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Powdnrrmetallurgy is the fechnology of transforming pOWde”ed
metals,'a*lOJs, oxides or salts 1nto flnlshed or semifinished produc+s
by mechanical and thermal operations which are pe?formed at tempera—
tures below the melting point of at least the major vart of the metal

composition.

‘The powder metallurgist either manufactures ingots, which are
'éubsequently shaped by plastic deformation or machining, or he pro-
duces immediately the finished part, thus eliminating working and

macnining operations.

Powdér metallurgy is, however, not only a technology,_but‘
also a scieﬁce, the main field ofrthis_bfénch of research being thev
understapding of all'reacfions which take place dufing the transfor-i,
mation of metal powders to powder meﬁdllurgy nroducts. The scope
of powder metallurgic research also includes the analy31s of techno-
;logical and other properties of the finished products as compared with

: thoée of materials of identical chemical composition produced by’othér

nethods.
The main operations of powder métallurgy'aré:
1. The production and ahalysié of the raw material, which is

the basis of all powder metallurgy processes, namely the

povdered metals or alloys;

3
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2. The compacting process, during which suitably prepared
povwder mixftures are subjected, at normal or elevated

temperatures, to considerable pressures;

3. The sintering process, in which the pressed "green compacts'

are_sﬁbjected t0 a thermal treatment which imparts to them
the required mechanical strength as well as other desired

properties, Compacting and sintering are frequehtly

fOllOWed by re-pres ing and annealing or resintering and/or |

other afterworklng treatments. In all cases, the per-
. formance of the material durlng processin _as well as the

propertles of the flnished productu, depends_to axlarge

extent upon the basic characteristics of the powder materi- |

al (3);

The importance of powder metallurgy liesiin.the ability of
‘this technique to produce complicated metal shapes within a close

1imit of ‘tolerance by a- process requiring much less time and skill

than machining, and much lovwer temperaturss andvfewervfiﬁishing opera- ;

tions than casting., HMoreover, the products of powder metallurgy nay

‘possess almost all.the ?hysical characteristics of those made by the

other méthods,*as well as many vhich can not be obtained thereby, for -

instance, controlled porosity. This fact causes a widening of scope
for powder metalldrgy. W |
: i . .
Powder metallurgy is also known as "metal ceramics", while the
products are often called "sintered metals", both terms indicating the

method of production, (7)

i
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The powder metallurgy industry is firmly established in every
major country in the world,vand‘its products used throughouf a wlde
variety of iﬁdustfies. UtilizationAof this method within‘generél
industry is now an accepted practice and the.averagé_American car
contains in excess of 120 sinteréd components as compared,ﬁith'the
average English éar of around 85 (an indicaﬁion of the well known

conservative attitude within British industry.) (11)

In the automobile industry, for example,,thé applications
are very numerous and range from shock absorbers to distributors;
stérting motors, car door locks and combonents in the stegring
mechanism, Shortly there will be m&ie highly‘sffesséd applications

within gear box and internal combustion engines. (11)

Each day more and more people are becoming aware of the

advantages of this unusual method of produéing engineering combonents '

“with the result that the volume of pieces produced by the;pfocessiis

groving rapidly,
Without any shadow of doubt, powder metallurgy is one of the 
industries of the future although it is true 0 say that a lot more

development is required.

The powder metallurgy industry does not exist in Turkey, and

" the metal powders used for nonmetallurgilcal purposes, such as pigments,

welding rod constituents, etc., are imported. One of the intentions

in undertaking this subject was to gain éxpefience by goiﬁg into in- -

e o %% hom
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vestigatiOns’in povder,metallurgy, for the first time in this country.

A small and modest 1aboratofy was established, mainly by using
substitutes fof the needed equipmeﬁt. The experimental work is carried;
ouf personally by the student with the coﬁnsel of an experienced ad;
viser. By doihg‘So, the propef way to attack a new problem,'methods
of etudy,‘experimentation techniques, the'diffieulties\involvea, and

the possible solutions were observedland experienced.

The speclfic problem was to inveetigate’the influence of
proce331ng variables on the nropertles of powder metallurgy products.
Although 0pt1mum COnditlons have been<ieveloped in nractice, the
literature on the subject shovs a lack of analysis or evaluatlon of
_the processing varlables, probably for the reason that the detalle of
- the physical and chemical mechanisms involved are not understood in |
any quantitative sense. Some points which are left vague in the
literature were investigated, such as the'effect of compacfion in
vacuum, the size effebt‘and the effect of "dwell-time", as well as
the common processing variables such asvcompacting~pressure, sinterlng
temperature'and time. The major measuraﬁle property was taken as the
total porosity, i.e., the approach to theoretical density of the
produets. The reasoning behlnd this choice is that for most materluls,
"the physical properties such as hardnese, tensile strength, COmpréSSlVQ

strength, fatigue strength, and electrical conductivity are dlrectly

' and sometimes linearly proportional to the density. (Fig. 1).
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The results of these investigations will be reported in a

‘later chapter.

Numerous difficulties encountered in establishing the |
laboratory, and speciaily in obtaining the powders caused a delay of
three months in starting the experiments, and the-short time of two
sémesters limited the'extent:of investigations, Hovever, it is
understood that such investigations in powder metallurgy vwill probably:
continue in Robert College as subjects of graduate theses, and a
section of*"Recoﬁmendations“ for the interested investigators is in-

cluded atrthe end,

TREV TR A Sy 1573
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HISTORY AND DEVELOPMENT OF POWDER METALLURGY

The essential features of péwder'metallurgy are‘thé productioﬁ
'by mechanical or chemical méahs of_a metal powvder, an&'consolidation

of this powder at a temperatﬁre’below the melting point of the major
‘constituent, into a reasonably‘sfrong solid form. The coaiescence bf 
the particles requires the application of'presSure)and heat. Aﬁ impor~
tant trend in modern powder metallurgy is to apply the preSsure td'the_l

~ hot povder.

It is interesting to note that, one of the;earlies?mmetallurg104 
‘2l processes employed these principleé. Furnaces thatxéould melt near—
ly pure iron L»~'ere not availaﬁlé until the 19th century; yet iron vas'
used at least as early,as 3600 B.C, In the usual prlmltive pro»ess _;
the pure oxlide ore was heated in a charcoal fire, generally aided by a
blast from bellovs, t§ reduce it to a metallic conditlon. The result-
ing metal sponge while sti111l hot was-tﬁen hammered to‘weld the ﬁarticle&
together and give a cohevent metallic mass which could bébfofged into 1

a usable shape. The product was often unsound and full of slag, but

excellent samples were occasionally produced. (1)

At the presenf time sintered metallic objects are limitedvin .
size to pieceé weighing a few ounces -- or at most pounds - yet the |
smiths of India some 1600 years ago produced the famous Delhi pillar
weighing 6 1/2 tons and other pieces;eveh larger. (1) : i

 BABTARL &

Powder metallurgy was used in Europe at the end of the 18th

century for working the then infusible (since there were no furnaces
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capable of melting it) metal platinum, It is astOnishing to find that.
it had been used for the same purpose'by‘predecessors of the Incas in
Ecuador and by the Incas themselves in that locality for a conSiderable
.period before Columbus made his famous voyage. Several samples of
platinum have been found that had been worked by a process not unlike
that used in prepering sintered hard carbides today: The grains of
ﬁative refractory platinum (sepsrated from the ore by washing and
- selecting) vere cemented tOgether'by a metal of lover melting point

wvhich wet them and drew the particles together by surface tension to

form a strong lump, fit for further work, (1)

Many writers on powder metallurgy have referred to the work
of Wollaston in producing malleable platinum, published in 1829.
Wollaston kept his process secret until the end of his life and is said

' to have received a large income from its use, His process, was essen-—

tially as follows: Ammonium'chloro;platinate was ignited to give'
'metallio4p1atinum as a fine powder., Vollaston caotiohed»agaiﬁst heatin
the po'der at too high a temperature and advised that it be broken.up/
gently in a wooden mortar to avoid burnishing it, for this WOuld‘pre;i
vent later cohesion, The powvder was,Washed with water and shile'wet
put into a brass mold 6.75 in. long, tapering from 1, 12 in. diameter

at the top to 1.23 in. at the bottom, where it was closed with an 1ron

§ plug. The use of water suspens1on vas supposed to give a more uniform

- mass 1n-the cyllnder.' The powder was pressed in by hand»W1th-a wooden
| plug, then covered with a copper plate and pressed in the 1ngenious
slmple "Poggle Press®, The resulting cake vas hard and firm enough to
be handled without danger of break;ng and was heatea $0 redness on a

charcoal fire to drive off moisture and oil and to give a small degree
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of cohesion., The cake was next héated in a wind furnace, res%ing on
clean quartz sand and covered with an inverted refractory potb. Thek
'wind furnace (fired with coke) burned for abouf 20 minutés from the
time of lighting. The cake was removed from the furnace and while |
s8t1ll hot struck squarely on top with a heavy hammer. Thereaffef the
metal was sufficiently consolidated to pefmit»further forging liké any'
| other metal, (1) ; ' ' %
|

This ié the process generally mentioned as the.beginningfdf
modern powder metallurgy. A lot was done on platinum before Wollaston's
work by various men but his chief innovation seéms to have been the
use of a preés,in!making cold compacts prior to heafing‘for consoiidé—r

tion by hot working.

It was also stated'(l) that an indeﬁendently devéloped Russian

method was in operation in the year 1826, The sifted platinum powdér:.

wvas pressed in a cast iron cylinder of the desired size, fitted;with’

a steel punch actuated by a poverful screw press., The comﬁacts vere
fragile but could Be hapdled. They vere rendered_yorkable.by annealing
for one and a half days at the #ery high temperatﬁfe of a porcelain-—
firing kiln. If the platinum had been well purified, and especiaily
if it had been properly washed, it was then very malleable and suitable

for any use.

This seems to be the first commercial use of a high temperatu
sintering operation applied to a previously compressed mass of povder,

as distinct from the earlier method of hot pressing.
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The 1mportant modern use of powder metallurgy to form
intricately shaped articles by pressing and 51ntering was suggested
over a century ago. In 1830, when determlnlng the atomic weight of
copper by the reduction of its oxide in hydrogen, thgrchemis, G. Osénn,
noticed that the reduced metal sintered to a compact mass. In his
péper, published later, he gives full details of his prodéss fof
maxing impressions of medals and the like from copper’powder produced

by the reductlon of precipitated copper carbonate., (1)

An important use 6f the sintering pfocess,was for making the
filaments of incaﬁdescént electric lamps. ‘Thisvprocesé was probably
a direct offshoot of the methods used iﬁ making carbdnufilamenté by fhe
eXtrusion and subsequent sintering of the carﬁonaceoué materials.‘*(Z)
The first metal fllament vwas the osmium one, made by mlxing
osmium or its oxide with a reducing materlal that served also as a
‘_ blndlng agent. The mixture,was extruded to form a filament whlch,waé
 subsequentlyAheated to reduce the oxide and to sinter the metal intp

coherent form. Similar techniques were used for the production of"

filaments made of tungsten, vanadium, zirconium, tantalum and other

metals. (1)

The first commeréially successful metal filament was of tantal
drawn from vacuﬁmrfused 1umps’and not made frdm powder metal. Before
-Coolidge's impoftént discovery that tungstén could be vorked-in a
certain témperature rénge and would then retain ifs ductilify at rodm‘_
temperature,,filamenté had been made by miXing tungsten pbwder.with;as

 1itt1e as 2 to 3% nickel, pressing, and sintering the compact in
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| . a particular job is dictated by the intended application of the finishe

X

hydrogen'at a temperature slightly below the melting pdint of the nicke
The resulting bars could be drawn, and the final filamentS~wére-fréed
from nickel by a vacuum treatment at high temperature, This ?rocess
was not commercially satisfactory baﬁ is important as ah"anteoedent

to the sintered hard carbides, (1) ‘ '

The next stages were the production of contacts and electrode
materials ( a logical offshoot of tungsten production ); porbus metal
bearings (a real innovation); the cemented cafbides; the developmenf
of a wide range of speciéi magnetic materials; an& finally the use of
povder metals to make cerfain objects more cheaply than can be done by
conventional methodé of casting, working and machining, for example |

gears. o S

-PROCESSING

METAL POWDERS

CHARACTERISTICS: The properties of the finished powder

metallurgical pfoduct,’as well as the performance of the material durir
~ pressing and sintering, and thus the economy of the process, depend‘td
a large extent upbn the physical and chemical characteristics of the

metal powdér. These characteristics in turn, depend upon the method -

of powder preparation. The selection of the most suitable powder for

product. The final selection mist be based on the performénce of the
powder when it is subjected %o the actual pressing and sintering opere-

tions. However, the determination of the powder characteristics by !
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laboratory tests permits a preliminary choice of samples for performan<

tests, besides the determination and control of characteristic proper-

ties is essential for securing uniformity in different powder lots.

PHYSICAL CHARACTERISTICSs Apart from chemical compdsition ant

purity, the basic characteristics of a metal powder are:

particle size and size distribution;
particle spape;
?article porosity;
| pafticle microgtructuré;
appérent denSity ;-
flow,féctor;ﬂ
specific surfécé;

compressibili%y

for some specific applications some other characteristics become essen

tial; for example; electric and magnetic properties for electric and:

magnetic parts, or thermal conductivity for the manufacture of frictio

materials. (3)

In industry, particle‘size and size distribution,-apparent'
déﬁéity and flow factor are most widely eﬁyloyed in'specificationé and
control routine., This is due to the fact that ﬁhey are the most
important factoré in production. For example, the apparent density is
important because commerclal operations employ a volumetric fill for
each mold. Therefore, if the apparent density varies, more or less

povder will be fed into the die, depending upon whether the density
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has been increased or decreased, and when pressure is applied5 provided
it is applied to a constant pressure, the green compact will be shorter
or 1onger than desired. If pressufe is to a definite volume, the

porosity and densiﬁy will bé affected.

Methods for determining these three characteristics are

standardized by A.S.T.M, (4)

CHEMICAL CHARACTERISTICS: In general, it is not difficult

to produce‘metai’powders of a purity well above 99«#. In many cases

99,99% purity is attainable,

The percentage ofkimﬁurifies permissible depends on their
chemical nature and their location. It ié stated that a 97% povder
may be preferred:to a 99% powder, if the impurities in the high—purity
powder are more abrasive than those in the 97% povder. (3) The
distribution of the impurities in the powder particles is also highly
important. Surface oxides, for example, may, under certain'conditidns,
be eliminated by sintering in reducing atmospheres, while occluded
oxides may not be attacked under identical QOnditions. If oxide occufs,
on the surface of the'particle it does.not interfere very markedly with
the molding operation or subséquent strength of ﬁhe product. I%
appears that surface oxide in‘the‘fofm'of a thin film is displaced
during proéessing,'andvthe place from which it hés been reﬁoved pre-
:Sents‘a fresh metallic surface to promote adhesion. This oxide may
subsequently be iedpced during the sintering operation if it.is carried
out in a reducing atmoéphere. If.ﬁhe sinteriﬁg takes place inva’

k]

neutral atmosphere the oxide will of course remain unchanged, but
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apparently it does not metarially'affect the physical propertieé demas
of the product. If the oxide is occluded, hovever, there is nothing
the production cycle vhich has any tendency to femoveeit, and a veak

SPOt‘remains withiﬁ eVery perticle in vhich oxide is present., Theref:

the resulting product will be somevwhat weaker. (2 )

The amount of occluded oxide can be decreased by grinding th

povder and subjecting it to a reduction operation. (3)

The chemical compos1tion of povders and the presence of im-
purities are determined by standard methods of chemical analysis. In
formation regarding the location of impurities can be obtained by étal
dard metallographic methods as well as by the "loss of ueiahi in B
hydrogen", vhich is determlned by sintering in hydrogen under spe01f1q
conditions, and represents a relatlve measure of the amount of reduci

. impurities accessible to hydrogen. (3)

“ Besides oxygen some other impurities, such as carbon, siliesg

and sulfur also receive some attention.

. Carbon is important in ferrous powders} If it is residual g
free carbon, it does no harm fo moet products, and may aid the produc
tion cycle by slightly iubricating,the dies, If it is combined vith
iron, the hardness of the iron is increased and its melleability Te—
duced. This in.turn lowers the cohesive gstrength of the compact,

necessitating higher pressures.

Silica is to be avoided because of its abrasive action on 43

'-dies and because it acts as an interfering phase and reduces metalli,
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cohesion. (2)

Sulfur createsg acidic conditions and gaseS'during‘sintering,
shortens equipnment life, and makes it difficult to control the porosity,

size and shape of the finished producfs.

PRODUCTION: A great variety of methods are employed for the

production of metal powders; but it is possible to gathér these methods

into three general classes;

1. HMechanical,
2, Physical,
3. Chemical,

Powdérs widely differing from each other in particle sisze and
shape, chemical purity, and microstructure are pfoduced by these
‘methods., However, many of them are suited only for nonmetallurgical

uses, for example as pigments, catalysts, etc.

Most powvders intended for use in*powder'metailurgical prdcesses
are produced by one of two methods:
1. reduction of oxides (and other solid cdmpbunds);

2. eleétrclysis

Due to their importance these two methods will be discussed briefly in

separate sections.
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Other methods used for the production of the starting material

of powder metallurgical processes are:

3. atomization,

4. mechanical comminution (by crushing, milling, etec.),

5. thermal decomposition of carbonyls,

6. intergranular corrosion.

Methods of only minor interest in povder metallurgy include:

7. condensation of gaseous métals,
8. decomposition of alloys,
9. other chemicalvﬁethods (reduction of soiutions and‘fused
salts, and fhérmal decomposition of éolid comﬁounds),'
10. other mechanical methods  (mechanical comminution by
machining, and solidification of 1iquid metals by shotting

and graining). (3)

1. REDUCTION OF OXIDES {and other solid compounds): The most

widely employed process'of.producing povwders for pressing_ahd sintering
is the reduction of oxide ores, the‘reactibn being performed at

temperatures below the melting points of the oxides and metals, Gases,

such as H2, CO,Acoal gas, or alkali metal vapbrs, carbon or metals !
ére employed as reducing agentso_(3) The powder'thus Producedbis Spongé
 1ike and lends iﬁself to shaping by cold pressing because of its soft-

ness and plasticity. (5)

In some processes, the metal is obtained in the form of
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spongy agglomerates, which are easily comminuted to powders by

mechanical means.,

The main advantage of the reductibn method is its.flexibility.
By varying ﬁhe particle size and shape of theboxides (the oxides are
vgenerally brittle), the temperaﬁure of reaction, the tjpe §f reducing
agent, and, in the cases of gaseous agents, the pressure and rate of

flow of the gas, it is possible to control, within very wide limits,

the particle size and also'the particle shape, apparent density, and

related characteristics of the powder. (3)

The powder is, however, nearly always sllghtly porous- and if
any oxide remains, it is more 81gnif1cant than the oxide whlch is so
frequently present in mechanically produced povders. The latter is
‘primarily a surface oxide whereas the oxide which may remain in a pomdew:
obtained by reduction is primarily that part of the orlginal oxide Vthﬂt
has not been reduced and therefore, lies in the center of the particle.%

(See Chemical Characteristics) (2).

The reductlion process is employed exclusively for the

ISRCTELT T RATR Y

technical productionfof tungsten and molybdenum powders, is used for th&

production of most iron povwders, and also for copper, nickel and

APV SRR LAY,

cobalt powders. (5).

2., ELECTROLYTIC METHODS: Metal powders are produced by

| electrodeposition from solutions, as well as from fused salts. The

’velectrolysis of solutlons is employed for the commercial production of

metals such as Fe, Cu, ng Zn, Cd Sn, Sb Ag and Pb. The electrolytic
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process has the advantafe that within dide limits, though not to the
same extent as in the reductlon method, a control of powder charac-—-

terxstlcs, particularly particle size, is pOSS1ble.

Means. of control are the regulatlon of current dansity, tem~
perature, composition and c1rculat10n of the both, size and arrange-

nents of the electrodes.

Three different types of electrodeposition are in practical

use:

1."deposition ag a hard, brittle mass, which' is gubsequently

ground-for example, in hammer mills;

2, deposition as a soft spongy mass, only loosely adherent to

the electrode and easlily disintegrated to powder;
3. direct deposition as powder.

‘The removal of the. dep081t from the cathode == elther con—
tinuously or at regular 1ntervals - is essential, since accumulation
of deposit increases the active cathode surface and thus decreases the

current‘density. (3)

The depogit is removed by mechanical means such as scrapers
or stiff bristle Erushes, or by the use of rotating dathodés, or‘by

rapid circulation of the bath. (5)
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Electrolytic powders deposited in powder form are generally
characterlzed by a dendrltic, fernlike shape of low apparent denulty,
the latter property frequently neceesitating a densifying aftertreat-
ment of the pqwder,.(3) | |

COYDITIONING MEZTAL POWDERS FOR USE: Before the pressing operas

tions, the powders are frequently subgected to special. treatments,
generally of mechanical or thermal nature, The purpose of mechanical
treatments may be densification, mixing and blending, or coating that
‘of thermal treatments,'elther purification or\softenlng. Powder
particles may also’be‘eoated with‘materials different ffog that of

the particles.

MECHANICAL TREATMENTS

DENSIFICATION: Povders consisting of very porous particles

or Qf‘voluminous particle aggregates (se-called secondary particles)
may eihibitvan apparent density %too low for satisfactory performance |
during pressiﬁg and.sintering,das vell as unsafisfactory flow eharacé
v-teristics. The apparent density of sucﬁ §OWders can be considerabiy

increased by prolonged ball-milling., (3)

Another method of densificafion consists in agglomerating
povwder By mechanical cbmpression and converting the resultant coherent

‘cake into powder by mechanical comminution. (3)

Generally, mechanical denmsification results in work hardening

and necessitates a subsequent softening by annealing.

bH
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MIXING AND BLEWDING: Mixing operations are applied, either for

the blendihg of different lots of the same powder (to elimihaﬁe verig-
tions due to productlon fluctuaulons), or for the blending of powders
of identical chemical comp081tlon but of different physical charac-
terlstlcs, such as particle size; and partlcularly for mixing differing
powder materials, such as the powders of different metals, or metal

powders with nonmetallic povders,

For these operations, conventionel mixing eqﬁipment such as
mixers and ball mills are employed The current induStrialrprocedure
consists of ball milling the mixture in stainless or carblde lined |
mills with carbide balls 1n the presence of a non-reactlve organic

liquid as, for ecxample, acetone; (6)

Wet mixing aids in securing a homogeneous blend.:

BLENDING METALLIC WITH NOWMETALLIC POWDERS:‘ANonmetallic
powders admixed to metal pOWders may represent alloy constituehts, sueh
as graphlte and phosphorus, or their funcuion may be the 1mprovement
.0of compressing. charactevlst1cs as binders and 1ubricants, or the
control of properties such as porosity. The distinction between these
clasees‘is not distinct, for example, graphite ﬁay.represent an alloy
constituent but ‘may at the same time act as a lubricant, while many ~
‘organic additions -act as lubrlcants and at the same time increase the

' porosity of the finished part. (3)

The function of nonmetallic binders and lubricants is the

improvement of compfessing characteriétics by reduction of inter-
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ite and stearic acid are the most commonly used lubricants. (3)

|
particle friction and friction between particles and die walls. Graph~1
1
1
The organic additions evaporate or'are_decompOSed during the ‘
sintering process, or they are boiled ouf‘in a low—temperéture baking
process before sintering. Additions which leave traces of'carbon.as
- residues in the sintered product can not be used in applications vhere
‘ carbon is harmful., This evaporation or,decomposition of orgénic |

auxiliaries increases to sdmé extent the porosity,of the finished partse,

~and in some cases additions are made for this purpose. (3)

Other nonmetallic powder constituents may be required for
particular applications: thus, friction-producing powders, usﬁally

ébrasives,’are added to metal powders intended for use as friction

materials.

'COAWING. When mixing povwders of different metals, segrega-—
tion occurs due to marked dixzerences in partlcle 31zes. . This can be
overcome by.caus;ng the fine particles to form adherent Qoafings‘upon
the Surfacés of the coarser métai,‘»doatiﬁg of metal powders is also
employed for purposes of_other tﬁan prevention of segregation, such as
modificafion of the plastic~br chémical sufface characteristics of a

povwder, of insulation of the individual metal particies.
Coatingson’métal particles can be produced by various methodss::

1. ball-milling relatively coarse particles of a hard material

with a small proportionfof a fine powder,of,a soff material;
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2. electroplating, the powder particles to be plated forming
the cathode in an eléctrolytic cell; - | |

3. chemical precipitation (cementation) of a metal from its

salt solution upon the surface of a less noble metal particle. (3)

THERMAL TREATHENT s

The purpose of a thermal powder. treatment may be purlficatlon

(1nclud1ng drying) or softening.

A heat tfeatment with reducing gaées, uéuallj‘ﬁydrogen, is
frequently effective in keebing surface oxides, traces of moisture,
absorbed or entrained gases at a minimum, and also in removing:exceséivc‘
' C, S, and P, In order to prevent a reoxidation or a reabsorption of‘u
moistu?e_or gases, the heat treatmenf should immediateiy be followed -

by the pressing operation. (3)

?owders an: received from the supplier are often in a more oxr
less cold-worked conditidn and hence have-little plasticity. Thié is,
of course, particularly trﬁe of powders prepared by a mechaﬁical
comminutlon process. Annealing guch povders will allow higher as-
pressed &en81tles t0 be obtained as the softer powder cold-wvelds bettéQ
than the more brittle cold-vorked povwder. The hydrogen cleaning opera~
‘tion also allows some softening to occur; hence the two conditioning |

operations of cleaning and annealing can often be combined. (9)
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| In powders prepared either electrolytically or by reduction
with more electropositive,metals, embrittlement may be caused by the
absorpfion of nascent hydrogen. The'duétility of such hydrogen—’
embrittled povders is restored wheﬁrthe absorbed gas is expelled by
treatment, It is reported that electrolytic powders must always be

annealed. (3)

Perrous povders may be softened by decarburization, by de-
composition of iron carblde, or by modifying the carbide structure.

‘A1l these changes may be produced by an appropriate heat treatment.

An ingenious method of anneallng metal powders Wlthout sinter-
ing has been devised by Von Batchelder and Strauss. These investigators
mixed gold, silver, and 1rqn_pOWders with sodium chléride in %he ratio’
of one part of metal to ten parts of salt._ The metal-salt mixture -
is then annealed in $he normal fashibn, the large exceés of salt .
preventing metal~t6-metal contact and hence sintering of the metal
powders, The particle size of the salt should be comparable to the

metal povder size. After annealing, the salt is feadily removed from.

the metsl powder binashing in water. There seems to be no_reasohawhy'
other salts could not be used, provided they are sufficiently stable,
inert and high melting. (9) '




Lo - A
THESIS

ROBERT COLLEGE GRADUATE SCHOOL . PAGE 2SS
BEBEK, ISTANBUL :

COMPACTING:

Thé purpose of the compacting process is the shaping of metal
povders to compacts with sufficient cohevence to permit the transfer
to.thé sintering fufnace, and with characteristics ensuring satisfactory
VApefformance‘during sintering as well as thé desired properties of the

sintered product.

The compacting is most.commqnly performed by pouring the coh—
ditioned pOWder‘info a die and subjecting it to the action of oné or
more punches (plungers) operated by a press. This operation nay be

accomplished eifher'hot or cold.

Two other methods of compacting,_némely compacting by extrusioi

and compacting by cenfrifuging éré also practiced. (3)

Powder under pressure does not follow the laws of hydrodynamics
that is to say, the pressure is not uniform throughout the powder. Hows

ever, thevfiniShed'part is supposed to be of uniform dénsity. To adisve

“this, proper die and punch designs as well as the proper press opera~"§f

tion must be adapted.'. , R

If the par% is relatively thin and of uniform height, the
povder may_bé~compacted by "slngle action", that is, by compression
from one Side_only. (3) _ |
BOGAZIC] UNIVERSITES] KUTUPHANES) -

If thicker parts of uniform thickness are o be pressed, it is
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necessary to use "double action" cycles - that is, to have the lower‘
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punch take part in the compressing step. (3)

In the main, the same considerations as have been given above
for two types of very”simple designs'apply when the part to be manufac-
tured has different thicknesses, or has curved upper or 1ower surfaces .

(3, 10)
The press operation consists of the following steps:

1. The die éavity is filled with powder (filling).

2. The upper punch 1is lowered until it contacts the powder
(closing)., | |

3. The upper (and‘io&er) punch (es) advances further aﬁd
compres ses the powder, | |

4. The maximum pressure is reached and maintained for a

definite period of time (Dwell time). (3)

Compacts exhibit a small elastic expansion when_remOVed-from>

~the die, and this expansion prevents them from falling back into the

die cavity with the retreating lower punch, If compacts of con31derablétz

Vhelght are produced their green st‘ength may be 1nsufflclent to permit
ejection by the action of the lower punch or punches. In this case,
so-called split, or segment dies are uSed‘-’that is to say, dies.
composed of segments which can be seperated for the remov@l of the
éompact. HThese dies may require consideréble horizontal pressureé to
hold the segments together durihg compression, In this procedure, the>
horizontal pressure dées not take part in the compressing acfion; how-~

ever, a new press which.permits the application of horizontal,;in add i-
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tion to vertical pressures have been developed by fhe Hydraulic Press
Manufacturing Company. This modification increases the uniformity of
pressure and powder distribution and may permit the pressing of designs

which cannot be achieved by vertical pressures only. (3)

In any compressing cycle, speed and pressure of the,punch or
punches will not be condtant during the entire cycle, and the control
of these factors provides another means of promoting uniform powder

distribution throughout the compact.

High speed of punch advance durlng cbmpre851on may result in
non—uniform povder distribution and in entrapment of excessive amounts
Aof air, the escape of which, during the sintering process, introduces

complications., (3)

The optimum conditions for thebcompression cycle-depend not
only  on the powder characteristics and the efficiency of the added
‘lubricants, but also on the conditions of the sintering process; and
the optimum conditions for the sintering process depend in turn on the '
conditions of the compacting process. (3)

These interrelations will be discussed in a later secfion.

PRESSES:

v . _
Presses used for compacting metal powders are either mechanica

or hydraulic presses, or they combine mechanical with hydraulic action.

The majority of the presses used)in the western hepisphere for
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powder metallurgy opérations are of thebcam actuated tybe, providing
the total press tonnage does not éxceed 100, Vhere total tonnages
greatly exceed this figure then obviously hydraulic equipmént’is ﬁti—
lized. Pressures applied vary frqm 10 to 50 tons/sq.iﬁ. depending upon.

the required density. (11)

In general the presses are equipped wiﬁh‘feeding devices for
filling the die cavity with the loose powvder, and permit the automatié
ejection of the presse&’cqmpact as well as the automatic removal of the

ejected compact from the die table. (12)
FEEDING:

The cavities are usually filled by volume - thaf is to say,
the cavity is filled to overflow and then leveled off flush with the
top face of the die, so that the amount of powder is determined by the .
powder characteristics (see Physical Characteristics) and the volume
of the die cavity. Some feeding devices have been designed 16 carry
out this operation.automatically, and in order to controi_the repro-
ducibility of the method special devices such as eleciric vibratdﬁs andé

stirrers have been developed.

Another method which is also in practical use is, filling byﬁ
weight. This method is a necessity with powders of poor flow qualities,

~and is often carried out by hand. (3)



i C
ROBERT C RADUATE SCHOOL - _PaGE 23

SPEED OF PUNCH ADVANCE:

The speed of punch advance is also varied within’wide limits.
For high production rates, maximum speed will be employed for the clog-
ing step of the‘cycle (bringihg punch in contact with the powder), as
well as forvthe vithdrawval of the punch after compreSsion;'while speed
and pressure during compresSion are limited not oniy-by their effects
on the uniform distribution of the powder, but also by the wear of the

die materials. (3)

STROKE CONTROL‘AND PRESSURE _CONTROL:

As it was explained earlier, in order to control the punch
movements and the pressures dﬁring.pressing, there are two principaln

meanss

1. Control of the stroke; vhich 1s exclusively employed in |
mechanicaily operated presses. The maximum pressureris
determined by the stroke of tﬁé punches, |

2. Pressure control, usually employed in hydraulic presses,
In this ﬁethod the stroke is determined by the fixed

maximum pressure.

Nonuniformity of powder characteristics will have different
effects on the preducts pressed by these two different methods'(see

Physical Characteristics).




ey g
P HESIS

ROBERT COLLEGE GRADUATE SCHOOL PAGE 20
BEBEK, ISTANBUL

Ly

DIES

DIE MATERIALS:

The punch and die equipment is an important factor in powder
metallurgy, éspecially whgn the pressures and rafe of prodﬁction are
high. The material for these tools must be carefully selected with
respectrto the durabiiity'offered. Generally, high—grade ailoy’steels,
and even hard carbide alloys,”are uSed'for the dies and punches.
Satisfactory dies are made.from air—hardening alloy steels containing
é high percentage of carboﬁ’and chromium, Special alloy punch steel
ig recommended for}the punches, and usually this steel ‘is ‘'0il hardened.

(5)

The inner die surfaces must be carefully polished_with polish=-

- ing rouge, and operation vhich has to be carried out by lapping in the

direction of the stroke. Wear is also reduced by lubrication of the

die with graphite flakes, stearic'acid; glycerin, or otner lubricants.

(3)

. DIE DESIGN:

FPactors determining powder metallurgical die design are the
practically complete absence of lateral flow of powder during compres-
sion and the relatiVely high compression ratios), which approaches in

most practical applications a value of about 3.

The perfofmance during the processing operations following-the

compacting, as well as the quality of the finished part, depends upon

i
!
]
i
|
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the uniform distribution of the powder throughout the compact ; and
designs,are limited %o types permitting a satisfactory wuniformity of

the powder,

The limitations resulting from these considerations are

summarized in the following rules:
Structures vwhich cannot be pressed are:

1. holes perpendicular to the directioﬁlof pressing;.
2, re-entant angles and gropve$;_

3+ undercuts,
The following features should be avoided:

1. large and abrupt thickness changes;
2, uneven Cross éections;

3, very nérrow and deep splines;

4, sharp corners;

5. internal angles without fillets. (3)

Hovever, die design for high speed production is nnt only
based oﬁ previous experience and judgement but also on extensive |
studies with cheaper experimental or hand dies. All factors must first
.be deterﬁined with briquettes pressed in experimental dies. With this
information the designer is able to make proper dravwings for a

production die. (13)

L o e ey e Y




THESIS :
ROBERT COLLEGE GRADUATE SCHOGL . . PAGE D2
BEBEK , ISTANBUL

PRODUCTION RATES:

The rate of productibn depend upon the size and shape of the.

product and the type of press used.,

A complete compression cycle consists of, filling. closing,
compression proper, return of punches,,ejection‘and removal of the
ejected compact from the die table. On conventional presses productioﬁ

rates range from 3 to 100 pieées per minute.

- However, a considerable speedingfup at the production réte can
Be accompiiéhed by the use of rotary presses on which mﬁliiple sets
of dies are mounted. 3Basiley, vho gives a very instructive hisforiCal
revievw of the development of pressingAmachinvery (14), reports produc—
tion rates on rotary presses with,autbmatic feeding‘and removing equip-

ment of 500 pieces per minute.

If the usual hardened-steel dies are used they will yiald.up
to 150,000 parts before Wearing out of tolerance. If hard carbide
alloys are used production often runs over a million parts before suCh‘

a die wears out of size. (10)

HOT PRESSING:

Hot pressing draws attention because it is relatively easy to
secure compacts of theoretical déhsity, whereas, cold-press, sinter
methods rareiy cldsely approach'ultimate'densities, except in the case .

df liquid-phase sintering. Hot pressing has not found much favor for
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commercial operations,‘because it is a slow process, a single pressing

often requiring several minutes and even hours to complete.

Heating of the powder can be performed by setting the whole
die in a resistance furnace, or in a high~frequency coil; by passing
electric rcurrent through the punches; or by using granhite as die

material and passing the current through the die. (3)

The powder'may be introduced cold into the die, or 1t may be
preheatéd. Another way is to prepress the powder cold,.heat it in a-
furnace, and compress it in a cold die while stili hot, thus avoiding

the special equipment for the heating of the die,

" The températures employed range from 100° to 500°C. for non-
ferrous materials and from 600° to 1,10000. for ferrous materials, Tor
temperatures up to approximately 600°¢ high-speed steel dies are used.

Graphite dies are required for higher temperatures., (9)

Hot pressing method, in general fequire the use of protective
. atmospheres, to prevent oxidation, and hence necessitating additional

special equipment.

SINTERING

After the'compressing operation thé Yoreen compacts"’are
sintered by furnacing, in a controlled reducing atmosphere at a
temperature largely dependent upon the major cpnstituenf metal,
(generally within the range of 2/3 t6 4/5 of the ﬁelting point,'in>oK)_v

A reducing atmosphere is essentialvthroughout this cycle‘to prevent
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oxidation and, in the case of iron carbon alloys, decarbonization.

Temperature and time of sintering as well as the rate of heating .and

St 3ok S

cooling are controlled to very close limits, The optimum conditions‘
for the production of specific mechanical properties and dimensions

of the sintered part depend, hovever, not only on these sintering con-

A EA 4 b bt SRR s LA

ditions but also, to a large extent, on the properties of the green
 compact, which in turn are determined by the powder characteristics and ;
pressing conditions. These factors will be discussed in detail togetheﬁ

~with some other processing variables in a later section.

Sinterlng induces strength and duetillty by permlttlng
dlffusion to take place between the particles of compressed powders.
A good analysis of this process is given by Wretblad and Wulff (15).

The related theories will be discussed in later sections.
- FURNACES:

As it wasomentioned earlier, proper sintering requires a close
control and regulation of heating rate, heating tlme, maximum tempera~

ture, gintering atmosphere and cooling rate,

Special furnaces are developed 1o échieve'abSOIute_control
over these variables, the most modern one being the continuous furnace;
containing varioﬁs zones. A'detailed description of sintering furnaces

and control methods is given by Webber. (16)

'HEATING METHODS:

Sintering furnaces are heated almost exclusively by elecfricity

PP —



T2 :
ROBERT COLLEGE GRADUATE SCHOGL , PAGE 25
BEBEK , ISTANBUL

Gas heating, the'otﬁer alternative, has chly minor importance,

The maximum vorking temperature is in most furnaces, limited
by the temperature resistance of the muffle materials rather than by
the efficiency of the heating method. The ideal muffle material
must be nonpbrous and must withstend, in contact with inner'ahd outer
atmospheres, the maximum temperatures, as well as all temperature-v

changes involved in the sintering eycle. (3)

A number of muffle materials have been developed for satis-

factory service in certain ranges of temperature.

RESTSTANCE HEATING:

Resistance heated furnaces are most frequently used in sinter-

ing work.
FPour different types of resistor elements are in use:

1. Wires, ribbons, etc., of metals and alloys which can be

- freely exposed to furnace atmospheres (up to 1,26000, 2300°F)

2. Globar elemehts, made of'siliCOh carbide and ceramic filling

materlal, whlch also can be freely exposed to furnace atmospheres

(1,260°-1,400°C, 2,300°-2,550°F) | |

3. Heating elements consisting of high melting metals, such’asg
Ta, Mb, or W, which require a protective, reducing atmosphere (up %o /

150000’,?f756°F)°
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4, Stratit~elements'in which the'resistors -~ rods of Mo or
W - are enclosed in gastlght containers and surrounded by vacuum (up

to 1,600°C, 2,900°%), (3)

. |

OTHER METHODS OF ELECTRIC HEATING:

A, Direct passage of the current throush the piece to be
sintered. In the case of tungsten, temperatures in excess of 3,000°C

(5,400°F) are reached.

B. Graphite-~tube short-circuit furnaces are employed for the
sinterlng of hard alloys and permit temperatures up to about l 480 C
(2,700 °F).

C. ngh—frequency inductlon furnaces are also emp10yedin obta ig

temperatures up to 3,000°C (5,400°F). (3)

In powder metallurgic practice, however, the actual operafing

temperatures generally do not exceed about 1,9807C, (3'6GO°F).

Special high frequency furnaces are developed for sintering in

vacuum,

SINTERING ATMOSPHERESS
The control of the sintering atmos@here is more important in
 povder metallurgy than in other metallurgic heat treatments. This is

due to the large surface areas exposed to the sintering atmosphere.
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Koéhring (17)idefines sinéering, as “the'procesé of heating
the article to a temperature belov the melting p01nt of the highest~
melting constituent for such a length of time and in such an atmosphere
as will import to that artlcle the propertles which will permit it to

2

serve its useful purpose," ‘ #

The functions of the sintering atmosphere are, in genefal two-

fold:

1. It must prevent undesired reactions, such as oxidation,

carbonization, and decarbonization.

2. It must perform desired reactions, such as the reduction 6f

surface oxides and the removal or replacement of absorbed gases. (3)

A number of sintering atmospheres (including vacuum), their
production methods and the principles of selection of suitable

atmospheres are explained thoroughly in references 3 and 17.
The effects of these atmospheres on the‘physical»properties
of the product will be discussed later together wifhnthe'effécts of -

other processing variables,

LIQUID-PHASE SINTERING:

This pr0cess is only feasible when there are two phases of
quite widely different melting points, and when the amount of the llqu1u
phase present is small. Also, the liquid phase must thoroughly wet the

solid phase. Another condition is $hat there must be enough of the
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higher melting povder to form a self-supporting, skeletal network, thus
the shape of the compact is not destroyed when the other powder melts.,
_Thé liquid metal, by'means of capillary actionjpenetrétes the skeletral
network, filling all the voids and thus makes a completely dense two~

phase structure. (9)

INPILTRATTON METHODS:

Sometimes more satisfactory liquid-phase sintering is obtained i

by pressing the high—meltingvnetwork powder first, and in a second
operation causing the liquid phase to penetrate the porons structure iﬁ
the same manner as water is taken up by a sponée. One adyantage of
this technique is that theuvolume reaétioné can be contfolled»qute
accurately by controlling thé high-melting netwvork powder pressing

conditions. (9)

TREATMENTS SUBSEQUENT TO SINTERING

Dependent upon tolerances and the application of the part, the

sintered component may then be "sized" or "coined" to: ——

a. rectify and deformation caused by sintering
b. achieve close dimensional accuracy

" ¢. improve surface finish

'd. increase physical properties
e. calibrate ?orosity |

f. give a combination of any of the above features

TINCAETETILE TR Y

kLA £

AR L




THESIS
'ROBERT COLLEGE GRADUATE SCHOOL " paGE DY
BEBEK , {STANBUL

The»plasticrdeformation obfained by re—pressingrét roomn
temperature is considérably lowver than that produced by conventional
working methods. (18) Therefore, the increasé‘in plasticityﬂwiﬁh
temperature-is sometimes utilized in hot re-pressing methods. This
consists of taking hbt'compacts'éﬁt of the sinfering furnace and droppiuTi

them immediately into preheated dies.

The sintering and recoining operatlons may be repeated again
at this stage to induce additional strength, after which the metal v
- sintering can be considered a usable part. As one of the features of  §
metal sinterings is porosity, impregnation is carried cut in the
majority of cases to provide self-lubrlcatlpg propertles by the utwllza~ |
tion of olls, greases, waxes, or dry 1ubrlcants such as molybdenum

disulphide. (11)

Alternatlvely, or in addition, further operatlons may be exe~

cuted such as: =-

a, Orthodox machining operations where a desired characteristiq
cannot be incorporated in the powder metallurgical tooling- | |

for instance annular grooves, drilling of cross holes,

tapping or rolling of threads etc. (see Die design).
' b. Heat treatment (hardening)

c. Surface~finishing, etc,

The component may then be considered ready for service. (9)
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EFFECTSVOF DESIGN ANMD PROCESSING VARIABLES CN THE

PHYSICAL PROPERTIES OF POWDER METALLURGY PRODUCTS
~ Dr. Schwarzkopf (3) summarizes the most important factors
détermining the final results of a povwder metallurgic production pro-

cegs as follows:

1. The characteristics of the métal‘powder used as raw
materials

a. Susceptibility of the powderimaferial used, o
plastic deformation;‘ :

b, size, size distribution, shape,'and porosity of the
powder ﬁarticles togethef_with other charécteristiés
such as'apparent densify, comprgssion'ratid,'and‘r
flow, which are mainly determined by particle size;
shape, and porosity; '

c. purity of the powder, and the natureias.well as the

‘distribution of the impurities.

2. The coﬁpééting conditions:

a. Maximum pressure during compactiﬁg;

b, timing of the pressure epplication - that is o
say, the rate of préssure»inérease during the

* compression and the %imé‘during which maximum:

preséure is maintained;

c. shape of the compact or die cavity;

d. manner in which the pressufe is applied upon +he

)

povder (number and direction of punches) ; ‘
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e, temperature at which the compre531on is performed-
f lunrlc nts Wwithin the powder mixture and 1ubrica—
'iron of the die walls,

g, die maverial,

k3.’The sintering conditions:

a, maximum temperature; ,

b, timing of heat treatment, characterized by the time-
temperature curve of the entlre 81ntering eycle
(rate of heating, tlme durlng vhich maximum
temperature is malntained rate of coollng)

¢. sintering atmosphere; | |

d;»pressure applied to the‘compact during sinﬁerihggu

e. type of heat supply.

Hausner (7) considers two more factors, namely;
l.FSubsequent working, and

2, Composition.

Gurland (6), in his investigations of factors which influence
the performance of,sintered carbides of WC-CO, groups these factors
into twe, namely ; |

| | 1. Design variables,

2, Procegsing variables,

In this classification, powder characteristics,’size and shape

of the compact, some of the subsequent treatments (heat treatment,
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surface finish), composition and rate of loading, etc. are classified
as design variables, vhereas mixing procedures,\compacting conditions,
sintering conditions and some of the subsequent treatments such as

ve- ")(‘4;‘35\"'\“‘ e nd

re~sintering are included among the processing variables.

Our objective is to investigate the effects of some processing
variables on the physicél properties of the powder metallurgicalvpro-

ducts,

Therefore, we will state the effects of design variables
rather briefly, to understand the sacrifices we have made by not
controiling them.' (Due to the limltations imposed by the capa01ty
of our experimental equvpment and the rather short time of two~
semesters). Then we will summarize the effects of the process1ng
variables as determined by various investigators so as to have some
rréomparisoh with our results. We will also have a summary of the

underlying theories.

- In our inveétigations, especiallyvthe effects of these
variables on the density of the’finished products are emphasized. Thé,
ffeéson for this is that the phyéiéal properties, such as hardness, ten-
sile strength, compressive strength, fatigue strength, and'electrical‘
conductivity of‘the powdér compacts are directly and>sometimes linearly‘/

proportional to the density for most materials. (Figurel).
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FIGURE |

EFFECT OF DENSITY ON PUYSICAL PROVERTIES OF POWDER COMPALTS .

(F\%urc reproduced \‘foﬁ REF. ¥, P?-l%)

DESIGN VARIABLES

POWDER CHARACTERISTICS

SUSCEPTIBILITY TO PLASTIC DEFORMATION: The susceptibility to

- plastic deformation depends, to a large extent upon the crysial

structure.

,Generaliy it can be stated that;

a, The higher the sﬁsceptibility to plastic deformation under

the influence of external Stresses, the lower is the compacting pressure

required to produce briquettes of sufficient cohesion for furthér ‘h
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handling, and the highér is the permissible rate of pressure increase;

" b. The higher the susceptibility to deformation, the lower'is

the porosity of the green compact for the same compacting pressure;

c. The higher the susceptibilitykto deformation, the easier
it is to prodﬁce points of contact betweén particles in the compact,

which is a necessary condition for the bonding to be effected by the

sintering process. (3)

This property of the powder can be increased by annealing and

purification (see Thermal Treatments).

 The following table given by Eilender and Schwalbe (3) is
included here to indicate the total effect of sintering and of'purifif

cation.

TAdLE 1

EFFECT OF ANNENRLING TEMPERATURE ON GREEN COMPACLTS OF

CONRKRDSE \RON POWDER PROTULED BY ATOMIZATION.

ANNEALING TEMPE ARTURE Foo~C.

. ‘go0TC. 200 \oooC.
(L2%0°F) (La30°E) [,

650°F) (1, ¥30°%.)

.Hei«‘\ni_ af cxk\.MA'\ﬁ?.a.\ qreen com?e«.‘f ()
Pf'oclucei a*‘. o C.O\'\,'\?ust_‘\.{n% 9~re.~.sure o‘

20 kst \1.S 16.6 16.2 16.0

DeV\b‘L‘a( %;/c.ms,) ox gom?r.'ck uﬁ*_ev siv\¥et- .
ing for 1 hr. ol 1200°C.(2,130F) im .. 542 6.35 6.52 6.6

H‘Am%en Loss (Lo&s RN wegi\«.xc J.s.u-m\ sinter~
ivxn&, ivielicative ox avmownt ol vedweed

[/ o
oxides, v/ 0.5/, -

o
Le
]

ool

(Tc.‘o\e. v‘&?facl.u.cé.J. S\-{'O‘v‘/\'\ Re_\. —5' ) ‘)? - gq—) B
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Heusner (7) also gives a diagrammatic sketch of the effect of
the hardness of the metal on the den51ty of the compressed powder and

also of the compactlng pressure on the den31ty.
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ComPARCTING PRESSURE >

FIGURE 2

DENSITY OF COMPRESBDED AND HINTERED $OFT AND WARD POWDERS -
AS A FUNCTION of COMPACTING PRESSURE. ’

DINTGRING TEMPRRXATURE AND DINTERING

TIME WERE comsTam™T

CURVE @ . SO0FT PowvER
CURVE DB WARD powoet

(F'ukuce regfoA\)c.eJ. &(om REF, 7.) Pe- \5)

PARTICLE STZE AND PARTICTE SIAE DISTRIEUTION: Regardless of

the tjpe of basic material used, the particle size of the metal powder
has great influence on the pi‘operties of the compact‘ It is a general
’-rule that the densi‘by of a metal compact is a functlon of the particle |
size, and the larger the grain size of the po*«ders, the lowver 1«111 be

the density of the compact, the other variables being kept constant .
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DENSITY,

™ MEDIOM T 7 CORRSE

POWDER PARTIWCLE S\ZE

FIGURE 3.

oF TWE POWDER
SANTERIN G AND COMTRCTING CONDITIONS RARE CONSTANT

(Fiqho\’e. v-e.?chucefl ‘.-{'OM REF.-F., PP- \’5).

’ they produce, minimizing the possibility of bridge formation.

this superiority of wide size distributions.

‘DENSITY OF POWDER COMPALTS AS M FUNCTION OF TWE PARTICLE

However, in the powder metallurgical practice rather wide

particle size distributions are used because of the packing effects

The results of Libsch, Volterra, and Wulff (8) illustrate

V8 &b T A
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‘TABLE 1.

PHYSICAL PROPERTIES oFf ELECTROLY TIC 1RoN POWDER comercTs PRESSED

AT 35 Tons PER H@. IN. AND WEAT TREATED N ORY WNOROGEN AT 825°% .
: ror 4 uR.,

) . BRINNEL Tens\ve o

POWDOER S1ZE N MESW | HARDNESS STRENGTYH BLON GATION DENSIT Y-
- fl .
‘oo _ia 2oo (coarse) 4—0,'5 29,600 PR \5.24 ¥.20
200 +to 325 (mecl'\um) 41.9 ] 26,400 pst. .5 . %.06
2% to soo “‘“"‘) ' 45.4 - 30,000 pst- 3.0 . 6.0
e o . _

Mixed 334 1,000 pai. V6.5 T2y

242 coérse, \?Z wacdivum \"FZ S;'me..

(‘To\o\e. re?éocloc.eel §rom REF. B-. f;? 530’)' .

PARTICLE SHAPE:

The particle shape has o marked effect on the packing of a

powder, and. thus on its apparent density. The packing effects obtain-
S

able with particles of substantially spheroidal form can be mathemati-

cally predetermined (3). In this case the apparent density can be
increased by an approximate mixing of larger and smaller particles,
~according to well-established mathematical relationships. Powders
with irregular shapes (due to their method of productiOn) have some-
whaﬁ 1dﬁer apparent densities than powders of regular shape. These
povders also favor the formation of bridges, which again lovers the
apparent density. In addition, the compression'of these powders

involves more deforﬁation than that of regular particles (3).

Not only the over-all particle shape but also the surface

smoothness has an effect on the Compactibility, the direction cof this
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effect, however, being still the subject of great arguments (8).

INTERNAT, PARTICLE POROSITY:

The apparent density of the powder is also dependent on the
internal porosity of the powder particles, DPowders of high internal
porosity usually exhibit excellent compactibility (theve are, however,

some exceptions) (8).

A disadvantage is that the increase of internal surface will ?
also increase the amount of adsorbed gases and the surface impurities,
'particularly oxides, The effect of adsorbed gases and-surfécezim-

2
2

.purities depends, to a 1arge extent,’on the type of particle porbsity,

i.e., whether the pores are interconnected with each other and cpnnecte@
with the outer particle surface since this point determines the ’ “§
efficiency of the sintering atmbsphere. The average pore size is also"
important since it determines the amount of adsorbed gases and surface

impurities uneffected by sintering atmospheres and remaining in the

closed pores as weak points.

The other powder characteristics, namely the apperent density,
compression ratio and the flow depend on these characteristics explained

above.

The effects of impurities and their distribution was explained
together with the chemical characteristics of the powders in,an‘eariier ‘

section (see Chemical Characteristics).
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OTHER DESIGH VARIABLES:

The other designrvariables; namely the rate of loading and
some of the subseqﬁent treatments such as heat freatment and surface
finish are concerned with the intended use of the products-and will not
be. treated here. The rate of load applicatlon and the time of loading

is particularly important for the strength of the brittle materials (6).

Composition alone effects the final properties more than any
other variable. Experimental results are availéble for certain
compositions, howevef,‘the behaviour of new and unusua} compositions
still constitute the subject matter for the majority of research vork

in powder metallurgy.

PROCESSING VARIABLES:

MIXING PROCEDURES:

The importence of mixing and blending of metal powders was
explained earlier in another section. The éffectiveness of a nunber
or alternaté mixing methods were compared by Gurland (6), using
definife~pr00edures for each method. The alloy composition used was: .
90% WC - 10% Co. After a number of preliminary tests the optimum
mixing fimes, 1oadé;'liquid to powder fatios, etc. vere established.
© The mixing methods were evaluated by comparing the properties of

compacts sintered for 1 hour at 1,40000. The results are shown in

Table 3.
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EFFECT OF MIxING PROCEDURES ON PROPERTIES
Mixing Metwod ' Densily Hardness Transverse Rupture
' » | Strength (x.\o3 psi)
Vee 5 Average Renge

Hawd mining Aw% 13,34 8.3 V7Y ® \'TA._-; \T8
Stirring, water 13.86 38.5 i 160 - \T3
S‘cirrina, acetone 13-92 | g3. 1 YR - 163 - 200 1
Blewnder, Ar%' E 13.66 35.3 \lo_@ 107 — 1\3 !
Blender, water v 13.79 38.6 203 &> 200 . 2\Y
Blender, vythene  13.83 226 24 oo a2

Bl wmill ) acetone 13. 93 933 270 243 - 234

() f-\ve’ft—kc‘e Yoased o 4 Sum?\% ov\\\&-
@ f\veva‘\\“- based ovi D scwagdes OW\W'

(To\o\e rc\‘:ca&uceo\ erowx REF. 6.) 1 ¥ 22) ..
Characteristic defects associated with unsatisfactory mixing

procedures were found to be; porosity associated with insufficient

mixing and decarburization associated with 'oxidation by mixing in vater

COMPACTING CONDITIONS

' COMPACTING PRESSURE: The application of pressure decreases th

porosity and at the same time increases the cohesion between particles
by increasing the mumber of points of contact, as well as by causing

particles of irregular shapes to interlock.
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In general, a rapid density increase at low and medium
pressures is followed, on further pressure increase, by a slover densif:

cation. (3)

The maximum green density attainable by cold pressing depends
not only on the applied pressui‘e but also on the nature (origin) of the
povwdered metal, which- determines the powder characteristics mentioned

earlier.

These effects are illustrated in Figure 4.

8 - - »
L
. g X T TX T o—
94,/,-6—*-?—“0 o~ o
7
4 e ~ oo
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) | o/ /.-’U )
~§ g Vi % ‘
s YRvYaRyl/) l; REOVCED MAGNETI\TE
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FIGURE 4.

DENSITY OF 1RON COMPALTS | AS RELNTED To CcOMPACTING

PRESSULRE  AND WRTURE (ORGIN) OF THE POWDERED METAL.

nge\ea. tw curves G cand O weve cfo;c\xeé b oa cow\.?o.gh\‘wiv

prevsure above D0 A,-Lov\s' per bu\, .

(Fiq«ufe rz?feo\wud %rewx’ REF. *8.) o7 585). |
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However, when we consider the density of fhe sinteredpart,
although the density usually increases with increasihg compacting
pressures, we can rot generalize this relationship. The shrinkage
during sintering has a marked effect on the final densities., This
.shrinkage is generally greater in dompacts fbrmed at law an& medium‘
pressures than in compacts produced at high pressures. Extremely high

pressures may even produce growth instead of shrinkage (3).

PRESSING SPEED:

In order to achieve high production rates, very high‘pressing 
speeds are used., A limitation is imposed however, by the air entrapped i

during pressing because of the shortness of escape time,

VariatiOn in the pressing speed has minor influence on the o :

density of the pressed piece; however, compacts pressed at high

speed generally show a decrease in density when compared with compacts

compressed slowly., These effects are shown in Fig. 5.a

- —
—

D T el e Uy S ) U T

- —
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1 // b./'
=~
- ,
//./ a; Low comprension \.?CQA
S //-

b; \'\‘%\'\ Comgression :.?eul

DENSMITY, /
~
NN

COMPACTING PRESHURE ————a

"FIGURE 5.a

RELATIONSHI? BETWEEN THE DENMTY OF METAL POWDER COMPAeTs AND Twe

CPEEC OF COMPACTING PREDLURE.
B ( Flauce veovodmcetd L(comn RER, ¥., ee - \6).
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FIGURE S. b.

BRIDGE FORMATION DURING THE PARLKING OF SPRERICAL
! : PART\CLES '

(F\-‘kv\\'e_. .,.e_Qrécl&Lce.o( ST“’W REF. ., ee 87)

Slow pressure increase reduces friétion losses and increaseé
the uniformity of pressure distribution, and thus of powder density :
throughout the compact; particularly,-with powders having a tendeﬁcy to
bridgéwformation, and in cases of compact designs characterized by

relatively high thickness in the direction of compression (3).
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TYPE OF PRESSURE APPLICATION (Number and Direction of Punches) AND

EFFECTS OF LUBRICANTS:

The nonuniform pressure distributioﬁ during compacting, which
is due to the fact that powders do not follow the hydrodynamic‘laws

results in nonuniform density as well as hardness in the green éompact,_

In the case of compréssion from one side only, fhe dénsity

- of the compact wili‘deerease vith increasing distance from the advanding
punch and will be higher in the neighborhood of the dierwalls. As
pointed out earlier (see Compacfing), the decrease of uniformity with
‘increasinn diétance from the advancing punch necessitates the applica~
tiov of compressicn from two- directlons, vhen the thickness of the part
exceeds g value, This maximum value depends on the over-all deSlgn

of the compact, on the required strength of the finished part, and

' particularly on the'powder characteristics. The pcwder-characteristicsg

“however, can be greatly influenced by the addition of lubricants,

’
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EFFECT OF TEMPERATURE ON COMPACTING:

The advantages of hot pressing, due to the increase of plasfic
deformability with increasing temperature havé already been indicated
(see Hot Preésing). The densities, tensile strengths, and hardness
values of hot-pressed products are frequently far superior to those of
cold~pressed products and approach the corresponding values of cast
metals. Hot-pressing eliminafes the shrinkage éffects,of a normal
sintering process, and the maintenance of dimensions is one of the main

advantages (3).

SINTERING CONDITIONS

SINTERING TEMPERATURE: Densities and other physical ﬁroperties
of powder metallurgy products tend to increase with incréasing sinter-

ing temperaturé. In the case of iron, the results obtained by Libsch,

Volterra, and Wulff (8) indicate a marked increase of density, tensile,_z

strength, and elongation with increasing temperatures (Fig. 7). -

Th\'s x-\'t\urt_ i\\ubkwu\:bb \:\ﬁz e,“.ec'\: o.& 53»«‘:.8\"?\'\% ‘Eem?gm¥“¢¢ o wn ‘E\‘\Q
‘;\\\\;iw\_ properties (Teus\\.é STRENGTH, DENBTY AND Elonenvion) PN

e\.&o{;w\-\{'\‘; fvon co M?o\ch .

The com?ucks weve ?ves;eol G* 33 ’csi. av\A 5‘;«&&1’&:‘ X% »\\.‘A_"p%e_y\.

Perkede size 1 66 per cent 100 to zoo wesh.

V¢ - per cewt zwoo ko 325 wiesh,

\F qer cant —_— 2D wiesh.
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Temperature, °F
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FIGURE 7.

(Fi\u{-e. veproducad grrown REF. B ., PP 386).

The obgerved minima correspond £0 the o— ¥ Transformation
of iron, and similar minima have been found in the study of the

properties of hot pressed iron compacts (19).

Goetzel explains this by connecting it with the allotropic
~change in the iron, indicating that the compacfs vhen entering the

austenitic condition, are more resistant to pressure than when still

in the ferritic condition.
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The effect of sintering temperat‘ui'e depend on the preésure
applied during the compacting operation., The effect of compé.cting v
pressure and sintering temperature upon the density of Mo compacts has

been studied by Grube and Schlech. Their results are illustrated in

Figure. 8.
10 -
9 ”";—:/A-
Pe /,
./ //
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FIGURE ® .

EFFECT OF SINTERING TEMPERRTURE AND COMPACTING PRESSVRE
OW THE DENSBITY OF MOLYBOENUVM PowpEeER,

CURVE A . Ccm?a«_{ cow\?‘tuseal OL §000 \(% Pey c.C.
CURVE B : compact comepressed ok 3430 k‘c.&. per c.c.
CLVORVE C Lgase_l* ﬂ.;\\erl ‘Dowdtf'. , ot cowx?re.s.sed_.

(F\'t‘uu'L re\arao\.uced "-rcm REF. ¥., PP \Oo),

Powders pressed at extremely high pressures freqﬁently show

a decrease of density with increasing sintering temperature. In,thesé

cases, the density produced by compression is very high and is reduced,

during sintering, by growth due to the escape of gases (3).

Si J\¥E‘.~riv\ck a{w\csp\neve : \\X&fou‘tv\ .
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This effect is schematically represented in Figure 9.

ODENSITY IN PERCENT OF THE THEORETIcAL

:
1
SINTERING TEMPRRATVRE — o ) !

FIGURE 9.

EFFECT OF SINTERING TEMPERATURE ON DENNTY
a: loose powder. ]
-t Mor)e.ro.\:e. ccvvs\.’n\.c_‘:h«at vve;:uvas

' < Wigh cow‘?c..d:\vu% ?fes;ufes
(F\clv\(f_ r:.erocl»cc.o\ srfow\ REF. . 299 \OE)
SINTERING TIME:

Schwarzkopf (3) states that, generally, it is possible %o
obtain similar effects with short sintering perilods at high temperatures

and with long sintering pericds at%t low temperatures.

This indicates that the effect of sintering time is in the
same direction as the effect of sinftering temperature. However, the
investigations of various people reveal that this effect is less

pronounced ,

Figure 10 illustrates the effect of sintering time atb 850°C
on the 66% coarse, 17% medlum and 17% fine mix of-electrolytic;powder

pressed at 33 tons per sq. in.
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The figure also illustrates a common conclusion of various
authors, namely that the effects of sintering time on the physical
characteristics of the product is more marked during the initial stages
of sintering,

The discussion of the effects of sintering con&itiﬁns has been|

so far, restricted to homogeneous one-metal powders, In the case of
povwders compcsed of more than one component, it is necessary to take _

additional factors into account. The most important of these factors |

is the extent of homogenization by diffusion (3).

The effects of composition together with the effects of
| sintering temperature and time is illustrated in Figure 11 for WC-Co

alloys.
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FIGU RE 11.

SCHEMATIC 1LLUSTRATION OF VARI\RTION. OF ‘?ROPERT\EE
WATH  SINTERING TIME. -
Fic&mrt Y‘?.?V‘OJMQQ,C,! ‘-fow\, REF. 6 -, Fif’-la)-‘

SINTERING ATMOSPHERE:

The importance of sintering atmospheres were discussed

together with the other stages involved in powder metallurgy practice

(see Sintering Atmospheres).

Data concerning the effects of this variable on the demsity -
of products is not‘available in literature. Figure 12 shows the -

effects of sintering atmospheres on the strength of the product.

With powvders of lov oxide content, sinterihg in vacuum may
result in products superior to those sintered in hydrogen. As a rule,
hdwever, sintering'in a reducing'atmosphere is a necessity for the

production of sintered parts with satisfactory characteristics (3).
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Sinfer Atmosphere

CARBOMN DI\OXIDE &35
N{TROGEN E
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- FIGURE 2.

SINTER ATMOSPMHERE VS . STRENGTW FOR GRAPHITED BRONZE
(F‘.n&.\vﬁ vegrodaced {vova REF. 2 ., pe- 86) ..

SUBSEQUENT TREATMENTS:

The density of a compact obtained by pressing a metal poéder
and by applying a single sintering treatment very seldom approaches fhe'
density of the cast metal. In many cases the density of the sintered -
compact lies betweén 70'and 95 percent, énd only at very high compacting
conditions it reaches 97 percent, of the density of the fespective
cast metal. The mechanical properties of the compact, therefore, are

usually not achieved with one sintering treatment, and subsequent vork—

ing, =much as'refpressing, re-sintering, forging, extruding, rolling,
~ drawing, is often necessary to obtain the desired physical and

~mechanical properties, \ ' | ,

Although it is a general rule that a reduction in volume, such

as is achieved by re-pressing or other methods, causes an increase in
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strength, a lovering in sirength may occur when the feduction is

exaggerated (7).

Attempts to increase the density of Sn+¥WC alloys produced the

‘results shovn in Figure 13 (20)

9.5

-
O
[&]
™~
o
> .
@ \ Y VAT .
L2|J \ ‘ . Sn + 25\/0‘ /oWC
o) \ // pressure 160,000 psi
80 |- - ‘\ /
75 I | | | |
o O - )
e 2 2 2z 2 2 2 =z
0 o, n 4 n N o
A =S A < A = =
¥ Zz & z & z & =z
o (72 RN 0 § wn Q wn 0. 7]
N S T I B
"FIGURE 1%, |

(Fiqﬁu\-e rr_?fosl-u-u_‘l \-A‘ovn REF. 20., Fe. 9)

EFFECT OF REPEATED PREING AWND SINTERING CYCeLES,

It is
almost 100% of the theoretical density.

decreases upon sintering.

séen that by repéated pressing it is possible to obtain
But in all cases density

It is also noticed that by using a lower

sintering temperature,‘it is possible to obtain higher densities by

repeated pressing (20).




T Ed g

THESIS

ROBERT COLLEGE GRADUATE SCHOOL
BEBEK , ISTANSUL

- PAGE 64

THEORETICAL PRINCIPLES
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As it is stated in the introduction,.althoﬁgh optimum condi-
tions have been developed in practice, the literature on %the subject
shows a lack of anelysis or evaluafion of the processing variables,’ |
‘probably for the reason that the deteils of the physical and.chemical

mechanisms involved are not understood in any quantitative sense,

In spite of this, however, this chapter, summarizing the
existing theofetical-principles is included to facilitate discussions
of our results, (This chapter is a combined summary of references

-

2, p. 56=75, 3, p. 273-287, 15, 18 and 21, p. 418-439.)

There 1s probably no more disputed factor in metallurgy, and
certalnly not in powder metallurgy, than cohesion. _Baeza classifies

the existing theories ag:

1. difference of potential between the surfaces,
2. surface-tension activity,
3. an interatomic force,

4, mechanical interlocking.

These theories, hOWever, lack scholarly'explanations and the

availeble explanations are usually in contradiction.

ItvwaS_Sauerwaid (22-23) ﬁho, in 1922 raised the first ﬁheory
| of compecting and Sintering mechanisms. He recorded the temperature ’
of beginning grain growth as observed on metallographic specimens.

He found this ‘temperature to be 1ndependent of the c0mpact1ng pressure
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and to be chéracteristic for éach particular.metal. He assumed that
any deformation taking place during compacting would manifest itself
in a lowering of the grain-growth temperature, and concluded from
the constancy of the observed grain—groéth temperatures for differenﬁ

compaéting pressures that no deformatiou takes place during compaction.

Later on however, he was compélled to admit the existance of
gork hardening produced by the compression of the powder. In his.
revised theory, although he admits the presence of work hardening,
he still,maintains that recrystallization prbcesses can take place
in sinfered metals without previouS’plasﬁic:deformatién;  This assump-
tion would indicate a priﬁcipal difference betWeén the recrysfallizaé‘Q
tion processes in sintered and reguline metals, Since-wé knowithat
according to the concepts of recrystalliiation’and grain growth,
reguline metals do not exhibit recrystallization without plastic

deformation.

Sauverwald distinguishes different ranges of compacting pres-
sures. Only at high pressures déformatibn invoives the entire

particle as does fecrystallizatibn during sintering., However, the

recrystallizationvtemperatures (as indicated by thé effect of anneal-
»ing after cold'work) are belovw the sintering temperatﬁres (as indica}éﬁ
by fhé strength and hardness increaSes observed during sintering). §
Hé concludes, therefore, that the sintering mechanism is not affeétéd'g
by recrystallization due to recovery fronm coid work, since this N
recovery is completed before sintering starts. His conclusion is that§

_except for very high pressures, the consolidation taking placé during
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sintering is due to adhesion and not recrystallization, In discussing
the prerequisities for adhesive attréction, ﬁowever, he makes use of
éoncepts, such as surface mobility and exchange of atoms, and'thus.
refers to processes which are not readily distinguishable from those

taking place during recrystallization.

The experimental results obtained by various other investigatas
are in contradiction with Sanerwald's conclusions, Trezebiatowski and
others, after extensive studies proved that strong VOrk—hardening

effects take place during compaction.

Trezebiatowski also offers én-explanétion for the density
decrease taking place during the sintering of highly compacted powdgré,
This density decrease is produced by the évolugion of gases vhich
have been occluded during compacting. While gasgs rgtained in compacts
pressed at comparatively lovw pressures can escape,atviow éintering
temperatures; the expansion of gases:occluded at high compacting

pressures causes volume increases and blistering.

Balshin (26 - 30) introduced a number of new concepts. He
believes that the ehergy expended during compacting is mainly deter-~

mined by three factors:

1. the energy expended on overcoming the cohesion between pow-
der particles; - 7
2. the energy expended on deformation and fragmentation-bf

pafticles;
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3. the energy expended on overconming elastic_and residual

stresses.

He also puts these assumptions in a2 mathematical forﬁula,
‘using the concepts of fluid mechanics. The validity of his assumptions
are highly doubtful, hovwever, because, for example if we consider fhe
.total compaction progess, it is‘necessary to take into account the fact
that the particles are bound by cohesive forces in .the final as well
~as in the initial state, and that the energy liberated by the formation
of nev cohesive bonds must be considered. His theoretical discussions
'arekrather oversimplified. The author;s concepts regarding the sinter-
ing ﬁrocess appear to be based on sounder foundations thén is his |
compacting theory. According to Balshin,lﬁhevpfinciples differencés
betveen reguline and sintered metals are the relative weakness of
adhesive forces between particles in the case of powder~pompaCts, and
the presence of pofes.between these particles. The‘strong bonds bet-
ween grains of éast metals, as well as the low degree of borosity,
oppose any change of structuré except growfh of one grain af thé
expense of another. In compacts, on the,other‘hand,>bonds are more ,
readily broken, and the pores permit an expansion which is not atAthe‘
expense of neighbofing pafti#les. Thus‘recrystallization in compacts

' may easily manifest itself in forms other than grain growth: for

instance, in breaking of bonds, changes in particle shape, and migra-

tion of particles. , » R

The processeS taking place during sintering'are subdivided in

three classes:
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1. change of relative position of powdér particles}
2. internal changes of structure of individual particles;
3. external changes involving more than one particle and not

‘limited by particle boundaries.

In discussing the effects of the sintering process,. Baishin
distinguishes between ﬁrogesses which promote shrinkage and those
which oppose it. Adhesive forces can be assumed alwayé to promote-
shrinkage. Recrystallization, however, can both increase and decrease
the density of sintered products, depending 6n the location of the
recrystallization center, If recrjstallization starts é% the boundary
between particles, the effect will In general be external (inv01Ving
more than one particle) and will result in grain grbwfh and,déhsity
increase. If, howe&er, recrystallization does not.start atv ﬁéfticlé ,
boundaries, internal recrystallization will more probably occur, In’
the majority of insﬁanceé, internal recrystallizatibn will tend o
produce equiaxial particle shapes, and this will result in an increaSe
of porosity, thus acting counter to the processeé Which promote‘

shrinkage.

The characteristic feature of Balshin's theory of sintering
ié the consideration of groups of forces acting against each other. :
Interpreting experimental results in the 1igﬁt of this concept;
Balshin diécusses the increase in dimensions of coarse powders during
gintering. It is assumed that work hardening during compaction is
distributed unevenly, and in the case of fine poroders, 1s strongest

at points'of contact between particles. This selective work hardening
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results in selective recrystallization during sintering, changés -
belng confined mainly %o particle surfaces and resulting in shrinkage

by smoothing out of surface irregularities,

In the case of large powder particles, however, ths gspecific
surface area is comparatively small, and recrystallization centers |
are formed chiefly in the interior of the particleé.v This will tend i
to produce equiaxial particles and thus increase the dimensions, As ‘
a2 result, shrinkage and mechanical strength will shov a continuous
decrease with increasing particle size. t a ériticél value of the

particle size, the dimensions will not shrink during sintering. |

Another theory was raised by Jones (31-32), based»onaexperiment
al evidence of cohesion between surfaces of massive métals.. This

cohesion, named as "cold-velding" can also be observed at low tem-

e e e T T R TR e T e T T T N T AR T e T e T

peratures, provided the metal surfaces are free from contamination.

Temperature increase and increase_of contact area by-plasfic deforma-.
~tion favor cohesion. Thencontact‘area is decreased by oxide films, |
but these films can be at least partly eliminated meéhaﬁically by |

motion of particles in relation to each other.

According to Jones, the effects of'compacting pressure are:
a filling up of large pores by small particles; a deformation of
particles that keys them one into the othef; and the reduction of
porosity on an atemic scale by flattening of microscopic and sub-

‘microscopic surface projections.
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Dawihl (3)) also follows the same 1aeas, in con81dering the
forces that cause strength and dens1ty increases durlng 81nter1ng.
The forces are free-molecular forces, basically identical with the
forces that give strength to molten metals. Since these forées
decrease with increasing temperature,_experimenfal evidence leads to
the conclusion that obstacles preventing sintering at low temperatﬁres
are‘removed'by heating. Once the obstacles are removed, by'increased
mobility of the atoms or other causes, the sintering proceeds with

high speed.

Surface tension activity isjconsidered by Balke (34), Balke
considers the surface tension of the solid métal as the forcé bringing
ébout tﬁe sintering. According tb him, the rupture of intervéning,
surface films, with consequent formation of points of contact durinv.A
the compacting proces 3, creates deep cracks which, during slnte*lng
are gradually filled up by action of the surface tension. This

picture-explaihs the shrinkage occuring during Sintering. The role-ofé

3
o

temperature in the'sintering'mechaniém is to increase plaéticity,‘whicﬁ

allowg the surface tension to become effective in reasonable time.

P vSLak¥ o Fiaga e o3l

Hittig (35-37) at the end of systematic studies distinguishes
betweeh several sintering steps vwhich take- place at increasing tem—

peratures. »Ih comparing different metals, corresponding sintering

M o ) L

- steps are found té take place at temperatures which represent approxl-
mately the same fractions of the absolute melting temperatures., The

sintering steps are the following:




THESIS

ROBERT COLLEGE GRADUATE SCHOOL PAGE 12
BEBEK, ISTANBUL )

1. The adhesion period at low temperatures, determined mainly
by pure adhesion or cohesion effects. Dufing'this period,
the surface. area available for processes such as adsorption

is reduced, but no noticeable shrinkage is observed.

2. The period of surface diffusion. The surface mobility =
causes atoms to migrate into capillaries between particles .
and produces bonding betweeh particles, which result in

- consolidation and shrinkage.

5. The period cf boundary displacenments. Growth of particles
occurs at the expense of other particles., The groving
particle'need not necessarily have been originally'largef

than thé consumed particle.

4, The period of lattice diffusion, which takes place over the
entire‘cross section of the crystallites, and produces

bonding bedveen crystallites.

5. The peridd of formation of new crystallization centers,
This process, taking place at high temperatures, results

in complete recrystallization,

The primary processes taking place during sintéring and re-

sulting in the sintering steps outlined above, are:




- THESIS

ROBERT COLLEGE GRADUATE SCHOOL - PAGE ¥?3
BEBEK,iSTANBUL

1. Changes taking place in individual crystals.
2. Changes involviﬁg the formation of single crystals from
two primary crystallites in contact with each other. The

forces producing changes of the second type may be:

a. adhegive forces;
b. surface diffusion;
c. diffusion in the crystal lattice;

~d. recrystallization processes,

Wretblad and Wulff (15) consider the sintering process fun-
damentally as a bonding by atomic forces., In accordance with pre-
vious theories, particularly that of Jones, these authors poiht

out that cohesion by atomic forces can take place even at room tem-

pérature. However, they place more emphasis than do Jones and other

RERE ALy D e gLt

authors on the role of plastic deformation taking'place during compacs

“tion and subsequent recrystallization. The increase in density and

strength usually observed at the recrystallization‘temperatdre is

ORI ORI AR YRR AT

considered by them to indicate that at this temperature the sum of
the thermal energy of the atdms plus the potential energy due to cold
working of a congiderable number of atoms surpésses a critical.value ;

and thus permits the atoms to move accross grain boundaries, This

mobility of atoms cazuses recrystallization and at the same time‘
faciliﬁates sintefing. The siﬁtering temperature is thus linked with
| recrystallization. It is stressed that recrystallizatibn - even vhen
associated with grain growth - increases the strength of sinterea

products. 'Contrary to the concepts of Balshin and others, grain

growth taking place within individﬁal polycrystalline powder particles

i
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is coﬁsidered of only minor importance. Wretblad and Wulff also pointe
out that Sauerwald's concepts, according to which the temperature of
spontaneous grain growth is independent of compacting pressure as ﬁéll
as of such povwder charaéteristics ag purity and particle size, are not

in agreement with out knowfedge of grain growth,

Schwarzkopf (3) discusses and compares these theories and draws
the following conclusions: Recrystallization of reguline metals is
brought about’by instability in the lattice arrangement, produced by
cald-vworking. Ii is obvious that simiiar instabilities produced by
ofher means might bring about similar récrystallizatiop'effects.

During sintering, metal particles of diffefent orienfatiéns are brought
into contact with each other, and the c0ntact'areasiwheré crystals

6f different orientations meet will neceséarily represent areas Of’~
instability. Iﬁ the case of solidified metals, the bqundariesvbet—,
ween grains have_béen produced at the temperature of solidificationj;
the boundaries are therefore, stable at this or at any 1owe£ tem—
perature. In compacts produced from metal powvders at room temperature,
the increased atomic mobility at hfgher tenperatUré will enable the
atoms to assume; in the contact'areas, an arrangement vhich is more

stable than the accidental arrangement produced by compaciing, In

other words, instability resuiting from the contact between different- f

]

ly oriented crystallites will induce recrystallizatlon effects in'
fundamentally the same way as will instabilities resulting from work
hardening, It can, therefore, be assumed that the same léws of
crystallization processes vwhich have been established for solidified

metals can-be applied to the sintering process and this can be done

b 5

independently df the final answer to Sauerwald's question.
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As outlined in the preceding review, a great deal of the
theoretical discussion has been concerned with the distinction bet-
. ween adhesive and crystallization effects. Schwarzkopf draws two

final conclusions:

1. Same laws control crystallization processes in sintered

and in cast metals;

2. There is no distinction between adhesive and crystéllizaé
tion effect since both of these effects are produced by

atomic forces.
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MATERIALS AND APPARATTUS
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MATERIALS:

The most important materials required for our investigations

vere;
a. Metal powders,
b. Lubricants,

¢. Sintering atmosphere,

METAL POYDERS: - Metal powvders: vere bbtained from a number of

sources, As it was.previously stated in the introduéfibn,imetalA
powders are not produced/in Turkey. Therefore, the firstratfempt vas
to order them from fhe well known American suppliers, Beinglunsucces-
ful in this the 1ocal induétrvaas consulted. Iron, titanium oxidélk 
and ferromanganese povders are used fdr the preparation of‘coatingsﬁ
for welding rods, coppér powder is used in current collector brushes
of electric motors and zinc dust vas imported to be used as a part of

experimental rocket fuel mixture.

Chemical'compositions were available only for the first three
of these powders. Specific gravities and particle size distributions
were determined by the student., The results are given in Appendix‘ﬁ,

together with the methods used.

VLUBRICANT: Iubricants most suggested in the literature are

graphite and stearic acid. Graphite flakes with a size of -100 mesh

could not be found in the market. Instead stearic acid (specific
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gravity = 0.849)1(35) was grinded and sieved from a 100 mesh sleve

4 to be used as a lubricant.

STNTERING ATHOSPHERE: No cdntrolléd atmosphere furnaces were
available for sintering work. Therefore, a rough method is used,
Compacts were embedded in charcoal powaer in ciosed containers and
therefore, sintered in carbon monoxide. The disadvantages of this
very sample and séfe method will be discussed together with other

points in a later section.

Another material used was "vacuum seal", since as high a
vacuum as possible ig needed, LUBRISEAL (High vacuuﬁ), of Arthus
H. Thomas Co. Phailadelphia, U.S.A. was used t0 obtain air tight hose

connections.
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APPARATUS:

It is felt that a brief explanation of some equipmenﬁ used is
justified by the fact that these were dnly gome type of substitutes

found for the special equipment required by this technique.

For compacting, a‘Small presé, eésentiaily an automobile jack
with an attached pressure gage vwas used., This handroperated press was
capable of producing 120,000 psi. on our compacts, |

No attempt was done to prdduce,fhe die, becaﬁséiofxthe
manufacturing difficultiés in obtaining the required'tplerances.

. Substitutes were searched. Baeza (2)_sﬁggests buéhings such.as tHose;
made by F.A. Bzumbach Company and the Danly Machine Company, both 6f A
Chicago. These are guaranteed to t,0.000l in. variation‘from 0,5
in I.D. PFor the pucnhes he suggests the dOWel‘pinS manufactured by
the same companies. Such elements do no exist in the market and thé
proBlem is solved by using the fuel iﬁjection pump element and its’

plunger of a 24 hp Deutz marine diesel engine.

The punch vas surface hardened steel and it did not allow any
.buckling. Therefore, céntering the punch with the axis of the press

was necessary to minimize buckling.

This die is illustrated in Appendix B, together with its

plugs, centering cap and ejection pipe.
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Sintering boxes were simply 3 in. cast iron plpe pieces, one
ends closed by welding. They are also illustrated in Appendix B,

together with a detailed description all apparatus.
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MIXING THE POYDER: The first step in the preparatlon of poader :

metallurgy products is the mixing of the constituent povders. Pn:per\
amounts are welghed to 0.0l g. and each case 0,5% of stearic acid
powder (-100 mesh) by weight is added as a lubricant., Powders and
}lubricant‘are hand mixed by mortar and’pestle, combining and blending

and shearing action. Mixing time = 15 minutes.
Load = 50 grams of powvder,

CALCULATING THE VOLUME PERCENTS: To calculate the proper

amount of each powder in volume percentvmixtufes the folloving formula
is used;

For example for 75% Fe and 25% TiO, the calculation was;
Vpe 74.6 710 em®  (taking Wy, = T4.6 . for simplicity
= T.46 = HINg Ypg = (4.0 8. plicity

i
=1y, =335 cod ana W = 3.33% % 4.16=13.85¢
=3 Upg = 3. 10, = 7 :16=15.85¢,

therefore, to each 74.6 g. of iron 13,85 of titanium oxide must be

added. ' : ‘ ' | ' :

HANDLING POWDER AND PILLING THE DIE: When the powders are

mixed the die is loaded. (Sometimes by volume and sometimeévby
approximate welght df‘powder.) The die is first brushed with.a test
" tube brush to clean the remining ﬁarticles from the previous compacting
Then the tip of the brush is dipped in stearic acid powder and the die
walls are lubricated by bfushing. The stationary lower punch.is

placed and the die is ready for filling.
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Care was used to avoid segregation and breakdown of the mlx. ‘
The hole in the die is filled with a broad-bladed spatula. The easier
nethod of transferrlng powder to the die cavity with the ald of a
creased paper is avoided, because as the powder ran down the paper,r
automatic clagsification would occur. This rather Qlumsy method of
loading is deliberately used to reduce classifiéation and Segregationr
to a minimum. VYhen the die is filled, it is tapped slightly on four
sides by the handle of spatula toravoid any bridging énd also fbr-
obtaining a flat.powder_surface'in the die for upiformity. ‘The»

plunger is inserted and pressed slightlykagainst~the'powdef by hand.

PRESSING: Pressing is done with the press explained‘abbve.
The loaded die is transferred to fhe press.and the powder is éompacted
by regular slow strokes until fhe:maximum pressure is reached.>‘(The'
 pressure gage is calibrated in terms of the punch diameter,) This
pressure is maintained a definite period of time, (Dwell ﬁime).
The pressure is then releésed, the stationary lower punch is rémovedv
and the "extraction.support" is placed under the die, The-upper plate
of the press is carefully brought in contact with the die plunger énd
the green compact is extracted smoothly. The compact is observed

through thé "peek hole" in the "extraction support® as it comes out.

- These compacts are strong enough for handllng and even permit

.the use of a puncn for marking by a quick, sharp blov,
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The 1rregulaf1tles on the upper ends of these compacts (due

to the tanered plunger end) is corrected by emery paper.

MEASUREMENT OF GREEM DENSITIES: Green densities are obtained

by weighing the cyllndlrical compact to O, 01 g. and taking two mlcro—

meter readings. (Length and diameter, to determlne the volume.) These ﬁ

values are recorded for the calculation of "bulk densitieé" of the

green compacts,

L]

the open and closed pores. (3%)

SINTERING:”AWhen the proper number of cbres are made {usually
2 or 3, and more if unconsistency is'obser§ed) and measured, they aré
transferred to the sintering boxes. Thé lover levei of thesebboxes |
"have previously been'filled with’chafcoal about l/2vin; thick, The -
‘compacts are set horizontally side by side ébout 1/4 in. apért. The
’boxes are now filled with charcoal, a piece of aSbGSuOS is placed on ;
top, sllghtly pressed by hand and an iron plate of 1 cm, thickness

is placed over the asbestos as weight.

Since the pressure in the box is larger than the atmospheric
pressure due to.evolving'gases-it is understood that no air enteps'

the bOX'at‘temperatures higher than room temperature,

The temperature of the furnace is brought toleOOC higher than

the required sintering temperature and the boxes are plabed in the

Bulk denéity i1s defined as mass over the total volume includin@;
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furnace, near the thermocouple.‘jThis difference of 10000 is necesséry; B

to compensate the heat losses during loading, hamely;

1. Losses due to0 opening the furnace door,

2, Losses due to briﬁging the tempéfature of the box:and‘its_
contents to the'éintering temperaturé.  The temperature is
maintained:carefully during the time of sintering. kaeﬂ‘:

stated sintering time in our experiments corresponds to the

for the sample to attain the éintering temperature, namely,

20 minutes (6).

Before the boxes are placed into the furnace they are marked

with ordinary chalk.

throughout the heat cycle: and since this can easily be erased, it |

serves very admirably to our purpose,

When the sintering time has elapsed the box is removed from
the furnace and allowed to cool to room temperature while it is still
closed. The contents are then dumped on a 3/8 in. sieve and the

producfs are shaken free of charcoal.

The charcoal is used repeatedly, each time adding about 20%
of fresh charcoal to each charge of used charcoal. 100% fresh charcoal }
is never used since the excess amounts of gases produced might cause 51

some small explosions, strong enough to force the boxes open,

actual time elapsed between insertion and removal of the E

sample from the furnace, This inclides the time required

It 1s observed that this identification persists

-
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SUBSEQUENT HMEASUREMENTS AVD OBSERVATIONS: The cores are

- measured and weighed exactly in the same manner as the green compacts.
These readings are recorded for the calculation of bﬁlk'densities;

and total porosities.

If a Rockwell hardness test is run the hardness of each core
is determined at three points. - The first point is determined near one
end. The core is then turned 60° and the next reading taken in the

center. It is then turned another 60° and the final reading taken

at the other ehd. The high-end readings and the low-end readings are

grouped separately. The two or threeﬁ(or more) sets of readings are
averaged and the report on the hardness of the cores contain the
average high, the average lov and the center hardnesu, as well as the

absolute high reading ‘and the absolute low reading.

Some cores are polished and their porosity 1is observed under
a microscope (no etching). Some pictures of the structure is taken

by a polarald camera.

XEEPING THE CORES FOR FURTHER TESTS AVD REFERENCE: The

products are kept in separate watch boxes. A label is attached to the

box and the composition, COmpacting pressure, sintering temperéture -
and tiﬁe are indicated. If the ef fects of other variables such as,
pressing in vacuun, thickness effect or dﬁell time is investigated
ﬁvacuuﬁ", the approximate_weight of powder used or the dvell time is

also indicated on this label,

)
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A brief summary of our experi mental results would contain
the effects of the following processing variables on the physical pro-

perties of powder metallurgy products:

1. Influence of compacting cbnditions‘
2. Compacting pressure, |
b. Dwell time, |
¢. Type of pressure application (thickness effeets),

d, Compacting in vacuum.

2. Influence of sintering conditions,
a. S3intering temperature,

b. Sintering time,

During the course of our experiments about 300 compacts vere |

/produced and their prpperties studied. The data obtainedfis'carefullyi}

screened and only typical data bearing heavily on the subject iéA
included. These data will be presented in the following pages as

tables and graphé together with the results obtained.

Discussion of these results will form the subject matter

for the next chapter, (Discussion of Results.)

In the experiments all variables other than the one being
investigated is kept comstant. The povder used was homogeneous, one—

material powder unless otherwise stated. -

i
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COMPACTING Fe Cu Zn Fes asZ,Va\.‘nO,_
PRELSURE - 8 -
. ] o,

RNV EVZ 30 0 ARV IC /230 By/ARTR IEW: S B AR LN LA B AR
20,000 || 3.%% 53,2 | 5.31 | 61.9 5.18 vs.% 3.1 53.4
40,000 | 465 | 65.0 6.41 74.8 5. 61 8l.a A.43 | 63
60.000 | 521 | v2¥ | Yo | 824 | s | ga® |A4.85 | ¥s.e
80.000 | 555 | tr6 | 354 | 88.0 || 524 | 86.¥ | sa0 | V8.5
180,000 | 5.%¥8 81.0 ¥.80 | 3lo DIE TRouBLE | 539 | 82.¥
110,000 5.83% 1.6 DIE Trougle PIE TRovELE

TABLE IVY.
EFFECT

OF COMPRCTING PRESHURE

oN GREEN DENB TIED OF

, o ,
Fe, Cu, Zwn aad \:P_-\—?-S/, Vol. T;oa COMPNCTS.
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fe .
Sin{er\'nt‘ TQ\'"P: 8SO¢C .
s-.,.temu& timee: 4 s, W ARDNESS |, rocrwerL H

COMPACTING || AVE RAGE - , ABSOLUTE
PRESSURE -

. opst. HiGH CENTER vow WieW row
20,000 - — — - —
40,000 Y3 19 - 3y -
60,000 58 54 24 53 2
80,000 T8 b 73 59 21 53
100,000 B4 g1t 6> | g4 6o

TABLE Y.

Fe
Sin{.er\v\% TCW\P: \?_OO.C. . .
3;“{eﬂ‘m° lime: AWrs. HWARD N ESS RockweLL K

AVE RAGE ALSO VTS
COMPRCTING
'
PR:::URE H’ [T CENTER oW WIGH oW

20,000 | — - - - —_

40,000 &y 25 2.4 S\ v
go.000 | G2 50 22 62 2o

g0, 000 25 80 70 25 63
100,000 32 |4 »7‘3 ' AL ‘?7
naooQ A €6 To ™ 69

TABLE VI
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Cu

Sin{en'nc& Temp: ¥50°C

Sin{erin% time:2Wrs. 11 ARDONESS

Cu

) ROCKWEL L. 3!

COMPACTING AVE R“AG € A B SOLUTE
PRESLVURE . )
pai- Hion CENTER Low WwiGH Low
2o,oaé - _ — — _
40/00:9 33 19 \ }5‘ 1
60,000 62 5F . &g ’: ' 3\ AZ_H
go,000 | 63 65 | 55 | 63 53
100, 000 | 80 82 | ¥y | sz T\
TABLE VIL.

Siv\\ieriv\% l:.evv\? 150 ‘c

Siv\\:ew‘lv\;& Lime, 2 hvs.

COMPARLTING

(4]
DE N S VT Y, [T

PRELIUVRE ‘
T G REEN SINTERED
20,000 _61.% £€5.3 -
Ho,000 4.8 6 ;A. .

' §0.000 82-6 R4.0
go.000 g8.0 8Y. %

100, 000 A0 10. %

TABLE VYIIT .-
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Fe
P= 100,000 pst.
T= %00 °C
E = 2_ \'\rs;
: DENSI TY
DWE\‘.\_
T V™M E 0 . o
seconos GREEN, ] T Mrﬁt—.s&@,ﬂwr
o ' 2>.30 21,50
Vo 8v.40 | 80.%0
30 1 83.00 80.2.5
60 33,80 0. %0
190 R4.%0 g2.25

TABLE IX.

DWELL TIME vo. DENSITY OF " 1RON comepcy s
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Fe

P= V00,000 st

o

- ’k:'_ 2_‘1(‘5.‘

Cwu

-

-’-\—? Voo C
. |owreen ownmty SINTERED Dews\Ty
A?Qrutm\e enGeTW ' o
o J o | Densiky | Dewsidly | Dewst Coansilny
w\ %Yowh- TV YAWAL \/Lm& \3 ‘ 7° Theoclté.\ . 'k/,__,} 70 m,,e\,ra]
P4 \8.\5 5.9¢ 838 | S.vy _80-0‘?
5 \2.80 5.99 23 | 5.8) 21.20
2 N.éo 5:%8 $3.% SRe. g1:50
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FIGURE 2 @ -
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FIGURE 29 -

“ oo X133
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1. INFLUENCE OF COMPACTING CONDITIONS
a., COMPACTING PRESSURE

Results:

l; Green density increases with increasing compacting
pressures. (Table IV, Pigure 14.)

2. The rate of density increase decreases with increasing
compacting pressures. (Table IV, Figures 15 and 16.)

- 3. Sintered density increases with\increasing conmpacting
pressureg., (Table VIII, Figure 17.) | |

4., Hardness of sintered products increases with increasing
compacting pressures, Tables V, VI and VII,

5. Shrinkage during sinteriﬁg is greater in compacts formed
at low pressures. Shrinkage decreases with increasing
pressures. High pressures may even produce growth in-
stead of shrinkage. (Table VIII and Figure 17.)

b. DWELL TIME (Time of appiication of maximum pressure)

Results:

1. The green and the sintered densities of the compacts |

» : !
decrease during the early stages of maximum pressure -

application golloWed by an increase with increasing t?me.
The rate of this Increase decreases with increasihg’

dwell time, (Table IX, Pigure 18.) |
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‘¢, TYPE OF PRESSURE APPLICATION (Thickness effect.)

RESULTS: Soft Powder

1. Green density increases to a maximum as the thickness of
the compact in the direction of applied pressure decreases (critical
thickness). TFor very thin compacts green density drops again. (Table

X, Figure '19.)
2. Sintered density increases slowly as the compact thick-
ness decreases to the critical value and increases rather markedly for

thinner compacts (Table X, Figure 19.)

Hard Powder

3. Green density increases as compact thickness decreases

(Table XI, Figure 20).

4, As the compact thickness is decreased in the direction
of compression, sintered density increases first, with decreasing rate
of increase, then decreases again for thinner compacts (Table XI,

Figure 20.)

.Common for all powdérs

- 5. Density of the product decreases with increasing distance
1 from the moving punch, (Table XII, Figure 21 and Table XIII, Figﬁre
1 22) | | |
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| 6. 100% theoretical density is produced for the top layer
of the product which is in contact with the moving punch. (Table XIII,

Figure 22.)

d. COMPACTING IN VACUUM

Results:
1., Compacting in vacuum increases shrinkage and results
higher sintered densities. (Table XIV, Figure 23 and Table v, Fig.

24.)

2. SINTERING CONDITIONS

a. SINTERING TEMPERATURE
Results:

1. Final density of one-~metal compacts increases with

increasing sinfering temperatures (Table XVI, Figure 25).

2. Harness of one-metal compacts increases with increasing

sintering temperatures (Tables V and VI),

3. PFinal density of Fe -~ 25% (Vol) Ti0, compacts decreases

with increasing sintering temperaturés, (Table XVII, Figure 26)

4, Hardness of Fe - 25% (Vol) T10, compacts increases with




THESD
~ 'ROBERT COLLEGE GRADUATE SCHOOL : PAGE 11
BEBEK, ISTANBUL .

Lt

increasing sintering temperatures. (Tables XVIII, XIV and XX.)

b. SINTERING TIME

Results:

1. Densiﬁy increases with increasing sintering time,

(Table XXI, Figure 27.)

2, The fate of increase of density decreases with increasing

sintering time. (Table XXI, Pigure 27.)
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DISCUSSION OF RESULTS.
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1. COMPAGTING CONDITIONS

a. COMPACTING PRESSURE :

1. With increasing compacting pressures an increase in green
density is expected, because, application of pressure forces the
powder particles to come closer, decrea81ng the porosity and thus

increasing the den31ty.

2. The fact that the rate of incresse of density decreases
with increasing pressures, i.e. the pressure vs. density curve flatﬂnﬁ
‘out, 1is due 1o the fact that pressore can force loose powder more
easily. Withpincreasingfpressures powdervparticles take closer _ f
positions, the number of points of contsct'between particles incresses
Pressure is expended in overcoming friction and to create particle l ;
deformations (work hardening effect) Therefore, greater pressure’ |
increments are necessary to produce the same 1ncrease in density

at higher pressures. (Fig. 15 and 16.)

The maximum green density attainable by cold pressing however;
dependsvnct only on the applied pressure but also on the rate of
pressure application as well as on other factors such as the sus- ‘
ceptibility of the metal o plsstic deformation and its work harden-
“ing properties and powder characteristics, particularly particle

shape.

e have found that other variables Being the same a compactin

pressure of 100,000 psi. produces different percentages of theoretice]

——



B inlel b,
ROBERT COLLEGE GRADUATE SCHOOL PAGE 12
BEBEK , ISTANBUL _

densities for the green compacts of copper and iron., (Table IV, Fig.1l4)

i.e. . pressure = 100,000 psi.
Copper .....91% of theoretical density
Iron Cveee .81% i} n "

We conclude the copper powder we have is morenfavourable for
producing higher densities; It is understood that the Susceptibility.

to plastic deformation is lower for Fe, and greater pressures are

required to produce cOmpacts of higher densities. (See Suéceptibilitj

to plastic Deformation.) This conclusion is in accordance with Fig.2.

- The hardness of tﬁe Fe powder may be due to its crystal
structﬁfe, partiele shape or its methed,of preparation. Some pewder
production methods create work—hardening effects (mechanical methods)?
or hardness may also be due te the presenee of hard surface oxides.

. These effects together with the methods to avold them are given iﬁ

Fig. 3, Pig. 4 and Table II,

The fact that Co particles are coarser than the Fe particles
(Table -, Appendix A) creates an effect in the opposite direction

i.e. lovers the density'of Cu and increases of Fe (Fig. 3).

"3, Sintered density elso‘shows the effects discussed>abovev

for results 1 and 2 for the same reasons (Fig. 17).
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4. Hardﬂess of sintered compacts increase with iﬁcreasing
pressures, due to better cohesiOn and strOnger work hardenlnv effects
produced at higher pressures. This result checks vith Pig, 1 and:
justifies our selection of density as a base for other physical

properties,

5. 1In result 3, we sav that the density of the sintered
part increases with increasing pressures. However, it is not possibl
to generalize this'relationShip. The shrinkage during sintering has

a marked effect on the final densities.

'Shrinlage during the sintarlng prdcess is, to.a large extert
due to the increased attraction and consequent closer contac» betveen
the metal particles. Surface ten810n, chemical reactions, and re- |
crystallization piocesses are other determining féctors (see
Theoretical Pfinciples). -Another very important factor effecting
_the size changes that occur during sintering isAthe,éffect of occiudé

gas.

When heat is applied during sintering these géses expaﬁd and
try to escape through the pores in the compact. A 1ightly preéséd
" compact leaves relatively large pores, and the gus may escape ultnoai
deforming the channels left after pressing. On the other hand, a .
compact which has been subjected to high\preésures contains no passag
ways large enough for the gas to escape through, and the expending
‘gas pushes the particles apart in its effort to escape. Thislinterna
pressure naturally expands the compact and causes a larger andkmoré

porous product then that originally formed, thus lowering the sinters
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density.

These two factors, namely the increased attraction due to
high temperatures and the escaping efforts of occluded gases work in
' opposite directions, and the degree of shrinkage or growth is;the

resultant of these effects.

b. DYELL TIME

1. 4Expériments carried out to determine the effects of dwell
time indicate that density decreases as dwell time increases, during
the early stages of dwéllvtime. Héwever, highér densities are ob-
tained on further increase of awell time. ~This is probably due to thd
following reason: The force wvas applled to the press by hand and
when maximum pressure is reached it is obgerved that addltlonal force
must be maintained to keep the pressure on the powder covstant, other-
wise pressure decreases about 200-500 psi, This is due to the action

of elastically deformed particles;

Since the force is maintained by hand high degree of constan-—
cy can not be expected and the maximum pressure is maintained by
increasing the force slightly as soon as any decrease in pressure
is observed on. the gage. This process in turn, might have {wo effectq
First’of all this prdcedure may provide some time necessary %o shift

the particles to the most favorable position for packing, and second

it may cause additional plastic deformations on the contact points of

powder particles (Table IX, Figure 18).
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C. TYPE OF PRESSURE APPLICATION (Thickness effect)
" Soft Powder

1. The change of density with the changé of compact thick-
ness is due to the fact that povders do not follow the hydrodynamic
laws and thus nonuniform pressure distribution during compacting and
‘nonuniform density of the product is produced. ‘In tﬁe case of
compression frdm oﬂe side only the dénsity of ‘the compact will decreasj
withvincreasing}distance from the advancing punch as indicated in
Result 5 (Table XII, Figure 21 andfTable XI1II, Figure 22), This is
a consequence of the fricfion éccuring‘bet?een the partiéles’them—
selves and at the walls of the die. Therefore, the density is lover
the higher the compact. This necessitates the applicatidn of
coméression from two directions, ﬁhen‘the thicknesé éf the part
exceeds a maximum value determinedkby factors such as thé over-all
dgsign of the compact, the reqﬁired strength of the finished part

~and particﬁlarly the powder characteristics.

Density decrease observed in compacts thinner than the'cri~
tical one 1is attributed to the higher effective pressing speed for
these very thin compacts. (Speed ahd time of pressing is kept

constant.)

2. Table X and Figure 19 indicate the effect of lovwering

the compact thickness on green and sintered denSities and provides’

a picture to compare the differences. It is observed that shrinkage

A
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takes place when the‘compacts are sintered. This shrinkage decreases !
~és the compact thickness decreases_because higher green densities

and thus lover poroSitiés and smaller pores'are obtained with shorter
compacts, For suéh cases we knoﬁ that the effects of occluded gases,

vhich oppose shrinkage and cause growth, start to be strong enough

K

to lower the amount of shrinkage if it does not cause growth.

Incfeased sintered density, 1.e. increased shrinkage in _
compacts thinner than the critical value is surpfising. This might
be the effect of nigher effective pressing spéeds for thinner compacts
as  suggested by Balshin. Either fragmentation occurs or the elimina-,
tion of surface oxides which decréése the clean surface areas is
improvéd. Both of these increase'the amount of available cleanr
surface areas which promote shrinkage by creating adhesive forces;

upon the application of heat during sintering.

R

3, A slight density increase in the green compacts vere
obsérved as the thickness of compacts pressed from hard iron powder
'is decreased, Thicknesses were reduced by filling the die with less
and less péwder.’ Thicknesses of less than 2 mm; could not be
obtained Qithout damaging the die walls., If these thicknesses are
produced a more expiicit interpretatioﬁ can be offered: (Takle XI,

Pigure 20).

4, This result indicates the effect of thickness on the
rate of'growth during sintering. The initial decrease of growth and

the decreasing rate for thinner compacts as vell as the increased
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growth for very thin compacts could not be interpreted satisfactori:
nevertheles this data is included to illustrate the importance of
povder characteristicé on the behaviour of compacts and their

resultant properties (Table XI, Figure 20).

5. This result was discussed above together ﬁith the first

result,

6. This result indicating the faét that 100% theoietical
density can be obtained in that layer of the compact closest to the
moving punch is wvery importaﬁt. ‘Ezperiménts carried out at first.
with siﬁtered iron products. A-thin layer of the compact is remove
on lathe and by measﬁring the 1ength and weight of the éompact.befa
and after this ngratiOn the’densityqof the removedliayer is cal—

culated. The results for iron compaéts pressed at 40,000 psi, and

sintered 4 hours at 120000 are given in Table XII. and Figure 21.’ T
density of the top layer (74% of theoretical).was found to be aﬁouﬁ
1% greater than the overall density of the compact. We know howeve
- from our previous work that our iron powder is hqt véry favorable ¢
experiments weréAdone on more favorable COppér powdér this time al
increasing the éompacting pressure to 100,000 psi. (Table XTit,
Figure.22). The density of the layer adjacent;to the moving punch
was found to pe almost 100% of the théoretical density. This is i
combined result of the infinite pressure on this layer and the -
~ absence of faétors that deviates the behaviour of povwder under
pressure from‘hydrodynamic lavs.,

i

The importance of this result lies in the fact that, our
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greatest difficulty in the course of this investigation was the
kimpossibility of obtaining high densities (97-98% of theofetical)
due to the limited capaéity of our eiperimental facilities. These
difficulties diséppear if we foéus ouf_attention on the properties

of this layer only.

d. COMPACTING IN VACUUM

1. A number of pilot tests were made to create high vacuum
during compacting process. It was possible&at the end to obhtain
a vacuum of 1.5 cm, of Hz. (For details séeprparatus Jand»Appendixi
B.) A number of experiments were carried out with different powders

to determine the effect of this vacuum,

We knov that growth'phenomena - that is, aecrease in appareﬁt
dénsity during the sintering protess - are mainly caﬁsed by the gas
content dfvthe compacts. (See theoretical.Principlés.)' In addition
fo the gasgses dissolved. by the metal, the following sources for gases

" can be distinguished (3):

ot

. adsofbed gas films;

. gases entrapped during~compacting;

N n
.

gases originating from chemical reactions during the

sintering process,

It was our intention to eliminate the first 2 of these 3 .

main sources., However, we were not successful in eliminating the
. . : , 3
adsorbed gas films due to unsufficient vacuum, gases entrapped during

1

|

I o
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compacting are largely eliminated. The effect of this partial vacuuﬁ
on the densities of copper compééts presséd at 80,000 psi and 100,000
psi and sintered 2 hours at 750°C afe illustrated/in Tables XIV and
XV and Figures 23 and 24, together with the effects of compact

thickness.,

Similey tests were run with pdwders of other metals such
as Fe and Fe+Ti0, and no net results were obtalned. 'However,‘
it is thought that compacting in higher vacuum would create the

same effect (increased shrinkage or decreased growth),

Ruer and Kuschmann (40) have shown that one hour's exposure
to air of copper and iron powders prepared by reduction of oxides in
hydrogen followed by evacuation results in weight increases amounting

5.44 mg. and 20,43 mg. per 100 g. of powder respectively.

This shows the importance of adsorbed gases and'explains why
 the above result (increased shrinkage or decreased'grOch) is not
revealed by Fe powders,'since our vacuum was not sufficient enough
to eliminate the adsorbed gases. This insufficient_vacuum ig caused

by the leakage beﬁweeﬁ the die walls and the plungers.

2, INFLUENCE OF SINTERING CONDITIONS

a. SINTERING TEMPERATURE

1. Density of one-metal compacts increase with increasing
. . ' |

sintering temperatures. At higher temperatures the ihcreased mobilit
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1 of atoms creates additional adhesive effects, resulting in shrinkage.
‘However, the above result is not independent of compacting pressure,
since we know that compacts might éxhibit growth as well as‘shrinkage

during sintering at different compacting pressures,

2; The hardness of the one-metal compacts increases with

~increasing sintering temperatures due to two main factors;

a. the recovery from plastic deformation

b. the increaée of hardness with‘increasihg density.

This result also justifies gur selection of density as the
base of all other physical‘propertiés,_3 and 4. In the case of
powders composed of more than one éomponent, it is necessary to takg‘
addiﬁional factors into account in order to explaih the effects of
sintering temperature. Sbhwarzkopf (3) states that the most important:
of these is the'homogeniZation by diffusion. The extent_bf diffusioﬁ"

during sintering determines the properties of the compact.

b. SINTERING TIME

1 and 2, Thése results indicate fhat’the effects of sintering
time and temperatﬁre on the physicai‘pfoperties of compacts are in
’ﬁhe same direction. Sintering time permits the occurance of slow
'k‘processés which are accelerated at higher sintering temperétures.
Therefore, it seems that it is possible to obtain similar effects
with short sintering periods at high temperafures and with long |

gintering periods at low temperatures,
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The library research made and the laboratory experiments
performed to determine the influence of processing variables and the
physical properties of powder metallurgy products are presented on fhis
report. The originality of this . work can be summarized by listing 2

of our experimental results.

1. Compacting in vacuum results in higher densities by in-
creasing shrinkage or decreasing growth,

2. Even with compacting pressures unsufficient to produce
maximum green density it is possible to obtain 100% theoretical density

in the layer adjacent to the advancing punch;

- The importange of these results are understqb&\When the linmita-
tions of our experimentation are considered, For exaﬁple, our vacuum .
was enough only to eliminate a part of the gases entrapped during
compacting. Under high vacuum such as i0_3>— 10~4 Torr it will be
possible to eliminate the adsorbed gas films and if in addition, proper
gsintering atmospheres are dsed.to minimize the gases originating'from
~chemical reactions during sfntering, spectular results can be. |

ac

expected with properly treated powders.

Throughout our work we were avare of our limitations and no
spectacular results were expected. However, the discovery of 100%
. theoretical density in the layer adhacent to the moving punch eliminates

these limitations for the coming investigators having limited faCilitiak

\




K%
THESIS

’ ROBERT COLLEGE GRADUATE SCHOOL
BEBEK , ISTANBUL o

PAGE 132

"R ECOMMENDATIODNS"

TR

TR TR AT TITN DTN

et v s A 1L

it s &

TR K TR

Lirocd g

TWETTT T ) TR

RIS E R IIN




R I i B § v ) .
ROBERT COLLEGE GRADUATE SCHOOL ' PAGE 13
BEBEK , ISTANBUL :

It is understood that ex?erimental work on "Powder Metallurgy™
in Robert College will be continued by graduate students. The/studen%,
therefore, wishes to state the difficuitiés encountered and some possils
solutions thinking that they might give some help to the coming in-

vestigators,

1. The time available for this work is very short, the student
must lose no time to start library research and pilot tests with the

- available materials and apparatus.

2. Every effort must be made to obtain the povwders with
favorable characteristics for the intended work, if it is not possible i
. _ _ |
“to import them possibilities of treating the available powders must |

be sought.

3. A press capable of producing pressures of about 150,000 -
200,000 psi and aiso with means of qontrolling the pressing speed and
dwell time should be obtained.

4.. Por better results and wider areas of experimentation
controlled atmosphefé furnaces are necessary, and of experimehts withﬂ
iron powders aré éontinuéd higher temperature furnaces must be avail;

able.

5. If double or multiple action presses are not available,
floating dieS'(Réf, 5.5 PP..57) must be used for double action‘

" compression on simpler presses. : : ' ‘
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6. If the effects of vacuum are studied, higher vacuums must
‘be obtained by either using vacuum seal or sbmething like between tﬁe
punch and die walls or compression through bellows must be tried by

evacuating the air of the vhole system..

Te Tensile tests can be performed'on products by using
specially shaped dies to produce small test pieces. (Ref. 13., pp. 248
If small pieces of 2 mm., in diameter are produced a "micro-test"

‘machine is available at I.T.U.

8. Excellent microscope faqilities'are‘available in the Colleg
to study %he variation of porosity and distribution of phasés. in

heterogeneous compacts,

9. Attention must be given to the effects of powder
characferistics, such as origin, particle size etc. and also to the

 methods of mixing powderS.

10.- If high theoretical densities cannot be produced with the
available materials and equipment the attention might be focused on
the properties of that layer of the compact vwhich is adjacent to the

- moving punch.
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APPENDTIZX A

DETERMINATION OF SPECIFIC GRAVITIES OF POWDERS ( 3¢ )

PROGEDURE: In the computation of the specific gravity of the
metal powders from laboratory data, the weight of the pycnometer filléd
with distilled water at the test temperature will be needed. This
value is usually taken from a plot of temperatufe versus weight of
bpttle plus-Water. The plot, or calibration curve, can be determined

experimentally.

PYCNOMETER CALIBRATION: This procedure consists of obtaining

at least three sets of concurrent temperature and weight measurements
sbout 4°C apart and within the temperature range of 20° to 30°C.
| Each set, representing the,qoordihates for a point‘on the calibration

curve is obtained as follows:
1. To a clean pycnometer add, deaired, distilled water at
room temperature until it is full, and insert the plug in its place,

wipe off the excess water,

2. Check whether the water column is level with the top of
the plug and carefully dry the outside of the bottle.

3. Weigh the bottle plus water to 0.01 g.

4. Measure the water temperature to 0.1, Hold the‘tip

of the thermometer at different elevations within the water to see if‘
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the temperature is uniform,

5. - If the temperature is noﬁunifofm, place the thumb over thé

open end of the bottle and turn it upside down and back to mix the

water thoroughly for a temperature observation.

6. Heat the bottle of water slightly by placing it in a
warm water bath and repeat the above steps. Repeat this procedure

until enough points are obtainedrto plot the calibration curve,

SPECIFIC GRAVITY DETERMINATION:

1. Put approximately 10 g. of ovén-dry povder, weighed to
0.01 g. into a calibrated pycnometer which is already half full of
dearied, distilled water. Be sure that no powder grains are lost when

they are put into the pycnometer.

2. Remove 21l of the air which is entrapped in the powder
by 10 minutes of boiling: (the presence of entrapped air can be
detected by the movement of the surface of the suspension upon the
application a release of vacuum), accompany the boiling vwith continuous
agitation; The application of a partial vaéuum is desirable to lowver"
the boiling poiﬂt, then less cooling *ill have to be done later.

P

3. Cool the bottle to some temperature within the range

P

of the calibration curve,
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4. Add water, insert the plug in 1ts place wipe off the

excess,water and dry the bottle,

5. Weigh the bottle with water and powder in it to 0.01 =.

6. After checking to be sure that the contents of the bottle
are at a uniform temperature, record the temperature (betterlobtain
several sets of temperature and weight observations as the sample cools-—
the most accurate reading is obtained at room temperature, since a more

uniform temperature is likely to exist.)

CALCULATIONS: ‘The specific gravity of the powdered netal,

can be obtained from:

ih_which,

" Gp = specific gravity of distilled water at temperature T.
W _ = dry vweight of powder
Wl = weilght of pycnometer, powder and water

w2-= weight of pycnometer plus waﬁer.
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JRON POWDER

SPECIFIC GRANITY DETTERXMINARTION

DETE&M\NA’T\ON No. \ 2. 2
BoTTLE No. 3% 3% 3%
WT. BOTTLE 4+ WATE R + PowDar , N, ing: |l 180, 64 | \BOY¥E \00.3Y
TEMPERRrTLURE T1,in °C 2.9.0 25.0 2.0
WT.BOTTLE ¢ WATER ,Wa inq. \32.00 V3.1 3208
EVAROLATING OISH ™NO, RQ-\2 C-\L ACEE R
W, 0I5 ¥ ORY PowoeR ,iv 4. 53.4Y ' S3.4% s3.4%
WL 0WW L in g 573.0% 83.0% 6-3.4%
WT. POWOER e~ 1 t0.00 V0.0 '\.o.oo
Ywnree AT T ©.3%40 | 0.3 ©-3%80

Y oowore (DescL e GRAVITY) b 225 S S R SR N ‘ NLS¢C
CTABLE XXM o= ¥C

TITANIUM oi\oE POWOEIR

S SPTARIC GRAVITY OETERQMINRTION

pETERMINATION WO, \ 2 3
BovTLre No I - 3
WT. BOTTLE yWATERY PoWDER Wy inq.fl 139 62, 139 ¢ 138,81\
TTEMPERRTVIRS 298.0 2%.-0 2N.0
W BoTTuE +WRTER , Wy in Y 3200 V32000 13208
EVAPORATING ©O8W WNo. B -\ S-1v2 -\1
WT. DISH ¥ ORY POWOER , ~a 9. 534 53 4% 53.4'%
W W25 W L, iw q. &3.47 | 43.4% 43.4%
W T POWDER [ LR \ V0.0 V\0.00 \0.00
Pt en AT 0. %% o | O-ASEL | 0.9980
Yeowore (SPEQTIC GeanTY) | 414 04NS 419

TABLE m YT:OL = 416,

PRI 7
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ELVECTROLY Y\

COPPER., PowOER SPECIFIC GRAVITY DETESRMINRATION
{ae TeéM\NA—v\oN No. \ 2- 3
B OTTLE No. l X3 3% 3F
WT. BoTTLw FWATER £eowstL Wy ingll 140-30 | 1ai00 | 1410
TEMPER XTURE T,in°C 30 | 250 2\.0
WT.ROTTLE +WATER , Wa . [ 3 \32.00 V3210 132\
EVAPORATING DsH WNO. -2 Bz 312
WT DiSH ¥ DRY PowoEeR, tv 9 53.4% | 53.4% | 53.4%
WT.O1sH, in % - 43 .4% 43.4% 43.4%
WT. POWOER, (v (k : \0.00 \0.00 \0.00
Pwatee AT T 0.3%60 | 0.9y 0. 239480
Loowoes (3PEQAFIC GrAVITY) | -3es ] gag 2.9

' ) - =93
TABLE XX e %3F

FERROMNNGANESE Powose SPECIFIC GRANITY DETERMINATION

DETER™MINATION WNo. v oz 3
RoTyLE No - 3" % 3%
WT. ROTTLR FWATERHPOWDRE, W, inQl| | 4o, 45 \40.56 | 180.64
TEMPERATURE 23.0 z50 2\.0
WT. BOTTLE +WATER , Wy in a 1R2.0 5 \32.0\)\ R-ALN
EVAPORATING ©IWSY WNo. &-12. R\ Y3\
W T. \3\5\*}0?\‘{ COWDER, {n T 53.4% 5;3.0,‘; 53.4%
WT. Oa3H s ing. - 43.4% 43.4% 43 4%
W T. POWOER in re ' \0.00 \0.00 1\0.0°
Ywater AT T 0.8%60 ©.33%\ ©.23%80
Yoowoer (SPECEIC arAVITY) |l 6.43% é.64 ¢.ah

TARLE XXVT

}AF.W\. = €. A4
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TOPEarears

ZV\NC PowoDeER

SPECIFIC GRAVITY DETERMINAT \ON

TABLE XXV

DETERMINKA TI1ON No . \ 2 3y
BOTTLE No. 3% 3% 3%
WT. ROTTLE y WATER +PowWDER , VW, iy a \40.504 | 140 %1 y 40 %
TEMPERA TURE \,in°C 29.0 25.0 21.0
VT ROTTLE + WATER ,Wp i q. \32.00 | 320\ 13219
GV ARORATING DIGYW WNo. -\ \ R -2 B -1
WT. O\SH 4 DRY POWOER, v\ . - || 5345 | 5345 53.45
WT. OISy in g 43.4%5 43 .45 43.45
WT. POWDER 1w 1 \0.00 |©.00 \Q..OD
Nomrea AT T 042340 |©.33%1 | 0.9380
?(‘?owo.e\z (sPeciFle GRANITY) /5/,37)/ Yz N.0%
Fr = FNO
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21 st 0‘ MARCH, 1364

SIEVE ANRALY S\S
IRON POWDER TAB \_EA XX
NoMINAL SIWVE OPGNING | WEIGHT  |WEIGHT of |WEIGHT of| PERCENT CUMULATIVE| PERCENT
SIEVE No _ OF SIEVE  [siEvE+Powped R:::::D qermnep | PERCENT ‘
mwm . gms: g opms. Revanep | FINER
40 0.420 |0.-0165 2.4 %0. 4 o o o 100.0
So .o-aav 0.0NF 83.2 g3-2 o o o loo. o
Yo |ozi0 |00033 | 532 sS.2 o o o too. 0
100 | 0.143 |0.0053 | 832 | 32.6 3.4 | i8¢ 199 ¥i.2
200 0.0%¥4 |0.0024 830 28.0 15.0 30. 0. ‘4-‘?-1?\ 5i-2
325 0.044  |o.00lY ¥y.9 38.6 20-% 4.6 |- 0.4 3.4
PAN — _— 32.% 871 .9 1.4 100.0 —_
TITANIUM OX\DE POWDER TABLE XXX
NOMINAL SIEVE OPENING ‘w‘mva.m- WZIGHT opdwmmﬁ oF PEiQENT CUMULATIVE PERCENT
SR Powpell RET :
Rl B B el g - N e
- Qo o0.40 0.0i65 0.4 %0.4 o o o loo.o
50 0.2%% |o.0ll¥ 882 28.2 o o o lpo.C
76 o-2l0 0.0083 532 [1-Y l.o 2.0 2.0 38.0 ¢
V00 o.143 2.005% g3.2 |io¥.% 24.% 4a.4 ‘5‘1-4 42.4
2o0 0.974 0.0029 33.0 ‘55‘.4 13.4 26- g Yg.2 21.¢
| 325 0.044 o.00l¥ Y3 274 38.%¥ | ‘?-‘5 2.9 loco.o O
PAN — — 923 | 82.3 o o — —
\
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ELECTROLYTIC COPPER POWDER

sSvEVve

ANALYS'S

21 st of MARCH. 1364,

TA®BLE XXX

‘ ﬁoMlNRL 3IEVE OPENING WRIGHT WERIGHT of |{WEIOHT oF| PERCENT CUMULATIVE PERC.ENT
SIEVE NoO OF SIEVE [SIEVE +Powoed R:::;Ne? RETAINED PERCENT o
 vmvivn . m qms- %ms. g RUTRINED FINER
40 0.420 0.0165 ‘a0.4 90.4 o (o) o 100.0
So 0.297 |ool¥ $8.2 822 o o o \00.0
70 0.210 |0.0083 s3.2 62.5 3.3 6.6 6-6 33.4
loo 0.144 0.005% 83.2 105-4 22.2 | 44.4 sl.o 4‘5-9
oo ©0.0%4 0.0023 g3.0 6-3 % 12.3 26-6 7. 6 224
325 0.044 |o0.001% 7€ 8¥%3 a.5 13.0 6.6 3.4
~ PAN — —_ 82.3 34.0 ¥ 3.4 100.0 —_
FERROMANGANESE POWDER TABLE XXX -
. NOMINAL BIEVE OPENING | WEIGHT WEIGHT OF | wEIVGHT OF PEBcEﬂT CUMULRTIVE! PERCENT
SIEVE NO — - os :::e sne‘;:itowosm a:;‘r:vr:':';? RETRINED - :::T::n """_ER
4o 0420 0.0165 0.4 95-%8 54 10,9 10.9 g3.2.
| 50 0.23% o.0NY 83-2 3% 4 3.2 19.4 3.2 %08
Yo 0-210 00083 532 66.5 3 146 43.2 s6.2
100 0149 00053 | ®3.2 | 922 1.0 18.0 6l. 2 3
200 °.0%4 0.002% 3.0 3}.2 9.2 16-4 yg-2 2.9 ‘
32S 0.044 o0.c001y Y8 %.9 10.0 20.0 94.2 ' ‘l.?.
PAN — — 2.3 73.2 0.3 ,».»z' 100.0 —
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ZINC POWDER

SV E

VE O ANALY S S

TABRBLE XXXU

21 st of MARCH, 1364,

‘ NoMINAL SIEVE OPENING | WEIGHT |WEIGHT OF (WRIGHT oF | PERCENT cuﬁabun'nv;l PeRcenT

SIEVE NO OF SIEVE  |MEVEyPoweer] “;::;::“ RETAINED PERCENT Feg
man. n. e gms- s RETAINGD

a0 0.4820 0.0l65 0.4 0.4 o 0' o loo.0

'. 50 0.297 o.on? 882 | 8.4 0.2 0.4 0.4 33.46

Yo o.210 0.0083 53.2 | K5 0.5 0.5 i.0 2.0

loo .14 0.0053 g3.2 ié.l . L3 3.9 < as.2

200 0.0¥4 |0.0023 g3.0 86.3 3.9 ¥.€ 12.6 8¥-4

325 0.044 |ooc0l¥ 77-? 10%.0 25.2 so.4& | ¢3.0 37-;
PAN —_ — 2.3 100.28 i¢.S .‘57-0 100.0 —

SAMPLE : SO ™ o\- ?ouoc\e.f.

SHRARING TV\WME ¢

5 waiwutes.

SIEVES * WU.S. Standard Dieve Sertes,

SIEVE SMAKER: RAwertcan Instruwentk Co.

Newark Wire Clotw Co.,

Mework WL,

Silver SinM\ , M“f‘\-&v\d.

C@kdlu‘ NO . *'\2.0

Locgﬂoﬁz Technical Uv\"ver&{{*\ -\ Istawbul

565'\. ‘Mu\!\uwios La“ofo.’c.or‘ .

Sevial NMo: Vo0 \Q-;.?
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CHE ML C N COM PO SVUVTI\ON S .
IRON POWDER
MIN MRAYX TP
Fe AY.0 — 58.5
Mn v\;\ Lrece wil
Si wil o.1o 0.0 4
C wil oe 0.00%
C y\i\ D.\‘SO 0038 . .
S Wil o.02.0 wil
P wil c.0e5 C0.00%
TARLE SOXIT
TITANIUM OX10E POWDER
MiIN MRAX TP
Tio, + (2r0,) 28 _ 2.5
Sio, —_ .o ©0.26
FELOL — \.O Oq's
C — 0.05 D.026
S —_ o.02 Lvece
\% _— v\\'A —_

FERROMNBNGANESE

TABLE XXXV

MiIN MRR

83
l.s

go

o.z3
— '.O
beece

9.2

TABLE

axe

82.S
(AN

0.06
©.%3%2

oAS)

- XXX
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~ APPENDIX B

LIST OF EQUIPMENT

1 Triple beam balance (0.0ig.)
Capacity 311 g, Model 311 7
Ohaus Scale Corp, Union, N.J, U,S.A.

1l 0-25 mm, micrometer
Central Scientific Co, Chieago, I11l., U.S.A,

1 25-50 mm, micrometer '
Feinmesszeungfabrik Suhl, Germany.

-1 Timer ‘ : :
Tastman Kodac Co. Rochester, W.Y., U,S.A.

1 Press (hand operated)
Buehler Ltd, Evanston I1l., U.S.A.

1 vVacuum pump (Duo-Seal) '
Patent No, 2337849 ‘
YoM, Welch Manufacturing Co. Chiecago 10, U.S.A.

1  Vacuum gage
30 in,-76 cm, vacuum
Marshalltown Gauge Manufacturing, Inc., Iowa, U.S.A.

1 Pycnometer o
100 ml, at 20°C.

1 Thermometer

0 - 500C,
2 Mortar and pestles
4 Spatulas
2 Ring-stands
1 Sieve

' U.S, Standard Sieve Series Sieve Wo : 100
Newark Wire Cloth Co., Newark, N,J,

1 sSieve (ordinary)
3/8 in, openings,

1 Sintering oven, Max. temp, 1100°C,
Hevi Duty ¥lectriec Co, Milwaukee, Wis,
Pat, 159,215 Type 051-PT Ser, No, 100324
Volts 115 Watts 1150 Cycles 50/60
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sinterlng oven, Max, Temp. 1400°¢C.
Heva Duty Electric Co. Milwaukee, ﬂis., UuSuAe.

Time switch ,
Type TSA-47 i
General Electric, U,S,A., ‘

Pair of tongs _ s
Pair of asbestos gloves

Hot plate :
Model HP-1915B 115 Volts AC 700 Watts  Type 1900
Thermolyne Corporation, Dubugue, Iowa., U.S.A.

Drying oven » ' ‘ ' . ﬁ
Nr, 32810 110/130 Volt 1200 Watt :
Carnifix AEG -~ Fabrikat, Germany. : 5

Microscope :
Unitron Unlversal MlcroscOpe with polar01d attPChment
Unitron instrument Co. ;
Newton Highlands 61, Mass, , B

Rockwell Hardness Tester
wilson Mech, Instrument Co., Inc, N,Y., U.S. A,
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W cenTemnG (—né

L

PLUNGER (MoVING Punch) @ |
Sk

%.
7

0 7777

GROOVE FOR IX\R CUSIKION

%

TO CREATE A CENTERING

\ EFFEQT.
N |
| I NORMAL PLug
PEEY, ot : J (>TATionARY PuNCH)
HowL g N
1o} o

N N .

§ § /// "/ VAcuuM PLUG .

\ \ // //

\COT (o] \ ‘ )

B2 o e PV

EXTR U Y PORT
] FrcTion S ’ VARCUUM HOSE

SLUPPORT PlIEcE

FilcuRE DI,

N

DIE |, PLUNGER . CENTERNG CAP . NORMAL PLUG.
PLue FOR VACUUM , VACUUM HONE supPor-T PlEc
EXTRACTION SUPPORT AND —Twe ” PEER woLc”, SCALE . ‘/
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FIGURE - 32.

Dlik

~

PLUNGER [PUNCH) , NORMAL PLUG , VACUUM PLVUG,
EXTRACTION SUPPORT (PEEX WOLE) AND VARIOUS COMPACTS,
(A MATCH Box 1S INCLUDED -—To PROVIDE A criTeERnR FoR

TTHE . DIMENSIONS \)

PERT

ST s
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EIGURE . %,

COMPRETING  PRESS, DIE, NACUUM PUMP , POWDERS ,MIKING, HANOLING ANO

FILLIN G eau‘quvNT (PHOTOGRVAPH SHOWD COMPRESSION 1N v:\c.uuM).

Ficou Re 34,

SINTERING OVEN , ASBELTOS GLOVES , TONGS , SINTERING QOXES

ABD TIME SwiTCW.
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