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This research involves a study of some of the methods available forl
' covering material substrates with a metalllc coating. The materials
studied were metal and ceramic powders, and the research attempted to
produce composite powders, which could be used in the powder
metallurgy industries as cﬁeaper mplacémts for existing expensiQe
powders.. For example, iron powder particles coated with oopper/tin
could replace expensive bronze powders in machine bearing production.

The experimental work involved the study of two wet coating
 techniques for the deposition of metals from aqueous solutions onto
various substrate materials. These methods were: chemical
| displacement plating and electroless (or chemical) plating. A
" fluldised bed apparatus and stirred baths were used in the handling
and plating of the powder particles. The former apparatus has been
specifically developed for pilot plant production of plated powders,
and can handle between 0.5 and 1 kg of particles with dlameters up to
3004 m. The particles are kept apart and can move freely w:l.thin the
" powder bed, whilst immersed in a contimually flowing aguecus p1atin§

solution.

Two types of core materials were used; anafanisedimzpowderwiﬂu
" particle size between 125 and 150Mm; and ceramic powders as follows:
alumina (45 Mm), silicon carbide (29 and 250 Mm), tungsten carbide .



(454m) and tantalum carbide (45 4m). The metal cocatings studied for
the sbove powders wewe copper; tin, cobalt and nickel.

Once the composite powders were produced, chemical analyses were
carried out to determine the content of metal (or metals) deposited
on each sample of pcwder Coatings which wereé2.4wt¥ of the powder
canposite were made. The iren based.ccmposite povwders were campacted

into cylinders at pressures ranging from 480 to 870 Nmm™2

and
densities between 6.73 and 8.00 gam™3 were achieved. For the metal
coafed ceramic powders, the pressures required for coampaction ranged
from 380-860 N2 and densities ranged between 2.22 and 11.20 gom™3
depending on the powder substrate. The cylindrical compacts were
mechanically tested and the following properties determined:
density, tensile strength, compressibility and modulus of elasticity,

and.the results of the coated and uncecated powder compacts were |

canpared.

The surface structure of the coatings on the powder particles were
examined using scanning electrdn microscopy for all the powders and
the microstructure of compacts in the unsintered and sintered states
were studied. | |

The results showed that the behaviour and properties of the camposite
powders were controlled, as expected, by the amount, type and

properties of the metal coating. The compressibilities, in

particular, of the coated ceramic powders were improved by using é



metallic coating. These powders could f£ind uses in many production
areas imvolving cemented carbidés, sintered >a110y steels, bearings,
electromagnetic dielectrics, wear resistant materials I_ used in brakes
and clutches, and any méterials which need to be made fram composite’
powders.
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CGIAPTER 1
INTRODUCTION TO POWDER METALLURGY

1.1 THE IMPORTANCE OF THE PWDERME’I'ALIDRGYMB‘I‘RY
" [References: 1, 4, 5, 7, 10, 11 and 18]

Although powder metallurgy is still a small industry, being less than
1% of the world's total metals industry, powder products are found in
virtually all areas of 1life. Without them, many achievements and
" conveniences of our presenf_ civilisation would have been impossible.

The success of the powder metallurgy industry (it has enjoyed an above
‘average growth rate for the past four' decades) derives from its
ability to mass-produce complex structural parts with savihgs in
labour, material, and energy. '

In recent years, an entirely new dimension has been added with the
achievement of full density and improved control of purity and
'microstructure. This has resulted in the fabrication of high
performance materials, permitting extended service life and more
efficient use. Examples of commercial uses include aerospace
superalloys, low alloy steels, dispersion strengthened alloys, tool
steels, and cermets, such as cemented carbides. .

These developments have added considerable diversification to the
conventional "press. and sinter" techniques and are opening up new
markets beyond the traditicnal cnes of the automotive, agricultural,
domestic machines and office equipment industries.

" A Brief History of Powder Metallurgy
[References: 3, 4, 5, 7 and 8] |
The earliest development of powder metallurgy can be traced back to

5000 years ago in several parts of the world. ' :



Around 3000 BC, the Egyptiang used a "sponge iron" for making tools by
the reduction of iron oxide in charcoal furnaces. Around AD 1100, the
Arabs were making high quality swords from iron powder. Another
example is the Delhi colum in India, which dates from about 300 AD.
This column is made from approximately 6.5 tonnes of reduced iron
powder. In the nineteenth century, this process was used to produce
pJ.atinum and tungsten wires, which led to the development of
chemically precipitated powders and new consolidation routes, which
avoided high temperatures. Such activities occurred in both Russia and
England, where precipitated and hot worked powders were used to
overccme inadequate temperature capabillities.

The first significant use in géaeral manufacturing, however, was in
the 1920s; when powder metallurgy was used to produce tungsten
carbide cutting tool tips and non-ferrous bushings. In recent years,
the process has become highly developed and large quantities of powder
metal products are made annually. From 1960 to 1980, the consumption
of iron powder has increased tenfold with about 20,0007 of powder used
in Britain, ten times this amount used in America and an equal amount
in Japan, in the beginning of the 1980s. The relatively recent
‘expansion of powder metallurgy processing into areas requiring high
quality materials, and unique properties in high productivity areas
are expected to continue creating opportunities in the future during
the 1990s.

What is Powder Metallurgy?

[References: 1 and 16] -
Powder Metallurgy could be defined as the study of the processing of
metal powders, including fabrication, characterisation and conversion
of metal powders into useful engineering components. '

Therefore, it cwldbeoonsideredasﬂ:enamegivmtoapchess,
wherein fine metal powders are blended, consolidated into a desired
shape (usually by compaction); and then heated ( sintéred) in a
controlled atmosphere. This is done at a temperature beldw the

2



melting point of the major constituents, for a sufficient time to bond
the contacting surfaces of the particles, and to establish the desired

properties.

The process, commonly designated as "PM", readily lends itself to mass .
production of small, intricate parts of high precision, often without
requiring additional machining. It is now a term given to the process-
of making all types of powders, whether metallic or ceramic, into
engineering products. For this reason, thepowdermtallurgyj:ﬂusty
is a major gxwﬂ't industry today '

1.2 WHY POWDER MEI‘AIHJRGY?
[References: 1, 2 and 4]

-Itisreasonabletoaskvmybotherbreakingubpiecesofmetal into a
powder cnly to re-assemble them again. There are in fact a mumber of
very good reasons, which can be discussed as follows: '

1. Refractory Metals

These are usually metals with very high melting points, for exanmple,
* tungsten (3140°C), tantalum (3000°C), osmium (3045°C), and molybderwm
(2800°C) etc. These are refractory metals and are very difficult to
produce by melting and casting because they are brittle in the cast
state. They are initially extracted in the form of a powder. This
~ lends them readily available to the Powder Metallurgy process.

2. Composite Materials

If two or more materials are normally immiscible in the molten state,
then an intimate mixture of these materials can be obtained through
Powder Metallurgy. The most common examples of this are as follows:

1) museofcarenteacaibidesusedforqxttmtoo1sar:dwear
resistant parts: | -

ii) Electrical contact materials, suc.h as copper/tungsten, silver/
cadnium oxide.



1i1) Friction materials for brake linings and clutch facings in which
abrasive non-metallic materials are embedded in a copper or
cother metallic matrix.

3. Porous Materials

'Porous metals are used in items such as oil retaining bearings,
filters, flame traps, bubblers, cooling devices etc . The Powder
Metallurgy process, since 1t is concermned with the production of a
part having a significant and controlled porosity, lends itself
readily to the manufacture of these products. '

4. Production of Intricate Engineering Components

Because high dimensional accuracy is possible with Powder Metallurgy,
minimal waste of material bccurs, and post production machining
operations are not necessary. Therefore a Powder Metallurgy part is
.d\eapertopzoducethanoneobtainedfmnamcawentimalmte.
However, there are limitations over shape and overall size of
component, if it 1s made by die compaction processes. Oold isostatic
pressing now enables very large camponents to be made. '

5. Special High Duty Alloys

Under this heading, there are a range of hardened alloys with
~ dispersed phases, of which SAP (Sintered Aluminium and Powder) was.one
of the first. In general the powder is campacted into a blank, or
billet, which is then subjected to forging and forming in the normal
‘way. Often, cold isostatic pressure is used to make large billets,
which can then be processed further.

These alloys have very precise compositions which would not result
were melting and casting processes used. Alloys having a particular
coefficient of expansion or magnetic properties, fall into this
category.

In theory, any size or component can be produced, ranging from a few
grammes to several hundred kilogrammes. This means that a single
process can be employed for part production.



Significant econcmic benefits are achieved by this technique. Large
mumbers of die-campacted small parts can be rapidly produced, at less
cost than by normal forging or machining processes. Metal utilisation
is almost 100%, less energy is required, and the process is
ecologically clean.

The mechanical properties of components are equal to, or even better
then, those obtained via traditional metallurgical methods. Cutting
tools and wear parts, for exampie, have an increased life span when
produced by powder metallurgy.

Powder metallurgy offérs the designer material/property conbinations
that permit production of engineered structures for optimised
mechanical and physical properties.

Powder metallurgy is the only viable manufacturing process for
materials with very poor Mability, such as ceramics and carbides.

1.3 BAPPLICATIONS OF POWDER METYALLURGY
[References: 1, 2, 4, 5, 7, 12, 16 and 18]

The tremendous advantages of powder metallurgical material has led to
a variety of applications, which range from the most exotic and
sophisticated innovations, which enable rockets to reach for the
stars; to parts in cur domestic washing machines and aubtamobiles.
The main applications are outlined below: |

1. Rutamotive BApplications _
‘Due to the ﬁrprcvedmaterialandprocessingteclmiques, as well as the
increasedawarenessandlmowledgeofpowdermetallugy techniquesby
design engineers, plus the recognised reductions in marufacturing
costs of mass produced techniques, there has been major redevelopment

of powder metallurgy materials for a multitude of aubomotive uses.

Thishasbeenadﬂevedbytheuseofhigh'bamagecanpactimpresses
- and high compressibility powders, which allow for higher densities and
larger parts to be obtained. The availability of larger sintering



furnaces and advanced techniques in automation procedures has also
spurred this new growth.

E:.\:anplesoftl'xerangeof autmbtivepartsbeingmde'bodaybypowder
‘metallurgy are showm in Figure 1. |

- 2. BRerospace Applications

In most of these applications powder metallurgical techniques are used
becauseﬂ'lemterialusedcamntbe_castinanecamdcalorpmctical

manner; there is a need for controlled porosity; or there is some

unique property which can only be obtained by using this method. See
- Table 1 for aervspace applications [Reference 4].

3. Consumer Products and Busineés Machines _
Powder metallurgical materials are widely used in the multitude of
consumer-products, because of their electrical and magnetic .
properties, and secondary manufacturing operations as plating - and
surface finishing are possible. See Figure 2 for examples of domestic
applications.

4. Atomic Enerqgy Applications :

Powder metallurgical techniques have been widely applied to material
fabrication problems associated with nuclear power reactors. Powder
metallurgical processing of particular importance in this field are:
. the ability to make alloys of elements with large differences in
density or melting point; also the ability to make multi-phase
‘materials, especially metal-ceramic types; the ease of making layered
or clad types of materials. Metals of particular importance are:
uranfum and thorium as fuel materials, and zirconium and its alloys .

are useful as cladding materials to inhibit corrosion in reactors.

Mahy conventional materials have also been used for nuclear
applications. Various techniques, such as hot pressing,  isostatic
campaction and slip casting have been successfully applied to nuclear
applications. ' ' |



TABLE 1: SOME EXAMPLES OF AEROSPACE APPLICATI(I\S WHICH USE POWDER
METALLURGY TE(}INIQUES

Material . Aerospace Applicatim

Beryllium Heat shields for space capsules,
gyroscope parts, antennas, Telstar
space vehicles and some structural

parts

’I‘tmgste.n . _ . | Used in p;asna jet engines

Tungsten-Silver Fo? infiltrated composites, rocket
nozzles

Molybdernm "I'o protect silicon .semiccrmcbo:rs in

rectifiers used in space

Tantalum Used for capacitors in complex
controls and camunications of space
satellites and vehicles, heat shields
of propulsion units of missiles. . '

1.4 PRODUCTS FROM POWDER METALLURGY
{References: 2, 4, 5, 7, 14 and 16]

‘These products can be generally classed into four main groups as
follows:

a) Complex shaped products - gears, cams, intemal shapes, piston
rings, etc.

b) Products from materials which would otherwise be extremely
difficult to manufacture, e.g. tungsten carbide tips for tools
and titanium carbide tips.



c) Porous camponents: _self—lubricating bearings; made of bronze,
iron or brass. They are of relatively low density and are easily
impregnated or persuaded to absorb lubricants of various types.

d) Filters manufactured from powder or woven meshes (usually rolled

' or pressed into shape). Made from bronze, stainless steel, or
pure nickel. Used for corrosive fluid filtration, e.g;. liquid
oxygen; pressure limiters; flame arresters; fluidised beds;
acoustic absorption; liquid aeration and breather vents. '

@) Products where cambined properties of two metals or of metal and
nen-mefal are desired: uranium carbides uranium oxides;
 zirconium borides are sintered for a wide range of nuclear
applications. Composites for friction materials with iron or
copper base with special additions designed to modify the
frictional characteristics.

1.5 DISADVANTAGES OF POWDER METALILURGY
[References: 1, 4 and 7]

The major disadvantages of the process are as follows:

1. Inferior Strength onperties .

. In some cases powder metallurgical parts: have the mechanical
properties which are less than wrought or cast products of the same
material. Their use may be limited when high stresses are involved.
However the required strength can frequently be obtained by using
different and usually 'more costly nmeterials, cr by using secondary
processing, such as forging, or hot pressing.

2. Relatively H.i.gh Die Cost

Because of the high pressures and severe abrasion involved in the
campaction process, thepmchesanddiesmstbemadeofexpensive-
materials and be relatively massive. Productioh volumes of less than
10,000 identical parts are normally not practical unless the press
tool costs are ignored.



3. High Material Cost

On a unit weight basis, powdered metals are considerably more
expensive than wrought or cast stock. However, the absence of scrap
and elimination of machining often offsets the higher material costs.
Powder metallurgy is usually employed for parts, where the material
cost is outweighed by the special shape or property of the coamponent.

4. Design Limitations _
In compaction processes,the powder route is simply not feasible for
scame shapes, Parts should have essentially uniform sections along the
axis of compression. The overall size must be within the cspacity of
available presses: and cross-holes or special chamfers are not
possible. Some camplex shapes are, however, possible with a different
form of campaction such as cold isostatic pressing, slip casting or
injection moulding, In the latter process very camplex shapes are now
possible. e, ‘
1.6 CHARACTERISTICS OF POWDERS
[Refererxces: 3, 5, 7, 11, 15 and 16]

A powder particle is defined as the smallest unit of a powder that
cannot be subdivided and is characterised by the basic properties of
the material from which it has been made. The physical character of
the surface of the particle, and the particle shape and size, are the
pr:l.hcipal factors determining the success or failure of a powder
metallurgy process, and their importance cannot be overemphasised.

The main characteristics which are important to the behaviour of the
powder are:

FLOW RATE: Itisameasureoftheeasebyw!ﬂchapaadercanbefed
and distributed into a die, it can significantly influence the cycle
t:f.meofthepressingoperatimandhmce therateofpmduction. The
standard flow meter for metal powdaers is the Hall Flowmeter which is a
. funnel shaped apparatus having a calibrated orifice. The time required
for a given amount of powder to flow unaided through the corifice is



i:eported'as the flow rate of the powder. For powders that do not flow, |
a special funnel is used or a zero value is reported.

OOMPRESSIBILITY: A given weight of metal powder is campacted at a
definite pressure in a test die under accurately controlled
conditions. The ratio of the density of the green compact to the
- theoretical density of the component powders is a measure of the

compressibility of the powder.

GREEN STRENGTH: This is used to assess the ability to handle after
campacting, but before sintering. - The strength of a green campact is
‘ordinarily determined by. pressing a given weight of powder to a
specified density in the shape of a rectangular bar of standard size.
This test bar is supported at both ends as a simple beam and loaded
transversely to fracture. The modulus of rupture 1s reported as the
green strength of the powder undergeing evaluation. -

MICROSTRUCTURE OF THE POWDER: This influences those characteristics
such as plasticity and the abllity to be cold pressed. It influences
the pressing pressure, flow characteristics and the final product
strength. Powder can be fuily dense or solid, porous, crystalline,
partially crystalline (as with rapidly solidified powders), containing
other phases or precipitates etc.

PARTICLE SIZE AND SHAPE: Frequently powders are made up of various
sizes of particles, ranging fram 0.1 to 1000 m. The more irregular
the particle shape the greater the difficulty in assigning a unique
particle size. This causes a disagreement between the particle size
distributions obtained by different techniques and instruments. Shapes
can be round, angular de.ndritic, md—like etc. ‘ '

SURFACE AREA: 'Ihe&:rfaceareaisanaveragemeawreof_theexbemal
surface of a large number of particles. It provides insight into the
- powder behaviour, when dealing with chemical activity, catalysis,
friction, adsorption, contamination, pressing and sintering. It is a
useful powder characteristic because it often corrélates with various
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kinetic and geometric characteristics, Oonsequently surface area is
coanbined with other parameters as part of an overall description of
the powder.

TAP DENSITY: Very often a mass of loose powder will be mechanically
vibrated or tspped. The density of the powder mass increases due to
this treatment and 1s always higher than the apparent density.

This comes about by the induced movement of the particles which causes

separation and allowé the particles to settle to a greater extent and

' so decreases the porosity between them; this will lead to an increase
in the density. : : ‘

CHEMICAL COMPOSITION: Chemical anélyses are usually run on all
powders to determine the amount of the major metal present, such as
the total copper content in copper powder; plus such impurities as
might nomally be expected in the material and which, if present in
excess,could cause unusual and undesirable behaviour in processing.
Impurities, such as oxide or nitride films, weaken the final product,
and alloying elements control the mechanical behaviour.

APPARENT DENSITY: This is associated with the flow characteristics
and it iS a measure of the powders' ability to fill available space
without the application of extema.l pressure, The apparent density
'mferstoﬂxeweightofamlitvolm\eof loose powder and it is one of -
the most critical and-'useful characteristics of a powder. It is
important because 1t determines the actual voll.m\eoccupiedbyamasé
of powder and this ultimately determines the size of the campaction |
toolingarxithemagnimdeofmepxessmtimsnecessazytocmpact |
and densify the loose powder.

11



1.7 THE POWDER METALLURGY PROCESS

The powder metallurgy process normally consists of five basic steps:

1. Production of powders.
2. Blending or mixing.

3. - Compacting.

4. Sintering.
5. Post-sintering operations where necessary.

Figure 3 shows a schematic flow chart of the powder metallurgy

' process.

1. Production of Powders

[References: 3, 5, 12, 13, 16 and 20]

There are several methods for producing metal or ceramic pademmm
the shape and properties of the powder particles depend on the method
used. The most common methods involve atomization of molten material,
reduction of metal oxides, electrolytic deposition, decomposition of
metallic campounds, and mechanical comminution. These techniques are
ei:plained below. - Other less commonly used methods are precipitation
from a chemical solution, production of fine chips by machining and
vapour conlensation. The source material is generally bulk metals,'
ceramics and alloys, ores, salts, and other compounds.

a) Atomization .

Atomisation involves forming a liquid material stream by
injecting molten metal or ceramic through a small orifice. The
stream is then broken up by jets of inert gas, or water, thus
producing solid particles. Particle size depends on the
temperature of the material, rate of flow, nozzle size, and jet
characﬁeristics. In cne vériation of this method, a consumable
electrode is rotated rapidly in a helium filled chamber. The
centrifugal force bresks up the molten tip of the electrode, thus
producing particles. ' '

12



b)

c)

d)

e)

Reduction

Reduction of metal oxides is carried cut using gases, such as
hydrogen and carbon monoxide, as reducing agents. Very fine
metallic oxides are thus chemically reduced to the metallic
state. This process produces metal powders of uniform size., The
powders are spongy and porous and have spherical or angular
shapes. '

Electrolytic Deposition

Metal powders may also be produced by electrolytic deposition,
either from aquecus solutions or fram fused salts. These powders
are among the purest. The size and shape of the particles depend

on process parameters.,

Thermal Decamposition of Carbonyls ,

Metal carbonyls, such as in ca'rbbnyl, Fe(CO)s, and nickel
carbonyl, Ni(CO)4, are formed by reacting iron or nickel with
carbon moncxide. These products are then'themally decomposed to
iren nickel, producing small, dense, uniform spherical particles
of_ high purity.

Camirntion

Mechanical comminution (pl.xlverisatim) involves crushing, or
grinding brittle materials into small particles. With brittle
materials the powder particles are angular in shape, whereas with
ductile metals, they are flaky and not particularly suitable for
powder-metallurgy applications. -

2. Blending or Mixing

[References: 1, 3, 11, 12, 16 and 18]

Blendj.tig (mixing) of powders is the second step in powder metallurgy -
processing and is carried cut for the following purposes:

13



a) Because the powders made by the various processes described above
may have different sizes and shapes, it 1s necessary to mix them
to obtain uniformity. The ideal mix is cne in which particles of
each material are distributed uniformly.

b) In order to impart special and mechanical properties and certain
. characteristics to a powder metallurgy product, powders of-
different metallic and other materials may be used. '

¢) In order to improve the flow characteristics of the powder metals,
and to improve ‘die life and reduce friction between the metal
particles; lubricants or waxes may be mixed with the powders.
Typical lubricants are stearic acid or zinc stearate in amounts of
0.25 to 5% by weight. | |

Mixing of powders must be carried out under controlled conditions to
avoid contamination or deterioration of the powders. Excessive mixing
may change the shape of the particles, and may also work-harden them,
| thus making the subsequent compacting operétion more difficult.
Powders can be mixed in air or other gaseous atmospheres. There are
several types of blending equipment available with varicus capacities

and mixing characteristics. ' ‘

3. Compacting
[References: 1, 2, 5, 9, 10, 11, 12, 13 and 16]

One of the most critical and contrbliing steps in the powder'
metallurgy process is campacting. Here, lcose powder is campressed and
defined into a shape known as a "green" compact. Product density and
the uniformity of that density throughout the compact are important.
parameters, Generally, uniform high density is desired together with
sufficient green strength for handling and transport to the sintering
furnace. '

Most compacting is done with mechanical presses, although hydraulic

and hybrid {(combinations of mechanical, hydraulic¢ or pneumatic)
presses are often used. Pressures required for pressing can range up

14



to 800 MPa. Press capacities are in the order of 1800 to 2700 kN,
although presses with much higher capacities are used for special
applications. The choice of the press depends on parameters such as
part size and configuration, density requirements, and production
 rate. An important consideration with regard to pressing speed is the
entrapment of air in the die cavity at high speeds, as the presence of
air will prevent proper compaction.

Most compacting is performed at room temperature in tungsten carbide
or alloy steel dies. The die is filled with the powder and compacted,
the effects being:

i)

i1)

iii)

Increased dehsity by reducticn of the voids between powder
particles; '

Cold welding, mechanical locking and adhesion of the particles
for green strength;

Increased contact area between the particles by plastically

deforming them,

Conmpacticon processes can also be sumarised as follows:

a

Die Compaction 7
Die compaction represents the most widely used method and is

- cansidered as the "conwventional" technique. It is discontinuous,

usﬁrgbothupperandlowerp;mches.%diepxwiﬁeéthecavity
into which powder is pressed and gives lateral constraints to
the powder. Both punches are loaded to generate sitxess within
the powder mass. Easeofpowderﬂwisinportant for proper
feedingofﬂiepowderin‘tothediecavity

The apparatus is usually designed to provide a SINGLE ACTION or
DOUBLE ACTION pres‘smfj

15



' b)

The SINGLE ACTION powder compaction involves a dowrward movement |
of the top punch within the die barrel, while the bottom punch

‘remains stationary.

The DOUBLE ACTION powder campaction is mainly used for 'l'hicker
and more conplex parts; whereboththaupperandlowerpm'xches
move against the powder mass for compaction,

Since density is a function of thickness, it is difficult to
produce products where more than one thickness is involved.
Where non-uniform thicknesses are desired, more complicated
presses or methods are used. |

Most common die materials are air- or oil-hardening tool steels.
Tungsten carbide dies are used for more severe applications.
Punches are generally made of similar materials. Die and punch
surfaces must be lapped or polished (in the direction of tool
movements) for inproved die life and overall performance.

Isostatic Pressing

When extremely complex shapes are desired, the powder is

generally encapsulated in a flexible mould and subjected to
uniform high pressure by a liquid or gas medium, this method is
known as Isostatic Compaction.

'I'herearjetmtypesofisostaticpressingasstmnbelow:

i) Cold Isostatic Pressing (CIP): In Cold Isostatic Pressing,
~ the powder is placed in a flexible rubber mould and then
pressurised hydrostatically in a chamber, commonly using
water. The main advantage of CIP is the uniformity of
pressure in all directions and the absence of the die-wall
friction; this produces compacts of practically uniform
density irrespective of lehgth to diameter ratio. '

16



c)

Typical applications of this technique are tool steels,
carbide tools and dies, filters, many ceramic products and
parts made of super-alloys.

ii) Hot Isostatic Pressing (HIP): Hot Isostatic Pressing
carbines campaction and sintering in still another marmer.
Here powder 1s hermetically sealed in a flexible, airtight,
evacuated can and then subjected to a high temperature,
high pressure envirornment. The container is made of a high
melting point sheet metal and the pressurising medium is
inert gas or vitreous fluid. The main advantage of HIP is
its abiiity to produce compacts with essentially 100%
density, good metall'urgical bonding, and very good
mechanical properties. The process 1s relatively expensive
and is used for making superalloy components for the

aerospace industry.

It is also routinely used as a final densification step for
tungsten carbide cutting tools and powder metallurgy tool
steels. More recently, HIP has been employed to close
intemnal porosity in superalloy and titanium-alloy castings
for the aerospace industry. '

Rolling

In powder rolling, or roll compaction, the powder is fed into

~ the roll gap in a two high rolling mill and is compacted into a

continuous strip at speeds up to 0.5 m/s. This strip is then
passed through a sintering fumace and re-rolled to finished
siza, | o _ B :
The characteristics of the powder are §ery important when
compared with those for die compaction. Here flowability,
particle shape, particle size, softness and size distribution
greatly influence the green density of the strip. |
Sheet metals for various electrical and electronic components
and for coins can be made by powder rolling. |

17



a)

e)

‘f)_

Powder Extrusion

In this technique,the metal powder could be forced through an
crifice or a die of an appropriate shape. The powder may either
be mixed with a plasticizer or contained in a can, which is
extruded with the contained powder at high pressure and elevated

T or room temperature. Powder extrusion can yield extremely high

densitiesar:dapzoductthatdoesmthavetobesinteredifuxe
powder was heated origi.nally.

Different types of metals and alloys have been treated in this
mamner particularly in aluminium based alloys.

Powder Forging

An important development in powder metallurgy techniques is the
use of preformed, sintered alloy-powder canpaqts which are
subsequently cold or hot forged to the desived final shapes in
closed dies. These products have good surface finish and
dimensional tolerances with uniform and fine grain size énd
distribution. The superior properties cobtained make this

technology particularly suitable for making automotive and jet— o

ergine parts that are highly stressed.

Explosive Cmpactim '

This is a high energy rate technique, which generally uses
explosives. The pressure by this method can be generated either
by a punch moving at high veiocity, or by an explosive charge.
Explosive compacting is not necessarily confined to cylirdrical
campacts, shapes such as cones and hollow cylinders have also
been explosively campacted by this technique.

Several products have been made with the highest relative

densities, using materials such as :chn nickel, copper, and
aluminiim powders.
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g)

h)'

Injection Moulding

This method is an extension of the scope of powder metallurgy
techniques. It is similar to plastic injection moulding using a
plastic binder mixed with metal powder. '

Basicaily this method is different fram the conwentional powder
metallurgy techniques, in that the powder used in moulding must
be finer than in conventicnal powder metallurgy processes, also
lower isostatic pressures are required in injection moulding

dies.

Products produced by this method can have very complex shapes
and are denser and have higher mechanical properties for a given
set of sintering conditions. Parts are also more uniform, strong
and the production rates are high. However, removal of the
plastic binder before sintering is difficult and large
shrinkages (up to 40% volume change) occur during sintering.

Other Consolidation Methods , '
There are various types of other techniques which can be
considered such ast |

.‘ - slip casting

- vibratoty campaction
- spray forming, and
- conscolidation by atmospheric pressure.

Generally speaking, the aim of the above.methods is to
consolidate those materials which are difficult 'Eo form by
conventicnal melting and casting; in order to produce the final
shapes economically and to control impurities.

These techniques are primarily applicable to refractory powders,
such 'as cemented carbide powders, ceramics ete.
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4. Sintering
[References: 1, 2, 3, 5, 9, 12, 13, 14, 15, 16, 17] | _

" Sintering is the process whereby the caompacted metal powder is heated
in a furnace with a controlled atmosphere to a temperature below its
melting point, but sufficiently high to allow bonding of the
individual particles. Prior to sintering, the compact is duite
brittle and its strength (green strength) i1s low. In order to
facilitate handling, compacts may be pre-sintered by heating them to a -
temperature lower than the normal temperature for final sintering.

Mechanics of Sinterirxg

The nature and strength of the bond between the particles, and hence
of the sintered compact, depend on the mechanisms of: |

- Diffusion |

- Plastic flow

- Evaporation of volatile materials in the compact

- Recrystallisation '

- Grain growth

- Shrinkage.

Sintering mechanisms are complex and depend on the composition of
metal particles, as well as processing parameters.

Sintering Parameters
The principal governing variables in smtering are temperatu:re time
‘and the atmosphere; these are defined as follows:

a) Sinbering Temperature
Sintering temperatures are generally within 70 to 90% of the
melting point. As temperature increases, two adjacent particles
begin to form a bond by a sintering mechanism (solid-state
 bonding). As a result, the strength, ductility, and thermal and
electrical conductivities of the compact increase, as well as its
density 'I'his mechanism usually leads to shrinkage of the

compact.,
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b)

‘c)

If the two particles are of different materials,‘ alloying can
take place at the interface. It is also possible for one of the
particles to be of a lower-melting-point material than the other.
In that case, the particle may melt and, because of surface
tension, the liquid material surrounds the higher-melting-point
solid particle. This is known as liquid-phase sintering. An
example is cobalt in tungsten carbide to make cemented carbides.
In this way stronger and denser parts are cbtained.

Time of Sintering

Sintering times at these above mentioned temperatures range from
a minimum of about 10 minutes for ircn and copper alloys to as
much as eight hours for tungsten and tantalum.

Depending on time and processing history, different structures
and porosities can be obtained in a sintered compact. This also
depends on the extent of diffusicn, recrystallisation, and grain

‘growth. Porosity cannot be completely eliminated because of the

presence of voids during campaction and gases evolved during
sintering. Porosity can be either a network of interconnected
pores or cavities, or closed holes.

Sintering Atmospheves

Protective atmospheres are used in the sintering of metallic
powder systems and the reasons for controlling the atmosphere
during sintering are as follows:

i) to control the carburization and decarburization of ixron and
iron-based compacts: and '
i1) to reduce oxides, or to prevent oxidation of the compacts.

_An oxygen—free atmosphere is thus essential for the sintering of

metallic systems Although a vacuum is used mainly for refractory
metal alloys and stainless steels, the gases most commonly . used
with a variety of other metals are hydrogen, dissociated or
burned ammonia, and exothermic or endothermic-types of
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d)

atmospheres. Proper control of the atmogphere is eésential for
sintering and to obtain optimal properties.

Stages .of Sintering | .
Continuous sintering fun'xaces are used for most production today.
These furnaces have three chambers:

,,i)

ii)

iii)

Burn-off chamber to volatilise (or "de-wax") the lubricants
in the green compact in order to improve bond strength.
During‘ this part of the cycle, the campenent is relatively
weak and in the early stages of heating, it 1s giving off
wax or lubricant vapours. Dé-waxing must be steady and
thermal shock must be avoided. Generally, the furnace
dimensions and the component loading are controlled to give
slow, but progressive heating.: :

High temperature chamber for sintering. Once the green part
has been raised to the predetermined sintering temperature
(usually 60% to 80% of the melting temperature of the
lowest melting point constituent), it should be campletely
free of waxes and will already be partly sintered. The
sintering temperature is chosen to balance size changes and
density against strength and hardness.

Ordinarily, the density of the compact is increased by
sintering and shrinkage will occur. This is associated with
increased areas of contact of the particles and reduction
of the size of pores in the compact. ‘

Cooling chamber. This can have a marked effect upon the
mechanical properties of the final camponent. Fast cooling
rates generally give harder materials with finer micro

~ structures, whilst slow cooling rates give softer coarser
micro structures. Machineability is also affected. Up to

5000 parts/h can be achieved and the time can vary
depending on the material composition.
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5.

Sintering Characteristics

A weighed quantity of a powder is compacted under controlled
conditions and the dimensions of the green specimen are recorded.
After sintering under controlled conditions dimensional
measurements are again taken. The specimeh is finally tested for
mechanical properties. Sintering characteristics are generally
reported in terms of dimensional changes density changes, final
density, and mechanical properties.

Post Sintering Operations

In order to further improve the properties of sintered powder metal
products, or to give them the special characteristics, several
additional operations may be ca:fied out. Among these are machining,
deburring, coining, sizing, forging, impregnation, infiltration; and
other processes are possible such as heat treatments, plating and
painting.

a)

b)

Machining and Deburring

‘Many components require extra machining processes carried out_cn ,

them before they are camplete. For example, cross holes have to
be drilled, holes have be threaded, key-ways cut etc. These
featureg cammot be introduced in the compaction stage. After
campaction, sintering and machining; any sharp edges or sharp
corners often need removal. This is done by tumbling the '
components in a large drum filled with ceramic or plastic
granules which polish away such sharp edges, this is called "de-
burring". |

Coining, Sizing and Forging
Coining and sizing are additional compacting operations carried
out In presses. They are performed under high pressure and cause

- some deformation of parts. The purpose of these operations is to
give precise dimensions to the sintered part ("sizing") and to

improve its surface finish and strength by additional
densification through plastic deformation ("coining").
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c)

d)

An important development is the use of preformed, sintered alloy-
powder compacts, which are subsequently cold or hot forged to the
desired final shapes in cleosed dies. These products have good
surface finish and dimensional tolerances, with uniform and fine
grain size and distribution, and a microstructure relatively free
of grain boundary segregation and precipitates. The superior
properties obtained make this technology particularly suitable
for making automotive and jet engine parts that are highly
stressed. ‘

Impregnation and Infiltration

The permeability of powder metallurgy products created with
controlled porous structures opens up two other possibilities,
impregnation and infiltration. Impregnation refers to the forcing
of oil or other liquid .into the porous networkr by either
iminersing_ the part in a bath and applying pressure or a
caonbination vacuum-pressure process. '

When the porous structure of a powder metallurgy product is not
desirable, the part may be subjected to metal infiltration. Here
a metal of a lower melting point than the major constituent is -
forced into the product under pressure, or absorbed by capillary
action during the sintering stage.

Heat Treatments, Plating and Painting

Powder metallurgy products may also be subjected to more
conventional finishing operations such as heat treatment, and
surface treatment. If the part is of high density or metal
impregnated, conventional techniques are employed. Special
precautions, however, must be employed' when processing low
density products.

Nearly all common methods of surface finishing are applicable,

again with scme nbdifi_.catim of . . porous or low density parts.
For example, porcus components need to be infiltrated with
plastic impregnants, so that electruplating techniques can be
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employed. Painting of surfaces of powder metallurgy components
is, of course, easily carried ocut by spraying or dipping. Hot
dipping can be carried out as with fully dense ocomponents; as
long as the process does not change the microstructure in the
heating and dipping into the molten metals, zinc (galvanising) or
tin (tin plating) etc.

1.8 PROPERTIES OF POWDER METALLURGY PRODUCTS
[References: 1, 5, 6, 7, 9, 10, 12, 15, 16 and 17]

Because the properties ofpdedermetalluxgyproducts depend on sO many
variables ~ types and size of powder, amount and type of lubricant,
pressing pressure, sintering' temperature and time, finishing
treatments, and so on - it is aifficult to provide generalised
information.

Properties can range all the way from low-density, high-porosity parts
with a tensile strength as low as 70 MPa; +to high-density, minimal-
porosity pieces with tensile strengths of 1250 MPa or more, strengths
of 275 to 350 MPa being most cammon. '

.In general, however, all mechanical p;:operties show a strong
dependence on density, with fracture related properties such as
toughness, ductility, and fatigue 1life showing a stronger dependence
~than strength and hardness. The strength properties of the weaker
metals and alloys are 6ften equivalent to the same wrought metals. As
alloying elements are added to produce higher strength powders, the
resultant properties tend to fall below those of wrought products by
vérying, but usually substantial, amounts. As larger presses and
- processes, such as powder metallurgy forging, are employed to provide
greater density, the strength pmpérties of powder metallurgy products
will more nearly equal those of wrought materials. '

25



Porosity can also affect physical properties. Electrical, thermal, and
magnetic properties all vary with density. On the positive, front, the
porosity does pramote sound and vibration damping and many powder
metallurgy parts are designed to take advantage of this feature.

1.9 SUMMARY: OBSERVATIONS OF THE POWDER !‘IEI‘AIIIM PWS‘

1. Selection of Metal Powders
There are two main factors which should be considered when selecting a
. metal powder: :

1) the alloy required in the finished part: eond
ii) the physical characteristibs needed in the powder.

" 2. Classification of Metal Powders
Metal powders are distinguished from one ancther and classified under
the following headings:

1. Particle size and distribution

2, . Particle shape

3. Surface profile

4. Particle microstructure, whether solid, porous etc.

3. Successful Production by Powder Metallurgy
This depends on proper selection and control of the following process
variables: '

a) Powder characteristics

b) Powder preparation

¢) Type of compacting process

d) Design of campacting tools and dies
e) Type of sintering furnace '
f) Composition of sintering atmosphere
g) Cholce of preduction cycle

£)  Post sintering operations required.
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1.10 AIM OF RESERRCH

Research activities in the field of powder metallurgy are steadily
increasing using traditional powders and powder mixes. There 1s now
a growing need for new types of powders with a variety of properties.
Hence there is an interest in camposite powders which can cambine the
characteristics and properties of a numbef of materizls in cne

The ability to make coated powders by hydrometallurgical methods has
led to the possibilities of a new generation of powders designed to
have specific physical and mechanical properties.

The aim of this research was to examine the methods available for
coating powder particles both metallic and ceramic particles, with
‘one or more metallic coatings The nature and character of these
camposite powders would be examined and studied fully. After such
| examination, the properties of campacts made from these composite
. powders in the sintered and unsintered states would be determined.
This would be followed by a microstructural examination of the
sections of the compacts and the coated powders. Hence it was hoped
to understand the effect of these coatings on the properties of these
camposite powders, soﬂ:atsomeestmateofﬁmeallcyingorother
effects, could be made.

The possible applications of these camposite powders would also be
considered, such as the possibility of iron particles coated with a
copper/tin composite coating, which could be used as a cheap
' replacement for bronze powders in filters or bearings.

Metal coated ceramics, particularly carbides and oxides, have some
applications in the cemmet mamufacturing industries. Metal matrix
_cornposites can also be made from such metal coated ceramics, ag well
as many porous cermets. These metal coatedceramics could aisohave

uses in flame spraying, plasma spraying and cother coating processes
which use powders
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In this research the powders studied were limited to: iron, silicon
carbide, tungsten carbide, tantalum carbide and aluminium oxide. The
coatings applied used metals which were copper, nickel, cobalt ahd
tin, Only certain combinations were chosen which could have an
industrial application, such as for example, nickel coatings on
silicon carbide and cobalt coatings on tungsten carbide.

The research also aimed to discover the best operating parameters
needed to coat a particular powder successfully, so that this
knowledge could be applied to coat any type of powder particle with
any type of metal or carbination of metals. .
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CHAPTER 2
LITERATURE SURVEY ON COATED POWDERS

2.1 COMPOSITE POWDERS

1. what are composite powders?

The term "composite" usually degignates a combination of materials
which form neither alloys nor compounds. This includes both metal-
metal and metal-non-metal combinations. |

Composite powders usually consist of "coated" powder particles. Each
individual particle consists of a core of one particular material
surrounded by a shell of another material. The two materials may not
necessarily combine to form an alloy or a compourd.®

‘2. History of composite powders

ﬂmfirstattanpttoproducecanpositepowdexswasrecordedinthe
patent of Viertel and Egly?l issued shortly after 1900. The
procedures used were either similar to the one developed for the hard .
metals??, or called for introduction of the binder in liquid form by
dipping, infiltration etc. Gebauer developed such a procedure in
191623 and the process was carriec'l_‘ further by Baumhauer24 and
Gillette?S in 1924. Pfanstieh1?® in 1919 obtained patent protection
- for a heavy metal, consisting of tungsten and a binder which contained
‘copper and nickel. Around 193727, the bearing production was
considered to be the first comercial application.  In the period
from 1945 to 1955, a large mmber of publications were listed by
Kieffer and Jangg?®, in their review on the new developments in powder
metallurgy. Protective coatings on uranium dioxide particles for the

nuclear fuel industry have also contributed to this field of
'I:echncvlcogy29 '

Between 1960 and 1970 much work was done on the production of - coated
powders using two different techniques known as vapour deposition and
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hydrogen precipitation from agueous solutions., These two techniques
were developed in the USA and Canada by Powell, Oxley and Bloche who
described the vapour deposition technique3®, while Meddings, Kunda and
MackinS! and Evans®2, among numerous others, described the hydrogen
reduction method, Sherritt Gordon Mines Limited>> published a patent
specification in 1981, which ocutlined significant inventions in
progress for producing metal-coated camposite powder particles. Core
materials, which may be utilised with this invention, included metals
and non-metals which can be coated with a layer of metal, also kxwm
as the hydrametallurgical method

Meddings>? mentioned in 1984 that there were more than fifty types of
composite powders, consisting of a core and coating, which have been
produced comercially. Foba and ColemanlO in 1986 studied three wet
manufacturing methods 'employed for the production of the coated
powders. These methods include electrolysis, electroless .techniques
and displacement reactions. They investigated the mechanical
properties of coated iron powder compacts, andﬂueprop_ertiésofthe
resulting compacts were compared to those of compacts produced from
pure iron powder. As a result of this investigation it was found that
 the iren can be coated with metals, which include Cu, Ni, Pb, Co, Sn
etc by ény of the coating methods mentioned previously. These
coatings can affect the properties of given composite compacts, and
they can be produced in coherent coverings without precipitating the
metal coating as free particles within the iron powder. It was also
noticed that the composite powders take up properties of the coating,
- which controls the mechanical behaviour of the compacted composite
powders. R

2.2 PRODUCTION TECHNIQUES OF COATED POWDERS

1. Immersion/Displacement Coatings (References 10, 35 and 36)

Metal displacement reactions, also knov'v_n as jimmersion platihg
reactions or cementation, have been known and used for hundreds of
years primarily to win metal fram leach liquors. This process involves
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the precipitation of a material from a solution of one of its salts
onto the surface of a less noble material. Therefore, potentials
generated by chemical reaction with the bath at a metal surface may
produce electrodeposits without an external scurce of current. If the
substrate metal is electrochemically more active than the protecting
metal, the surface of the first may act as a catalyst and reducer, and
the resulting process is defined as an "immersion coating”.

' The general reaction between the cation A™ and a metal B giving the
metal A and cation B is:

na™ + mB(s) - nA(s) + mB™ @

The electrochemical nature of such a reaction can be seen more ¢learly
if equation 1 is separated into oxidation and reduction half-
reactions. At an ancdic site on the surface of metal B, oxidation is
taking place: _

mB(g) — mBY" + me ' (2)

At a cathcdic site, the cation of the second metal is‘being reduced:
nA™ + rme —» nA(s) (3)

Thus a condiﬁm for the displacement reaction to occur _is that the
electrode (reduction) potential of pure B in the solution of B™* icns
1s more negative than that of pure A in the solution of A™ ions.

There are a rumber of metals which are produced by metal displacement

from solution, these are: Cu, Ag, Au, Bi, Ge, Cd etc. Certain alloy

deposits (e.g. brass) can be produced provided complexants are used to
equalise the reduction potentials of the two metals concerned. -

© The main advantage of this method is that it is cheap and easy to
carry out. Limitations with the method are many, such as: non-

metallic substrates camnot be coated. Also, the coating thickness is
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limited to a maximum of 1 micron because as this process contimues,
the substrate becomes less accessible to drive the reacticn. The risk
of corrosion occurs if the solutions are not complex enough due to a
‘tendency of the coating to be roble towards the substrate.

2, Electroless (or Chemical) Plating :
Electroless deposition is a chemical reduction process which depends
upon the catalytic reduction of a metallic ion in an aqueocus solution
containing a reducing agent, and the subsequent deposition of the
metal without the use of electrical energy>/. In this respect it
differs from electroplating .and can be an alternative coating
method38. Also it differs from other typeé of chemical. plating
processes, such as displacement processes, in rot involving a chemical
reaction with the basis metal 3°. Metal deposition by this technique
can be only on a catalytic surface and unfortunately not every metal
will act as a catalyst and the choice is therefore limited to those in
the eighth group of the pericdic table. Unfortunately the successful
operation of an electroless process does not end with the selection of
the correct ingredients for the bath. The rate 6f deposition is
markedly affected by temperature and pH variables®®. To overcome this
" problem usually complexants are added to the bath in order to “
maintain the metal ion in solution.

‘Electroless deposition provides several characteristics superior to
electrodeposition processes by producing a more uniform coating,
particularly when applied to complex geometrical parts. It may also be
applicable to a greater variety of substrates ranging from metals and
semiconcuctors to nen-conductors. The use of an auxiliary power supply
and the need for electrical contacts is eliminated. The resultant
~deposits of this technique have unique chemical, mechanical and
magnétic properties. Since electroless deposits involve the use of
reducirg agents and camplexants in the bath, it could be considered as
an. expensive rnethod40. This deposition technique can be applied for
‘coating of many metals, metalleoids, metal alloys, non-metallic
elements, refractory materials and plastics.
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. Nickel is a very suitable material for coating, however, under proper'
conditions, other metals such as cobalt, copper, molybdenum and silver
alone or in carmbinations of two or more metals, can also be applied
for coating®l. All these metals are precipitated from their solutions
in the elemental form according to the reaction:

Me™t +Hy o+ Me + ZH'

The exception to this general rule is mlybdemim, which pxecipitates
as a .1ower oxide and can be converted to the metallic form by
subsequent reduction with hydrogen at about 1000°C. (See references
36, 41 and 42). | |

3. Electrolytic Deposition Process

The laws of electrolysis, formulated by Faraday in 1833%%, afforded
the first quantitative demonstration of the electrical nature of
matter, and have long defined the unit quantity of electricity. Today,
unmodified by newer discoveries, they remain among the foundations of
physical science. | |

Electrolysis is carried out in a bath which may consist of fused salts
or of solutions of various kinds; in commercial practice it is almost
invariably a water solution, where the metals are deposited from
solution by electrolysis, which requires electrical contact to be made
with the substrate material being coated. In order to deposit coatings

uponpmvders it is essential to maintain the powder in cmt:l.nuws_'
an 43
motd

A fluidised bed with an electrode technique is usually most convenient
to use in this respect. 'I'he idea of a fluidised bed with an electrode
led to much research in the 1970's on the characteristics of the
powders produced by this new process. Itpranisedtobeannmroved'
method in electrowinning and even electrofoming , where much greater
surfaces, due to use of particles, will make it possible to operate at
higher current densities with increased current efficiencies. This
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electrode has so far proved very problematic showing a variation in
potential distribution across the bed depth.

. Many workers®2:40:47,48 paye studied the effect of several parameters,
such as bed characteristics (height, expansion) and position of feed
electrode, on potential distribution. Several camposite powders have
been obtained and it was also possible to produce composite coatings
electrolytically on ceramic powder dispersiéns4g. On non-conducting
ceramic powders; thin metal coatings are needed (produced say by
electroless coating) first before any electrolytic deposition can
occur. Composite pcwders'produced by this'metl'nd include: ocopper on
iron, nickel on cobaltso, nickel on iron°l
silver on iren 52, and many other combinations.

and silver on copper,

4. Mechanical Coating (References 3, 5 and 7)

The procedure for this method inwvolves milling relatively campact
particles of a hard metal with a small amount of a finely powdered
soft material. It is the procedure generally used for the production
of cemented carbide powderss. Tungsten carbide and cobalt powders are
frequently ball-milled and the product used for preparing cemented
tungsten carbide with cobalt as the binder phase. This could be
applied for preparing composite powders, especially when quality of
éoating and obtainable thickness a:.;e not important criteria. The
equipment used for milling these hard and brittle materials can be of
many types, varying with the toughness of the metal. It may consist
of one mill, or a combination of several, and may utilise rod mills,
ball mills, impact mills, disk mills, stamps and rolls. To minimise
contamination of the powder, the wearing parts of such equipment are
provided with hard and durable facings. Undue heating and plastic
deformation of the powder is sometimes prevented by water-cooling of
the grinding surfaces. |
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5. Chemical Vapour Deposition (CVD)

This is cne of the oldest known methods for depositing metals, alloys
or compound deposition from the vapour phase onto a solid substrate by
some form of chemical reaction53'54. This process has been used since
1895 for producing nickel fram the thermal decomposition of nickel
carbonyls. The nickel carbonyl vapour decamposes into carbon monoxide
and metallic nickel, which deposits upon the surface to be coated at
high temperatures, usually between 400°C and 800°C. The following
reaction can occur:

Ni(CD)y - Ni + 400

Cline and Wulff in 1954°° coated various ceramic powders with nickel
by this reaction. These workers were involved in the development of
cermets for high temperature use and conceived the idea that a
camplete film of metal around each individual ceramic powder particle
might lead to improved physical properties of the sintered cermet
body. Powders such as alumina, silica and silicon carbide were coated
with complete filrhs of nickel by this technique. Oxides and
hydroxides can also be deposited, as in the reduction of oxides with
hydrogen, to yield metal or alloy coat:l.ngs56 Chemical vapour
deposition is particularly useful in industry today and is an
important technique for coating of refractory materials and deposition
of refractory coatings, both metallic and ceramic. These coatings find
their application in the finishing of cutting tools and drill bits for
increased wear and corrosion resistance.

6. Physical Vapour: Deposition

This technique is similar to chemical vapour deposition but the
coating usually involves only the deposition of atomic species without
any kind of chemical reaction. There are a number of techniques to
generate the plating material and the most common of these are either:

Ion §putterix§g, in which the material is eroded fram the cathode when
a glow discharge is struck in a partial vacuum; or by evaporating
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material off the coating metal or alloy and subsequent deposition on a
substrate held at a lower temperature57'58. vapour deposition
techniques usually operate under low pressure conditions and careful
control of both pressure and temperature gradients between source and

substrate are necessary for successful operationsg

The application and importance of this technique are similar to the
chemical vapour deposition. Because of the lower vapour pressures of
metal, deposition rates are usually lower than for chemical vapour
deposition. Quality and purity of deposits are claimed to be better,
and are more easier to control than for chemical vapour deposition.

7. Other Coating Techniques

a) Dip Coating

Among the metal coats obtained by dipping into a liquid, tin and zinc
coating are most frequently used in the metal industry; <followed in
frecquency of use by aluminium and low melting alloy coatings. The
process involves the substrate being immersed or passed through the
tnolten metal (with low melting point) after suitable pretreatment.
This technique is covered in the book on modern electmplating by
'Lowenhein?, |

b) Conwversion Coatings

These techniques inwolve changes between the surface material and the
60

coating by chemical conversion The processes which use this
treatment - include phosphating, carbonitriding, nitriding and
carburising. These and others have been described in the boock on

protective coatings for metals by Burns and Bradleyﬂ.

2.3 THE RPPLICATIONS OF COATED POWDERS

| S

Despite the fact that composite powders are relatively new materials,
many papers have been published suggesting possible applications in
various fields.
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1. Alloys
Coated powders can be used for alloy production by powder metallurgy -
routes. It is possible to alloy nickel-coated copper powder faster
and more efficiently than mixed nickel and copper powdersez. By'
conventional methods, adding phosphorus to molten nickel, it is not
possible to produce nickel/phosphorus alloys coontaining more than
about 13% phosphorus. By solution deposition methods, it is possible
to coat phosphorus powder with a camplete coating of pure nickel. The
coated powder so produced is quite stable up to 325°C.

In some cases the application of a coated powder is a function of the
two components. The sintering of compacts of tungsten or molybdemm
powders can be accelerated by the presence of small amounts of nickel.
Under normal conditions it is difficult and time consuming to sinter
molybdenum powder to nearly full density, but by use of this
phencmenon  of "activated-sintering” it is possible to achieve this
density in much shorter times. Powder mixtures can be used, but it is
found that better and more reproducible results can be obtained by
depositing the necessary nickel on the molybdenum powder as a
'coat:l.ng63. : '

2. Porous Metal Strips . -
Porous metal strips are widely used as fillter media or as. porous
electrodes for fuel cells or nickel-cadmium batteries. These strips
are usually made by the compacting and sintering of powders. Composite
powders offer an alternative method for‘porous strip production.
Suitable composite materials are metal coated fibres of glass,

graphite and polyurethane foam, or graphite powder.

Nickel coated graphite is particularly suitable and unique in this
respect. It can be pressure or roll campacted, sintered, hot and cold
rolled to any specification and the carbon can then be removed from
the fabricated material. This leaves a porous strip, whose final pore
size can be controlled by the size of the graphite particles initially
emplcyed.} Butts®® describes the application of Ni/Al composite powder
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for prepai‘atim of a low density and cellular metallic material, which
has good abradability characteristics, is resistant to oxtidation and
erosion, against the flow of hot and high velocity air. This material
will expand. during processing, improving contact and bonding within
itself and within the substrate. The nickel aluminide product has good
boending with the substrate and does not expand when exposed to high
temperatures. The avallability of these materials and decreased price
hag led to a prdrotion of their usage.

3. Bbradable Seals |

Nickel/graphite composite powders find an application in a number of
aircraft turbine engines as abradable seals. The function of the seal
is to preserve the pressure differentials through the varicus turbine
stages and in this way increase the efficiency of the engine. In
order to achieve this, the seal is adjacent to the tips of the turbine
bladeg and varies and is located so closely, that the moving blade is
permitted to touch the seal and wear a path in it. The seal must be
abradable, physically strong to preserve the pressure differential and
resistant to oxidation and erosion conditions. These seals may be
built up fram successive layers of flame or plasma sprayed deposits or
by a sintering technique.

Fustukian, Mehta and Evans®® have studied the application method and
properties of nickel/graphite deposits in turbine engines for
abradable seals applications. They concluded that the properties of
the coatings were sensitive to powder camposition and thermal spray
 distance. : ' '

4. Dispersion Strengthened Materials

In a paper published by Kunda and Evans30-32:66 it menticned that the
submicron particles of wvarious oxides were activated by palladium
chloride and coated with nickel and the products were then sintered .
and consolidated into denée strips. Hardness tests on strips at .
various temperatures showed that specimens prepared from composite
powders containing the oxide phase (v 3% by weight) retained its
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hardness at elevated temperatures indicating the possible use of
composite powders for preparation of dispersion strengthened
materials,

5. Low Frictim Materials

Low friction materials are used primarily in engines to reduce the
friction of the moving parts. In many instances lubricating oil cannot
~be applied because of the high temperatures. Composite powders having
low friction cores appear to be ideal materials for such applications.
Many composite powders having low friction cores, have been prepared
and fiame or plasma sprayved onto a .'mild steel substrate without
difficulty. The results showed that all of these composite powders
could be sprayed using standard flame or plasma spraying
equipment®7:68,69, pouders with particle sizes ranging between 44 and
105 microns were more suitable for flame spraying, while those between
5 and 40 microns were suitable for plasma spraying. Powder particles
below 5 microns were undesirable. However, to fully appreciate the
use of composite powders as low friction materials, more research work
‘is required ' |

6. Hard Materials

Extensive investigations on hard facing materials are being carried
out in the USA, Japan and Europe, particularly in Austria. These
research activities emphasise the role of such materlals in modem
technology.

Ettmayer and Kieffer’C and Schwarzchoff and Kieffer’l have published
data on the hardness and melting temperatures of some metal carbides,
nitrides and boride compounds. Most of these materials are suitable
for gpplications as hard facing materials and for the manufacture of
cutting wheels and cutting tools. Many publications72 -enumerate
- various methods by which carbides are produced such as: synthesis
from elementé, reduction of metal oxide by carbon, deposition from
gaseous phase, electrolysis of molten salts and chemical
precipitation. Similar methods can be employed for the production of

nitrides and borides.
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2.4 THE PROPERTIES OF COATED POWDERS

The chemistry of the two or more components of a coated powder can
obviously vary throughout such a wide range so that it is not possible
to generalise easily upon the behaviour of these powders. However,
.ﬂuesepowders: do have some general physical characteristics in commen.

Generally, both metallic and non-metallic core powders with particle
sizes ranging from less than 1 micron to greater than 100 microns .can
be coated. Nickel or cobalt, and sometimes copper, is usually used as
a metal coating and ranges in thickness from 2 to 3 microns. This
‘thic}chess range allows adequate particie suspension within the
solution. Consequently powders may be produced in which the coating
welght comprises 20 to 99 wt$, and core weight represents 1 to 80 wt%.

More than 50 types of composite powders consisting of a core and
coating have been produced cammercially®?. Such composite powders are
inherently heterogenecus, in that each particle consists of a core of
mematerialandaooatingof ancther. 'Ihepowderasawlnle however,
is homogeneous because no segregation of the two components is
possible during transportation, storage, or handling " The apparent
. densities of the products are dictated primarily by the 'specific
gravity of the oorr@onents, the particle shape and size of the core,
and the thickness of the coatings, while the screen size distribution
of the product is dependent on the quantity of' core and the
agglomeration of the powder during the deposition of the coatings.
~ The relationship between thickness of coating and the fraction of the
total weight represented by the coating is fixed by both the surface
areaoftheoorematerialandthedensityratiooftheooream!
coating materia1329 32,33,41, -
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2.5 THE ADVANTAGES OF COATED POWDERS OVER UNCOATED POWDERS

Ocated powders have several distinct advantages over uncoated powders,
such as their homogeneity within the powder metallurgy product is
increased with coated powders. They have the advantage of joining two
diverse materials'lmifomly by the coating cambination which justifies
their use in many tribologic applications. These vary from hard and
wear resistant materials to low friction bearing materials. Another
advantage is the possibility of obtaining high dimensional tolerances
on products which can be manufactured at lower cost. An example is the
use of less expensive nickel coated glass particles in the fabrication:
of porous electrodes for air furnaces.

The ceating of Cu-Sn alloy on iron particles could 'l_ead to the
" inexpensive production of bronze alloys instead of mixing expensive
copper and tin powders to produce the same alloy.

Last, but not least, the main charactéristics of coated powders, which
could also be considered a great advantage over uncoated powders, is
that very thin coatings of metals on high temperature alloy powders
are known to activate their sintering and produce high deﬁsity
materials in shorter times and/or at lower temperatures, resulting in
Better mechanical propertie35'3'17'73.

2.6 Q-IEMIC!&LPROCESSESBRSEDONPCWDERE)SYSTB'S

1. Fluidised Bed Processes

The phenomenon of fluidisation of powders has been extensively
researched over the last fifty years. It was not until 1952 that
research workers at the German firm Knapsack-Griesheim developed this
principle as a method of dip coating metallic articles with
thermoplastic powdefs. Within ten years this process had become
widely accepted as an industrial coating operation and extended to
include the fluidised bed application of thermosetting powder
coatings74.
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This technique was also used in powder metallurgy in order to deposit
coatings upon powders, where it 1s essential to maintain the powder in
continuous moticon, particularly in deposition of metal, non-metal or
alloy coatings. Vapour reacting coating deposition represents "gas
fluldisation"46:75:76,77 110 the wet method represents the "liquid
fluidisation", which includes the electroless and displacement coating
methods.

2. Fluidised Bed Electrode

The application of the fluidised bed electrode (FBE) method has been
the object of considerable academic’87% and same industr1a180,81
interest. As with several other recent advances in electrochemical
engincering, FBE resulted from the adaptation of a well established
device in chemical engineering to mass transport and scale-up problems
in electrochemical reactors. While the physics of its operation at the
‘microscopic level are still a matter of scme ccntentimsz ,83, there is
agreement that its microscopic performance may typically vield (in
cross sectional) limiting current densities which are more than two
orders of magnitude greater than at a planar electrode operating under
canparable electrolyte flow rate384 85. This reflects the benefits of
a high specific area and high rates of mass transport to the particle
surface within the bed.

The main advantage of the FBE over its fixed bed ciunterpart, where
during electrodeposition the bed particles grow as discrete entities,
has encouraged its use for electrowinning and for the treatment of
metal-bearing Industrial effluents. Correlations exist in the
1iterature®®:87 to describe the operation of the FEE, under pure mass

transport control.

3. Fluidised Bed Chemical Reactor . | _

There are two types of fluidised bed systems which can be identified
as aggregative fluidisation and particulate fluidisation’4:79, The
first tends to be associated with the gas fluidised beds, whilst the
second tends to be associated with the liquid fluidised beds. Workers
such as Steward and Dav:l_.d:a:on88 and Leung89 agree that the ratics of a
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density of solid particles i.e. P /Py reflects on the behaviour of the
bed of fluidised particles, whether they act aggregatively or in a
particulate manner. Thus a bed of tungsten beads fluidised with water
(Pg/Pg + 19.3) shows the formation of bubbles and slugs, while light
powders fluidised with high pressure gases can be expanded
considerably before bubbling occurs.

Other workers like Richardson and Zaki’® established an important
quantitative relationship that is widely applicable to particulately
liquid-solid fluidised beds. This relationship is between the .
| superficial fluid velocity and particle bed voidage, taking into

account the wall and interparticle frictional effects.

This relationship is as follows:

S|<

where U = superficial velocity of liquid
| £ = 'voidage _ ‘ ‘ )
U* = sedimentation velocity in liquid medium under gravity
n = a specific constant. o

In theory and practice, fluid viscosity and density, and bed particle
size, size distribution, density and shape. are all important
- parameters of fluidisation and fluidisation tecl':rnlogy74'75 .

A fluidised bed offers a means of burning cocal and other solid fuels
efficiently, but using smaller equipment which gives less pollution
than more conventicnal methods of cambustion; and so provides an
attractive alternative design for power generatich purpcses. Fluidised
bed powder coating76 is another commercial process, besides fluidised
heat treatment furnaces in metallurgical processes74.
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4. Mechanically Agitated Vessels

The mechanical agitation process is used in many chemical procésses,
where it involves a suspension of solid particles agitated in vessels.
This may be achieved either by rolling the wvessel or keeping it in
motion; or by using impellers or stirrers to disperse or suspend
particles in a fluid media’l. It is desirable that complete

suspension conditions prevail both for rapid mass transfer and -

operational considerations, especially in systems where a reaction
occurs between the fluid medium and the particle surface®2,

When a reactive fluid is contained in a vessel and an impeller is used
to agitate the particles in that vessel, then the speed at which
particles just become fully suspended should be a maximm value with
respect to available surface area for mass transfer and power

cor151Jm,t_:x’(::i.osng3 .

In work done by Zwieteringg4, he proposed an equation for optimum
' impeller speed from dimensional analysis, and defined the state of
coamplete suspension as that at which no particles remain at rest on
the bottom of the vessel for longer than 1 to 2 seconds.

m = 0.55 ~0.85
My, D

= optimum impeller speed

= constant which is a function of the system's gecmetry
particle diameter

fluid viscosity

s0lid concentration

acceleration due to gravity

difference between solid density and fluid density
stirrer diarpeter

fluid density.

|| I [

S P ra wg;;,oum‘::
1

It
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However, this estimation for Vj; was not in agreement with same workers
such as Narayan et al®d and Welsman and Efferding®®, but others such
as Neinow?/ and Baldi”® agreed under specified conditions. The latter
indicated that in particular, the ratio of the impeller distance from
the tank bottom to the impeller diameter was a more significant
parameter than Zwietering had in his work. Baldi's analysis also
found ancther significant conclusion that the average particle size
could be substituted straight into the equation without any
corrections for particle size distribution.

2.7 COATED POWDERS IN INDUSTRY

The preparation and application of coated powders, sometimes i‘eferred.
to as composite powders, is well known and widely reported in the
literaturel=7,

Despite the fact that camposite powders are rela;c:ively new matérials,
many papers and patents33'99'1°3 have been published suggesting
possible applications in varicus fields. The studies by Lund, Irvine
and Mackiw®? confirmed and showed the advantage in using composite
powders in the preparation of alloys. They have studied the sintering -
and alloying characteristics of nickel coated copper powders, copper
coated nickel powders and mixtures of nickel and copper composite
powders. The results showed that the camposite powders produced a
campact of a much higher density. formed alloys at a much faster rate
than mixtures of elemental powders and did not segregate during the
processing.

The alloying characteristics of Ni-Co-Cu, Ni-Co-Mo campacts prepared
‘from composite nickel coated powdexs‘ and mixtures of elements were
also studied by Lund, Krantz and Mackiw®3,

Arother application of such composite powders is in commercial use in
- a number of fields. For example, nickel coated graphite powders are
used in the formation of abradable seals for gas turbine engines.
Cobalt coated tungsten carbide powder is flame 'sprayed ento knife
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blades to form hard, wear resistant cutting edges. Nickel coated
aluminium powderm4'68'69 is flame sprayed onto various substrates to
provide a strongly adherent bond coat in the preparation for further
coating.

A patent by Butts!O® describes the application of Ni/Al composite
powder for preparation of low density, cellular metallic material
which has good 'abradabiiity characteristics and is resistant to
axidation and erosion against the flow of hot and high velocity air.
This material will expand during processing, improving contact and
bonding within itself and with the substrate. The nickel aluminide
product has a good bonding with the substrate and does not expand when
exposed to high temperature. |

Another dimension to 'ccmposite powder technology is in applications
for the activated and liquid phase sintering of refractory metals and -
cerami 73.

Ettmayer and Kieffer’C and Schwarzhoff and Kieffer’! have published
data on the hardness and melting temperatures of some metal. carbides,
"nitrides and boride campounds. Most of these materials require a
coating before they are suitable for application as hard facing
materials and for the manufacture of cutting wheels and cutting tools.

Similar applications by other publications72'106 enumerate many
methods by which carbides are produced: synthesis from elements;
reduction of metal oxide by carbon; ciepositicn from gaseous phase;
electrolysis of molten salts; and chemical precipitation. Production
and availability of these materials and decreased prices has led to a
promotion of their usage. ‘ ' | '

Other potentially useful gpplications of coated powders will be in the

use of safe metals for coating toxic metals like beryllium, may also
be advantageous. ' B
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Protective coatings on uranium dioxide particles can be of great
benefit for the use in the nuclear fuels :Lmiustryzg'le‘.

The bearing and filter manufacturers may also consider Cu/Sn coated
iron powder which could have scme advantages as a replacement for
expensive bronze powders.

Probably the main use of coated powders will be in the field of metal
matrix composites and in cermet manufacture. The addition of SiC to
aluminium alloys is already a possibility to make a stronger. product,
is just cne example. The use of WC and Co in cemented carbides may be
another field where coated WC particles may be useful in the
production of WC/Co cermets and similar hard materials.

This research therefore is an attempt to examine some of the

possibilities in this area of industxrial powders and hopefully to show
the usefulness of composite powders.
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CHAPTER 3
EXPERTMENTAL DETAILS

3.1 PARTICLES AND COATING PREPARED AND EXAMINED

. This chapter describes the experimental work carried out on coating
powder particles with metallic coatings and the varicus mechanical -
properties achieved by compacts made from them. This chapter is split
into two paft:s as shown below. -

a) Deposition of copper and copper-tin alloy on iron particles with
a size range of -150 +125 pm, using a chemical displacement
method in fluidised bed apparatus, was carried out producing the

- . follewing compositions: '

1. Fe - 1.5 Cu wt$ (stirred bath)
2. Fe - 7.1 Cu wt% (Fluidised bath)
3. Fe - 8.6 Cu wt% (Fluidised bath)
4. Fe - 9.8 Cu wt% (Fluidised bath)
5. Fe - 0.7 Cu - 0.2 Sn wt% (stirred bath)
6. Fe - 3.5 Cu - 1.3 Sn wt$ (stirred bath)

7. Fe -4.3Ca-2.15n wt? (stirred bath)

b) Electroless deposition of nickel, copper and cobalt on alumina
| (45 um); silicon carbide (29-250 pm, and 400 um): tungsten
carbide (45-150 pm) and tantalum carbide (45 pm) particles was
carried out producing the following campositions:

Copper coatings:

1. sic (29 #m) ~ 0.7, 8.1, 35 624wt%
2. SiC (250 km) - 4.3, 14.3 wtd

3. SiC (400 um) - 5.3 wt%

4. AlL,0; (45um) - 3.4, 7.1, 11.7 wtd

5. TaC . (45 um) - 12.8 wt%

6. WC (45-150 um) - 8.74, ;35.0' wt%.
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Nickel coating:
1. Al,03 (45 m) - 1.9, 3.1, 634wt%
2. Sic (29 um) - 1.3, 8.33 wt¥
3. sic (250 ym) - 3.5 wt¥
4. S8iC (400 um) - 7.4 wtd
5. WC (45-150 ym) - 5.71 wt¥
- 6. TaC (45 pm) - 4.8 wt%.

Cobalt coating:
1. WC (45-150 ym) - 12.71 wt%
2. SiC (29 Mm) - 0.74 wts.

Most of the coated powders menticned above were pressed, and their
properties examined to determine the effect of the coatings on the
powders during pressing and eject:Lng.'

Properties measured were compaction pressure, density and density
changes, hardness of the compacts, and strength and elastic modulus of
~pressed conpacts.

The surfaces of the ccated powders and the microstructures of the
catponentswerealso examined,

These data were collected to assess the effects of the metal coatings
mthebehaviourofthe&xbstrateparticleswlmcmpactedintoa
compenent,

3.2 EXPERIMENTAL METHODS

1. Coating of Iron Particles -

A West German iron powder (Mannesmann WPL 200) made by water
atomisation of size fraction -150 +125 um, was used for this research,
- the specifications of which are given in Table 2. Details of the
Marmesmann process ¢an be found in a review by Jonest®”, This particle
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size d.istribution was obtalned using the standard sieve analysis
'method. A sintered PVC micro-porous sheet material (Vyon F) was used
as the fluidised bed support for the powder bed in most of the
fluidised bed electrolytic plating experiments. Appendix 1 contains
information on the manufacturers and some technical details on the
_type of Vyon material used. | |

' 2. Plating of Powders and Handling Techniques

a) Pretreatment of powders

The powders were washed by deionized water and alcchol successively,
then the particles were oven dried at 50°C for 20 minutes. This
hopefully removed any dirt and oils or gréases from the powder
samples. - '

b) Fluidised bed technique

The fluidised bed vessel consisted of a glass tube with flanges at
both ends with an internal diameter of 10 an and the outer diameter of
tbe flange was around 15 am. .The porous polyethylene disc (VWon F
material) was held between two flanges and used to produce and ensure
 uniform fluidization. Two semi-circular wooden blocks were designed to
fit on the top side of the flanges to join them neatly. B

Figure 4 illustrates the cell configuration of the filuidised bed
clrcuit with bath reservoir, pump and flow pipes.

The joints of the flange were held together and rested on a flat
wooden base, in which six screws and pins were used for bolting the
flanges together, three on each semi-circular block. The flexible set
up was made in this way for easy assembly and dismantling. ‘An
additional O-ring was fitted between the flat wooden base and the
bottom flange to reduce the risk of the bottom flange being damaged.
In order to avoid leakage of the fluidising medium and powders being
entrapped beti}:een the bed support and the glass flanges, silicon
rubber was used and filled the ends of the flange joint neatly.
Although this 'axrangement was' very well sealed, the whole assembly had
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to be taken apart and thoroughly cleaned after each operation, which
was a disadvantage. This was always done after each run to prevent
subsequent contamination of the baths and also scratching of the glass

flanges by powders.

- The characteristics of this fluidised vessel were studied using iron
| powder of particle size -150 +125 pm with water as the fluidising
medium. Some observations and results were obtained Guring operation
of the fluidising bed are shown in Figure 6 and Table 4.

Only one type of iron particle was used as menticned above. Due to
the difference in particle sizes, it was observed that there was a
loss of the finer particles into the flow circuit of the fluidising
vessel. These fine particles were carried through the pump and
collected in the chamber below the bed support. This means that in
future studies, a filtering system needs to be used in this fluidised
bed apparatus. All experiments on powder plating in this fluidised
bed were carried out at room temperature.

c) Mechanically stirred vessels ‘ _
Two techniques were used to stir the particles in the plating bath.
The first involved a steel rod and a stirrer positioned in the plating
bath and driven by a variable speed motor. The rod consisted of a
three bladed stirrer; both the rod and the stirrer were made inert to
plating solutions and could withstand temperatures up to 90°C. This
was done by using PTFE tape wrapped around the cleaned rod and
stirrer, in order to make sure that no surface was exposed. A
satisfactory performance was achieved for all pH levels used (from 4.5
to 13)., at room temperature.

‘Pretxreated powders were added to the stlrred solutions with continuous

" stirring. The solutions, and the powder were then held in a Pyrex glass
vessel at room temperature.
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The second method was by manual stirring using a glass stirrer. The |
same procedure menticned above was carried ocut and a satisfactory
coating was achieved. - '

d) Bath compositions

The carpositim of solutions used for copper and copper-tin alloys are
shown in Table 5. These solutions were used for coating by the
displacement method, using the fluldised bed technique or the vessel
bath technique. ' '

e) Displacement plating in the fluidized bed

The iron powder particles of size fraction +125 -150 pm were plated
and carried out in an acid copper sulphate solution, see Table 5a and
Figure 5. Three different concentrations of copper sulphate soluticn
were used., The pH was 3 with a bed weight of 100g of iron particles
giving a packed bed height of about 0.5 am. It was observed that the
deposition of copper ions was confined to the lower half of the powder
bed when the flow velocity was below 0.53 cm/s, and before the plating
solution reached the top of the bed. This was only noticed with more
dilute solutions ocontaining lower copper concentrations. However
using higher flow rates gave more uniform results. Maximum flow
velocities used were about 2.3 om/s; with this flow velocity it was
npticed that the particle bed expanded over 100%. Some characteristics
of iron particle movements in the fluidized bed system are shown in
Table 4 and Figure 6, as previously mentioned. A problem was observed
only when the microporous bed support had blockages of the pores after -
prolonged usage. This was due to deposition of copper coating on fine
powder particles trapped in the pores. Only displacement copper
coating was carried out in this fluidised bed system. The procedure
~ for the deposition of the copper coating on iron powder particles by

this method is shown in Figure 5. - | ' ' :
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f) Displacement plating process in a mechanically stirred vessel
Coating deposition by the displacement method for a copper-tin alloy
was carried out in a mechanically stirred vessel. The solution
composition for this method of plating in bath is shown in Table 5Sb.- |
The bagic operation and the apparatus have already been described in
Section (c) above. Any quantity of powder up to 300g could be coated‘-
in quick ‘batches. Agitation was achieved successfully using up to 3
| litres of coating solution. Generally this apparatus is very simple
and was used for preparing many - sarhples of coated powders for
subsequent examination  and testing Different percentages of coating .
on iron particles were obtainedbythis method. The procedure for the'_
- deposition of the copper-tin allcy coating is given in Figure 7.

3.3 COATING OF NON-METALLIC {CERAMIC) PARTICLES-

“1. Powders Used _ _

Four different ceramic powder particles were used. These were:
alumina powder of 45 um average particle size;  tantalum carbide _
" powder of 4 um average particle size; tungsten carbide of particle
sizes between -150 and 45 pum; and silicon carbide of three size

. fractions; 29 um, 250 pm and 400 um. TaC, WC and SiC powders

'containing free carbon impur:.ties were used as received from
Goodfellow Metals Ltald2. wo attempt was made to analyse metal
impurities for these ceramic powdezs ' '

2. Bath Cmposition _ :
- Three kinds of plating solution were used: - copper, nickel and cobalt.
- The compos:.tion of ‘solutions for electroless plating for these‘
- metallic coatings are shown in Table 6. '

3. Pretreatment of Pmaders for Elec:lroless Plating Process
“All powders were thoroughly washed before _introduction into the |
plating baths. The sequence of operations consisted of sensitizing and |
activa_t:l'.ng. The compositions of soln_ti'ons' for pretreatment are shown

53



in Table 7. After each stage the particles were washed with distilled
water. These treatments are important especially for the activation
" of non-catalytic substrates so that they can be coated readily. The
pickling with HC1 for all these ceramic powders was around 3 minutes
before washing with stannous chloride solution for 3 minutes; followed
by treatment with palladium chloride for 2 minutes. During these
treatments, palladium chloride is adsorbed on the surface and is
reduced in the bath by hydrogen to the metallic form, thus forming
catalytically active sites on which the metal precipitates or plates
preferentially.

4. Electroless Copper, Nickel and Cobalt Plating Process for Ceramic
Particles ' | :
After the previous pretreatments, the particles were washed with
distilled water. The glass container was then changed to a new one
before plaﬁing with the coating solutions in order to prevent the
metallic deposition on the glass wall. The desired temperature was
maintained by a water bath. All metallic plating baths were agitated
manually or mechanicall&. The pH of the plating solutions were
measured at room temperature. Electroless Cu and Ni coatings were
 ‘deposited on Al,03, TaC, SiC and WC powder particles, whereas the
cobalt was only deposited on WC and SiC particles. The procedures for
the deposition of these three plating solutions by electroless

techniques are shown in Figures 8, 9 and 10. |

3.4  CHEMICAL ANALYSES OF COATINGS

As explained above the coated metal powders were washed with distilled
water several times, followed by filtration, then an alcchol wash, and
finally drying in an oven at 50°C. The composition of the composite
powders was then chemically analysed. This analysis was carried out on
suitably diluted solutions on an Instrumental Labofatory Ltd 151
Atomic Absorption Spectrophotometer following the relevant
instructions set out in the working manual. Around 0.02g of coated
powder was weighed from each batch and then dissolved in 5M nitric
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écid. This acld solution was used for dissolving iron powders coated
with copper and copper-tin ‘alloy compositions. Similar acid solutions
were used for dissolving metal ccatings of nickel, copper, cobalt on:
alumina, tungsten carbide, silicon carbide and tantalum carbide.

e

The .eiect'roless nickel déposifion ié usually accompanied with
phosphorus as a result of using the hypophosphate as a reducing agent;
but only very small pércentages of P were found within the electroless
nickel deposits, which in effect made no difference to the assumption
that the deposition was pure Ni. | |

3.5 COMPACTION OF COMPOSITE POWDERS

1.. Iubricant Characteristics ‘

Zinc stearate was used as the lubricant for all powders, the
properties of which are given in Table 3. This lubricant in all cases
was applied as a dilute solution of zinc stearate in diethyl ether, .
‘and was sprayed into the die cavity. For good lubrication the punches
and die walls had to be cleaned after each campaction to remove loose
powders, and the punches and die lubricated with fresh lubricant for
‘each compaction. Before the die was filled with powder, the lubricant.
was allowed to dry on the die walls, for one minute.

2. Powder Campaction

Compaction of powder was carried cut on the Instron Universal Testing
Machine in an 8 mm diameter tool steel die. This apparatus and
complete set up is illustrated in Figure lla. Figure 12 shows the
section of this punch and die set. To compact the powders, the die was
filled with a certain amount of powder. The mass levels were estimated
from practice samples produced to determine maximum load levels to be
used for the compaction process. The die was then placed on the load
cell, the top punch.was inserted intd the die, which was then pressed _
uéing a crosshead speed of 2 an/min. At this stage, the die was held
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by the wooden blank which is indicated in Figure 1llb. The top punch
was then preloaded to 4.5 kg, while the maximum full scale on the
Instron was set at 10,000 kg.

After preloading, the blank wood was removed, and the powder was then
loaded gradually by the top punch. Once the load was reached, it was
held for 3 seconds, and then released. The compact was ejected with
the aid of a hollow cylinder placed on the die. The maximum
compression load value and the crosshead movement were aubtomatically
recorded on an X-Y chart recorder and the compaction stress
calculated. ' |

3. Conparison Between Lubricated and Unlubricated Compaction

Samples of iron powder and iron with copper coatings were taken in the
size range -150 +125 pym. These were pressed at identical loads, with
and without a zinc stearate lubricant so that a comparison could be
made of the difference in compaction behaviour betweeri_ coated and
uncoated powders. This would give an indication whether the metal
coatings aided compaction or not. This was only done for iron powders
and iron powders coated with 1.5, 7.1, ssandgawt%Cucoatmgs'
(see Tables 25-29).

A similar test was carried out for the Cu-Sn coated iron powders, but
only for the 3.5 wt¥ Cu - 3.1 wt¥% Sn and 4.3 wt¥ Cu '~ 2.1 wt?¥ Sn_
coated powders (see Tables 30 and 31).

3.6 SINTERING OF POWDER COMPACTS

The sintering process for all green compacts was achieved in a
‘commercial furnace which was made available by GKN Ltd, Boundbrook,
Lichfield. The type of furnace used was a continucus 'bel‘b ‘one.  For
the copper and copper-tin alloys, coated iron powder compacts, these
 were sintered at 800°C for 9 minutes. Whereas for the ceramic powders
 coated with nickel and copper the sintering temperatures were 1000°C,
for 10 minutes. The sintering atmosphere at 800°C was carried out in
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dissociated ammonia, while sintering at 1000°C was carried out in an
atmosphere of 25% Hz - 75% N2.

All these compacts were weighed on a chemical ba;l.ahce to an accuracy
of 0. OOOlg and - all dimension measurements were taken using a _
- micrometer of 0.01 mm accuracy, to cbtain the compact densities
" before and after sintering. - “ ' I '

/Sweating was observed and non-—uniform densification cccurred and,
Jrecoz:vsza»:i:asaresult of sintering o This was observed
particularly for all compacts containing copper-tin alloy, while

cracks and roughened surfaces occurred on some ceramic compacts
containing nickel deposition on alumina. For nickel coated SiC
compacts, the dimensional changes observed were considerable

pé;ticularly for compacts produced at low compaction pressures.
3.7 MICROSOOPIC EXAMINATION OF COATED POWDERS AND OOMPACTS

1. - Preparation of Materials for Examination
" a) Preparation of samples of all metal composite powders
The examination of cross-sections of the coatings on particles under
the electron microscope was done by sprinkling some particles of
powder in a metal ring wi_th 25 mm internal diameter. This ring was
seated on a PTFE sheet which wes held down on a small plece of glass
to ensure a flat surface for the particles. The metal ring was then
filled with resin up to 3/4 of the height of the ring. This
. arrangement was then transferred to a vacuum container. The first
vacuum cycle was carried out in less than one minute. At this stage
air bubbles were formed in the bulk of the resin, which tried to
escape fram the resin up to the surface. This cycle was repeated three .
times in order to ensure that all these bubbles were removed.

Care had to be taken to make sure that too much hardener did ot
escape from the resin. After that the whole set up was taken cut and
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left for at least 24 hours at room temperature, The specimen was then
peeled off the PTFE sheet gently and subjected to standard grinding
treatments which were followed by a polishing stage.

Starting on silicon carbide paper with BSS 240 mesh grit, the specimen
was ground very lightly and then repeated on 400 mesh and 600 mesh
grit papers, and then finished on 1200 mesh grit paper. Water only
was used as lubricant during all these grinding operations

For polishing a cloth with 6 um diamond particles was used, followed
by 1 um diamond particles as a final polish. Blue and pink lubricant
solutions were used for polishing respectively. Care had to be taken
to make sure that not too much pressure was applied, both during
grinding and during polishing in order to prevent powder particles
from being pulled ocut from the resin matrix,

For pressed and sintered campacts, the only difference was in the time
of the vacuum cycle carried out which was applied for 10 minutes
longer than locse powders.

At each stage of preparation, the sections being prepared were
subjected to ulu‘asonic cleaning in alcohol, which was carried cut for
two minutes in each case. '

b) Preparation of samples of metal coated ceramic powders 7

. Powder samples for ceramic coated particles were prepared by
.sprmklingsm\epowderinaonelmhplasticnould Thewholeset
consisted of two pleces an O—ring and a flat base. =

The mould was then three—quart:ers 'fined with "Scandiplast" resin
mixture, used especially for hard materials (see Appendix 2). The
specimens were then left to set in the moulds until they cooled down
to room temperature which took about 30-40 minutes. ’
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No fur'ther treatment was required, such as a vacuum treatnent for
this preparatim as no air bubbles were formed.

The piastic mould was then peeled off the base and the whole set
matrix gently pushed out from the O-ring plastic mould.

In a similar manner as described earlier under this section, the
specimen was then subjected to both grinding and polishing operations.
The same method was used for mounting green and sintered compacts for
grinding and polishing.

2. Optical Micrnscopical Examination

All samples prepared were examined and photanicrographs were obtained
cn both black and white f£ilm and coloured slides. This was carried out
using a reflected light optical microécope, where the maximum
magnification used was about x100.

3. Scanmning Electron Microscopy Examination

Examinations using these techniques were carried cut on powder surface
structures of uncoated and coated iron and ceramic particles. Also
the fracture surfaces of uncoated and coated iron green compacts were
studied using the Cambridge Stereoscan S2A Electron Microscope.

An attempt was made to plot X-ray maps of nickel coating on both
silicon carbide and tungsten carbide particles sectioned in the loose
state. This was done to study and detect the amounts of phosphorus
present in the nickel coating produced by the electroless method using -
hypophosphite as a reductant. This was difficult due to formation of
free carbon on the surface of the sample during the examination and
since the surface of these hard particles were not smooth enough,

because they are difficult to.polish; the scanning results were
 @fficult to obtain. | ‘
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4. Electron Probe Microanalysis ‘ ‘

This was carried out using the Cambridge Microscan 5 machine. Analyses
were carried cut only on samples prepared from iron coated powder both
with copper and copper-tin alloy. These polished samples were already
mounted in rings less than 1 cm thick and with the correct diameter.
Scan lengths were between 0.5 and 1 mm long. Chart speed was 10 mm per
minute, while scan speed was 10m per minute. Examinations were
carried out on loogse powders, sintered and green compacts.

3.8 - MEASUREMENT OF FLOW RATES AND AFPPARENT DENSITIES OF POWDERS

The flow rates and apparent densities were measured for iron particles
and Cu, Cu-Sn coated iron particles only. Thesewereproducedbythe
displacement technique in fluidised bed and bath systems. A Hall
' fiowmeter was used for measuring theée flow rates and apparent
densities'O8,

3.9 MEASUREMENT OF THE MECHANICAL PROPERTIES OF COATED POWDER
| cmpncrs '

1. Density Measurement

The calculation of green density was determined by measuring the
dimensions and weights of the ccmpacts Each compact was weighed on a
balametoanaccuracyofOOOOlg. A micrometer was used to measure
five values of each of the compact height and a diameter to an
accuracy of 0.01 mm and an average was taken. The measured weights of
the pressed campact divided by their calculated volumes, produced the
green density of these compacts.

For the theoretical density, the rule of mixtures for the composition
was used, and through this value the percentage of theoretical density
was measured. Therefore, it is assumed that the lattice structure and
- parameters of deposited metal in particular was similar to that for
which the relevant 100% pure metal density was quoted!®3.
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2. Hardness Tests

This test was carried out on a Vickers Hardness Machinel®? with a
pyramidal diamond indenter. The value of the Vickers Hardness Number
(V}N)wasmeasuredbytald.ngtheaverageof at least four readings

_ obtained for each compact. '

Boﬂugreenamisintemdcmtpactsofuu':pwdercoatedwith‘copperand
those coated with copper-tin were measured using 10 kg load for the
particular indentation obtained.

For all compacts made from ceramic powders coated with nickel and
copper, the hardness test was impossible. The failure seems to be
because these compacts were very weak and could not stand the loads
applied. The test proved unreliable even under very small loads. Also
visibility of the hardness value of the two ocular madings cbtained
per indentation was almost impossible. '

3. 'memdirectrensileStressT&stsofGreenCmpactsmdefrun
Iron Powder Coated with Copper and Copper-Tinll0

'ITuswasdaqemanInsttmTestingMaclﬁne as shown in Figure 13.
ThespeedofﬂmlnstrmcxossheadusedwasOOlan/rrd.n To operate
the Instron at such speed, the maximum full scale deflection possible
had to be set at 500 kg. The movement of both the load and the
crossheadwererecordedautmlaticallybyanx-Yrecordermachart
with speed of 2 aw/min. 'I'heccmpactwasrestedmaloadcellfreely_
whilethetoPplatenwassettomvedomtocausethespecimento
fracture across the diameter as seen in the example shown in Figure
13. The test was stopped after the maximm load had been reached. Once
thefailurecracksappearedthiswasreoordedandtakanasﬂmemaxﬁmm
load ard the tensile stress was calculated
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4. The Indirect Tensile Stress Tests and the Modulus of Elasticity
on Green Compacts made from Ceramic Coated Powders with Copper
and Nickel ' | o
The tensile strain tests were carried cut on an Instron machine in a
sindlarmarmrtothégremcmpactsmade from iron coated powder as
described above. The only difference was in using a strain gauge
apparatus attached to the electrenic plotter, see Figures 14 and 15,
which show the layout of the apparatus. The strain gauge was used to
measure the modulus of elasticity of these campacts directly from the
‘same load applied for the indirect tensile test (see Figure 13).
The strain gauge extensometer was calibrated and adjusted by means of
three known calibration measurements placed between the contact
screws. This adjustment was allowed to give linear pmportién with
constant extension of 0.5 mm for each 50 units obtained directly from
the amplifier. Any movement of the-oontact screws is recorded on the
amplifier, this allows measurement of lateral straing within the
compact under test. The tested specimen was positioned so that the
contact screws touched the compact along its horizontal axis.

All values were cbtained and recorded directly from the X-Y axes on
the graphs of the electronic plotter. The input to the electronic
plotter was in two ways: ‘

1) Direct load measurement from a transducer on the Instron machina.

ii) Strain as measured by the strain gauges around the specimen by
movement of the two pins on elther side of the specimen.
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CHAPTER 4
PRESENTATION OF RESULTS

4,1 INTRODUCTION

This chapter involves the presentation of results, in tables and
graphs, obtained from the experimental work reported in Chapter 3,
These results were obtained from various physical and mechanical tests
carried out on coated and uncoated powders, and compacts made from
them. The formulae used for reducing these results are listed in
Appendix III, Detalls of the microstructures of these powders and
campacts are also listed in this chapter. '

4.2 PLATING TECHNIQUES

1. Results of Displacement Plating in the Fluidised Bed System

This technique was carried ocut for deposition of copper ceatings on
iron particles. Table 2 shows the specifications of the iron powder
used. Prior to the coating process taking place, a relatienship
between the rate and the height of particles in the fluidised bed was
produced as shown in Figure 6, of which results are shown in Table 4.
The full procedure of coating by this technique is shown in Figure 5.

The coating of iron particles with copper was carried cut using three
different copper coating solutions, to preduce three different
percentages of copper coat:.ng powders on iron part:l.cles as shown in
Table 8 and Figure 16. '

2. nisp;a'cmmt Plating in a Bath

This technique was carried out for coating Cu and Cu-Sn alloys on iron
particles. Table 5a and b shows the bath composition and the solution
used. The coating procedure for Cu~Sn alloys by this technique is
shown in Figure 7.
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3. Electroless Plating Technique
This technique was carried ocut on four types of ceramic particles: |
SiC (29, 250 and 400 pm), Al,05 (45 pm), WC (45-150 pm) and’ TaC (45
um) coated with Cu, Ni and Co.

Table 7 shows the sensitising and activating baths used for
pretreatment of powders for the electroless plating process. The
elecunlees plating solution used for coating these ceramic particles
i shown in Table 6. The procedures of the electroless plating
processes for deposition of Ni, Cu and Co on ceramic particles are
presented in Figures 8, 9 and 10 respectively.

Figures 17 to 20 show some of the parameters for the electroless

nickel plating solution on SiC powder particles. Here Figure 17 shows
 a gragh of the dependence of Ni vyield on duration of coating with
temperature

Figure 18 shows a graph of the effect of particle size on Ni.yield of
the coating.

Figure 19 shows the effect of the gquantity of coating solution and
method of agitation on the Ni yield of the coating.

Figure 20 shows the effect of time duration on EH level of nickel
solution. ' '

4.3 ~ EXAMINATION OF PHYSICAL PROPERTIES OF COATED POWDERS

Table 9 gives the flow rates and apparent densities of pure iron
powder and coated iron powders, with different percentages of Cu and
Cu-Sn alloy coatings. These were obtained by displacement coating in
the fluidised bed system and the bath. tecl‘mque The flow rates and
apparent densities were measured using a Hall Flowmeter.
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4.4 EXAMINATION OF MECHANICAL PROPERTIES OF COATED POWDER COMPACTS

1. Uncoated and Coated Iron Powder Compacts

a) Compaction stress, density, VHN and tensile stress measurements
The summary of calculated averages of compaction stress, density, VHN
and tensile stress for pure iron powder compacts; and Cu, Cu-Sn iron
coated powder campacts, are shown in Tables 10, 11 and 12. ‘ From
these tables, the following comparative graphs were obtained:

1) Graphs of campacticn stress versus density are shown in Figures
21 and 22, |
ii) Graphs of density versus tensile strength (or green strength) are
' shovn in Figures 23 and 24.
~111i) Graphs of VHN versus pressed density are shown in Figures 25 and
26. . - .
iv) Graphs of VHN versus tensile strength (or green strength) are
shown in Figures 27 and 28.

The summary of comparative results for different percentages of Fe-Cu
and Fe-Cu-Sn compacts are presented as follows:

i) Tables 13 and 14 show the calculated pressed densities with
dlfferent campaction loads.
' 11) Tables 15 and 16 show the calculated results Of pressed density
and the tensile (or green) strength.
111) Tables 17 and 18 show the calculated results of pressed density
and average VHN. ‘

b) Lubu:ica‘bed and wnlubricated compaction of coated powders

Tables 25 to 31 show comparative data of dimensional parameters,
density, compaction and ejection stresses for lubricated and
unlubricated compacts made of Fe, Fe-Cu and Fe-Cu-Sn powders with
different percentages of coatings. ' o |
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¢) Comparisons between sintered and unsintered iron compacts

The sintering process was carried out at 800°C for 9 minutes.
Comparisons between sintered and unsintered densities, volumes and VHN
calculated results for different percentages of Fe-Cu and Fe-Cu-Sn
powder campacts are summarised in Tables 19 to 24.

2. Ceramic Coated Powder Compacts
a) Compaction stress, theoretical density, tensile strength, tensile
strain and elastic modulus |

The sumary of calculated compaction stress, theoretical densities,
tensile-strengfh, tensile strain 'and elastic modulus of ceramic
.compacts coa{:edwith different percentages of Ni and Cu are summarised
in Tables 32, 33, 34, 35, 40 and 41. The results from these tables
are shown in the following camparative graphs: |

i) Graphs of theoretical density percentage versus compaction

stress, are shown in Figures 29 and 30.

ii) Graphs of ﬂuedretical density percentage versus tensile strength,
are shown in Figures 31 and 32. :

iii) Graphs of theoretical density percentage versus tensile strai.n
are shown in Figures 33 and 34. '

iv) Graphs of theoretical density percentage versus elastic modulus
are shown in Figures 35 and 36. '

Tables 36 to 39 show the calculated pressed densities for different
campaction loads applied on ceramic ocmpacts coated with different
percem:ages of Ni and Cu. -

b) Cdrparisms between sintered and unsintered ceramic compacts
The sintering process took place at 1000°C for 10 minutes. This was

carried out on WC-Ni, SiC-Ni and Al,045-Cu ceramic powder compacts.

Tables 42, 43 and 44‘sho_w a comparison between the pressed and
. sintered densities of these compacts for different compaction loads.
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4.5 MICROSTRUCTURE EXAMINATION

1. Examination of Microstructure by Optical Microscope

Examination of the microstructures by this method was carried ocut on
the original and coated iron and ceramic powders of Al,03, WC, TaC and
SiC. Polished and sectioned surfaces of particles (coated and -
uncoated) of compacts made from thesé were alsc examined by this
method These are classified as shown below:

a) Loose powdel:s

Figure 38 shows the appearance of iron powders coated with Cu and Cu-
Sn made by the displacement method. Figures 55 to 59 show the
appearance of ceramic powders coated with different percentages of Cu,
Ni and Co metal coating by the electroless technique.

b) Polished cross-sections of coated and uncoated particles
Figure 37 shows the microstructure of a cross-section of pure iron
particles, Figure 39 shows the cros_s—section of iron particles coated
 with Cu and Cu-Sn particles, made by the displacement method.

Figures 60 to 63 show the microstructure of cross-secticned ceramic
- particles coated with copper. Figures 64 to 66 show the cross-
sectioned ceramic particles coated with nickel. All these
- microstructure photographs were taken at different magnifications up
to x100.

'¢) Sintered and unsintered iron coated compacts
Thesmteredandmsjnteredizoncempactswereexanﬂnedmﬁarthe
optical microscope at different magnifications

Figure 48 shows the microstructure of Fe-m coated compacts. Figure 49
. shows the Fe-Cu-Sn coated compact microstructure, while the
microstructure of their sintered cc:mpacts can be seen :Ln Figure 53a
and b.
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2. Examination of Particles Using the Scanning Electron Microscope
Photographs of powders examined by SEM were produced for uncoated and
coated iron particles with different percentages of Cu and Cu-Sn
-coatings made by the displacement method. The brcken green campacts
of these powders with.different densities were also observed under the
SEM. Uncoated ceramic particles, and particles coated by the
electroless method, were also examined at different magnifications.

a) Loose powders .
Figure 40 shows the characteristics of uncoated iron powder, Figures
41 to 44 show the appearance of Fe-Cu coated particles with different

percentages of Cu.

Figures 45 to 47 show the appearance of Fe-Cu-Sn coatings for
different magnifications and percentages of coatirags.

The appearance of the four types of uncoated ceramic pa.rticles' Sic,
A1203 ‘WC and TaC are shown in Figures 67 to 72 respectively. ‘

The microstmctures of copper coated ceramic particles are shown in
Figures 73 to 83. ‘ |

The appearance of particles of Aly03, $iC, WC and TaC with nickel
coatings are shown in Figures 84 to 91. '

The cobalt coated WC particles are shown in Figure 92.

b) Broken: green ccmpacts _ _
The fracture surface of a broken pure irm campact is showm in Figure

50.
The fracture surfaces of broken Fe-Cu compacts with different -

percentages of Cu coating and different densities are shown in Figure
51, 7
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Figure 52 shows the fracture surface of broken Fe-Cu-Sn caxpacts with
different percentages of coating

3. Examination of Microstructure by Electron Probe Microanalysis
Analysis was carried out on the loose powders, green and sintered
campacts of Fe-Cu and Fe-Cu-Sn powders with different percentages of
coatings using the Cambridge Microscan 5.

Figure 54(a) shows the traces from copper coated iron particles in a

- sintered compact; whiist Figure 54(b) and (c) show the traces from
iron particles coated with copper-tin in a sintered compact.
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CHAPTER 5
DISCUSSION OF RESULTS

5.0 PLATING TECHNIQUES

There are many coating techniques that could be used for coating
powders, as mentioned in Chapter 2, of which only two wet methods were
chosen, i.e. the chemical displacement method and the electroless (or
chemical) method. The deposits obtained on powders using these two
methods are discussed under the following sections. '

- 5.1 THE CHEMICAL DISPLACEMENT COATING TECHNIQUE

The metallic deposition obtained by' this coating technique for powders
was achieved by two handling methods; these were the fluidised bed and
- the bath techniques. These methods are discussed separately below:

a) Fluildised Bed Plating Deposition

The procedure carried cut for deposition of the copper coating on iron
powder by this method is shown in the flowchart in Figure 5. Three
coating solutions, each with different copper sulphate concentrations,
- were used for coating iron particles in the sizé range: =150 +125 um
at room temperature, see Table 8. Three types of coated powders were
produced from these solutions containing different percentage weights
of copper in each. Figure 16 shows a graph of copper-sulphate (g/1) '
against different percentage weights of copper deposited on iron
particles; where the increase in cu*? concentration caused an
increase in the copper depositicn.

An estimation of the movement of iron particles in the fluidised bed
was observed and presented in Table 4 and plotted in Figure 6. Here a
* relationship between the flow rate of the fluidised bed and the height
~ of particles, shows that when the flow rate increased up to 2 c/s,
the height of the particles expanded sharply from the bed. If the .



- fl_.ow rate was increased over 2 cm/s, then the particles would leave
the bed and flow into the reservoir shown in Figure 4. '

A few points were observed, while this technique was carried out,
which could be considered as advantages. This technique provided a
multiple coéting in such a manner that the iron particles were
contmuously suspended over the bed. This ensured that a continuous
and quicker replacement of copper ions, which were being removed from
the solution, during the chemical displacement reaction which is:

cu** + Fe—»Fe*t + Cu  (deposit)

Uniformly coated poWder pérticles were produced and free copper
particles from the cdating solution were also observed. No
contamination however was observed during this coating process. When
the latter came to an end, the blue colour of the copper solution
totally disappeared this was more clearly cbserved for dilute coating
solutions.- :

' The powder/solution mixtures could be agitated even fu'rther if a
mechanical stirrer was introduced into the mixture. Here violent
agitation of the powder was achileved using both mechanical and
- solution flow stirring. This did not seem to mske any difference to
the coating process, since the particles were continucusly - suspended
in the flowing solution due 'bo the action of the fluidisation.

b) Bath Plating Deposition

The pmcedlm carried ocut for deposition of Cu-Sn coatings on iron
pcwderparticlesbythismethodisshownintheflowchartgivenin
Figure 7. These coated powders were produced with different
percentage weights of Cu-Sn coatihgs at room' temperature' on iron _
particles in the size range -150 +125 um. The bath composition for
this type of coating is shown in Table 5(b). One sample of coated
_pd»:derwas produoedbythis technique forcopperdepositimmirdl
particles; the bath camposition and the coating procedure was similar
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to that shown in the flow chart in Figure 5 for the fluidised bed
technique, except one further amount of copper sulphate of 7.5g was
added.

Here it was found that mechanical agitation in a small bath produced a
similar agitation of the powder particles so that they were all kept
~in suspension in the plating solution.

No real problems were found in using this simple coating method and
the particles produced clearly showed their metallic coatings as can
be seen in Figure 38.

5.2 ELECTROLESS (OR CI-_IEMI@L) COATING

The electroless plating process is an excellent technique available
for the fabrication of ceramic-metal campositions, because it gi'ves a
uniform and often adherent metal coating on ceramic surfaces (see
references 111-116). '

The electroless plating technique was used in this research for
deposition of Ni, Cu and Co coatings on different types of ceramic
. particles. The ceramic materials chosen were: SiC, WC, Al,04 and TaC;
because oxides and carbides, suchasthese havemanyirﬂustrialuses
The deposits obtained on powders using this technique are discussed
under the follow:lng sectims

1. Eleciroless Nickel Deposition ‘ _
- Deposition of electroless nickel. plating on S$iC (29, 250 p,m), WC. (-150
+45 pm), AlyO3 (45 pm) and TaC (45 pm) particles was carried out
producing different percentages of Ni depositim. Since these ceramic
particles are non~conductive materials, a special treatment had to be
" carried out in order to make their surfaces suitably sensitised and
activatedll? 118. Table 7 shows the bath compositions used ‘for

- sensitising and act:.vating the above ceramic particles prior to .

introducing them into the electroless bath.
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Figureashagsaflmchartofthepmcesses for nickel costing on
ceramic powders in a bath. It was observed in this study that no
limit to the weight percentage of coating was foud for the powder
sample; = as long as the baths were freshly replaced and were not
contaminated, or became unstable, during the deposition process.

Electroless nickel plating, particularly of silicm carbide particles,

was I1nvestigated in order to optimise the plating parameters:
temperature, time, particle size, quantity of solution, method of
- agitation and pH level. These parameters are discussed in detail in
this order below. |

a) Temperature and Time

The quantity of metal plated (Ni) increased sig-nificantly with
increasing temperature, ‘as shown in Figure 17. At temperatures above
45°C, rapid nickel plating was Coserved in the initial stsges. Here it
can be seen that the plating rate slowed down rapidly after 5 mirutes.

When the nickel solution, which had been used for 5 minutes at 80°c,
was then reused to plate pre-activated SiC particles, no plating was

The consumption of reactants may be responsible for the limitation of
NL plating!?9. Attempting to continue the plating beyond 30 minutes
resulted in the precipitation of a greenish/white powder and a
decrease in the quentity of metal plated, |

Therefore it can be said that the quantity of metal plated is only

increased with the increase in the plating duration for temperatures
below 45°C as Figure 17 shows.
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b) Particle Size

Bright metal plating was obtained for two sizes of SiC particles;
these were 29 and 250 pm as shown in Figure 18. There was a slight
increase in yleld with decreasing particle size, from about 1.35 wtd
Ni for particles of size 250 pm, to about 2.2 wt¥% Ni for 'particles of -
size 29 im. This is due to. the fact that the finer particles of core
powder have a larger specific surface area than the cosrser particles;
this will tend to form camposite particles with a greater percentage
of nickel than the coarser fraction. Hence, a fairly close size range
of core powder is advantagecus, if a uniform analysis of all particles
is desired.

This is in agreement with same previcus Studiesloz which showed the
same effect of the percentage nickel deposition on the particle size.

c) Ouantity of Coating and Method of Agitation

A comparison between the effect of coating solution and the method of
agitation, i.e. manual stirring or whisk by motor stirrer is shown in
Figure 19. When the solution was whisked by a motor stirrer, the
quantity of metal plated increased with an increase in the quantity of
solution. On the other hand, when manual agitation was used, the
quantity of metal ‘plating was lower and shdwed a maximum before
reducing to a much lower level. Therefore, the manual agitation action
proved to be inferior to that of motor action, which must be due to
the inability of the former to give a continucus supply of fresh
solution to the particle surfaces. |

d) pH level .

'mmthepﬁlevel oftheplatingbaﬂawasmeasuredusingthepﬂmeter_
at 45°C, over a period of 60 minutes, the resultant graph can be seen
in Figure 20. The pH level was reduéed slowly from 9.5 to
approximately 9.0 at 30 minutes; as more time was allowed, a very
small reduction in pH level occurred and then remained constant at
. 8.9. This constant level of pH is maintained. because of the preserxce
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of excess ammonia in the bath®9,120.121,122  ynich stabilises the bath
in an alkaline state.

The typical appearances of nickel coated particles are given in Figure
55(b) for Al,04, Figures 56 and 58(b) for SiC, Figure 57(c) for WC and
Figure 59(b) for TaC. - '

2. Electroless Copper Deposition

Deposition of electroless copper plating on SiC (29, 250, 400im),
Al,03 (45 um), WC (-150 +45 um) and TaC (45 um) particles was carried
out producing different percentages of copper coating.

Figure 9 shows the flow chart for the procedure of coating these
particles by the electyoless copper plating method.

Details of the sensitising and activating baths are shown in Table 7,
these were used prior to introducing the above ceramic particles into
. the electroless copper bath.

It was noticed that any increase in the amount of reducing agent, i.e.
 formaldehyde, above the stated amount caused the process of copper
deposition to be stopped. This was due to the contamination of the
bath composition, particularly at elevated tanpefatures. This is a
common fault, since the electroless coating process is based upon
complex chemical reactions, especially in the presence of
formaldehyde, which are sensitive to anylchange in pai-arreters, such as
temperature, additives, pH etc123'124'.125.

It should be noted that this plating process is carried out mainly in
- an acid solution during sensitising and activation, and in neutral
conditions during reduction of the plating on the surface of the

particles .
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The typical appearance of copper coated particles is given in Figure
55(a) for Al,03; Figure 57(b) for WwWC: Figure 58(a) for SiC and -
Figure 59(a) for TaC. '

3. Electroless Cobalt Deposition
The electroless cobalt deposition was carried ocut on SiC (29, 250 um)
and WC (-150 +45 um) particles only.

- Flgure 10 shows the steps in the electroless cobalt coat:l.ng deposition
for these ceramic particles.

Sensitising and activating bath solutions were also used for these
particles, prior to introducing them into the electrvless cobalt bath,
see Table 7.

Very little difference was detected in this cobalt coating process, as
opposed to the nickel coatings method in the previous section. One
~ main difference in the cobalt bath solution was that it gave a larger
yield of dull cobalt, and that the coating operation had to be
restricted to around 50°C due to the instability of the solution at
higher temperatures.

This is very comwon for cobalt deposition, since it is produced by
reducticn imvolving nascent hydrogen ( rather than formaldehyde) using
sodium hypo;ﬂaosphite solutior15126

The typical appearance of the cobalt coating on WC particles is seen
in Figure 57(a). The appearance of cobalt on SiC particles is
similar.

5.3 CHARACTERISTICS AND PROPERTIES OF THE COATED POWDERS
This sectionocversastudyoftheeffectofmetalliccoatingsmsmxe'
ofﬂiephysicalandmechanicalpxopertiesofthecoatedpm:dersand

their campacts. The examinations were carried ocut on compacted coated
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powders in the unsintered and sintered condition, as well as on the
- loose pcmders

These properties are discussed in detail in the folloning' sections.

1. rhysical Properties of Coated Powders _

The physical properties of iron powders plated with copper and copper-
tin coatings, which were made by the chemical displacement method, was
studied and compared with those properties of uncoated iron powder.
These physical properties can be assessed by measuring the flow rate
and the apparent densities of the coated powders. The apparent
densities of the coated powders, in general, are dictated primarily by
‘the specific gravity of the components, the particle shape and size of
the core, and the thickness of the coatings. While the screen size
distribution is dependent on the quantity of core plus any
agglameration of the powder, due to the method of coating.

Table 9 shows the efféct of the coating techniques and the type of
‘coatings on the apparent density and flow time of iron coated powders.
It can be clearly seen that the apparent density of the coated iron
particles decreases in comparison with the uncoated iron perticles;_
whilst the flow time increases. | |

This behaviour is also observed as the weight percentage of ooat.mg
- increases, whether the coating is by displacement in the bath or in
the fluidised bed system.

~ This could be due to the surface roughness produced by the deposited
powder particles; this roughness causes the specific surface area to
be increased and this leads to a reduction in the apparent density.
The increase in surface area and roughhess creates interparticle
friction, which causes a . delay in flow time. A study of the
differences in the surface character of the particles in Figure 40 (Fe
particles) when compared with Figures 41-44 (Fe/Cu particles) and
 Figures 45-47 (Fe/Cu/Sn particles) explains this flow behaviour.
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2. Mechanical Properties of Coated Iron Powders

This section covers iron particles plated with copper and copper-tin
coatings with different percentages of coating. The effect of coating
on the mechanical properties of these par'ticles will be discussed
below. .

a) Effect of coating on campactability of composite powders

The compaction process was carried ocut as explained in Section 3.5.
Figure 21 shows a graph of pressed density against compaction stress
for uncoated iron particles compared with different percentages of
copper coated iron particles. Tables 10 and 11 show the resulte

presented on this graph.

It can be clearly seen from Figure 21 that the effect of copper
ocoating on the iron particles during compaction increases the density
as the campaction pressure increases.

Itcanalsobeseenthatanmcreaseinthepementageofcopper
.coathmgi::creasesthepresseddensityaswouldbeexpected. This is
duetoﬂiecopperbeingaductilemterialanditspresemeimpmves
the compactability of the iron powder, which is a great advantage when
ahigherdensityisrequiredmlderthesamepressuxe

Figure 22 shows a gfaph of_presSed density against compaction stress
for uncoated iron particles compared to Cu-Sn coated iron particles.
These results are also presented in Tables 10 and 12. The behaviour
of this graph shows a slight effect on increasing the pressed density
mconparismtothecopperooatedm;aarticles. This couldbedue
to the fact that Cu-Sn coatings have little effect oan the ease of

press:!.ngofizmpowders
Similar results have been found in_earlier researches by Foba ‘and

Coleman'??, vhen the effect of coating on the pressed density of iron
particles was studied.
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Tables 13 and 14 show this behaviour of the pressed density with

coating content in a different form, when a compacfioh load was
| appiied on copper coated, and copper-tin coated, iron particles
produced by the displacement method using bath and fluidised bed
techniques.

b) Effect of coating on tensile (or green) strength of pressed
- The process of measuring the green strength was described in Section
3.8 earlier.

Figxmezsshcwsagmphofpresseddensityagainstgreenstrengﬂ\for
the iron and copper coated iron particles, using the results from
Tables 10 and 11. The curves for copper coated iron powder compacts
indicate a marked increase in green strength as the green or pressed
densmty increases, as would be expected. This substantial increase in
strength could be due to the high ductility of the oopper coating
which allows more particle deformation before failure,

‘Moon and Choil?® indicated that the greén strength should be related
to the contact area between the poﬁder particles. Therefore, an
increass in the green density due to greater particle movement. and
deformation, gives rise to more particle interlocking, which will
promote the green strength. Hence the relationship between density and
green strength. Jeamest22 claims that the fundamental bonding forces
of attraction are more likely to maximise the green strength, as an
increase in compaction pressure is recorded

Figure 24 shows a graph of the pressed density against green strength
for iron particles and cobper—tin coated :l::m particles, plotted from
" the results in Table 12. It can be seen fram this graph that a similar
behaviour is obtained, as shown in Figure 23, haneverlaverpressed
densitieshereinFigurthaveﬂmesamegreenstrengths
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This may be due to the presence of Sn in the Cu-Sn plating which
appears to increase the resistance against the pressure applied and
therefore decreases the pressed densities. The bond between the
particles, however, may be stronger for the Cu-Sn coating, hence the
increase in green strength.

Tables 15 and 16 show more results of measured green strengths and
pressed densities for copper and copper-tin coated iron particles,.
which demonstrate a similar behaviour to those results obtained in
Tables 11 and 12. "

c) Effect of coating on hardness of unsintered compacts

The process of measuring the hardnéss of compacts using the vickers
hardness test is described in Section 3.9.2. Since hardness is an
indication of the solidity and firmness of a material, all iron
particles within a compact will have properties dependent on their
coating and herxe different hardness values for each type of composite
powder.

Figure 25 and Tables 10 and 11 show the values of Vickers Hardness
Number (VHN) against the green density for iron particles with
different percentages of copper coatings. It is noticeable that an
:{Ix:reaseinthegreendensitycausesanincreaseinthewm aswould
be expected.

The copper coatings on the iron particles cause an increase in the
density of the compacts under compaction pressure, as seen in Figure
21; rmueverFingeZSSIDwsthatforcmlpactswiﬂmﬂ}esamepressed
density for example 7.2 g/cc, those compacts with high Cu contents
have lower values, 850cnxparedw1th120V£NforpL:reizmcmpacts
'I'hisumldagambeexpected asthecoppercmtentinc:reasesthe
- ductility of the compacts.

Figure 26 shows a graph of the VHN against green density for iron
particles and copper-tin coated iron particles and Tables 10 and 12

80



represent the results used in plotting these curves. The behaviour of
these materials appears to be very similar, there is difficulty in
separating the curves for each composite powder compact; This
indicates that the change in the Sn contents is not as dramatic as for
the Cu confents. Compacts at the same density here are generally
harder than for the Fe/Cu compacts. Compare hardness values (between
120 and 140 VHN) at 7.2 g/cc in Figure 25 with Figure 26.

' Figure 27 shows the graphs of VHN against green strength of irom
particles with different percentages of copper coatings: these graphs
- -were plotted from the results shown in Tables 10 and 11, The behaviour
of the curves show that the increase in the value of the green
strength causes an increase in the value of VHN. This could be
 justified by the great bonding between the particles of the compact,
which is caused by the coating effect. Therefore, all different
percentages of copper coated particles show an improvement of VHN over
uncoated iron particles.

Figure 28 shows VHN against green strength for different percentages
of copper-tin coated iron particles, and the results of these graphs
are shown in Tables 10 and 12. The behaviour of these curves are
similar to those of the copper coated iron particles with a noticeable
- improvement in VHN over the uncoated iron particleﬁ. ‘

Tables 17 and 18 show the results of direct readings of‘pr‘:esse'd
density and VHN for both copper and copper-tin coated iron particles,
A showing an.increase in pressed density and a corresponding increase in

d) .,Effect of coating on th'e mechanic.:a'l properties of sintered
The copper and copper-tin coatings on iron particles with different
percentages of coatings were sintered and some cbservations of thelr
mechanical properties were studied in cmpariscn to the unsintered
coated iron compacts.
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Tables 19 and 20 show the comparison between the unsintered and
sintered densities of copper coated and copper-tin coated iron powder
compacts. The sintering was carried out at 800°C for 9 mins in an
industrial furmace. The sintering cperations involved two low melting
point metals, these were tin (232°C) and the higher melting point
metal copper (1083°C).  In this exercise, where the sintering time is
quite short, only the first stage of sintering occurs, then the
presence or absence of a liquid phase is very significant in the final
. pore gstructure and pdre distribution within the compact. In this
‘study, no attempt was made to analyse the effect_ of sintering
parameters on microstructure, instead only general trends in some
properties under specified conditions will be discussed.

Referring to Tables 19 and 20, it can be seen that a change in density
has occurred in the copper and copper-tin coated ireonm particles during
sintering; especially when a greater campaction stress was applied
and the percentage coating was increased. It is interesting to note
that in Table 20, for a compaction pressure of 767 M¥/m2, no change in
density occurs for the three copper—tin coated powders during
sintering

Tables 21 and 22 show a comparison between the sintered and unsintered
volumes for copper and copper-tin coated iron powder compacts., Since
the volume is a function of density, therefore a change in density
causesaninvexsedmangemvolme Depending on the composition of
the coating the change in volume could be a shrinkage or an

e.xpansionlso This ;ﬁm\e:m was investigated by other researchers in -

a series of experiments. Pelzell31, Gummeson and Fross]'32 and
Boc_:kstiege1133, have all investigated sintered iron-copper materials
and referred to the volume increase during sintering, when oopper

" powder is added to the iron powder. Silbereisen’3? stated that the

increased volume of the iron-copper solid solution cannot alone be
responsible for this effect and he claimed that it must be due to the
swelling between. the single cxystals, -since the volume increase is
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quite different in different temperature ranges and is also influenced
by the structure of the powders.

The change in volume of the copper-tin coated iron powder campacts was
18ceurred as_a résult of sintering”and caused by the tin having a
low melting point (232°C) coupled with a low vapour pressure at
elevated temperatures. These helped and accelerated the penetration of -
the Cu-Sn alloy melt between the green boundaries at early stages of
the sintering pmesslas 136,137 | '

In this study, the greatest change in volume and density was achieved
for those compacts having highest percentage of coating; also in the
case of the copper-tin coamposite powders, for all three ccmpositions
given in Tables 20 and 22, a campaction pressure of 768 MN/m produced
' acmtpactmichhadnovolxmechange.

Tables 23 and 24 show a comparisom between sintered and unsintered
- VHN, for copper and copper-tin coated irom powder campacts. It can be
seen that the VHN values decrease during the sintering, this may be
due to the formation of secondary pores which occurred at early stages
of sinte.ringl‘?‘s. This porosity seems to have a remarkable effect more
significant than that produced by the composition of the compacts and
the sintering. Numerous investigations have been carried out to
determine the effects of porosity on the mechanical properties of
sintered materials139 140,141

e) Effect of lubrication on the pressing of iron and coated iron
'I'he influence of lubrication on the metal powder/die interface can
 assist or retard densification according to the applied pressure and
the lubricant content142. The behaviour of iron powder/stearate
systensinccmpactionandejectionprocesseshasbeenstudiedbya
nurber of researclxers143 144,145,146, 1n this study, diluted zinc
stearate147 (see Table 3 for specification) in ei-her was used for the
die wa11 lubrication in the press:mg of iron and coated iron pcwder
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campacts with different Cu- and Cu-Sn coating percentages., Comparison
between the lubricated and unlubricated ccompaction parameters and
ejection stresses of these compacts identically compacted were
investigated. |

Iron Powders. Table 25 shows a comparison between lubricated and
unlubricated parameters of iron compacts. It can be seen that the
effect of lubrication resulted in an increase in the density of the
metal powder due to a decrease in height/diameter ratio for these
compacts. ‘The presence ©of lubricant during compaction caused a
reduction in the ocoefficientl48:14% of friction of powder campact
sliding against the die wall and increased the interlocking and the
interparticle movement during pressing.

Similarly, the effect of a die wall lubricant caused a reduction in"
the ejection stress values of the lubricated compacts in oanp‘ariscn to
the unlubricated ones, Table 25 shows this change to be fmm 5.84 to
2.48 kg/rrm

Copper Coated Iron Powders. The efféct of zinc stearatem copper
coated iron powders with different percentages of coating made using
the fluidised bed technique, is shown in Tables 27-29. 1In these
results, the lubricated density is‘alwaj{s greater than the
unlubricated density, and the lubricated ejection stress is less than
- the unlubricated ejection stress following similar trends to that of
the uncoated iron powder in Table 25. '

It is irﬂ:ex*esting to note that for Fe-l 5 wt¥ Cu powder ocmpositm
shown in Table 26, made by using the displacement method in a bath
(rather than the fluidised béd method) a reduction in the lubricated
density is observed ‘while the rest of the parameters follow similar
behaviour to those campositions mentioned before. This could be due to
some difference in the characteristics of the coating in this
material. ' ' o
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Tables 30 and 31 show the effect of lubrication on the pressing of
copper-tin coated iron powders with different oocating percentages.
Here there is a great difference in behaviour of the parameters in
ommparismtotheoopperooatedironompacts In particular, the
ejection stresses forthesmoarpactimpresmre a.reverymch lower
in the unlubricated cases. There is also little difference between the
lubricated and unlubricated results. This would indicate that the tin
coating is acting as a very good high pressure lubricant during the
ejection, but not during the compaction stage.

Increase 'in the percentages of coatirg oompositim generally' seems to
have same effect on the campaction stage, since the pressed de.nsities
imreaseinthecaseofﬂueoopperooatnmgs and the ejection stresses
fail with :anreasing copper content in the case of the copper coated
-iron powders.

For the copper-tin coated iron powders there is little difference due
to caompesition in the pressed densities, but the ejection stresses are

very much lower in both lubricated and unlub;‘icated cases. The
stresses appear to be dependent on campositicn.

3. Mechanical Properties of coated Ceramic Powders

This 'section covers a study of the mechanical properties of the
compacts made from metal coated ceramic powders. The composition of
these powders is as follows: Al,Oy - 1.9 wt® Ni; Al,05 - 6.34 wtd
Ni; WC - 5.71 wt¥ Ni; SiC - 8.33 wt% Ni; TaC - 12.8 wt¥% Cu and
Al,03 - 11.7 wt¥ Cu. | o

Previcus work has been carried out by many other researchers on the
coating of ceramic particles (see references 111-116), particularly on
the preparation and ‘production of these coated particles. However,
very little information has been reported on the press:ing of metal
coated ceramio particles
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In this study, an attempt was made to press the coated ceramic powder
and the effect of metallic coating on their mechanical properties has
been examined.

a) Effect of coating on compactability of composite powders
The detalls of the die used for compaction of ccated ceramic powders .
is described in Section 3.5.2. '

Nickel Coated Ceramic Powders Figure 29 shows a graph of campaction
stress against percentage theoretical density for Al,0y - 6.34 wt¥ Ni,
A1203 - 1.9 wt¥d Ni, WC - 5.71 wt¥ Ni and SiC - 8.33 wt% Ni green
compacts. The resultant mechanical properties of these compacts are
shown in Tables 32 to 35. '

The increase of the Ni percentage coating on A1203 particles seems to
cause a reduction in the compressibility of these powders and a
reduction of their theoretical density. This reduction is presented in
such a way that, at lower compaction pressures, greater reduction in
the theoretical density occurs, while at highen Compqct:mpressures,
smaller reductions were introduced. '

'I‘he Ni coated tungsten carbide and silicon carbide campacts show a
greater increase in their theoretical densities over those of the
alumina/nickel coampacts. This could be explained by assuming that
there is a greater deformation of the nickel bond between the SiC and
' WC particles (surrounded by nickel), than that between the
alumina/nickel particles; The particle sizes of these composite
powders will also affect the theoretical densities under increased
pressure, ' o ‘ ' S

Copper Ooated Ceramic Powders. Figure 30 shows a graph of compaction
stress against percentage theoretical density for TaC - 12.8 wt¥ Cu
and Al,03 - 11.7 wt% Cu green compacts. It is clear that the increase
inccmpactionstresscausesanincreaseintheoreticaldensityas
would be expected. Alsotheeffectofcoppercoatingmthetantalun
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carbide particles on the theoretical density, seems to be greater than
the effect of copper on the alunina particles under the same pressure.
This could be explained in a similar manner to those graphs in Figure
29, but note here that the particle sizes are the same, both being 45
m, ‘

- Tables 36 to 39 show more results of the pressed densities with
increasing campaction pressure for all the previously mentioned coated
ceramic¢ powders,

b) Effect of coating on tensile (or green) strength of pressed
canpacts '

Figure 31 shows a graph of tensile strength against theoretical

density for nickel coated ceramic powder compacts. The general trend

ofﬂzesecuxvesshawsanimreaseinthetensilestrengﬂuwithan

increase in the theoretical density.

For the Aly03 - 6.34 wt¥ Ni powders, the increase in theoretical
density caused a corresponding increase in the tensile stremgth, this
relationship is presented by a straight line. Whereas, the A1203 - 1.9
wt% N1 powders show a greater increase in tensile strength with little
increase in the theoretical density in comparison to the Al,03 ~ 6.34
wt$ N1 powder campacts. For the WC - 5.71 wt% Ni and SiC - 8.33 wt% Ni
green campacts, the high values of increased theoretical density were
related to low values of increased tensile strength; 1leaving these
compacts much weaker than those of the Al,05 - Ni powders.

The behaviour of these graphs suggests that the compacts with higher
theoretical density give lower tensile strengths with the increased
percentage of nickel present within the compacts, leaving the compacts
more weak and brittle. The resu_lts of these graphs are shown in Tables
32-35.
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Scme studies were carried out on the effect of nickel coating on the
bonding WC compacts in comparison to the milled nickel bonded powders,
and it was found that the compacts produced by this method crumbled
due to a very poor campactability. Therefore, greater pressures should
beappliedtomprmrethegreenstrengmlso, however this may cause
fracture of the carbide particles. . |

Figure 32 shows a graph of tensile strength against percentage
theoretical density for green compacts made from TaC - 12.8 wt% Cu,
and A1,0; - 11.7 wt% Cu powders. It can be seen that an increase in
the theoretical density of these compacts causes an increase in their
tensile strength.

The effect of copper coating within the structure of the alumina
compacts seems to have little effect on its tensile strength in
camparison to the TaC-Cu compacts, where the latter shows much greater
tensile strength. This could be due to the increase in the hamogeneity
of copper ocoating within the TaC particles which makes this material
more ductile and able to resist more pressure. The particle sizes of
both powders is the same, 45 Mm, so a study of the coating character
~and its morphology may give a clue to this anomaly. The results of
these graphs are shown in Tables 40 and 4l1.

" e¢) Effect of coating on tensile strain

Figure 33 shows a graph of tensile strain against theoretical density
 for Al,O3 - 6.34 wt$ Ni; AlO; - 1.9 wt§ Ni; WC - 5.71 wt$ Ni; and
siC - 8.33 wt$ Ni green compacts. It can be seen from these graphs

 that generally an increase in the values of theoretical density causes .

a decrease in tensile strain

" The alumina compacts coated with two different percentages of nickel

~ show that the increased percentage of nickel causes an increase in the
elongation allowable within the compact, presumably by reducing the
cohesive forces between the :lndividual particles.
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For WC and SiC compacts coated with nickel, similar behaviours are
shown, with enough elongation allowed within the compacts to agree
with their tensile strengths shown in Figure 31. The results of Figure
33 are presented in Tables 32-35. ' '

Figure 34 shows a graph of tensile strain 'againét theoretical density
for TaC - 12.8 wt¥ Cu and Aly05 - 11.7 wt¥ Cu green compacts; where
the general behaviour of these cuwrves are similar to those shown in

Figure 33.

I'E can be clearly seen that the compacts with higher theoreticai
densities have little elongation allowed with the compact. The effect
of the presence of copper with the TaC campacts seems to make them
more ductile and hence, increases the elongation, i.e; increases the
tensile strength. Whereas, the preSencé of copper within the alumina
ccmpacts seem to have less effect on the tensile strain. See Tables
40 and 41 for results.

The graphs in Figures 33 and 34 asgree with the graphs in Figures 31
and 32 where an increase in the tensile strain of a campact at a given
percentage theoretical density under the same pressure conditions,
gives a corresponding decrease in the tensile strength value for the
same compact.

d) - Effect of coating. on modulus of 'elasticity
Figure 35 shows a graph of modulus of elas’cicity (E) against_

o theoretical density for Aly0g - 6.34 wt$ Ni; Al,05 - 1. 9 wt% Ni; we -

57lwt%NiandSJ_C-833wt%Nigreencarpacts The general trerd
__-ofthesegraﬂms_srmsanincreaseinﬂmevalueofEasthetheoretical
density increases.. This is pxedictabie, since the elastic modulus is
directly pmportimal to the tensile stress and inversely proportiml :
to the tensile strain; which therefore agrees with the results"
previcmsly mentioned ' ‘
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The effect of the increase in percentage of nickel within the alumina
compacts is reflected in the values of E, where the greater percentage
of nickel gives higher: E.values. For the WC and SIiC campacts coated
with nickel, similar behaviour is detected. The results presenting the
graphs are shown in Tables 32-35.

Figure 36 'shows a graph of E against the theoretical density for TaC -
12.8 wt¥ Cu and Al,03 - 11.7 wt¥ Cu green compacts. It can be clearly
seen that the lower values of percentage theoretical density produce
low values of E, whereas the higher value of theoretical density
produces much greater E values.

‘ The greatér percentage copper within the TaC compacts reflects a
greater value of E than that for Al,03. This is due to the greater
cchesion or bonding forces within the particles of the compacts caused
by the presence of copper, leading to a much stiffer material. The
~results of these graphs are shown in Tables 40 and 41.

Note that all values of elastic modulus for the compacted coated
~ ceramic powders are far less than those for the solids in the coating
materials in tems of stiffness. For example the values of E are 210
and 120 6N/m,? respectively!S!, Porosity within the compacts has a
great influence in-this respect and also so has the weaker forces of
cohesion between the particles. These factors allow greater freedom of
movement of powder particles and hence reduce the stiffness.

_ e) Effect of coating on sintering of ceramic powder curpacts

The effect of sinteringmthedensiiqgofwc- 5.71 wt% Ni compacts
can be seen from Table 42. Here the pressed densities under different
compaction pressures increased after sintering. This could be due to
the fact that densification occurred during sintering and that some of
‘the pores within the compacts were removed, even though no liquid
pﬁase was present. Table 43 shows the effect of sintering of SiC -
8.33 wt¥ Ni compacts where a decrease in the sintered density
occurred, 'I‘hisomldbedzetothepresenoeofnickelwitmnﬂme
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campact, which allowed an expansion of the wvolume of this campact
during sintering, possibly by particle rearrangement, leaving the
ccrrtpadts more porous and therefore producing smaller densities.

Taeble 44 shows the effect of sintering on the densities of Al 03 -~ .
11.7 wt Cu campacts, where the sintered densities were increased under
low compaction pre-ssure,‘ but reduced under higher compaction
pressures, in canparison to the pressed densities. This could be due
- to the formation of secondary pores within the structure of alumina
compacts during the early stages of sintering. This leaves these
'mrpactswithahighlyporousstrucmremdanaccmpanyingincrease
in volume and therefore a decrease in the sintered densities.

Note that due to the shortage of material, the behaviocur of the
sintered densities of TaC-Cu, A1203—Ni compacts were not studied.

5.4 EXBMINATION OF COATED POWDERS AND PRESSED COMPACTS

1. Microstructures of Metal Plated Iron Powders o

: This section covers a study of the microstructures of 1oose,

unsintered and sintered iron powder cmpacts plated with copper and
copper-tin coatings.

a) Loose camposite powders

Theironpowderwasexaminedalsobyopticalmicroscopy Figure37
shows a cross-section of polished iron powder particles for different
magnifications, where a rough idea of the relative shape and size of
these particles can be seen. '

Figure 38 shows the iron powders coated by the displacement method
with 7.1 wt$ Cu and 4.3 wt¥ Cu - 2.1 wt¥ Sn alloy photographed under
the optical microscope at the same magnification. The appearance of
these coated powders can be clearly seen, the particles are smoothly
coated, with an crange colour for - the copper coat:l.ng and a bronze
colour for the Cu-Sn allcy coating '
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Polished sections of these powders are shown in Figure 39; here the
photograph, Figure 39(a), shows the iron powder particles surrounded
by a thin layer of copper, and Figure 39(b) shows the Cu-Sn layer
surrounding the iron particles.

SEM photographs were produced for uncoated and coated iron particles
‘with different percentages of oopper and copper-tin platings. Figure
40 shows pure iron particles for different magnifications. Comparing
these photographs with those in Figure 41, the Fe - 1.5 wt% Cu coating
seems to have a much rougher surface texture than those shown in
Figuzfe 40. Increasing the percentage of copper coating up to 9.8 wt%,
asslwwninFigures42-44 seems to increase the roughness of the
surface texture of the particles, leaving them with random and uniform
layers of multiple coatings. These coatings were produced by the
chemical displacement method using the fluidised bed technique.

Figures 45-47 show the SEM photographs of iron particles coated with
dj.fferent percentages of Cu-Sn layers. The nature of these coatings
. deems to leave the surface texture of the particles more porous and
slightly rough in ccxrparison to those pmduced with copper coating
' . These coatings were carried out using the chemical displacemem:
meﬂmod by the bath technique.

b) Unsintered compacts pressed fram coated powders
Electromicroscopy photographs were produced for the green compacts
made from iron powders coated with copper and copper-tin layers.
Figure 48 illustrates a cross-section of a green compact made from Fe
-98wt%mpavderscoatedbyusingthechemica1displacanentmeﬁnd
in the fluidised bed. It can be. seen that the iron particles (blue in
colour) are surrounded by the copper (light brown), while the dark
patches are the pores formed within the compact. -

A cross-section of the compacts made from copper-tin coated powders
made by the chemical displacement method in a bath is shown in Figure
149, where the iron particles (in blue) are surrounded by 0.7 wt$ Cu -
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O;2wt%Sn all_oj (bronze in colour) andthedarkpatchesamt‘nepores '
within the structure of the compact. ' '

- Other photographs were produced showing the broken surfaces of
. compacts made of iron, copper and copper-tin coated powders. Figure 50
‘'shows a broken surface of 'a pure iron compact, - where the iron
particles do not seem to be much affected by ccmpactim in camparison
to the lcose iren particles shown in Figure 40(b); except for the

'change in the mechanical locking of the particles due to the |
ompactlon force. :

F:Lgures 51 and 52 show photographs of the broken surfaces of green
ocmpacts made from different percentages of copper and copper-t
coated ‘powders  made by the chemical displaeement method using the

fluidised bed technique and by the chemical displacement method in a

' bath technique. The failure of these cc_)inpacts is due to the

. application of tensile forces, these cause an increase in the forces

~ between the particles, and therefore cause the coated layers between
. these particles to be pulled apart. 'Ihese forces seem to be reduced
' with increasing pert:entage of coating for densities ranging between
6.98 to 7.35 g/cn>, probably dus to the increase in ductility of these

c) Sintered cmpacts pressed frcm coated mpmﬂers

| _Electrmicroscopy photographs presenting a cross-section of smtered" |

canpactsmadefmncopperandooppertincoatedircnpwdersareskmm
‘inFigure53

AcrosssectimoftheFe-QBwt%msinteredccrrpactisshownin'._

Figure 53(a), which differs frcm that of the unsintered ccmpacts shown

© o in Figure 48, ‘This change was due to the copper not reaching its

melting point of 1083°C at the first stage of sintering after- 9 mins °
at 800°C, ‘this is when the presence or absence of the liquid phase.

. 'becomes very significant in the final pore. structure and pore
- distribution w:.thin the ca'fpact. These pores are clearly evident.in_ o

Figure 53(a)
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Figure 53(b) shows a cross-section of the sintered compact made from
07wt%0.1-02wt%$ncoatedirmparticles, where the presence of
tin within the alloy has an effect on accelerating the sintering of
the compact at elevated telrperaturel_35_136. The effecf of sintering
within the matrix of the compact is shown where the presence of the
melt:Lng.Cu-Sn alloy is seen surrounding the iron parficles. The dark -
patchesshomarethepresenceofgrowingpomsdlwingsintermgin
ccmparison to those of unsintered campacts shown in Figure 49.

2. Elect:rm Probe Microanalysis (F.I’MA) of Some Goatings _ 5
' The microstructure of some samples were studied using electron pxobe |
testing equipment in order to assess the homogenisation of these -
‘samples during the sintering process. Compacts. made from copper and
copper-tin coated iron powders were studied.

Figure 54(a) shows a ti:ace for a Fé—Cu particle, where vely sharp
_.peaksofthecoatingmthepmrderparticlecanbedetected these
_ im:licate that diffusion has occurred. ‘

"Figure 54(b) shows a trace for a Cu—Sn iron coated particle where the
fabsenceofSnisduetotherichnessofcuwithinﬂmecanpact The
bmadeningofthepeaksandﬂmeoverlapofﬂaepeaksforcoating
metals and irm substrate are evidenoe of 11ttle diffusmn oocurring

'- SinﬂlarlY‘Figure'Sél(c) shows the 'absence of cu for arnther Cu-Sn alldy' '
iron coated particle. Here the areas particularly ric:h in Sn, show an
absetweinm.inieSnpealsazequiteshaxp thisispossiblyduem--

‘_ﬂaelwmeltingpointofthetin(%z )whichled'boﬁleoocurrelwe

. of diffusion {@S7E Tesult of sintéring, ~ ' 'l. All the compacts for
_i:cmpowderscoatedmthm andeSn 1ayerswere sintered at BOOOC"
for 9 mins,



" These facts indicate that at the sintering temperature of 800°C, the
" Cu and Sn did not react to form a "bronze" alloy as expected, but
rather acted as independent materials within the iron matrix in the

3. Microstructures of Metal Coated Ceramic Powders

This section covers a study of the microstructure of loose coated and
uncoated ceramic particles examined using the optical microscopy and
the scamning electron micmscopy methods.

a) Optical microscopy of loose cmxposi'be povders
" Optical microscope photographs of alumina powders with 45 um particle
size and coated with 11.7 wt% Cu and 6.34 wt% Ni made by electroless
plating are shown in Figure 55. | |

Figure 55(a) shows the alumina particles coated with copper, where the
.rounded orange particles are uniformly coated; while the white
particles are uncoated Al,05 particles. This is because the surfaces
of these particles were not properly activated during the pre-.
treatment by palladium chloride, before :Lntroducing them to the
electroless copper plating solution.

Figure 55(b) shows the alumina particles coated with Ni. The rounded '
dark green particles are the uniformly coated alumina, while the white
particlesaretheumoated alumina for the same reasons explained
above.

Figure 56 shows SIC powder with 250 um particle size and coated with
‘3.5 wt¥ Ni by electroless deposition. The coated particles have very
sharp edges, and the deposition of these particles is relatively
‘bright in colour. |

Figure 57(6) shows the WC powder with 45-150 um particle size and
coated with 12,72 wt% Co by electroless deposition. The ccbalt forms
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dark greenish bright depositions, and the WC particles have irregular
cubic shape and sharp edges. '

Figure 57(b) shows the WC coated with 8.74 wt%. Cu. The copper
deposition is orange in colour and is uniformly coated. The dark
particles are due to the presence of oxide on the surface of the
particles exposed to air,

Figure 57(c) shows the WC particles, coated with 5.71 wt% Ni. The
deposition of nickel is seen as a bright green Geposition on the

particies.

Figure 58 shows the SiC powder with particle size of 29 um coated with
Qu and Ni. Figure 58(a) shows SIC coated with 62.4 wt¥ Cu, where the
' orange copper coating covers the SIC particles by multiple electroless
- ooating depositions.

Figure 58(b) shows the SIC coated with 8.33 wt$ Ni. The greenish
. colaured particles and the bright coloured particles are due to the
reflection of the light on the nickel coating on particles with very -
sharp edges.

Figure 59 shows the TaC powder with particle size of 45 um and coated
with Cu and Ni. The TaC powder coated with 12.8 wt% Cu by the
electroless method is shown in Figure 59(a), where the orange colour
is the oopper coating. -

Figure 59(b) sluvstheTaCcoatedwiﬂm48wt% Ni, andthegreenish
colour is due to the nickel coating. The nature of these electroless
coatings is to produce rough surfaced particles.

‘A cross-section of the ceramic coated powders was examined by the
optical microscope producing the photographs discussed below.
Different percentages of copper were deposited by the electroless

96



The electroless copper coating is uniformly deposited around the
particles, no matter how irregular their shapes are. This is
considered to be one of the greatest applications of the electroless
method. Since the ceramic particles are very hard, during the
polishing process of these powders scme of the polished particles
came cut leaving small cavities of copper within the matrix as can be
"seen in Figure 60. This is why care must be taken during polishing so
that excess polishing pressure is prevented.

A cross-section of Al,03 (45 pm), SiC (250 ym and 400 km), WC (45-150
um) coated with different percentages of Ni by the electroless
deposition method can be seen in Figures 64 to 66. These show the
nickel coating surrounding the ceramic particles, where the Ni is
uniformly coated. Since the ceramic particles are very hard materials,
sectioning and polishing was very difficult. During the polishing
process, only the Ni coating of the surface particles was peeled off,
leaving the ceramic particles surrounded by nickel. This can be
clearly seen in Figure 65.

For the same reasons, camparison between different magnifications with
different particle sizes for all ceramic coated powders camnot be made
here. '

b) Scerning electron microscopy of loose conposite powders
The SEM photographs of uncoated ceramic particles at different -
magnifications of SiC (29, 250, 400 um), AlO3 (45 pm), WC (45-150
pm}, TaC (45 ym) are shown in Figures 67 to 72. :

a1l different sizes of SiC particles are irregular in shape, with very
'sharp édges‘ and smooth glassy surfaces, dark grey in colour. This is
expectedasthesearepreparedbycmshingoftherawmaterialtothe
required sizes.
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The Al50, pai-ticles are agglamerated and rounded in shape, with rough
surfaces and white in colour. This because these particles are made by
sintering of fine powders.

The WC particles are irregular in shape, with triangular sharp and
asmooth surfaces, which meet in more than one angle and have a shining
silver colour. Again this is due to the crushing of the raw material
tothissizerange

The TaC particles form a tree-like matrix with very rough surfaces and
have an olive-greenish colour.

Note that all these ceramic_powders menticned above were examined by
SEM as received from Goodfellow Metals L'l:clls2 with no further
modifications. '

The SEM photographs for different magnifications are of electroless
copper platings on ceramic particles which have been obtained by
single and multiple plating to obtain different pe:_:centages of
coating. This copper plating was applied to particles of: Al,03 (45
um), TaC (45 um), WC (45-150 ym) and SiC (29, 250, 400 pm); these are
‘shown in Figures 73 to 83 respectively.

The copper coating deposition on the surface of alumina particles was
seen as islards of metal when 3.4 wt% Cu was deposited. This was
achieved by a single plating process. When'the percentage of copper
" deposition was increased to 7.1 wt¥ by a multiple plating process, the
coating started to build up gradually, forming a thick layer of
deposition. This can be seen in Figure 74(b), where a rough but
uniform coating ‘around the particles was achieved. The white lines
across the matrix were probably paper fibres produced during the
filtering process when paper was used. This occurred because of the
roughness of the copper deposition surface at this stage of coating.
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When the percentage of copper was increased to 11.7 wt%, a thick
coating was produced around the surface of the particles, leaving a
relatively smoother surface.

The copper depoéition on TaC produced a rough surface on the particles
~and a relatively uniform coating axumd them, as shown in Figu:ce 76,
where TaC 1s coated with 12.8 wt% Cu.

The copper deposition on WC particles by single and multiple plating
processes was achieved with different percentages of copper ranging

from 8.74 to 35 wt¥. The coating was uniformandsrroothevenwith .

small percentage weights of copper coati.ng the white spots ‘represent
ﬂlefreecoppermthesurfaceofthecoating

The copper deposition on SiC particles was achieved by single and
multiple plating processes. This was possible for copper contents up
to 62.4 wt%. Figure 71 shows a totally uniform and smooth coating
surrounding the SiC particles, in comparison to Figure 79 for the same
size of particles, where very 1ittle copper deposition was observed
With the larger size of SiC particles, a uni form coating was also
ohsexved, with free copper deposition on the surface of the cocating.

The SEM photographs for different magnifications of nickel plating on
ceramic particles, was obtained by single and multiple plating stages
to give different percentage weights of coating. This was applied on
‘Al03 (45 vm), TaC (45 um), WC (45-150 um) and SIC (29, 250um), which
are shown in Figures 84 to 9l. -

Different percentage weights of nickel plating were deposited on
alumina particles by single and multiple coating processes. Like the
~copper deposition on alumina, the nickel depositions gradually built
up forming uniform and relatively rough, bright grey layers of coating
around the surface of the particles. With the increase of nickel

percentage deposition by a multiple plating process a thicker layer
was obtained. See Figures 84 to 86,
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Single and multipie processes of nickel deposition on SiC particles
with different percentage weights of nickel were carried out as shown
in Figures 87 to 89.

‘Although the 29 and 250 um S$iC particles had irregular shapes, the
metal film coated the rough surface fairly well. The quantity of metal
plating was achieved up to 8.33 wt%. A bright coating was obtained.
However, the coating had cracks all over the surface of the particles
and showed partial peeling off.

The plating of 5.77 wt¥ NL on WC (45-150 um) particles is shown in
Figure 90. The colour of the coating shown is a relatively bright
' grey. Most of the particles had large defects in the coatings, the
coatings were cracked all over the surface of the particles.

Figure 91 shows a 8.4 wt% Ni deposited on TaC particles. It can be
seen that the coating on the surface of these particles is rough with
free nickél deposits. The defects on these surfaces are minor in
'carparison_ to those on the WC and SiC particles, see above.

Figure 92 shows the 12.71 wt¥% Co layer plated@ on WC particles.
Although the particles were irregular in shape, a totally uniform and
smooth coating is cbserved, which had a bright brownish colour. Very
fewcrackswereobservedmthesurfaceofthesecpatings.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE RESEARCH

OCONCLUSIONS -

The coating of iron and ceramic powders by wet methods, if considered
" early enocugh in the production of composite powder materials, may lead
to better and more efficient production. In some cases it may lead to
products which would be uncbtainsble by other methods. '

6.1 IRON POWDERS

“a).

b)

c)

Iron particles can be coated with metals, which include Cu and
Cu-Sn layers, by a chemical displacement method; wusing a

 fluidised bed or bath techniques. Up to 9.8 wt% of Cu and 4.3 wt%
Qu - 3.1 wt% Sn metal coatings have been made. It is presumed

that high weights of coating are also possibJ_.e., but were not
attempted in this research.

A fluidised bed technique used for coating of ircn particles is
an excellent method to provide continuous and coherent coatings
with even thickness around each iron particle.

The rate of copper deposition is enhanced by the incre_a_sing
copper concentration values in the plating solution (seé Figure
16)l : . . . ‘7‘ ’

In the fluidised bed technique, the height of the iron particles
sharply increased in the powder bed, as the flow rate increased
within the fluidised bed, to a critical flow rate, which is
dependent on the apparatus design -
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e)

6.2

a)

b)

c)

d):

The coating of iron particles with Cu-Sn layers could be an
alternative method for producing bronze powders. However, the
sintering conditions must be revised in order to achieve correct
distribution of the Cu/Sn material. |

CERAMIC POWDERS

Ceramic powders of carbides and oxides can be coated with metals,
which include Cu, Ni and Co, by an electroless plating method. Up
to 62.4" wt¥ of Cu, 8.33 wt¥ of Ni and 12.72 wt¥ of Co metal
coat:l.ng was achieved in this research. It appears that higher
levels than this are also possible.-.

The electroless plating process is found to be an excellent
technique for fabrication of ceramic-metal composites, providing
them with' a uniform and adherent metal coating on the ceramic
surfaces. '

The method of coating applied is highly dependent on the pre-
treatment of the coated particles in the sensitising and
activating baths.

Studies of the electroless nickel plating on SiC particles leads .

to the following conclusicons:
1. the nickel deposition on SiC depends on the duration of -
plating with temperature as a parameter (see Figure 17);
2. the decrease in particle size ‘l_eads to greater nickel
deposition (see Figure 18); |
3. the method of agitation affects the rate of deposition, as
" well as the quantity of coating solution (see Figure 19);
4. there is a slight drop in pH level in baths with time during.
the electroless deposition process (see Figure 20).
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6.3 PHYSICAL PROPERTIES OF COATED POWDERS

The measurement of apparent density and flow rate of Cu and Cu-Sn
coated iron particles seems to be affected by every percentage of
coating and appears to be dependent on the method of coating.

6.4 MECHANICAL PROPERTIES OF COATED POWDERS

The composite poWders take up propertiegs of the coating, cnce a
critical thickness is achieved. This coating then controls the.
- mechanical behaviour of the compacted powders. |

a)

b)

The following conclusions are drawn from the mechanical
properties of Cu and Cu-Sn coated iron particles:

The green density increases with an increase in the percentage of
Cu and Cu-Sn layer deposition,as well as an increase in

campaction stress (see Figures 21 angd 22).

The tensile strength of iron coated particles, increases with an
increase in theilr green densities (see Figures 23 and 24).

mehardnessofthegreencompactsnwreaseswimanincreasein

~ their densities (see Figures 25 and 26).

Thehaxﬁ:essincreaseswithanincreaseinthetmsilesﬂength

of green campacts (see Figures 27 and 28).

Generally speaking, porosity within the green compact structure
seenstobethemainparaneteraffectingttmhardnessraﬂmerthan'

the percentage of coat:lng on these ocmpacts

The following conclusions are drawn from the tested mechanical
properties of coated ceramic particles of: Al,03, WC, SIiC and

TaC; coated with Cu and Ni:
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1. Since ceramic particles are known to be difficult to campact,
the coating of these particles made_ their compaction
possible.

2, Anincreaseincanpactimstresscausesanin:reasesinthe
theoretical density of the green compacts, as would be
expected (see Figures 29 and 30).

3. The tensile strength of green compacts increases with an

increase in their theoretical densities (see Figures 31 and

32). - | S

4, The tensile strain of the green corrpacts decreases with an
increase in their theoretical densities (see Figures 33 and
34).

5. The modulus of elasticity increases with an increase in the
theoretical density (see Figure 35 and 36). |

6.5 EJECTION OF COATED POWDER GREEN CCMPACTS

The use of ductile and soft materials, such as Cu and Sn, to coat
- materials such as iron, make the ejectimpxocessofthecmpacts
easier, without using any type of lubrication. Increasing the
pementage of coating has also made the ejection process even easier.

Insufficient work was carried out toﬂ'éssessjtne ejection stress for
ceramic coated compacts. Nevertheless, it was noticed that the

presence of coating, particularly of Cu, made the ejection process

easier.

6.6 PROPERTIES OF SINTERED COMPACTS

a) ' The sintered iron campacts at 800°C coated with 1.5 and 7.1 wtd
“of Cu, resulted in a slight increase in density, whereas for 8.6

and 9.8 wt$ of Cu a reduction in density resulted, as expected
from work studied in the literature.
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b) Sintering of iron compacts at 8009%coated with Cu-Sn layers
results in a loss of the low melting metal, i.e. tin, either by
evaporation or by sweating. This effect resulted in a non-uniform
densification. FUrtherrrore ;the_Cu_and Sn_did not react. t +o _form-a,

. _“"bronze" alloy as ' expected, but rathér acted as” independent;
materials. within. the. iron matrix: of the sintered compacts. =

R

c) Sintering of compacts of SiC coated with Ni at 1000°C, resulted
in a reduction of density due to expansion in the volume of the
conpacts, whereas, sintering of WC coated with Ni at 1000°C,
- showed an increase in the density of the composites. '

d) Sintering of compacted Al,0; coated with Cu, showed little
increase in density when compacted at 3500 kg compaction load;
and a reduction in densities when compacted at 4000 kg.
Consolidation of this composite occurred when sintered at 1000°C.

6.7 MICROSTRIXTURE OF CORTED POWDERS

The percentage volume of the continuous coated metal matrix depends on
the quantity of coated metal. The method of coating determines the
structure of the deposit, as well as the microstructure of the green

For the compacts of iron coated powders, failure occurred at the neck
regim or within the coated metal matrix. The pore structure and pore
" distribution of Fe-Cu, and Fe-Cu-Sn compacts sintered at 800°C is
very different to that of the unsintered green c:cmpacts

The formation of brittle or ductile fracture for the coated ceramic

particles occurs depending on the composition of - - prior particle _

contact points and that of the neck reg:.ons fcxrred dur:lng sintering.
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The nature of microstructure of coated ceramic particles depends on
the type of metal coating. If a multiple 'plat:l.ng process using
electroless plating techniques is used, this p'rovides a larger
quantity of metal plating with carefully engineered and controlled
microstructure. '

Some difficulties were found with nickel coatings where some cracks
occurred in the coatings.

6.8 RECOMMENDATIONS FOR FUTURE RESEARCH

This study covered the production of coated powders by wet methods,
which occupies a special place in powder metallurgy and related
industries. More work could be done on different types of core and
coating materials covering different areas, such as their
specifications, production and uses as raw material.

Recommendations for further work to be carried out by future
researchers are listed below: '

1. Development of an efficient fJ_.uidised bed system for coamercial
" scale of displacement coatings of powders particularly for bronze
(Cu-sn) alloys.

2, Development of a new method for the measurement of tensile strain
within diametrically campressed compacts. '

3. Improvement of electroless bath plating technique used for
- coating ceramic particles, particularly at higher temperatures.

4. Improvement of electroless nickel plating bath to reduce the
ptbsphcnzs content as the impurity. |

5.  Further studies on non—conductive particles, particularly
spherical povders. '
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10.

Wider investigation on WC particles coated with cobalt and
nickel, particularly when using fine WC particles.

Further investigation on campaction of ceramic coated powders,
with greater pressure application e.g. using cold or hot

isostatic pressing equipment.

A study of the effect of coated ceramic powders on the density
distribution in the unsintered state.

Further work on the ejection stress of the ceramic coated powders
with or without lubrication.

Further work on the sintering of ceramic éoated powders,

particularly at higher temperatures.
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APPENDIX I

Technical information on the type of
Vyne material used as a semi-permeable membrane
during plating by fluidised bed system



The Vyon name embraces a range of semi- -rigid microporous pdlymer materials with properties tailored
to suit a variety of industrial applications. ‘

PRODUCT INFORMATION

Materials

Vyon products include Vyon F, Vyon
D, Vyon H and Porvent manufactured
from High Density Polyethylene. The
grade of HDPE used has an exceptionally
high resistance to chemicals and is not
attacked by aqueous solutions of salts,
acids or alkalis or by most common
solvents. It also complies with the German
~ederal Office of Health (BGA) recommen-
dation Il for use with food products and
-onforms to the food and health

regulations of most other countries.
Further details of chemical resistance
are available from Porvair if required.
- While HDPE has been chosen for the
basic product range because of its versa-
tility, products made from other polymers
including poly vinyl chloride/vinyl acetate
co-polymer (Vyon C), ultra high molecular
weight HDPE and polypropylene are
available to cater for special needs.

Propertleslcharacterlstlcs

The structure of Vyon materials
yrovides porosity by way of a series of
.ortuous paths, the volume porosity
)f standard Vyon being of the order of

35%. Because of this they are able to
ermit flow rates much higher, and retain
»articles much smaller, than their poie size
vould indicate.,

While it is not possible to give an
absolute particle retention rating the table
below gives average pore sizes and typical
retention figures intended as a general
guide. It should be noted that these
figures refer to standard products but
materials with an average pore size of up

- to 180u can be made to order.

Pore size and Physical properties

Material thickness '| Average pore size | - Typical Minimum |- Minim'um-—i f
(mm) | (microns)bubbte :  retention  ltensile strength; elongationat
| pressuremethod | {microns) {kgffem?) 1 - break (%) !
: ; {85 1752:1963) i ' : i
. . y —
VYONF 075 | 90 | 30 0 | 10
1.0 { 80 L2270 15 10 j
1.5. i 70 ’ 24 | 25 10 |
2.0 65 b4 30 10
2.5 60 22 35 10 -
3.2 60 22 40 10
4.75 55 20 40 10
VYOND 3.2 30 . 15 70 10
4.75 30 15 70 10 . .
VYONC 5.0 30 15 100 "3
VYON CROSS SECTION




 Permeability/flow rates

The graphs below indicate average
water and air flow characteristics of
standard products. Flexibility exists
however to produce special materials with
restricted or enhanced permeablllty if

AIR FLOW THROUGH, VYON ‘F' EXCEPT WHERE INDICATED

required. For example, 5 mm thick
materials have been made with air
permeability as high as 150 cfm per
square foot at 0.2" water gauge pressure
differential.

WATER FLOW THROUGH VYON £

E 5 .
E I .
4 ¥ I'd
E g oS j
- 2 2
: g 23
&3 -
13 % E 3
: &
g &
'
3
. INCHES WATER GAUCE ,. __‘_.aouuuspznsom‘nsmm
' CENTIMETRES WATER GALGE (ILDGMMSPEI&QUMEC‘EN"M!TIE
PRESSURE DROF PREISURE DROP

The preferred operatmg temperature
range for Vyon products manufactured
from HDPE is —70°C to 80°C but they may
oe used for short periods at temperatures’
2p to 100°C in lightly stressed applications.
~ Users are advised to take advantage
of the facilities and experience of Porvair's
ndustrial Products Division if complex

fabrlcatlons are requ:red However !
simple shapes can be readily produced
by the user having conventlonal work-
shop facilities.

Vyon materials may be readrly cleaned
using water, most so!vents or reverse flow
techniques.

Availability

* Vyon products are available in a multi-
ude of configurations to meet customers
1eeds. These rnclude

» Standard sheet_s _
» Rolls

® Mouldings
® Discs or other shapes cut from flat sheet

® Tubes '(open ended or fitted with caps,
flanges, threaded adaptors, etc)

® Cones.

INDUSTRIAL PRODUCTS DIVIiSION

- Porvair Ltd Riverside Industrial Estate Estuary Road KING'S LYNN Norfolk PE30 2HS
Tel: (0552) 761111 Telex: 817115 PORLYN G




"APPENDIX 11

Technical information on the embedding
material used for ceramic powders



SCAN-DIA ERMBEDRDDRING SYSTE M

SCANDIPLAST No. 9101

EMBEDDING COMPOUND

Normally, characteristic to this group of self—-setting plastics is that, if the
temperature is raised to a critical level (580°C approx. ), the polymerisation
will accelerate and develop like a chain reaction under a violent production
of heat, by which the compound will crack and destroy itself completely, -
SCANDIPLAST, however, is processed in a manner so it is possible to con-
trol the reaction and achieve a fast hardening without a destruction of the
“material.

SCANDIPLAST 9101 is characterized by

a remarkable hardness and resistance to abrasion,
better than fer example most hot cumng plastics and
acrylic resins,

a definite ability to fill out tiny cracks and pores,
excellent transparency and complete absence of bubbles,
extremely easy and fast preparation, especially in

connection without embedding moulds SCANDIFORM
(DBGM=-protected) and the curing oven No, 9180/83.

INSTRUCTION.FOR USE,

]MF’ORTANT'.

Decisive for a good result is perfectly clean and degreased surface of ﬁ'\e

metallic sample to be embedded.

Due to the slight contraction of the resin during the hardemng especially even
- and glossy surfaces will not form a sufficiently good bond to the resin if not

pr*oper'ly prepared,
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impregnation is a convenicent method of filling interstices

¥ (using a Witt pot).

ScandiPLAST is suitable for embedding specimens up fo approximatcly
40 mm diameter using the above method. Larger specimens can

of coursc be cmbedded and we would be pleased to provide these
instructions upon receipt of your detailed rcequirements.

If, despite having followed the above instructions, the
-results are notuto your complete satisfaction, please do not
hesitate to contact us, as we are at your disposal for ﬁny
further assistance or information you may require,

Don't forget our other products :

Scan-Dia diamond paste
Scan-Dia polishing cloths
Scan-Nia automatic polishers

D.R. BENNETT LTD.
105A, BARKBY ROAD
~ LEICESTER LE4 7LG
Tel: (0533) 766715



“SvandiPLAST

Instructions for Use

ScandiPLAST is an idcal cold-setting embedding agent
incorporating the very latest developments, It consists

of two liquid components: the embedding material itself

and the hardener, After thoroughly cleaning and dégroasing
the specimens (preferably with Scandia cleaning and adhesive
solution No. 9105), one drop of hardener per cc of embedding
material is added and thoroughly incorporated by stirring;.
the mixture is then poﬁred into emhedding mbulds, preferadbly
of the ScandiFORM (silicone rubber) type. ScandiPLAST sets
within 30-40 minutes at room temperature, if heated gently to
about 40°C it will set within 15-20 minutes, and setting can be
. carried out very casily hy using setting box No, 9181.

It is preferable to leave the specimens to set in the moulds
until they have cooled down.to room temperature. While warm,
the embedding material has a tendency to absorb oxygen from the
atmosphere, so preventing 100% polymerisation of the surface,
The specimens then tend to become sticky on contact with .
alcoholic liquids, ‘

Where it is necessary for thc'hérdness of the.embcdding material
to equal that of thé spccimen, Aequidur hardener adjuster may

be added to part of the stirred mix before pouring. The specimen
is embedded in a small amount of ScandiPLAST/Aequidur mix in

the mould which is then topped up with more mixture, Aequidur
hardener adjuster is available in three grades - soft medium and
.hard, enabling any degree of hardness to be obtained, from that
of the softest aluminium to hard alloys or cermets, DBy following
these instructions a first-class.embedded specimen is attainable,
having hlister-free transparent. cmbedment with cven the finest
hairline cracks completely filled with resin. . A clean, non-tacky,
zlass-smooth surface results which has good etch-acid/solvent
resistance, but which is soluble in chloroform or acetone.
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Erhedding in ordinary metal- Embedding in SCANDIFORM,
oT vplastic moulds. Adhesion . No adhesion between mould
batween mould and resin. ‘ and resin. Result:
Result: dad adhesion Resin contracts
between sample and around the ganple.
resin. The gap ac= Good adhesion bee
cumulates abrasives tween resin and
and etching reagent. sample.

Normal orocedure by embedding in SCANDIFORM:

2) Pour mixed

é} _ resin glowly
- into mould.
] | '
¢ Egg; U
L : i’
1) Place degreased 3) After harden-
sample inio the mould ' . _ ing, release specimen,
daal v *e Z3 PRECAUTION! To prevent damage of
the .mould, do not wrest or wring
to get the specimen out! Turn
' To ensure extra tight embeddings by mould upside~down and press
tricky samples (rings, nute ete.) with thumb from bottom side.

1) The two-step or "loyer~cake" method.

Start with very
thin layer at
.the bottom and
let it harden.

Then £ill up to
ordinary measure and
harden agein as usgual,

2) The SEALANT method. Especially safe and perfect.

Cover sides of sample with ultra-thin layer of SCAN-DIA SEALANT 9103.
Let it harden 2-3 min. Then embed in SCANDIPLAST as usual
(special instruction available) .

3) The EQUIDUR method.
~ The adding of EQUIDUR, particularly the type S 9130/52), prevents cone- .
traction of resin and ensures tight embeddings (special instruction avseil.)

. To_ensure extra hard surfaces of resin, see instruction for use of EQUIDUR.

Ezbedding of thin wires and alike.

|
1]
1y
1 I'III'
RN
11 10 ¢
]

. e e e

1

3 . 4

Place a number of Finish with Press the " Place in resin-
the cut wires in a "tripod" bundle against filled mould
plastiline, not of nails. flat.surface. and harden., Wait
too deeply. 10 min, before
After hardening, cut surplus of wires and nails. K -~ destingl

-Grind back surface coarsely.
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APPENDIX IIX
EQUATICNS USED IN PROPERTY CALCULATIONS

a) Density of Campacts, ¢

0 = A (g/emd)

wrdzt
- where m = mass
d = diameter
t = thickness
'b) Compaction Stresses, o,
4F 2
On = (MN/m=)
C ‘I'sz

where F = compaction force.

¢) Tensile Stresses, Op

229 i/
O = —&t (MN/m“)

maximum applied load

where L, _
acceleration due to gravity.

g.

i

d) Tensile Strain, &

%2

x 100 (%)

=¥

whefe &y = exte.nsion at Lype



e) Modulus of Elasticity, E

£) Vickers Hardness Number, VEN

viny = 1.854  p
12

indenter load (kg)

where P : :
diagonal length of indentation (ocular reading mm).

e
n

Conversion tables were supplied for translating the ocular reading
(mm) into VHN, avoiding the use of the above equation.



TABLES



TABLE 2: SPECIFICATIONS OF MANNESMANN WPL 200

TR POYDER(136)

Method of mamufacture
Apparent density (g/cm>)

Tap density (g/cmd)
Flow rate (sec/50g)

Surface area (cmz/g)

Atomised
2.508
- 3.40
45.6
207.0

TABLE 3: PROPERTIES OF ZINC STEARATE(136)

Ash (%)

Free fatty acid (%)
Water soluble éalts (%)
Moisture (%)

Softening point (°C)
Specific gravity
Particle size

(BS sieve)

15.1
0.5
0.2
0.5
124.0
1.09
99.9% through
325.0 mesh




TABLE 4: ESTABLISHMENT OF FLOW CHARACTERISTICS THROUGH THE SUPPORT
FILTER AND POWDER BED IN THE FLUIDISED END

Details of system: Bed support: 4.75 mn thickness
Powder bed: -150 + 125 ym fraction
Amount: 100 gm
Cross-sectional: 78.5 an’
Pump: Centrifugal
Pump Voltage Flow Rate Height of Particles Observation
v cm/s -Imm .
90 0 0 No movement
100 “0.53 0.3 Onset of fluidisation
110 0.92 2
120 1.24 | 18
130 1.75 30
140 2.0 41
150 2.3 Particles expand over 100% sharp
' dividing o




TABLE 5:

COMPOSITIONS OF SOLUTIONS USED FOR DISPLACEMENT METHOD

QOATING ON IRON POWDERS IN FLUIDISED BED SYSTEM AND BATH

4) Copper Plating Solutions

B)

Copper sulphate heptshydrate CuSQ,.5H,0
Ferrous sulphate septahydrate FeSO,.7H,0

Sulphuric acid H,SO, (concentrated)

' Bath temperature (room temperature)

Copper-tin Plating Solution
Stannous chloride dihydrate SnCl,.H,0
(SLR grade)

Copper sulphate heptahydrate CuSO,.5H,0

Sulphuric acid Hy80, (concentrated)
(specific gravity: 1.84)

Bath temperature (rocm temperatui*e)

2.5 g/l
5 g/l
5 cc/1

~ 20°C

54g/1

7.5 g/1

5 cc/1

. v20°%Cc



TABLE 6: ELECTROLESS PLATING SOLUTIONS USED FOR. PLATING ALUMINA,
TUNGSTEN CARBIDE, TANTALUM CARBIDE AND SILICONE CARBIDE
POWDER PARTICLES

A) Copper Plating Solutions

Copper sulphate heptahydrate CusS0y4.5H,0 : 15 g/1
(SLR grade})

Ammonium carbonate | 10 g/l
(SLR grade) - NHZG)S

Potassium sodium tartarate monchydrate

maC4H406.H20 30 g/ L
Sodium hydroxide NaCH added to a pH of 12.5-13.0
Formaldehyde CH,(OH), (37-40 vol/wt®) ~ S5eccn
Bath temperature | 27°c-30°C

B) N:Lckel Plating Solution

Nickel chloride septahydrate N:LC12.7H20 25 g/1
Sodium pyrophosphate decahydrate NaP0-.10H,0 50 g/1
(SLR grade) -

ammonia (ag) (20 vol%) add up to 9.5 pH
Sodium hypophosphite NaHPO, ' 25 g/1
(SLR grade) _
Bath temperature ; 30P¢c-40°C

C) Cobalt Plating Solution

Cobalt chloride CoCl, | . 20gn
Sodium pyrophosphate decahydrate

72 g/1
(SLR grade% o
Armmia (agq) (25 vol%) add up to 10 pH
Sodium hypophosphite NaHPO, | ' 30 g/L
(SLR grade) .

Bath temperature | 45°9¢c-55°C



TABLE 7: PRE-TREATMENT BATHS USED FOR ELECTROLESS PLATING PROCESS ON
CERAMIC PARTICLES

Sensitising Solution 1 - Stannous chloride:
R SnCly.2H0 10 g/1
- HCL (aq): 40 am3/1
- Bath temperature: 22°¢
- Treatment time _ - 3 mins
Activating Solutiocn: - Palladium chloride:
: PACl, 1l g/l
- HCL (aq)  5een
- pH: - - 1-1.5
- Bath temperature 22°C

- Treatment time: 2 min



WEIGHT OF COPPER DEPOSITED (%)

TABLE. 8.

Solution compositions used to find effect
of copper sulphate amounts on amount
of copper deposited. (See Fig. 16.) .

. Temperature

Compositions
1 2 3
(uSO5H,0 g/t 25 5 10
_ FeSOH,0 - g/l 5 s 5
_. H,S0, [conc) tm/1 5 5 5

Total volume 10 litre (distilled water)

room temperature ~20°C

Powder charge 100g of iron particles in ~150 +125um size range

.
L=

A -

1 | 1 1 L | g 8 1

L 6 8 10 |
COPPER SULPHATE {g/1)

12




TABLE 9

APPARENT DENSITIES AND FLOW RATES FOR SINGLE
AND ALIOY OOATED IRON POWDER FRACTION
(=150 + 125 uym)

_ ; _ -

Powder Type Apparent Density ; Flow Time
wtd - (g/c) ! (s)
Fo 2.54 | 36
Fe-1.5 Cu® - 2.41 ‘ 41
Fe-7.1 CuP 2.26 : ‘ a4
Fe-8.6 CuP o 12.05 . 47
Fe-9.8 cub? 1.94 58
Fe-0.7 Cu-0.2 Sn® 2,50 | 39
Fe-3.5 Cu-3.1 Sn? 2.34 42
Fe-4.3 Cu-2.1 sn? = 2.24 _ 43

‘at Coated by displacement in bath
b: Coated by displacement in fluidized bed system (FBE)-.



TABLE 10: PROPERTIES OF PURE IRON POWDER UNSINTERED CCMPACTS

(Average values)

Powder e 5 ¢ 3 VHN O
Type (MN/m?) (g/cm>) (M/m?)
480.3 6.70 65.6 24.5
574.5 6.90 94.0 27.4
IRON
670.1 7.00 113.5 33.3
766.2 7.24 126.7 38.2
865.2 7.33 148.8 40.7




- i e # 4 LR ML AERD \JD wr(m LUALTED LRON POWDER UNSINTERED COMPACTS
average values) '

j g
Powder °c2 Y 3 ‘ VHN T
Type (MN/mé) - (g/em) C(aym?)
480.3 672 743 . 254
i f T
i 576.0 ? 6.96 97.5 31.3
! 3 |
| Fe-1.5Cu | -
672.5 ; 7.13 ' 119.9 36.2
| | L
L 767.9 ' 7.27 1329 . 39.2
864.6 7.36 1 1512  42.0
! i_ ' — 1
i 480.3 | 6.75 |  77.2 . 25.8
% 577.7 7.07 | 10531 | 32.3
: ! ' ,7 |
{ Fe-7.1Cu S : |
674.1 7.22 g 123.1 ! 36.4
]
768.0 7.38 | 1381 41.2
| — , .
861.8 . | .- -7.49 | 153.2 - 42.9
480.2 6.80 78.4 26.0
© 575.6 7.25 102.7 - 32.3
Fe-8.6Cu | -
671.8 | 7.5 119.7 37.1
768.4 7.70  142.3 42.1
864.9 7.9 154.2 - 47.0
479.6 7.03" 78.5 29.8
| 575.6 |  7.43 | 105.87 39.2
Fe-9.8Cu _ ,
671.8 7.66 135.3 46.1
769.6 7,88 © 163.5 . 50.0
867.5 8.09 181.17 53.9




TABLE 12:

PROPERTIES OF COPPER-TIN ALLOY COATED IRON POWDER
UNSINTERED OCMPACTS (average values)

]

s ' ‘ P VEN ! O
Type (/) (g/cn) | ()
- | | 1
480.9 6.74 76.2 ‘ 30.0 ;
i |
- % =
: 575.6 6.96 105.1 ; 35.3
i ,
Fe-0.70u |  672.3 7.12 125.3 38.2
 768.2 7.26 144.8 43.1
. 863.2 L 7.41 155.5 45.0
| 480.3 L 6.75 79.0 28.6
! . R —
. 577.3 r 7,00 107.0 33.3
i 1
Fe-3.5Cu i
-1.35n | 672.7 7.18 132.5 39.2
| 768.1 7.33 148.8 43.7
865.0 7.45 - 161.6 47.0
479.3 6.77 79.1 28.3
572.4 7.00 109.7 33.6
-2.18n 656.7 7.16 134.1 42.1
756.4 7.32 152.8 44.5




TABLE 13

PRESSED DENSITY OF IRON PCWDER COATED WITH OOPPER BY
DISPLACEMENT PLATING METHOD USING BATH AND FLUIDISED BED

SYSTEM TECHNIQUES

Compact Composition
wt¥

i Compaction Load

kg g/cc
2510 6.71
3010 6.97
Fe - 1.5 Cu (bath) 3505 7.13
4000 7.28
4520 7.38
2510 6.80
3025 7.13
Fe - 7.1 Cu (FEE) 3540 7.20
S | 4030 7.40
4500 7.55

2510 6.88 -

‘ 3000 7.29 -
Fe - 8.6 Cu (FBE) 3495 7.35
4030 7.63
4500 7.96
2510 7.04
: 3000 - 7.38
Fe - 9.8 Cu (FBE) 3495 7.55
4030 7.77
4540 8.12




TABLE 14

PRESSED DENSITY OF IRON POWDER COATED WITH OOPPER-TIN
ALLOY BY DISPLACEMENT FLATING METHOD USING BATH TECHNIQUES

_ T r 1
Compact Composition Campaction Load | Pressed Density I
wt¥ kg ; g/cc

1’ |

? . H
| |
! g 2515 : 6.76 |
’ IR ! 3005 ; 6.98 :
Fe-0.7 Cu-0.2 Sn ; 3515 f 7.10 |
; 4010 ! 7.29 ;
| i 4495 i 7.42 |
: : 1 |
| | i
5 2510 ; 6.77 ;
, i 3997 1 7.03 '
Fe-3.5 Cu~1.3 Sn , 3520 _ 7.17 !
‘ 4010 | 7.35 i
| 4520 : C7.44 i
! R : | :
: o 2495 o 6.78 |
L » 2980 | 7.04 5
i Fe-4.3 Cu-2.1 Sn , 3650 - 7.18 ,
b : 3975 : 7.36 |
| | 4550 i 7.58 i




TABLE 15

TENSILE STRENGTH OF PRESSED DENSITIES OF IRON POWDER

COATED WITH COPPER USING
DIAMETRIC COMPRESSION TESTS

t
!

Pressed Density

. Compact Ccomposition Tensile S
wtd g/ec MN/m
{
| 6.71 24.81
: 6.94 31.88
i 7.29 39.63
7.35 41.49
6.58 22.46
7.10 33.64
Fe - 7.1 Cu 7.25 47.52
7.40 41.59
7.55 44.34
! _ 6.88 26.58 .
- 7.21 33.25
| Fe-8eq 7.43 37.37
; 7.88 48.46 .
i /
[ 7.40 28.44
L Fe - 9.8 Cu 7.42 40.90
7.51 47.18




TABLE 16

TENSILE STRENGTH OF PRESSED DENSITIES OF IRON POWDER
COATED WITH COPPER-TIN ALLOY USING

DIAMETRIC OOMPRESSION TESTS

Corpact Coamposition Pressed Density Tensile 'Stiength
wtd g/cc MN/m*
6.73 - 30.11
- - 7.04 35.41
Fe-0.7 Cu-0.2 Sg 714 38,94
7.30 43.06
6.74 28.93°
Fe-305 0.1-103 Sn 7.% 32066
7.47 48.46
6.96 1 32.17
. . 7.46 44.53
Fe-4.3 Cu-2.1 Sn 7 26 45.32
7.40 47.08 -




"TABLE 17

VICKERS HARDNESS TESTS ON GREEN CCMPACTS MADE FROM

COPPER DEPOSITION ON IRCN POWDER PARTICLES

BY DISPLACEMENT METHCD

Campact Camposition Pressed Density VHN
wt% (g/cc) (Average)
_ 6.31 68.8
_ 6.83 92.3
Fe - 1.5 Cu 7.11 112.0
7.45 - 148.0
6.8 80.1
- 7.05 95.3
Fe = 7.1¢Cu 7.31 134.0
7.59 160.0 .
' 7.19 96.2
Fe - 8.6 Cu 7.35 113.0
7.65 133.0
, 7.01 75.4 -
Fe - 9.8 Cu 7.22 97.3
e 7.55 123.0




TABLE 18

VICK‘ERS HARDNESS TESTS ON GREEN OCMPACTS MADE FRCM
QOPPER-TIN ALLOY DEPOSITION ON IRON POWDER PARTICLES

BY DISPLACEMENT METHOD

Pressed Density

Campact Composition VHN
wtd (g/cc) (Average)

6.8 88.3

Fe-0.7 Cu-0.2 Sn 7.15 132.1

7.21 138.4

7.33 147.7

_ 6.61 68.3

Fe<3.5 Cu-1.3 Sn 7.08 105.1

7.20 138.0

7.38 152.0

. | 6.71 77.6
Fe-4.3 Cu-2.1 Sn 7.18 139.3

7.36 - 158.5

7.43 161.1




TABLE 19

COMPARISON BETWEEN SINTERED AND UNSINTERED DENSITY
FOR QOPPER COATED IRON COMPACTS

Sintered for 9 mins at. 800°C

. ‘ ‘ l
Compact Campaction Pressed ’; Sintered

Camposition . Styess j Density | Density
e o L L g/a
] ;
575.6 ! 6.98 . 7.00
_ : 673.5 7.14 | 7.16
Fo-Qul.s 769.4 . 729 1 7.3
863.5 | 7.38 . 7.41
i
- 576.1 7.03 7.04
- R 671 - 6 . 7 L] 22 H 7 - 25
Fe - Qu7.1 767.5 7.38- | 7.35
. 861.3 -7.53 »3 7.45
i
_ o 575.6 7.29 ' 7.17
_ B 667.7 7.41 L 7,29
Fe - Cu 8.6 767.5 7.69 | 7.39
' 863.5 ~ 7.88 i 7.52
! |
| | | |
. " 575.6 7.38 | 7.35
L | 673.5 '7.58 ! 7.50
Fe - Cu9.8 ' 767.5 | 777 | 7.49
871.1 8.12 ! 7.67
* 1




TABLE 20

QOMPARISON BETWEEN SINTERED AND UNSINTERED DENSITY FOR

QOPPER~TIN ALLOY COATED IRON OOMPACTS

Sintered for 9 mins at 800°C

"___*T‘_.»;Qh__-_w

882.3

e ot Compaction Pressed Sintered
Camposition Stress Density Density
wts M/ g/cn® g/cm3
576.6 6.98 7.01
) _ 674.4 7.10 6.97
Fe-Cu 0.7-0.2 Sn 768.5 7.17 7.17
862.5 7.42 : 7.42
\
t
_ _ 575.6 7.0 7.07
~ _ 671.6 7.20 7.21
Fe-3.5 Cu-1.3 Sn 767.5 7.33 7.34
' .. B63.5 - 7.47 7.46
580.1 7.00 7.06
_ 683.0 7.17 7.23
-4.3 Cu-2.1 S
Fe-4.3 . 2.1 8n. 767.2 7.35 7.36
7.47 7.46




TABLE 21

- QOMPARISON BETWEEN UNSINTERED AND SINTERED VOLUME
FOR (OPPER COATED IRON POWDER CCMPACTS

Sintered for 9 mins at 800°C

Unsintered ; Sintered
| Compact _ Compact
Campact Campaction -
Camposition Stregs 3
wt¥ MN/m Volume mmS vVolume mm~
575.6 429.4 424.7
e 673.5 421.2 ' 418.6
Fe - 1.5 CQu 769.4 411.5 408.0
863.5 406.4 404.8
_ 576.1 418.1 , 415.1
. 671.6 415.1 412.0
Fe - 7.1 Cu 767.5 | 406.4 406.4
861.3 402.3 - | a03.8
575.6 415.1 415.6
_ 667.7 407.4 . 406.9
Fe-86Q | .om's 399.7 | 202.8
863.5 369.1 o - 392.1
575.6  405.4 399.8
‘ 673.5 398.2 394.2
Fe - 9. .
- 9.80Cu 767.5 392.1 388.1
871.1 381.3 s . 380.5




TABLE 22

CCMPARISON BETWEEN UNSINTERED AND SINTERED VOLUME
FOR OOPPER-TIN ALLOY COATED IRON POWDER CCOMPACTS

Sintered for 9 mins at 800°C

Unsintered Sintered
Compact Compact
Campact: Compacticn :
Camposition Stre,Es- 3 3
wt% MN/m Volume m Volume mm
) 576.6 429.4 427.8
674.4 423.8 427.3
. W Y - 12
Fe-0.7Cu-0.25n | o eg's 418.1 418.1
862.5 403.8 403.8' ‘
5875.6 426.8 424.2
- _ 671.6 419.2 417.1
Fe-3.5u-1.3 Sn | ooo's 411.5 411.0
863.5 - 403.8 404.4
: - 580.1 428.4 424.7
683.0 416.6 410.5
F —403 _2-1 S ' *
e4.3Cu R 7e7.2 ' 406.4 392.2
882.3 401.3

397.8




TABLE 23

COMPARISON BETWEEN SINTERED AND UNSINTERED HARDNESS VALUES

FOR COPPER CQOATED IRCN POWDER COMPACTS

Sintered for 9 mins at 800°C

——y

Compact ‘Compaction VHN - VHN
' Composition Stresi (Unsintered (Sintered
'g wt% MN/m Compact) ! Campact)
i !
. i 575.6 , 100.9 85.3
. 673.5 . 125.0 77.0
Fe - Cu 1. i |
S-S oeols | 136.0 71.5
| 863.5 ; 151.0 90.7
; P
| |
| 576.1 108.0 75.4
e — 671.6 122.0 | 77.0
Fe - Qu7.1 767.5 137.2 . 91.1
861.3 - 151.0 | 85.4
575.6 98.3 63.3
_ 667.7 116.0 . 70.6
Fe - Cu 8.6 767.5 140.7 80.2
863.5 154.6 - | 76.9
i
;
) 575.6 115-0 1 81‘9
- 673.5 129.2 i 67.3
Fe - Cu 9.8 767.5 161.2 | 75.7
871.1 184.3 i 74.0




TABLE 24

CCMPARISON BETWEEN SINTERED AND UNSINTERED HARDNESS VALUES
FOR COPPER-TIN ALLOY OOATED IRON CCMPACTS

Sintered for 9 mins at 800°C

Campaction ' VHN VHN .

e e+ ot A e 1 e e Ay

Compact : |
Ccmposition o Stregs (Unsintered (Sintered
wt% : MN/m Compact) ; Compact)
| : . ' ;
576.6 ' 103.3 t 104.5
Fe-Cu 0.7- 674.4 : 127.2 77.3
-0.28 . 768.5 ¢ 144.5 70.1
: ; - 862.5 P 155.0 64.6
]
575.6 ' 109.7 , 102.8
Fe-3.5 Cu- v 671.6 . 132.0 o 96.6
. =1.3 8n ! 767.5 151.7 86.5
- ! 863.5 - 1 164.0 T 79,9
B ]
- I
. 580.1 ! 107.4 104.5
Fe-4.3 Cu- 683.0 134.2 96.3
~=2.1 6n - 767.2 ] 156.2 89.3
882.3 i 162.0 -~ 83.0




TABLE 25

OOMPARISON BETWEEN LUBRICATED AND UNLUBRICATED
PURE IRON OOMPACTS POWDER '

Detail: - 150 + 125 pm Fraction
2000 kg load compaction

; Compact : : ‘
Composition Parameter " Unlubricated . Lubricated
: wt% o | :
Mass (g) = 2.99 3.00
| Height (mm) 9.76 9.15
Diam (mm) % 8.07 f 8.07 .
Volume (mm3) { 498.96 | . 467.77 |
| : ~ i g
L 5 (g/ad) f 5.99 | 6.41 |
a
—— :
s (kg/mm?) 5 © o 39.12 39.12 i
. ! | .
: . } i
| o (kg/m?) |  5.84 ! 2.48 |
i !




TABLE 26
COMPARISON BETWEEN LUBRICATED AND UNLUBRICATED
COPPER COATED IRON OQMPACTS

Detail: - 150 + 125 ym Fraction
2000 kg load campaction

Made by displacement method in bath

Campact ’ :
Camposition Parameter Unlubricated Lubricated
wt$ :

Mass (g) 3.01 3.0

Height (mm) 9.05 9.10

: | Diam (mm) - 8.07 - 8.07
© Fe-1.5Cu

Volume (mm3) 462.66 465,21

§ (g/cmd) 6.50 | 6.44

og (kg/m) 39.12 39.12

o (kg/m?) | 5.12 2.49




TABLE 27
COMPARISON BETWEEN LUBRICATED AND UNLUBRICATED
COPPER CQOATED IRON CCMPACTS
Fe - 7.1 Cu wt%

Detail: - 150 + 125 um Fraction
2000 kg load campaction

Made by displacement method in fluidised bed

Campact . ‘ _ '
© Composition Parameter Unlubricated Lubricated
wts o
Mass (g) 3.00 3.00
' Height (mm) 9.37 9.15
- :
! Diam (mm) 8.07 3; 8.07
Fe=7.1Cu : !
o Volune (mm3) 479.02 | 467,77
5 (g/cm) 6.26 6.41
o (kg/m) ©39.12 39.12
95 (kg/mn?) 5.68 ;Lo




TABLE 28
(I?MPARISON BETWEEN LUBRICATED AMJ UNLUBRICATED
’ COPPER OOATED IRON COMPACTS
Fe - 8.6 Cu wt%

Detail: - 150 + 125 um Fraction .
2000 kg load compaction

Made by displacement method in fluidised bed

Composition Parameter Unlubricated |  Lubricated
| wts ; |
Mass (g) 3.01 i 2.99
Height (mm) 9.40 8.86
: Diam (mm) o '8.07 8.07
Fe-8.6Cu :
. | o
Volume (mw3) |  480.55 | 452.95
3 - |
8 (g/em’) 6.26 ; 6.60
o (kg/mi2) 39.12 39.12
I : ‘ :
op (kg/mn?) | 5.45 1.67




TABLE 29
OOMPARISON BETWEEN LUBRICATED AND UNLUBRICATED
COPPER CUATED IRON COMPACTS
Fe - 9.8 Cu wt%

.Detail: - 150 + 125 um Fraction
2000 kg load compaction

Made by.displacement method in fluidised bed

: T ]
Compact : :
Camposition Parameter Unlubricated . Lubricated
wtS |
Mass (g) 209 2,98
_ . ' _
! . Height (mm) |  9.00 | 8.67
1 z - i
r -: Diam (mm) 8.07 ! .8.07
~Fe-9.8Cu ’ ;
o Volue (m®) .  460.10 j . 443.23
: | i .
8 (g/c®) L 6.49 i 6.72
{
o (kg/mu?) 39.12 ’ 39.12
oy (kg/mn?) 5.27 1.59




TABLE 30
COMPARISON BETWEEN LUBRICATED AND UNLUBRICATED
QOPPER-TIN ALICY COATED IRON OCMPACTS
Fe - 3-5 QJ wt%

Detail: -~ 150 + 125 dm Fraction
2000 kg load compaction

Made by displacement method in bath

Campact
Carnposition Parameter Unlubricated Lubricated
wt% . '
Mass (g) - 3.01 3.01
" Height (mm) 19.23 | 9.10
Diam (mm) 8.07 8.07
Fe-3.5Cu ‘ '
-3.1 Sn 3 .
e - volume (mm”™) - '471.86 465.21
5 (g/cmd) 6.38 6.47
| 0o (kg/mn?) 39.12 39.12
t
9 (kg/nmz) 2.03 . 1.73




TABLE 31

OOMPARISON BETWEEN LUBRICATED AND UNLUBRICATED-

Detail:

COPPER-TIN ALLOY COATED IRON OOMPACTS

Fe - 4.3 Cu - 2.1 8n

- 150 + 125 um Fraction

2000 kg load compaction

Made by displacement method in bath

Ocmpaci:

Camposition Parameter Unlubricated Lubricated
Wt : : R ‘ -
- Mass (g) 2.99 3.00
Height (mm) - 9.09 9.06
piam (mm) - 8.07 8.07
Fe-4.3 Cu- - 5
Volume (mm>) 464.70 463.17
s (g/amd) 6.43 " 6.47
0, (kg/mn?) 39.12 39.12.
og (kg/mt) 1.63 - 1.52




TABLE 32

PROPERTIES OF GREEN COQMPACTS MADE FROM ALUMINA POWDER (45 um)
(OCATED WITH NICKEL BY ELECTROLESS METHOD

. - ! | o 1 -
Powder Compaction | Theoretical | Tensile | Tensile | Youngs
. Type Stress . Density | - Strength i Strain Modulus
‘ Cbmposition Cu - Percentage Cp i €m E
oWty oy P (My/m2) | (x 1008) | (MN/m2)
i xio"F L35
380.0 63.68 | 0.800 | 8.63 0.103
476.9 66.41 1.049 7.39 0.142
A1,05-1.9 570.0 | 6710 | 1.243 | 6.65 | 0.187
Ni ., | |
665.0 . 68.15 1.372 5.91 0.232
760.0 68.40 1.473 4.93 | 0.299
855.0 66.90 | 1.787 | 3.69 | 0.484
| i




TABLE 33

PROPERTIES OF GREEN QOOMPACTS MADE FRCOM ALUMINA POWDER (45 Hm)
OOATED WITH NICKEL BY ELECTROLESS METHOD

— . 5 +
Powder Campaction ' Theoretical Tensile ; Tensile ' Yourgs
Type Stress . Density Strength | Strain = Modulus
! Camposition L Percentage S | €n | E
‘ !
wtg | on/me) C . (mym®) | (x 100%) | (MN/m2)
) T xS wie?
380.25 |  56.85 | 0.969 | 13.56 = 0.07
474.05 58.79 | 1.074 7.39 0,145
AL,05-6.34 | 569.50 ©  60.19 1.103 | 4.93 | 0.241
Ni . : i !
665.95 .  61.16 1.243 2.46 1 0.505
760.95  ° 63.61 1.382 2.21 | 0.625
. ; . . ) . !
857.85 .  66.26 1.486 172 | o0.863
| i
I ! |




TABLE 34

PROPERTIES OF GREEN QOMPACTS MADE FROM SILICON CARBIDE POWDER
(29 um, PARTICLE SIZE) COATED WITH NICKEL BY ELECTRCLESS METHOD

Powder ' Compaction  Theoretical Tensile  Tensile  Youngs

Type f Stress Density Strength Strain =~ Modulus
Composition 1 O¢ Percentage . So €r E
wes | on/md) Mn?)  (x 100%) (/)

Xio ¥10%

380.0 66.76 . 0.390 : 10.85 : 0.036
475.0 68.51  0.440 | 8.13 . 0.054
sic-8.33 Ni | 570.0 |  69.97 ' 0.517 - 6.41 , 0.080"
ST | i T | .
665.0 I 7142 | 0.652 | 4.93 ¢ 0.132
! : : '
760.0 ! 72,59 | 0.821. ! 2.71 | 0.308
g5.0 | 7317 | | 0.528
! : ! |
i : H
! ’ 1

0.909 i 1{72




TABLE 35

PROPERTIES OF GREEN COMPACTS MADE FROM TUNGSTEN CAR‘BIDE , ‘
(=150 + 45 wum, PARTICLE SIZE) CCATED WITH NICKEL BY ELECTROLESS METHOD

Powder Compaction Theoreticall Tensile l Tensile | Youngs
: Type - Stress Density | Strength | Strain Modulus
- Composition Oq Percentage | S I € E
R (MN/n?) | av/m 2) § (x100%) | (MN/m?)
‘ : P X107 X (o3
| _ Z } ‘
380.94 66.55 © 0.215 - | 11.11 0.019
. . !
- 476.17 67.94 ~  0.657 . 8.64 0.076
. . ';
667.60 72.39 ' 0.873 | 6.17 0.142
b | ‘
i 761.80 72.46 - 0.940 |  4.93 0.191
i . | i
| 850.10 74.25 | 1.187 : 3.70 | 0.321
j
. ! : *,




TABLE 36

PRESSED DENSITY OF ALUMINA POWDER COATED WITH NICKEL
BY ELECTROLESS PLATING METHOD

Detail:

Powder charge:

1.5g

Campact Composition
wt%

Compaction Load

Pressed Density

kg g/cc
1010 2.539
1515 2.552
2000 2,568
2500 2.564
3000 2,577
A103 - 1.9 NL 3495 2.591
4010 2.617
4500 2.633
| | 5025 2.662
5490  2.653
6000 2.665
!
1005 2,267
1525 2.271
2015 2.278
2500 2.289
. | 3010 2.285
Al,03 - 6.34 Ni 3490 2.303
- 4000 2.341
5000 2.339
5515 2.348
6025

2.363




TABLE 37

PRESSED DENSITY OF TUNGSTEN CARBIDE POWDER
OOATED WITH NICKEL BY ELECTROLESS METHOD

Detail: Powder charge: 4g

Coampact Composition : Compaction Load Pressea Density
wt¥ i] kg g/cc
'3 1025 10.150
% 1512 10.200
| 2000 10.280
2515 10.320
3010 | 10.38
WC - 5.71 Ni 3520 10.481
4000 | 10.424 -
4495 1 10.526
5000 10.650
5525 10.610
6005 ‘ 10.770




TABLE 38

PRESSED DENSITY OF SILIOON CARBIDE POWDER COATED WITH
NICKEL, BY ELECTROLESS PLATING TECHNIQUES ‘-

Detail: Powder charge: 1.5g

Copact Composition - { Compaction Load ; Pressed Density
wts ’ kg . g/cc
1000 2.171
1510 l 2.250
2005 2.417
2525 | 2.451
‘g 3000 2.462
| SiC - 8.33 N 3515 2.610
| | 4000 | . 2.660
i 4500 2.653
5000 | 2.670
5495 o 2.697
6020 | 2.790




TABLE 39

PRESSED DENSITY OF ALUMINA POWDER CCATED WITH QOPPER
BY ELECTROLESS PLATII\G METHOD ‘

Campact Composition g . Campaction Load Pressed Density ;
wes | kg e
’: : :
| 1000 | 2.358
1515 i . 2.356
2005 | 2.371
2500 | 2.399
13010 2.410
A0y - 11.7 Cu 3495 © 2.439
| 4000 | 2.447
4500 2.453
5010 2.451
5500 o 2.468
6000 2.50




TABLE 40

PROPERTIES OF GREEN CCMPACTS MADE FROM TANTALUM CARBIDE POWDER
(45 um PARTICLE SIZE) COATED WITH COPPER BY ELECTROLESS METHOD

Theoretical ;

Tensile Tensile | Youngs
:  Type Stress Density | Strength | Strain | Modulus
Camposition oa | Percentage ; o € E
s v/ /) | (e 1008) | oav/m?)
i 380.94 57.33" 6.724 9.25 0.727
. 476.17 64.44 9.487 4.93 1.924
i TaC-12.8Cu 571.41 65.97 _:Li.7548 4.31 2.679
E | 666.64 67.88 13.005 | 2.46 5.323
i 761.80. 69.18 | 13.757 1.97 .6'.‘983
857.10 70,25 15.576 0.74 21.049




TABLE 41

PROFERTIES OF GREE'N COMPACTS MADE FRCM ALUMINA POWDER
(45 m, PARTICLE SIZE) COATED WITH COPPER BY ELECTROLESS METHOD

- - T
Powcier Compaction Theoretical | Tensile Tensile = Yourgs
‘Type | Stress Density  Strength | Strain . Modulus
Camposition O Percentage T ! T E
wt % (MN/m?) (/) . (x 1008) | (nv/m?)
‘ LT : ‘ ;
| .5 |
379.06 | 5199 | 0.609 | 3.6 | 0.165
473.83 55.26 %‘.1.188 § 246 | 0.483
A1,05-11.7 570.00 |  55.50 | 1.583 : 1.97 | 0.804
Cu 665.00 56.90 | 1.873  1.23 | 1.523
- ' 758.10 } 58.54  2.052 . 0.49 | 4.188
g. 855.00 | 5971 ' 2.568 024 | 10,700
5 . | ,




TABLE 42

DENSITY OF PRESSED AND SINTERED CQOMPACTS MADE FRCM
TUNGSTEN CARBIDE COATED WITH NICKEL, 5.71 wt%

BY ELECTROLESS PLATING METHOD

Sintered at 1000°C for 10 mins

A 44, V2 Vot o 2 b oy B e+

Compaction Load Pressed Density Sintered Density

(kg) g/cc_ g/cc
2000 110.32 10.35
2500 10.81 10.89
3000 11.03 11.05
3500 11.24 11.29
4000 11.43 11.55
4500 11.68

11.81




TABLE 43 .

DENSITY OF PRESSED AND SINTERED COMPACTS MADE FROM
SILICON CARBIDE POWDER COATED WITH NICKEL, 8.33 wt%

BY ELECTROLESS METHOD

Sintered at 1000°C for 10 mins

Campaction Load Pressed Density . Sintered Density

(kg) g/ce : g/cc !
2000 2.010 1.790
2500 2.290 1.960
3000 2.420 2.260
3500 2.480 2.020
4000 2.460 2.120
4500 2.440 2.240

]




TABLE 44

DENSITY OF PRESSED AND SINTERED COMPACTS MADE FROM
ALUMINA POWDER COATED WITH COPPER, 11.7 wt¥

BY ELECTROLESS METHOD

Sintering was carried out at 1000°C for 10 mins

Campaction Load

Pressed Density

Sinteréd Density

(kg) g/cc g/cc
|

2060 2.229 2,242

2500 2,367 2.368

3000 2.378 2,401

3500 2.. 430 2.443

4000 -2,503 2,481

4500 | 2.55

2.544




FIGURE 1

A Range of Automotive Parts Made by
Powder Metallurgy
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Oil reliaf valva plunger
Timuing adjusier splined plate
Timing chain tensionyr key
Valva sealinsars

Valve guida

Valve wedge
Manifold intet pipe spacer
Carburetlor last/idle com

Qil pump gears
Od pump 1olors
Oil pump diive llange

Distribunor bearing
Contacl pointy
Distribulor cam
Distribnior shalt bushing
Distribuior Lob weight

Rocker plvot balt

Valer pump impellss insart -

Camahall thrust plate
Crankshafl sprocket
Oil pump drive pes
Conneclion rads
Crankahali gear

Hubg for dvnamo,

alternator and weior pump pulleys

Camahalt sprocket
Camshalt powor grip belt pufley
Aochar shaft support bracket

Rocker arm
Engine and gearbox P.I. motar bearing
' ) mounting nsert . Stater mator pote slioes
Dynamo pole shoes and bearings snd boarings
Adlsnaios spacer Dush
Ahernator pola pece and snd-frama Clutch bearing support hub
Cluich spring seat Steering link seats

- Synchronisas sirul

Cuar seluciur ¢ms
Guar plates
Synchroniser hubs
Fiywhaeulslirst mution shaft support bush
Siuing Lilochs los synchry hulis

Synchronises cones

Speeda dive beanng -

Geatbon inginshall splined washer

Torque convarios sLalor plate and thiust bearing
Cparating lugglo levor

Cam spacer -

Valve slogve - -

Third and fourth spond gear bushing

Plangl Cartiot COver

Froni clutch hub

Down stufl cng

Transmission hub

Sarvo st N
Shiltef kv '
Ruvarse dotent lavet
Tranamiseion synchioniser insert

Windsctean wiper polg shoe
Witniscrear wiper pinion

Rack and pinlon sisering gesr yokss and Learings

Power stesiing hubs - :

. Air condivones pulley hub and sim

. Selerior rod bearing  Speodo bushes

Spoodo pole clamp
Windaw windar ginion Spaeda pole piace
Gear shill pivot balt Seat-bell spacery " Boat lock claw
Windscreen wiper drives y : g“"b’" ::lchel snd pawl Lift gate latch retainar bracket
Windscreun wiper bearings oal-bqll ck k

Brake disc pad suppont
Suspension ball saat
Disc brake vatve plate
Brake piston

Dillerential pinion gear
Dillerential companion llange

Doot lock striker -uu:ks and wedges

Shoch abisorber piston
Shock absarber piston rod guide
Shock sbsorbee lool valve base

Parking biske aciumor and housing
Biake adjusier nuts and quadianis
Packing pavd toggle lever

Door stop roller
Doov stop

Raclining sest pivats, guadsants and bushes -

- Stesning shalt coupling
Steaning lock insert
Steeving column collar

. Brake velve spacer .
. Brake padai and ciosa shalt bushes.
. Clutch pedal and cross shalt bushes

‘ ' CURRENT & POTENTIAL

Crank 10 cluich shali coupling spacer plale
APPLICATIONS

Cluich plate spring seals !
Converter turbine hub : -,
Ciutch pilot bearing

- FIGURE. 1.
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FIGURE 2

A Range of Domestic Applications
by P.M. Techniques
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R : Halr Driorg
il Baarings
H . ‘ . : ..'r .. ) ) N N 1
PR e Eleculcclocks
L L Bl.nnngs .

]

"- Turnlabm s Yape Recorders

Fllm Proloctors
" Bearings ~ Shuller Gam .,

- Baanng:
Iape Hoad Gmde

"t

Loud kors
" Magnebc Cum 4 pol

* . Ele¢tric Shavers
. Buarings

. Model Eleculc 'I'ulns

S Whaaui
<7 Doeatings

+ Pawls
A Geamox Insen

anq Cahinets
Rollers

Typawrilers -
~ ca'?.?, "

Garden Swings

Boanngs -
Beanngs ’ E

Swivel Chalf R

. Powu; Dfull !

Chuck Jaws

- Fived § Rolatmq Ralchets
. {Hammey) .

Hladu Clamps ™

. (Cirgular Saw allichmﬂn 0
. Gear- ll

5
Bg:lngi

. < Lawn Mower ..

+. Clutch Shogs | . -
N LT . Jig Saws .
- . e _ Biada Carrer

N RN Sude
Sporting Guns
& Hiﬂuo

Froni l Asar Slghi! -
. Maguzine Caiches .
» Sulety Caichus '

~

"CURRENT & POTENTIAL APPLICATIONS

. Sewing Machines
Buatings v .
Arms ’ .
Guirs .
Lovers

L ITEYSU HIHa

Double Spur Gear

Hand Braces
Chuck Juw
Ravarsing Ring

Orbital Sander
lnner Fla

nge '

Hand Drlils

Chuck Juws

- Triggera Hand wheel Gear
. Bevel

Buanngs

Gearg

Figot Pollshers
Molor Bearings

Refrigorslors
CQmpressor Pump Rmm

Paslon
Bushus

Vacuum Clesners
Molor Bounngs
Fan Hub

Agialor End Hub

Weshing Machines
Quadian|

Pinion

Bushas

Biake Lever

Spin Driers &
Tumble Driers
Molor Bearings

L~ Tub Hub
Coltars
Up and Over Doors
(Garage)
Guiue Wheels

=
=

Central Heating
Fan Motor
Buanings
jer———— AUTAlES

- Dish W-lihﬂﬁ

- Gylindar Body

Motor Beanngs

Elettric Clocks ~
Beanngs

Door Locks & CIosors

F otlowar
Cyhndor Cam -

* Multisiol Cam

Hinge Beanings

. Frors i Gaarbox

Meat Cultor
Qullal Bush

Beanngs
Minur Spindle Bushes
nes

Mincer
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FIGURE 3: POWDER METALLURGY PROCESSES

raditives I

Raw

Materials (Die lubricants,
graphite)

Blending =

B Hot on

Isostatic Die compaction
Extrusion Isostatic

Forming = Die compaction Rolling
Spraying : Injection moulding
Pressureless Slip casting
Sintering

Optional
Manufacturing Steps
Repressing
Resintering
Forging
Sizing
Coining -
Metal infiltration
0il impregnation

Optiocnal _J
Operations

Optional
Finishing Steps
Heat Treating
Tumbling
Machining
Plating
Steam treating

Finished __ : ' s '
Product , . - Product
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FIGURE 4

Fluidised bed system showing fluidised bed cell,
plating bath  reservoir, non-self priming
centrifugal pump and transformer of pump control
Fluidised bed- vessel filled with copper-sulphate
coating solution, and the flange joint
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(b)



FIGURE 5

PROCEDURE FOR THE DEPOSITICN OF THE Cu COATING ON IRON POWDER
BY THE DISPLACEMENT METHOD IN THE FLUIDISED BED SYSTEM

1000 ml H,0

&

CU.SO4.5H20 + 1000 ml H20

S

¥

either 2.5, 5 or 10g

5g FeSO,.7H,0

CuS0,.5H,0 + FeSO,. O + 1000 ml H50
4 2 4 2

+

5g HyS0,

Stirring throughout fluidised bed flow

Jf

Settling and decant

K

Distilled water wash

. v
Alcohol wash

}

Drying 50°C, 20 min

|

Red powder

100g of Iron Powder
washed biy alcohol

and then by distilled
water
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FIGURE 7
PROCEDURE FOR THE DEPOSITION OF THE Cu-Sn ALLOY COATING
IRON POWDER BY THE DISPLACEMENT METHOD IN BATH
1000 m1 H,0

5g SnCl,.2H,0

,\

\V‘
SnCl,.2H,0 + 1000 ml Hy0

A

4
SnClz.HZO + CuSO4‘.5H20 + 1000 m1 H20

3 & —————35 ml H,S04
Stirring mechanically
or marually
100g Iron Powder
" (washed by alcohol
~ and then by deionised
N | water) -

Brownish grey powder + Solution

!

Seftling and decant

l

Deionised water wash

Alcthol wash
Drying 50°C, 20 min
Brovmish%rey powder



FIGURE 8

THE PROCEDURE OF ELECTRCLESS NICKEL ODATING PROCESS ON CERMﬂC
POWDERS IN BATH

~ Sic
: grams of - Al
X either - WC203

l - TaC

Deionized water wash

L

Sensitising solution
wash for 3 mins

l

Deionized water wash

|

Activating solution wash for 2 mins

l

Deimized water wash

Y ml of Ni coating
solutj.m

-
-

o b
Heated up to 30°C~40°C

4 Na HPO, up to 25 g/1

: ‘ ¥ ‘
Stirring mechanically
‘or manually

Grey dark er + solution

J

Settling and decant

Deionized water wash

J

Alcchol wash

y

Drying 50°C, 30 min-

Grey dark powder



FIGURE 9

THE PROCEDURE OF ELECTROLESS CQOPPER COATING PROCESS ON CERAMIC
POWDERS IN BATH

- 8iC
X "grams' of -~ AlS03
l either - WC

- TaC

Deionized water wash

)

Sensitising solution
wash for 3 mins

Deionized water wash

} _'

Activating solution wash for 2 mins

L

Deionized water wash

¢ Y ml of Cu solution
-
 Heated up to 27°C-30°C

| Formal
e (37-40 vol/wt %)
J added up to 50 cc/1

Stirring mechandcally
or manually

!

Red-crange powder + solution

Settling and decant

!

Deionized water wash |
Alcohol wash

Drying 50°C, 30 min

Red-orange powder



FIGURE 10

THE PROCEDURE OF ELECTRCLESS COBALT COATING PROCESS ON CERAMIC
POWDERS IN BATH

X "'_'grams of - SiC
elther - WC

Deionized water wash

¥

Sensitising solution
wash for 3 mins

-Delonized water wash

!

Activating solution wash for 2 mins

ql’
Deionized water wash

& -~ Y ml of QO solution
v
Heated up to 45°C-55°C

& ' Na HPO, up to 30 g/1

h'4

Stirring mechanically -
or manually

Reflecting grey-brown powder +
- brown solution _

- Settling and decant
Deionized water wash

J

Alcohol wash

J

Drying 50°C, 30 min

Reflecting grey dark powder
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FIGURE 11

Instron Universal Testing Machine showing:
plotter, control panel, load cell, and pressing rig
on the load cell

Pressing rig for 8 mm diameter die showing: top
punch, die and wooden éupport
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Figure 12. The sketch section of the 8mm die
used on Instron Testing Machine.




FIGURE 13

_ Compact in indirect diametrical compression with the
strain gauge extensometer used for tensile stress,
tensile strain and Modulus of Elasticity tests






"via transducer

Instron Load

LOAD, & STRAIN, £

specimen

Electronic
Amplifier
Plotter

Strain Gauge

_ H (independent of
GRAPH of Instron Machine)

Figure 14: The Layout of the reflective connections between the apparatus and, the
input and output of strain gauge, amplifier, electronic plotter and
Instron Testing Machine |




MOVEMENT PROPORTIONAL
TO MOVEMENT ON THE
GRAPH PLOTTER
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() WRes | | | o I SPECIMEN |

TO AMPLIFIER | ' (compact)

STRAIN GAUGE EXTENSIOMETER
ACTS AS A TRANSDUCER

A\

Figure 15 : Sketch of the Strain gauge -ex_tensiomefer.




WEIGHT OF COPPER DEPOSITED (%]}

TABLE. 8.

Solution compositions used to find effect

of copper sulphate amounts on amount
of copper deposited. {See Fig. 16.)

-
>

-4

L]

(uS0,5H,0 /1
FeSO,H,0 g/t

H,S0,(conc)  em’/1

Total volume

Temperature

Compositions

1 2 3

2.5 5 10
5 5 5.
5 5 5'

10 litre {distilled water)

room temperature ~20%¢

Powder charge 100g of iron particles in -150 +125pm size range

1 1

10

12

COPPER SULPHATE (g/1)
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Fig. 17. DEPENDENCE OF Ni YIELD OGN DURATION OF

COATING WITH TEMPERATURE AS PARMETER.
SiC ‘powder: 2g/batch. Ni solution: 25ml/batch
Agitation: manual.
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Fig. 18. EFFECT OF PARTICLE SIZE ON Ni DEPOSITED (%)
| -SiC powder 29/batch. Selution : 50ml.
Temp : 45°C. Agitation : Wisk by motor.

Time : 5-mins-
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Fig. 19. EFFECT OF QU'ANTITY OF COATING SOLUTION

- AND.METHOD OF AGITATION ON Ni YIELD
SiC powder : 2g/batch. Temp :45°C
Time : 5 min '
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FIGURE 37

Optical Micrograph of Mannesman WPL 200 Iron'Powder,
Sectioned and Polished (a) X20:; (b) X100 .






a)

b)

FIGURE 38
Optical micrographs of Mannesman WPL 200 iron
powder (-150 +125 um) cocated with 7.1 Cu by

displacement method in fluidised bed (X10)

Optical microgfaphs of Mannesman WPL 200 iron

- powder (-150 +125 pym) coated with 4.3 Cu-2.1 Sn by

displacement method in bath (X10)






a)

b)

FIGURE 39

Optical micrographs of Fe-7.1 Cu wt% particles
polished and sectioned, plated by displacement
method in fluidised bed (X50)

Optical micrograph of Fe-3.5 Cu-1.3 Sn wt%
particles polished and sectioned, plated by
displacement method in fluidised bed (X50)



(b)



FIGURE 40

SEM Photograph of Mannesman WPL 200 Iron Powder
a) X100
b) X500






FIGURE 41

SEM Photograph of Mannesman WPL 200 Iron Powder Coated
with Copper by Displacement Method in Bath
a) Fe-1.5 Cu wt% (X100)
b) Fe-1.5 Cu wt% (X500)
c) Fe-1.5 Cu wt% (X1000)
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FIGURE 42

SEM photographs of Mannesman WPL 200 iron powder coated
with copper by displacement method in fluidised bed

a) Fe - 7.1 Cu wt¥% (X100)
b) Fe - 7.1 Cu wt% (X500)
c) Fe - 7.1 Cu wt% (X10000)
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FIGURE 43

SEM photographs of Mannesman WPL 200 iron powder coated
with copper by displacement method in fluidised bed

a) Fe - 8.6 Cu wt% (X100)
b) Fe - 8.6 Cu wt% (X500)
c) Fe - 8.6 Cu wt% (X10000)






FIGURE 44

SEM photographs of Mannesman WPL 200 iron powder coated
with copper by displacement method in fluidised bed

a) Fe - 9.8 Cu wt% (X100)
b) Fe - 9.8 Cu wt¥% (X500)
c) Fe - 9.8 Cu wt% (X10000)
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SEM photographs
with copper-tin

a) Fe - 0.7 Cu
b) Fe - 0.7 Cu

FIGURE 45

of Mannesman WPL 200 iron powder coated
alloy by displacement method in bath

- 0.2 Sn wt% (X100)
- 0.2 Sn wt% (X10000)






FIGURE 46

SEM photographs of Mannesman WPL 200 iron powder coated
with copper-tin alloy by displacement method in bath

a) Fe - 3.5 Cu - 1.3 Sn wt% (X100)
b) Fe - 3.5 Cu - 1.3 Sn wt® (X500)
c) Fe - 3.5 Cu - 1.3 Sn wt% (X10000)



(a)

(b)




SEM photographs

with copper-tin

a) Fe - 4.3 Cu
b) Fe - 4.3 Cu
c) Fe - 4.3 Cu

FIGURE 47

of Mannesman WPL 200 iron powder coated
alloy by displacement method in bath

- 2.1 Sn wt% (X100)
- 2.1 Sn wt% (X500)
- 2.1 sSn wt% (X10000)






FIGURE 48

Optical micrograph of a pressed compact made from iron
powder coated with 9.8 wt% Cu by displacement technique
in fluidised bed system (X100)






FIGURE 49

Optical micrograph of an Fe-0.7 Cu-0.2 Sn wt% pressed
compact made from iron powder coated with Cu-Sn alloy
by displacement technique in bath
a) X50
b) X100



(b)



FIGURE 50

Failure surface of unsintered iron powder compact
tested for the indirect (diametrical) tensile strength
(X2000), p = 7.09 g/cm3

FIGURE 51

Failure surfaces of unsintered iron based compacts
tested for the indirect (diametrical) tensile strength,
plated by displacement method (X2000)

a) Fe - 1.5 Cu wt%, p = 7.13 g/cm:3
b) Fe - 7.1 Cu wt%, p = 7.13 g/cm3
c) Fe - 8.6 Cu wt%, p = 7.35 g/cm°
d) Fe - 9.8 Cu wt%, p = 7.38 g/cmS



(a)



(b)




FIGURE 52

Failure surfaces of unsintered iron based compacts
tested for the indirect (diametrical) tensile strength,
plated by displacement method (X2000)

a) Fe - 0.7 Cu - 0.25 Sn wt$%, ¢ = 6.98 g/cmS
b) Fe - 3.5 Cu - 1.3 Sn wt%, p = 7.03 g/cm3
c) Fe - 4.3 Cu - 2.1 Sn wt%, p = 7.04 g/cmS>






a)

b)

FIGURE 53

Optical micrograph of an Fe-9.8 wt% Cu sintered
compact made from iron powder coated with Cu by
displacement technique (X50).

Sintering temperature: 800°C for 9 min

Optical micrograph of an Fe-0.7 wt% Cu-0.2 wt% Sn
sintered compact made from iron powder coated with
Cu-Sn alloy by displacement method (X50).

Sintering temperature: 800°C for 9 min



(a)




a)

b)

c)

FIGURE 54

Electron probe microanalysis (EPMA) trace for an
Fe-9.8 Cu sintered compact made from Mannesman WPL
200 iron powder coated with copper by the
displacement plating method, sintered at 800°C for

9 mins
Note: Background Standard Sample Count
(e/s) (c/s) Rate (c/s)
Fe 223.0 7283.2 104
Cu 422.1 100312.3 103

Electron probe microanalysis (EPMA) trace for an
Fe-4.3 Cu - 2.1 Sn sintered compact made from
Mannesman WPL 200 iron powder coated with Cu-Sn by
the displacement plating method, sintered at 800°
for 9 mins

Note: Background Standard Sample Count
(c/s) (c/s) Rate (c/s)
Fe 241.2 9224.2 104
Cu  419.2 102310.3 104

Electron probe microanalysis (EPMA) trace for an
Fe-4.3 Cu-2.1 Sn sintered compact made from
Mannesman WPL 200 iron powder coated with Cu-Sn by
the displacement plating method, sintered at 800°C
for 9 mins

Note: Background Standard Sample Count
(c/s) (c/s) Rate (c/s)
Fe  234.5 8234.9 104

Sn 74.4 6531.1 3x102
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FIGURE 55

Photograph of Al,05; powder (45 um), coated by
electroless method

a) with 11.7 Cu wt% (X25)
b) with 6.34 Ni wt% (X25)



(a)




FIGURE 56

Photograph of SiC powder (250 um) coated with 3.5 wt%
Ni by electroless method (X10)

FIGURE 57

Photograph of WC powder (45-150 um) coated by
electroless method

a) WC - 12.72 wt% Co (X10)
b) WC - 8.74 wt¥% Cu (X10)
c) WC - 5.71 wt¥% Ni (X10)









FIGURE 58

Photographs of SiC powder (29 uym) coated by electroless
method

a) SiC - 62.4 wt% Cu (X10)
b) SiC - 8.33 wt% Ni (X5)



(a)




FIGURE 59

Photographs of TaC (45 um) powder coated by electroless
method

a) Tac - 12.8 wtd Cu (X35)
b) TaC - 4.8 wt% Ni (X35)






FIGURE 60

Photographs of polished and sectioned surfaces of
alumina (45 pym) particles coated with copper (11.7 wt%)
by electroless method

a) X50
b) X100
c) X100






FIGURE 61

Photograph of polished and sectioned surface of WC (45-
150 ym) particles coated with 8.74 wt¥% Cu by
electroless method (X50)






FIGURE 62

Photographs of polished and sectioned surfaces of SiC

particles coated with Cu by electroless method

a) SiC (29 pm) - 35.0 wt% Cu (X100)
b) SiC (29 um) - 62.4 wt% Cu (X100)
c) SiC (250 uym) - 14.3 wt% Cu (X50)






FIGURE 63

Photograph of TaC particles coated with 12.8 wt% Cu
slightly polished (X80)






FIGURE 64

Photograph of polished and sectioned surface of Al,04
(45 pym) particles coated with 6.34 wt% Ni, by
electroless method

a) X80
b) X100



(a)

(b)



FIGURE 65

Photographs of polished and sectioned surfaces of SiC
particles coated with Ni by electroless method

a) Sic (250 ym) - 3.5 wt¥% N1 (X50)
b) SiC (400 um) - 7.4 wt% Ni (X40)
c) SiC (400 uym) - 7.4 wt®% Ni (X100)



(@)



(b)

(c)



FIGURE 66

Photographs of polished and sectioned surfaces of WC
(45-150 uym) particles coated with 5.71 wt% Ni, by
electroless method (X50)






FIGURE 67

SEM Photographs of SiC (29 um) powder

a) X160
b) X800






FIGURE 68

SEM Photographs of SiC (250 um) powder

a) X160
b) X900



(a)




FIGURE 69

SEM Photographs of SiC (400 um) powder

a) X160
b) X800






FIGURE 70
SEM Photographs of Al,04 (45 um) powder

a) X160
b) X1600



(a)




FIGURE 71

SEM Photographs of WC (45-150 yum) powder

a) X160
b) X800



(b)



FIGURE 72

SEM Photographs of TaC (45 um) powder

a) X400
b) X2000



(a)

(b)



FIGURE 73

SEM photographs of Cu plated Al,04 (45 um) particles
obtained by single plating using electroless method.
(Cu content: 3.4 wt%). Al,05 powder: 5g; Temperature
30°C; quantity of solution: 150 ml; Time: 15 min;

agitation: manually.

a) X180
b) X900
c) X4500



(3)

(b)




FIGURE 74

SEM photographs of Cu plated Al,05 (45 um) particles
obtained by multiple plating using electroless method.
(Cu content: 7.1 wt%). A1203 powder: 5g; Temperature
30°C; Quantity of Cu solution and plating time per
cycle: 150 ml, 5 min; Number of cycles: 3.

a) X900
b) X4500






FIGURE 75

SEM photographs of Cu plated Al,05 particles obtained
by multiple plating using electroless method. (Cu
content: 11.7 wt%). Al,05 powder: 5g; Temperature
30°C; Quantity of Cu solution and plating time per

cycle: 150 ml, 5 min; Number of cycles: 5.

a) X180
b) X900
c) X4500






’ FIGURE 76

SEM photographs of Cu plated TaC particles obtained by
multiple plating using electroless method. (Cu

content:
30°c;

cycles: 9.

ml; Temperature:

a) X200
b) X900
c) X4500

12.8 wt%). TaC powder:
Time:

Yo Solution: 50

5 min; Number of






FIGURE 77

SEM photographs of Cu plated WC (45-150 ¥m) particles

obtained by single plating using electroless method.

(Cu content: 8.74 wt%). WC powder: 10g: Solution:
200 ml; Temperature: 30°C; Time: 5 min.

a) X180
b) X900
c) X4500






FIGURE 78

SEM photographs of Cu plated WC (45-150um) particles
obtained by multiple plating using electroless method.
(Cu content: 35 wt¥); WC: 10g:; Solution: 200 ml;
Temperature: 30°C; Time: 5 min; Number of

cycles: 3.

a) X180
b) X900
c) X4500






FIGURE 79

SEM photographs of Cu plated SiC (29 um) particles

obtained by single plating using electroless method.

(Cu content: 0.7 wt%); SiC powder: 5g:; Solution:
50 ml; Temperature: 30°C; Time: 3 min.

a) X180
b) X900
c) X4500






FIGURE 80

SEM photographs of Cu plated SiC (29 um) particles
obtained by multiple plating using electroless method.
(Cu content: 8.1 wt%); SiC powder: 5g; Solution: 50
ml; Temperature: 30°; Time: 5 min; Number of

cycles: 5.

a) X180
b) X900
c) X4500



(a)

(b)




FIGURE 81

SEM photographs of Cu plated SiC (29 um) particles
obtained by multiple plating using electroless method.
(Cu content: 62.4 wt%); SiC powder: 5g; Solution:
100 ml; Temperature: 30°C; Time: 5 min; Number of

cycles: 9.

a) X90
b) X450
c) X4500



(a)




FIGURE 82

SEM photographs of Cu plated SiC (250 um) particles
obtained using electroless method. (Cu content: 4.3
wt%); SiC powder: Sq; Solution: 300 ml;

Temperature: 30°C; Time: 20 min.

a) X120
b) X500
c) X4500



(b)




FIGURE 83

SEM photographs of Cu plated SiC (400 um) particles

obtained using electroless method. (Cu content: 5.3

wt%); SiC powder: 5¢ s Solution: 200 ml;
Temperature: 30°C; Time: 30 min.

a) X90
b) X500
c) X4500



(a)




FIGURE 84

SEM photographs of Ni plated Al,05 (45 pm) particles
obtained by single plating using electroless method.
(Ni content: 1.9 wt%); Al,05 powder: 5g:;
Temperature: 40°C; Quantity of Ni Solution: 100 ml;

Time: 15 min; Agitation: manually.

a) X180
b) X900
c) X4500






FIGURE 85

SEM photographs of Ni plated Al,04 (45 um) particles
obtained by multiple plating using electroless method.

(Ni content: 3.1 wt%); Al,05 powder: 5g:;
Temperature: 40°C; Quantity of Ni Solution and
plating time per cycle: 50 ml, B min; Number of

cycles: 3.

a) X180
b) X900
c) X4500






FIGURE 86

SEM photographs of Ni plated Al,03 (45 um) particles
obtained by multiple plating using electroless method.

(Ni content: 6.34 wt%); Al,05 powder: big
Temperature: 40°c; Quantity of Ni Solution and
plating time per cycle: 50 ml,; & minj; Number of

cyecles: 5

a) X180
b) X900



(b)



FIGURE 87

SEM photographs of Ni plated SiC (29 pm) particles
obtained by single plating using electroless method.
(Ni content: 1.3 wt%); SiC powder: 5g; Solution:
100 ml; Temperature: 40°C; Time: 15 min.

a) X180
b) X900
c) X4500






FIGURE 88

SEM photographs of Ni plated SiC (29 um) particles
obtained by multiple plating using electroless method.
(Ni content: 8.33 wt%); SiC powder: 5g; Solution:
100 ml; Temperature: 40°cC; Time: 5 min; Number of

cycles: 6.

a) X180
b) X900
c) X4500






FIGURE 89

SEM photographs of Ni plated SiC (250 u¥m) particles
obtained by multiple plating using electroless method.
(Ni content: 3.5 wt%); SiC powder: 5qg; Solution:
100 ml; Temperature: 40°C; Time: 5 min; Number of

cycles: 2.

a) X45
b) X3000
c) X4500






FIGURE 90

SEM photographs of Ni plated WC (45-150 um) particles
obtained by multiple plating using electroless method.
(Ni content: 5.71 wt%); WC powder: 10g; Solution:
100 ml; Temperature: 40°C; Time: 20 min; Number of

cycles: 4.

a) X45
b) X120
c) X4500






FIGURE 91

SEM photographs of Ni plated TaC (45 um) particles
obtained using electroless method. (Ni content: 4.8
wt%); TaC powder: 10g; Solution: 250 ml;

Temperature: 40°C; Time: 30 min.

a) X200
b) X900
¢) X5Q00






FIGURE 92

SEM photographs of Co plated WC (45-150 um) particles
obtained by multiple plating using electroless method.
(Co content: 12.71 wt%); WC powder: 15g; Solution:
200 m1; Temperature: 55°¢C; Time: 24 min; Number

of cocycles: 3.

a) X180
b) X800
c) X5000



(a)









