to a more stable
condition whicﬁ results‘in a photon of energy being

em itted. Figure2l shows the three major vibrational modes
of the 002 molecule, a large number of quantised possible
transitions exist over the bénd 3um - 1¥Um with a mean
value of approximately 10.§um (31). The particular
vibrational state of a molecule is designated by three
integral numbers. The first number is the quantum level

or excitation number of the symmetric mode; the second
number is the excitation number of the bending mode; and
the third number is the excitation number of the asymmetric
mode. Only the energy levels of the pure modes a e given
in Fig2l , but all of the mixed vibrational states are
further subdivided into series of levels due to the gross
rotation of the vibrating molecule. These levels are

also quantised and are designated by J, the rotational

quantum number.

2.2.1.2. STIMULATED EMISSION AND POPULATION INVERSION

Stimulated emission is the reverse process of the
absorption which. is. the more usual result of "a photon
impinging upon an atom or molecule. In the case of
stimulated emission the incoming photon induces a downward
energy transition in the molecule which liberates a further
photon (See Fig2}). 1In order that this stimulated photon
emission becomes the dominant feature of the photon -
molecule interactions it is necessary that the gas

(in this case) is in the themmodymwamically unusual state

4
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referred to as population inversion.

One of the precepts of the laws of thermodynamics is that
for a temperature T, the distribution of the population
of gas molecules between ‘the two energy states E and

E + AE is given by:

P (E +AE)= e‘%

P(E)

ie the majority of a population of molecules at temperature

T will be in the lowest of two possible energy states.

Under certain conditions, in this case inside an electric
discharge, it is possible to arrange matters so that the
majority of molecules are in the higher, meta-stable energy
state. This 'population inversion' is a necessary feature
of a system within which a 'lasing’' action is to operate.

2.2.1.3. THE ROLE OF N2»AND He IN A CO2 LASER

The excitation of CO2 molecule by direct electron impact
within the arc is a rather inefficient process and it is
a combination of this direct energy trasnmission and the
indirect excitation of CO2 by means of collision with

electrically excited N2 which makes the production of high

power CO_ lasers possible. In a typical glow discharge

2
about 15% of the electron energy goes into pumping the CO2
upper laser level directly and up to 85% goes into pumping
the various vibrational levels of N2 (32). The upper N2

levels then act as an energy reservoir which collisionally

couples energy into the CO2 (001) lasing level via the



first vibrational N2 level as indicated in Fig2i..

To extract this‘stored energy with high efficiency it is
important that the 100/020 lower lasing levels should not
be heavily populated, and He is often used in the lasing
ga® mixture to enhaﬁce their collisonal depopulation to the
ground state. At high discharge powérs however, it becomes
difficult to ensure that the gas temperature remains below
about 5000 K to avoid excessive thermal population.of these
lower levels. At powers below IKW this waste heat disposal
problem is adequately dealt with by passing the discharge
gas along the optical cavity relatively slowly but the tolal
discharge length must be long, because the laser output

is limited to about 45 Wm? . 1In industrial lasers the
overall length of such devices is kept manageable by 'folding'
the discharge tube and using appropriate mirrors to keep
the laser discharge aligned with the tube. When the gas
flow is increased to near sonic velocities the laser

power generated per metre of discharge increases dramat-
ically. (The 2KW control laser machine used in this work
has gas flow velocities of up to 500 m/s ). Commercial
machines using this fast axial flow system are available
with powers ranging from S00W to 6KW, the specific output
power being approximately 500 Wm-1. The reason why fast
axial flow lasers achieve higher outputs than the similar
slow axial flow machines is because the waste heat dissipation
method changes from conduction in the slow flow case to

convection in the fast flow case.



2.2.1.k. . LASER OPTICS AND THEIR EFFECT ON THE STIMULATED
EMISSION IN THE ARC

The laser cavity is the name given to describe the glass
tubes and watgr cooled gold plated.copper mirrors which
contain the laser discharge. Materials such as germanium,
gallium arsenide, cadmium telluride, zinc selenide and sodium
or potassium chloride are transparent to the laser radiation
emitted by,CO2 lasers (wave length 10.6pm) and can be used

to transmit or focus the beam. The mirror at one. end of the
optical cavity is partially transparent to the beam to allow
it to be used. (In the case of the control laser machine
used in this work the'output window' is made of ZnSe.which

has a reflectivity of about 35% for 10.§¢m radiation.)

The build up of stimulated emission to produce a coherent
laser beam within the optical cavity is shown in Fig 2.2.
Initially spontaneous random emissions occur. Those whese
direction is along the axis of the laser have the longest
path léngth in the laser medium and are more lékely to

stimulate further emission.

This is turn is amplified'by the mirrors at either end of the

laser cavity.

2.2.1.5. PULSED 002 LASERS

Although high power CO2 lasers are most commonly used as

continuous output machines the output can be pulsed, that
is to say the electrical discharge is alternately switched
off and on to produce an intermittant output of regulated

high power pulses. The pecak power of each pulse is greater 10



than the mean power achieved by a continuous beam but the
overall power output is governed by the pulse shape, width
(or duration) and the pulsing rate. Typical values for

pulsing a normally 5KW(cw) machine are (32):

Power = 105 W peak, 100 W average
. Pulse length .= .  .10-100m .sec
Pulse rate o= up to 100 pps

Work in the field is still at an early stage and application

advantages are under investigation.

Pulses can em it energies because the laser gas is cold and
therefore more efficient, also there is an electrical surge

when the lasing arc is struck.

2.2.2. FUNDAMENTALS OF LASER-SOLID INTERACTIONS

The basic and dominent physical mechanism of laser inter-
action with absorbing media is heating. The temperature

rise is determined by the laser power, interaction time,

absorption co-efficient, specific heat and thermal diffusivity.

(33). In metals, light is absorbed by interaction with
electrons. A quantum of optical energy is absorbed by an

electron, which is raised to a higher energy state in the

conduction band. The excited electrons collide with lattice

phonons and with other electrons to give up their energy.

These collision processes govern the transfer of heat within

the material.

There are three regimes of laser-material interaction, listed

in order of ascending power input as:

a) Heating with no melting.

b) Heating with a solid-liquid phase change

"



c) Heating with a solid-liquid phase change combined with

plasma formation

The power input to the surface of a component during laser
‘irradi ation is often described by the useful compound

¥/
parameter VD where;

P = Laser beam power
V = The laser spot-workpiece relative velocity
D

= Laser spot diameter on the workpiece surface

P
Basically, if the value of /&D is increased then the effect
of the laser beam on the material is more profound, although the

actual relationship between the two can be complex.

In this and all subsequent discussion in this work the only
thermal regime to be discussed will be: b/ heating with

a solid-liquid phase change.

The physics of the laser-material interaction is different
for each regime but types 'a' and 'c' are not directly

relevant to the field of laser cladding or surface alloying.

The reflectivity of all metals at ambient temperatures is
high in the long infrared. For wavelengths greater than ‘
Sumn, almost all metals have a reflectivity greater than 90%
(34). At wavelengths greater than Sum, the reflectivity is
dependent on the electrical conductivity. Metals with high
electrical conductivity have the highest values of infrared

reflectivity.

The amount of light absorbed by a metallic surface is

proportional to 1-R, where R is the "reflectivity.

12



At the CO2 laser wavelength of 10.§Mm} where R is close
to unity, 1-R becomes small which means that only a small
fraction of the incident energy is absorbed and is available-

for meltinge.

The differences in values of 1-R are important in tne
context of the CO2 laser metalworking. For silver or
copper the value of 1-R for 10.§Mm radiation is approx-
imately 0.02 at ambient temperatures. The compafable
figure for steel is 0.05 which accounts to some extent
for the comparitive ease with which steel is melted compared
to copper or silver. At the shorter wavelengths attained
by Nd:YAG lasers (1.0§Mm) the value of 1-R for steel is
approximately 0.35 which indicates a seven fold increase
in initial absorption and therefore these lower powered
machines can in some cases compete with the multikilowatt

CO2 machines.

The reflectivity of metals decreases with heating from the
initial very high values already mentioned to a low valwe
comparable with that of a black body when considering a
typical weld pool with its pool of molten metal covered

by a clou& of vapour. The importance of these considerations

will become apparent in Chapter 3 which deals with a

theoretical analysis of the subject.

2.2.13. TYPES OF CO2 LASERS _

The major differences in CO2 laser system designs are

those due to the differences in the arrangements of the

13



electrical excitation unit and the gas flow direction

relative to the optical axis.

Duley (1976) (35) listed the various system design

arrangements as follows:

1) The axial system: In this case, the electrical field

(ie the direction of electrical discharge) is co axial with

the optical axis which is the same as the gas flow direction.

2) Transverse Discharge system: The gas flow direction is

the same as the electrical discharge direction and this dir-

ection is perpendicular to the optical axis.

3) Transverse Gas Flow System: The optical axis coincides

with the electrical discharge axis which is perpendicular

to the gas flow direction.

4) Transverse Gas and Transverse Discharge: The optical

axis the gas flow axis and the electrical discharge axis
are mutually orthogonal (ie they each follow one of the

XY or Z axis with respect to each other.)

The laser system used throughout this work wasafgfaxial
2KW CO2 laser supplied by Control Laser Limited (formerly

BOC Limited Industrial Power Beams Division).

The lasers can be used in either the continuous wave or the

pulsed mode.

14



2.3. LASER APPLICATIONS

2.3.1. LASER SURFACE TREATMENTS

Laser surface treatments at present under investigation for

commercial use include:

a) Transformation hardening,
b) Surface homogernisation.
c) Laser glazing.

d) Cladding.

e) Surface alloying.

A general view of these subjects was the subject of a recently
published paper co written by the pfesent author and Dr W M
Steen, This paper has been included in this thesis as
appendix A.

Further discussion would involve going into the subjects in
depth which would be inappropriate and would render this

literature review unduly bulky.

2-3.2. LASER CLADDING AND CLOSELY ASSOCIATED TECHNIQUES

2.3.2.1. LASER CLADDING

In order to distingui sh between laser cladding and other
methods of producing a new surface on a substrate using a
laser, it is necessary to include here an appropriate
definition of laser cladding. The definition has to be

approximate because laser cladding overlaps in many respects



with such technique; as laser surface alloying and laser
vapour deposition. As a basic guideiine then, laser

cladding can be said to be; the laser fusing of a cladding
material to a substraté proqucing a s;bstantial ( ~.5mm+thick)
déposit with a léw level of substrate-deposit dilutioﬁ
(<=10%). The uéualtform the cladding material takes is a
matallic powder and, in general, the substrate is a metal
block with surface properties inferior to those required. The
very fact that a weld must exist between the two means that

an amount of substrate-deposit dilution is concomitant with
the process but this -is generally regarded as a drawback as

it often results in a reduction in effetiveness of the finished
product (except in céses where this dilution is planned = see

the section on laser surface alloying).

Published material dealing specifically with aspects of laser
cladding is scarce, although reference to it as a viable process

is usually made in general papers on laser processing, eg

(36) (37) (38) (39).

The first patent relating to the process (40) was initially

filed in the USA, by the Caterpillar Tractor Company. This
patent claims the invention of 'a method for fusibly bonding a
substantially solid powder coating material to a metal artiéle'
by 'depositing a band of powder onto a surface of the metal article;
rapidly melting said coating material and said surface of the
metal article by focusing a continuous wave laser beam thereonf

to provide 'a solidified surface layer having properties based on
said coating material with a thin region of interstitched bond be-
tween it and the metal article'. The application éxample

cited is one which has aroused a great deal of interest in

laser cladding from an industrial point of view; that of the 16



1
cladding of the wear surface of engine valves. The
method in this case was to continuously pre-place the
cladding powder on the surface to be clad as the valve was
rotated under the laser beam (see FigZ3). Valves of
austenitic chrome nickel silicon steel were clad with
Stellite 6, a cobalt based hard faciﬁg alloy. The results
quote an example of a valve clad to a depth of 1.27mm with
a uniform cross section and an excellent interstitched bond.
The electron probe results shown in figure compare : . the
dissolution gradient of a laser clad valve and a gas weldéed
valve, In the case of the laser clad specimen, the smoothness
of the trace indicates the fine grain structure of the coating
and the narrow interfacial dilution zone is clearly shown. In
the case of the gas welded specimeﬁ the interstitched bond is
approximately O.5mm thick which compares poorly with the laser
clad specimen with a bond thickness of 0.05mm approximately.
Iron from the steel embrittles and reduces the oxidation
resistence of stellite 6 and dilution is therefore to be
avoided. Another disadvantage of the gas welded sample is shown
by the coinciding peaks and valleys in the Cr , Co and C scan
lines. This effect is indicative of the presence of large
crystals, such as chromium carbides produced by the hiéh heat
"input and slow cooling rates associated with gas welding. The
hardness of the laser clad deposit was found to be Rc 65-67
as compared to the gas welded deposit readings of Rc 62-65,
this being another point in favour of the laser cladding process.
Finally, the authors of the patent claim that 'by utilising the
manufacturing method of the present invention to apply the
hard alloy layer on the engine valve, the hard facing portion

of the cost of the valve can be reduced to approximately half

that of gas welding techniques'.

17
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A more récent patent(41L was brought out by Rolls Royce Ltd

in 1980. In this case powder cladding by the blown powder
process was documented, rather than the earlier pre=placed
pwder laser cladding. A schematic diagram of the method is
shown in figured.l. A shallow molten pool is created on the
substrate surface and into this area is blown the cladding
powder which melts and leaves a:tfack of clad material across
the substrate as the substrate is moved in the x or y direction.
This process, being the most commonly used in the experimental
part of this thesis, will be described in great detail later in
this work. The range of the various production parameters

were gien in the Rolls Royce patent as follows:

a) Laser beam spot diameter at the substrate: 1-4mm

b) Relative velocity of beam and substrate: 4-20mm/sec
c) Carrier gas flow rate: 2-5mg/sec

d) Powder delivery rate: 45-55mg/sec

e) Carrier gas: Argon

f) Laser power 800-2250 Watts

The material combination employed as an example in this case

were a Nimonic 75 substrate and a Stellite 12 cladding powder.

Stellite 12 has the following composition:

Constituent % by weight
Carbon 1.70 - 1.95
Silicon 1.5 max

19



Constituent % by weight

Manganese . 1.5 max
Aluminium 1.0 max
Chromium . 57-31
Iron 2.5 max
Molybdenum 2.5‘max
Nickel 1.5 max
Titanium 1.0 max
Tungsten 8-10
Cobalt Balance

(As cast hardness = 546 HV)

Using the experimental parameters mentioned earlier, successful
tracks of depths of between 0.35 and 1.9mm thick were deposited

having hardnesses in the range 450 to 600 HV.

Work carried out at Imperial College by Steen and C;urteney in
1979 (42)’involved an investigation of the same Nimonic 75 -
Stellite 12 combination. The powder was, in this case,ynot
blown into the weld pool but was pre-placed on the substrate

prior to laser irradi-.ation.

The experimental programme involved attempting to clad the
substrate with the following variables:

Laser power levels of 1600, 1800 and 2000W. (P)

20.



Two powder thicknesses : 0.5 and 1.00mm
(Powder density 50% solid)
Beam diameters at substrate : 2.0, 3.3 and 4.7mm (D)
Substrate-Beam relative velocity : 3 - 30mm/sec (V)
The Nimonic 75 substrate was in the form of 1.18mm thick sheet

and the Stellite 12 was 300 mesh powder.

The results showed that a weld between the substrate and molten
powder was formed only when the average energy per unit area

. 2
exceeded approximately 23,J /mm~ for a O.5mm deep powder lager

and 2.J /mmz for the 1.0mm deep layers.

The hardness of the deposited Stellite 12 was found to be in the
600 - 650 HV range, an increase on ﬁhe as cast hardness of
546 HV attributable to the rapid cooling.associated with the
process. The relationships between the operating parameters
and the condition of the finighed clad surface were in--
vestigated and this led to the production of operating charts
relevant to individual beam diameters(Appedu,Ajﬁg13{ The
figure shows the relationship between the Power P and the
velocity V and the width of the deposited track.

P
There is a cut off on theright of the graph showing the /DV
_levels above which the substrate is melted throughout and the
weld pool, instead of being supported from below, is joined

to solid material only at its sides. The cut off levels
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on the left indicate the qerating regime beyond which the
powder may or may not be melted but this is not combined with
welding to the substrate. Between these two limiting parameters
(which change with D) the width of the deposited track-was
. . _ P . .

found to be liherly related to the parameter /V irrespective
of beam diameter or powder depth. This effect is to be expected
as the ?/V value measures the amount of energy absorbed per unit
length by the powder-substrate combination, an increase in energy
absorption being accompanied by increased melting of both the
powder and the substrate. As the total amount of melting
. . P/, .
increased with V it was also observed that the substrate
was more effected by the increase than the powder and thus,

s yas . . . ‘ . P/ .
the dilution increased in a linear manner with ‘V (eg ditution

-

for O.5mm powder at x:!/V = S0 vJ/mm = ~ 2% and at p‘/V = 100

Jfom =~ 16%).

Track widths in the range 1~4mm with thickness of 0.75 - 1.25mm
were obtained during this experimental programme, ;a typical
coverage rate being the production of a 2mm wide track, imm thick

at a rate of 22mm/s. (with a laser power of 2KW).

Work carried out by Gnanamuthu (43), using a 15KW (max power)
c.w, CO_ laser has shown good results with the following

2

substrate-cladding combinations:~-

22



Tribaloy alloys on Steel : Tribaloy cobalt based alloys are

well known cladding materials for wear and corrosion resistence.

Using a pre-placed powder bed 6mm deep and a laser power of
12.5KW, a cladding thickness of 6 to 7mm and width of almost
1Omm was achieved in a single sweep of the beam. Dilution of
the cladding alloy with the suberate was less than 5% by weight
and the hardness of the deposit was Rc 58. The beam diameter

used was 14mm and the processing speed was 1.27mm/s.

The powder was applied as a slurry and the reason why the
depth of the solid deposit is the same as the poder thickness
has to do with the fact that the powder is melted in a wider
track than the width of the cladding-substrate interfacial weld,
the surface tension of the weld pool then draws it into a
truncated cycloid area on either side of the clad track. In

the case or massive deposits (and in tnis case) it is quite
common for the cross section of the clad layer to be more than
a semi cycloid and thus there is deleterious undercut at the

deposit-substrate interface.

This will be discussed at length in the experimental discussion

of this thesis.

Stellite alloys on Steel : This system met with similar success.

The cobalt based Steliite 41 was clad at a rate of 1kg/h using



3KW of laser power. The Stellite was laid on the substrate

in the form of 3mm diameter cast rods and these were welded
onto the substrate with a 6.4mm diaméter beam at a processing
speed of Q.ZBmQA{.As before, the dilution levels were excellént,

being less than 5%, and the hardness was higher than the as-

cast value at Rc60.

Tungsten Carbide in Iron on Steel : A mixture of coarse (nominal

particle size of O0.5mm) tungsten carbide particles and iron
powder (Limm) was applied to a steel (AISI.1018) surface without
a binder and was processed with the following parameters: laser

power 12.5KW, beam diameter 12mm and processing speed 5.5mm/sec.

The WC particles were not ﬁelted during the operation but were
distributed in the iron which melted and was welded to the steel.
The surface which results from this type of processing is similar
to that of a laser assisted particle injected surface (see

»

section 2.3.2.4.5).

Alumina on Aluminium : Alumina powder was melted onto a 2219

aluminium alloy resulting in a very hard surface. The parameters
used ;ere: Laser power 12.5KW, laser beam size 6.4 x 19mm
(Rectangular, Oscilla;ing at 690Hz), Processing speed 8.47mm/sec.
It is not clear how well the alumina is bonded to the substrate

and some cracking was evident but the process slwws promise.-
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Aﬁ interesting cladding technique was developed by Koji etc at

(44) involving the cladding of a rhenium film onto a permalloy
substrate. The difficulty in this case is the disparity between
the melting ﬁoints*qf the rhenium cladding powder (Mpt. 3180°C)

and the substrate (Mpt 1480°C). The finished product must

have a surface layer of pure rhenium and becauwe of the difficulties
of dilution in a case where the substrate has a much lower melting

point than the cladding material, straightforward single pass laser

nelting/welding was inappropriate. The problems were overcome

by use of a multiple pPass method: The rhenium powder was pressed in-

to a tightly packed layer on the substrate and was then exposed
to a pulsed laser beam from a Nd-YAG las?r. The depth of’the
powder layer i; Squ and its density is almost'70% of that ;f
bulk rhenium. The first exposure of this pow der layer to

the laser beam results in the melting of a thin skin on the
surface of the powder layer so that the substrate-powder sandwich
becomes a substrate-powder-solid rhenium skin sandwich. Sub-
sequent laser heating results in the melting of the substrate
by conduction through the powder layer. This molten substraté
flows into. the gaps between the powder Particles and thus,

the finished product consists of a substraté-powder dispersioﬁ
in substrate-pure rhenium film sandwich. The optimum power

5

density for the primary irradi.ation was found to be: 1.4 x 10
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w/cm2 which resulted in a melted depth of 20 microns. If a
greater power density is employed the surface is damaged by
scattering of liquad rhenium particles. The time for each pulse
was O.ZmS and the spofradius was O.1mm. In the case of the
secondary irradi .ation a lower surface temperature for a longer
time was required as the heat has to be conducted through to
the substrate without melting the existing pure rhenium skin.

5

To this end the parameters used were : 0.9 x 10 W'/cm2 power

deé§ity with 1.0ms pulse width and a spot diameter of O.5mm.

Finally, one novel method of laser cladding is described by
Shaefer and Ayers in their laser spraying patent (45). In this
method, the powder is introduced into the beam above the substrate
and is propelled towards the substrate by the evaporation caused
on the upper surface of each particle by exposure to the laser
beam. The particles thus accelerated .» upon impingement on

the surface of the substrate can clad, allos‘or imbed the.surface.
The particles must have certain properties for the phenomenon
of evaporation induced propulsion to be realised. The vapour,
pressure of the particles must be from‘about 10-2 to about 10—1
atmospheres greater than the ambient pressure (which can be
adjusted by use of an atmospheric chamber). Generally, this
vapour pressure should be reached at a temperature from about
the melting point of the powder particles to about five hundred
degrees Cglsius above the melting point. The second critical

property of the particles is the coefficient of heat absorption
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which is defined by :

PA = amount of power absorbed by the particle
r = particle radius

P = power density of the laser beam

Values for the coefficient required to give a sufficient rate

of heating for laser spraying are from 0.2 to }.O. A sufficient
rate of heating is one that raises the temperature of the
particles to one at which their vapour pressure exceeds the
ambient pressure by 10-2 to 10-1 atm. in a period of time of hot

more than 10—2sec.

Examples of suitable cladding materials include metal oxides such
as A1 o, Cr 0 TiO ; metals of bw to moderate density
2. 3y 2 3, 2

(sp. gr. 10) such as Al, Ti, Cr, Fe ; metal carbides, cemented

carbides and nitrides.

Although this laser cladding method is being investigated, actual
results fram: feasibility studies of various cladding-substrate

combinations haw not yet been reported.

It is clear that a great deal of work remains to be carried out

into the scientifically and indqstriql}y very promising field
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of laser cladding, and it is towards this end that the work in

this thesis was carried out.

2.3.2.2. LASER SURFACE ALLOYING

Laser surface alloying is an extension of laser cladding in

that it is the same process carried out with an increased laser
power input to the 'cladding' pool. This increase in power input
leads to substantial melting of the substrate and the mixing of
the substrate metal and the cladding material creates a new alloy

on the surface of the substrate.

The added elements may be in powder or solid form ie rods, wires
or sheet, and can be pre-placed on the component or added while

the melting is in progress.

The mixing of the additional material and the substrate is aided
by the presence in the weld pool of strong convective forces,

within the weld pool. (46).

At the central point of impingement of the laser beam, the
temperature is highest and the surface tension lowest. The
temperature decreases and the surface tension increases along a
line from the centre to the edge of the pool (the temperature
coefficient of the surface tension is positive for most materials).

Thus, any volume element of the surface experiences a net force
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parallel to the surface causing it to move from the centre

to the edge of the weld pool. This mixing, presentin neéarly

all laser metal working process, resultsin an alloyed layer
which is of uniform composition and is made up éf fine grains.
There are two main areas of application of laser alloying, one
being the laser alloying of a substrate to achieve superior
mechanical, physical or chemical properties on a surface or

part of a surface, the other being laser alloying for electrical
characteristics used in the production of various electronic
components, These two fields can be roughly labelled 'macro'

and 'micro' laser alloying respectively.

In the case of macro laser alloying for improved mechanical, physical
or chemical surface properties, materials studies have been

reported. (43) (47), detailing the successful alloying of low

carbon and low alloy steels with a range of elements (C; C, Ni,

W, V, Mn)..AThe laser alloying process is still being researched

and although several applications have been assessed, there arg

no reports of the use in production as yet. However, it is

likely that the process will be important to the automotive,

aerospace and possibly the domestic appliance industry, since the

method can be employed as an on-line process for high volume
production. Aluminium-silicon alloys can be strengthened locally

by increasing the silicon level (48) and this has obvious attractions
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for the weight conscious automotive industry. Work on hardening
aluminium valve seats, power steering assemblies and piston rings
by laser alloying has been carried out and a cast iron diesel
engine valvé seat has been suggested as a su.table laser alloying
application (56). Tﬁe operating temperature of a steel exhaust
valve seat may exceed tle tempering temperature of a transformation
hardened layer, resulting in a softening of the seat. If the

seat is alloyed with chromium,hardness is maintained at elevated

temperatures.

Work carried out at Imperial College by Bennett and Steen (49)
investigated the feasability of applying thin surface alloyed
coatings to Nimonic alloy substrates. The substrate used was

Nimonic 75 and the alloying powders were Tribaloys 100 and 400.

The application of the alloying powders to the substrate in the
form of a paste after mixing them with a binder was found to giwve
very poor results. The reasons for this failure, which has been

noted in other projects include :

?. There is a difficulty in loading the binder with sufficient
powder whilst at the same time avoiding the possibility of non
homogeneous mixtures.

2. The products of combustion (vapours and gasses) resulting from
the inter action of the laser beam arid the binder tended to

blow away the powder/binder paste ahead of the laser beam.
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3. The tendency for some binders to curl up when heated and thus

avoid being struck by the beam.

The use of a pre-placed dry powder technique gives much better
results and resulted in the production of uniform alloy beads
although in the case of Tribaloy 100 transverse cracking was a

problem.

The commercial viability of 'macro laser surface alloying ' is
obvious and the near future should bring the process, which has
been justified in many contexts, on to the production lines of

many engineering concerns.

Micro surface alloying is not very relévant:bothis tﬁeSis,
suffice it to say here that Q switched ruby and Nd:YAG lasers
have been used to alloy g¢hmic contacts on GaAs epilayers and
workers in the field have concluded that the process is in some

respects preferable to the mare usual thermal alloying techniques.

THE CONSOLIDATION OF SPRAYED COATINGS BY LASER RE-MELTING

2.3.2:3.

2.3.2.3.1 Introduction

The various techniques of spraying a new surface onto a substrate
are discussed in dppendix G, where it i3 noted that the

fidished product has a tendency to porosity and poor clad layer-



substrate adhesion.
Experimental programmes have been carried out into the subject
of laser re-melting plasma and flame sprayed coatings { (50),

(51) ) and the results proved to be very encourdging.

2.3.2.3.2. LASER CONSOLIDATION OF PLASMAS SPRAYED COATINGS

2¢3.2.3.2.1 General

In the case of plasma sprayed coating , corrosion resisting coatings
of titanium and 316L stainless steel on steel substrates have

been laser melted With good results (50). After laser processing,
these initially porous coatings were pore free and exhibited good
surface quality. Results with wear resisting surfaces showed

good consolidation but a propensity to cracking initiated by the

thermal streésses encountered during cooling.

2.3.2.3.2.2. The Effect of Retained Gasses:

When a laser beam heats porous plasma sprayed samples from ambient
temperature to above the melting point of the coating, gasses
trapped within pores in the coating experience increases in
absolute temperature which range from about fourfold in the case
of low melting point alloys (eg Met co 16¢c) to more than sixfold

for: Ti,If, as is often the case, the pores are closed and at
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atmospheric pressure before the laser‘processing, the dramatic
increase in pressure on laser heating can often result in the
explosive ejection of metal from the surface of the weld pool.
Another problem associated with these pores is that they can be
trapped in the remelted layer with deleterious results. The
research team at .the Amercican Naval Research Lanoratory (50)
decided to obviate these problemé by minimising the amount of

gas trapped in the coating by plasma spraying in a vacuum. This
method was found to have benefits which extended well beyond that

of *‘ng trapped gasses.

The lesser degree of oxidatiQn in the vacuum sprayed coatings
was at least as beneficial in improving laser remelted Coatina
properties'as was the reduction in trapped gasses. For example,
individual powder particles of the 316L stainless steel sprayed
in air are covered in a thin.coat of chromium rich oxide which
hampers consolidation during laser melting. Hastelloy C, when
plasma sprayed in air oxidises less than 316L or titanium but the
small percentage of oxide present agglomerated during laser mglt

consolidation yrelding undesirably coarse oxide particles.

2.3.2.3.2.3 Thermal Stress Effects

Thermal stress effects caused by the thermal cycle of the
irradiated zone, result in cracking which is the most serious

limitation of the laser consolidation process. The cracks can 33



classified into four types:

a) cracks in the coating
b) cracks in the substrate
c) cracks at the ,coating-substrate interface

d) cracks which traverse the interface

a) cracks in the coating: cracks in the coating can be further
grouped according to whéther they are located; i/ in the melt pass
ii) in the as sprayed coating or iii) within both the melted and
unmelted portions of the coating. Cracks of type 1 are most
frequently encountered when very steep thermal gradients are a
feature of the process. '(High power densities and rapid sample
épeeds). eg Ti was successfully consolidated with'a laser beam
diameter of 1mm, a power of 8KW and a translation speed of 30 cm/sec,
but cracking occurs when it is melted at the same speed with a
LKW beam and a O.5mm spot. The melting of bulk Ti can be carried
out under much more severe conditions without cracking, the in-
feriority of sprayed Ti in this case being attributed to a high

‘

interstitial content which leads to embrittlement.

Cracks of group ii, those restricted to the unmelted portion of
the coating, are relatively common when the melted portion of the
coating is stronger than the unmelted portion.' Under these
conditions a linear crack can form in the sprayed metal along the

edge of the melt pass. Where multiple overlapping melted passes



are being carried out to cover ‘a surface these cracks are

eliminated. Cracks of type iii, which traverse the melt

intérface, occur more frequently than any other type. The problem

is severe with wear resisting alloys for example; vacuum plasma._
sprayed Ferro-~TiC cm. This material, which consists of Tig particles
in a steel matrix is extremely hard and is unable to accomodate

the strains necessary to prevent cracking during cooling.

Type b cracks, those which are localised in the substrate, are
not found in @etallic Substrates because of their resistance to
thermal shock. Such cracking might be expected with metallic
‘coatings laser consolidated on ceramic substrates and future

work may well give evidence of this effect.

Type c cracks, at the coating-substrate interface, are found

in the metal-metal system under two circumstances: 1/ when melt
passes part way through the sprayed coating were repeated and
overlapped to cover a sizable surface. Under these circumstances
there is sometimes enough accumulated stress to peel the coating
free from the substrate. This effect can be obviated by melting
through the sprayed layer and the surface of the substrate to
produce an interfacial weld. The effecacy of this welding has

to be weighed against the often deleterious effects of the
resultant substrate-coating dilution. Melting only a thin
surface layer of thé coating can also present peeling because

of the lower stress levels.produced. 35



A second mechanism of interfacial cracking involves the prod-
uction of brittle intermetallics at a welded coating~-substrate

‘

interface. This is the case with such combinations as titanium

on steel. Cracking in this case can only be avoided by avoiding

penetration of the melt zone into the substrate or by the use of

an interlayer which is compatible with both - materials.

Cracks of type d, which traverse the interface are unusual and
can be expected only when both the substrate and the coating
are of limited ductility and a strong bond is formed between

them.

The large thermal stresses which result from laser consolidation
severly limit the viability of the process when hard wear

resistant materials form the coating. Slowly moving beams and

the use of substrate pre-heating reduce and can eliminate cracking

{52) but such an approach offers no significant advantage over
traditional means of weld cladding. It is reasonable, however,
to conclude that effective laser remelt consolidation of manyl
ductile coatings can be readily accomplished if the coatings

are not excessively oxidised during spraying and if the amount

of trapped gasses is sufficiently low.

2.3.2.3.3 Laser Consolidatin of Sprayed Coatings

The previous section outlines the problems and advantages of
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plaéma sprayed coating consolidation by laser melting and a11~the
general points therein are, of course, directly applicable to the
discussion on flame sprayed coatings. All that remains to be
said is that test results-(Si) have shown that the combination

of flame spraying and laser fusing can produce high quality
coatings. Existing sélf fluxing alloys are ideal for the process
and the rates for the fusing of thin coatings With a 10KW laser
are over ten times faster than the alternative oxy-acetylene
torch fusing process. This rate of processing is comparable to
the flame spraying rates in some cases eg Metco 15E self fluxing
alloy (29.5%Ni, 17% G, 4% Fe, 4% Si, 3.5% B and 1% C:- used as

a hard facing cladding material) laser fused at a rate of 2.4 cm2

sec'to a depth of .2mm. The spraying rate for a .2mm deep layer

is approximately 7cm2/sec (51).

The hardaness of this alloy was similar to that of the torch
fused coatings but the surface was found to be rougher. One
big advantage of the laser process was the fact thaf there was
no need to heat the substrate to any appreciable degree if this

was considered to be undesirable.

2.3.2.4 SURFACE HARDENING BY THE INJECTION OF CARBIDE
PARTICLES INTO THE LASER WELD POOL

This method consists of injecting hard carbide particles into

a shallow molten zone established by a high power laser beam.
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Processing conditions and materials are chosen such that the
injected particles dissolve as little as possible before the
substrate solidifies and it is in this respect that the process
differs from laser surface alloying where the-melting and

dissolving of the impinging powder is required.

A great deal of work has been carried out in this field at the
American Naval Research Laboratory (refs (53) (54) (55) and (56).
The work has resulted in the production of carbide injected layers
from 100 to 700mm thick with a volume fraction of carbide particles

in the melted zone of up to 50%.

The range of experimental variables was as follows:-~

Laser powers: 3 to 10KW (cw co, laser)
Substrate velocities: 5 to 15 cm..sec
Weld pool diameter: 3mm approx

Powder flow: “He propelled powder (Tic or WC) flow rate;

1-2 g/sec Powder size; 50~100mm

Metals which have heen hardened by this method include 304

Stainless steel Inconel X-750, Ti ~ 6AI-4V and 5052 Aluminium.

A fundamental practical difficulty with the process exists in
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the coﬁflicting energy requirements of the substrate and the

powder ie the substrate needs to be substantially melted to

facilitate powder entrapment, but melting of the powder itself

i: undesirable to the finished product and dilution often results

in embrittlement. Three further drawbacks to the industrialisation

of the process are that:

a) The as hardened surface is rough and has to be ground flat.

b) The post treatment thermal stress combined with the presence
of stress concentrations at the substrate-particle interfaces
result in cracking often initiated by the hard, brittle
carbide particles.

c) There is a certain amount of porosity in the finished trace,
thought to be gas trapped during theentry of the particles

into the weld pool.

Reference (55) outlines a research programme which involved
injecting Ti-6AL-4V EUEA'TiC particles to reduce the co-efficient
of friction of the Titanium alloy which is very high. The kinetic
coefficient of friction was reduced from an original value of

Uk = 0.40 to a post injection treated value of only 0.16 which
gradually increased to 0.26 with repeated testiug. The carbide
particles stood proud of the matrix and thereby reduced the
contact area with the steel slider used in the Uk tests. It

was also noted that dissolution of the carbide particles hardened
the substrate from an initial diamond pyramid hardness (DPH) of

341 to an as treated value of 447. This increase in hardness
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results from the partial dissolution of the injected Tic particles
(which have a DPH of 3270) followed by the formation of a dispersion
of very fine Tic particles upon the rapid solidification of the

laser weld pool.

The process reduces the wear experienced by the Titanium alloy
in applications which involve sliding and fretting and could,
in the future, renew interest in the use of titanium in light

weight machinery.

The American experimental programme into the general field of
carbide particle injection into laser weld pools found that the
final surface structure is independant of the laser power/sample
speed combinations chosen (54). Operating with a laser power

of 15KW and a sample speed of 15cm/sec can yield calculated

cobling rates approaching 105 OC/see, These conditions produce
melt duration times of approximately 0.05 seconds and cooling

rétes of the order of 103 °C/sec. In an iron or nickel based alloy
considerable dissolutioﬁ of WC can occur in 0.05 seconds and so

other means must be found to prevent matrix embrittlement if the

process is to become used commercially.

Work is still being carried out to refine this process which
does produce a hard surface layer which is securely bonded to

the substrate of which it is an extension.
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LASER CHEMICAL VAPOUR DEPOSITION

‘Laser chemical vapour deposition (LCVD) utilises the thermal
energy of a laser beam to heat specific areas of the surface

of a substrate which is in an environment of a thermally
degradable vapour. The vapour thus degrades above the heated
areas and precipitates the réqﬁired surface onto the substrate.
The process therefore requires a vapour which is non absorbing
to the laser radiation and a substrate which is absorbing. One
such combination which resulted in the controlled deposition

of TiC on carbon steel was investigated by Mazumber and Allen

(57).

The chemical degradation initiated by the COz laser heating of the
steel substrate was :

Ti CL, + CH, = Til + L4HCl{

A 4

The deposition of Ti( using conventional CVD is well ‘known (see

Appendix A).

Takahashi and Itoh (58) reported that Ti( films obtained by the
usual CVD methods tend to peel off or crack. The use of a laser

in this context offers several advantages :



a) Spatial resolution and control
b) Limited distortion of the substrate
c) The possibility of cleaner films because of the smaller

area heated

The thickness of deposit is dependant on both the laser power

and irradiétion time as would be expected. The temperatures

of the substrate during irradiation: were in the order of

1000 °c (The reaction is favoured between 900 and 11000C) and

the irradiation times were up to one second resulting in a fine
micron thick deposit for a 400W laser. The diffusion layer between

the TiC surface and the steel sybstrate was found to be minimal,

The conclusions drawn from this experimental programme Were as

follows:~

1) Extremely fine grained films may be deposited.

2) Hardness values exceeding 2000 KHN were observed

3) By coﬁtrolling the irradi ation parameters the TiC deposit
thickness may be Varied

4) There is a threshold irradication time for a particular
laser power

5) Deposition rate increases with power

6) Deposition thickness increaes with time but the rate of increase
decreases after an optimum time
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Southern California involved the claddng of quartz substratés;
with metals and insulators (59). It is possible to generate
deposits of almost any material which can be deposited by
conventional C.V.D and research .continues into the applicability

of lasers to the various processes.

In the case of metallic deposition by means of CO2 laser heating

of a fused quartz substrate a striking feature of the process was
found to beiits self limitatiom. Once a metallic film was deposited
to a iimiting extent subsequent laser radiation was reflected

by the new surface. For example; the maximum thickness of film
achieved for Ni deposition.from Ni(CO)lt was 550 A. This particular

-5

film having a resistivity of <4 x 10 ohm-cm ( <« 5 times

its bulk resistivityl The self limiting phenomenon is also
observed in the diameter of the deposited Ni films. The resolution
achievable with-LCVD deposition is greater than the diffraction
limited resolution of the laser beam itself. The diameter of the
deposited film is dependant on the irradi :ation conditions and is
always less than half the laser spot diameter. (D};L = 1.1mm).
This good resolution will be important in the production of semi-
conductor deviges by this process. The adhesion of the deposited

film can be enhanced by pre-cleaning the substrate with a laser

scan of sub threshold (for deposition) power.

The investigation carried out at U.S.C into the deposition of a
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representative ‘dielectric substantiated the findings of the
Mazumder investigation described earlier in this section but
also showed that the thickness profile of the deposit could be
tailored with correct processing. It was discovered that for,
laser generated surface temperature only slightly above the
threshold for the depositiop reaction, the resulting films
showed a flat, uniform thicknesé profile yhich could be built
thicker by multiple pulses. In this way, ;nn one case a
deposit thickness of 1000 A was built up with twenty pulses.
Normal, prolonged irradiation techniques of building up
deposits resulted in a deposit with a thickness which in-
creases rapidly towards the centre. Steen (60) investigated
the deposition of cobalt oxide from cobalt acetyl acetonate onto
soda glass. This work also involved the development.of a
mathematical model of the process analysing both the thermal

and mass transfer. An outline of the results is as follows:-

p/D )

a) The effect of incident power/spot diameter (

Steen showed mathematically that p'/D and not R/Dz (the power
density) is the significant power parameter for a given substrate.
This can be elegantly proved in practice by printing an image
with a variable area (by means of masking the beam) where it
is found that fhe larger areas print preferentially. If the

substrate surface temperature (and therefore the deposition

rate) depended on the power density (P/Dz) a uniform image would
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be printed; If the temperafute (rélated to P‘/Dz ié high enough;
some thermally induced movement of the glass substrate and
deposit can occur. Initially this results in a central pinching
Producing a peak but if the temperature is high enough to soften
the glass, the”thermally induced stress cyéle will result in a
central crater. The mathematical model showed the relationship
of the diameter of the deposit to the 150°C isotherm which is
the decomposition temperature of cobalt acetyl acetonate. Other
relationships identified were ; a) the production of central
black zones of heavy deposition, related to the isotherm at which
mass transfer is the dominant influence on deposition and b)

the production of central blue zones (indicating the dissolution of
some cobalt into the glass substrate) associated. with the -
950°C isotherm, a temperature at which the soda glass substrate
becomes soft enough to flow.

The effect of deposition time : The deposition rate was ;;und

" to be linear with time, as expected, although there is an initial
induction period. The effect of vapour concentration : Increasing
the vapour concentration has the effect of speeding up the rate
depositions and produces a crispef image since the isotherms
related to the central and outer zones are closer together for
more concentrated vapours. Also, the more concentrated the
vapour i;, the shorter the heating time for a given thickness.

Since this results in less thermal spread it heips to contribute

to the image clarity.
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The effect of substrate thermal conductivity and refectivity:

The higher the thermal condutivity of the substrate, the mofé
effectively the heated surface is cooled by heat dissipation into
the body of. the material. This means that a higher thermal conduct-
ivity”material needs a higher energy input into it's surface to
maintain a requred surface temperature profile eg depo;it formation
is possible on‘glass in 120 secsl(k glass = 0.84 W/M OK) with a
value of P‘/D of 7 W/cm. For a similar deposit on quartz (spec-
trosil k = 1.38 W/M °K) in the same time, a P/D of II W/em is
required and for copper (k = 38.5 W/M OK), a similar deposition
would be possible at 570 W/cm assuming a 50% reflectivity for the
copper. The surface reflectivity is assumed to change during deposition.
Such changes will be associated with the thickness or mode of
deposition and will therefore be located at the dentre of the
deposit thrreby having no effect on the diameter of the deposit

but possible effects on the thickness. By correct control of
production parameters it is clear that well defined substantial

deposits can be clad onto substrates by the LCVD method.

It is obvious from the results accrued from the various experimental
programmes that LCVD has a great deal of industrial potential,

both in the fiéld of hard facing and in the production of semi-
conductor devices. Although this is a laser cladding technique,

the range of applications will in general differ from those related
to the macro laser cladding which is the subject of the present

L6

authors research. Thus LCVD is really to be considered as a



complimentary‘technique rather than a competing one.

2.3.2.6 LASER VAPOUR DEPOSITION
2.3.2.6.1 General

Laser physical vapour deposition (LPVD) can be divided into two
sections, one dealing with the condensation of a vapour created

by laser heating and the other dealing with the substrate interaction
with a laser produced plasma consisting of both liquid and vapour
phases. The latter involves the sudden heating of a materigl
surface to temperatures in excess of its boiling point and results

in the explosive release of material whilst the former method merely
employs laser heating as a method of melting and heating the melt

to temperatures.at which it gives off a substantial amourt of

vapour.

2.3.2.6.2 Vapour phase LPVD

This tranquil method results in good quality even coverage of a

substrate and involves heating the cladding material (in the form
of powder or bar) to temperatures well in excess of it's melting
point. This evaporation takes place inside an evacuated chamber

which also contains the substrate to be clad.
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Most conventional evaporation sources consist of resistence heated
W, Ta or Mo wires strips or boats containing or gupporting the
evaporant. Such sources are simple, but they have the dis-
advantage that they react with the various types of evaporants,

L}
especially oxides. This results in the deposition of decomposed
or contaminated films. Direct heating of the material avoids this

contamination and is also more suitable for the evaporation of

high melting point materials such as Pt or Ir.

The fabrication of beam lead silicon integrated-circuit devices
involves the vapour deposition of platinum. A method of achieving
this using a 20W cw YAG laser was investigated by Hess and Milkosky
(61h They found that a stable. easily controlled deposition
process could be maintained and that the resulting platinum film
was uniform and composed of smail randomly orientated crystallites.
Economical depqsition rates of 100 A/min.were not achieved

during the course of the éxperiments but this failure was wholly

attributable to the use of a laser of too low a maximum power.

The LPVD of dielectric and semi conductor films by a CO2 laser has.
been investigated by Hass and Ramsey (62). Their prime areas of
interest were films of Silicon oxides and films of Magnesium

Fluoride.
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2.3.2.6.2.1 Silicon Oxide Films

a) Silicon monoxide : Films produced by high vacuum evaporation
of silicon monoxide are used extensively as optical coatings and
protective layers. This material was found to be easily evaporated

with a laser beam. Using a 60 W CO_ laser, deposition rates of

2
about 150 A/seé could be obtained and the properties of the films

were found to be identical to those produced by conventional

methods.

Silicon Dioxide : This is another material of great optical

¢

interest. It is transparent from the - ~uv to the near Ir,

has a low refractive index and is, in addition, extremely hard

and chemicaliy durable. At the high temperatures required for

its evaporation SiOz reacts with resistance heated boats and so

it has not, until fecently, been used as an optical protective

layer, an application to which‘ﬁTfideally suited. The first
successful cladding with_SiOz,was carried out using an electrogun as a

means of evaporation. Excellent results for the LPVD of SiO2

were achieved, the deposit being of high purity and uniformity.-

2.3.2.6.2.2 Magnesium Fluoride Films

Films of Mng with their rather low index of refraction play an.
important role as single layer antireflections films and as a

film component in multilayer anti reflection coatings (63). This
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material is a good absorber of 10.6 wavelength radiation in the
same way as the other materials in this section are and is thus

easily evaporated by CO2 laser radiation.

Mng films were deposited onto quartz glass substrates at rates

of 1000 - 1500 A/min at pressures of 1 -2 X 10_6 Torr. The
refractive indexes of the films:prepared in this way were identified
by Hass and Ramsey and were found to be in close agreement to
earlier vacuum deposited information published by Hall (64). Thus
the laser deposited films were found to be identical to the

established vacuum deposited films.

2.3.2.6.2.3. Film Materials

Experimentation exploring the adaptibility of the LPVD process

toa wide range of materials has shown great promise. As mentioned

by Smith and Turner (6§3), the deposition of films by means of

a laser located outside the vacuum system offers several unique
advantages. The technique is especially suitable for produciqg ext-
remely clear coatings under ultra high vacuum conditions using a
thoroughly baked out vacuum system without electric leads for an
electron gun or for directly heated evaporation sources. Evaporation
from the surface without extensively heating the container of the

evaporant also further assures the depésition of clean films.
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2¢3.2.6.3 Plasma Condensation LPVD

The experimental arrangement is identical to that needed for

vapour phase LPVD except that the process uses pulsed solid state
lasers to deliver a short burst of high energy to the material to
be deposited. The plasma Which results from this sudden absorption
of laser radiations consists of ionised and non ionised vapour as
well as liquid phase material. Two factors contribute to the
roughness of the surface finish obtained from this method of
cladding (65 (66);

a) Liquid phase sputtering of the substrate

b) Etching of the surface by the impingement &f high energy

ions from the plasma.

This method is not used as a cladding method but is used as a method

of creating thin films for assessment of their properties.,

A particul;r feature of the laser condensates of W,Mo and Cr was
found to be (66) that their resistivity //9, at room temperéture

is in order of magnitude greater than the corrgsponding values

for massive Specimens//%‘ while the values of the temperature
coefficient of resistivity & , in the range 273 -373 K, on the
other hand are several times lower than for the massive specimens o(,.
The reasons for these changes are not yet known but this work is

typical of that carried out on laser plasma condensation films. This

technique, therefore, is shown to be a reasearch tool rather than
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CHAPTER THEORETICAL ANALYSIS

3.1 INTRODUCTION

The work carried out for this thesis investigated two distinct
methods of cladding: one metal with another using a laser energy

source, these are;

Pre placed powder cladding

and B/ Blown on powder cladding

The laser-material interactions are different for each of these
and so two independant theoretical models of the processes were
developed. The trendg envisaged by each model were found to corr-
elate closely with the practical results collected and presented

in Chapters 4,5 and 6.

3.2 THEORETICAL ANALYSIS OF BRE PLACED POWDER CLADDING

3.2.1 General Theory

The theory developed for use in this work is best described by

the following series of interaction stages:

1. A layer of solid metal powder rests on a substrate with
no laser irradi ation. The powder (of known depth, density and
compositinn) and the substrate (of known composition etc) are both

at ambient temperature.

2. Laser irradiétidn begins,.- the surface powder particles
heat up but are assumed not to conduct heat to the particles

below them because of the low level of inter particle contact
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1

(ie the bulk of the powder is assumed to be an insulator).

3. The insulated, irradiated surface particles melt and

in the molten state can conduct heat but only to neighbouring part-
icles experiencing wet contact. (ie.the powder layer more than

2 Rp distance from jhe molten front is an insulator :~ Rp =

particle radius).

L, The molten front progresses through the insulating powder
layer. This process is much faster in the vertical direction

than in the horizontal because the liquid flow is gravity assisted.

Se. Contact is established between the molten front and the
substrate.
6. Contact with the substrate changes the energy balance from:

Laser Energy in = (Temperature rise + phase change (solid-liquid )
+ (Radiated loss from the melt surface)

+ (Convective loss from the melt surface)

to:

(Temperature rise of melt nearest the surface)

B. Energy 'in
+ (Radiated loss from the melt surface)
+ (Convective loss from the melt surface)
+ (Conducted temperaturz rise of substrate)

~ (Temperature drop of once molten material

and phase change (Liquid-solid}
(Forequations A+B see page 56)
This chilling effect of the substrate leads to a reversal in the
directions of travel of the melt front which now approaches the

laser irradiated surface which, because of its distance from the
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chilling effect is still being heated.

Depending on the conditions, a number of phenomena are now possible:

7A. The laser irradi ation is stopped or has moved on to the
"next element in the lateral direction . . the solidification

is completed giving cladding with only interfacial instantaneous

melting ie. no dilution.

7B. The quenching capabilities of the substrate outweigh the
energy inputs from the laser and the liquid-solid phase change,
. . solidification is completed even if the laser continues

to irradicte. On solidification the energy input is from the

laser alone and remelting is rendered unlikely.

7C. The molten pool is quenched rapidly at first and then more
and more slowly as the temperature gradients become shallower,
This has the effect of establishing an equilibrium depth of melt

which is much smaller than the pre substrate-contact melt depth.

7D. The molten pool is quenched rapidly at first (as in 7C)
but after a certain amount of solidification the thermalgradient
and energy balance favour the interruption of the solidification
followed by slow re-melting. This re-melting takes place at an
ever decreasing rate until an equilibrinm melt. depth (smaller

than the original melt depth) is established.

7E. The molten front goes through the same cycle as in 7D
but the established melt depth is greater than the original

melt depth and thus dilution of the cladding material with the SA



substrate occurs.

The theory can be summarised by the following chart:

Fig 3.2.1 flow chart of pre placed powder-cladding.

Powder placed on substrate
Laser irradi ation begins
Surface is heated

Molten pool established

Melt front moves towards substrate

Substrate-melt contact

Melt moves away from substrate

aser irradiation stops

quench solidification-

melt front slows + stops

‘\melt front slows, stops, approaches substrate, slows + stops

melt front slows, stops, approaches + moves through substrate,

slows + stops

1
laser irradi.cation stops

SOLIDIFICATION

In practice the process can be interrupted at any point by
removing the laser irradiation and so it is possible to tailor
the position of the melt front prior to the start of the final

solidification and thus avoid or control any dilution effects.

3.2.2 COMPUTER AIDED STUDX OF THE THEORY

A compuierprogramme was constructed to test and quantify the
theory of pre placed powder cladding just described. The logic

behind the programme is put forward in Fig 3.2.2 which is a



flow diagram of the calculation Steps taken by the computer. It
is assumed for ease of calculation tht the powder is a material
with the same physical properties as its bulk material except
for its thermal conductivity which ig assumed to be zero,

On contact between the molten front and the substrate the method
of calculating the temperature change of any element with time

is changed to include a thermal conductivity factor.

The computer programme itself is presented in appendix [
of this thesis. Figure 3.2.3.gives the graphical analysis of

the information presented in a typical computer read out.

Equaﬁods A+B from page 53

H = (C.V 8T + QAW +(( 0 ACTETD) « (hA (T- TD1dt

H = (CoV AT + QAW+ o A(TET)) « (hA (T- T1dt

dT
KA [a;]df

Where
H= Heat imput to element of surface area A and volume V-3J
C= Specific heat
Q= Latent heat of melting
T= Surface temp
T= Ambient temp
h= Heat transfer coef
O=Stefan-Bollsmann const .
K =Thermal conductivity.

V=VYolume .
P =De.nsii'3 56
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It can be seen that the computer model basically generates a

complex Schmidt plot or thermal relaxation plot, the complexity

being, to some extent, a result of the continued laser irradiation

of the surface.

3.2.3 ANALYSIS OF THE COMPUTED RESULTS

The most important information available on the computer. read

out was the position of the melt front at any time (t) Figs 3.2.4
and 3.2.5 show the movement of the melt front with time for
differing incident laser powers and powder depths. The trends
postulated in the original theory can be easily identified,in

the case of Fig 3.2.4 the varied parameter was the incident power

from the laser.

The parameters used were:-
Depth of Powder = 2.0mm
Melting point = 1812 K

Latent heat of fusions 269000 J/kg

Boiling poiat = 3000 K
Latent heat of

vaporisation = 9000000 J/kg
Density = 7860 kg/hl3
épecific heat = 438 J/kg/K

Thermal conductivity = 80 W/m/k

of material

Laser beam powers = 50, 100, 200, 400, 800 and 2000W.
For ease of calculation the powder was assumed to be consolidated
(with a porosity of zero) and to have no thermal conductivity

as bulk powder. Referring back to the earlier explanation of
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the theory, the lines on the graph can be identified with the
relevant interaction combination. Assuming that all the samples
underwent interaction stages 1-6, the lines can be correlated

with the different kinds of stage 7 as follows:

Laser Power Interaction Type
50 W 7B
100 W 7C
200 W 7D
400 W 7E
800 W | 7E
2000 W 7E

It is important to note that even in the case of the 2KW inter-
action there is a substantial period of time between the first
melting of the substrate and the second. This effectively means
that there is a wide range of interaction times within which a
non-dilute deposit will be clad onto the substrate, a phenomenom

which was observed in practice.

Figure 3.2.5 shows the effect of cladding three depths of powder
with the same energy density. This effect is similar to that

of reddcihg the incident powér in that, although the interaction
type remains "7E", the time to melt and remelt as far as the
interface increases with increasing powder depth. The position
of 'turn round' of the melt pool (from solidifying to melting)
is a function of the total depth of the melt éd) and in this

. . d . . .
case ls approximately. /4 from the cladding - substrate interface.

If the maximum possible interaction time for no dilution is
compared with the minimum required for melt - substrate contact

time;
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powder depth
tmin tmax tmax-gﬂgg
tmax

1mm ' .012 .092 © .87

2mm .037 .208 1. .82

Lmm .13 516 75

tmax-tmin

the value tmax gives the proportion of tmax within which a non

dilute clad deposit will result., Although there is a small down-
ward trend {as a result of a cooler melt surface releasing less
energy from the system by radiation and convection) it can be seen
that more than three quarters of the maximum non dilution
interaction time has no effect on the dilution of the finished
deposit, carrying out the same analysis for the changing power

graph (Fig 3.2.4):

Laser power tmin tmax tmax-tmin
tmax
2KW .032 -133 .76
1KW ‘ .037 .208 .82
8oow .05 . ,.24 79
Loow .07 49 .86

Here once again, more than three quarters of the maximum inter-
action time is 'safe working time' within which non dilute

deposit is the result.

This large difference between tmin and tmax is of great use to
tmin + tmax
industry because it means that if for example - 2 is

chosen as the nominal interaction time. for a commercial applicatiou

a great deal of leeway is availablein the choice, accuracy and

)

stability of the operating parameters. As an example of this,

consider a’'process attempting to get an undilute cladding with [6(3



a 2mm deep 'powder'llayer and a one kilowatt beam with a radius

of 1mm.

tmin + tmax
Nominal interaction time = R = ,12 secondse.-

Assuming the amount of powder is constant, the power can be

more than doubled or taken down to less than 10% of nominal.

The interaction time can be increased to 170% of the nominal
or decreased to 30%. These values take, of course a rather
optimistic view of the trends as they deal only with an ideal
situation, in practice such large changes in processing
parameters would illustrate various faults within the theoretical

model as follows:

A. It has been assumed that on interfacial contact of the
melt and substrate enough energy is transferred to produce a
welds This will not be the case in some instances as the
possibility of welding being completed depends upon the
temperature distribution in the molten layer immediately before
contact with the substrate. Bigure 3.2.6 shows the thermal
gradients extant in pools produced by different laser powers

and powder thicknesses immediately prior to substrate contact.

These temperature gradients constitute an effective energy

density available to the interface. It can be seen that above

a certain limiting energy density (in this case approximately

500W for a imm radius beam) the thermal gradient within the

10% of the pool nearest the substrate assumes a constant value

of, in this case 765°C per mm. This standardisation of the

energy input available close to the interface is reflected in

the following list of figures sShowing the thermal rise of

the first space element (.2mm deep) of the substrate after L
liquid pool ~ substrate cohtact qf .0002 and .0071 seconds duration;‘64
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FIGURE.3.2.6. Thermal qradients of molten
pools prior to substrate confact..

Melf— Substrate
Interfacial temp.gradients

Laser Temperature
000 W) Power (W) Gradients.("C/mm)

50 205
100 325
200 475
400 690
600 765
8§00 765
1000 765
2000 765

18000

05 10 15 20 (mm)
Distance from top surface of powder.

Fig 3.2.7 THEMMAL RISE OF FIRST *WAFER' OF SUBSTRATE WITH

TIME
INTERACTION TIME .
TOTAL LASER POWER fOOOZ secs .0071 secs
Temperature °C
2KW 439 1030
1.5Kv 439 1030
1.0KV 439 1030 l
8KV 439 1030
6KV 439 1030
LKV 439 1022
. 2KW 438 996
< 1KV 437 976 l
LosKv w37 963 '*

The differences, even below the limiting case are very small
in comparison to the changes in input energy but it is to

be assumed that in some cases the effect is large enough to

prevent enough energy crossing the liquid-solid interface to

produce a weld.
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B. The model does not take into account the vigo.rous
stirring experieuced by an laser weld pool (see Chapter 5,
section323). This convection within the melt distributes the
energy in the pool more evenly than has been postulated here.
The result of this will be.that as the average temperatur;

of the weld pool increases so does the thermalgradient adjacent
to the melt front (which must of course remain at the melting
point). This will have an effect on the probability of weld
production. A second practical upshot of this liquid movement
is the entrapment of powder particles adjacent to fhe pool

in the lateral direction and their incorporation into the

pool which increases in size with greater energy inputs.-

an effect which will be described in Chapter 4.

cC. Surface tension effects, which determine the morphology
of the weld pool have been ignored. If an even source of energy,
restricted to-a certain area were employed (as assumed in

the computer model) the melt front approaching the substrate
would be curved in a manner which would mean that the centre

of the pool would be nearer the substrate than the beri—

pheral melt. The effect of this would be to initially chill

the melt from one central point resulting in very complex

heat flow and a weld bead suffering from undercut. The

energy input to the powder was, in this case, tailored to

try and defeat this effect (see Chapter 4).

3.2.4 Summary

In summary it can be postulated that pre placed laser
cladding can be divided into several classes in order of

increasing total energy input.
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Powder heating but no meltinge

Powder melting but melt does not progress as far as

the substrate.

Melt contacts substrate and is subsequently solidified
but interfacial enexgy conditions are not sufficient

to produce a weld.

Melt contacts substrate and is partially or fully
solidified on contact, an interfacial weld is created,
solidification is completed on removal of the irrad-

iation.

Melt contacts substrate and is partially solidified
but subsequently remelted without the melt reaching
the substrate surface. Solidification : on removal of

the irradiation.

Melt contacts substrate and is partially solidified
but melting is re started, the melt front crossing
into the substrate producing a dilute depoSit.

Solidification : on removal of the irradiation.

Analysis of these stages has shown that classes D and E,

the most commercially interesting ones, cover a surprisingly

large range of processing parameters and dilution (F) can

easily be avoided.
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3e3. THEORETICAL ANALYSIS OF "BLOWN ON POWDER"Y
LASER CLADDING

3.3.1 MATHEMATICAL ANALYSIS
3.3.1.1 General

Figure 3.3.1 shows tne theoretical view of blown on powder cladding.

In the case of blown on powderlcladding, powder is propelled

towards a claduing weld poot which consists mostly of already melted

powder and to some extent of melted substrate. As the powder
travels towards the weld pPool it is heated in its passage through
the laser beam. The hot particles are then impingent upon the
surface of the weld pool where conduction from the molten mass
combined with exposure to the incident beam bring about melting
and consolidation into the weld pool. A combination of conduction
from the molten pool and direct (but occluded) laser radiation
bring about substrate melting. The powder propellant is an inert
gas (usually Argon) which, to some extent, shields the weld pobl

from oxidation.

The initial beam assumptions cancerning the theoretical treatment

of the process are as follows:-

A The Laser Beam

1. Although the beam is diverging during its approach to the
weld pool in practice, it is assumed to be neiltha converging nor

diverging.
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2. The power distribution écross the beam is assumed to be
Gaussian.

3. Although a Gaussian beam would have an infinite radius, a
radius (RB) for the beam is stipulated. This radius is taken
as being that at which the intensity of the beam is 1/e of the

central intensity (See Ref35).

B The Powder

1. The powder particles are assumed to be spherical and of a

radius "p.

2. The powder density in the cloud is assumed to be uniform.

3. The particles are assumed to be moving with the same, constant,
velocity (V) along a straight path at an angle Q’ to the

horizontal.

4, The depth of the moving particle cloud (D) is assumed to be

constant in the vertical direction.

3.3.1.2 LASER 3EAM ABSORPTION BY THE POWDER CLOUD

Taking these assumptions, the powder cloud can be said to absorb
the incident energy in the manner described by the Bier-Lambert

equation , ie

&)z R., exp(-p () (1)

where %i)- remaining power after a powder depth,[o.
0
Ri)- incident power
B = Bier-Lambert coefficient

10



As the beam has a Gaussian energy distribution P(i) in equation

(1) must be expressed in the following way:-

E = ,P(/“’ng{bz e—%f (2) NB  For ry defined

- to the 1/e‘position.

where ' R_? - Total beam power
0
P - Beam power at a distance
r 3

r from the beam centre

r = Beam radius (see beam assumption No 3)

From equations (1) and (2) it is possible to express the residual
power available after the beam has penetrated a powder cloud depth

lo.

R |
&r):ﬁ exp(—%z”) exp (- 1,) (3)

Figure 3.3.1 shows that as the particles all travel in the same
direction the height of powder above any particle remains constant
throughout its flight through the laser beam. Thus, equation 3 gives

a description of the energy field available to any plane of flight.

The Bier-Lambert coefficient B is a measure of the occlusion
characteristics of the cloud, that is to say the energy ab-

sorption per unit depth.

This coefficient can be calculated in terms of the amount of

powder under the beam ard the size of the powder particles.

If the proportion of the total powder cloud which is unoccupied

by particles is referred to as the voidage (E), then the
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following is true:-



Total. volume of particles

per unit volume = 1-€ = n —;’-ﬂf‘B (4)

ne SU-€) (per m3)  (5)

3
w

where N = number of particles per cubic metre

and I} = the particle radius

If the powder cloud is assumed to consist-of a set of layers of
thickness 2rp in the vertical direction, the energy absorption

of a set of these layers can be calculated.  Although the surface
area of the pafticle exposed to the incident laser radiation is
equal to the top half of a sphere (le anbz ) s the absorption
of the beam is only equal to the shadow cast by a particle and this
is equal to TT %2‘ « Thus, for a layer 2rp deep dnd 1M2 the

volume of the layer is; 2 fp |n3' £6)

From equation 5 and 6

2r. 3(1-¢)

The number of particles = p

) bmr
in the layer

- 6 (1-€) (7)
lncrbz

The beam absorbing area of this layer

6 (1-€)
lnchZ nr

O

3 (1-€
2 (8)

The proportion of the beam unaffected by the layer

I = 1_(3‘“2-—8)‘) (9) 72



Going back to equatim (1)
I =1, expl-pl)

where Io‘ original intensity
] = intensity after absorption

| = depth of absorbing layer

where € = voidage

[, = particle radius

p

3.3.1.3 RADIANT POWER DENSITY ON WELD POOL SURFACE

It is now possible to express the power density experienced by

the surface of the weld pool. Fig 3.3.1 shows that it is assumed
that :the weld pool is, in the horizontal plane, a circle with

the same dimensions. as the laser beam. The surface of the Qeld

" pool is actually elliptical as it is inclined at an angle to

the horizontal. Powder cloud cover of the weld pool is illustrated
by figure 3.3.1. It can be seen to consist of a powder layer of
constant thickness which represents the common feature of over-
shooting powder, and a wedge of powder which increases in

thickness with (x) distance from the top of the weld pool.

From these considerations the thickness of the weld pool at a ,73



uxy)

%xﬁz

distance x from the top of the weld pool is equal to:=

b= l+(x tan@) + (x tana) (13)

Expressing equation (3) in terms of x and

Y:

o P [—lu—gfw?]
i

T |

exp (-8 L) (14)

Substituting in lo from equation (13)

and B from equation (12)

S TN | e

T 2 J ex or (l+xfan +xtana)| (15)

This term defines the bower input profile over the weld pool but
does not take into account the fact that the weld pool is ellip-
tical aud not cichlar. This increase in the absorbing area has
the effect of reducing the incident power density (which is of
course inversly proportional to the absorbing area). The power
density on the weld surface as a result of laser radiation K,

is equal to %Xy)COSQ i.e.

_Rot Cosa - [(x—rb)2+y2]1 lﬂ,[‘-fmfﬁ)]

T 'BZ exp % Jex 7r (l+x tan +xtana ) {(16)

Figure 3.3.2 shows the effect on the weld pool incident energy
with changing voidage keeping all other variables stable. It can
be seen that the wedge of powder 'casting a shadow' over the weld
pool has the effect of decreasing the energy density over the pool
but also moves the peak energy density to the left of the graph.
This skewing of the Gaussian distribution is to be expected from
the occlusion factor in equation 16 which of course shows that

as the depth of powder increases with x so does the powder clouds
ability to absorb the beam. It is also abvious th& if the
voidage remains constant but the value of rp is increased (which
means that there are fewer, larger particles) then the valuc of

P will decrease (see eqa 12) and so the effect will be similar 7



Fig.3.3.2A.
Rower distribution on weld surface wn‘h changing & (Voidage),
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Fig.3.3.2.8B
Power distribution on weld with changing [}
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to increasing the voidage in figure 3.3.2. The same trend could
be achieved by decreasing the value of © or X or both as this would
decrease the volume of the wedge over the weld pool and the

maximum height of the powder cloud.

The effect of chanéing the particle radius is demonstrated in

figure 3.3.2.B.

3-3.1.4 ~ HEAT BALANCE ON A POWDER PARTICLE

The following calculations derive an expression for finding the
temperaturé of any particle in the powder cloud at any position
along its flight path to the weld pool.

Assuming the particle is at a uniform temperature T.

Heat in = Heat out plus Heat accumulated.

or/ § =Average reflectivity
A= n ¢
Laser energy absorbed| [ Radiant loss o [,;n;BZ
[(1 - rf‘) &y)(Ad”] B L [KO ( -g'_ T:) d” 'E,: Paﬁicle temp.
R [ Convected loss T= Ambient temp.

_[ Arh(]}f];) dﬂ 0= Stefans const

PTemperafure rise h = Heat fransfer‘coeff.

+ L[P G Vdt] P = Particle material density.
Cp: Specific  heat of particles.

V =PFarticle volume

(17)

Analysing each term sepgrately.:

Laser Energy Absorbed

This tern is constructed in the following way; -



. The local energy input, after absorption of the beam by the powder
above the particle in question is multiplied by the absorbing

area of the particle (T 52 ) and this is in turn multiplied by

the absorption factor wl;ich is equivalent to (1-rf ) where [

‘is the reflectance of the material.

Thus, laser energy absorbed by a particle = (1-p ) Ilaﬂ‘) Adt
expanding fromequation (3):
~r2 dx
= ()P exp(exp (-8 Llnrz —2X—
Rl p( 'LZI p 8 UInR S oss (18)
N3 dt -...d_).(__ where dx is the distance travelled in the x
- V.C0SO

direction of the particle with velocity v in

the direction of flow.
Expressing this in terms of x and y with the Y axis at the left
hand side of the beam radius (thus making x always positive as

in the weld pool equation):

laser energy _ o -} d
P (1-.;)3-;3- expéx—fi;zj—ﬁ)[ex;; BLIm 2y S%5(19)

absorbed

where ﬁ- -ln“.(%E_))

2r'p

(from eql2)

Radiant Loss

¥
=Ko (T-T5)dt
Where A®*: total surface area of a sphere (lrﬂ: sz )

3 -2 -4
g= Stephan Boltzmanns constant (5.69 x 10 W K )

. o
Tp = Particle temperature K

Ta = Ambient temperature %k

Radiant loss =

vy cos8

13



Convective loss

= A*h (Tp—Ta ) dt
expressed in terms of X and T as before.

Convective lossc l(-'ﬂ'.(gh ( ‘B_ Ta)dx : M .
v cosB

where h is the heat transfer coefficient for the material - gas

system, defined for a sphere by Froessling as:

e 2K L 00K [(Gucf( Do

D D K b

thermal conductivity of the gas

%
oy
®
o]
o
A
| ]

D = particle diameter
Cp = specific heat capacity of the gas
L = viscosity of the gas

u = particle - gas relati?e velocity

p= particle density

For the sake of simplicity it willbe assumed in this work that
there is no particle-gas relative velocity. This assumption is
based on the fact that as the powder cloud escapes from the blowing
nozzle the gas is travelling faster than the particles. With
expansion into the atmosphere the gas slows down Eut the mgmentum
of the parficlescarries them forward at much the same velocity as
their nozzle escape velo;ity if gravity is ignored. If gravify

is considereq the effect is that the particles accelerate with
distance from the nozzle whenzas the 7S§as slows down., In the

case of u=o :

h = 2%/D (22)

19



Temperature rise.

=density

where p

specific heat
volume

Cp

%

Cp4m r? dT

(23)

can be expressed by

eq17

Thus, the full expansion of

combining egs.19,20, 21,22, + 23 :

I £
BSOOA __BS03 A gAY, 3§ g = p
é@-fcx&é éfﬁ-x:xf

(92)

(sz) 1pYfdyd s _BSA . ps0A_ _psow] J %mT

XPLE-I0q%  Xp(a-3)0% [ XP _Fm-x: -

ﬁJungaxmlm.wwlusnﬂ buiye; pue 4 u Ag ynoybnodyy Buipiaig

_ Q
m_Q+.@.m0u_>,,,,+.@mouvummo;m N@ taw_l
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Taking V= ptp%rp vcosQ ;

dT
d x

(-, Foyly _[m:;-m - h(%-T) (27)
g v

-1 Prexp -
v v v

A numerical solution for this equation was developed and used as
the basis of a computer analysis. For this analysis the factors
concerning heat loss from the particle were considered to be
negligable. The reasons for considering the heat loss to be neg-
ligable as compared to the heat gain of the particle are as

follows: -

For the sake of simplicity, consider an incoming energy beam of
uniform power impinging on a small spherical particle (see figure

3.3.3): considering the power input and output of the particle:

power in -_(']n;%,)_ﬂi T = (1-.1' ) %(_%2')

power out = radiated loss and convected loss

- O(T-T)IA « h{T-T)A

Assuming the following representative values for the various
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variables for small nickel particles at a temperature of 1620°C:

(1-r) = .5
T, = 293K

S
| |

1293 K

g = 5.67 x 10-8 W m2 g

692.4: W/m/K

p
n

. « Power in = .5 (2000) (.1 x 10_3) = 1.0W
Radiated loss = 5.67 x 10'8 (10004) LT (.oooos)2 = 1.78 x 1073w

Convected loss = 692.4 (1000) 4TT (.00005)%= .022 W

. . VPower retained = 9.76W or 97.6 % of original.

It is obvious from the above that the input to the part icle is only
slightly affected bj the radiated and convected losses and these
can therefore be considered negligable, giving us an approximate
equation :

41 Z%Fxp[(x-gﬂxz]]

from eqa 27.

i

303.1.5 COMPUTER MODELLI N(_;‘__Ql_?_ _POWDER CLBUD HEATING

The numerical solution to this functinn was used on the basis
of a computer programme (appendix E ) which gave values for
the temperature of any particle which having travelled through the
beam, had arrived at a point x,y (in the horizontal plane). Thus,

a particle femperature array at the surface of the weld pool was
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obtained for a number of laser beam powers, voidages, beam radii
particle velocities etc and it was found that exceptional circ-
umstances would have to arise before any particles would impinge
upon the weld pool in a molten state. A representative sample

of these teqperatpre arrays are prgsented ip fig 3.3.3 and it can
be seen thatvtemperature rises are small in'comparison to the
melting point of, in this case, Nickel (14500C) « Combining the
facts that melting and consolidation do take place at the surface
of the weld pool and the incoming particles can be assumed to be
solid, it can be postulated that the incoming cladding powder

has a cooling rather than a heating effect on the weld pool and
that melting takes place by conduction from the existing over-

heated weld pool to the cool particles.
3.3.2 SUMMARY

The theories constructed in the previous'analysis form the basis
of the discussion presented in Chapter Five_of this thesis where
it is shown that in this case, the energy distribution on the
surface of the weld pool is approximately the same as that in the
'pre powdef absorption' laser beam. For voidages less than .999
which will be the cése as mora effective powder delivery guns are
developed,ithe skewing of the surface energy density towards the
leading edge of the laser beam may have important effects upon
the clad product. It should be borne in mind tht the powder
cloud has a double skewing effect, one attributable to absorption
(removal of eneryy from the beam) and the other due to the tran-
sport of £he energy absorbed towards the leading edge of the weld
pool (ie the hottest particles are those which laadi nearest to

the 0,0 position see figure 3.3.3.
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For the purpose of the experimental work in this thesis the

mechanism of cladding can be approximated to:

A 'Gaussian' energy distribution laser beam is impingent upon a
sloping weld pool which is being continuously cooled by incoming
powder particles which are melted by conduction from the

irradiated molten surface.

Distance x.fram leading edge of beam

Figure 3.3.3 The computer generated temperature array for particles
arriving at a position x y below the laser beam after
travelling a distance x through the beam
Beam diameter = 3 mm Particle diamter = .1 mm
Beam power = 1800 W Particles speed = 1m/s
Material constants as for Ni.Voidage = .999

Temp in °C
Distance y. from beam centre (mm)

0 .2 .4 .6 .8 1.0 1.2 1.4

0 [1030 983 945 807 664 524 395 244
.2 941 936 915 788 664 524 395 244
.4) 880 86 832 674 632 515 395 244
.6) 815 805 752 623 547 47 395 244
.81 740 732 705 572 498 424 334 244
1.0] 677 665 640 520 448 76 291 240
1.2] 603 586 573 460 397 334 255 187
1.4 544 532 498 405 343 281 213 145
1.6] 480 473 441 347 292 235 156 82
1.8] 417 4N 367 299 241 184 115 47
2.0 345 340 289 246 193 144 83 21
2.2] 267 259 228 191 141 97 35 20
2.4 205 188 162 132 83 52 20 20
2.6| 147 137 107 83 44 23 20 20
2.8y 84 76 53 31 20 2C 20 20
3.0} 20 20 20 20 20 20 20 20
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PRE PLACED -POWDER CLADDING

L 1. GENERAL

——

Sectinn 3.2 in Chapter 3 defined the process of melting
and welding a pre placed poyder layer to a substrate.
Although the process has drawbacks, which will be discussed
later, the ease of experimentation afforded by the lack of
additional equipment needed to carry it out, means that
such effects as rastering the laser beam can be easily
studied. In this series of experiments various processing
parameters were systematically changed to allow an analysis
of their effects on the finished product but in all cases

' the basic exp erimental aim was to traverse a laser beam
over a layer of powder on a substrate and to analyse the

effect thereof.

L.2, EQUIPMENT USED

At this stage in this thesis it is appropriate to give a gen-

eral description of the basic equipment available to the

work.
4.2.1  THE IMPERIAL COLLEGE HIGH POVER LASER LABORATORY
k.2.1.1 The Layout of the Laboratory

Figure (4.1) shows the general layout of the laboratory.
The ‘two lasers (described later) can be used. separately

or in conjunction at any of the work stations depending
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FIGURE. 4.1 . Schematic of the Imperial college
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on how the 'emitted-beams are deflected by the gold plated
water cooled copper mirrors on the optical Bench. It is
also possible to use one of the lasers. as an amplifier of
the emitted beam of the other laser. All the work carrried
out for this thesis uses either the standard laser head

or t@e raster unit, both of which will be fully described
shortly. As nNeither the mputer controlled moving optics
nor the atmospheric chamber were utilised a description

of their operation will be left to other workers.

When setting up, for example, the'cw or pulsed! laser for
operation at the raester head it is necessary to align the
main beam with a coaxial heliunneon laser beam. This is
done by first producing a beam print on a piece of asbestos
a distance away from the output window and then turning
the mainbeam off. By means of a 90o prism placed directly
in front of the output window a helium neon beam ixs
introduced along the  same path. . Adjustment by means

of small foot screws on tiae He-Ne laser allows the red
spot to be centralised on theloriginal beam print and the.
two beams can be assumed to be co-axial. The red beam is
then reflected off two of the water cooled gold plated
mirrors and they are adjusted until thespot is central on
all the mirrors in turn, including the mirrors in the
raster system itself. The He-Ne laser can now bé switched

off and taken out of the system by removal of the prism. -

The main beam will now follow the pre arranged path for
processing work. Positioning of work pieces before pro-
cessing can be facilitated by re introducing the red He-
Ne beam priov to irradi gtion with the main CO2 laser

beam.
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L.2.1.2 THE CONTINUOUS WAVE CO, LASER

Figure 4.2, is a schematic diagram of the control
laser 2KW cw CO2 laser (model 901), developed by control

laser (formally BOC Industrial Power Beams Division) and

the Welding Institute.

Typical gas composition and consumption data is shown in

the following table:-
TABLE 4.1

Gas consumption and composition for the cw CO2 laser

Typical gas consumption
at full power with re- )

Gas Composition Wt % circulator engaged {(itre/hr
Helium 75-85 170
Nitrogen 10-14 50
co -
o 5-10 6

(From Control Laser Technical Literature)

A roots blower circulates the gas through the plasma tubes
and the fast axial design makes it possible torealise high
gas velocities (up to approx 500 m/s). Discharge stability

at such high gas velocities is achiaved by shock stabilisation.

A combination of low current (700 mA DC max) and high
voltage (30KW open circuit) electrical discharge results in
the excitation of the gas mixture (as described previously)

to yield 10.6mm laser radiation. This radiation is strongly
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FIGURE.4.2. The Control laser™ 2kW.(cw)CO, laser
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absorbed by many materials and so it is necessary to use
specialised unsusceptable materials for the construction

of CO2 laser optics.

To contain and direct the beam, water cooled, gold plated
copper mirrors are used. Beam transmission or focussing
is achieved by tne use of 10.6mm wavelength transparent
media including : germanium, gallium arsenide, cadmium
telluride, zinc selenide and sodium or potassium chloride.
The control laser 2KW machine utilises an output window
made of water cooled GaAs which has a reflectivity of
about 35% for 10.6mm radiation. The lenses used for

focussing the beam are generally made of potassium chloride.

The total optical cavity in 8 meters long folded in the
middle and a pneumatically operated on-off shutter beyond the
output window directs the beam into a water cooled calori-

meter when the beam is not in use.

The teiiperature of the water in the calorimeter is related
to the power output of the beam and the digital display
of the power level is taken directly from a calibrated

thermocouple reading of this temperature.

£.2.1.3 THE cw/PULSED co2 LASER

This laser differs from the earlier model only in its

ability to produce a pulsed output.

It is possible to change the ﬁulse repetition rate, duration

and shape. The pulsing is achieved by simple electrical

90



switching of the HT arcs. It is well known that prior
té.the ignition of the arcs the potential difference
between the anode and cathode is gfeater (35KV) that when
the arcs are struck (25KV). This drop in voltage on
ignition is part of the design of the machine but does
not happen quite instantaneously and so for a short time
the arc energy is greater than nominal and this boosts
the laser output momentarily. Combining this with the
fact that a 'cool' lasing gas is more efficient than a
steady state excited gas in producing laser light it can
easily be seen that intermi ttent high energy (approx

3 x nominal at peak) pulses can be emmitted by the laser
if the HT arcs are switched on. and off. The response time
of the electrical and gas systems limit the proximinity
of the pulses to each other and the average output will
be, in general, lower than the nominal cw output for the
same electrical conditions. Intermittgnt high energy
pulses were found, during the course of this work, to
have no beneficial effect on cladding and if the pulsing
was spaced widely enough to make each pulse an individual

event the energy input was not sufficient for cladding.

k.2.1.4 THE STANDARD LASER HEAD

The standard laser head mentioned in section 4.2.1.1 as
part of the layout of the laboratory is basically a means
of holding a KCl (or similar suitable material) lens,
focussing the beam through a small nozzle through which
is propelled a gas which determines the atmosphere in

the laser spot-- substrate interaction zone. The gas

can be inert, to prevent excessive reaction of hot or

molten metal with the air, or reactive, for example;
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02 is employed to aid the ablation process when cutting

mild steel(cT.

Figure 4.3 is a cross section of such a laser head showing

the lens, lens mount, lens height adjustments, heater, gas

inlet, x~-y nozzle movement and the nozzle itself. The lens
height adjustment varies the position of the focal point

of the lens with respect to the nozzle.

The x-y nozzle movement is necessary because the lenses are
held between rubber O rings for gas tightness and a clear-
ance is allowéd in the lens holder to allow for thermal
expansion when the beam is being transmitted. It is
therefore very difficult to position and x-y movement of
the nozzle is necessary for cent;alising the focussed

spot.

The heater incorporated into the head is there to prevent
the KCU lens reacting with atmospheric moisture and becoming

'fogged'. At this point it should be mentioned that there

must always be a co-axial gas flow even if it is not necessary

from the materials interactions point of view. This is

because the gas flow keeps the lens clean, one speck of dust
on the KCL lens leads fo the creation of a hot spot through’
beam absorption, resulting iq cracking and eventual melting

of the lens and damage to the inside of the laser head.

4.2.1.5 THE RASTER UNIT

: Figure 4.4, shows the raster unit employed during the
study of pre-placed powder cladding. The sinusoidal

oscillation of mirror 'A' results in x direction rastering
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of the beam ie rastering in the plane éf the paper. The
movement of substrates was always into or out of the
photograph and so if mirror A was turned on alone, the

effect on the substrate would be similar to being exposed

to a broad, thin sourée of enérgyl Vibration of mirror 'B'
results in the production of a '1ine source' of energy into
and out of the figure ie -in the direction of travel of the
substrate. The effect of this on a substrate would be similar
to being exposed to a reduced Power stationary spot for a

prolonged time.

Oscillation of both mirrors at the same time results in a
block source of energy on the surface of the substrate the
dimensions and energy profile of which are détermined by
the amplitudes and frequencies of the mirrors movement
(both mirrors are independently controlled). The other
factor affecting the energy density on the sample surface
is of course the distance from the focussing mirror to

the powder layer, a factor which effects the size of

spot Qﬁich is experiencing the rastering. The calibration
chart for the rastering mirrors is included here as Figure

l*.s.

The effect on the energy distribution of dwell times will be
discussed and the practical consequences investigated later

in thi s chapter.

It is, of course, impossible to have a small laser nozzle
providing an inert- atmosphere protectionn for the cladding
weld ‘pool if a rastered beam is being employed. For this

reason the special 'head' shown in Fig 4.6 was used. The
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top end was gas sealed with a KCl flat, Ar was pumped
into the tube (the diameter of which was larger than any
raster configuration used) and expelled from the bottom,

covering the weld pool.

L.2.2 THE X-Y TABLE

The hydraulically powered x-y table used throughout this

work had the following capabilities:-

A/ X direction speeds . 0;350 mm/sec
B/ X directionn stroke t=  380mm

C/ Y direction speeds :=  0-10 mm/sec
D/ Y direction stroke = 152mm

E/ Height adjustment :=- +150 mm

Two valves controlled the rate of oil sapply to the X and

Y cylinders and thus the rate of traverse. The Y movement
was usually used for positioning and the faster, longer

X movement was used for processing. Mechanically actuated
interlocks - prevented the table from reaching the end of

its traverse at high speed. W¥When processing with the table,
only the central portion of the moyement should be studied
to prevnt processing speed anomalies caused by the starting

up and slowing down of the table.

An electronic timer attached to the table measured directly
the time taken for the table to traverse thecentiral ten
centimeters of its X movemente The digital display was then
recorded after each run and used to calculate the processing

speed.

96



the valve controls for the hydraulic fluid flow and thus
the processing speed were infinately variable making it
very difficult to re-set a processing speed previsouly used,

this will be mentioned later in the experimental work.

L.3 EXPERIMENTAL PROCEDURE

Figure 4.6 is a schematic representation of the experimental
set up used for these experiments. The bulk of this work

was carried out in the following manner:-

1. A cut to size (3" x 1" x ") mild steel substrate

would be placed between the fixed spacers.

2. The top of this substrate would be uniformly covered

by a deep layer of stainless steel powder.

3. A steel edge would be slowly moved across the bed
of powder whilst being in firm contact with the spacers
which have thereby fixed the depth of pb&der remaining

(3.25mm) on the surface of the substrate.

4, The speed of the X movement of the X-Y table would
be set.
5. The samplewould be passed under the laser beam, the

following parameters having been pre-set and noted:

a) Beam power
b) Rastering conditions ie
i X direction raster amplitude and frequency

ii Y direction raster amplitude and frequency
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c) The sample would then be electrically engraved
with an identifcation number ready for metallo-

graphic examination.

Thus, the effects of the following variables on the process

were investigated:

a) Rastering characteristics:

i Spot source (no rastering)
ii X direction rastering (different raster
amplitudes)

iii Combined X and Y rastering

b) Beam power

¢) Processing speed

The samples collected from this series of experiments were
sectioned, polished and optically examined. Hardness
testing was carried out but the results from the hardness
survey were found to be disrapointingly uninformative (see

next section).

Photomicrographs of the deposited stainless steel were
similar in all cases and it was decided to omit all but a
representative few from the report. The interesting
‘information accrued from these experiments was taken from
measurements obtainedfrom photomicrographs. The relation-
ships between the parameters and the size and shape of the

deposit cross sections was of great interest.
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L.k

[t.l‘. 1

Loli,1.1

RESULTS AND DISCUSSION

The Effect on Deposit Morphology of Raster

Configuration

The Effect of Changing from Spot to Liné to

Block Source at Different Raster Amplitudes

Figure 4.7 shows the change in deposit cross section

attributable to the change in incident energy source from

the unrastered spot size (.5 mm radius) to an X direction

rastered line

source (ie a line at 900 to the direction of

travel) to a simultaneously X and Y dirvections rastered

block source.

are marked on

The dimensions of the X and Y amplitudes

the figure adjacent to the relevant cross

section togéther with any other change in processing parameters.

(all tracing at X15).

Table 4.2 below gives the physical dimensions of the cross

sections:

Table 4.2 cross section::dimension for the spot-line block

source experiments.

Cross Energy Processing{Cross Base {Max -Comments
Section Source Speed Section | Width|Width
I;D., Letter| Type + mm/sec Area mm | mmn min
Dimension (mm)

A Spot (tma x Gam) 3.3 ?.15 2.2 3.8

B Line (4mm x 1mm} 3.3 8.40 3.4 |3.7

c Block(h4mm x Lmm) 3.3 9.05 3.1 3.8

D Spot (1mm x 1mm) 3.3 7.30

E Line (5mm x 1mm) 3.3 8.90 4.4 |{Base

F Block{(5mm x L4mm) 3.3 8.70 4.3 |Base
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Cross Energy Processing| Cross } Base | Max | Comments
Section Source Speed Section_| Width WidtH
I.D. Letter| Type + Area mm” | mm mm
Dimension (mm)
G Spot (1mm x 1mm) 3.3 7.40 2.1 | 2.9
H Line (7mm x 1mm) 3.3 4,85+ 1.8 4 2.3 | Two beads
3.95 1.8 2.2 | produced
I Block(7mm x 4mm) 343 ° No Bladdjng
J Spot (1mm x imm) 2.5 9.00 1.4 | 3.7
K Line (4mm x 1mm) 2.5 11.20 3.6 | &4
L Block(4mm x 4mm) 2.5 11.10 3.5 | &
M Spot (1mm x 1mm) 2.0 10.20 2.1 3.8 .7mm2 substra»
: elted
N Line (7mm x 1mm) 2.0 12.90 6.0 BaseTn
0 Block(7mm x L4mm) 2.0 13.10 6.0 | Base

101



FIGURE.4.7. The effect of changing from spot to line
to block source at different raster amplitudes.

(x15)
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(See table 4.2)
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' FIGURE 47 Continued.
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The tracings and the readings make it poésible to analyse the
morphologies of the different weld pools produced by a range
of energy distributions impingent upon the powder bed. The
prpcessing Parameters whiqh were kgpt unchgnged throughout

the series of runs were as follows:

Powder depth = 3.25mm
Laser power = 1500 W

Raster frequencies = Maximum in both X and Y direction

Considering cross sections A to I it is clear that the changes
are due to differences in the energy densities and their
interaction times. In chapter 3 it was explained that the
process is capable of producing good quality cladding over a
wide range of processing parameters. Good quality, in this
case, refers to the production of a good interfacial weld with
no dilution and if cén be observed that this is ﬁhe‘cg§§”%n
cross sections A to G although H and I need further explanation.
Runs A to G obviously fall within rangey A D and B being
produced under identical (spot source) conditiégs, B and E
with line sources of Qﬁm and 5mm total length (NB Lmm line
source length describes 3mm rastered movement of a i1mm diameter
spot), and C and F with block energy sources of dimensions

hmm x Lmm and Smm x 4mm respectively.

There is only a slight difference between the line and block
source samples because although a block source has a lower
energy density than a line, its interaction time with any powder
element is greater, in this case (C and F) the energy density

is one quarter of the line source case ( B and E ) but the

interaction time is four times as large (1.2 secs instead of
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.3 Qecs). Thus the total energy input remains the same and,
when samples comfortably inside the good cladding parameter
range are considered, the finished product remains fundamentaly
unchanged. Further analysis of these cross sections requires
some information about the energy densities experienced by

the weld pools.a'Figure 4,8 shows the output from the computed
relative energy densities of a gaussian energy distribution
beam of radius .5mm undergoing simple harmonic oscillation

of differing amplitudes. The peaks at the enq of the movement
reflect the high decel!eration and acceleration, low velocity
parts of the SHM movement and the low energy density at the
centre of the movement is due to the naximum traverse velocity
being found there. Movement of the energy densities ét the
peaks and in the centre of the movement (Fig 4.8) shows that
as the amplitude is increased the difference between the maximum
and minimum increase; ie the peaks chome more.prqugnq. It
is this effect which‘resulted in cross section H being split
into two. The melt front in the‘poﬁder bed Vﬁiéﬁ:ébﬁ}ogéﬁéé
the substrate will bear a resemblance to the energf density
which created it although the effect will be damped out by
convective flow and surface tension forces. Four different
types of laser-liquid-solid interaction are illustrated in
figure 4.9 as a possible mechanism of cladding which satisfys

the experimental evidence.

Interaction Type 1 : A defocussed gaussian beam is impingent

on the powder producing a molten pool whose shape is governed
mainly by surface tension forces and is approximately circular’
in cross section. This weldpool contacts the substrate and
is frozen by, initially, point contact and, as the liquid
collapses onto the substrate, area contact. The clad product

of such an interaction will have a great deal of undercut 105
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because the liquid-solid contact solidifies the melt before the
liquid can wet the substrate extensively. All clad tracks
carried out with a spot source~ energy input had an unacgeptable

(to industry) level of undercut, eg A D and G.

-

‘.

Interaction Type 2 : A rastered beam attempts to introduce

a velocity gradient across the melt front by melting the powder
more effectively, both in the initiation and propogation stages,
at the extremes of its SHM but the effect is counter acted

by surface tension effects attempting to draw the melt into a
circular cross section. The result is a 'square' melt front
which contacts the substrate evenly resulting in an approx-
imately semi circular cross section deposit (eg B) with no

undercut.

Interaction Type 3 : The same-struggle exists between the uneven
energy input and the surface tension as in typé 2 but in this
case the incre#sed_separatién“of the energy peaks aha:thé
increase in the differen;e between max and min energy densities
(see Fig 4.8) means that the outer edges of the melt contact

the substrate first.

Thus the solidification begins at the edges of the deposit
trapping the small amount of still unmelted powder in the
centre. This péwder is subsequently melted into the pool as
the pool is solidifying but the air in this powder bed is
trapped at the liquid-solid interface and a central pore is
evident in the deposit. (see sample E). With prolonged laser-
pool interaction this interfacial pore can have time to float
free of the interface and appear above the centre of the

clad-substrate interface. (see sample F).
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Interaction Type 4 : Energy distribution effects become

dominaﬁt and the melt front approaches the substrate as two
peaks joined by a thin bridge of melt (bearing a strong resem-
blance to the energy density). The two peaks contact the
substrate and adhere and- solidification begins during which the
surface tension effectg are strong enough to break the molten
link between the two peaks. Soliqification is then completed

in the same way as in type 1 leaving two similar type 1 deposits,

the distance between which is determined by the raster amplitude.

These four types of interactions will be referred to later as

they explain most of the results collected in this investigation.

The reason why no sample exists for cross seqtion I is because
the energy density available (1500 W over a 4 x 7mm square)

was not capable of initiating melting in the inter&ction time
available (1.2 secs) . The theory in chapter 3 éhowed-that

at low energy densities the time taken to initiate ﬁelting

c;n be much'greater than the time to reach the substrate once
melting has been initiated and this is demonstrated QS in-
creasing the interaction time to 2.0 seconds (cross section @)
where not only has melting been initiated and completed but the
melt hasrbeen heated sufficiently to prevent being split into

two by minimal central melting.

Although the subject of processing speed (interaction time)
and its effect on deposit morphology will be dealt with in
the next section, cross sectionsJ to O have been included here
as a demonstration that the principles governing samples A to I
are generally applicable. Slowing down the processing time

has much the same effect as increasing the total power and this
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has led to K and L being more energy distribution dependant
than before (B and C) and so the central pore has become more

prominent.

N and O are the ionger iﬁteraction time (2 rather Qhan 52‘
seconds) versio;s of H and’I and it can be seen that the more
effective coupling of the energy, particularly in the centre,
has produced type 3 clads rather than type 4, This is because
the thinness of the bridge joiniqg the two peaks during the
production of H was to a large extent attributable to the long

initiation time related to the central energy density. This

initiation time (see chapter 3) reduces rapidly with increasing

power at low power densities but changes little with high power

densities so although the weld pool at the edges of the rastering

will grow faster than in the middle the melting,initiation is

now approximately simultaneous and the cladding becomes type 3.

Samplé Mis of;interest'because it'is one of the ;ery few
samples produced with any dilution of the depasit with the
substrate. It will bg noted that this sample experienced

the maximum energy density.(1500 W over a .5mm radius circle)
for the lbngest interaction time (.5 seconds) for a spot.

In this case the melt was produced, semi solidified and

remelted through to the substrate within that time (see chapter

3).

In summary it can be said that, for this process the energy
density/interaction time experienced by H is totally unsuitable
as is the interaction experienced by M*, Between this two

extremes which are, as was postulated earlier in chapter 3,
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widely separated, acceptable surface welded, no dilution,
deposits are possible with varying degrees of central porosity

and undercut.

H : line dimensions : 6mm x 1mm, interaction time .3 secs
M : spot dimensions : 1mm x 1mm (dia), interaction time .5 secs
2

Laser power 1500W powder depth 3.25mm

Lk.h.1.2 THE EFFECT OF CHANGING PROCESSING SPEED

Fig 4.10 shows the changing cross sections of deposits clad‘with
changing processing speed for two sets 6f‘samp1eg,one set carr-
ied out with a 7mm line source of energy and the other with a
4mm line source.. The theoretical model in chapter 3, dealing

as it does with a one dimensional argument does not imply
that a change in processing speed would result in a change

in the amount of material clad but this is obviously the case
in practice. ‘Considering‘figuré 4.10A (the 4mm line source)

first, this phenomenon of cross section increase with de-

creasing cladding speed can be explained.

The amount of powder directly under the line source of energy

is small in comparison to the actual amount of material melted.
In this case the nominal amount of material under the beam would
result in a clad crosgs sectional area of:

4mm (the width) x 3.25mm (the depth)‘ x (3.4 x 1077)

(Powder density; g mm—B) f (7.8 x 10—3) (density of stainless

steel ; g mm -3) - 5.67 mm>
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FIGURE. 4 .10.A. The effect of changing the

(x']S ) processing speed.
(1500W)

Lmm rastered beam.
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FIGURE. 4£10.B. The effect of changing the processing speed.

(x15) Tmm.rastered beam.

1.8 mm/s

2.3mm/s

2.6mm/s

33 mm/s
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All except the smallest trace are largef than this in cross
section area, a result which is easily understood if it is
considered that the powder on each side of the weld pool
collapses into it leaving denuded areas on each side. The
extent of this gathering of surrounding powder is affected
by the speed of procéssing which govergé the base width and
average temperature of the melt. At high processing speeds
(T) the amount of material melted is low as a.result of the
low energy input. This small @elt has its morphology governed
by surface tension forces and becomes a type 1 (see earlier)
deposit dropping through the powder bed with a basically
circular cross section. The melt is short lived and has a
rather low average temperature-in comparison with the other
melts to be discussed and thus does not interact with the
surrounding powder bed very effectively. Any incorborated
powder will cool the surface of the melt still further and

help to chill the rapidly solidifying melt.

As processing speeds are decreased (S,R) the increased laser
material interaction not only melts more material but tends
to combat the surface tension forces r.and spread the pool in
the direction of rastering. This hotter more extensive pool
incorporates a certain proportion of the incoming powder by
the method postulated in figure 4.11 until the combination of
the lasers removal and the cooling effects of the substrate

and ‘incoming powder solidify the melt.

At even slower processing speeds the base width of the pool
is similar to that of the raster width (see cross sections
P and Q) and the powder on each side of the melt is allowed
to collapse and be incorporated into the melt until the

denudation of the surrounding area means there is no lonper
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FIGURE.4.11. Powder collapse into the meltf.
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a reservoir of powder available.

These trends are reflected in figure 4.12 where it can be noted
that after an initial linear rise 6f cross section area with
interéction time the curvé levels out as a la;gérAand larger
percentage of tﬂe available surrounding powder is incorporated

into the melt.

Considering the samples covered by figure 4.1QB it can be seen
that at slow processing speeds (U, V and W) the above arguments
are directly applicable-. At high speeds however, the surface
tension effects, enhanced by the cooler weld pools separate

the deposit into two parralell tracks. The increase in total
cross sectional area still follows a basically linear trend
(figure 4.12) but the deposits are slightly larger than would
be expected. This slight increase is attributable to the fact
that the melt, in separating, is approaching the surrounding

powder.

L. 4,1.3 THE EFFECT OF CHANGING THE LASER POWER

Observation of figure 4;13 and 4.14 shows thattincreasing

the laser power is closely analagous to increasing the laser
material interaction time. Figure 4.12 shows £hat_the limifing
cross seqtion for this powder bed and raster width (4mm) is

in the region of thirteen mmz, the linear trend being dis-
turbed only above eleven mm2 by lack of available powder

this linearity is shown in figure 4.14 and it is unfortunate
that at the time of these experiments the laser had a

maximum reliable power of 1700W otherwise the levelling out of
the curve at the limiting cross section could once again have

been observed.
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FIGURE. 413, T“hé‘ effect of changing the laser pow'ei*.‘;
(x15)
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FIﬁG‘URE L.164. Cross section variation with power
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Figure 4.15 combines 4.14 and 4.12 by plotting cross sectional
area against laser power/processing speed (energy input). The
correlation is striking and so, the validity in this context

P‘/VD

of using the combined parameter

P = Jlaser bower
V = processing speed
D = beam diameter

often used in laser processing circles is obvious.

In this case, of course, D is no longer a simple measure of
the beam diameter but is related to both the beam diameter
and the raster configuration. The ennumeration of a 'D' term
capable of expressing not only the different sizes of raster
configuration and beam diameters but the effects related to
the altered energy.profile (figure 4.8 etc) should be the

aim of future work, but at the moment only runs carried out

under identical raster and spot size conditions can be directiy

compared.

L. Lk, 2 THE EFFECT ON DEPOSIT MORPHOLOGY OF DEPTH OF
POWDER BEING CLAD

Figures k.16 to 4.20 show the résults of an experimental
programme carried out to investigate the effects of differing
depths of cladding powder on the final deposit. Stainless
steel (316) powder was layed on the annealed high carbon
(7%C) steel substrate in a wedge so that, during processing
the laser encountered an ever increasing depth of powder.

The type of deposit which resulted from this process is shown
in figure 4.16. It can easily be seen that the nature of

the deposit cxross section changes radically and to
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FIGURE 4.16.

The fype of deposit produced by cladding a_wedge
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FIGURE. 417 The cross section variation with powder depth.

(x15)
1500 W

3.3 mms

A

(Nominal powder depth shown)
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investigate this effect the specimens were sectioned and their
cross sections traced as before (See figure 4.17 A B and C).
The processing parameters relevant to the prodqction of these
cross sections were as follows:~

Fig L.17A

Unrastered spot;(imm radius)

Powder wedge depth Omm ——5mm in 1S5cm

Fig 4.17B

Line source (5mm % 1mm)

Powder wedge depth Omm——7.5mm in 225 cm

Fig 4.17C: (also fig 4.16 and further metallography)

Line source (7mm x 1mm)

Powder wedge depth Omm—— Smm in 15cm
NB Liﬂe source (9mm x imm) was attempted but cladding failed.

The set processing parameters were
Laser power 1500 W

Speed of traverse 3.3 mm/sec

The numbers by each outline represent the nominal powder depth
where the cross section was taken. Figure 4.18 compares the
cross sectional areas of the deposits with the nominal powder

depths and shows the expected linear trend between the two.

This information once again supports the theoretical view
(chapter 3) that a wide range of operating parameters exist
within which cladding is possible with no dilution. As the
powder is increased in depth the surface tension of the weld
pool becomes an increasingly. domi ant factor in determining
the shape of ‘the eventual cross section. This is clearly shown

in figuré L,17 B and C if the maximum nominal powder depth
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outlines are compared with the lines immediately below them.

In the case of the smaller line source (4.17B) the increased
surface tension, a result of the weld pool being cooler, causes
the cross section to tend to the circular (Type 1) and undercut
is the result. The weld pool is cooler (prior to substrate
contact) than the smaller cross section pools because the power
input is constant and the amount of powder melted is increased
with increasing powder depth. The surface tension effect in
figure 4.17C causes the deveiopment of a type 4 deposit (see

figure 4.9).

The most informative sample is that described by figure 4.17C
and observed in figure 4.16 and this was chosen for further
study as the arguments concerning it are relevant to many

aspects of the process in general.

The ﬁ;crqgraphs in figure 4.19 (photos 1-10) show the growth
and deterioration of ‘the clad cross section as the depth of
powder (nominal) increased, taking these in turn; figure k.19
photo 1; The martensitic heat treated zone is a reflection of
the énergy distribution in the beam although the difference
between the depth at the edges of the rastering and the centre
will be damped out by thermal conduction within the general
area.‘ The beam energy density is not sufficient to initiate

melting of the substrate at this processing speed (3.3mm/sec).

Figure 4.19 photo 2; The very small amount of powder on the
substrate has been melted by the laser beam but the molten

particles have consolidated with their neighbours to produce
small molten spheroids whose shape is determined Sy the high

surface to volume ratios associated with small bodies. These
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FIGUIKE 4 .19 Macroscopic 1hvestigation ot cladding
different powder thicknesses.
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FIGURE 4.19 Continued
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FIGURE . 4.19. Continued.
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high surface to volume ratios means that the major effect
controlling the morphology of the deposit is surface tension
which, of course tends to form spheroids to reduce the surface
free energy (see also photo 9).

figurev4.19 phﬁto 33 Sufface.iension effects-arelreduced due
to decreased su;ééce to volume ratio but more importantly the
codles- i-ence of neighbouring particles does not sufficiently
denude the surrounding area of powder completely so the whole
melt is unified‘and cladding is possible although accelerated
melting at the sides of the raster sweep have led to a build up
of material at the sides (see also photo 9).

Figure 4.19 photos 4, 5 and 6: Acceptable claading of the
type 2 sort with iinear increase of melt with powder depth
(see earlier sections). The_grain size of the stainless steel
grows coarser indicating slower cooling rates, this can be
attribﬁted,to;i;werpavgrageutemperaturesfof melt-due to ‘more
material being ﬁélted g; a constant power input(

5

Figurehﬁ.léh;;g;du7; Cen£ra1 porosity (type 3 cladding)
indicating thaﬁ the powder melting process has trapped an
appreciable amodnt of unmelted powder in the centre (see
earlier notes). It is interesting to note that the pore

acts As,an insulator to heat‘transfer resulting in equiaxed
rather than columnar (chill cast) grains in the stainless steel
and a reduction in the extent of the heat affectgd zone in the
high carbon steel substrate at the centre (see photo 10)

Figure 4.19 photo 8; Type 4 cladding, the speed of melting at
the sides of rastering is higher than at the centre and the
quenching begins at the extremes of the raster movement freezing
the melt into two parallel tracks (see also photo 10).

Note the coarser grain structure and small heat affected zone

of the right hand track as a result of poor melt-substrate contact.
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Beyond this depth of powder the melt formed into large lumps
(see figure 4,16) as a result of the high surface tension forces
associated with the cooler melt.

Figure 4.20 shows the heat affected zones of the unrastered
spot (1mm x 1mg) and a 7mm x imm rastered spot. Compagtison
of these with figure 4.19 pho£o 1 clearly demonstrates two
features of the theoretical treatment of chapter 3 and earlier

this chapter (figure 4.8 and L.9) vis:

A. A beam of a given power distribution can clad a powder

bed of considerable depth onto a substrate even if it is incapable
of melting the substrate directly. The melted cross section

of the substrate for the unrastered beam was a minimai.lmm2
compared to the maximum recorded powder melt cross section

of 15.1mm2, the rastered beams did not melt any substrate

but could melt sustantigl amounts of powder.

Bf If the separation of the extremes of the raster movement

is large in comparison to the unrastered spot size the energy
input approximates to a dual, separated gaussian rather tian

step function source (see figures 4.8 and 4.9).

4.5 GENERAL CONCLUSIONS

The results accrued here indicate that the theoretical

approach of chapter 3 section 2 combined with the theory
postulated in figure 419 for dividing the deposits into types,
are applicable directly to the practical considerations of

pre placed powder cladding. The morphology of any clad deposit
is affected by a number of factors the main ones being the
energy density and configuration of the beam and the surface
tension of the pool. By controlling the operating parameters

of the process it is possible to get a wide range of sound
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clad deposits with no dilution problems.

The major Irawbacks to the process are:-

A. It is difficult to get a reproducable density of powder
bed.

B. Complex shapes cannot be clad because powder cannot be
pre placed prior to, for example, rotation in the vertical
plane.

C. The overlapping of tracks to produce a completely clad
surface is very difficult because any track denudes the area
on either side of it and can often be of a greater height than

that of the powder bed needed for its production.

The process lends itself to the production of single, hard faced,
tracks on flat components and future work should study the
possibilities of overfilling a pre cut groove with powder

with the intention of producing flush to the surface hard tracks

for wearing surfaces.

FIGURE. 4 20.
(x5 6)

Unrastered
( Smmrad)
spof on
.T%C steel.

Tmm rasteredspot.
(dwell times only
effect substrate)
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CHAPTER 5

THE BLOWN POWDER CLADDING/SURFACE ALLOYING OF EXHAUST VALVES

The cladding or surface alloying of the wearing surface of
exhaust valves is a subject of considerable commercial interest.
The utilisation of'a laser as the heat source for this process
has been of interest to many industrial concerns including

Fiat, AVCO and British Leyland

The present work involved rotating the valve under the stationary,
partially focussed laser beam and propellihg hard facing powder
onto the molten weld pool produced. Thus, a line of new

material was deposited on the valves wearing surface, reducing

its susceptability to corrosion, erosion and wear.

562 EXPERIMENTAL PROCEDURE AND RESULTS

54241 EQUIPMENT USED

The laser used was the control laser model 901, (cw only)

using the standard laser head described in the previous chapter.

A variable speed D.C motor was used to turn the valve during
the cladding process (see Figure 5.1) and the powder was
delivered in a stream of Argon from a Deloro stellite gravity-
fed spray gun. The spheroidised SF40 powder is a Nickel based

hard facing alloy with the following nominal composition :
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FIGURE51 Expemmenfal arrangement for laser
= valve claddmo

A. side view. {the simple, gravity fed powder spray gun
is shown in cross section).

B. front view (partial).

\/

—————powder entering
the weld pool

laser
beam

clad —
deposit

note: the weld pool is to one side of
the central axis of the valve to provide
the best powder catchment conditions.

FIGURE.5.2. Cross section of valve
(scale=1:1)

26mm

-87mm.

s
N\
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Table 5.1

THE COMPOSITION OF STELLITE SFL4O

Element Cr C Fe Si B Ni

Percentage 7.5 0.3 1.5 4.0 1.5 85.0

The valves were supplied by British Leyland and Figure
5.2 is a full size drawing of a cross section. ~The composition
of the valve material was not given but E.P.M.A traces indicate

that basic components were as follows:-

Fe 65% Cra20% Mn 9% Ni 4% Si.25% C .65% (Wt %)

5.2.2 EXPERIMENTAL PROCEDURE

The laser power hav.ing been set and allowed to .stabilise, a
valve was inserted into the holder attached to the variable
speed DC motor (see Figure 5.1). The épeed of rotation was

then timed and the surface to be clad carefully positioned

under the laser beam and powder flow. The rotation of the valve
was initiated,foilowed by the flow of powder propelling Argon.
When conditions were stable, the laser was fired during the
execution of one revolution of the valve. The valve was

then removed, the next positioned, and one of the parameters

changed before the next run.
The main variables examined were:-
a. The rotation speed of the valve; 16,8,4,2 seconds/rev

b. The laser power; 1500 or 1800 W

c. The Argon flow rate; 6,8 or 10*
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(* - Rotameter readings carresponding to increasing gas and

powder flow rates - see Figure 5.7)

Each sample thus produced was sectioned and a macrograph

prepared.

Selected samples were analysed by electron probe micro
analysis (EPMA) to measure the level of dilution, and by
optical microscopy to inspect the metallurgical features

Present.
5¢2.3 RESULTS

The production parameters together with some comments accrued
from inspection of the relevant macrographs are presented

in Table 6.2.

The graphs which constitute Figure 5.3 relate to the physical
dimensions and proportions of the deposits. It should be
mentioned at this stage that 'deposit' in this case refers

to the whole of the solidified weld pool, which includes
melted shbstrate as well as cladding material.  The graphs
show the relationships between the operating parameters and
the clad deposit width, depth, cross sectional area, dilution

level and the amount of powder melted into the weld pool.

A selection of the macrographs showing the deposit cross sections
are shown in Figure 5.4. Figures S.4 A and B illustrate the
trends shown by the graphs whilst C and D show special cases

of keyholing and excessive porosity. The magnification of

the macrographs is in most cases X10 and is otherwise
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stipulated if this is not the case.

Figure 5.5 presents the results of the electron probe micro

analysis (EPMA) carried out on three samples together with

the relevant micrographs.

Ni, Fe+Cr .

magnification of X220 or as otherwise stated and are shown

in Figure.5.6.

TABLE 5.2

Production parameters and comments on valves clad with

The micrographs are printed at a

Stellite SF4O

LASER POWER

(WATTS)
o B ARGON FLOW

10

11

12

READING

TIME (SECS) -|
DILTUION

ROTATION
%

3.0
4.0 -
5.0
6.0
9.0
10.5
15.0

10?

6.5

80

50
50
45
50

4O

30
4O
50
25
30
Lo

35

POROSITY

«30

«50
.05
.22

22

.28

' DEPOSIT?

0.9
1.4
1.6

1.8

1.9‘:

0.4
1.5
1.4

1.6

' DEPOSIT!
X. SECT AREA

.105
-175
.280
.340
.380
550
.680
.890
.010°
.195
.220
.280

310

.021
.087
.140
.187
.190
.330
476
534
-005
.146
<154
.168

.201

Each samplewas EPM analysed for

‘COMMENTS

See Macro's

See Macro's,Mic:
+ EPMA

See Macro's
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Comments

See Macro's
See Macro's

See Macro's

See Macro's

See Micro's
Macro's +EPMA
See Micro's + EPM.

Keyholing. See
Micro's

Keyholing (slight)

Keyholing (slight)

Porosity: See Macr¢
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FIGURE 5.3.

The relationships between production parameters
and finished product. [Valve cladding]

2.5 S et
[ GRAPH.A. ]
]
2. 4
J
-~ 1. ]
p g
= ]
T 1
-
o
—~ 1. ]
= L Gas flow:10=A ]
- 8 =0
0.5} 6=0 ]
- 4
|
gl g ]
PROCESSING TIME (SECS)
2+ § [y et
; GRAPH: B 1
L 1800W
2.0t -
]
= 15| ]
= - 4
I .
'_ a
2 1.0} ]
4 L J
1
0.5} i
]
]
O T S T- T

PROCESSING TIME (SECS)
137



DEPTH (MM)

DEPTH (MM)

FIGURE.5.3. (Cont)

1.5 S — ' .-
[ 1500 W. GRAPH.C.
1.2'- —_— .:
[ Gas flow:10=A 1
[ :8=0
0.af cb=m@ - * i
0.6F ]
0.3} ]
[ o 1 1 1 L
0-8. 4. 8. 12. 16. 20.
PROCESSING TIME (SECS)
1.5 — . N
GRAPH.D.
1.2} 1800W ]
o ]
0.3 ]
0.6 ]
0.a o A ]
R N T2 6. 0.

PROCESSING TIME (SECS)

138



X SECTION AREA (MM?%)

)

X SECTION AREA (MM

FIGURE 5.3. (Cont)

1.5 -1 —r—rrr—— — -

- 1500 W j
1.2} ]
' Gas flow 10= 4 i
[ 8 =9 ]
0.9p :6=0 - ]
0.6} ]
0.3} ]
[ 1
0 T TR 20.

PROCESSING TIME (SECS)

1.5 ™ T ~—  p— T
o E ]
L 1800W ]
1.2} ]
0.9} ]
0.6 ]
0.3} ]
e T T6. 20.

PROCESSING TIME (SECS)

139



OILUTION

DILUTION

100’ v 4 v v T v v T 14
r U
- 1500 W. G. i
80.} ®o ]
i Gas flow:10=4 1
t :8 =0 1
60. ;6 =1 - -1
[ ? oo o
| ®
40.} ) o o .
[ o 1
[ AD A m T
[ oL
20. } ) -
[ ) o
| A A A a
S T P TS T
PROCESSING TIME (SECS)
100. — r — -
H. 1
80. | 1800W |
60. u] ]
)
I ®
40.}F -
L ® o :
20. ° o 7
r'S (u] A
% TSR PO v MO TN 20.

FIGURE.5.3. (Cont)

PROCESSING TIME (SECS)

140



)

X SECTION RREA (MM

)

X SECTION AREA (MM

'
1.2+ :8 = ]
+ p
0.9 ]
L J
0.6F ]
[
0.3F ]
&
0 %, 12. 16. 20.
PROCESSING TIME (SECS)
1’5 T v T v T v T
. J. :
1800W ]
1.2} ]
0.9f ]
[ o ]
0.6} .
[ ]
0.3f > ]
o ]
m ]
0-8. /P T T 20.
PROCESSING TIME (SECS)

FIGURE.5.3. {Cont)

' Gas flow 10=4

T r v Y T -t

141



rigure. o .4, Macrograpns of selected Clad vVawves
A laser:1500 Watts )

(Gas flow: 8)
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FIGURE 5.6 Micrograph investigation of
selected clad valves.

Micrograph.1. Sample.25. (Heavy deposit)
(x 12°1.5)

The direction
of solidification

towards the top
of the deposit

follows the movement
of the weld pool.

(i.e.into page)

Vertical solidification
towards the clad-
substrate interface.
(chill cast type)




FIGURE . 5.6.(Continued)

Micrograph .2. Sample 10. (Moderate
(x deposit)

Micrograph.3. Sample.26. (Slight
(x ) deposit)




5.3 DISCUSSION OF RESULTS OF SFL4LO CLADDING
ON TO VALVES

531 THE RELATIONSHIPS BETWEEN THE PRODUCTION
PARAMETERS AND THE 'DEPOSIT' GEOMETRY

5.3.1.1 DEPOSIT WIDTH VARIATIONS

The variation of thg deposit width ('Deposit referring

to all the material melted during procgssing) with;

the speed of processing. Argon and powder flow and laser
power is presented in graphicél form in graphs A and B

of Figure 5.3.

5e3e1e1a1 WIDTH VARIATION WITH SPEED OF PROCESSING

The deposit width changes in a very similar manner with
duration of processing in all cases. The general trend
being a sharp rise in deposit width until the processing

time reaches between four and five seconds,.

Processing time in excess of five seconds show a much more
gradual rise in deposit width with decreasing cladding speed

(Obviously; Processing time X (cladding speed) -1)

The levelling out of the increase of molten zone width

is attributable to a large extent to the characteristics

of the incident laser beam. The partially focussed beam

has an approximately gaussian power distribution which

means that increasing the laser-material interaction time
results in an increased diameter of weld pool, this increase

being affected primarily by the increasing radius of energy
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density capable of initiating melting, and secondarily

by conduction of the 'surplus' energy within the weld
pool to surrounding areas. The nature of a gaussian
power distribution means that a linear inc{ease in inter-
action time results in a ra;id inéreasé“in molten pool
diameter to begin with as the beam is more effectively

coupled with the surface at increasing melting-threshold

energy densities. Further increases in interaction time

will increase the diameter of the 'melting threshold energy

density' only very slowly and conduction of heat from the
overheated weld pool will begin to be the dominant factor.
This conduction-limited increase in weld pool diameter
has only a minor effect because the weld pool itself has
a very short 'lifetime' in any specific area; ie even
at a processing time of 15 seconds for the 3cm diameter

" weld pool will move through 2mp in less thap one third of

a second. Figure 5.7 illustrates the fact, that the radius

of a nominated energy density increases rapidly at first

and then more slowly with increasing laser-material inter-

action time. For the purpose of the illustration it has
been assumed that an increase in the laser-material inter-
action time is proportioned to an increasing laser power
.at constant processing speed-- From the equation for the

power distribution in a truncated gaussian beam:

- Pror _r
P= _Fr_%z— exp (——-",ET)
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the radius [[ can be found of a nominated power density

In Rl 2
P b
Tol

If a Pr is chosen as the limiting energy density capable
of melting the material, then the variations of [[ with
Hve is shown in graph A of Figure 5.7. 1In this case
the series of lines on the‘graph represent the growth
of the radius of various energy densities with increasing
PTOT for a laser beam with a radius of 155 . This principle
was used to develop a similar plot for the practical
conditions investigated in this set of experiments. As a
starting point it was assumed from the experimental data
that a 1500 W beam with a 3.5 radius melted a weld pool
of radius 1.2 p (see graph A Figure 5.3). From this
assumption a limiting energy density for melting was

calculated to be 9.75 X 107 W/ 2

« The decrease in the
radius of this energy density is shown in graph B of Figure
5.7 where it can be seen that the slope of the curve is
similar to the practical results illustrated in Figﬁre

53 grapﬁ A and B. The major difference in these graphs
is the gradient of the curves towards the right of the
graph. In thg case of increasing processing times the
curves level out more than the sister curves showing the
effect of increasing PTOT. This effect can be explained
by recognition of the fact that as the. radius of the named
powver density is increased with increasing power, the

power density gradient at that point is being made more

and more shallow.
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F Fig.57
Power Density
(WIM'x10%) ———=— 15

(Beam radius 1mm)

Graph A

The reduction in the radius of
lines of equal power density
with decreasing total power

5 9 9 1M 13 15 17 19 21 23
Power KW

i |_Fig.57

enerqgy density=
3 S edtwiM:

Graph B

The decrease in the radius of the
melting energy density with
decreasing total power [Total
power input x processing time]

900 1000 1100 ~ 1200 1300 1400 1500
Total power (W)
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It can be assumed therefore that the extent of melting is
related to a combination of power density and power density

gradient at the edge of the molten pool.

5¢3e1e1.2 WIDTH VARIATIONS WITH ARGON/POWDER FLOW

As a clarification to the following discussion Figure 5.8
shows both the simple principle of operation of the gravity
fed powder blowing gun and a typical calibration chart of
Powder and Argon flows against Rotameter readings. Ob-
‘servation of this figure makes it clear that the pbwder
flow increases with gas flow which means that the resultant
powder cloud approaching and to some extent, covering the
weld pool becomes denser and faster moving if the Rotametgr

reading is increased.

Dissatisfaction with the use of this typé of powder blowing
gun results from the fact that it is impossible to increase
the mass flow of the particles without increasing their
average velocity. This increase in particle velocity
decreases the particle-laser interaction time and reduces
the efficiency of the process, also, the fast moving part-
icles are not easily trapped in the weld pool. Two further
complaints are the fact that the guns can only be used with
expensive, free flowing, spheroidised powder and that the
mass flow rate-gas flow rate relationship changes 1f the
gun as a whole is tilted at a different angle‘@ilting the
gun towards the vertical increases powder flow rates and a
tilt towards the horizontal can result in sporadic flow of

powder as powder pours to fill the gas flow conduit until
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sufficient pressure has built up to blow the blockage clear,
in a cyclic manner). It is for this reason that the flow
calibration chart can oﬁly be referred to as 'typical'.
Finally, another difficulty is that the powder has to travel
up to 2cm from the end of the gun to the weld area, (if

the gun is nearer tﬁan 1cm away the reflected heat can
result in the gun becoming clogged with softened.powder)

the particles travelQin an arc the shape of which is affected
by théir momeﬁtum. This in effect means that is the powder
gun is tilted to feed powder directly into the weld pool

vat a rotameter reading of 8, a reading of 10 can lead to

a disproportionate amount of over shooting,the reverse being
true with a reading of 6. It was mentioned earlier that
re-tilting the gun to provide the best powder trafectory

for each gas flow causes important mass flow discrepancies.
In view of the?e drawbacks any resultant trend in finished
product characteristics will tend to be a complicated opt-
imisation of the various variables described. (NB. Please
see Appendix B )

Considering the graphs of Figure 5.3 A and B, it can be seen
that the general trend for processing times in excess of

five seconds is that the higher the rotameter reading the

narrower is the melted zone width. This effect can be attr-

ibuted to three factors:

ae Increased cooling from the powder transport gas jet
b. Increased cooling from an increase in incoming powder

Ce Increased shielding of the weld pool by the denser

powder,
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The trend is a small one because these factors are oniy minor

components of the energy balance (see Chapter 3).

When processing-times of less than five seconds are being
considered the picture is rather more confused. The in-
formation available in graph B is unfortunafely too slight

to be very instructive in itself but it does re-inforce the
information in graph A. The graph indicateé that seyeral
éffects of comparable influences are conflicting, the overall
effect of which is to present a confused picture which is
best described by merely listing the various influences:
Considering an increasing gas flow rate;

a. The speed of the particlé cloud is increased - the laser
particle interaction time is decreased.

b. The cloud density above the weld pool is'increased
thereby.reducing the amount of laser output energy feaching
the weld poole.

Ce. The increased gas flow over the weld pool will act as a
cooling agent.

d. Several optima exist for different particle trajectory-
weld pool geometry combinations.

e. It is possible that due to the increased velocity of the’
particles an increase in the pfoportion of particles injected
into the weld pool could occur in the cases of 'direct hits!'.
f. In some cases the high density of impinging particles
_én the weld pool surface will aid the absorption of laser
energy - a rough surface being a worse reflector than a smootﬁ
one.

ge. ‘Oxide contamination of the surface of the weld pool will

be reduced due to the increased argon cover.
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5¢301e13 WIDTH VARIATION WITH INCIDENT POWER

Considering the graphs in Figure 5.3 A and B a general trend of
increasing width with power can be seen. The only anomaly would
apﬁear to be sample 28 (representing Power 1800, gas flow 6
and .-processing time 13 seconds) which is 2.0mmwide when, to
follow the usual trend,a value of 2.2 or more would be expected.
This apparently odd result is explained by the fact that it is
the only sample to have a definitely keyhole type weld cross
section, indicative of a different sort of energy transfer into
the material. Keyholing as a phenomenon will be explained in

section 5.3.2.2 when the macrographs are being discussed.

Although the comparison of the two graphs can only describe a
trend, the actual percentage increase is of come interest:
Power increase from 1500 W to 1800 W = 20%
Average increase in value of "gas flow 8" widths = 5.5%
Average increase in value of Wgas flow 10" width; = 2.,0%
(NB Only processing times of 5 seconds or more considered)
Extrapolation would be unreasonable but these increases do at

least follow the expected path,

A full discussion of the theoretical expectations of increasing
power appears in the earlier section 5.3.1.1.1 and the practical
results'implied by that diseussion ie that an increase in PTOT
for varying processing times would mean a shift in the curves
position towards the left, are evident in graphs A and B Figure

5.3.

5.3.1.2 DEPOSIT DEPTH VARIATIONS
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are presented in graphs C and D of Figure'5.3.

5.3.1.2.1 DEPTH VARIATION WITH PROCESSING SPEED

Observation of graphs C and D (Figure 5.3) shows the basically

linear relationship between the depth of melted material and the

duration of processing. One exception to this trend is sample
28, the'keyhole' sample already noted in the previous section.

P/

‘Suffice it to say here, that if a limiting VD * value is
exceeded for a particular laser material interaction, the
energy is no longer absorbed into the material by éimple

conduction from the hot surface but by a more direct process

which leads to deep penetration weld pool formation.

*NB P = Laser power
V = Laser-material relative velocity

D = Laser spot diameter

Deep penetration is, in general, something to be avoided when
cladding or surface alloying because it leads to gross dilution
of the clad weld pool by the substrate material, which reduces
the effectiveness of the cladding material in improving the

material surface durability.

The_reason why sample 28 experiencéd keyholing is directly
related to the effective energy density[lj%ﬂa] it
experienced. _ Inspection of the operating parameters show that
it was exposed to 1800 W with a processing time of 13 seconds
with an Argon rotameter reading of 6. The gas flow reading

of 6 meant that there was less gas flow, cooling, and less

cloud cover of incoming particles over the weld pool than was
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the case with the gas flow 8, (which experienced slight key~-
holing effects with the same parameters) and the gas flow 10
(which did not ‘keyhole'). This reduction in the weld pool

powder shielding meant, in effect, that the weld pool of sample

P/V

28 was exposedlto the highest effective D value.

Two mechanisms constitute an increase in melted zone depth,
these are;
a. Increase in depth of substrate melted and

be. Increase in the amount of new cladding material melted,
Although the general relationship between increasing P/VD

by decreasing V) and in increasing depth of weld pool is a

a linear, proportional one, the molten material itself

need not necessarily be uniform buf will change as the weld

pool geometry acts as a superior or an inferior powder

catchment area.

5¢3¢1.2.2 DEPTH VARIATION WITH ARGON/POWDER FLOW

The two methods of increasing molten pool depth just mentioned
(section 5.3.1.2.1) are very important. when considering the
depth variation with argon/powder flow. On the one hand an
increase in ?he powder cloud density above the weld pool shields

and cools. the weld pool,and thus inhibits deep melting but on

tHe other, the bowder.cloud itself absorbs more laser energy which

leads to an increase in the height of the new deposit above the
original substrate surface position. The conflict between these
two effects and the resultant outcome can clearly be seen iﬁ
gr;phs C and D of Figure 5.3>and in the macro graphs in Figure
S.4. Considering, for the sake of simplicity, graph C alone,

the trends can be described as follows:-
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1. Between the curves for the argon flow readings of 6 and 8

there is a general drop in the molten pool depths due to in-

creasing powder cloud cover and gas cooling over the weld pool
. . F/.

which effectively reduces VD,

2e Between the curves for the argon flow readings of 6 and 10

or 8 and 10 there is a general increase in molten pool depths

due to more powder being melted and included into the weld pool,

swelling its size rather than increasing the depth of penetration,

This entrapment of more powder is to some extent attributable to
the molten weld pool surface geometry and its relationship to

the direction of travel of the incoming powder jet.

This relationship is best described with the helﬁ of the diagram
which constitutes Figure 5.9. Taking the simplified view that
the molten or solid phase condition of the surface is dependant
on the incident energy profile which remains unchanged, it caﬁ
be assumed for the purpose of clarity that the diameter of the
weld pool does not change in the X direction. It éan be seen
thereforé that an increase in the cladding weld pool height above
the substrate surface has the following two effects:-

Ae The weld pool size increases making it into a Better powder
catchment area

b. The weld pool surface becomes more perpendicular to the
direction of travel of the incoming powder, again increasing

the efficiency of the entrapment process.

Ignoring, for the moment, the obvious flaws in this theoretical
model (no attempt will be made to quantify the variations) It can
be seen that the efficiencyof the process is improved as the

cladding weld pool is thickened. This trend is backed up by
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the practical evidence in graphD(Figure 5.3) which shows, in
the case of a éas flow of 10, an acceleration in clad depth
with reducing cladding speed. This acceleration is attributablg
to the fact that if sufficient incoming péwder is available,
the efficiency of powder entrapment is'inéréased with incveasing

cladding depth above the substrate surface.

5¢3.1.2.3 DEPTH VARIATION WITH INCIDENT POWER

Comparison of graphs D and C (Figure 5.3) shows the expected

. . P,
trend towards greater melting with increasing /VD.

The keyholing observed in the case of three of the samples

" (28 - severe and 32 and 33 - slight) is directly attributable
to the increased power densities experienced by the 1800 W
processed specimens. It will be noted that increasing the power
has a greater effect at the slower processing times due to the
more substantial powder melting.taking place and the tendency

to change from conduction-limited to keyhole welding with long

laser-materials interaction times.

5¢3.1.3 DEPOSIT CROSS SECTIONAL AREA VARIATIONS

The variation of the deposit cross sectional area with the

production parameters is shown in graph E and F of Figure 5.3.

The cross sectional area of the welded pool is, of course, directly
related to the width and depth of that pool, already thoroughly
discussed in the previous sections. For this reason analysis

of graphs E and F will refer back to previous arguments rather

than re-iterating them.
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5.3.1.3.1 CROSS SECTIONAL AREA VARIATION WITH SPEED
OF PROCESSING

The relationship between cross sectional area of molten pool

and speed of processing is a basically linear one - see graphsSng

E and F.

The oniy point which does not comply to this linear rule is

that relating to specimen number 25. This ties in with earlier
coﬁments which concluded that in certain cases the efficiency

of the cladding process is improved as deeper deposits are

laid down. The expected anomalies due to the keyholing of cert-
ain welds were siight because although keyholing dramatically
increases the maximum depth of deposit this new depth is
restricted in width and so, increases in overall cross seciional

area are not large. (NB Keyholing - see specimen 28 laser

power 1800 W, gas flow 6 and rotation time 13 seconds).

In general, weld pools created during this. experimental programme

were developed by simple absorption from the material surfaces

and conduction within the materials (both the powder and substrate).

It is reasonable therefore to relate the linear nature of the

increase in weld pool cross sectional area directly to the

. . P . . . .
increasing /VD value concommitant with reducing V (or, in-

creasing the processing time).

5.3.1.3.2 CROSS SECTIONAL AREA VARIATION WITH ARGON/
POWDER FLOW

Two conflicting effects caused by increasing the powder flow are
the overiding factors in determining the cross sectional area:

Argon/powder flow relationship. These effects are the shielding
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of the weld,pool'by'én increasée in airborne powddé}combined Qith
with increased Argon flo* cooling ,which-tendsto

reduce the amount of material melted and the intrdduction of
more powder into the weld pool which tends to swell its size.
This new powder is readily melted into the weld pool because

the energy distribution of the laser beam leads to overheéting
of the central portibn of the weld pool (as comparea, for
examplejy with the temperature gradient across a solidifying
casting molten pool). If this was not the case, extra in-
coming powder would tend to cool the wéld pool to below melting
temperatures, a limiting condi£ion not reached within the bounds

of this experimental programme.

The following review uses the mathematical analysis in Chapter

3 section 3 with the actual experimental values used in this

investigation.
} h r
o —~ ~ ~ T
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kS % 3 S 3 P 2
" =) 2 @ £ 0 I g¥
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9 g sE | o 302 |du2]°53
< = e~ |& S =a> |25T e 20
6 77 .05 3 99975 |1.56 X |1.53K| 98%
108 108
8 150 .05 46 -999635]1.56 X J1.52 x| 97.3%
108 108
10 170 .05 61 -999689f1.56 X §1.525 | 97.7%
108 X 108
Particle radius = 05
depth of powder cloud above weld = 5 (the largest value observed)
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X direction distance from the

leading edge of the beam (mm )

The review deals only with the energy conditions at the centre
of the beam as it impinges on the weld pool the voidages calcul-
ated were all in excess of .999 and thus the skewing of the
gaussian distribution can be disregarded (see Figure 3.3.2.A).
As a élose approximation it éan‘be stated that the beam
impingent upon the weld pool is gaussian in character and, in
this case, retains 97 +% of its original power after penetrating
the powder cloud. The velocities of the particles through the
laser beam were of the order of 1.0 m/s and the values relating
to the particles were fed into the computer model to reveal

that tle maximum temperature reached by the particles was 925°C.
This temperature was that reached by any particle yhich travelled
all the way through the beam along the centre line thus arriving

at the X,Y position 0.0 (see Figure 3.3.1).

Figure 5.9 THE TEMPERATURE ARRAY OF POWDER ° PARTICLES

(all values taken from experimental data)
. O
Temperature in C

Y Direction Distance from Focus

-
0 2 A o6 .8 1.0 1.2 1.4 }1.6
0 | 925 [903 898 790 Beam JAbsent] in ) this
Are
.35 862 |849 842 751 680 594 482
.75 | 777|761 754 672 618 |535 443 355
1.15 .| 667 [651 640 574 525 |455 377 323 | 208
1.55 | 537 537 510 466 419 359 296 261 | 151
1.95 | ko0 |39 . 374 343 310 }262 258 195 | 92
2.35 | 270 [264 250" 230 203 1169 148 1 122 | 34
2.75 160 158 144 131 113 87 58 27 | 20
3.15 74 71 (S8 Sh 43 25 20 20 | 20
3.5 20 20 20 | 20 20 20 20 20 | 20
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The particles then can be considered to have a cooliﬁg effect on
the weld pool and consolidation is brought about by conduction
from the overheated weld pool lying beneath the approximately
gaussian distribution laser beam. The particles themselves tend
to skew the energy distribution towards the X = O line by carrying
the heat absorbed by them in that direction, the hottest particles
arriving ne;rest the X = O line but this effect, involving the

skewing of less than 3% of the total input energy can be ignored.

5.3.1.3.3 ' CROSS SECTIONAL AREA VARIATION WITH
INCIDENT POWER

Graphs E and F show that fhe increase in laser power of 20% from
1500 W to 1800 W has resulted in £he expected slight increase

in the amount of material melted in most cases. Anomaliés to

this trend are caused either by thé onset of keyholiﬁg in high‘
poﬁer runs (leading to a deep, narrow weld pool) or the increasfug
efficiency of the process already noted in the slower speed,

laser power 1500 -gas flo; 10 runs. The increase in molten

material noted between the values for gas flows of 8 can be taken

to represent the usual case.

5.3.2 DEPOSIT COMPOSITION CHARACTERISTICS
5.3.2.1 MACROGRAPHIC ANALYSIS OF DILUTION OF THE
DEPOSIT

Graphs G and H of Figure 5.3 show the trends in dilution levels®*
of the deposits. -In—depth analysis of these trends is made
difficult by the complex inter relationships between the variables

affecting the level of dilution in any weld pool.
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The readings are taken from a computer aided analysis of the
macrographs carried out with an Apple computer and a 'digipad'

which gives a reading of the area within any traced line.

*NB a 65% dilution level means that 65% of the weld pool

consisted of substrate material).

-

Graphs I and J of figure 5.3 describe the varying amount of SF40

cladding powder incorporated into the weld pools, this trend

is linear, strongly resembling the graphs showing the total

_amount of material melted (Graphs E and F). It is the relation-

éhip between these two sets of graphs which is illustrated by

graphs G a..d H.
The general trends are as follows:

A. Dilution is decreased with deéreasing speed of processing.
B. Dilution is decrease& with a greater powder flow.

C. Dilution appears to be not greatly affected by the change

in laser power.

Discussing these in turn, a decrease in dilution with decreasing
speed qf processing is related to the improvement of the weld _
pool as a powder catchment area as it becomes thicker'(sée
Figure 5.9, section 5.3.1.2.2). TheHWeld pool at the higher
processing speeds is small in diameter and lies almost flush
with the substrate, catching very little powder. At lower
speeds the deposit is built up and the weld pool lies at an
angle to the substrate and tends towards perpendicularity with
respect to the direction of approach of the incoming powder,

thus more effectively 'capturing' incoming particles.
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Dilution is decreased with greater powder flows because more
powder is being injected into the weld pool. An increase in
powder flow increases the mass transfer rate and also the
velocity of the particle cloud. The increase in cloud density
obviously causes the weld pool to’be madé up of more-incbming
- powder than hitherto’ but the incfease in velocity has two
conflicting effects:

A. Fast moving particles impinging upon the weld pool can be

more easily submefged and incorporated into the pool.
B. Fast moving particies are cooler on arrival at the weld
pool due to their short previous exposure to the laser radiation,
they therefore cool the pool more effectively and thereby reduce
further powder melting capability_, Also, fast moving particles
which strike the‘Qeld pool surface at a glancing angle are more
likely to bounce out of the area than their slow moving counter-

parts.

Although the cooling effect of the powder injection can limit
the capability of the weld pool to melt more powder it also
reduces the conduction of heat into the substrate and this

reduces the level of dilution.

The lack of any trend in dilution with increasing power within
the limited range (1500 + 1800 W) investigated can be attributed
to the similar increases in the degree of melting of incoming
powder and the weld ﬁool cross sections as a whole (compare

graphs I and J with E and F).

The increases in dilution after an initial drop for the lines

corresponding to gas flow of 6 and 8 with laser power 1800, are

linked to the onset of keyholing as the processing times are
increased. Keyholing is a deep penetratiou welding phenomenon

and as such results in a sudden increase in the amount of

4
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substrate melted during the process without affecting the

degree of powder melting.

5.3.2.2 DISCUSSION OF SELECTED MACROGRAPHS

Figure 5.4 (pageli?) shows a selection of the many macrographs

which form the basis of this investigationu.

5.3.2.2.1 GENERAL CASES

The two sets of four macrographs Figure 5.4 A and B illustate
the points examined at length iﬁ the earlier sections of this
chapter. A short reference list of the major points to observe
may be of help at this stage;

1. Increase of weld pool size with increasing processing time.

2. Increase of deposit aud reductiouns in dilution with

increasing powder flow.

3. Increase of pool width up to a limiting value with increasing

processing time.

L, Low levels of porosity and the presence of conduction limited

heating only (shown by the absence of keyholing).
5.3.2.2.2 KEYHOLING

Section 2.2 considered the fundamental interactions of lasers
and materials within the usual energy density limitations imposed
upon the cladding process. 1If the energy density above the

weld pool is sufficient however, the mechanism of heat transfer

changes from conduction - counvection to keyholing.

As a moving molten weld pool begifns to boil as a result of the

incident . laser energy, the vapour improves the energy coupling

which leads to further boiling. As the boiling rate is increased
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a local surface depression is created in the weld pool. This
depression becomes a hole which acts as a black-body absorber

with near zero reflectivity.

Once the keyhole has been established, a dynamic situation exists
between the vapour holding the keyhole open, and the molten
metal which attempts to close the hole using the combined forces

of surface tensioft and gravity.

The subject of keyholing is a large one and an in-depth in-
vestigation would be out of place in this present work as

keyholing is, in general, to be avoided when cladding.

In summary, keyhole welding can be considered to involve a line
source moving through a material with the energy from the laser
being pled first to the metal vapour within the keyhole and

thehce to the molten surface which lines the hole.

Macrograph C in Figure 5.4 shows the créss section of sample 28
which shows signs of the keyholing process. This keyholing

is not severe in the.context of welding but should not be
present at all in the laser cladding process. It is a clear
indication that the energy density above the weld pool is too
great, this can be reduced by many methods ie increasing
processing speeds, 1increasing powder cloud density or reducing

laser power.
5.3.2.2.3 POROSITY
Macrograph D of Figure 5.4 shows a cross section of sample 37

(1aser power 1800, gas flow 10, processing time 13.0). This

sample was the only one in this group of experiments to exhibit
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gross porosity. The generally spherical nature of tne pores
indicates that theyexisted as bubbles of gas trapped in the liquid
pool. The possible mechanisms of porosity'formatiqn are numerous
but the mechanism relevant to this sample would appear to be the
consolidation of much smaller pores trapped when the relatively
high density, high velocity powder cloud was arrested, melted

and frozen in the short time available in laser processing. Tae
reason why this porosity played sgch a small part in other ciross

sections was a combination of the following porosity inhibiting

factors:

a. smaller amount of powder me lted
b. slower processing speeds

c. slower moving gas cloud

d. higher energy density over weld pool

Porosity in clad deposits is always to be avoided but because
it'is caused by the correct (or incorrect!) juxtaposition of
many variables it'is difficult io judge when it will, or will
not, be a serious problem. The presence of porosity can
deleteriously effect the performance of a clad surface whether -

its major function is physical or chemical protection.

5¢3.2.3 . ELECTRON PROBE MICRO ANALYSIS AND MICROGRAPHIC
EXAMINATION OF SELECTED DEPOSITS

Samples 25,‘10 and 26 underwent Electron probe micro analysis
and micrographic examination, their production parameters etc

were as follows:-

Sample |Laser Power |Gas Flow Proéessing Time|X Sect aréai% Dilution

25 1500V 10 17 secs 1.3mm2 (0]

10 1500 8 3.5 secs .199tm 2 25

26 1800 . 6 2.5 secs .150”‘”:2 50 - 172




The specimens were chosen for their wide range of processing
variables and the possibilities they afford for the analysis

of dilution.

Figure 5.5 shows the EPMA scajs across the interface between

the substrate and the solidified clad weld pool in each case and
Figure 5.§ presents the micrographs.EPMA was éarried»out for

the iroa, nickel and chonium content over a Aistance of
approximately .25mm , situated near the centre of the weld where

the most typical conditions can be found.

Examination of Figure 5.5 graphs 1 and 2 together with Figures

5.6 micrograph 1, which deal with sample 25 reveals the very

narrow dilution layer present.at the deposit - substrate inter-
face. The changeover between substrate composition and stellite
composition takes place within thirty microns. The sudden
decreasesin nickel content in the stellite correspond with

sudden increases in the chromium content. Subsequent investigation
showed«68)blectron probe micro ahalysis‘ that the chromium content
of the stellite varied in sympathy with thg carbon content, which
explains the variations as evidence of the presence of chromium

rich carbides.

Micrograph 1 of Figure 5.%. shows the following important
features: |
a. The narrow heat affected zone in the substrate.

b. The narrow.white phase dilution area.

c. The dendritic nature of the deposit.

d. A small amount of porosity.

e. The slight coarsening of the deposit dendritic arm spaéing

as the distance from the interface increases.
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The reasons behind this coarsening lie in the analysis of the
ﬁeat,flow in the solidifying and cooling weld pooii" Although
heat is radiated from the sufface of the weld pool and con-

» , .
duction-convection heating of the surrbunding air doés-take place,
fﬁe majof heét transfer methéd is by conducti&n into the éold o
substrate material. The situation is analagous, to some extent,
to the solidification of a casting from its mould contacting
walls inQards. The quehching effect near the deposit-substrate
interface is therefore more severe than at the deposit-interface.
As the rate of solidification and cooling is increased the dendrite
arm spacing is decreased although this effect cannot be expected
to be very profound when consiaering such a shallow weld pool

and such a small amount of substrate material. (The smaller

the bulk of substrate, the less effective it is as a heat sink).

Graphs number 3 and 4 of Figure‘S.Ei together with micrograph

2 of Figure 5.§ ' constitute the information relevant to spec¢imen

10 and show a marked degree of dilution, The presence of the
chromium rich carbides seems to have been reduced, an effect.

which can be attributed to the increased carbonsalubilityiA the
‘deposit' which contains a:goéd deal of.iron. The inférfacial
distance between the deposit ard the suﬁstrate is still approximately
30 microns but the deposit is considerably dilued with substrate
material. The graphs indicate that there is a great deal of

turbulence in the weld pool by showing the eveness of distribution

of the dilution.

Convection in laser weld pools was first analysed by Antony and
Cline(égland more recen'f_. \_vork has been carried out by Copley et
a(70)and Chan and Mazumde&7ﬂ. The work was carried out to explain
ripples in the surface of laser surface melted materials but

the conclusion and principles are applicable to the different 17L



geometry cladding weld pools. For the sake of simplicity, the
principles will be explained:considering surface melting weld

pools:

The energy distribution of the beam aﬁd the nature of weld pools
themselves means tha£ there is a large thermal gradient across
the molten pool. This thermal gradi?nt results in a surface
tension gradient across the weld pool, the surface tension of

a molten metal deereasing with increasing temperature. At the
point of impingment of the laser beam the temperature is highest
and the surface tension lowesk. The surface tension increases
along a line from the i@pingment point to the edge of the weld
pool (see Figure 5.10). Thus any volume element of the surface
experiences a force parellel to the surface causing it to move
from the“déntre to the edge of the weld pool. This causes the
liquid-vapour interface to assume a concave curvature if

viewed from above. The difference in static pressure on volume
elements resulting from the curvature produces a return flow deep

in the melt pool from the melt pool edge to the impingment point.

Copley et al demonstrated this principle by producing weld pools
in a camphene - tricyclene alloy. This alloy is transparent

and allowed high speed photography to verify the theory. This
principle»of surface tension induced stirring, translated to the
different geometry of a clad weld pool, explains the very even
distribution of diluents in a solid diluted laser weld pool
satisfactorily although other mechanisms may play a part.eg
mechanical stirring induced by the impingment of incoming powder

particles.

Micrograph 2 shows the material to be of a finer grain size than
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FIGURE. 5.10.

(a) © (b)
Convection patterns in laser melted pool: -

(a) . scan velocity equals zero; and .
(b) scan velocity not equal to zero
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sample 25 (micrograph 1). This is to be attributed, in part,

to the difference in processing time which changes the range

of cooling rates experienced by the sample. A reduction in
processing time from 17 to 3.5 seconds reduces the amount of
material melted but increases the heat sinking ability of the
substrate and thus increases the cooling rates. This increase
in cooling rate results in a finer grain structure than could be
found in heavier deposits attempting to sink their heat into a
small substrate, in which case a valve can often glow orange hot
for a few seconds. Changes in grain size cannot be wholly
attributed to changes in cooling rate however, because the

actual composition of the weld pool has been changed by dilution.

The final EPMA results and micrograph show the information relevant

to sample 26 and these show the expected trends. The EPMA results

show a narrow interfacial area with a well mixed weld poolf The
distribution of the alloying elements is unusual in that there
appears to ﬁe less dilution in the central portion of weld than
near the surface. This distribution could be a physical man-
ifestation of the stirring process being 'frozen' in mid cycle
by the rapid processing speed experienced by thié_sample. In
this case the initially SF40 rich, fop part of the weld pool,
would only have had time to be 'surface tension stirred' until
it lay beneath its original position when the removal of enough
heat to ﬁmﬂe the material led to solidification before the cycle
was complete. Once again, the rapid cycling of the specimen
(2.5 secs) has led to a fine microstructure although in this
case the weld pool should really be considered as a substrate
weld pool diluted with SF&O rather than an SF4LO weld pooi diluted

with substrate.
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5.4 GEOMETRICAL CONSIDERATIONS FOR FUTURE WORK

A study of the macro and micrographs shows that cladding onto

a flat surface results in a deposit with a curved, convex cross
section. This curvature is related to the wetting and surface
tension properties of the molten weld‘pool (see chapter &) and
necessitates post cladding grinding to give a flat surface to the
finished product. ' This grinding operation is obviously time
consuming and expensive. Pilot experiments have shown that the‘
properties of the liquid weld pool can be utilised to give a

good flat finish to the clad product if a change in the surface
geometry is effected. This flatter‘finish reduces the need for

post cladding grinding to a minimum and allows accomodation of

deeper, less dilute:weld pools.

The principle depends upon the use of the claddiné process to
fill up a groove in the substrate. The macrograph.s in Figure
5.11 show that the process holds great promi§e for the future
but the difficulty in preparing valves with different grooves
for experimentation meant that a full investigation would require
too much time to be included in the present work. The grooved
valve clad here (FigureS{1) is of a larger size than the ones
used in the earlier experiments and therefore no direct
comparison is available. The principle of swinging round the
balance of forces until an almost flush deposit is achieved

is demonstrated in Figure 5.1 2 and an in-depth analysis of
thelprinciple and its practical outcome will be very useful to

further work.

178



FIGURE.5.11 Macrograph of a valve
which has been prepare to give a flush
clad deposit.

(x9)

prepared

clad

Figure 512. Balance of interfacial forces.
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5.5 SUMMARY

The cladding of valves by the laser melting - blown on powder
method results in a wide range of possible deposits. Dilution
levels, grain sizes and deposit dimensions all vary with the

numerous processing parameters in a complex relationship based on

the inter-dependence of these parameters.

YBasically, it can be said that if a given finished product is
specified there is a range of processing parameters over which
that product can be produced (eg in certain cases it shouid be
possible to increase the laser power, the speed of processing and

the rate of : incoming powder to produce the same sample faster).
Judicious choice of the substrate geometry can lead to the

deposition of a deep, undilute deposit with an almost flat surface

and this should be the direction taken by further work.
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CHAPTER 6

VIBRO LASER CLADDING

6.1 GENERAL INTRODUCTION

Vibro laser cladding is the name given to the process of cladding
by the blown on powder technique whilst simultaneously vibrating
the substrate material and weld pool by means of ultrasonic trans-
ducers. The process, which gave improved cladding quality, has
already led to the publishing of two paperd767»and a patent{/8by
the present author. A copy of the patent application is added

to this thesis as appendix:F. The original idea and development

of the VIC process was the result of a combination of factors.

a. Stress levels in cooling laser clad tracks often resulted. in
crack formation.

b. Porosity in many blown on cladding deposits.

c. Attainment of low dilution deposits was difficult if,the

good wetting needed for a sound interface was to be achieved.

Fundamental consideration of the cladding process led to the
hypothesis that a vigourously shaken weld pool would reject
pores and wet the substrate better. A review of the subject of
vibratory stress relief supported the assumption that ultrasonic
vibration of the solidifying and cooling deposit would help to

reduce stress levels in the final productf72;73).

Although improvements in the wetting and porosity characteristics

" of the clad deposi¥'were easily identified by optical mierography,
a more advanced monitoring technique was needed to show changes

in deposit stress levels. Acoustic emmission monitoring of the
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cooling deposit was employed and a close correlation was found to
exist between the noise generated by a cooling deposit and the

density of micro and macro cracks observed therein.

6.2 ' EXPERIMENTAL PROCEDURE
6.2.1 GENERAL

Figure 6.1 shows the basic experiﬁental set up used during this
investigation. Vibration of the Mild Steel (en3) substrate was
made possible by clamping it to an aluminium plate.attached to
four powerful ultrasonic transducers working in phase. This
specialised ultrasonic vibration equipment was supplied by C J
Electronics Limited who built it specifically for th.is project
under direction from the author. A grease layer was-placed
between the aluminium plate and the mild steel substrate for
better vibration propogation and the bases of the transducers
were set in rubber as they could not be clamped without damaging

them. N

The vibration experienced by the substrate was of an amplitude
of 20 micfoﬁs at a frequency §f 25kHz. Deep (2m™) deposits of
Deloro stellite SF40 or S6 were then clad onto the substrate'
by the blown on powder process described in Chapter_s.#. SF40-
is a nickel base hard facing alloy of composition; Ni 85.2%,
Cr 7.5%, Fe 1.5%. B 1.5%, Si 4%. Co 3% and S6 is a cobalt based

alloy of composition; Co 66%, Cr 26%, W 6%, C 1%.

Clad deposits were laid in identical pairs with the only changed

parameter between the runs in any pair being the use of ultra-~
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FIGURE 6.1 Vibro Laser Cladding
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sonic vibration. The runs were of standard length and at the
instant the cladding process was terminated the tranéducer feeding
information to the Acoustic Eaission equipment was turned on.
Acoustic Emmission in itself a large and complex subject and so
some words aré needed here to-explain the principles.

6.2. ACOUSTIC EMISSION

When a dynamic process such as cracking, dislocation motion or

a martensitic transfo}mation occurs in a material some of the

released elastic strain energy can generate stress waves, ie

vibration within the material. These stress waves propogate

through the material anie?entually reach the surface, so

producing small, témporary. surface displacements. In extreme cases,

for example, in the well known cracking of ice, the stress waves

may be of hich amplitude and low freauency and Audible. However, in most

cases, the stress waves are low awplitude and high frequency and sensitiveé -

transducers are required to detect and amplify the very small
surface displacements. The transducers which are generally used
are piezo-electric crytsals which convert a surface displacement

-

into an electrical signal. The electrical signal is subsequently

amplified and, as the crystals are left uhdamped, the signal
resulting from a single surface displacement will be similar to
that shown in Figure 6.2. In the idealised case the voltage V

versus time T relationship for such a signal approximates to a

decaying sinusoid(?h)
V-Vp (sin(ant) exp ( -t/%) (1)

Where f is the resonant frequency of the transducer,T is the
decay time and Vp is the peak_vbikage. The problem is then one
of quantifying the numerous signals which may be detected during

a test. A number of signal analysis techniques are used but only 184
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those employed in the present study will be described.

The simplest method is to count the number of amplified pulses
wvhich exceed an arbitrary threshold voltage V. This is ring-down
counting, The signal in Figure§?would correspond to. 3 ring-

down counts. If the signal approximafés to a decayihg sinusoid

equation it follows that the number of ring-down counts NR depends
on the peak voltage and is given by:
Vo
N= ftln <~
R Wi _ (2)

As the:signal shown in Figure 6.2 was produced by a single
surface displacement, which in turn may be assumed to be the con-
sequence of a single source event inside the material, it is
sometimes convenient to record a count of unity rather than the
multiple count obtained by ring-down counting; this mode of

analysis is known as event counting.

The peak voltage is a function of the acoustic emission energy
E and for a resonant transducer with narrow band instrumentation, -

the appropriate relationship is:
E = gvz (3)

where g is a constant. The acoustic emission energy is related
.to the energy of the source event although the exact partition

function is generally not known.

Becaiise of the relationship between Vp and E, and as more ring-
down counts are recorded the greater Vp (equation 2), the ratio
of ring-down counts to event counts is a measure, albeit crude,

of the acoustic emission energy. However, it is clear that more

detailed and comprehensive information on the acoustic energy
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of the number of events against peak voltage (Figure§3). 1In

practice, the amplitude of the emission is normally quoted in dB:

dB = 20 log (vp/vr)

where Vr is a reference voltage. This is shown in Figure 6.3.
If only one type of source event is occuring over the monitoring
period the histogram or amplitude distribution is often found

to obey a power law namely.

n =V (4)

where n a is the fraction of the emission population whose peak
voltage exceeds Va’ Vo is the lowest detectable voltage and the
exponent b is a constant which characterises the distribution.
The amplitude distribution is replotted as log n_ versus log Va
and yields a single straight line of slope -b, in accordance

with equation (4) (see Figure 6.3).

In certain situations, the source events are taking place so
rapidly that the acoustic signals overlap and in extreme cases
an almost continuous signal may result. Significant overlapping
of signals can lead to errors with the previously described
counting modes, particularly if the signals are of low energy
(low Vp). In these circumstances the measurement of the root
mean source voltage (RMS) is advisable provided the voltage is
changing relatively slowly with time as the response time of

most RMS meters is of the order of 100 ms. The RMS of a time

dependent voltage V(t), over the time interval O to T, is given

T

by: 1
il T 188
. RMS =['[J’n V(f)dj .



The deposits were monitored for ten minutes after the cladding

had been completed and were found to be acoustically active over
this period. The rate of emission was such that counting techniques
and not RMS voltage measurements were appropriate and examples

of the output ‘from the AE equipment will be shown in the results.
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6.3 Results and discussion

6.3.1 The change in deposit quality brought about by VIC

Table 6.1 sets out representative results taken fram this series of
experiments. "I‘he variation between pairs defies graphical analysis
but comparison of the vibrated samples with their vibrated counterparts
invariably shows a reduction in porosity, cracking and acoustic emission

if VILC is employed.

The complexity of the relationships between pairs is easily understood
if all the effects contributing to stress and porosity within the
deposit are considered. For example, reducing the table traverse speed

would have the following effects:

A. More material will be melted, which will tend to generate more

noise.

B. More heat will be put into the system reducing the cooling rates
and thus reducing the stress on cooling and the noise associated

with it.
C. The level of dilution will change altering the cooling stress levels.

D. The shape of the melt-substrate interface will change, altering
the cooling rate (semi circular contact in cross section being a
more effective quenchant for a constant melt volume than a straight

linecontact with the same width).

E. The melt will have had more time to generate cooling noise prior
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TABLE. 6,1  Typical results from V.LC experiments
2
& >
> Pl
8| & © = 2| -
N G 2E = & 3 3
e | Q = o Y < g x =
= |EC|E 5 » =5 &y
w a |-zl < O = 7 = é g2 2
(75] — O i Ll E = w Q &) o
1 L N = w = = <L w [awl
g Blgc|s 8 5 2 & 3
o4 [ g 3 e 5 i & @ - &
95 3- =3 wm O = = i"‘ o 8 ~ % N~
A 19.25 35.75 | 1095 2.02 579 90 6
4.1
AV 19.25 53.5 |648 0.64 633 86 6
B 31 10.15 | 171 .4 513 129 6
, 1.3
BV 31 5.8 |120 .24 552 118 6
C 31 o [46.75 | 5c8 1.06 590 97 8
3.2 =
v 31 & |44 |44s .97 640 92 8
D 50 10.77 | 139 .2 565 102 8
1.2 :
DV 50 4.0 74 .18 589 93 8
E 25 8.7 |129 1.7 448 109 7
1.5
EV 25 : 6.2 105 .85 503 107 7
F 21 37.9 |e651 3.8 279 151 7
1.8 g :
FV . 21 21.55 | 367 2.1 268 140 7
G 32 14.9 |314 1.5 210 160 7
1.0
GV 32 14.2 | 300 .8 - 307 145 7
Slight increase in hardness for vibrated samples. This is

probably a result of increased cooling rates due to better wetting

of the subsi:rate .

Differences between pairs are due to varying levels of dilution with

the substrate which softens the deposit.
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to A.E monitoring - an important point when considering the fact
that the majority of the noise recorded was emitted in the first

few seconds of cooling.

Combining all these factors it is cbvious that camparison between
pairs is invalid at the mament although various interesting points
can be raised if each pair is examined seperately and the group

viewed as a whole.

Figure 6.4 shows the type of results generated by the A.E equipment,
groups A and C referring to specimen A and graphs B and D referring
to its vibrated twin AV. The unvibrated specimen "A" generatec far
more noise during the first ten minutes of cooling than its vibrated
counterpart. (The values of NET total being 1059 and 648
respectively). It can be seen that most of the noise was generated
in the first minute of cooling as might be expected (cracking or
movement becomes more difficult as the clad trace cools and becomes
stronger). The Np;  curve for specimen A increases disproportionally
with the increase in Ngy showing a higher level of ring down
counting or countable signals per event. This implies that the
events counted had a high proportion of large amplitude signals,

indicative of gross movement within the material (ie cracking).

Camparison of graphs C and D support this idea and reflect the higher
level of signal in the 50 d B range. The correlation between the
NET and NRT signals and the extent of imperfection in a deposit is
very clear and figure 6.5-campares the signals with the extent of
cracking and porosity which was measured by optical microscopy. LT
is the proportion of length of fault per unit length of deposit.

The macrographic analysis later in this chapter demonstrates the 192



Nar
(—1
L 6.0x10" 4
L 5.0x10° 1
N_Er L 40x10° A Ner
(") L1
L 30x10 -
1000 4 11000
L 2.0x10 -
500 - LS00
gain=95dB L 1.0x 10 - gain=95dB
0.0 5.0 10.0 0.0 5.0 10.0
TIME {Minutes) TIME (Minutes)
Graph A. Graph B.
(Normal laser clad specimen) (Vibro laser clad specimen)
Log, NEt
Number Number
of 3 3. of
events Total Ng;= 1059 Total N =648 events
100 100
bz 24
50 S0
2 19
[
0.0 . 500 100.0 0.0 50.0 100.0
Amplitude (dB) Amplitude(dB)
Graph C. Graph D.

(Normally clad) (Vibro laser clad)

FIG.6.§:- A sample of the results of the acoustic emission survey

193



FIGURE. 65 The relationship between the acoustic

unit length. (Lq ).

F— T T
(s GAIN 9548

fﬂOOO- O WITHOUT VIBRATOR -
= O WITH "

)

O

()

}.—

=

S 500 ]
—d

=

’——

(@)

}_—

— 0 } } + 4

(0

=

U
(@
1
1

TOTAL RING DOWN COUNT
x1000

o
()
d
P

1-0 2:0

194



difference between pairs of runs and in one of the examples shown
a macro crack can easily be seen. Macro and micro cracks were
always more plentiful in the unvibrated sampels than in their

vibrated counterparts.

6.3.2 POROSITY

Porosity within the deposits is created by a number of different
mechanisms. The interfacial porosity noted in many cases (see
photos - Figure 6.7) was a result of poor wetting of the cladding
weld pool to the substrate. Micro and macro porosity within the
deposit is a result of the trapping in the solid state of bubbles
formed in the liquid state. This creation of bubbles can be brought
about by the rejection of a dissolved gas from solution or the
reaction of dissolved gas. Bubbles will form in liquid metals when

the partial pressure just exceeds one atmosphere (79).

Rejection of dissolved gas:

The solubility of gasses in liquid metal is an order of magnitude
.higher than in solid metals. This solubility increases steadily
fram the melting point to a maximum just below the boiling point.
(79) . On cooling, the equilibrium gas content of a weld pool drops
and a supersaturated solution will form eventually leading to

bubbie formation.

The magnitude of the change in solubility at the freezing point
. leads to high gas concentrations at the solidification front which
forms a good bubble nucleation site. Gasses are absorbed at the weld

pool surface by being dissociated into their monatomic form and then
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being dissolved. Unusually high gas concentrations found in some
cases can be the result of gas absorption at a high rate at the
hottest part of the weld pool surface followed by convective stirring

transporting the gas to cooler parts of the melt.

Other methods of gas injection into the weld pool include the reduction
of the oxides on the particle surface and encorporation of the
propellant gas (usually Argon) as the particles impinge upon the

molten surface.

Reaction of dissolved gasses:

The nitrides and oxides of Nickel, Cobalt Iron are susceptable in

weld pool to the following reactions:

MO+ 2H = M+ H,0
MO+C = M+ Q0
2MN = M+ N,

The susceptability is attributable to the rather unstable nature of
the oxides and nitrides of Ni, Co and Fe when campared with, for

example Ti and Al. (See Figure 6.6).

A rather high level of metal oxide will be {ncorporated into the laser
clad welds as a result of the high surface to volume ratio experienced
by small particles. A further source of metal oxides will, of course,

be the surface to the clad.

" These ‘reduction reactions lead to the creation of gas bubbles in the

melt which consolidate to give rise to porosity.

Vibro laser cladding did not attempt to reduce the amount of porosity
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evolved but to improve the mobility of the pores. This principle
of mobility improvement ' was demonstrated by the following simple

experiment:

Two small, identical containers were filled with a mixture of slow
'setting transparent resin with 100g of tungston powder in each.

The mixture in each container was vigorously stirred and the resulting
aeratéd metal suspension was allowed to solidify. One of the
containers was allowed to solidify whilst resting on a stationery

steel plate but its partner was supported by the ultrasonically
vibrating substrate. This experiment was carried out four times giving
almost identical results each time. Figure 6.7 shows the cross
sections of such a pair of specimens. It can be clearly seen that the
porosity of the vibrated sample has been reduced and the consolidation
of the W powder improved. (The increase in density of the W consolidate

was approximately 5% in each case).

Work carried out by.Shukl et al (/5) on the solidification of aluminium
alloy castings showed that in many cases the level of porosity in the
castings could be reduced by vibration.. The work can be considered

to be a macro sized version of the present work because the cooling
rates were much lower the vibration was subsonic and the molten pools

were much larger than the laser cladding weld pools.

The increase in mobility of the pores and W particles in the solidifying
resin discussed earlier implies an increased fluidity of weld pool

and this was substantiated by a decrease in interfacial porosity between
the deposit and the substrate. -This improved wetting of the substrate
by the weld pool had a further beneficial effect, that of a decrease

in the cantact angle between the deposit and the substrate. Although
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FIGURE 6 7.

The cross sections of solidified aerated
suspensions of W powder in slow setting resin.

Ultrasonically Unvibrated
vibrated

during

solidification
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the decreases were small ( ~5%) they were enough in same cases to
eliminate the undercut which leads to inter run porosity when
overlapping tracks are employed to cover an area of substrate. An
example of this reduction in undercut is given in Figure 6.8.
Acoustic emission monitoring of these multi run deposits

was not practical because of the length of time needed to complete

the cladding.

6.3.3 Cracking

The reduction in cracking on cooling of the vibrated specimens can

be attributed to three factors:

A. The reduction in porosity (both micro and macro) meant a
reduction in stress raisers and thus a reduction in crack
initiation sites.

B. The disruption of the surface of the weld pool damped out any
cyclic influences on the weld bead formation and produced a
flatter deposit with less sevemchanges in cross section (see
Figure 6.7)

C. The improved wetting led to a more. even cooling rate distribution
(interfacial pores act as insulators) and reduced undercut which

is a stress raising influence.

Cracks in the deposits were invariably associated with stress raisers
of the types mentioned above and so it is postulated that although
vibrating stress relief does play a part in the improved quality of
the welds, the reduction in cracking is strongly influe_nced by the
increased tensile strength of the deposit as a result of the reduction

in the population of stress raisers.

200



6.3.4 Macrographic examination

The following photographs illustrate various points raised in this

discussion.

They are in the main, self explanatory and so rather than a written

discussion, footnotes are appended to the photos were required.

FIGURE. 6.6.

MACRO 1, MACRO,2,
Sample A (x13 ) Sample AV

Note: interfacial porosity
and crack associated with
change in cross section
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MACRQO, 3,

MACRDO, &,
Sample (x 10 )

Sample V

Note the improvement in wefting and reducfionin
porosity in the V (vibrated)sample.

MACRO,5, MACRQO 6

Transverse section through

cladding made up of (x75) Vibrated twin of macro5

overlapping tracks. specimen.
(Unvibrated) '

.
' : -
~ LA ’ ot
b /
i L3
: ‘ .
-

Note the reduction
In inter run porosity due fo
improved wetting.
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6.4 Conclusions

Although the investigation is only in the qualatitive stage as yet

the following fundamental claims can be made:

A. VIC gives reduced porosity in laser clad deposits by increasing the
pore mobility.

B. VIC increases the fluidity of the weld pool giving improved wetting
characteristics and reducing undercut.

C. VIC reduces cracking in laser clad deposits by stress relief and

reducing the population of stress raisers.
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CHAPTER 7 CONCLUSIONS

7.1 General.

As this is the first thesis investigation of the subject of
-laser cladding the conclusions to be drawn from the theoretical

and practical work are of a fundamental nature.

The major influences on deposit morphology and quality (dilution,
porosity, cracking and wetting) have been identified and it is
~clear that laser cladding by the preplaced or blown on powder
methods has a great deal to offer industry. Preplaced powder
cladding suffers from the disadvantages of:

A. DPowder positioning and retention of position
prior to laser irradiation.

B. Difficulty in overlapping tracks to clad a

continuous surface.

C. Difficulty in keeping the powder bed of constant
depth and density.

The more easily automated process of blown on powder cladding
suffers from dilution in many cases but this should become
less of a problem when a satisfactory method of producing the
correct powder mass/velocity flow into the weld pool (see
Appendix B) is developed. Massive (.5mm + deep) deposits of clad
material depositgd on a substrate as a contin uous surface tend to

crack and also thermally distort the substrate.
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In the context of cladding for wear resistance, the results
accrued from the practical experimentation imply that it should
be possible (by either cladding method) to fill a prepared
groove with cladding metal to provide a hard wearing surface

to protect the substrate surface as a whole. Corfect choice

of groove cross section could lead to the production of almost
flat, flush deposits requiring only a minimum of grinding,

thereby saving machining time and cladding material.

7.2 Conclusions

7.2.1 Preplace Powder Cladding.

A. The use of a defocussed or focussed unrastered beam
produces a deposit suffering from undercut when depositing thick

(.5mm +) undilute deposits.

b. Use of a rastered beam results in wide clad tracks the
morphology of which is governed by the X- section of the melt

prior to substrate contact.

C. Weld cross sections are controlled by conflicting

influences of surface tension and incident energy distribution.

D. There is up to an order of magnitude difference between
the maximum and minimum parameters capable of giving an

undilute clad deposit.
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7.2.2 Blown on Powder Cladding

A. Deposit morphology is dependent on incident beam

energy distribution, powdef feed rates and speed of processing.

B. The amount of molten substrate incorporated into the
weld pool increases with; increasing incident energy, decreasing

processing speed, and decreasing powder input.

C. The incoming powder has a cooling rather than heating
~effect on the weld pool even after direct exposure to the

beam.

D. When the ratio of partic les to transporting gas is
1 to 1,000+ (by volume) the beam can be assumed to be

unattenuated on impingment with the weld pool.

7.2.3. Vibro Laser Cladding.

A. Ultrasonic vibration of the weld pool decreases the
pore content on solidification by increasing the pore
mobility.

B. Ultrasonic vibration of the weld pool decreased the

number of cracks in the deposit.

C. Vibration of the weld pool increases the liquid substrate

wetting by increasing the fluidity of the weld pool.
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7.3 Suggestions for future work.

1. Continué the ‘development of an adquate powder feed

device (see appendix B).

2. Investigate cladding prepared grooves

3. Continue the development of an inert gas shroud (see
appendix C)

4. By means of electron diffraction analysé the stress levels
in laser clad deposits and the relaxation thereof by vibro
laser cladding. |

5. Compare sinusoidally rastered beams and their effect on
preplaced powder cladding with line rastered beams (line rastering
has no dwell time and is carried out by rdtating a multifaceted

mirror).

There is of course a great deal of work to be carried out in
the ¥field of laser cladding. These suggestions are of
particular interest and should indicate more clearly the

direction for future work.
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APPENDIX : A.

Laser Surface Treatment

W.M.STEEN and J. POWELL

Departméht of Metallurgy and Materials Science, Imperial College, London SW7

‘

Introduction

In recent years the laser has become an
accepted and useful tool in the fields
of welding and cutting. These specta-
cular uses of light radiation have not
only kindled the imaginations of
fiction writers but have gained the
laser a position in the forefront of
these fields where high quality cuts
and welds are jmportant. A 2kW
laser can cut and weld material up to
about 4mm thick at rates faster than
those of most other processes with
minimal heat affected zone sizes.
In welding the laser is comparable to
an electron beam without the incon-
venience of having to work in a vacuum
or of generating X-radiaticn. In cutting
the laser is in a class of its own
especially for profile cutting.

To suggest using such a device for
merely heating a surface, possibly
without making full use of its ability
to be focussed toa very small spot size,
seems to be a corruption of a refined,
precise, energy source. It is the in-
tention of this article to show that this
view is far from the truth.

The laser beam has qualities which
make it superior to other surface
heaters, consider:

(a) The energy is pure, monochroma-
tic, electromagnetic radiation. It is
thus absorbed by most metals and
many non metals within 2 or 3
atomic diameters. This very small
interaction depth means that it is
a true surface heater with effect-
ively no depth of penetration
(c.f. induction heating).

(b) The energy is chemically clean,

unlike flame heaters.

(c) It is easily, quickly and precisely
shaped without the use of coils
and there is no heat spillage as
with all jet heating systems
(flame, plasma etc.).

(d) The beam is not deflected by
magnetic fields, nor is it possible
for a laser beam to generate
X-rays.

(e) It does not need to work in a
vacuum as in the case of electron
beam heaters.

With all these advantages it is not
surprising to find that the laser is
used in various ways to treat surfaces,
that there is considerable research
interest in this subject and that already,
after only a decade, there are numerous
industrial installations in production,
for example; General Motors *, Rolls
Royce?, Fiat® and Saginaw*.

The ways in which a laser is cur-
rently being used in the surface
treatment of metals are.listed below:

Each of these will now be discussed
in turn.

Transformation Hardening

At certain specific temperatures be-
tween ambient temperature and the
melting point of a metal, the three
dimensional arrangement of the atoms
undergoes a change or transformation.
These transformations result in a new
crystal structure which, if cooled
slowly, will degenerate back to the old
pre-transformation structure because
the new structure is metastable below
the transformation temperature. If a
transformed, heated, structure is cooled
rapidly enough, the atoms will not have
time to move back to their previous
low temperature stable position or
configurations and a metastable phase
will be formed. The formation and
retention of these phases can be aided
by the locking effect of an alloying
element which inhibits movement in
the lattice (e.g. carbon in steel). These

Useful reference

Technique Principal Use
Transformation Surface harden certain alloys R
hardening e.g. steel ’
Surface Refine surface microstructure to 6

homogenisation

Lascr glazing

Cladding

Surface alloying

avoid corrosion, wear, etc.

Production of ultrafine microstructurcs 7
or glasses. Metallurgical advantages not
fully understood as yet.

Different surface material. Surface 8
welded onto substratc.

Similar to ciadding but with greater 9
mixing with the substrate.

A REPRINT ARTICLE FROM MATERIALS IN ENGINEERING Vol. 2 No.3
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metastable phases are intrinsically
highly stressed and are therefore
usually hard and brittle. A common
exampie of such a phase is martensite,
this distorted tetragonal matrix is
formed by rapidly cooling the face
centered cubic lattice of steel heated
into the austenitic region. These hard,
corrosion resistant phases are very
useful as surface layers on many

. metallic engineering components and
the laser’s unique ability to produce
such layers without heating up the
whole body of material and risking
distortion on cooling is the subject of
this present discussion.

The cooling rates necessary for the
production of, for example, martensite
from steel heated into the austenitic
region can be predicted with the help
of a T.T.T. (Time Temperature Trans-
formation) diagram (Figure 1). A line

g
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o
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w00{ = S~L____
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TIME OF TRANSFORMATION

Fig. 1. The T.T.T. diagram for a 0.8% steel.
This graph shows that a cooling rate of 10
oc, per second is well inside the range for
transformation directly to martensite.

showing a typical laser heat treatment
cooling rate (10° °C/sec) would be
well to the left of the ‘nose’ of the
curve, indicating transformation direct-
ly to martensite. The cooling rates
possible after laser heating can be
calculated with the aid of a math-
ematical model. The results of a
finite . difference solution'® for a
moving gaussian source are shown in
Figure 2. The wide range of control
over the cooling rates obtainable with
the help of a laser means that local-
ised control of .the microstructure is
relatively easy to achieve.

Figure 3 shows a good, typical
example of the localisation possible.
Producing single hard tracks on a

Laser power=2kW. Beam radius=3.0mm. Reflectivity=0.4
Traverse speed = 42.5mm/s.

1.=0epth of 0.0mm.

2:=0epth of 0.22mm.
3 =Depth of 0.60 mm.
L. =Depth of 1.69 mm.

BO——————

[ IR B
X : ]
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S1000f — — - — - ~ — — — — Eutectoid temp.
< | .
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= ]
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(11)1) M vevens S I R R R
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Fig. 2. The thermal cycle during laser heating of ENS, steel (Finite differcnce solution for

a moving Gaussian source).

bearing surface has become a common
feature in the field of laser heat treat-
ment. The financial advantages of only
covering a small area instead of a large
area are obvious but one unexpected
advantage is found in the fact that the
worn depressions on each side of the
hard ridge form good reservoirs for

lubricants and also good “dumps”
for wear particles produced in service.

There are three principal operating -
variables in laser processing: laser

power, beam spot size on the surface
of the workpiece and traverse speed.
The numerous other process variables
are mainly properties of the work-

Fig. 3. Macrograph showing a section through a hardened trace (Magnification is x 18)
Etchant is 2% nital, Beam power = 2kW, Beam diameter = 5,3mm, Speed of traverse = 8mm/s.
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piece i.e. surface relectivity, thermal
conductivity, melting point, boiling
point etc.

Considering the three principal
variables it is possible to plot laser
processing structure diagrams as in
Figure 4. For specific cases, e.g. the
transformation hardening of En8 Steel,

EA':\M LARGE SMALL
SPEE :
SLOW SURFACE ENETRATION
MELTING ELDING
SURFACE ™\ HOMOGENISIN
ARDENINGN HARDENINGY
NO \WITHOUT R
FAST |EFFECT\MELTING N\ \NLAZING

Fig. 4. Laser processing structure diagram
for a constant power.

it is possible to draw operating curves
based on experimental results as shown
in Figure 5. The maximum depth of
the hardened zone possible when
using a laser to surface harden a metal
is limited by the onset of surface
melting of that metal. The operating
‘window’ (i.e. the variability of the
three major variables) becomes progres-
sively smaller as the required depth of
hardening increases (Figure 6). Maxi-
mum depth of hardening has, of
course, a strong dependence on the
physical properties of the metal being
treated. Depths of 0.Smm can be
easily achieved in carbon steels with a
maximum depth of approximately
1.0mm. Cast iron can be transform-
ation hardened using a laser but, as
might be expected considering the
very fast thermal cycles involved,

POWER [

OPERATING CHART FOR ENB STEEL
CONSTANT BEAM DIAMETER:=58mm

walls

2000

THIS OIAGRAM SHOWS THE REDUCTION IN SIZE OF THE OPERATING “WINDOW~
AS THE DEPTH OF HARDENING INCREASES

1000

5Q0

operating line for various
depths of hardening

-— - surfoce melling line

e e, P

tronsition

depth of hardening mm
3 ] 03 005

i PPN Sy SarY

1.0 10

1000
VELOCITY mm/ss

Fig. 6, Operating chart for EN8 steel constant beam diameter = 5.8mm,

there is insufficient time available for
the graphite flakes or nodules to
diffuse into solution and they remain
in almost thejr original state in the
new, hardened material. A typical laser
transformation hardening thermal
cycle is shown in Figure 2 and a trans-
formation hardened cast iron is shown
in Figure 7.

In summary, the laser is capable of
transformation hardening the specific
areas of a component which require it.
No longer is it necessary to heat the
whole article and subsequently quench
it, a process which inevitably leads to
a certain loss of product through
thermal distortion. The process is
quick, clean and could be carried out
on the same lathe on which the

OPERATING CHART FOR ENB STEEL
CONSTANT HARDENING OEPTH=0Ymm
POWER
watts |
beom diometer mm.
5848 37 26 16
2000 13 .B VR n
1000
sool-
—— operating line for 0imm hardening depth
for various beom diometers
. — surlace melting line for each beam diameter
P " i - N
10 10 00

Fig. 5. Operating chart for EN8 steel constant hardening depth = 0.1mm.
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component is produced if a laser beam
is available as another tool of the
lathe.

Surface annealing of semiconductors
The mechanism of ion implantation
of semiconductors is a highly energetic
one which results in a great deal of
damage to the substrate. This damage
is due to the rapid injection of the
deposit ions and the defects caused
are normally removed by furnace
annealing at between 900 and 1100°C
in times of from thirty minutes to an
hour. Very good results have been
observed in a flood of recent papers
(e.g. see American Institute of Physics
Conference 50) on the subject of laser
annealing. Two different types of
annealing have been identified, they
are (a) accelerated solid state epitaxial
growth at elevated temperatures, (b) .
liquid phase epitaxial growth (the
growth, of course, being from the
underlying undamaged material).
The time scale for both these
processes is in the millisecond or
microsecond range. Although there is
a general agreement between the work-
ers in the field as regards the excellent
quality of the finished product, there
is widespread disagreement about the
alteration in the deposit concentration
profile produced by laser annealing.

Laser Glazing

Laser glazing is an extension of the
transformation hardening technique
wherein a thin surface layer of the
metal being treated is allowed to melt. .



Fig. 7. Micrograph of a laser transformation hardened cast iron.

This technique usually utilises the
focussed beam travelling swiftly
(~ 1ms') over the surface of the
workpiece. The molten trace thus
produced self quenches on the sub-
strate at rates in the order of
10°°C s or higher. This extremely
high quench rate will almost always
result in the production of a meta-
stable structure in the surface layer.

In some alloys (Pd/Cu/Si eutectic)
metallic glass layers have beenreported
with a fully non crystalline (amor-
phous) structure’. The production of
these layers is obviated in the case of
most alloys because of the propensity
of the solidifying melt to grow crystals

epitaxially from the underlying un-
melted zone. This epitaxial growth
effect is clearly seen in the ‘glazed’
trace on a Nimonic alloy (Figure 8).
Some alloys have quench structures
built up of submicron dendrites
(Figure 9). As cooling rates are in-
creased the solidified trace becomes
more homogeneous i.e. phase separat-
ion is prevented or minimised and the
dendritic structure of the alloy is
either eliminated or refined. The
effects of these changes in the
structure of the surface are usually:

1. improved corrosion resistance.
2. improved wear resistance
3. increased hardness

MPIPIAR R4

Fig 8. A laser ‘glazed’ trace on a nimonic alloy.

It has become apparent that this
process is capable of generating new
structures in metals which have
either not been studied before, or have
never before been available in a useful
form firmly adhering to a mechanically
sound substrate. The laser has thus
opened up a new area of metallurgy
for nearly every metal. "

The flow structure of these traces
and those produced during surface
homogenisation has been studied by
Copley et al'! in a series of elegant
experiments investigating the con-
vective flow in a moving melt pool in
a camphene-tricyclene  transparent
alloy.

Figure 10 from some work at
Imperial College!? shows that a
different flow pattern might develop
at higher powers and speeds in that
flow around both sides of the laser
hotspot appears to take place. The
convection currents in the molten
pool also leave a slightly rippled
surface on the solidified trace.

It may appear that glazing a very
narrow trace of approximately 1.0mm
width rules out this process as one
applicable to the treatment of large
areas but at 1.0m s the covering
rate is 1000 mm? s'. Allowing for
an 80% overlap to increase homo-
geneity the area covering rate becomes
200 mm? s which is .72 m*® hr!.

Surface Homogenisation

This process is very similar to laser
glazing but is usually slower and
requiring more energy input i.e.
P/VD must increase (P = laser power,
V = velocity of workpiece relative
to the laser beam, D = beam diameter
at the workpiece surface). The aim of
this process is to melt a reasonably
deep layer, dissolve all phases and
quench rapidly so that they do not
separate out again. The example of
Anthony and Cline® is of a sensitised
stainless steel which is susceptible
to intergranular corrosion. After laser
homogenisation, Strauss testsindicated
a complete resistance to intergranular
corrosion. Mechanical testing at strains
less than 15% showed that laser
surface melting had indefinitely
extended specimen life in a stress
corrosion environment. At strains
above 15% the laser scanned layer
was breached by cracks. Mechanical
tests also showed that the laser surface
melted layer had a yield strength which
was approximately ten times that of

MATERIALS IN ENGINEERING, Vo!. 2, MARCH 1981
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Fig. 9 Micrograph showing submicron dendrites in a ‘glazed’ Nimonc alloy.

the rest of the sample. These results
were shown to be compatible with the
observed appearance of martensite in
the homogenised surface layer.

Cladding

The laser can be used to surface weld
a different matenal to the surface
of a substrate by one of several
methods e g.

1) powder fusion by preplaced powder
or blown powder®
2) vapour deposition®

The experimental arrangement for
cladding by preplaced powder is
shown in Figure 11.

The advantages of using a laser are:

a) very low dilution

b) chemical cleanliness

c) high degree of localisation

d) homagenised fine microstructure in
the clad layer

Some graphs describing the relation-
ship between the operating parameters
of the process and the resultant clad
traces are shown in Figures 12 and 13.

The size and shape of the cross
section of the clad track is a function
of the surface tension of the molten
material, the power and diameter of
the incident laser beam, the speed of
travel of the substrate relative to the
laser beam, the powder feed rate, and
in some cases the surface to volume
ratio of the grains of powder. Typical

WO
¢ mq‘?ﬂ.d}.g"ﬁ_,_ )

Fig. 10 Macrograph showing fiow patterns on the surface of a glazed trace.
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Fig. 11 Arrangement of apparatus for
cladding by the preplaced powder technique,
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Fig. 12, Operating parameters of cladding.
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Fig. 13. Operating parameters of cladding.

maximum track depths without under
cut are approximately 2mm. Undercut
can lead to interrun inclusions and
pores between overlapping runs (Figure
14). Adherence of clad tracks to
substrates 1s us ally very good as
would be expected from a process
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Fig. 14. The effect of undercut on over-
fapping runs.

which welds the two together but this
is not the case when bonding non
metals to metals. Dilution varies
depending upon how much substrate is
allowed to melt but can be confined to
a 100um thick region at the interface
as shown in Figure 15 more recent work
has reduced this figure to less than
25um. Figure 16 illustrates the depend-
ence of dilution on energy per unit
area. Heat treating the substrate can be
advantageous in cases where the
residual thermal stresses in the clad
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Fig. 15, Electron probe micro analysis of
the substrate - depasit interface.

track cause cracking. In the same way
as laser transformation hardening can
be general over a surface or confined
to small areas where it is most needed,
laser cladding a hard, corrosion resist-
ant alloy onto a less serviceable
substrate can be used over the whole
surface of a component or, more
probably, only in restricted areas
saving time and material.
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Fig. 16, Dilution vs P/V for 2.0mm béam
diameter.

Surface Alloying
Surface alloying with a laser is a similar
process to cladding except that the
specific energy of the process is higher,
allowing more substrate to melt. It is
usually advisable to operate in the
region where the laser evaporates a
small keyhole into the substrate as the
resulting turbulence allows better
mixing of the alloying layer.
Boronising has been successfully
carried out by this method as has the
fusing of electroplated layers of a
number of metals. It is also possible
to achieve very shallow alloyed layers
by surface melting in a reactive gas
such as ammonia.

Conclusion

Surface treatment with a laser has
become one of the principal areas of
laser material processing research. It
has opened up a new metallurgical
field in rapidly quenched surface
layers, and new engineering possibilities
in the cladding or--transformation
hardening of only the areas if a comp-

onent that need it. The cost savings
the processes offer have in some
cases paid for the laser installation
in under a year.
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APPENDIXB.. THE DEVELOPMENT OF A POWDER FEEDING
-SYSTEM FOR BLOWN ON POWDER CLADDING

AB1. THE NEED FOR A POWDER FEED SYSTEM

~The cladding invegtigated in chapters five and six of this
thesis was carried out using spherodised powder in a gravity
fed powder spray gun., Spherodised powder is very expensive
and this of course reduces commercial interest in the process
but it is the dependance of the powder mass flow rate on the
gas flow rate which is the major drawback to the use of

this type of gun. If large (ie grams per second) powder mass
flows are to be realised to reduce dilution and speed up

the cladding process (see Chapter 5) these must be accompanied
by moderate gas flow rates just capable of transporting the
powder. The very high gas flow rate needed to supply powder
at a rate of forlexample, one gram per-second, into the laser
interaction area with the~gravity fed gun results in the weld
pool being, spattered all over the surface of the substrate.
Another drawback to the use of this kind of gun is the
difficulty of calibration and reproducabiliity as mentioned in

Chapter 5.

As the work progressed it became more and more obvious that the
design of a powder feed device capable of feeding a variable
moderate gas flow with a variable powder mass flow (of non
sPherodiséd;pOWder)was an important consideration and several

devices were designed and investigated.
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AB?2. ARCHIMEDES SCREW DEVICES

Figure AB.1.. shows the first type of powder feed device
designed and built,the archimédes screw provides a positive
driv; to the‘powAer feed and was found to be capable of
delivering sufficient powder but with the following major

drawbacks: -

ae the mass flow rate was cyclic, the cycle corresponding
to the cycle of the screw. This led to the deposition of a
clad trace of cyclicly varying cross section.

b. if the archimedes screw was a good fit in its surrounding
tube the small hard powder particles tended to jam the move-
ment by coming between the two: If, on the other hand the
clearance was increassd to preventth;seffect the powder
would flow down the sides sporadically. |

Ce in some cases the propellant gas would exit the system

by bubbling through the archimedes screw and hopper powder.

THese seribus defects were combated by sealing the top of the
powder hopper and by changihg the _ axis . oé drive of the
archimedes screw, Ré-designing the feeder to make the sérew
drive the powder in the horizontal direc£ion and, as a

further refinement, horizontally and upwards at an angle

of 450 with a sealed hopper helped to solve some of these
problems but even the best design which used a double entry
screw driving upwards and sideways from a sealed hopper suffered
from jamming and cyclic effects due to the leading edges of

the screws.

The design effort was now concentrated upon the main problem,
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FIGURE. AB1. Archimedes screw
powder feeder.
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the..achievement of--a linear powder flow.

A.3 CONVEYOR BELT DEVICE

A powder feed defice which utilised a conveyor belt to
transport the powder to the output is shown.in figure 2.

The powder is dragged from the bottom of the hopper through
an orifice of controllable dimensions and is thus metered.

The belt then transports the powder to the outlet where it
falls igtd the gas stream to then be propelled towards

the weld pool. The difficulty with this device lay in three
areas : a. If the metering gate was élmost closed to allow
the small mass flow rates needed ( 1 —5g /sec), the powder
experienced a great deal of friction on leaving the hopper
and the powder feed was sporadic. b. The whole device

had to be gas sealed and thus involved tightly fitting
components and sealed bearings. The high torque, low
rotation speeds needed for the correct mass flow were difficult
to obtain without the electric motor jiddering. c¢. The
powder tended to inbed itself into the belt and also inter-
ferred with all moving parts causing changes in the operating

conditions of the device.

This powder feed device was found to be best suited to larger
mass flow rates than were needed for this appligation. At
higher mass flow rates (eg 25g/sec plus) the drawbacks mentioned

lose their importance and flow can be said to be steady.

A. 4 ROTATING BASE DEVICE

After investigation of other principles of metering low mass



flows (eg bleeding off a proportion of a fluidised bed of
powder) to no avail, the design work returned tq the problem

of attaining a linear flow from a cyclic motion. The most
promising design is shown in figure A.B.} which utilises a
scoop on the rotating baseof a powder coiumn.. The rotating
portion of the base is small in comparison to the whole base
to prevent jamming of the movement and to increase the friction
on the powder column so that the scoop moves through it. not
with it. The smallest orifice the powder moves through is the
entrance to the scoop. This prevents powder build up and
clogging. The Scooped off powder is directed to the centre

of rotation to eliminate any cyclic effects and then dropped
down the hollow drive shaft into the gas flow. The principle
is simpie and although an imperfect prototype gave better
results than has been attained before, a correctly engineered
device was not bui;t during the course of this work because

of time considerations. Future work should inclﬁde the
devélopment of this design as one of the present limitations
on laser cladding has nothing to do with gither lasers

or materials but is simply the lack of a metering device capable
of feeding an independantly controlled gas supply with a

metal powder at rates of between O to 10 grams per second.
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APPENDIX.C.

The Development of a non contact gas shield

One great difficulty encountered when attempting to laser clad any é\;bst‘rate
with any blown on powder is adequate gas shielding of- the weld

pool and the cooling metal. The conventional .method of gas shielding
when using a laser ie. blowing Argon onto the heated area through

the same nozzle as the laser beam cames through is impractical in

the case of blown powder cladding because the Argon blows the
incaming powder out of the area of the weld pool. A new approach

to this problem has been under investigation at Imperial College.

The idea is to trap a slowly replenished volume of Argon above the
general area of the weld pool and cooling metal using a wall of |
moving campressed air. The principle of operation of the shroud

is shown in Figure A.1. Campressed air blown into the apparatus
shown leaves the bottam annular orifice as a divering, hollow,
conical jet of campressed air. This cone rebounds off the

substrate travelling away from the central axis (see diagram). If
the area inside the cone is first purged and then fed with a

slow bleed of Argon, that area will be free of oxygen and the Ar
Will sweep away fumes through the base of the cone where the
turbulent cone of campressed air meets:the substrate. This invention
works on the principle that a gas will only move fram an-area of

high pressure to an area of low pressure. As the pressure anywhere
within the moving hollow cone of campressed air. is well above one
atmosphere, the outside air will not cross the cone and nor will

the Argon inside except to relieve itself of the slight extra
pressure exerted by the cleansing Argon 'bleed' which will result

in a slow flow outwards at the air cone/substrate interface. The
cladding and some-of the-cooling can take place within this cone

of Argon without the turbulence at the edges of the cone of
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FIGURE.C1The principles of operafion of
_the _new cladding gas shield.
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cc;mpressed air affecting the almost tranqull innér 'céne of
Argon. | The powder can be fed into the weld pool by passing -
the tube carrying it through the metal body of the apparatus

as shown or by shaping a special cross-section tube (see diagram)
to pierce the compressed air cone without causing too much
turbulence as a circular cross-section tube would certainly do.
This campressed air cone has been shown to produce a tranquil
internal cone in the following way: a model was built fram the
basic design in Figure 9 (23" high 33" diameter) .and the central
hole which would normally be blocked by the laser nozzle was
blocked. Chalk dust was spread ocut on a table and the apparatus
wlas rested an the table and then lifted approximately half an
inch fram its surface. The campressed air was turned on and the
chalk dust outside a circle of a slightly bigger diameter than
that of the apparatus was blown away. The dust within this
circle remained absolutely stationery and stayed so as the cone
device was raised to a }}eighﬁ of two inches from the table.
Above this height the area under the cone device began to exper-
ience turbulence due to the divergence of the hollow compressed
air cone along its cross-section. This apparatus, when incorp-
orated into the machinery used to laser clad, could be of great

value.

The principle of operation of the shroud device was examined By
building a cross-section ;rbdel out of perspex and using ink and
water to represent the Argon and Air flows respectively. It

was shown that for a rather large range of flow combinations the -
central portion of the cross-section could be kept pure but break
down could occur under same conditions eg water (Ar) flow bel.ng

too low. Figure (.2 shows photographs of the flow experienced



within this fluid flow model.

Work is still being carried out to make this gas shroud device
capable of producing non oxidised processed material.

A fully adjustable version of the device has been built but trials
have led to dissapointing results so far, the problems being
associated with turbulence. Although the device does not yet

work well if it is used as originally intended,very good results
have been found if Ar is passed through both gas transport systems.
The central portion of the atmosphere remains pure and tranquil
and even the surface melting of titanium has been carried out

with no oxidation.

FIGURE C2. Fluid flow model

stable condition instability due to insufficient
water (Argon) bleed.
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APPENDIX . D.
Computer program for
pre placed powder cladding
(see chapter & )
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APPENDIX.E.

Computer program for

blown on powder- cladding.
(see chapter5.)
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APPENDIX. F.

«» UK Patent Application ..GB ., 2 090 873 A

@21
(22)
130)
31)
(32)
(33)
43)
(51)
(52)

(56)

(58)

(71)

(72)

(74)

Application No 8200418
Date of filing 7 Jan 1982
Priority data

81/00644

9 Jan 1981

United Kingdom {GB)
Application published
21Jul 1982

iINTCL?

c23C 1/00

Domestic classification
C7F 1L 2T 4K 5A
Dacuments cited

GB 1562583

GB 846808

GB 808831

GB 806677

GB 713566

Field of search

C7F

Applicants
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{54) Fusing cladding material to a
substrate

’

57 in fusing a cladding material, in
the form of a powder as example, to a
substrate using a laser which tracks

across the substrate producing a
fusion zone into which the powder is
fed, ultrasonic vibratory energy is
applied to the substrate. The stresses
formed in the fusion zone and
inclusion of pores are thereby reduced
significantly. '

The drawings originally filed were informal and the print here reproduced is taken from a later tilted formal copy.
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SPECIFICATION
Method and apparatus for fusmg a cladding
material to a substrate

This invention relates to.a method of fusing a

~ cladding to a substrate and to an apparatus for

carrying out the method.

This invention is primarily concerned with the
reduction or avoidance of stresses, inclusions and
voids normally occurring in a method of cladding a
metal with 3 metal coating using a high power
laser to fusibly bond the coating, which may be
applied as a powder, preferably forcibly blown,
into an area subject to high intensity heating by
the laser.

The cladding cf steel and other substrate
metals with a thin layer of a hard ind/or corrosion
resistant metal, usually expensive, is known and
one of the most effective ways of producing a clad
article is by traversing a molten spot area across
the surface of a substrate and blowing the
cladding metal in powdered form onto this spot so
that it melts and fuses with the substrate. The
moliten spot conveniently is produced using a high
power (1 kW+) laser.

The method, however, has drawbacks and two
principle ones are the formation of pores in the
track of cladding metal and the risk of the clad
layer and/or underbead cracking due to the high
thermal stresses incurred in rapid thermal cycling
{cooling rates of the order of 10° °C/sec or more).
" Broadly this invention seeks to provide an

- improvement in processes of the aforementioned

kind whereby residual stresses and porosity may
be reduced.

According to this invention there is provided, in
a method of fusing a cladding material to a

" substrate, the step of applying vibratory energy to
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the substrate at least at the zone of active fusion.

The frequency of the vibratory energy may be in
the sonic or ultrasonic range and typically would
have a lower limit of 50 Hertz. It is preferred to use
ultrasonic frequencies such as those of the order
of 25 kHz.

The vibratory energy may be applied from the
lower surface of the substrate using one or more
transducers in effective vibratory transmissive
contact therewith, and where a plurality of
transducers are used these may be driven in or out
of phase. Conveniently the transducers will be
bonded to a plate which is brought into contact
with and firmly attached to the substrate
constituting the workpiece with the interposition
of grease or other substance to establish a good
contact. .

Alternative and further preferred methods
comprise a transducer with a contact member
brought into effective engagement with the top or
bottom of the workpiece and as close as practical
to the point of active fusion, the transducer being
arranged to track with the moving fusion zone.
Contact can be effected using a runner wheel or
contact-finger. In another arrangement the
transducer is contacted against a side surface of
the workpiece. Vibration is effected continuously

65 during the cladding operation.

The method of this invention is broadly
applicable to a wide range of cladding processes
and whilst the method is primarily for use with a
laser heat source it can be employed usefully with

70 flame electric arc or plasma techniques alone or in
combination with a iaser. Likewise many
arrangements for the application of the cladding
materlal can be used such as free fall powder,

blown powder, slurry and paste applied powder or.

75 preform shapes. Multiple laser beams and/or
rastering may be used with the cladding trace
being as wide as the vibrated zone.

Substantial improvements have been observed
in comparison with the same cladding method not

80 using vibration. The method of this invention:—

a) reduces the creation of stresses during the
intense temperature changes at the fusion zone,
thereby rendering the underbead and the cladding
less likely to crack,

b} increases hardness of the deposit,

c) provides a metallurgically cleaner interface
between substrate and deposit,

d) reduces pore diameter,

e) reduces and relieves stresses, and

f) causes less overall distortion due to the
cladding.

The method is effective during the deposition
and fusion to reduce stress creation and is to be
contrasted with known post-weld treatments
designed to relieve already created stresses.

The method of this invention together with
apparatus for carrying out the method are
described further in conjunction with the -
accompanying drawings, wherein:—

Figures 18 and 1-b show one arrangement for
applying vibratory energy,

Figures 2a to 2¢ show three further
arrangements for supplying vibratory energy,

Figures 3a and 3b show comparative acoustic
emission results {ring-down count) from clad
substrates without and with vubratuon applied
during fusion,

Figures 42 and 40 show comparative results in
a way related to Figure 3,

Figures 5a and 56 show comparative results as
in Figure 4, but of a different trace, .

. Figure 6 shows comparative hardness results,

Figure 7 shows resuits of changing various
work parameters, and

Figures 83 to 8e show comparative photo
micrographs of the interface region.

Referring to Figures 1 and 2, these illustrate
schematically methods of imparting vibratory
energy to the workpiece. In Figure 1 four
ultrasonic transducers T are bonded to an
aluminium plate P using a resin adhesive, as
example, and each transducer is driven in or out of
phase by an amplifier A delivering power at
25 kHz. As shown in Figure 156, a steel plate W
forming the workpiece to be clad, is attached to
plate F by means of clamps C using an interposed
grease layer G in order to obtain good
transmission. The transducer T will preferably be
set in a rubber matrix R enclosed in a steel box. -
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The laser and the powder blowing equipment’
are set up in the usual way and the assembly
clamped to an X—Y work table. As the clad trace
is being desposited the transducers are turned on

-and the plate P and workpiece W vibrate at the

ultrasonic frequency of 25 kHz. This vibration
creates a highly energetic, turbulent weld pool
which is incapable of retaining many pores and
thus the porosity of the solid deposit is almost
completely pore free. The vibrational energy
supplied to the solidifying metal atoms also helps
them to achieve stable and more unstressed
configurations than is possible without the supply
of kinetic energy through the transducers.
Reducing the stress in the deposit inhibits
cracking and reduces the occurrence to a
minimum. Known post cladding heat treatment is
not effective to change the presence of numerous
cracks because although stress in the deposit can
be eliminated, such heat treatment can do nothing
to heal already formed cracks. The ultrasonic
vibration is a method of stress reduction or
avoidance and thus reduces the initiation of cracks
and the need for post cladding heat treatment.
This arrangement further provides, as a
comparison of vibrated and unvibrated specimens
shows, (a) an increase in the hardness of the
deposit by approximately 10%, and (b) the
interface between the deposit and the substrate is
a great deal cleaner metallurgically. This is
probably because the oxides present on the

" substrate are floated off to the surface by the
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turbulence of the weld pool; previously these
oxides could form a distinct visible interfacial
layer. In a series of experiments the following two
results are relevant to show practical effects:—

1.-Crack length per unit deposit length reduced
by: 76.4%, 24%, 28%, 41% and 93% (Average
52.5%). i

2. Pore diameter per unit deposit length
reduced by: 57%, 61%, 94%, 31%, 92%, 36%
(Average 61.8%). -

Figure 2 shows other arrangements for
applying vibratory energy by way of further
example. In Figure 23 the transducer T is in sliding
contact with the lower surface of the workpiece W
and grease G is fed between the mating surfaces.
The transducer is below the point of impingement
of the laser beam L and powdered metal P which
produce the clad trace R. The vibration in this
version is thus limited to the area under the laser
and multiple lasers or rastering could be used to
produce a trace having a width comparable to the
transducer, i.e. about 2.5 cm. .

In Figure 25 the ultrasonic transducer T acts
through a transmission means Z on the zone of
impingement of the laser L. Figure 2¢ shows an
arrangement in plan view wherein the transducer
T (two in this case) act on each side of the
workpiece W through a contact finger or roller F
abeam the laser zone L.

Figures 3a and 3b show two graphs produced
with the help of acoustic emission equipment
which was turned on immediately after the laser
clad trace was deposited, using apparatus as

shown in Figure 1 Two identical traces (vibrated
and nonivibrated) were produced and the ring
down counts (N,) were recorded for ten minutes
as well as a count of super threshold events (Ng,).
70 The two graphs show a dramatic drop in both Ny,
and Ng when the specimen is vibrated, i.e. the
final value of N, without vibration is 51 and this
drops to 29 if the specimen is vibrated
uitrasonically during the cladding; the drop of Ng;
75 is from 840 to 660. This pair of graphs is typical of
* the results obtained from approximately twenty
such pairs of laser clad runs. Npy and Ny are
measures of the noise emitted by cooling clad
trace and are very closely related to the internal
B0 stress in the finished product. These graphs show
a decrease in this acoustic emission when vibro
laser cladding is used and this reflects a decrease
in internal stress in the deposit and a decrease in
‘the number of micro and macro cracks in the
85 deposit.

Figures 4a and 4b show two graphs closely
related to the graphs in Figures 3a and 35 in that
they give information about the N, against the
amplitude of the signals produced by the internal

90 noise in the deposit. This amplitude distribution
was presented in two forms:

1. in the normal linear mode, the histogram of
the N° of events versus their amplitude,

2. in the sum log mode, the events of each

95 successive element were added to the higher
elements for display on a log scale. o

Figures 5a and 5b differ from Figure 4 in that
they show another pair of traces; both Figures 4
and 5 indicate that the distribution of amplitude is

100 not greatly affected but that the number of events
is greatly reduced when a vubratmg specnmen is
clad. ]

figure 6 shows a graph of the effects of
wsorkpiece traverse speed (table speed), powder-

105 flow rate (gas speed) and uitrasonic vibration on
the hardness of the deposits. For the present
purpose it need only be noted that the hardness of
the deposit increases wheh ultrasonic vibration is
employed during the cladding process, this being

110 clearly shown.

Figure 7 is a self explanatory tabular summary
of the results of varying the various work
parameters in a series of tests to compare
identical runs produced by laser cladding and vibro

115 laser cladding.

Figure 8 shows photomicrographs of the
workpiece to laser cladding interface and Figures
8a to 8¢ show unvibrated specimens in
longitudinal section. Porosity and trapped oxldes

120 in the interface are clearly present and in addition

some macro pores were observed, although not
shown here. A prominent crack is shown in
Flgure 8c. In contrast Figures 8d and 8e show
specimens obtained with the use of vibration but
125 under otherwise similar conditions, and illustrate a
considerable reduction in porosity and cracking.
Multiple trace deposits may also be madeé and
flame, electric arc or plasma heating may be
employed as well as laser. A further advantage in
130 the method of this invention resides in the melt
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trace passing through any surface layer such as
electroplate, carburising, nitriding, boromising or
flame sprayed finish.

CLAIMS

1. In a method of fusing a cladding material to a
substrate, the step of applying vibratory energy to
the substrate at least at the zone of active fusion.

2. A method in accordance with Claim 1,
wherein the cladding material is fused using
energy from a laser source. )

3. A method in accordance with Claim 1 or 2,
wherein the cladding material is fused using a
flame source.

4. A method in accordance with Claim 1 or 2,
wherein the cladding material is fused using an
electric arc.

5. A method in accordance with Claim 1 or 2,
wherein the cladding material is fused using a
plasma.

6. A method in accordance with any preceding
Claim, wherein the cladding material is applied as
a gravity fed powder, a blow powder, a slurry, a
paste or a preformed shape.

7. A method in accordance with any preceding
Claim, wherein the frequency of the vibratory
energy is sonic or ultrasonic.

8. A method in accordance with Claim 7,
wherein the frequency is between 50 Hz and
50 kHz.

9. A method in accordance with any preceding

_ Claim, wherein the frequencv. of the vubratory

35

40

energy is 25 kHz nominal. -

10. A method in accordance with any
preceding Claim, wherein the vibratory energy is
applied from the lower surface of the substrate.

11. A method in accordance with any
preceding Claim, wherein the vibratory energy is
applied through a plurality of transducers bonded -
to a plate in intimate contact with and firmly
attached to the substrate.

12. A method in accordance with Claim 11,
wherein the transducers are driven’in phase.

13. A method in accordance with any one of
Claims 1 to 9, wherein the vibratory energy is
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derived from a transducer having a vibration
transmissive contact member which is brought
into effective engagement with the top or bottom
of the workpiece, close to the point of active
fusion, the transducer and contact member being
arranged to track with the moving fusion point.

14. A method in accordance with Claim-13,
wherein the contact member comprises a runner
wheel or contact finger.

15. A method in accordance with'any
preceding Claim, wherein the vibratory energy is
applied from the side of the substrate or from the
side of a plate connected therewith.

16. A method in accordance with any
preceding Claim, wherein vibratory energy is |
applied continuously during fusion.

17. Amethod in accordance with any
preceding-Claim, wherein the zone of active fusion
progresses as a track across the substrate, a
plurality of tracks being laid in juxtaposed
relationship across the substrate.

18. A method of fusing a cladding material to a
substrate as described herein and as exemplified
with reference to the drawings.

19. Apparatus for use in fusing a cladding
material to a substrate broadly as herein described
and with reference to Figure 1, or Figures 2a to 2¢
of the drawings.

20. Apparatus for applying a cladding material
to a workpiece forming a substrate, the apparatus
comprising:—

a) a workpiece support bed movable in both X
and Y directions of a horizontal plane,

‘b) uitrasonic transducer means on the bed
capable of being brought into ultrasonically
transmissive contact with the workpiece,

c) means for supplying electrical energy at
ultrasonic frequency to the workpiece,

d) a laser beam receiver arranged to direct a
beam from a laser onto a workpiece on the bed,

e) a cladding material supply means arranged
to direct cladding material powder onto the
workpiece at the pomt ofi mpmgement of the laser

,beam thereon, and

“f) drive means to effecx steady controlled
traverse of the work bed in one direction.

Printed for Her Majesty’s Stationery Office by the Courier Press, Leamington Spa. 1982. Published by the Patent Office,
25 Southampton 8uildings, London, WC2A 1AY, from which copies may be obtained.
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APPENDIX : G

PREVIOUS METHODS OF CLADDING

_G,1, GENERAL

Cladding, i.e. the cherage of one metal with another, can
be divided into two hajor regimes of application: A) Hard
facing for wear resistance and_B) Corrosion resistance.

Hard facing applicationsinclude excavation machinery,

aero engine components, forging dyes and rolling mill folls
etc. Cladding for corrosion resistance 1s often utilised

in the chemical and petroleum industries where the corrosion

environments are very severe.

Many cladding alloys combine hard facing and corrosion
‘resistant properties and hard facing in general can be
defined as (1)"The application of hard, wear resisting
material to the surface of a component by welding, spraying
or allied processes for the main purpose of reducing wear
or loss of material by abrasion, impact, corrosion, galling
and cavitation'. Hard facing by this definition has been
known for many years; perhaps the first materials used in

this way were the Co-Cr-W alloys developed in the late 1890's.

One way to combat wear is to produce the components from a
material which can withstand the working conditions. This
practice is generally very expensive both in materials cost
and in the cost of machining such durable materials. Also,
it 1is unusual that excellent wear resistant properties are
requlred anywhere other than on the surface and even!then

refely over ‘all the-surface.
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In some cases, making the whole article of a hard abrasion
resistant material can 1tself cause problems elsewhgre on
that component in its interaction with other comppnéﬁts.

The desirable practice, therefore, 1s to select a cheaper
base material and tQ cover its critical areas with a material

having superior properties.

To provide a context for the present subject of research,
laser cladding, a review of existing cladding methods has

been compiled. This 1s useful in that 1t shows the
difficulties and advantages assocliated with the established
processes of producing a new surface on a substrate with
inadequate surface properties. The large number of metal
surface treatments has meant that not all of them can be
included in a review of this limited lenéth, for example,
thermochenical treatments of the carburlsing and nitriding
type have been classed as being not relevant enough to the
discussion to warrant inclusion. Heat treatments are, of
course, very important methods of altering the surface
properties of metals but to give the literature review greater
cohesion and to keep the length reasonable, only those methods
which involve the app}icatfdn a new 'clad' surface have

been reviewed.

These cladding processes include:-
a) Cladding by electric ara welding methods.
b) Explosive cladding.

c) Electroplating.

d) Hot dipping.
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e) Cladding by rolling.

f) Thermal spraying techniques.
g) Chemical vapour deposition.
h) Physical vapour deposition.
i) Ion lmr[aAtaf:om.

G.2. CLADDING BY ELECTRIC ARC WELDING METHODS

There are four electric arc cladding methods:

G .2.1. MANUAL METAL ARC

The use of basic electrodes is extensive as they are capable
of producing welds having very low hydrogen content. This
reduces the tendency to cracking of both weld and substrate.
Improved arc stability of modern electrodes m;nimises the
loss of expensive alloying elements as they are transferred

through the arc.

G .2.2. FLUX COVERED WIRES

Semi automatic non shielded welding with a hand held gun
gives a considerably increased output compared to manual metal
arc welding and, therefore, the down time of equipment

being re-claimed by cladding can be reduced.
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G.2.3. AUTOMATIC OPEN ARC AND SUBMERGED ARC PROCESSES

The introduction of flux-cored wire in continuous coil-

form has increased the application of mechanlised welding

to surfacing. The br;ﬁtleness of many hard facing alloys
prevented thdr production in the form of solid wires.
Automatic submerged arc hard facing was thus carried out

with plain carbon or lowi. alloy steel wires and alloy-enriched
submerged arc fluxes. The introduction of cored wires has
changed the situation dramatically and many differenct alloys
can now be deposited by automatic or mechanised welding |
procedures. A development in submerged arc welding has

been the introduction of the Bulkhead process (1) (developed
by Texas Alloys Products U.S.A.) in which a layer of

powdered alloy underneath the flux burden increased deposition

rates and reduces dilution.

G 2.4. _JNERT GAS SHIELDED ARC PROCESSES

Both the tungsten arc and metal arc processes are being
applied in the field of surfacing. One of the most
interesting applications of argon tungsten-arc‘ﬁéiﬁing

is 1n facing components with an overlay of tungsten
carbide, which is introduced into the molten pool in the
form of granules fed through a tube. (There is a similar
process of "particle injection’ used in a laser surfacing
treatment discussed latér). The process 1is automatic,
faster than oxy-acetylene welding and the carbides do not

melt as in the case of manual metal arc-welding.-
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These four methods of cladding are all well established
methods of fusing on a new metal surface utilising the

energy output of an electric arc struck between an eiéctrodg
and the substrate to be clad. Deposition rates can be as

high as 10kg/h for s§h1 automatic metal inert gas (M.I.G.)
welding and 70kg/h for the fully automatic submerged arc
process. (2) Coating thicknesses can also be high particularily
with the utilisation of overlaying techniques. Figurefl.

gilves typlcal values of coating thickness for various techniques
and it 1s obvious that arc welding processes are only
applicable where a coating thickness of more than 2mm 1is
required. Problems assocliated with arc welding cladding are
the expected ones from such a turbulent, energy intensive
process, i.e. Dilution, thermal distortion and residual

stress on cooling, non-smooth surfaces and porosity.

The nature of a welding arc is such that the substrate must
be substantially melted, any clad layer 1is therefore bound
to be diluted with substrate metal and the eleétro—magnetic
lorenz forces associated with the arc produce a stirring
effect which distributes this diluent throughout the clad
layer. The effect of this dilution on the cladding alloy
is to alter its physical properties in a manner usually
deleterious to:'the quality of the finished product. A
common effect is that of a reduction 1in the hardness value
of the hard facing deposit. Dilution 1s generally considered
to be undesirable 1n.c1add1ng applications because it makes

prediction of the properties of the clad layer very difficult.
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Due to the localised nature of the thermal cycles which 1t
experiences, including cooling rates of the order of
hundreds ofcr per second (3), the weld zone is 1ne§itab1y
subjected to non-uniform expansion and contraction during
welding, Since th1§ will be constrained by the body of
the material, associated stress and strain cycles, will be
generated particularly in the region of the weld itself.
The effects which are produced are obviously complex and
vary according to the particular process and application,

but they can be summerised as follows:-

1) Plastic and elastic strains during welding, the former
arising principally from the reduced yleld stress at

elevated temperatures.

2) Thermal stresses during the welding cycle due to the

restraint of dimensional changes by the surrounding metal.
3) Residual stress after the cladding is completed.

4) Distortion of the clad area and parent material.
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G.>. EXPLOSIVE CLADDING

1) METHOD

Explosive cladding, as carried out by, for example,

Y.C.I. Kelsmet (4),'employs explosive power to clad a large
number of combinations of metals. The cladding metal 1is
placed at a controlled distance from the thicker substrate,
than a uniform layer of explosive is spread across the

cladding plate and detonated (see figureA2).

The explosion progressively bond; the cladding plate to the
backing metal forming a metallic Jjet at the point of impact.
The effect or'this jet 1s to remove the contamihated surface
of both metals. The virgin surfaces behind the Jjet make
molecular contact under very high instantaneous pressure

giving an intermetallic bond.
2) ADVANTAGES

Explosive cladding offers a wide range of metals bonded to
one or both sides of carbon, low alloy or stainless steels,
or non ferous metals if required and has been carried out
using: Aluminium, Nickel, Copper, Titanium and their alloys.
-There are no.prpblems with dilution with this process as no
thermally induced melting takeé place(even though the
pressure during bonding is in the order of 107p.3.i. the
temperature at the interface on bonding is well below 100 °C
and is typically 60-70C). Obviously this low temperature

also ensures that no metallurgical chénges take place 1in
either metal.
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The ripple type cross section shown figuratively 1in figure
two, is a result of the mechanics of the explosion
propogation. This ripple 1s ais asset in that it increases
the surface aréa of the bond contact, and thereby improves
bonding. The bond shéer strength is generally stronger than
that of the weaker‘ﬁétal. The process 1s obviously an
extremely quick one once the explosive ‘sandwich' has been

prepared.

3) DISADVANTAGES

When explosive bonding is employed as a method of cladding
plates there is a tendency towards poor Joining at the edges
of the 'sandwich', due to the easy dissipation of the
explosive energy in this region. Another area where poor
bonding is found is at the initiation cérner of the plate
(the explosion is usually started at one corner of a
rectangular plate) because the collapse angle and Jet

(see figure two), have not yet been formed.

After the explosion the plates need flattening and
machining, which 1s costly and wasteful of cladding metal.
The distortion in the plate as a whole being caused by the
effects of the explosion reaching the corners of a plate
in a staggered manner. The process uses a great deal of
expensive explosive, phis can be up to two tonnes for a
twenty tonne clad plate, only 20% of this explosive energy

is utilised by the actual bonding process.
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This cladding method 1is restricfed to the cladding of rather
heavy cross section steel and should never be used when

the substrate thickness 1is less than 15mm.

G.4. ELECTROPLATING

The basic principle of electroplating is a simple one:

A metallic object, in a suitaﬁly cleaned condition, is

made cathodic in an aqueous solution of a metal salt, a
predetermined current is passed for a given time to deposit
the required metal thickAéss and the component 1s

subsequently rinsed and dried.

Chromium is the most widely used of the hard coatings (5).
This metal is deposited from corrosive electrolytes containing
chromic acid and sulphuric acid. The electrolyte is

notorious for its poor efficiency and rather poor cdvering
power., Chromium can be deposited at high hardness values

(up to 1000 Vikers (6) ) and possesses excellent wear
properties. For heavy engineering applications both high
current densiﬁies and long plating times are required. The
adhesion of chromium plate to the substrate is often greater

than the tensile strength of the coating itself.
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More recently, electroless nickel coatings have been shown
to possess very good wear resistance in a variety of

applications.

Electroless plating is not strictly an electroplating
process and éssentially consists of promoting autocatalytic
deposition of nickel from a meta-stable solution of one of
its salts onto a suitable subsfrate. No current passage

is involved in the process although in other ways it 1is
similar to electroplating. Because no current is required,
there is no preferential build-up of coating metal at sharp
points as there is with normal electroplating and the coating
is deposited uniformly over the surface of the substrate.
The properties of electroless coatings are unique; rather
than the pure metal, a proportion of nickel phosphide or
boride is deposited (the plating solution consists of:

a nickel salt, an organic hydroxy acid and sodium

hypophospniiﬁxgt acid pH-4.5 or alkalne boroﬁﬁJrule (7)

- The as-plated coating is quite hard and suitable low
temperature heat treatment can yield a vikers hardness value

of apporximately 800 (8).

A recent advance in coating technology 1n the field of
electroplating 15 the co-deposition of particles with
electro-deposits or, more recgntly, electroless deposits.
Thi; mgthquinvolves having a suspension‘ofrhard particles
(eg Aluminium or chromium éarbide) dispersed in the

electrolyte solution.
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By this method, a uniform distribution of these hard
particles are caught up in the flow oF plating metal towards
the substrate and are distributed throughout the finished

electroplated deposit.

One of the major restrictions of electroplating as a
cladding method, is the necessity for stringent substrate
preparations, Ideally the condition of the surface prior

to entering the plating electrolyte should be as follows:(9)

1) Completely free from grease and oil.

2) Free from significant oxide and other surface films,
3) Free from gross surface defects.

4) Of Uniform appearance.

5) Having a smooth surface.

6) Free from severe work hardening.

Certain conditions regarding the bulk metal quality are also

required:

7) Free from excessive inclusions.
8) Free from porosity.

9) Free from excessive amounts of dissolved gas.

Electroplating is a well established,extensively used
method of metal cladding and it is of course, only possible
to talk in very general terms about the process in a short

review of thils sort.
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The technique 1is generally used for thin coatings(see figure | )
and difficulties are oftén associated with high stre§s

levels in deposits, particularly in the case of chromiuﬁ

which tends to crack (the science of chromium plating makes
use of a technique ‘of depositing deliberatly micro-cracked

or micro-porops chromium in cases where the natural macro

cracking is to be avoided).

" Electroplating aé a process, lends 1itself mosteffectively

to the field ofcorrosion'protection where tne 'state of the
art' has advanced from simple cladding of one metal.with
another, to the complex multilayer plating uséd extensive1y 
in the motor car industry fof the protection of zinc die
cast 'trim'. The zinc 1s protected by a la&er of coppér
electroplate, a layer of nickelvaﬁd a thin top coat of
chromium (usually micro-porous or.micro'cracked). The
galvanic corrosion cell set up tends to slowly cofrode'away
the 1ntermed1até nickel layer so that the zinc and the

outside chromium surface remain_unblemiShed.

Another difficulty associated with electroplating is
concerned with the unavoidable fact that the electrical
charge density on the surface of an electrode (the substrate)

varies with the geometry of that electrode (10).

" These differences 1in charge density result in changes in the dept!
the depth of deposit over the surface of the electroplated
object. This effect is particularly noticeable at sharp

changes in cross section, for example, notches tend to be
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Smoothed out of a surface because a notch attracts more

plating metal to itself than does the surrounding flat area.

G.5. HOT DIPPING

G’S'lo (EH_E_B&

In hot dipping, the component to be coated is immersed in
a bath of the molten coating metal. Reactions then take
place between the component and the coating metal to form
a layer of intermetallic compoundsm4genera11y.known as the
'alloy layer') the thickness of which is governed by the
nature of the metals involved and the time and temperature
of the process. When the component is finally withdrawn
‘from the bath, a layer of molten coating metal remains on
its surface. The thickness of this layer is dependant on

the melt viscosity, surface tension and solidification rate.

Three general rules given by Gorbunov (11) indicate whether

or not a satisfactory’coating can be applied to a given

substrate: a) The atomic diameters of the coating and substrate

metals must differ by no more.than 15-16%.
b) The metals of the coating system must have some mutual

solubility at temperatures down to room temperature.

¢) There must be physical contact between coating and substrate

metals during the dipping operation. (1e surface oxides and

contaminants must be removed).
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The four most commonly produced hot dipped coatings are:-

G..5.2. GALVANISED COATINGS

Zinc coatings are anodic wigh respect to steei so, unless

a barrier layer of c;rrosion products is produced, as when
zinc carbonate is formed in moist air, the life of a

coating will be approximately proportional to its thickness.
Galvanised coatings vary in thickness from about 2§;uﬂ

for sheet grades to 50 A)lso-tup(on fabricated steel.

As corrosion rates for zinc vary from about l-é/un/annum
depending on the severity of the environment, some
indication of the protective lifetime of a coating may be
obtained. IY should also be noted that the electrochemical
current generated by the zinc-iron cell is generally sufficlent
to protect uncoated regions and cut edges. Applications

of galvanising include items such as bridge structural

members and power transmission pylons.

G.5.3. ALUMINISED COATINGS

Aluminised steel has good high tempertature oxidation

resistance and atmospheric corrosion resistance.

The aluminium-iron phase diagram indicates that at
commercial dipping temperatures (-700 C) the aluminium
coating and a steel base should be separated by layers
of\g(Fe AL, ), W((Fez Als) and©(Fe Al; ), in practice the
-_only phase detected (11) is?jwbich.grows rapidly in a

characteristic serrated form.
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This phase is extremely hard and brittle and coatings
produced from 'pure'aluminium baths therefore have some

restrictions to their formability. This type of claé

material 1s known as Type 2 aluminised steel,

The addition of between 9.5 and 10.5% of silicon to the
melt reduces the depth of the brittle alloy layer and also
changes 1its morphology from sérrated to flat. This product
has much improved formability and is known as Type 1.
Another effect of the silicon.addition is to reduce the
micro-hardness of the alloy from 900 to 3é6"n€.

The corrosion protection afforded by aluminised steel arises
essentially from its covering of aluminium oxide. This film
is tenacibus, not easily ruptured and prevents access of
oxygen tothe base metal. Its one drawback is the way in
which it empedes the sacrificial action of aluminium at cut

edges, except in chlorine environments.
Type 1 aluminised steel is used extensively for motor vehicle
exhaust systems where its combination of heat and atmbspheric

corrosion resistance is particularly useful.

Type 2 aluminised steel finds widespread application as an

architectural material.
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G .5.4. TIN COATINGS

Tin is non-toxic and corrosion resistant and so it 15 not
surprising that its major application as a coating 1s in

the food~1ndus£ry. The céating is also very soft and .can
aid fabrication in suLsequent forming operations. The alloy
layer which forms on hot dipped tinplate is FeSnl_, the
extent of coverage of the steel by FeSn, 1s important
because within a can of tinplate, anaerobic conditions may
exist which can make the tin coating anodic with respect

to the steel base. Because of the high price of tin, much
tinplate 1s now produced electrolytically rather than by

hot dipping where the coating thickness 1is larger.

G-5.5. TERANE COATINGS

Lead and Iron together do not form any intermetallic
compounds and are almost completely insoluble in each other
in the solid and liquid states. It 1is therefore neccessary
to add a third element which reacts with iron to the Xead
melt to promote wetting. Tin or antimony, which form
intermettalic layers on iron of FeSn anhd FeSb respectively,
are both capable_of performing this function and 'terne’
coatings containing up to 25% tin or 7% antimony are available
commercially.

Additions of arsenic, cadmium and zinc to lead-tin, lead
antimony or lead-tin-antimony melts have also been

claimed to improve coating performance.
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The terné coatings are soft and can enhance formability of
the product in the same way as tin coatings do. Mq{or
applications of terne coated steels are found in the é;r
industry in the produqtion.of petrol tanks and under-bqnnet
fittings. Teranecoatings are incapable of providing
sacrificial protection to a steel base but the formation of
insoluble sulphates, sulphides, carbonates and oxlides assist
in the blocking of coating pofes and slows down the rate of
attack.

The primary object in hot dip coating stggiwis to improve
its corrosion resistance. The process lends itself well to
mechanisation and production line techniques. Hot dip
coating 1s the oldest coating technology, it remains one

of the most 1mportant for the protection of ferrous metals

from their environment.
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_G .6 Cladding by Rolling

The mechanism of roll ciéading obvious; the cladding material and
the substrate are initally joined by welding along their edges and then
repeatedly rolled to a combined thinner section, the pressure and interfacial

friction resulting in an interfacial bond,

The- *Golclad' process used by B.S.C. (12) uses just this principle
to produce large sheets (11m x 3.3m x S5cm for example) of mild steel clad
in a number of materials including stainless steels and nickel alloys.
Applications include brewery equipment and water turbines. The bond
produced at the substrate caldding interface is a resuli of mechanical
working on that interface and so there is no dilution problem associated
with the product but the degree of bonding is poor in comparison with other
cladding processes. The colclad product comes in three grades A,B and C, and
these have differing amounts of.permissable area percentages of unbonding;
10% 4% and 2% respectively. These figures for permissable interfacial
porosity are rather high in comparison with other cladding techniques. One
further disadvahtage of the process is the time invoived in production, the
whole process takes several weeks for each plate which, of course, renders

the finished product rather expensive.
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G .7. THERMAL SPRAYING TECHNIQUES

G 7.1. GENERAL
The four main typesﬂdf thermal spraying techniques are (13):

a) Flame spraying

b) Arc spraying

¢) Detonation spraying

d) Plasma spraying

Although they differ in detail, all generally involve three

features: -

1) The material to be sprayed is heated and this becomes
substantially molten.

2) The molten material is projected onto the base material.
3) The projected material adheres to the substrate to glive

the required cladding.

The four main types of thermal spraying are shown in figure

4 and will now be discussed separately.

G.7.2. FLAME SPRAYING

The bulk of commerical production is based on flame spraying,
using oxygen-gas mixtures as the fuel and powder or, more

usually, rod or wire as the feed.
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In all metal spraying, adhesion is generally acheived by

a mechanised keying action so the substrate needs to be
prepared to have a clean, uniformly rough surface. uearious
abrasives may be used. Flint and steel being common for
the removal of the;pylk of the scale, Flame cleaning is
used to remove grease and dirt and to reduce the last of
oxide on the surface, If the spraying is being used on worh
out parts of machinery, then fﬁrther preparation may be
required, including acid pickling and etching. With proper
precautions, a fairly dense and reasonable adherent coating
can be produced. Bond strength and density can be increased
by melting and consolidating the sprayed on layer (see
section 2.3.2.3.) the coating material may contain fluxing
additions to facilitate this. The equipment for flame

spraying is cheap and consiquently, capital costs are low.

The process suffers from two major limitations:

Firstly, the flame temperature is too low to melt the more
refractory metals and many ceramics; secondly, the substrate
tends to be heated by the flame and this may cause difficulties
»w}ph workpiece distortion, as well as theuse of low melting

point substrates.

G 7.3 ARC_SPRAYING

A complementory process to the flame method is arec spraying
in which the material to be sprayed (which must be available
as rod or wire and be electrically conductive) forms the

consumable- electrodes of thé.gun‘(see rigurefi4). The- molten-

particles are blown, usually by an air blast, against the
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substrate and since the gun can reach a highetemperature
than the oxy-acetylene flame, marginally denser coaxings'
are produced. Arc spraying has a higher capital cost than

flame spraying but running costs are claimed to be lower. (13)

G .7.4. DETONATION SPRAYING

The high quality requirements of the aircraft, aerospace and
electronics industries have stimulated the development of

spray processes which give superior results to flame and

.

arc spraying. The detonation process was developed from
studies of flame propogation in tubes. The coating powder
amd carrier gas are fed into an oxy-acetylene gas chamber
in which detonation occurs some four times per second; this
producés high velocity impingement and gives very dense
coatings with excellent adhesion. However, the process is
the most expensive of all the thermal processes and has
more geometrical limitations on the substrate than the

others.

. G..7.5. PLASMA SPRAYING

To create plasma conditions a sultable gas is passed through
a high current arc; at sufficiently high temperatures, the
gas becomes ionised and collisions between electrons and 1ions
generate radlant energy. In a plasma torch, the thermal
balance is changed by constricting the arc, and this raises
the temperature substantially, usually to-15,000 - 20,000 K.
The very high temperatures in the plasma torch allow any

material to be sprayed, provided it melts without significant
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dissociation and a practical temperature interval exists
between 1its melting and boiling points. The absencg of
direct substrate heating minimises the problem of wo;k
piece distortion and allows the use of low, as well as
high, melting point bases. The process is thus remarkably
versatile; 1t may be used to spray metals and alloys,
ceramics, cerments and plastics, while the substrate may
be of metal, ceramic or plastié. Plasma deposits can vary
in thickness from less than 0.03mm to more than 2.5mm;
normally being in the 0.10 - 0.60 range (13). Due to the
high particle temperatures and the rapid impingement on the
target, the coatings are usually dense and adherent,
porosities as low as 1% being common. The presence of an
inert gas atmosphere minimises oxidation.of the coating.
Within limits, the properties of the deposit can be varied
to sult particular applications, eg. a controlled degree of
porsity may be incorporated to enhance oil retention for

bearing applications.

Plasma coatings are belng increasingly used for wear.and
abrasion resistance, electrical conduction, thermal and
2lectrical resistance, reclmmation of worn parts, repair
of wrongly machined components and, in certain cases,
corrosion resistance. In addition to surface treatment
applications, the process 1s also finding growing use for
the production of free-standing shapes in which case steps
are taken to prevent the deposit adhering firmly to the
substrate.

Plasma spraying has been successfully employed as a means

of hard facing the shoulder of internal combustion engine
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exhaust valves (14). Advantages over arc or oxy-aceylene
surface welding processes included the promotion of rapid

and highly directional solidification from the weld igterface
to the deposit surface. This effect is due to the
concentration of the heat of the process into the deposit.
The deposits are consequently free of micro-shrinkage and
have smooth as welded surface. Dilution effects were, of
course, much reduced and the finished product had superior
qualities in general.

In summary, table 2M;£§;s various advantages and limitations

df the various thermal spraylng processes.

FIGURE . 4.
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TABLE 2

Features of thermal spraying processes
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G .8. CHEMICAL VAPOUR DEPOSITION

G.8. GENERAL

Cnemical Vapour beposition (cvD) may be describea as the

ntrolled precipitation ot material brouyht about through

an inauced vapour phase chemical reaction (15).

A plating vapour or mixture of plating vapours is led,
under controlled mass flow and at a defined pressure, into
a'plating chamber which cuntains the art;cleuto be coated.
The plating chamber may :he maintainea at a suitably
elevated temperature, or the article may be heated in-
dependently of the chamber, eg by induction hegting. An
essential requirement of fhe CVD method is the availabiiity
of ;n appropriate vapour source and of a suitable chemical
reaction whereby these sources can be made to yield the
chemical coating product. Examples of vapour sources of
acceptable volatility include halides, carbony(s,carbony(
halidesy oxychlorides and organo-metallics. Of these the
halides are the most widely employed, primarily because they
generally give better quality coatings than.other sources.
Many_of the chemical reactions employed in CVD have features

in common and can be grouped together into reaction types:

G.8.2. HYDROGEN REDUCTION OF HALIDES

The first and most important group of reactions includes
those involving metal halide vapours, which are reducable

by hydrogen at practical temperatures of interest, eg:

270



Element Reaction Deposition Temp C
B BClL + 3/2 H2 = B + 3HCL 1200 - 1500
Mo MoF6 + 3H2 = Mo + G6HF 700 - 900
ir 1rF6 + 3H2 = 1r + 6HF 700 - 900

Other coating matériafé include:
Elements: Si, V, Nb, Ta, W, Re, and Pt.
Compounds: ALZOB’ BN (hex), B
TiC, TiC/TiN and wzc.

c, BP, B sic, Si N

L 13p2’ 34

The extensive use of halides in reduction reactions arises
from their ready availability, ease of volatilisation,
reductability and low cost, coupled with their effectiveness

in producing coatings of an acceptable qualityf The majority
of reduction reactions require temperatures above the softening
points of most steels, which is a severe lim}tation for many
potential applications in engineering. The deposition of
tungsten .carbide (ch) from tungsten hexafluoride, hydrogen

and carbon monoxide (16) or benzene (17) (at temperatures

of between 500 OC and 600 oc) is an gxception which is now

under development.

:G..8.3. THERMAL DECOMPOSITION REACTIONS

A second important group of reactions comprises those from

which coatings are produced as a result of the thermal
decompositiog of plating vapour. The temperatures of decomposition
vary widely. The carbonyls, organometallics and some of the
hydrides can be de¢6mposed at low temperatures, weil below the

softening point of steels. For example, Aluminium coatings

can be obtained from the aluminium alkyles (eg tri-iso butyl(-
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aluminium) at a temperature of approximately 250°C (15).

However, thermal decomposition of hydrocarbons is frequently
conducted at temperatures above ZOOOOC in order to produce

well orientated pyrolytic graphite deposits.
Coating materials include:

Elements: B, Al, ¢ Si, Mo, W, Cr, Ti, Zr, Hf and Pt.

Compounds: A1203, BN, SiC and Si3N4'

Future CVD processes based upon thermal decomposition reactions
appear to have considerable scope once the major constraints
currently limiting their successful application have been
overcome. This is particularly true in the case of organo-
metallics, some of which are able to form coatings at.
temperatures in the range SOOC t0'150°C. Current constraints
include the contamination of metal with carbon eg carbon in
Chronium deposits, inadequate adhesion and co-hesion, availability

and cost.

(G..8.4. CHEMICAL TRANSPORT REACTIONS

A third important group includes those reactions where de-
position occurs as a result of chemical trans port. This may

be illustrated by reference to the following equilibria:

51011‘(9) + 8i (¢) —— 2si c12(g) (18)

BF3 (g) + 2B(c) p— jBF (g) (19)
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At suitabiy high temperatures, silicon tetrachloride vapour will
react with silicon to produce a gas mixture containing a prop-
ortion of silicon dichloride vapour. The extent of conversién
increases with increasing temperature and decreasing pressure.
If this vapour mix is sufficiently cooled, reversai of £he

reaction will occur and silicon will be precipitated.

The chemistry of transport reactions and their applications
have been studied extensively by Schafer (20), who has derived
ground rules as an aid to determining the feasability of
transport and the condiéions under which transport is best
carried out. A major application of transport reactions has
been in the vapour phase growth of electronic materials, and

the production of quartz-halogen lamps.

(3 .8.5. CVD PRO..TECTIVE APPLICATIONS

Chemical vapour deposition can be can be carried out at rates
ranging from micrometers to millimeters per hour of coating
depth. The deposition rates are closely related to the thermo
dynamics and kinetics of the reactions involved. The prep-
a;ation of sub-micron coatings which are continuous is
generally limited by the grain size of the crystallinedeposit.
Within a process, grain size shows a dependence upon process
parameters, increasing temperature and decreasing pressure
tending to favour a larger grain size, but generally wide

control of grain size has so far not been achieved.

CVD usually operates .in a pressure range around._1 torr to 1
atmosphere, which provides good 'throwing power' for the

coating of complex shapes and internal surfaces. CVD coating
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Under controlled deposition conditions CVD coatings are usually
free of voids and since the vapours used are of high purity

the coatings are, in general, very pure themselves. In the -
development of coatings for corrosion protection both these
.features are very advantageéﬁs becéuse they resuit in a very
low permiability. éVﬁ tantalum has excellent corrosion in acid
media and has been used on the base of steel tubes, on valves
and thermowells. Pure aluminium from metal alkyds has been

applied to steel, nonferrous metals and high temperature stable

plastics for corrosion resistence.

Steel tools coated with a hard facing if CVD titanium carbide
and other hard CVD compounds (TiN, TiC/TiN) are well known as
are CVD metallised coatings produced'by aluminising, chromising,

siliconising andcoronosing.

Adhesion of CVD coatings shows considerable variation. In many
diffusion-type coatings, adhesion is good. Also in many high
temperature halide processes, where a small amount of diffusion
between coating and sulistrate is possible, acceptable bonding
can be achieved. Brittle diffusion interfaces can however,
produce failure. At medium and low temperaturéEiZBOOOC to BOOOC)
many CVD coating; are only poorly bonded to substrates. This
has been ascribed to various factors (21), including in
particular, the formation or presence of corrosion layers on
“the;substrate~surface, ‘Improved adhesion has been achievgd

by the use of interlayers to which the CVD coating is more
strongly bonded.

Many CVD coatings show an oriented columnar growth with grain

sizes in the range 0.01 to 10 micrometer. The presence of
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columnar growth in brittle materials represents a structural
weakness and attempts have been made to deposit more equiax ed

structures but so far success has been very limited.

G-9. PHYSICAL VAPOUR DEPOSITION

G.9.1. VACUUM DEPOSITION

The development of vacuum technology has made it possible

to commercially utilise hard vacuums (<I%pm mercury) in order
to evaporate a cladding material with the aim of depositing the
vapour onto a substrate. The method is most satisfactory for
cladding metals of low melting point and high vapour pressure.
The evaporating metal is resistence heated inside the vacuum
qhamber. The deposition rate depends on the cladding metal '
but for Cd or Zn, 0.01 mm can be built up in 30 mins, while

for Cu, Al or Pt it may take almost an hour (22). Good control
of'thiqkness and distribution is possible and deposits are
usually smooth, coherent and highly reflecting. Alloy formation
can be completely avoided and the corrosion resistence may

be twice as good as the same thickness of electrodeposit by
virtue of reduced porosity. There is considerable interest
iqfﬁhe application of vacuum vapour deposition to the

continuous coating of steel strip to a thickness of about

Ao

10 ' cm (ie tinplate thickness) (23). Both aluminium and
aluminium-zinc co-deposits have been assessed, but by comparison

with tinplate the porosity would appear to be too high at the

equivalent thicknesses. There is a 'sister technique' to straight

forward physical vapour deposition which should be summarised

at this point.
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( -9.2.  CATHODIC SPUTTERING

This techniun does not involve the use of such a hard vacuum,
10-100mm being sufficient. Low vapour pressure materials are
clad in this way by making them the cathodée in a 4OOV (approx)
arc. The cathode disintegrates on the pressure and voltage

as well as on the atmospheric gas in the chamber. Heavier
inert gases may increase the rate by ten times or more and
a1§o obviate oxidation. The deposits tend to be fine grained,

adherent and coherent and at about 10-3mm thickness are

- essentially pore free. Interest in superior sputtering techniques

has beei: quickened by the electronics industry, the require-
ments being to develop epitaxially grown semi conductor

films and to deposit thin metal films on plastics. LAw energy
ion sputtering techniques enable both metals ahd ceramic
materials to be depositéd on any substrate and by super-
imposing radio frequensies on a cathode type process the rates

of deposition can be increased tenfold or more.

Both of these cladding methods produce good quality results

at a rather high cost and thus, industrial applications tend

to be in those fields where economics is a secondary con-
sideration. It may also be noted here that these two

vacuum depos%tion processes are only relevant to the deposition

of thin films, generally much thinner than O,1mm.

(3 .10. ION IMPLANTATION

(7 .10. GENERAL

Ion implantation provides a means of introducing chosen atomic
species into the surface layers of a material or component

without the need for heating. Atomic species which impart
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protection-against corrosion, such as nickel, chromium or
rare earths can be implanted. -‘Atoms which form strong inter-
atomic bonds, such as nitrogen or carbon, will harden a

metal surface and improve wear resiétence. Various mechanisms
result in a protective layer thcﬁ far.exceeds in thiqknéss

the range of the implanted ions.

The chosen atomic species are first ionised anl then accelerated
in an electric field, to energies which usually range from a
few tens to a few hundred kilo electron volts in a moderatly
hard vacuum ( 10-5 torr), towards the workpiece. s
The accelerated ions penetrate the surface of the workpiece

and lose energy by collisions with the atoms of the gubstrate

and by electrobic excitation processes, coming to rest in an
approximalty gaussian distribution about a mean peneération

depth (24). The penetration depth is very shallow eg 100mm

depth for nitrogen ions of 100KeV energy implanted into ion. (25).

§

(3 .10.2. CORROSION RESISTENT SURFACES

Small amounts of beneficial alloying species can havé a
profound effect upon the corrosion behaviour of a metal. Ion
implantation introduces the dovosen metallic species into the
surface layers of the substrate without interferring with the
bulk properties. The alternatives eg electroplating,
galvanising etc all have a distinct substrate-surface layer
interface which is acceptable to corrosion once the coating

is pierced; Ion implanation is effective in inhibiting both

thermal and aquerous corrosion, subjects which shaid be

discussed seperately.
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G ..10.2. THERMAL OXIDATION PROTECTION

The initial stage of oxidation of a metal is a chemical
interacfion between it and the gaseous environment, in
which surface migration and the nucleation of the oxide
film are very importént. This stage is usuaily very rapid,
and may indeed be complete before the ion bombardement
begins. The number of nucleation sites involved can det-
ermine the grain boundary distribution and degree of epitaxy
of an oxide and it is by modification of these surface
conditions that a long term reduction in oxidation is
achieved. Vacancy clusters and dislocation networks are
the chief result of heavy ion bombardment in metals, and
the final state of'the material is not unlike that which

. would result from cold working. (26).

The second stage of oxidation is a progressive thickening

of the oxide by processes which involve either the transport
of oxyéen inwards, to interact with the metal, or of metal
cations outwards, to interact with oxygen at the outer surface.
Sipce this matter transportation is usually by meahs of charged
ions, there must be a corresponding flow of electronic charges
in the form of electrons or 'holes'. Corrosion protection

by ion implanation is achieved either by hampering the
movement of ions through the oxide or, in the rarer cases
‘ineggigh:glgctronQFISSanspoyt isvragg dgtermining.by re?ucing

the mobility or number of such carriers.

Yetrium and rare earth elements have been shown (27) to bring
about useful reductions in the high temperature oxidation of

hrmium containing steels. Normally these elements would
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degrade the ductility and tensile strength of the alloy but
when they are ion implanted ‘into the surface layer a long
lasting protection is achieved without impairing the bulk

properties.

The yetrium is found to be carried forward, near to the metal
oxide interface and probably acts by formation of the
perovskite YCrOz which may serve as an impermiable barrier

to chromium out-diffusion.

Another example of this effect is that the thermal oxidation
of titanium was reduced (27) by implantation of alkaline earth
and rare.earth species. Ion size emerged as a significant
parémefer as well as electronegatiority. It seems that in this
case perovskites (SrTin and EuTiOZ) were agaih the corrosion
inhibiting phase, achieving their end by blocking pathways

which normally allow rapid ion transport.

.(3.10.2.2. AQUEOUS CORROSION

A research group at U.M.I.S.T. has investigated the effects
of ion implantation into irdii"and aluminium. Chromium (28)

has a beneficial effect in iron, behaving in the same manner

as in a bulk alloy of the same surface composition. Tantalium,

normally insoluble in iron, has an even stronger effect, as
£3q<been expected. ﬁolyldenum ;Qns were fqund to inb;b;t

;he pitting corrosion of both stainless steel and of aluminium.
This is an interesting result since it suggests that it is

a direct consequence of the Mo, and not an indirect effect of

formation of intermetallic inclusions during alloying.
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G.+10.3 WEAR RESISTENT SURFACES

The basic principle in this application is to. introduce into“the

surface of a metal a fairly high concentration of species

’

which will form strong inter-atomic bonds with the host atems.
and which will also impede the movement of dislocations. This,
of course, is precisely the function of conventional nitriding

ot carburising-and it is not surprising that implanted

N* or ¢’ ions have a similar effect in ferous alloys.

In a normal wear situation, the load is not carried by .the
whole bearing surface but by many small asperities, and the
true area of contact is only a minute fraction of the surface
area. Frictional work dissipated at these asperities will
result in significant temperature rises of up to several
hundred degrees centigrade (29). Since the peak Hertzion
stresses lie a little below the surface this is Qhere dislocations
~are most readily formed and it is also in this region

that the temperature will be at a maximum. Mobile inter
species such as.nitrogen or carbon will tend to migrate
towards this zone and associate themselves with the

dislocations and thereby impede their movement.

This process, créating what has been referred to as a
'Cottrell atmosphere' has been proposed as tlie explanation
of strain ageirg in steel (30). Thus, during wear,

mobile implanted atoms will tend to diffuse into the
dislocated region and will harden it, an effect which can
be expected to improve wear resistence in precisely the

zone in which it is needed.
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Conventional nitriding and carburising operate rather
,differently by formation of hard nitrides and carbides
in a steel matric.. In the ion implantg}ion case this is
not necessary, since the interstitial dissolved nitrogen
or carbon is effectiY? by itself. It is this difference
which makes it possible to improve the wear resistence

of even gas nitrided steel by nitrogen implantation.

Ion implantation equipment is costly and sophisticated

even though it is not necessary to achieve as high a

beam purity or uniformity when ion implanting for corrosion

or wear resistence as it is when ion implanting semi-

conductors for specific electrical properties.

The implantation of semi-~conductors is the most widely
used application of the technique and the amending of
such implanted devices is a recent industrial application

of lasers (see section on laser surface treatments).

A major limitation on the use of ion implantation as a

method-of corrosion or wear resistence is the need for

a hard vacuum which reduces the suitability of the process

to industry considerably.
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