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PcM:iermetallurgical tests have been carried out in connection with an

investigat.i.oo of the recycling p:lSsibilities for cast iron swart. The

machiningswarf was converted to poWer by ball milling. These pow!ers

were .then sieved, the free carb::mrenoved and the carb::m=ntent of

the pow:iers further reduced by heating in an oxidizing atmosphere

produced by the addition of iron oxide. The characteristics of the

powders such as chemical composition, sieve analysis, flow-rate,

apparent and tap densities were determined. The compaction and

sintering characteristics of these pow::lerswere also studied and the

green densities under different crnpacting pressures and sintered

densities at various sintering temperatures and pressures were

recorded. The effect of the addition of a small arrrnmt of nickel

pm.Ueron caT{lactionand sintering characteristics were also studied.

It was found that gray cast iron swart can be p.Uverized in a ball

mill and carron level can be reduced by washingand by reduction with

iron oxide. The apparent and tap densities of the particles were

increased after washing and decarburization. The flow-rate of the

pow::ierwas decreased slightly after washingand then in=eased' after



x

decarburi:::ation.Thegreen and sintered densities w.ll'eincreased with

pressure andsintering time t~rature. Thefractured surfaces ~

a better fineness of the particle grains with increasing canpacting

pressure and sintering terrperature. Theaddition of nickel de=eases

.the cwpactibility of cast iron ~ers.

TheIo.OrkshOlBithat if wecould control the manufacturingprocesses

the reclamation of these ~er by pow:l.ermetallurgy tecllnique is

feasible.

.a
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Introduction 1

I:n.trcx:l;u.ct:i..on.

Research I'o':lrkon the reclamation of machining swarf has been carried

out in the past, but the cost of the recovered metals did not showa

strong economic ground for further work. In fact, until the

advancement in powder metallurgy, no big effort was made for the

reclamation or recycling of the machining swarf generated ~n

engineering manufacture, other than its remelting in the furnace. In

the last decade, a rapid increase in the cost of engineering materials

fallCll<.'9d.by an increase in the cost of energy has drawn the attention

of manyresearch I.Orkers to find a suitable method, which w:>Uldresult

in IOOStecancmical reclamation of the large arrountof machining swarfs

generated.

AIrongthe various machining swarf generated in the production shops,

swarts of mild steels, low alloy steels, cast. iron, brass, aluminium

and its alloys are most common for consideration regarding

reclamation. Of these, ferrous machining swarf represents a major

portion of the total tonnage of swarf produCed. In fact, chips of the

ferrous machining swarfs and particularly that of mild steel and low

alloy steel possess high bulk and large surface area, but are

=ntaminated with cutting oil. The following problBlll5are faced during

remelting:
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(a) Becauseof oxide ,contamination the metal recovery is low.

(b) To irrIproverecovery , frem the poI«iers, often briquetting is

necessary.

(c) The production of srookeand pollutants as a result of the

residual cutting oil.

Due to the above problems, ferrous machining swart is supposed to be a

low grade scrap. Moreover environmental problems and economical

reasons tend to decrease its demandfor ranelting by foundries and'

steel plants.

On the ccntrary, ferrous machining swarts have manygood aspects also

which can be enumeratedas follows:

(a) Inspite of its high bulk IlBChiningswart can be compressed to

a certain shape in die.

(b) lin efficient mass production system is capable of providing

swarf of specific CClf1'OSitionon a particular line.

(c) IITq;lrovedmachining methods may result in the production of

smaller chips of the swart, thus reducing the bulk.

The cast iron being weak and brittle, is very easy to p;l verize to

very fine pm.Uer. Furthentore its swart is not always contaminated

with cutting oil due to the adoption of dry machining techniques, and

if it is properly pulverized the annealing and reducing treatment may

be avoided.
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'!he advances in I>O\'oderrretallurgy techniques, and particularly pm.Uer

preform forging in the beginning, indicated a possibility of its

application in machining swarf reclamation by =nsidering it as =se

powder. In the first probable work regarding reclamation by this

method, gray cast iron turnings were re-utilized as a material for hot

forging. Another w:rrkdone at General J.btors suggested the conversion

of steel maclri.ningswarf into coarse PQl'derwhich was then sintered

and forged for consolidation [lJ. A toore detailed investigation was

then made on the reclamation of mild steel and non-ferrous swarfs

by hot coining and extrusion of preforms [2,3].

'!he w:lrkdone by T. Nakagawaand C.S. Shanna (4] follows a preliminary

attempt madeby the authors for the consolidation of machining chips

of considerably smaller sizes obtained by turnings under special

conditions [1]. Since the preliminary investigation sho\..OOthat the

surface porosity was a major problem in products, consolidated by hot

forging, the machining swart is crushed to =se I>O\'oderand then

consolidated by ~er forging.

Ibwever, it was observed that the macro-meshpulverized steel ~

fran machining swarf have sane disadvantages such as Wl<!akstrength and

rough surface in the sintered products, and surface p:lrOUSlayer in

pow:jer forged products. These defects are supposed to ccme fran the

bigger powder particle size as compared to the conventional iron

poo,..(ler[1,2,4], Thus it is essential to developed the micro-rooshcast
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iron swarf poWieras a substitute
,,

for nacro-meshsteel

4

swarf powjer in

the reclamation of machiningswart.

In the sintering of the above cast ircil poWjers, the strength beirq

equivalent to the wrought nodular cast iron can be obtained in the

presence of considerable large shrinkage [5]. Therefore, it was not

possible to get a high strength sintered product together with high

dimensional accuracy in any sintering condition. As the result of

iINestigation, the excess aroountof carbon inside the cast iron pooder

has been confirmed to cause the I'Rak.sqength and the large shrinkage

in sintered cast iron products. The cariJ?n content of cast iron t:OI'der

can be reduced to the level of high carbon steel by iron poWjerand a

significant improvement in strength and dimensional change was

experimentally achieved [5J. A remarKable increase in the tensile

strength was observed for 50wt%addi ~ion of iron powder at the

sintering temperature of 11500Cwhere the shrinkage is within 0.5%.

Thereby an idea was rom to reduce the carbon content of cast iron

p:lW:ierby extracting free graphite flakes instead of admixing iron_.
The IoOrkdone by T. Nakagawaand F.S. Da'i [6, 7] was confi.rrOOdthe fact

that a high strength of sintered product with good dimensional

accuracy can be obtained frem the decarburized cast iron poWjer as
,

ccmparedto the sintered product of cas't iron pow:jer. The mechanical
I

properties of those products are excellent encughto be used for heavy

duty mechanical parts and are recogni;::ed to be little better than

those of wroughtnodular cast iron.



Introduction 5

A 5UCessful sintering of cast iron swarf has rYJt only provided a

methodof recycling of the swarf, but also It seans that this swarf

may become a substitute for iron powder in many industrial

applications. Although some industrial requirements have been

difficult to fulfill, i'IcIwaver,the production of iron p::n.t1erlM.ybe

p;:l6sible by this scrap iron pow:iermethod. Thoughthe basic objective

of an economical transformatlon of all kinds of metal swarf to

engineering carpments is not achieved fully, manynew ideas on the

economicalrecycling of various swarts are foreseen.

Currently attention in J:>mder~tallurgy (PM) is focusing on three

areas: iJrproving ~rmaking techniques, developing materials to

accamxxlate nore demandingapplications, and finding _better methods

for forming parts [8]. Not surprisingly, all three areas are

interrelated. Newpm.Uermakingtecllniques can irrij;>roveproperties of

existing materials, and in manycases lead to the develollTl8nt,of new

material that couldn't have been madebefore.

1.3 Scope of Present WOrk

w::.rkson the recycling of cast iron swarf have been started ill the

USA,JaP<'J1and scrne other developing countries, like India, only in

the last few years. The USA,Japan, and India are trying to evaluate
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the sintering properties of iron pow:iersprcduced fran cast iron swart"

[1-7,9,10J. Besides, Japan is prcducing sponge iron using a certain

percentages of cast iron swarf with other raw materials. It is to be

mentionedhere that Bangladeshis one of those countries from which

Japan ~rts tlris swarf [11].

Currently small scale workshops are rapidly growing throughout

Bangladesh. These along with other foundry shops of our country

produce enormousquantity of cast iron swarf. This swart is damped

alongside the mills as waste product and constantly hampered the

nonnal work of the mills. Since our country lacks the mineral

resources and has to import all the pig iron it uses, suitable

recycling of these huge quantity of cast iron swarf might make it

possible to better utilize the limited resources of the country. With

tlris backgroundin view, research wxk has been taken up in this

department in this newfield.

The prirraIy aims of the present \<\Qrkare :

(a) to reduce the carbon content of the ground swarf to as low a

level as possible so as to avoid the embrittling effects of graphite

in the final product,

(b) to study the <;Cllpactingand sintering characteristics of

these poIorlers,

(c) to ccrnpare the microstructures of the sintered specimens.

(e) to examine the effects of additions of small amount of

copper, nickel, etc. on the sintering characteristics.
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j,
2 . .1 Introd.:uct:i.on

Introduction

The science of powder metallurgy has developed and enormously

expanded in the last few years. By pow:ierIOOtal1urgy,a new way has

been provided of lMkingeither ccmpact blocks of metal for subsequent

mechanical working, or finished metal articles having specific

properties which could not be produced at all, or atleast as

economically, by any other means.

The term 'Pollder metallurgy' covers the art of prcducing fine metal

poWers and objects from metal powders, with or without the addition

of non-metallic constituents and without ~ompletely melting the

material. The p:lIodersmaybe pressed to a desired form in a suitable

die subsequently or simultaneously heated to produce a welded,

alloyed, or coalesced mass: The material may then be suitable for

ilrmediate use or maybe further I.Orkedby conventional methods.

The requisite steps in lMking a part by powjer metallurgy include

making, preparing and blending of metal powders, compacting and

simultaneous or subse~ent heating at elevated temperature ~n a
•

furnace under a protective at.Jrospherewith or without fusion of a 10loI-

melting point constituent only so as to develop metallic or metal-like,

OOdies with satisfactory strength, density aOOwith:o.lt losing the

essential shape imparted during c:anpacting.



•

\,

Figure: 1 ba,slc sten" In,.. producing
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The flow chart in Figure 1 summarizes the various processes and

operations used in manufacturing powjer metal parts [12J. This chart

shows in proper sequence the operations from raw material to the

finished parts. The finished parts may undergo several further,

operations that are not shownon the chart. These include tumbling,

and sanetimes, additional sintering.

I

Advantagesof PoI.UerMetallurgy

JoEtal in p::l\\derform is higher in cost than in so1J.d form, and the

process, adaptable only to nass production, requires expensive dies

and machines. This higher cost is often justified by the Unusual
properties obtained. Someproducts cannot be made by any other

processes; others made by this process cCflij;)E!te favorably with their

counterparts made by other methods, because the close tolerance

maintained in this process eliminate the necessity of any further

processing.

The powder metallurgy process has certain basic advantages over

oonventional melting and casting methods of producing metals, alloys

and finished articles. Following are sane of the advantages of J;lO\'oder

metallurgy :

1. Ability to start with raw waterials of high purity

characteristics of oonsistent uniformity. The J;lO\'odersavailable in

pure state produce J.ternsof extreme purity.

\
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2. Better control of caup::lsitionand structure of the

cunponentbecause of the nature of the technique. Control of grain

hencesize and relatively muchuniformstructure is lX)Ssible[13).

3. Possibility of producing articles having unique

properties unobtainableby other methods,e.g., controlled porosity in

bearing and filters.

4. Suitability for mixingmetals and non-metals, e.g.,

=pper and graphite in seli-Iubricating bearings, dynamobrushes;

metal-ceramicmixtures for high temperatureservices.

5. Offers a methodof producingparts with metals which

cannot be melted cc:mnerciallyor only with considerable difficulty,

anddo not lend themselvesto casting, e.g., tungsten, molybdenum,and

tantalum.

6. Canbe used for metals which do not alloy having

widely separated melting points or greatly different densities, e.g.,

copper-lOOlybdenum,copper-tungsten.

7. Excellent reproducibility.

8. Improvedphysical properties, for any metal, by

proper die pressure, particle size, and sintering temperature.

9. Economy,greater accuracy, and smooth surface

finish. 10. CleMer andqUieter operation and longer life.

Limitation of ~ Metallurgy

The powdermetallurgy process has definite limitations and many

difficulties to overccme,whichdistinctly limits its application at
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the present tirrE. Sane of the limitat~ons and disadvantages inherent

to the process are as follows:

1. ~tal po>.dersare expensive and scmetirrEsdifficult

to store without scmedeterioration.

2. Intricate designs in products are difficult to

attain, s~nce there is little flow of the metal particles during

ccmpaction. .

3. A ccmpletely dense product is not possible to attain

by this process. Hence the physical properties obtained by this

process are lower than those obtained by other processes. lower

tensile and yield strengths, lower elongation and muchlower irrpact

strengths are obtained due to the inherent porosity in powder

metallurgy parts.

4.. Somethermal difficulties appear in sintering

operations, particularly with low-melting powderssuch as tin, lead,

zinc, and cadmium.lobst oxides of these metals can not b9 reduced at

terfileratures below the melting point of metal; hence. if the oxides

exist, they will have detrimental effects on the sintering process and

result in an inferior product.

5. Saneproducts can be madelTOreeconcmically by other

methodssmee the size of p:JWder-fabricatedparts is controlled by the

capacity of the process available and also by the cClTi'I"essionratio of

the various powders.

6. The precision dies in which the parts are pressed

and the press itself are expensive, and unless the high cost can b9

distributed over large production runs, the overall cost per p~ece
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producedmaybecorooexpensive.

7. Difficulties are experienced in obtaining alloy

powders such as steel, brass, bronze, etc., because of the

nonavailability of simpler methods.

8. Porous materials are liable to oxidize at the

surface as well as throughout the wholeb::dydue to its porosity.

9. The larger products obtained in this process are

likely to have IDn-uniformdensity due to non-uniform distribution of

pressure in the ~er.

10. &me ~ers in finely divided state present

explosion and fire hazards. SUchmetal includes aluminium,magnesium,

zirconium, and titanium [12J.

Application of Pow:l.erMetallurgy

The process of powder metallurgy is utilized for manufacturing

numerous types of mater~als and products. Its use is rapidly

increasing day by day. A large number of applications of powder

metallurgy can be listed. Jll10ngthese are fabrication of (1) high-

melting metals, (2) cemented carbides, (3) porous objects, (4)

physical mixtures of Thuor rrore metals or metals and llOIlIIEtals,and

(5) structures parts.
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2.2 Pc>wd.er Ma.n.u.facture

Introduction

Although all metals can be produced in the pow::ieredtonn, only a few

are widely applied in manufacturing pressed-metal parts. Scme lacks

the desired characteristics or properties described earlier which are

necessary for economical production. The various manufacturing

processes can be grooped into t= headings: (1) mechanical processes,

and (2) physico-chemical processes. Included in the former group are

(a) machinmg, (b) crushing, (cl rrulllng, (d) shotting, (e) graining"

and (fl atomization. The latter group includes: (i) condensation, (ii)

themal deposition, (iii) reduction, (iv) electto-depc>Sition, (v)

precipitation fran aqueous solution, (vi) precipitation from fused

salts, (vh) hydrometallurgical or gaseous reduction, (viii)

mtergranular corrosion, (ix) spark erosion, and (x) oxidation and

decarburization methods. Of them the rrost CClTiOClnlyemployedcorrmercial

methods for making metal pow::iersare: milling, atomization, thenual

deccmp::>sition,reduction of oxides, gaseous reduction of solutions,

and e~ectrolysJ.s.
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Practically any material can be made into a powjer by using one or

lIDre of these IlEthods. The particular method chosen depends upon the

types of raw materials readily available, the desired properties and

structure, type of application, the intended market of the final

product, the econanics of the whole powjer production process and the

limitations of the special types of Powjer JoEtallurgy Processes.

2.3 Characteristics and
Testing of Metal Powders

IntrOOuction

The process of manufacturing PD\Idermetallurgy articles economically

depends on the physical and chemical characteristics of the initial

metal powders. They have definite effects on characteristics and

physical properties of the ccmpactedproduct. The characterization of

powjers is difficult because of the carplex nature of a solid material

in powjer form and the manycharacteristics of an individual poJ..l.ier

particle. There are various methodsof manufacturing metal powjers and

there is a wide range in their characteristics.
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The main purpose of poo.dertesting is to ensure that the p::lWderis

suitable for subsequent processing_ Asampleof metal pov,tieris always

selected for the determination of its characteristics and' =ntrol of

these characteristics is necessary for maintaining the required

rmifonnity in different pow:lerlots.

The basic characteristics of a metal powder are (i) chemical

composition and purity, (ii) particle size and its distribution. (iii)

particle shape, and (iv) particle microstructure. Apparent and tap

densitles, flow rate as well as ltS, compacting and sintering

characteristics are the others which are dependent entirely or to a

large extent on the aJ::oveprimaIy properties of metal pov.tiers. Primary

properties such as the particle size distribution and the irrportant

secondary properties such as apparent density and flow rate are JOOSt

widely used in the specification and control routlne.

Chemicalcarp:)sition

The chemical c:cmposition of metal ~s is not as important as their,

physical and mechanical properties. However, composition, and

particularly impurities, will greatly influence the characteristics of

any paw:l.er.The term impurity refers to some elements or ccmpounds

which has an undesirable effect. It nay ,exert a decisive effect on

preSSlIlg, sintering, and other post-slntering operations which are

essential for the productlOllof finished pro:l.uctfrom power. [13J

,
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Therrost i.mpartant factor is the arrountof oxygenthat maybe found in

the powder as oxides. The oxides found ~n the metal powder from

manufactur~ng may greatly weaken the powdered product. In iron

pow:iers, the presence of carbon (as cementite Fe3C), sili.ca, sulfur,

and manganesemay greatly influence the plasticity of iron pol-ders,

making them difficult to cold press. carlxm in the form of graphite

may be desirable from the viewpoint of lubrication during cold

pressJ.ng, aD1 its presence during sintering may result in changing

the iron to a product similar to steel. Graphitic carbon is often

added to iron prcducts for the purpose of makinga harder iron

sirnilar to steel [14].

Particle Size

Particle s~ze is one of the rrost iJrq;>ortantcharacteristics of' any

mstal powjer because it affect rrost of the properties such as density

of coopact, parcsi ty . green strength, expulsion of trapped gases.

dimensional stability, agglomeration and flow and mixing

characteristics.

Particle s~ze is expressed by the diameter for spherical shaped

particles and by the average dimension for non-spherical particles.

Averagedimensionis defined in different waysaccording to the method

6Ili'loyedfor size distribution. Whenthe method involves sizing, the

particle size is measuredas the opening of a standard screen wtLich

just retains or passes the particles [13].

•



A.S.T.M. , BrJ.tish , DIN, ,
Ncminal , Taylor , Standard , Stond=l. , St_, , , ,.--.(micron)

Mesh~ '='~ Mesh'Y : Mesh Aperture : Mesh Aperture : Mesh '='=.series [~I 5erJ.es , [~) , [~I , [~I, , ,, , ,, , ,
5660 , - 5.613 3. , 3~ 5.660 , - , 1 6.000, , , ,
4760 , 4 4.693 4 , 4 4.760, ,
3360 , 6 3.327 6 , 6 3.360 , 5 3.340 , 2 3.000, , , ,
2380 , 8 2.362 8 , 8 2.380 , 7 2.410 , 2\ 2.400, , ,
1680 , 10 1.651 10 12 1.680 te 1.670 , 4 1.500, ,
1130 , 14 1.168 14 " 1.190 14 1. 200 , 5 1.200, ,840 , 20 0.833 20 20 0.840 18 0.850,
590 , 28 0.589 28 30 0.590 25 0.600 , 10 0.600, ,420 , 35 0.417 35 40 0.420 " 0.420 , 14 0.430, ,
297 , 48 0.295 48 50 0.237 52 0.300,
250 , - 0.246 60 60 0.250 60 0.252 , 24 0.250, , ,210 , 65. 0.208 65 , 70 0.210 n 0.211 , 30 0.200, , , ,
177 , 0.175 80 , 80 0.177 , 85 0.177, ,149 teO 0.147 100 ' 100 0.149 : 100 0.152 , 40 0.150,125 0.124 115 120 0.125 : 120 0.125 , 50 0.120,te5 150 0.104 150 140 0.105 : 150 0.105 , 60 0.102,88 - 0.088 170 170 0.088 : 170 0.088 , 70 0.088,74 200 0.074 200 200 0.074 : 200 0.076 , 80 0.075,62 0.063 250 230 0.062 : 240 0.065 , teO 0.060,53 270 0.053 270 270 0.053 : 300 0.05344 - 0.044 325 325 0.044
37 400 0.037 400 400 0.037

_.
Table 1. Testing- sieve series J.n camD1l use.
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Different systems of sieves are used in various countries for the

detenuinatwn of sieve size PQlitiers. In 1Imericathe Taylor or the U.S.

standard System, in U.K. mainly the B.S. System, in Germanyusually

the DINSystem and in France the lIFNORSystem are widely prevalent.

The various sieve scales in cOIllTl:Jnuse are shownin Table 1 [13).

The distribution of particles sJ.ze has =nsiderable influence in

determining the flowability and apparent density as well as the

final porosity of the product.

Particle Shape

Particle shape has a pronotmeedeffect on the packing of a po1;derand

has an influence on its compacting and sintering properties and the

mechanical strength of the sintered product. Irregularly shaped

particles have reduced apparent density and flow rate, gcad pressing

and sintering properties, while spherical particles have maximum

apparent density and flow rate but reduced pressing properties and

inferior sintering characteristics.

Optical or electron microscopic examination is the usual methcd of

evaluating the particle shape.

,
I
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'[he loose pow::ierdensities, i.e., awarent and tap dens~ties of the

J,Xlw:l.erare irrqxJrtantcharacteristics of any poWer. They are strongly

affected by a variety of other poWer characteristics as indicated

in Table 2 [14]. All these characteristics affect the friction

conditions prevailing in the J,Xlwer.

The weight of !mownvolumeof unpackedpowjer is called the apparent

density. The apparent density is a very important factor affecting the

ccrnpression ratio that is required in order to press the pow::isrto a

given density. ,It is obvious that a bulky or low apparent density in

the pow:l.erwill require a longer compression stroke and relatively

deep dies to produce a cold-pressed piece of given s].ze and density.

TapDensity

Tap density is the apparent densl.ty of the pow::ierafter it has been

mechanically shaken downor tapped until the level of the ~ no

longer falls. The tap density also depends on all those variables

listed in Table 2 and , in addition, on the characteristics of the

tapped procedure. Dur:[ngtapping the particles are .forced to j1.1lTP

according to the vibration characterl.stics applied, and in this way

they overccmeto scrneextent the friction forces which detennine the

apparent density of the powjer. Tapping therefore, results in improved

packing conditions with reduced particle porosity and roughness.



Table 2. Variables affectinq the loose IQder density.

(1) Typeof material.
(2) M;,terial density.
(3) Particle density.
(4) Averageparticle size.
(5) Particle size distribUtion.
(6) Averageparticle shape.
(7) Particle shape distri.l:ution.
(8) Specific surface of the power.
(9) Oxide films.

(10) Additions, such as lubricants.
(11) Mediumsurrow"ldingthe particles.
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,
'.

The flow rate is a very ilrq;Jortantcharacteristics of J?OI'oderwhich

measures the ability of a pow:lerto be transferred. It is defined as

the rate at which the metal poWderwill flow under gravity from a

container through an orifice both hav~ng the specific shape and

finish. A poWderis required to flow rmiforrnl.y, freely, and rap~dly

and confonn to the rrold cavity. If the flow is poor, it beccrnes

necessary to slow d~ the process of cold pressing in order to get

sufficient po;,Iier into the die. Theflow rate of any po;,Iieris largely

influenced by the size of the p::lV.Qerparticles, d~stribution of the

size, particle shape, and freedomfrom even minute aJIVIllltof absorbed

rn:.:>isture.

Pressing Properties

The pressing properties are represented by the term corpressibihty

and compactibility. Compressibility is one of the most important

characteristics of a metal poIIQersince it affects the densification

process. It is a measure of the the ability of the po;,Iiers to get

deformedunder applied pressure and is represented by the pressure-

density (or pressure-porosity) relationship. It is defined as the

ratio of (a) the green density of the caupact to the apparent density
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of the pc:>OO.er,or (b) the height of the unCOlll,)actedpol'der in the die

to the height of the pressed canpact, or (c) the volume of PQ\'der

poured into the die to the vo11JllEof the pressed COlIl,)act.This ratio

is usually tenned as compressionratio.

Compactibility is indicated by the pressure-green strength

relationship. GaTlpactibility of a powjer is defined as the rniniJwm

pressure required to prcduce a canpact of given green strength.

Both these tel:Il1Sare dependent on particle size, shape, porosity or

density and hardness, surface propert~es, chemical ccrnposition and

pI"evioushistory (e.g., hardemng, annealing, etc.) of the powjer.

GI"eenDensity

In general, the green density has been found to :wcrease with (il the

increase of compact~onpreSSUI"e,(iil the increase of particle Sl.zeOI"

apparent density, (iii) the decI"ease of paI"ticle hardness (and

strength), and (iv) the decrease of cernpacting speed. The general

dependence of green density on several important factoI" is shown

schematically in Figure 2 [13J.
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The green strength of a pm,der is defined as the mechanical strength

of a green coopact required to withstand, without damage to sharp

edges and fracture the ejection frOOlthe die, handling of the part for

quality control measurementsand transfer to the sintering furnace ..

The strength of the green caupacts is preliminarily dependent on the

consolidation pressure and arises mainly from cold welding and

mechanical interlocking of neighbonng partIcles. Particle shapes and

structures and sIze distribution have a great effect upon green

strength.

Properties of the Sintered Ccmpact

Dimensional changes always occur when a green compact is given a

sintering operation. It is determined by taking the measurementsof

dimensions of standard specimen before and after sintering under

standard conditions. It is customary to express the shrinkage (or

growth) as a percentage of sintered length (particularly In the

carbide industry) or of unsintered length (particularly in the

iOOtistrydealing with engineering ccrnponentsand bearings) [13J.
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:;1j.nl;:ffl:eddensity

Themethodused for the determination of sintered density are similar

to those which have already been described for the determination of

green density. 'The property' facilitates rendering of informations on

porosity of the finished product.

Porosity

The presence of poros~ty has a muchgreater influence on tensile

strength [16-21J, yield strength [22-24J, elongation' and fractural

toughness [25-33], and fatigue strength [34-37] and a rapid increase

in these values is obtained with the density approaching the

theoretical. Porosity acts as a stress raiser and the sintered

cotrpOnentdoes not indicate truly elast~c behaVior, rather it appears

to functJ.on in a similar manneras graphite in cast iron. It is very

difficult to produce pow:iermetallurgy parts without any porosity

remaining after sintering. The total poros~ty present in the sintered

part maybe calculated fran the following equation

P '"1 - ( Ref. [13J )

where P is the fractional porosity. Dp the density of the sintered

material and Ds the density of the solid material,
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The mechanical properties of the sinterect parts that are usually

considered are hardness, elongation, and tensile and compressive

strength. Hardnessmeasurementsof the sinteract parts are not reliable

because of the existence of cons~derable porosity with it. However,in

the ideal case, the microhardness remains independent of porosity but

where the residual poros~ty in the sinteract part is very fine due to

the use of very fine powj.ers, it showsa dependenceon porosity [13J.

Micr06tructure

The examination of microstructures of sintered ccrnponentsfollows the

general metallographic technique. Sintered parts possessing residual

porosity should be polished and etched with extra precautions. After

etching, the specimen should be throughly washed, otherwise the

etchant will be absorbed in the pores and staining will appear.

Metallo<]Yaphicexamination will not only reveal the amount and

distribution of porosity but also the amount and d~stribution of

phases, grain size, inclusions and horrogeneityof samples.
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The metal' pow:ier just after production may not possesses favorable

physical or chemical characteristics for subsequent processes, To

obtain of such properties is of prime imp.xtance frem the view point

of both manufacturer and user, Pow:ler conditioning, which involves

mechanical, thermal or chemical treatments or alloying of pow:iers, is

a very irrIfortant processing step of Power M9tallurgy, In general, the

pow:iershould be free from i.mpurities and possess tm1£onnproperties

favorable for ccmpacting and sintering in order to produce PQIIder

caupacts of high density and reproducible properties, Impure, wet, or

defective pc!1ol:iermay be washed, dried or softened and prr1£ied by

annealing in a reducing atJoosphere. Its size, size distribution and

shape may be varied by sieving, mixing or milling for optimum

condition.

Preliminary heat treatrrEnt before mixing or blending shpuld be can-ied

out in a reducing atJoosphere in order to elinunates w:Jrkhardening,

reduces the oxides and to alter the apparent density of the metal

Blending or mixing is extremely desirable before pressing to secure

uniformity in the pressed compact. Particularly all powders have

lubricants added in the blending OJ;:eI"atwnto reduce die wall friction

and to aid in the ejection. Various types of blenders and mills

,t.f
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.,,
,

such as ball ITLllls,rod mills, double cone mixer etc. are employedfor

lTLlXing •

Imnediately after the preparation of povder mix, it is transferred to

press hopper stored unler air, vacuum,or liquid in sealed containers.

2.5 Powder Compaction

COmpactingthe o:ollderis an i.rrp:J~ant step in the PowderMetallurgy

method. In addition to producmg the required shape, the caupacting

operation also influences the subsequent sintering operation, and

governs, to a large extent, the properties of the final product.

several of the most irrIpxtant effects of =npacting are :

1. To reduce voids between powder particles and

increase density of the ccrnpact.

2. To pnxiuCEladhesion and cold welding of the po-..Uer

and sufficient green strength.

3. To plastically defonu the povder to allow recrysta-

llization during subsequent sintenng.

4. To plastically defonu the poWer to increase the

contact areas between the p:o.i!erparticles, increasing green strength

and facilitating subsequent sintering.

"
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Althoughthere axe various methodsof p:no,dercompaction, only a few of

them axe widely employedccrrmercially, It is convenient to group the

various methods into the following classification: (i) pressure-less

shaping technique, (ii) cold pressure shaping technique, and (iii)

pressure shaping teclmique with heat.

The pressure-less shaping methodsaxe those in which a required shape

IS gIven to a p:no,dermass prior to sintenng it without applying any

external pressure. The methods which fall into this group axe loose

sintering, slip sintering, slurry casting, clay type nolding and high

velocity projection; and of these only loose sintering has :imp::u:tance

in the PowderMetallurgy field.

The cold pressure shaping techniques have the largest scope for

shaping metal powder. Included in this class are: (a) cold die

coopaction, (b) isostatic pressing, (c) explosive forming, (d) high

energy rate fanning, (e) power rolling, (f) cyclic caopacting, (g)

vibratory compacting, (h) centrifugal compaction, and (i) powder,

extnISion.

Pressure forming WIthheat include (a) hot pressing, (b) hot VPrking,

e.g., forging, hot extrusion, hot rolling, (c) hot isostatic pressing,

(d) spark sintering, and (e) hot coining.

Of all these shaping methods listed above, cold die carpaction, which

is considered as the conventional technique, IS sinple and the rrost

widely used method because of the ease of automation of this

teclmique, I1I3SSproduction of powder-metallurgy canpacts, allowing

,
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IIDre latitude in the selection of .lubricants, and ilTQ;lrovedsurface

appearance by the elimination of oxidation at rcon temperature. Other

major corrpaction techniques which have been developed are conm::>nly

utilized to overccme some of the drawbacks of die ccmpaction and to

provide for an iJTIprovedconsolidation process.

Following the compacting operation, the relatively fragile but

coherent mass of metal poWdermust be ejected frcm the die without

injury, and transferred to a furnace for sintering.

2.6 Sintering

Introduction

The welding together and growth of contact area betl.\'!en two or mre

initially distinct particles at temperatures below the melting point,

but aJ:oveone-half of the melting point in '1< is lmownas sJ.ntering.

Since the sintering process is a surfacial phencmeuonand the rate of

sintering is greater with smaller than with larger particles the

process is rrost important with I'OI'rlers, as in J?ClI'tiermetallurgy.
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Although sintering does occur in loose paw:iers, it is greatly enhanced

by ccmpactJ.ngthe po...:ier, and rrost ccmnercial sintering is done on

ccrnpacts. Compactingis generally done at rccm temperature, and the

resulting Ce:tTPactis subsequently sintered at elevated temperature

without application of pressure. For special applications, the paw:iers

maybe COlfP3Ctedat elevated teJrq;l8raturesand therefore sirn.11taneously

pressed and sintered. This is called hot pressing or sintering under

pressure.

The sintering process is the rrost important step in PowderMetallurgy

by which a stron;r bonding between particles is attained. The force

responsible for sintering are the same as those which hold atoms

together in metallic latt~ces. Inside metals, equilibrium exists

bet"'*'ll forces of attraction and repulsion. On the surface of metal,

forces are not balanced; therefore, if another atClllof same substance

is brought in close eoough proximity, they will be attached and can

beccrnepart of the parent lattice. For the bond to become stronger

(rrore general) requires improvedmating of the surfaces; this enhanced

by heat and/or pressure. Thus, in a po;.d.eredmass, scme sintering or

cold-welding maybe ach~evedduring cold-pressing in a die and bonding

completed at elevated temperatures. Simultaneous application of

pressure and heat accelerate the Whole process and is especially

advantageous with hard polo1iers.
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Mechanismof Sintering

The driving force in sJ.ntering is surface energy, which is decreased

because of the total surface area decreases as sintering proceeds.

Whentw:>spheres originally in tangential contact sinter, the area of

contact between the spheres increases and a neck is formed. In

amorphous materials such as glasses, the process causing neck

fornation is viscous flow' (as when.twodrops of water coalesce to fonn

one). This type of viscous flow is not possible in crystalline solids.

Here the rrost important material transport process is self--diffusion.

Because the material in the neck surface has a highly convex curvature

and the numberof defects in its crystal structure (vacant lattice

sites) is considerably higher than on a flat or concave surface, these

defects rrove by self-diffusion from the convex neck surface to the

adjacent flat surface, whichmeans the materJ.al ITOYeS in the opposite

direction, that is, the neck growth (Figure 3a). Instead of corning

frem the adjacent flat surface, the material fanning the neck mayalso

rroveby self-diffusion frem the grain boundarybetween the t~ spheres

to the cmwexneck surface (Figure 3b). This latter type of rrovement

explains whycoopact shrinks, because J.n this case the centers of the

spheres approach each other during sintering. During grain growth the

grain boundaries, which are the source of the material which is

transported into the convex neck surface. that is, into the pores of

the cc:upact, are s~pt out of the compact. [38]



Figure 3. N"ck TO,nlallon.

(a) t1uc)"growth movemfmtat defe~ts from the
neck &ur"!acG to trle arlj.,cent flatG sunace.
(bl Movo"""lt ot lH!ck-tor-ming material from the
grain boundary to the neck surface.
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The mechanismof liquid-phase sintering is more complicated. It

involves viscous flow of the liquid phase, but also solution of the

solid phase in the liquid phase and its reprecipitation in such a way

so as to nWl:ethe cocrqJactrrm:edense. :Asin 'solid-phase sintering, the

driving force in liquid-phase sintering is a decrease in surface

energy,

Sintering Practice

The sintering of components requires a sintering furnace, close

control and regulation of terrperature, heating time, heating rate and

sintering atmosphere.

Sintering maybe carried out in batches or contmuously in furnaces

similar to those used for conventional heat treatment. For laboratory

or experirnental'l'<m"kthe batch-type furnace is rrost appropriate, but

for production \oDrk=ntinuous furnaces are often rrore suitable. In

nearly all cases a controlled at.rrKJsphereis necessary. Partly bunled

fuel gas, hydrogen, mixture of hydrogen and nitrogen, inert gases, or

even vacuumare used in comnercial ~r-metallurgy practice. The

atmosphere surrounding the work should be capable of preventing

oxidation of the pcw:'lersurfaces and should reduce any surface oxides

that are present.



Table 3. The Teltperature and TirrJ!of sinterilq
of sane inportant p:r"Uers.

Type of ~er ""-"bITe ,-
111and 111alloys 370°C to 5000e upto 24 hours

eu and eu alloys

Brass soooe 30 minutes
B~o gOODe 30 minutes

1roo alloys '1100oC 2 00=

'I
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The sintering temperature and t~ vary with the compressive load, the

type of metal pcl'ooodersand the strength required in the finished part.

The temperatures and t~ of sintering of acme irrportant poo,.Uersare

shownin Table 3 [39].

2.7 Fi=ishi=g Operatio=s

After sintermg, the article lll.lStbe c=led slowly in a protective

atmosphere to reduce distortion wh~chwould be produced by rapid

C<XIling.Thenthe cooled article is finally processed in order to use

it' in the specific purposes. The finishing operations usually given to

the sintered articles are =ining or repressing, surface treatment,

heat treatment, impregnation treabrent, surface coating, machining,

and joining.

il
\
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3_1 Preparation of Cast Iron Powder

Gray cast iron machined swarf from the Bangladesh Machine Tools
Factory, Joydevpur, was used for the present oork. Initial size of the

swarf was about +30 mesh. In the beginning of the experiment to

identify the nature of cast iron, the microstructure as """,11"as the

chemical c:anpositlOnof the starting material were determined

4 and Table 4).

(Figure
i

To generate iron powders the mechanical process of producing metallic

p:n.tier was used. The mini-ball mill (Figure S) of the Departmental

LaI::oratorywas used for this purpose.

The milled pm.der was first separated into various sieve fractions.

DurJ.ngpulverization a lot of free graphite was IJ.belCated. The

percentage of cast iron powderand free carbon (graphite) in dJ.fferent

sieve fractions were determined by washing awaythe free graphite. The

difference in specific gravity between the graphite flakes =d the

iron particles is great, which facilitates the extraction of carbon

hem cast iron pc:w.d.er.A mechanical stirrer is used to agitates the

p::>W:1.erin the water and the free graphite floats up. Washing and

decanting were continued. until the washed water remained clear after

which the pt)\'rler was dried. The sieve analysis of the washed pov,rler

was madeand the finer fractions of the sieve ( -100 mesh) was used

for further work.



"
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Figure 4.

(.)

Ib)

(';ptical miCI'O\il"l\Iilof lI5-S5ft)led gray cast ira1. swarf
llb:M.ng(a) fine graphiteflakes in the ~triJI: in the
unetched condition, and (b) fine qraphite flakos,
ferrite and pearlite in the etchErlCXlI'I1itiCll, x400.



Table 4. Chemical CClfIP06itionof the as-~led cast iroo.swart.

Chemical CaTiposition, wt. %

3.050
2.260
0.450
0.005
0.140
Balance
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To reduce the carbon content of the washed ~, the pow:ier is

decarburized in an oxidizing a1:rrosphereprcx:iucedby the addition of

iron oxide (Fez03) ;x:n.derin the temperature range of 800-10000C. The

arrount of iron oxide needed.to mix with 100 gm of washed pow;lerwas

calculated to be 35 gmas shownin the AppendixA. and then the nux

was placed in a heating furnace using a mild steel pan. To select the

appropriate terrperature for d.ecarburization, a trial and error was

made using temperatures between 800-1000 °c. At temperatures lower

than gOOOethe red iron oxide remained distinctly VJ.sible thus giving

the idea that the cast iron powder was not fully decarburized.

Decarburization at temperatures above 9000C still showedsomeredness

but at the same time produced sintering between the powders and

adhering the powder with the pan. So for the next .stage of the

experiment, the steel pan was avoided and a porcelain crucible was

used, Using the porcelain crucible decarburization was again carried

out at temperatures between 800-1000oe and after examining the

decarburized product the temperature 900°C was finally been

selected. A four hour holding time was used in all the d.ecarburizing

experiments, The decarburized powder was milled again and then

subsequently sleved.

The chemical composition and the powder characteristics such as

apparent density, tap density and flow rate were evaluated, using

standard methods [40] at various stages of processing including those

after blending with 0.5 wt. percent nickel powder with .the

decarburized pov,Qer.
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th.e Prepa.red PoWlder
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Cooi>actionin the metal die was performed in the present ;,urk as it is

one of the rrost irrportant and carmercial method for shaping metal

po...:lers. The mild steel die (Figure 6) used by the Magnetic Materials

Division, BangladeshAtcmic Energy Corrrnission,Dhakawas used in this

project. Since the die was not heat treated, caTJPactioncould not be

madeat a pressure higher than 25 MPa(MegaPascal). A single action

hydraulic press of about 35000KNcapacity was used for ccupacting the

pavder (Figure 7).

The compacting behavior of the J.:OI'ilersat different stages was studied

by pressing the powiers in the die with a cavity of 100 x 17 sq.nm.

under the press. The ~er lubricant p:Jlyvinyl alcohol was premixed

into the decarburized cast iron p:::Mjer, \<\hile the cast iron powder

containing free graphite was compacted without the addition of

lubricant since the graphite acts as a self-lubricating agent.

About 1-2 gm. of polyvinyl 011=001 was dissolved in hot water and then

mixed with powder in appropriate aIOClWltand stirring for long time.

For each ccrnpact an approximate 80 gms of blended pov,tier was used.

SpeclIDEmShaving a dimension of about 100x17x15C"U.nm.were made by

varying the compacting pressure from 5 to 20 MFa. For the easy

withdrawal of the compact from the die, the die cavity was lubricated

with oil after each ejection of the compact.



•

Figure 6. The Die
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Figure 7. The Hydraulic Press
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Since the particles had gone through repeated. plastic deformation and

fracture resulting in work hardening, the compacting characteristics

of these particles such as green density were determined..

3.3 si=teri=g the Green compact

CCrnpactsof the po;rlers of different stages that have been pressed at

a pressure between 5 to 20 MFawere sintered in a sintering furnace

for 4 to 10 hours at various temperatures in the range 900~1150oC.The

sintering furnace priliminary selected was a high VaCUlUllfurnace with

capacity of controlling the atm:>sphere.Few tests were made in this

furnace using hydrogen ~tJrosphere to reduce the oxide present in the

po~er. But soon the furnace went out of order and no further .f'

experiments could be madein this furnace.

Then the workwas carried out in an electrically heated heat treatment

furnace with no provision for atmosphere control (Figure 8). To

prevent further oXldation the green product was well covered with

insulating material.

Tests for determining the properties like sintered density and

hardness, were made after the sintering treatment and the

macrostructures of the fractured surfaces were observed.

Figure 9 show.>the products at the various stages of the processing to

the the cast Iron i>Warlto the final sintered product.
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Figura 8. Tho Sintoring Furnace



•

r',' (

1,
I

cast irm pc:JWjer
(frt:lll b!I.ll mill)

•

--~~ -- ---

(green 1Xllpact)

(Bintered prOOuct)

• Figure 9. ~ of the prcducts lit vmcu:s Iltages of processing
of east iral 6WaIf.



Chapter Four

RESULTS AND DISCUSSIONS

,
,,



Results and Discussions

4.1 Characteristics
of the Cast Iron Powder

35

The carron content of the as-sampled cast iron swarf was 3.05% (Table

4) and the optical microscopy revealed fine graphite flakes, ferrite

and pearlite in the etched. sample (Figure 4). Hence the swarf was

definitely of gray cast iron.

Tables 4 and 5 showthe chemical comp::lsitlOnof the cast iron swan at

various stages of processing. The carbon content of the cast iron

swarf was substantially reduced frcro a fair arrount of 3.05%to Z. 65%

in the milled powtierafter washing awaythe free graphite. The carbon

content was further reduced to 0.09%after decarbur~zation by reducing
,

in an oxidizing atnDsphere produced by the addition of iron oXlde

(FeZ03)' Thus the hannful effect of carbon in cast iron could be

reduced. The amountof silicon and manganesewere also reduced due to

oxidation. However, the amountof sulphur showeda marked increase ill

the decarburized sample. This might have come from the iron oxide

p:)W:ierwhich was used for decarburi:ation.

One of the most important physical characterist~cs of the metal

powder, the mesh size distribution of as-ground powder and the

percentage of cast iron p:)W:ierin each. sieve fractlOn that is retained

after washing awaythe free graphite is shownin Table 6. According to

tllis table the bulk p::>rtionof the powtiercharged is retained between



Table 5. Chemical CO'IqlOSitionof the cast l.IOIl swarf at varlOUS
stages of the P=eeSs.

,



Table 6. Sieve analysis of the as---grcuOOpowjer and. percentage of
cast iron polder retained in each sieve fracticn.

••

weight of :Po1.der (grn) Per cent"",h cast Iron
Size -=Before washing After washing retained

• 12 1.3 1.28 98.46
12+30 1.9 1.86 97.89
30+40 14.7 14.55 98.98
40+60 147.3 138.57 94.07
60+70 124.2 115.36 92.88
70 + 100 86.9 76.78 88.35
100 + 140 43.9 40.13 91.41
140 + 200 22.5 17.55 78.00
200 + 270 12.5 7.00 56.00
270 (Pan) 44.8 8.50 18.97

500.0 421.58 84.32
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,.

-40 to +100meshsieve and the finer (-270 mesh) fraction consists of

only a little aJrQUIltof cast iron PQ\'o1ier. So it is apparent that the

efficiency of the milling operation is not very satisfactory to
pI"oducefiner grade of cast iron powders for Powder Metallurgy

p.ttpOSes. The ;,ork of P. Ramakrishnanand others [101 also support

this frnding.

The percentage of cast lIOn po;.tier retained in each sieve fraction is

decreased and, altem"tely, the free graphite retroved is increased

with increasing meshsize. This is shoM"lin Figure 10.

Duxingdecarburillation the particles coagulated, so they were further

pulverized. It produced much finer particles and the efficiency of

milling was considerably increased. TIns indicates that at the end of

the decarburization process the particles acquire much more
brittleness and surface irregularity due to oxidation.

For the rest of the I'.Urk, poWers haVing a finen~ss between -100 to

+270mesh ~re used. Thus, though the fineness of the particles was

not good enough as -325 mesh is required for Powder Metallurgy

application it gave a particle size distn.bution which ~ld produce

lesser porosity and greater density in the ultimate COOIpact.

The shape of the particles whichwas shownin Figure 11 had round and

smoothsurfaces. Hencethe mechanical interlocking arrongthe particles

during compactLonbecame muchmore difficult as compared to the

particles having irregular surfaces with several sharp protrudes

resulting in easier mechanical interlocking.



Figure 11. Photcrnacrographof the cast iron swan showing round shape
of the particles, xlOO.



(,,
As-sampled

(h'After
decarburization

Figure 12. Photomacrograph of the cast iron swarf showing the
reduction of p<Lrticle size after decarburization, xlOO.
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The fineness of the pOirticle was considerably increased after

decarburization (FIgure 12). The particles acquired much more

brittleness during decarburization and a further milling crushed them

to finer powders.

The apparent and tap densities of the po..uer at vanous

stages of processing have been shown in Figure 13 and Figure 14

respectively. It has been shownthat the apparent and tap densities of

the particles were considerably increased after washing and

decarburJ.zation because of the reduction of free graphJ.te and the

uniformity of size distribution. Thus it gave a p:>Sitive attitude

towards recycling the cast iron swart by >=Ider metallurgy technique.

The flow-rate of the >=Ider which measures the flowability of the

metal PQI;1:lerunder gravity has been shownin Figure 15. It :l.Sapparent

from the figure that the flow-rate of the poloderdecreased slightly

after washing and then increased after decarburization. This was due

to the fact that during washing the free graphite was decreased and

thus the fnction between the particles was increased. Since after

decarburization the pow::ierwas further pulverized and became.much

finer and the pow::ierhaving a particle size bs~en -100 to +270 lOOSh

was used, the size distribution of the particles and hence the flow-

rate of the d.ecarburJ.zedpartJ.cle were in=eased.



AS-SAMPLED
POWDER

AFTER
WASH

DECARSU-
RIZED

DECARBURIZED
WITH Ni ADDED

Figure- 13, Thl' apparl'nt de-n5ity of the- powde-r
at various 51ag"'5 of proce-ssing.
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4 . 2 Dec:::::az-bur-:i..za:t:i..on.

of the Weshe<':L:E"owt::l.ez-

38

•

The overall carbon percentage of the ground p;:l;,tierafter washing was

about 2.65 per cent. Since decarburlzation produces a remarkable

increase in tensile strength and reduction in shrinkage [5,6], the

washed cast iron ];ICM:ierwas decarburized. Decarburization of these

powder could either be done in a hydrogen atmosphere in the

te«q;Jeraturerange 900-950oCor in an oxidizing atrrosphere produced by

the addition of iron oxide in the terrperature range 9S0-1000oC.Since

the latter process is nuch m::>reefficient and could bring down the

carbon level to aroWld0.30 wt. per cent in eight hour [10], reduction

of carbon by iron oxide po..uer was selected. It was foond that the

carbon level in the sample was' reduced to only 0.09 per cent which

falls in the range of low carbon steel. It gives a good opportunity

to cam>are the properties of PoI.tierMetallurgy product with those

of steels.

To select the correct temperature for decarbL1rization, a number of

experiments was performed in the temperature range 800-1000oC.It was

found that the pm.der decarburized below 900°C=ntained the red iron

pcr,.der (Fep3) which indicated inCOlTPletedecarburization. en the

other l1=d, the po\orl.erdecarburized at temperatures above 900°Cshowed

the sintering of the pawjer. Henceforth, the temperature 900°C was

selected for deacrburization. The use of steel pan to hold the
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p:lwer, after few experiments, was omitted and a p:JrCelain crucible

was selected because of the fusing tendency of the powder with the

pan. The decarburizing time was held constant (4 hours) in all

experiments.

4.3 COmpactio= Characteristics
of th.e Powd.er

The canpacting characteristics of the powdersat different stages of

the process are shownin Figure 16. By analyzing the results a major

effect was found to be of compactingpressure on the green derLSityin

all cases. 1m increasing pressure increases the green density. The

decrease in carpactibility after washing was m:JStlikely due to the

renoval of free graphite whichmight otherwise have been acting as a

lubricant. The improved Oempactib~lity of the decarburized pow:l.er

could be the ccmbllledresult of the lower carbon level and their

favorable nnrpholo;ical characteristics such as improved fineness,

better grain size distribution, etc. There was a slight decrease in

compactibility after the addition of nickel which maybe due to the

work-hardening effect caused by the ball-milling used for the

blending.

11
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4_4 Sintering Beha~iou=
of "the Po'Wd.er

40

Sin-tenng IS the ulti.mte and decisive stage of all Po;,derMetallurgy

processes. However,as stated earlier, sintaring was perfoImed in an

oruinary heat treatment furnace due to the failure of vacuumfurnace

and the resultant product of all sintering expa..rinEntsdid not show

proper OOndingbetween the particills. Since the OOndingbet""'en the

particles during sintering depends OIl the temperature and tinE of

sintering, both tlme and temperature were varied betweenwider limits

in order to produce a soundproduct. But satisfacto::;y result could not

be obtained.

After examining all the ll\3.CrOStructuresof the fractured surface of

the samples, it was considered that the insufficient bonding created

by the =ld-\o.I':!ldingduring cQll"Pactionwas the prime reason of tills

failure. To identify the source, one sintered somple was ground to

fJ.ne ~er and an X-Ray diffraction pattem was taken (Figure 17).

It showedno traces of .iron IXJVrlerin the. somple; all of the particles

of the pcn.tieror at least the surface of all particles were oxidized.

to fom iron oxide (at -Fep3). Another x-ray patten! recorded from the

decarburized. ~r showedthe sameresult.

So it was confirmed that the oxidation of the particles during

decarburization was the prime reason for getting a product with

insufficient bonding. Oxidation was caused as a result of using a

furnace without atrrospheric =ntrol. The brittle nature the oxide
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particle or the oxide layer surrounding the particles prevented sound

Ix.>nding.

,
Theother reasons behind the failure might be insufficient fineness of

the pov.<:lerand low pressure of compaction. The better the particle

fineness with better size distribution and the higher pressure of

cc:mpaction, the better is the Ix.>ndingbetween the particles during

compactlllgand sintering. Majority of metal pollders employedin lXl\;':ler
•

metallurgy industry vary in size from only 4 to 44 microns (i.e., -325

mesh). However, the ball mill and the sieving machine used for

milling the cast iron swarf broits particle size to only 50 to 150

microns (i.e., -100 to +270 mesh). On the other hand, the usual

pressure to ccrnpactthe metallic PQ\'dershould fall in the range 800-

1500 MFaand compaction at pressures higher than usual offers

considerably less difficulties to obtain ferrous PMrraterials with

high-density and high-strength [41J. But a maxiIllumpressure of only 20

MFacould be used. This was due to the limited capacity of the press

and the non-heat treated mild steel die.

So due to the failure of obtarning a sound sintered product, the

sintering characteristics of the pov.<:ler,lir.e hardness and tensile

strength could not be studied. However, it could be seen that the

sintered density of the sample did increase with the increasing

pressure and temperature (Figures 18 and 19). The srrootbness of the

fractured surface was seen to be improvedwith increasing pressure and

temperature (Flgure 20). This showeda positive inclination towards

the the desirable properties.

,
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Figure 20. The photomacrographs showing the smoothness of the
fractured surfaces of the sintered sample at various
sintering temperatures.
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4.5 Suggestions for Future WOrk

As this was a pioneering work about Pol'.tierMetallurgy, a IIlJIIlberof

problems crept up and a sound sintered product could not be proo.uced.

Even then it showeda great premise to recycle the cast iron swart

through pol'.tiermetallurgy technique.

The problems faced during this w::>rk"couldbe solved by using suitable

equi~nts. Decarburization of the cast iron J.:OI"dercould be done by

reduction either by hydrogen or by iron oxide. But if iron oxide 1S

used, the compact rrust be sintered in a reducing atm::lspherein order

to deoxidize the iron oxide proo.uced during decarburi=tion and to

prevent further oxidatlOn during sintering. So irrespective of the

processes used, a heating furnace Wlth =ntrolled atlrosphere is a

_to

High pressures are necessary to proo.uce metallic compact by p:lw:J.er

metallurgy technique and therefore, a press having the capacity of

gi.'ing pressure of aOOut800-1500MPashould be used. The die used

must be madeof proper die material (for example, cemented carbides,

hardened high speed steel, etc.) in order to withstand the high

pressures and the stresses imposedduring pressing.

The particle size of the pulverized pow:i.ershould be much finer and

optimumgrain size distribution rrust be obtained by proper blending of

a IIlJIIlberof various meshfractions produced during sieving.

,
1'1
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Conclusions

5.:1. Couclu.siolls

43

1. The cast iron machining swarf can easily be

p,llverized in a ball mill. But it produces less finer particles needed

for powder metallurgy applications and the rate of production of
•

fines, that is the efficiency of milling, is not satisfactory.

2. Separation of graphite from the cast iron pc:>Ioti.er

was easily and econcrnically achieved by washing with a mechanical

stirrer and by utilizlllg the difference of specific gravity between

gra1=hiteflakes and iron powieI"particles.

3. The carbon level can be reduced considerably to a

level of about 0.09 peI" cent by the I"eduction in an oxidizing

abrospheI"e produced by the addition of iI"on oxide. The silicon and

ITIiID;J"an8Sewere also I"educedduring decarburization.

4. The apparent and tap densities of the particles were

increased after washing and decarburization. The flow-I"ate of the

poWer was decreased slightly after washing and then increased after

decarbur~zation.

5. The gl:88Il densities of the cast iron power WSI"e

decreased with pressure. The decarburized powder showed a better

CC<TJPactibilitythan those of as-sampled and washedpowjeI"s.
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6. The sintered densities of the p:lWderWere also

increased with pressure and temperature.

7. A better fineness of the grains with increasing

compactingpressure and sintermg terfil8I"aturewas observed.

8. Decarburizing the cast iron power by iron oxide ITlllit

be followed by sintering in a reducing atmosphere. Otherwise the

sintered product will not show ~ufficient bonding between the

particles due to the ~esence of iron o~ide.

9. A slight decrease in compactibility after the

addition of nickel PJI'iIerwas found.

Thoughproper bonding did not occur in the sintered sample, other

resul ts sho~ a positi ve response towards the recycling of cast iron

swart through PJI'iIer rnetallUT9Ytechnique.
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Calcu.lation of Iron OXide

To reduce the carbon content in an oxidizing atrrosphere, pure iron

oxide (Fe203) powj.erwas used. The arrmmt of iron oxide needed to mix

with 100 gIl6,of washed cast iron powj.erwas calculated as follows ,

The carbon presents in the wa'ahed cast J.ron I'OI'der '-'=lUld

react with iron oxide to form carbon dioxide (CO2)since the

atnosphere was oxidizing. Hence the chemical reaction ~d be

3 ,

3x12

4 "

Hence 36 gmsof cartxm '" 320 gIl6 of iron oxide.

The washed cast iron powj.er contained 2.65wt%of carbon. So

for complete decarburization, 2.65 gms of carbon would

reqw.re 2.65x(320/36} Le. 23.56 gmsof iron oxide.

During decarburization silicon, manganese, and some iron

along with carbon \o1:Juldalso oxidJ.ze.

So for efficient rerrcval of carbon 35 gmsof pure iron oxide was mixed

with 100 gmsof washedcast iron polder.
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