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Powder metallurgy is the technology of transforming pO'VTdered 

metals, alloys, oxides or salts into finished or semifinished products 

by mechanical and thermal operations ~'lhich are performed at tempera-

tures belovl the melting point of at least the major part of ~lihe metal 

composition. 

'The pO~'lder metallurgist either manufactures ingots, vihich are 

subsequently shaped by plastic deformation or machining, or he pro­

duces immediately the finished part, thus eliminating "\-lorking and 

machining operations. 

POvlder metallurgy is, hOHever, not only a technology., but 
.. 

also a science, the main field of this.branch of research'being the 

understanding of all reactions \'Thich take place during the transfor­

mation of metal pO"lders to p01'Tder metallurgy products. The scope 

of pOvlder metallurgic research also includes the analysis' of techno-

logical and other properties of the finished products as compared N'i t'n 

those of materials of identical chemical composition produced by other 

methods ~ 

L ___ . 

The main operations of pOl'lder metallur.o,:y are: 

1. Th~ product"ion and analysis of the ra\V material, t,7hich is 

the basis of all pOlvder metallurgy processes ~ namely the 

p01-1dered metals or alloys; 

. __ .... __ ._- - .- .. -----~----.---.----.......;;..-- ---- I.'_~ •• ""---. ___ "."" '--' 
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pOl-lder mixtures are subjected, at normal or elevated 

temperatures, to considerable pressures; 

PAGE 3 

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

are subjected to a thermal treatment i-Thich imparts, to them i' 
i; 
ii the required mechanical strength as "1ell as other desired 

J' 

f properties. Compacting and sintering are frequently 
£, 

follovled by re-pressing and annealing or resintering and/or Ii 
other afterworking treatments. In all cases, the per- I 
formance of' the material ~during processing, as, i'Tell as the I 

properties of t:qe finished product,s, depends to a large 

extent upon. the basic characteristics of the pOi-lde'r materi-

al (3). 

The importance of pOvlder metallurgy lies in the ability of 
this technique to produce complicated metal shapes within a close 

, 
i 

·1 
I 

r 
S 
~ D: 
~ : 

limit of, tolerance by a· process' requiring much less time and skill i. 
than machining, and much lQlver temperatures and few'er finishing opera-I; 

tions than casting. Horeover, the products of pOi-lder metallurgy may 

possess almost all the physical characteristics of those made by the 

other methods, as 'Nell as many "'Thich can not be obtained there by, for 

instance, controlled porosity. This fact causes a widening of scope 

for po't'fder me·liallurgy. 

~ , 
~ 
'~~ 

" i 
i 
4 
il 
~. 

i 
[ 
M 

I-
POvlder met8.l.lurgy is also knol·m as "metal ceramics ll

, i·,hile the I' 
products are often called "sintered metals", both terms indicating the r ; 

j method of production. (7) 
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I------~--· ....... ~~--------....... -l 
The pO\vder metallurgy industry is firmly established in every ~ 

maj or country in the v70rld, and its products used throughout a '-lide 

variety of industries. utilization of this method ,d thin general 

industry is nOv1 an accepted practice and the average American car 

contains in excess of 120 sintered components as comparedvli th the 

average English car of around 85 (an indication of their.ell knoitm 

conservative attitude 1'1i thin British industry.) (11) 

In the automobile industry, for example, the applications 

are very numerous and range from shock absorbers to distributors, 

starting motors,car door locks and components in the steering 

mechanism. Shortly there will be more highly stressed applica:tions 

within gear box and internal combustion engines. (11) 

Each day more and more people are becoming a1'lare of the 

advantages of this unusual method of producing engineering components 

with the result that the volume of pieces produced by the process' is 

gro\-ring rapidly. 

Vlithout any shadow of doubt, powder metallurgy is one of the 

industries of the future although it is true to say that a lot more 

development is required. 

The powder metallurgy industry does not exist in Turkey, and 

the metal powders used for nonmetallurgical purposes, such as pigments 

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

in undertaking this subject was to gain experience by gOing into in-

I ; 
~ 

~ 

I q 
'1 

i 
t: 

~ 
a 
; 
~ 
~ 
~ 
~ 

I 
~ 
~ 

I 
I 
1 

I 
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, I 

I 
i' 

I a 
~ 

I 

I 
vestigations in pOi'lder metallurgy, for the first time in this country. j! 

I: 
A small and modest laboratory was established, mainly by using Ii 

substi tutes for the needed equipment. The experimental "lOrk is carried!; 

out personally by the student with the counsel of an experienced ad-

viser. By dOing so, the proper \'lay to attack a ne"T problem, methods 

of study, experimentation techniques, the difficulties involved, and 

the possible solutions "lere observed and experienced. 

The specific problem 1-TaS to investigate'the inf1uenc,e of 

I: 
Ii 
Ii 
~. 
t 
! r 
~: ., 
fi 

processing variables on the properties of powder metallurgy products. II 
Although optimum conditions have been developed in practice,' the 'jn! 

literature on the subj ect shovs a lack of analysis or evaluat,ion of .. ; 

the processing variables,. probably for the reason that the details of 'I~.;.i 
the physical and chemical mechanisms involved are not understood in 

I: 

I 
~ 

any quantitative sense. Some points '-Thich are left vague in the 

literature were investigated, such as the effect of compaction in 

vacuum, the size effect and the effect of 'tl'Ne11-time", as 1'1el1 as 

the common processing variables such as compacting pressure, sintering. 

temperature and time. The major measurable property 'lrTas taken as' the' 

total porosity, i.e., the approach to theoretical density of the 

products. The reasoning behind this choice is that for most mater.ials 

the physical properties such as h~rdness, tensile strength, com~ressiv 

strength, fatigue'strength, and electrical conductivity ,are dlrectly 

and sometimes linearly proportional to the density. (Fig. 1). 

-----~------.::...~----.... -,.~_a.l 
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The results of these investigations 1"ill be reported in a 

later chapter. 

Numerous difficulties encountered in establishing the 

laboratory, and specially in obtaining the powders caused a delay of 

three months. in starting the experiments, and the short time of two i 
! 
I 

semesters limited the extent· of investigations. ilo,"Tever, it is f 

understood that such investigations in powder metallurgy "ill probably .. :1 

continue in Robert College as subjects of graduate theses, and a : 

section oi- "Recommendations" for the interested investigators is in- I! 

eluded at the end. 

--------------' _ ... _ 'MlIiIbo:ioM., ...... ~--.;:aat 

I 
I 
~ 

I 

I 
I 
i 
~ 
~ ., 
~ : 
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The essential features of pOlider metallurgy are the production 

by mechanical or chemical means of a metal povder, and· consolidation 

of this povlder at a temperature belO\q the melting point of the major 

~ 

constituent, into a reasonably strong solid form. 

I 
i The coalescence of I 

the particles requires the application of pressure and heat. An impor- . 
~ 

tant trend in modern pOl'lder metallurgy is to apply the pressure to the t 
hot pO\ider. ~ 

I 
. , 

It is interesting to note that, one of the; earliest metallurgiC1 

al processes employed these principles. Furnaces that would melt near-

ly pure iron were not available until the 19th century; yet iron vas 

used at least as early as 3000 B.C. In the usual primitive process 

the pure oxide ore was heated in a charcoal fire, generally aided by a I 
blast from bellows, t; reduce it to a metallic condition. The result~ . , 

i. . I 
~ ing metal sponge T!Thile still hot \,Tas ·then hammered to 1';Teld the particle~ 

I together and give a cohevent metallic mass "hich could be forged into .. i 
I :x::::::tS::::~e8T::r:r:::::i::~::t::o::::::d(:~d full. of slag, but 1 

r ~ 
At the present time sintered metallic objects are limited in 

size to pieces w~ighing a few ounces -- or at most pounds - yet the 

smiths of India some 1600 years ago produced the famous Delhi pillar 

,.reighing 6 1/2 tons and other pieces 'even larger. (1) 

PO\-Tder metallurgy 1IlaS used in Europe at the end of the 18th 

century for working the then infusible (since there were no furnaces 

I 
t I 
i1 
II 
Sl 
li 
-; 

I 
I __ ._. __ , ____________ ~J 
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I It is astonishing to find that B 
~ 

capable of melting it) metal platinum, 

it had been used for the same purpose by predecessors of the Incas in I 
Ecuador and by the Incas themselves in that locality for a considerable i 
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 preparing sintered hard carbides today: The grains of 

native refractory platinum (separated from the ore by washing and 
f 

selecting) ",'ere cemented together by a metal of lO,\,ler melting point 

'-Thich ~Tet them and drew the particles together by surface tension to 

form a strong lump, fit for further vlork. (1) 

Many writers on powder metallurgy have referred to the ~lork 

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, ~,ias essen-

tially as follows: Ammoniumchloro-platinate was ignited to give 

metallic platinum as a fine povlder. vlollaston cautioned against heat:Ln 

the po"'der at too high a temperature and advised that it be broken up 

j 

I 

,I gently in a '-looden mortar to avoid burnishing it, for this "lould pre-, 

~ 
'I 

vent later cohesion. The pOVTder was \-lashed with "later and \'Ihile ,.jet 

put into a brass mold 6.75 in. long, tapering from 1.12 in. ~iameter 

at the top to 1.23 in. at the bottom, where it VIas closed ,\';ith an iron 

plug. The use of water suspension "Tas supposed to give a more uniform 

mass in the cylinder. The pOvlder ioJ'as pressed in by hand with a vrooden 

plug, then covered vlith a copper plate and pressed in the ingenious 

simple "Toggle Press"., The resulting cake vTas hard and firm enough to 

be handled without danger of breaking and was heated to redness on a 

charcoal fire to drive off moisture and oil ct',nd to give a small degree 
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i 
~ 
~ 
I 
'~ 

~ 

i 

of cohesion. The cake ''las next heated in a "Tind furnace, resting on I 
~ 

I s 
!l 

clean quart:l sand and covered with an inverted refractory pot. The 

wind furnace (fired with coke) burned for about 20 minutes from the 

time of lighting. The cake vIas removed from the furnace and while 

still hot struck squarely ,on top ~'Ti th a heavy hammer. I Thereafter the i 
metal 't'Tas sufficiently consolidated to permit further forging like any 

other metal. (1) 

This is the process generally mentioned as the beginning'df 

modern powder metallurgy. A. lot was done on platinum before Vlollaston r 

"Tork by various men but his chief innov~tion seems to' have been the 

use of a press. in making cold compacts prior to heating for consolida-
I 

tion by hot Horking. 

It was also stated (1) that an independently developed Russian 

method 't>Tas in operation in the year 1826. The sifted platinum pO,\,Tder 

was pressed in a cast iron cYlinder of the desired size, fitted with 

a steel punch actuated by a pOlJerful screw press. The compacts vlere 

fragile but could be handled. They vTere rendered ,workable by annealing 

for one and a half days at the very high temperature of a porcelain-

firing kiln. If the platinum had been 't'lell purified, and especially 

if it had been properly '-lashed , it ,\Tas then very malleable and suitable 

for afl-Y use. 

This seems to be the first commercial use of a high temperatu 

sintering operation applied to a previously compressed mass of po't'Tder, 

as distinct from the earlier method of hot p~essing. 
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The important modern use of powder metallurgy to form 

intricately shaped articles by pressing and sintering was suggested 

over a century ago. In 1830, ,.,hen determining the atomic 'weight of 

copper by the reduction of its oxide in hydrogen, the_ chemis, G. Osann t I 
t 

noticed that the reduced metal sintered to a compact mass. In his I 
,,. 

paper, published later, he gives full details of his process for I 
maxing impressions of medals and the like from copper powder produced I 
by the reduction of precipitated copper carbonate. (1) ! 

~ 
l 
a 

An important use of the sintering processyTas for making the I 
filaments of incandescent electric lamps. This process "las probably 

a direct offshoot of the methods used in making carbon filaments by the 

extrusion and subsequent sintering of the carbonaceous materials. '(2) 

The first metal ,filament 'Has the osmium one, made by mixing 

osmium or its oxide \vi th a reducing material that s~rv~d also as a 

binding agent. The mixture Has extruded to form a filament 'tlhich, was , - > 

I: subsequently heated to reduce the oxide and .to sinter the metal into 

I coherent form. Similar techniques vTere used for the production of' 

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

metals. (1) 

The first commercially succ~ssful metal filament was of ' tan tal. 

drawn from vacuum-fused lumps and not made from powder metal. Before 

.Coolidge's important discovery that tungsten could be 1-lOrked in a 

certain temperature range and ,"'ould then retain i ts ductility at room , 

temperature, ,filaments had been made by mixing tungsten pO\'1der "lith as 

little as 2 to 3% nickel, pressing, and sintering the compact in 

---~ .. - -.------d 
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hydrogen at a temperature slightly beloi" the melting point of the nicke 

The resulting bars could be drav7U, and the' final filaments were freed 

from nickel by a vacuum treatment at high temperature. This prOC8$S 

was not commercially satisfactory but is important as an antecedent 

to the sintered hard carbides. (1) 

The next stages were the production of contacts and electrode 

powder metals to make certain objects ~ore cheaply than can be done by 

conventional methods of casting, working and machining, for example 

gears. .1 

P. ROC E S SIN G 

filET AL POVlDERS 

CHARACTERISTICS: The properties of the finished powder 

metallurgical product, as v1ell as the performance of the material duri 

pressing and sintering, and thus the economy of the process, depend to 

a large extent upon the physical and chemical characteristics of the 

metal pOivder. These characterist·ics in turn, depend upon the method' 

of pOl'lder preparation. The selection of the most suitable po't'lder for 

. a particular job is dic'tated by the intended application of' the finish 

product. The final selection must be based on the performance of the 

pOi'lder ,·rhen t t is subjected to the actual pressing and sintering opera. 

1_~i:_: __ Ho~~ver. t: determination of the pOHder characteristics by 
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I 
laboratory tests permits a preliminary choice of samples for performan( 

tests, besides the determination and control of characteristic proper­

I -ties is essential for securing uniformity in different powder lots. 

PWISICAL CHARACTERISTIQS:, Apart from chemical composition an( 

puri ty, the basic characteristics of a metal pOvlder are: 

particle size and size distribution; 

particle shape; 

particle porosity; 

particle microstructure; 

apparent density j-

flmy factor; . 

specific surface;. 

compressibil:fty 

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 sL~e distribution, apparent 

density and floH factor are most Hidely employed in specifications and 

control routine. This is due to the fact that they are the moot 

important factors in production. For example, the apparent density is 

important because commercial operations employ a volumetric fill for 

each mold. Therefore, if the apparent density varies, more or less 

povTder ifill be fed into the die, depending upon 't'rhether the density 
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has been increased or decreased, and w'hen pressure is applied t provided 

it is applied to a constant pressure, the green compact will be shorter 

or longer than desired. If pressure is to a definite volume, the 

porosity and density \vill be affected. 

111ethods for determining these three characteristics are 

standardized by A.S.T.for. (4) 

CHEMICAL CFUhqACTERISTICS: Ih general, it is not difficult 

to produce metal pOtV'ders of a purity Hell above ~ 99a!. In many cases 

99.99% purity is attainable. 

The percentage of impurities permissible depends on their 

chemical nature and their location. It is stated that a 97% pOvlder 

may be preferred to a 99% pO"lder, if the impurities in the high-purity 

powder are more abrasive than those in the 97% powder. (3) The 

distribution of the impurities in the powder particles is also highly 

important. Surface oxides, for example, inay, under certain conditions, 

be eliminated by sinteri,ng in reducing atmospheres, vIhile occluded 

oxides may not be attacked under identical conditions. If oxide occurs 

on the surface of the particle it does not interfere very markedly \-lith 

the molding operation or subsequent strength of £he product. It 

appears that sur.face·oxide in the form of a thin film is displaced 

during processing,' and the place from which it has been removed pre­

sents a fresh metallic surface to promote adhesion. This oxide may 

subsequently be reduced during the sintering operation if it.is carried 

out ina reducing atmosphere. If the sintering takes place in a 

neutral atmosphere the oxide "Till of course remain unchanged, . but 
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apparently it does not metarially affect the physical properties deman' 

of the product. If the oxide is occluded, hOl-lever, there is nothing i 

the production cycle l·'hich has any tendency to remove it, and a ",eak 

spot remains 't·Ti thin every particle in ~"hich oxide is present. Therefo 

the resulting product will be someivhat' ~'leaker. (2 ) 

The amount of occluded oxide can be decreased by grinding the 

I po"der and subjecting it to a reduction operation. (3) 

The chemical composition of powders 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 stal 

dard metallographic methods as 1-7ell as by the ltloss of 't-leight in 

hydrogen", "'hich is determined by sinter:ing in hydrogen under specifij 

conditions, and represents a relative measure of the amount of reduci' 

r impurities accessible to hydrogen. (3) 

'. Besides oxygen some other impurities, such as carbon, silica 

and sulfur also receive some attention. 

Carbon is important in ferrous powders. If it is residual a 

free ca~bon, it does no harm to most products, and may aid the produc 

tion cycle by slightly lubricating the dies. If it is combined '\ori th 

iron, the hardness of the iron is increased and its malleability re­

duced. This in turn lowers the cohesive strength of the compact, 

necessitating higher pressures. 

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

(jjes and because it acts as an interfering phase and reduces metallic 
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cohesion. (2) 

Sulfur creates acidic conditions and gases· during sintering, 

shortens equipment life; and makes it difficult to control the porosity, 

size and shape of the finished products. 

PRODUCTION: A great variety of methods are employed for the 

production of metal pO\'lders; but it· is possible to gather these methods 

into three general classes; 

1. Ivlechanical, 

2. Physical, 

3. Chemical. 

Powders 'lTidelydiffering from each other in particle size alid 

shape, chemical purity, and microstructure are produced by these 

methods. HO'ivever, many of them are suited only for nonmetallurgical I uses, for example as pigments, catalysts, "etc. 

l 
~ 

Most pOi"ders intended for use in· p01'lder metallurgical process~ 

are produced by one of tl'IO methods: 

1. reduction of oxides (and other solid compounds); 

2. electrolysis 

Due to their importance these tiolO methods ,'rill be discussed briefly in 

separate sections. 



I 

I 
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Other methods used for the production of the starting material 

of pOi-lder metallurgical processes are: 

3. atomization~ 

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

5. thermal decomposition of carbonyls, 

6. intergranular corrosion. 

Hethods of only minor interest in pot'Tder metallurgy include: 

7. condensation of gaseous metaJ..s, 

8. decomposition of alloys, 

9. other chemical methods (reduction of solutions and fused 

salts, and thermal decomposition of solid compounds), 

10. other mechanical methods (mechanical comminution by 

machining, and solidification of liquid metals by shotting 

and graining). (3) 

1. REDUCTION OF OXIDES (and other solid comEounds): The most 

widely employed process of producing powders for pressing and sintering 

is the reduction of oxide ores, the reaction being performed at 

temperatures beloH the melting points of the oxides and metals. Gases, 

such as H2 , CO, coal gas, or alkali metal vapors, carbon or metals 

are employed as req.ucing agents. (3) The p01-1der thus produced is 6Pong~ 

like and lends itself 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, "Thich are eas ilJr comminuted to povders by 

mechanical means o 

I 
The main advantage of the reduction method is its flexibility. I 

i By varying the particle si~e and shape of the oxides (the oxides are 

generally brittle), the temperature of reaction, the type of reducing 

agent, and, in the cases of gaseous agents, the pressure and rate of 

flovl of the gas , it is possible to control, i'd thin very ,-lide lim~ ts, 

the particle si~e and also the particle shape, apparent density, and 

related characteristics of the powder. 

I 

I 
i 
! 
I 

i 
I 

The pO\'lder is, h0 1.;ever, nearly always slightly porous; and if 15 .. 

any oxide remains, it is more significant than the oxide which is so t 

frequently present in· mechanically produced pm"ders. The latter is I 
. I 

primarily a surface oxide vlhereas the oxide which may r,emain in a pO'oJde1 

obtained by reduction is primarily that part of'the original oxide \'Thic:H-1 
... 

a has not been reduced and therefqre, lies. in the center of the particle. l 
(See Chemical Characteristics) (2). 

The reduotion process is employed exclusively for the 

.~ 

~ 
S 

~ 
~ 

technical production of tungsten and molybdenum powders, is used for th~ 

- I production of most iron pO'Vlders, and also for copper, nickel and 
/ 

cobalt powders •. (5} 

2. ELECTROLYTIC IVlETHODS: ltietal povlders are produced by 

electrodeposi tion from solutions, as i·:ellas:from fused salts. The 

electrolysis of solutions is employed for the commercial production of 
. '. 

metals such as Fe, Cu, Ni, Zn, Cd, Sn,Sb, Ag and Pb. The eiectrolytic 

~ 
~ 
3 
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r=~:-~~~ a:::t~5e that ;rith·:··~"::":its. though not to the 
same extent as in the reduction method,' a control of pO\Older charac­

~erlstics, parti~ularly particle size, is possible. 

I-leans of control are the regulation of current density, tem­

perature, composition and circulation of the both, size and arrange-

ments of the electrodes o 

Three different types of electrodeposition are in practical 

use: 

1. deposition as a hard, brittle mass, which' is subsequently 

ground-for example, in hammer mills; 

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

the electrode and easily disintegrated to pow'der; 

3. direct deposition as powder. 

! The removal of the . .deposi t from the .. cathode :..- either con-

I tinuously or at regular intervals -- is essential, since accumulation 
I 

of deposit increases the active cathode surface and. thus decreases the 

current density. (3) 

The deposit is removed by mechanical means such as scrapers 

or stiff bristle brushes, or by the use of rotating cathodes, or by 

rapid circul~tion of the bath. (5) 

~-----~ ...... -~--,..,.,.,.,--,------------~---------~--
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Electrolytic powders deposited in pOi.,rder form are generally I 

characterized by a dendritic, fernlike shape of 10vl apparent density, 

the latter property frequently necessitating a densifying aftertreat- ! j 
ment of the po'ftlder. (3) 

I: 

Before the pressing operalj 

tions, the pOHders are frequently subjected to special treatments, Ii 
~ : 

CONDITIONING r·IETAL Po\~DERS FOR USE: 

The purpose of mechanical ij 

treatments may be densification, mixing and blending, or coating; that f; 

f 

generally of mechanical or thermal nature. 

of thermal treatments, either purification or softening. Pow'der 

I particles may also "be coated with materials different from that of 

the particles. 

I. MECHANICALTREATNlll1Tl! I 
t 

DENSIFICATI01{: POHders consisting of very porous particles' 

or of voluminous particle aggregates (so-called secondary particles) 

may exhibit an apparent density too low for satisfactory performance 

during pressing and sintering, as "lell as unsatisfactory flo~·" charac-

teristics. The apparent density of such powders can be considerably 

increased by prolonged ball-milling. 

Another. method of densification consists ·in agglomerating 

~ ! 
~ !. 

f 
S"! 

i i.: 
9: 
Ii 
I! 

I 
t 
I 

powder b~ mechanical compression and converting the resultant coherent ~, 

cake into powder by mecnanical comminution. (3) ~ 
~, 

Generally, mechanical densification results in work hardening 11 
f 

and necessitates a subsequent softening by annealing. ~--___ J 
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-::~AND BLENDING: :=:~=at:~s are applied, ~~:~r ~ 
the blending of different lots of the same powder (to eliminate varia- ' 

titons due to production fluctuations) t or for the blending of pOvrders 

of identical chemical composit:i,<;1n but of different physical charac­

teristics, such as particle size; -and particularly for mixing differing 

powder materials, such as the pOvlders of different metals, or metal I 
pOi.;ders ''lith nonmetallic poi-Iders. 

For these operations, conventional mixing equipment such as 

mixers and ball mills are employed. The current industrial procedure 

consists of ball milling the mixture in 'stainless or carbide lined 

mills with carbide balls in the presence of a non-reactive organic 

liquid as, for example, acetone. (6). 

VI et mixing aids in securing a homogeneous blend. 

BIJEUDING r·1ETALLIC \HTH rWNNETALLIC POWDERS: Nonmetallic 

powders admixed to metal powders may represent alloy constituents, such 

as graphite and phosphorus, or their function. m~ be the improvement 

of compressing characteristics as binders and lubricants, or the 

control of properties such as porosity. The distinction between these 

classes is not dis:\;inct, for example, graphite may represent an alloy. 

constituent but.may at the same time act asa l~bricant, while many 

organic additions -act as lubricants and at the same time increase the 

. porosity of the finished part. (3) 

The function of nonmetallic binders and lubricants is the 

improvement of compressing characteristics by_reduction of inter-

-.--.-------.--. --ft-.------------------------....... ----"""""oi 
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particle friction and friction bet\-leen particles and dievlalls. Graph­

ite and stearic acid are the most commonly used lubricants. (3) 

The organic additions evaporate or are decomposed during the 

sintering process, or they are boiled out in a low-temperature baking 

process before sintering. Additions which leave traces of carbon.as 

residues in the sintered product can not be used in applications ''lhere 

carbon is harmful. This evaporation or decomposition of organic 

auxiliaries increases to some extent the porosity of the finished parts 

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

Other nonmetallic pOv1der constituents may be required for 

particular applications: thus, 'friction-producing powders f usually 

abrasives, are added to metal powders intended for use as friction 

materials. 

COATING: "\'lhen mixing powders of diff.erent metals, segrega­

tion occurs due to marked differences in particle sizes. This can be 

overcome by caus~ng the fine particles to form adherent coatings upon 

the s'urfaces of the coarser metal. Coating of metal powders is also 

employed for purposes of other than prevention of segregation, such as 

modification of the plastic'or chemical surface characteristics of a 

powder, or insulation of the individual metal particles. 

" 

Coating3 on metal particles can be produced by various methods: 

1. ball-milling relatively coar8e~artioles oia hard material 

with a small proportion of a fine powder of a soft material; 
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2. electroplating, the pO~'lder particles to be plated forming 

the cathode in an electrolytic cell; . 

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

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

THERIvIAL TREATHEl'TT: 

I 

i 

The purpose of a thermal powder treatment may be purification i 

(including drying) or softening. 

A heat treatment \:11 th reducing gases, usually hydrogen,. is 

C, S, and P. In order to prevent a reoxidation or a reabsorption of 

moisture or gases, the heat treatment should immediately be fOllowed 

PONders a~~ received from the supplier are often in a more or 

less cold-Horked condition and hence have little plasticity. This is, 

of course t .particularly true of p01-1ders prepared by a mechanical 

comminution process. Annealing such powders will allow higher as­

pressed densities to be obtained as the softer pO'\vder cold-vlelds bette:r 

than the more brittle cold-"lorked pOl-IdeI'. 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 

absorption of nascent hydrogen. The ductility of such hydrogen­

embrittled powders is restored when the absorbed gas is expelled by 

treatment. It is reported that electrolytic po\<rders must alv1ays be 

annealed. (3) 

Ferrous pOvTders may be softened by decarburization. by de- , 

composition of iron carbide, or by modifying the carbide structure. 

All these changes may be produced by an appropriate heat treatment. 

An ingenious method of annealing metal pow'ders 1.vi thout sinter­

ing has been devised by Von Batchelder, and strauss. These investigator 
. . 

mixed gold, silver, and iron powders with sodium chloride in the ratio' 

of one part of metal to ten parts of salt. The metal-salt mixture 

is 'then annealed in the normal fashion, the large excess of salt 

preventing metal-to-metal contact and hence sintering of the metal 

pow'ders. The particle size of the salt should be comparable to the 

metal pOvlder size. After annealing, the salt is readily removed from 

the metal powder by "Tashing in water. There seems to be no reason vrhy 

other salts could not be used, provided they are sufficiently stable, 

inert and high melting. (9) 
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The purpose of the compacting process is the shaping of metal I 
pO"Tders to compacts "lith sufficient coherence to permit the transfer ~ 

• 
to the sintering furnace, and "lith characteristics ensuring satisfactor~ 
performance during sintering as well as the desired properties of the I s1ntered product. I 

The compacting is most commonly performed by pouring the con- I \ 
ditioned pOi'1der into a die and subjecting it to the action of one or 

more punches (plungers.) opera~ed by a press. This operation may be 

accomplished either hot or cold. 

Tl·io other methods of compacting,_ namely compacting by extrusio 

and compacting by centrifuging are also practiced. (3) 

POvlder under pressure does not follow the laws of 

I that is to say, the pressure is not uniform throughout the 

~ ever, the finished part is supposed to .be of uniform density. 
n 
~ 

I 
I 
I • 

,this, proper die and punch designs as well as the proper press opera-

tion must be adapted. 

If the part is relatively thin and of uniform height, the 

pOl-lder may be compacted by "single action", that is, by compression 

from one side only. (3) 

BOGAziCI UNIVERS1TESi KUTUPHANESI--

If thicker parts of uniform thickness are to be pressed, it is 

I!' ,-
;~ 

~ 
N 
::1 
" "I 
~II 

~,i 
/'1 
11 
~ 
I. 

necessary to use "double-action" cycles - that is, 
i 

tO~=.~lj 
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punch take part in the compreSSing step. (3) I 
I In the main, the same considerations as have been given above I 

for two types of very simple designs apply 1-7hen the part to be manufac- ! 
tured has different thicknesses, or has curved upper or lo"er surfaces. 1 
(3, 10) 

The press operation consists of the following steps: 

1. The die cavity is filled 'tdth pOHder (filling). 

2. The upper punch is lowered until it contacts the powder 

(closing). 

3. The upper (and lOHer) punch (es) advances further and 

compresses the pOl-lder. 

4. The maximum pressure is reached and maintained for a 

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

i 
I 
I 
I 
i 
~ 

I 
I 
I 

"I 

I 
Compacts exhibit a small elastic expansion t'lhen" removed from I 

" the die, and this expansion prevents them from falling back into the .J~ .: 
i die cavity "lith the retreating lovTer punch. If compacts of conside;abl :-: I 'height are produced, their green st .. ength may be insufficient to permit II, 

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 "~ ,l 
E :; 
~ , 

:::::::~ o:h:::

m

:::: :::c:e:::r:eC:::::::::l:o:O:::o::::V;:e::u::: to I 
hold the segments together during compression. In this procedure, the i >1 

horizontal pressure does not take part in the compreSSing action; ho,,- II 
ever, a neW press which permits the apPlic:on O_f_~:~~~~ta1, _~~:~:J,j 
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I tion to vertical pressures have been developed by the Hydraulic Press 

Nanufacturing Company. This modification increases the uniformity of I pressure and powder distribution and may permit the pressing of designs 

i \.,hich cannot be achieved by vertical pressures only. (3) 
I 

In any compressing cycle, speed and pressure of the punch or 

punches vlill not be constant 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 during compression may result in 

non-uniformpo,older d i.stribution and in entrapment of exce~sive amounts 

. of air, the escape of 1vhich, during the sintering process, introduces 

complications. (3) 

The optimum conditions for the compression cycle depend not 

only. on the po't'der characteristics and the efficiency of the added 

I lubricants, but also on the conditions of the sintering process; and 

! 
~ i 
! 
'§ 

I 

I 
i 

the optimum conditions for the sintering process depend in turn on the 

conditions of the compacting process. 

These interrelations '-rill be discussed in a later section. 

PRESSES: 

.. 
Presses used for compacting metal powders are either mechanica 

or hydraulic presses, or they combine mechanical \-li th hydraulic action. 

The majority of the presses used in the western hepisphere for 
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pOi.,rder metallurgy operations are of the cam actuated type, providing 

the total press tonnage does not exceed 100. Where total tonnages 

greatly exceed this figure then obviously hydraulic equipment is uti­

lized. Pressures applied vary from 10 to 50 tons/sq.in. depending upon 

the required density. (11) 

In general the presses are equipped "7ith feeding devices for 

filling the die cavity ~'li th the loose p01"der, and permit the automatic 

ejection of the pressed compact as well as the automatic removal of the 

ejected compact from the die table. (12) 
I 

, FEEDING: 

The cavities are usually filled by volume - that is to say, 

I ::: ::::t:/:h:i:~:::: ::::f::: :::u::e:rl:::::: ::fd:::::i:::hb:h:he 
powder characteristics (see Physical Characteristics) and ~he volume 

of the die cavity_ Some feeding devices have been designed to carry 

out this operation automatically, and in order to control the repro-

I ducibility of the method special devices such as electric vibrators and~ 
,I stirrers have been developed. 

I I Another method >1hich is also in practical use is, filling by 
w'eight. This method is a necessity ~'lith pot,rders of poor flo"; qualities

1 

.and is often carried out by hand. (3) 
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I SPEED OF ::C:p:::~:E:unCh advance. is also varied within 
Hide limits. 

For high production rates, maximum speed ~·:ill be employed for the cl08-

ing step of the cycle (brin~ing punch in contact with the powder), as 

,.,ell as for the Hi thdr:aHal of the punch after compress ion; ,·,hile speed 

and pressure during compression are limited not only by their effects 

on the uniform distribution of the po,vder, but also by the ~'ear of the 

die materials. (3) 

STROKE CONTROL AND PRESSURE CONTROL:. 

As it }TaS explained earlier, in order to control the punch 

movements and the pressures dUring pressiIl:g, there are two principal 

I means: 

1. Control of the stroke, '-Thich is exclusively employed in 

mechanically operated presses. The maximum pressure is 

determined by the stroke of the punches. 

2. Pressure control, usually employed in hydraulic presses. 

In this method the stroke is determined by the fixed 

maximum pressure. 

Nonuniformity of pOHder characteristics will have different 

effects on the products pressed by these two different methods (see 

Physical Characteristics). 
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The punch and die equipment is an important factor in po .... 'der 

metallurgy, especially l-Then the pressures and rate of production are 

high. The material for these tools must be carefully selected "lith 

respect to the durability offe~ed.. Generally, high-grade alloy steels, 

and even hard carbide alloys, are used for the dies and punches. 

Satisfactory dies are made from air-hardening alloy steels containing 

a high percentage of carbon and chromium. Special alloy punch steel 

is recommended for the punches, and usually this steel 'is 'oil hardened. 

(5) 

I 
The inner die surfaces must be carefully polished with polish-

I ing rouge, and operation 1';hich has to be carried out by lapping in the 

~ direction of the stroke. I'lear is also reduced by lubrication of the 
~ 

i 
I 
~ 
; 
~ 
~. 
~ 
I 

I 
i 

die T/li th graphite flakes, stearic acid, glycerin, or ot~er lubricants. 

DIE DESIGN: 

Facto~determining powder metallurgical die design are the 

practically complete absence of lateral flo'l,o[ of pONder during compres-

sion and the relatively high compression ratios', which approaches in 

most practical applications a value of about 3. 

i 
I 

The performance during the processing operations follo"':ing the 

compacting, as well as the quality of the f~nishe¢l. par'G, depends upon I 
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the uniform distribut-ion- of the powder throughout the compact; and 

designs ,are limited to types permitting a satisfactory uniformity of 

the po,.,der. 

The limitations resulting from these considerations are 

summarized in the following rules: 

Structures vThich cannot be pressed are: 

1. holes perpendicular to the direction of pressing; 

2. re-entant angles and gro?ve~; 

3. undercuts. 

The following features should be avoided: -

1. large and abrupt thickness changes; 

2. uneven cross sections; 

3. very narrow ana deep splines; 

4. sharp corners; 

5. internal angles vlithout fillets. (3) 

stud i es \.;1 th cheaper experimental or hand dies. All factors must first 

be determined "lith briquettes pres"sed in experimental dies. \tli th this 

information the designer is able to make proper drawings for a 

production die. (13) 
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I 
The rate of production 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 production 

rates range from 3 to 100 pieces per minute. 

- However, a considerable speedingnp at the production rate can 

be accomplished by the use of rotary presses on 1"hich rirul tiple sets 

of dies are mounted. Bailey, l!!ho gives a very instructive historical 

revieH of the development of pressing, machin';'ery (14), reports pro duc­

tion rates on rotary presses "'ith, automatic feeding and removing equip­

ment of 500 pieces per minute. 

"I If the usual hardened-steel dies are used they will yield up 

~.' to 150,000 parts before 1-rearing out of tolerance. If hard carbide 
! I alloys are used production often runs over a million parts before such 

~ a di e itlearS out of size. (10) 

I 

HOT PRESSING: 

Hot pressing draws. attention because it is relatively easy to 

secure compacts of theoretical density, whereas, cold-press, sinter 

methods rarely closely approach ultimate densities', except in the case 

of liquid-phase sintering. Hot pressing has not found much favor for 
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often requiring several minutes and even hours to complete. 

Heating of the po't-Tder can be pe,rformed by set,ting the 1<."hole 

die in a resistance furnace, or in a high-frequency coil; by passing 

electric 'current through the punches; or by using graphite as die _ I material and passing the current through the die. (3) 

I
s The pO~'Jder may be introduced cold into the die, or it may be 

. preheated. Another T:lay is to prepress the pow'der cold, heat it in a 

furnace, and compress it in a cold die ~"'hile st ill hot, thus avoiding 

the special equipment for the heating of the die. 

The temperatures employed range from 1000 to 500oe. for nbn-

ferrous materials and from 600° to 1,100oe. for ferrolls materials. For 

I temperatures up to approximately 600°C high-speed stee=!- dies are used. I Graphite dies are required for higher temperatures. (9) 

I Hot pressing method, in general require the use of protective 

! atmospheres, to prevent oxidation, and hence necessitating additiqnal 
! i special equipment. 
f. 

I 
! SIN T E R I N G 

I After the'compressing operation the "green compacts" are 

sintered byfurnacing, in a'controlled reducing atmosphere at a 

I 

I 
temperature largely dependent upon the 'major constituent metal, ! 
(generally rTi thin the range of 2/3 to 4/5 of the melting point, in oK). I 

A reducing atmosphere is essential throughout this cycle to prevent 
I 
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5 
~ oxidation and, in the case of iron carbon alloys, decarbonization. 

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

cObling are controlled to very close limits. The optimum conditions 

for the production of specific mechanical properties and dimensions 

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

~ 
~ 
~ 

I 
1 
~ ditions but also, to a large extent, on the properties of the green 1 

compact, \'lhich in turn are determined by the po'''der characteristics and i 
~ 
1 pressing conditions. These factors will be discussed in detail togethe~ 

vith some other processing variables in a later section. I 
j 

~ 

I 

Sintering induces strength and duetility by p€rmitting 

diffusion to take place bet~'Teen the particl.es of compressed powders. 

A good analysis of this process is given by i:lretblad and vlulff' '(15) • 

The related theories will be discussed in later sections. 

FURNACES: 

I As it lias mentioned earlier, proper sintering requires a close 

~ control and regulation of heating rate, heating time, maximUm tempera-

I 
~ 

I 

ture, sintering atmosphere and cooling rate. 

Special furnaces are developed to achieve 'absolute control 

over these variables, the most modern one being the continuous furnace, 

containing various zones. A detailed description of sintering furnaces 

and control methods is given by Webber. (16) 

HEATING fliETHODS: 



R08ERT COLLEGE GR.~DUATE SCHOOL PAGE :'5 
SEBEK • ISTANBUL 

Gas heating, the other alternative, has only minor importance. 

The maximum \'1Orking 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 nonporous and must withstand, in contact with inner and outer 

atmospheres, the maximum temperatures, as well as all temperature­

changes involved in .the sintering cycle. (3) 

A number of-muffle materials have been developed forsatis-

factory service in certain ranges of temperature. 

RESISTAFCE HEATII\fG: 

Resistance heated furnaces are most frequently used in 

Four different types of resistor elements are in use: 

i 

I
~.·. _ 1. vlires, ribbons, etc., of metals and alloys which can be 

freely exposed to furnace atmospheres (up to 1,2600 C, 2300oF) 
~ 

2. Globar e~ements, made of silicon carbide and ceramic fillin 

material, \'lhich' also ~.can be freely exposed to furnace atmospheres 
00 - 0 0 (1,260 -1,400 C, 2,300 -2,55 0 F) 

, 

3. Heating elements consisting of high melting metals, such as! 

Ta, f-1o, or vi, t'''hich require a protective, reducing atmosphere (up to 

l5000 C, 2,75eoF). 
--- --------___ • ______ .... rJ"','Y..-,.;:. .... ~ ...... 'IF ~ ..... _____ ...... _.....". _________ _ 
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vi - are enclosed in gastight containers and surrounded by vacuum (up 

to 1;600oC, 2,900oF}. (3) 

OTHER pffiTHODS OF ELECTRIC HEATING: 

A. Direct passage of the current throu.~h the piece to be 

sintered. In the case of tungsten, temperatures in excess of 3,OOOoC 

(S,400oF) are reached. 

B. Graphite-tube short-circuit furnaces are employed for the 

sintering of hard alloys and permit temperatures up to about 1,480oC 

(2,700oF). 

C. High-frequency induction furnaces are also employedfu obtai~ 

temperatures up to 3,OOOoC (5,400oF). (3) 

In po'VTder metallurgic practice t however, the actual operating I. I temperatures generally do not exceed about 1,980nO, (3. 6COoF). 
!; 

" 
= j 

~ 
i 

I 
·1 

Special high frequency furnaces are developed for sinterlng in 

vacuum. 

S INTERING ATi-10SPHER.F:S: 

The control of the sintering atmosphere is more important in 

. powder metallurgy than in other metallurgic heat treatments. This is 

due to the large surface areas exposed to the'sintering atmosphere. 



I 

THESIS 
ROBERT COLLEGE GRADUATE SCHOOL PAGE ~7 i 

SEBEK ,lSiANBUL 

-::e:r:~e:ne'~ -::::::-:~. "the process of heat::--l' 

I; the article to a temperature below the melting point of the highest-

melting constituent for such a length of time and in such an atmosphere II 
as will import to that article the properties which will permit it to 

;,;"! 

serve its useful purpose." 'j" 
Ii 
Ii 
Ii 

The functions of the sintering atmosphere are, in general two- Ii 
fold: 

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

carbonization, and decarbonization. 

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

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

.. 

11 

I' 
~ ! 
f 

I 
of I 

; 

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

! atmospheres are explained thoroughly in references 3 and 11. 

I 
.~ 

I 

I 
The effects of these atmospheres on the p?ysical properties 

of the product ''lill be discussed later together 'with the effects of 

other processing variables. 

!, 
i! LIQUID-PHASE SINTERING: .' 

This process is only feasible "hen there are two phases of I 
quite Hidely different melting points, and when the amount of the liQUi11 

phase present is smaill. Also, the liquid phase must thofoughly wet th;e f i 
solid phase. Another condi tiol1 is that there must be enough of the ~ ; 

. ~. 
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higher melting pO v1der to form a self-supporting, skeletal l1etlfork, thus 

the shape of the compact is not destroyed >':hen the other pow'der melts. 

The liquid metal, by means of capillary action penetrates the skeletral 

net,,'ork, filling all the voids and thus makes a completely dense t1'TO-

phase structure. (9) 

INFILTRATION METHODS.! 

I 
i 
I 
! 
3 : 

I 
Sometimes more satisfactory liquid-phase sintering is obtained i 

I . i 
by pressing the high-mel ting net~vork powder first, and in a second I 
operation causing the liquid phase to penetrate the porons structure inl 

the same manner as 1,-later is taken up by a sponge. One advantage of I 
this technique is that the volume reactions can be controlled quite 

accurately by controlling the high-melting net"Tork p01'lder pressing I conditions. (9) 

I 
I 
I 
I 
~ 
~ 
I ' 
~ 

I 
I 

!R,EATMENTS SUBSEQUENT TO SHTTERING 

Dependent upon tolerances and the application of the part, 

sintered component may then be Itsized" or "coined" to: 

a. rectify and deformation caused by sinteriI"..g 

b. achieve close dimensional accuracy 

c. impr9ve surface finish 

d. increase physical properties 

e.· calibrate porosity 

f. give a combination of any of the above features 
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temperature is considerably 101·1er than that produced by cronventional I 
working methods. (18) Therefore, the increase in plasticity ''lith l' 
temperature is sometimes utili~ed in hot re-pressing methods. This 

consists of taking hot compacts out of the sintering furnace and droppi' :r 

them immediately into preheated dies. I 
I 
I 

I 
I 

The sintering and recoining operations may be repeated again 

at this stage to induce additional strength, after ,,;hich the metal 

sintering can be considered a usable part. As one of the features of 

metal sinterings is porosity, impregnation is carried out in the 

majority of cases to provide self-lubricating properties by the utiliza 

tion of oils, greases, l>laxes, or dry lubricants such as molybden~m 

~ I disulphide. (11) 

Alternatively, or in addition, further operations may be exe-

cuted such as: --

a. Orthodox machining operations where a desired characteristiJ 
cannot be incorporated in the powder metallurgical tooling-l . I 
for instance annular grooves, drilling of cross holes, 1-

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

c. Surface ·finishing, etc. 

The component may then be considered rea.dy for service. (9) 
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EFFECTS OF DESIGN Arm PROCESSING VARIABI;}sS ON THE 

PHYSICAL PROPERTIES OF PO'vlDER NE'rALLURGY PRODUCTS 

Dr. Sc.h";lar~~kopf (3) summarizes the most important factors 

determining the final resul tsof a pOi'lder metallurgic production pro-

cess as follows: 

1. The characteristics of the metal p01..rder used as ral., 

material: 

a. Susceptibility of the po l'lde r material used,to 

plastic deformation; 

b. size, size distribution, shape, and porosity of the 

po,vder particles together with other characteristic 

such as apparent density, compression ratio, and 

flovl, ''''hich are mainly determined by particle size, 

shape, and porosity; , 

c. purity of the powder, and the nature as 1'7e11 as the 

distribution of the impurities. 

2. The compacting conditions: 

a. I>iaximum pressure during compacting; 

b. timing of the pressure application that is to 

say, the rate of pressure increase during the 

compression and the time during w'hich maximum 

pressure is maintained; 

c. shape of the compact or die cavity; 

d. manner in which the pressure is applied upon the 

pOHder (number and direction of punches); 
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e. temperature at ,,,hich the compression is performed; 

f. lubricants ~"i thin the pO,"lder mixture and lubrica­

.tion of the die walls. 

g. die material. 

3. The sintering conditions: 

a. maximum temperature; 

I 
I 
I 
~ 
~ 

b. timing of heat treatment, characterized by the timei 

~ 

I 

i 
~ 

temperature curve of the entire sintering cycle 

(rate of heating, time, during l-lhich maximum 

temperature is maintained,. rate of. cooling) ; 

c. sintering atmosphere; 

I 
d. pressure applied to the compact during sintering; .. 

e. type of heat supply. 

I 

I 
~ 

I 
I 

Hausner (7) considers t'i'lO more factors, namely; 

1. Subsequent ''lorking, and 

2. Composition. 

~ 
S Gurland (6), in his investigations of factors which ·influence B 

I the performance of .sintered carbides of \'lC-Co t groups these factors 

into t'i'IO, namely; 

1. Design variables, 

2. Processing variables. 

In this classification, pOy-lder 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, l1hereas mixing procedures" compacting conditions, 

sintering conditions and some of the subsequent treatments such as 
ce ,- i' r~,,"!>; .-."( e·. ,,,do. 

re-sintering are included among the processing variables. 

11 

I 

. i Our objective is to investigate the effects of someproceSs1ng~ 

- variables on the physical properties of the pOl',der metallurgical pro-

ducts. 

Therefore t we !·'ill state the effects of design variables 

rather briefly, to understand the sacrifices '''e have made by not 

controlling them. (Due to the ~imitations imposed by the c~pacity 

of our experimental equipment and the rather short time of two 

semesters) • Then we vlill summarize the effects of the processing 

variables as determined by various investigators so as to have some 

comparison with our results. 

underlying theories. 

\ve will also have a summary of the 

In our investigations, especially the effects of these 

I 
~ 
I 
~ 

~ 
I 

I 

J 
I I 
~ 

vapiables on the density of the finished products are emphasized.. The . \. 

'reason for this is that the physical properties ,such as hardness, ten­

sile strength, compressive strength, fatigue strength, and electrical ·1 
conducti vi ty of the povlder compacts are directly and sometimes linearly 

proportional to the density for most materials. (t=i~v .... e. \). 
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DES I G N V A R I A B L E S 

POtlDER CHARACTERISTICS 

SUSCEPTIBII;ITY ,TO PLASTI~FQRf;IATION: 

plastic deformation depends, to ~ large extent upon the crystal 

• structure. 

Generally it can be stated that; 

a. The higher the susceptibility to plastic deformation under 

the influence of external stresses, the lOHer is the compacting preS8ur 

required to produce briquettes of sufficient cohesion for further 
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handling, and the higher 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 susceptibility to deformation, the easier 

it is to produce points of contact bet\veen particles in the compact, 

,·.rhich is a necessary condition for the bonding to be effected by the 

sintering process. (3) 

This property of the po',!der can be increased by annealing and 

purification (see Thermal Treatments). 

The folloTdng table given by Eilender and Sch"'Talbe (:3) is 

included here to indicate the total effect of sintering and of purifi-

cation. 

T p,e,\..E. 1 

Hei,\h-l C)\ c.,\.; ... J.\1'ic.a.\.,\",eeY\ C.O'Mfc.C.t (-.-..) 

p1"odu "eel. cot. 0. <:.o,"t\Y ..... -\.,.,,,\s ? .. I!.~ ... \>.,.e <> \ 

tOO· C . 

(I,2.<!>o~F) 

:'0 t.~\.. 11.5 

DeV\~\t'b ( ,jc..J.) 0\ ~o"",,~c.c.~ <:A~ \:.eo", '\o\V\te1'-

\V\\ ~o'" \ 'no(' ... -\' \,2.ao·c.. (2., \ :,o"F.) iVl \-tz.. 5.'ll. 

H,\J. .. o,eV\ lo.,.." ( lo~,," ;'" ""e." \..\ a ... ,.M\ -:.i",\u­

'VI, J ;V\e\'\c ... ~rvl!.",\ ... """'o"""'-\. .,\ ye.cl..",-c.I!.J 

o .... \J..e.~. \.">;,z.% 

'Soo·c. , 
( IA~O oF.) 

'!loo·c. \,OOo·c. 
(I, &:5O·~') (\;'i'l>o~f.) 

16.2. 

6.52. 

0.4-% 

16.0 

6.61 

. °1 
0.01 / 0 
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Hausner (7) also gives a diagrammatic sketch of the effect of 

the hardness of the metal on the density of the compressed p0i'1der and 

also of the compacting pressure on the density. 

100Z ~ --...:..---- ---- - -- - - __ --:.--::..-::=-=-== --­...----
"...-
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,.. 

,/c;;, .- .-' -,-
/' --.--.-
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r / ./ 
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./I 1/ 
't 
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FIGURE 2. 

De.N~I""( OF coMV~'C.'::.~£:\) I\Nt> :.\N,~~t'O :>OF'T f\N'O \-\f\\l.D 90'Wtl""~~ 

1\':> A FUNC-T\ON of COMPI\c.'TINGr ?R,'E.':>~\,)~'E:. 

C"'~V"" a.. '. ~o ~'T ?o",,1)'12:~ 

c.,,~,,'C b: 'rif\~,:o V>ovvo .... ~ 

PARTICLE SIZE AND PARTICLE SIZE DIST~IBUTION: Regardless of 

the type of basic material used, the particle size of the metal powder 

has great influence on the properties of the compact. It is a general 

rule that the density of a metal compact is a function of the particle 

si&e, and the larger the grain size of thepovders, the lo,.rer ,dll be 

the d'ens i ty of the compact, the other variables being kept constant. 
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HOi'lever, in the p01,'der metallurgical practice rather "ride 

particle size distributions are used because of the packing effects 

they produce, minimizing the possibility of bridge formation. 

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

this superiofi ty o~ 'vide size distributions'. 
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PARTICLE SHAPE: 

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

I 

I 
~ 

! 
I 
~ 
I 
~ 

~ ,. 
~ 
ii 
~ 
~ 

I 
I 
I 
~ 
~ 

I ,·1 

I I pOl,rder, and. thus on its apparent density. 

I 
I The packing e~fects obtain":' ~ 

\ I 
able 'vi th particles of substantially spheroidal form can be' mathemat~i 

~ 
~ 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. PO"Tders 

with irregular shapes (due to their method of production) have some­

'-That lOvTer apparent densities than pOi'lders of regular shape. These 

pOi-Tders also favor the formation of bridges, vlhich again lOHers the 

apparent density. 'In addition, the compression of these pOl-lders 

involves more deformation 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 of this 

I 
i. 
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INTERNAL PARTICLE POROSITY: 

The apparent density of the powder is also dependent on the 

internalporosi ty of the pOlvder particles. Powders of high internal 

porosity usually exhibit excellent compactibility (the~e are, however, 

some exceptions) (8). 

A disadvantage is that the increase of internal surface ~.;ill 

also increase the amount of adsorbed gases and the surface impurities, 

particularly oxides. The effect of adsorbed gases andsurr'ace im-

purities depends, to a large extent, on the type of particle porosity, 

I 
i 
I 
~ 
~ 

~ 

I 
~ 

R 
~ 
~ 

t 
5 
~ 

~ 
2 
i 

I 
B 

i. e., whether the pores are interco!l..nected "li th each other and connecte"i 

" with the outer particle surface since this point determines the " I 
efficiency of the sintering atmosphere. The average pore size is also ~ 

, I Ii 

I important since it determines the amount of adsorbed gases and surface I I fi 

i 
impurities uneffected by sintering atmospheres and remaining in the ~ 

closed pores as "leak points. i 
I I I· The other pO>1der characteristics. namely the apparent density, I 

compression ratio and the flo"1 depend on these characteristics explaine ~ 

above. 

The effects of impurities and their distribution was explained 

together "li th the chemical characteristics of the pOHders in an earlier I' 

section (see Chemical Characteristics). 

i 
i 
E 
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The other design variables, namely the rate of loading and 

some of the subsequent treatments such as heat treatment and surface 

2i 

Ii 
Ii 

II 
~! 
~I 
~I 
ti 
~i 

finish are concerned '\'1i th the intended use of the products and ,dll not ~i 

il 
be, treated here. The rate of load application and the time of loading Ii 

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

)1 
ri 
il 

Composition alone effects the final properties more than any 

other variable. Experimental results are available for certain 

compositions, ho~"ever, the behaviour of neH and unusual c?mpositions 

still constitute the subject matter for the majority of researqh Ho~k 

in powder metallurgy. 

i
l
! 

f. 
~ 
~I 

Ii 
~i 
;1 
Ii 
~j 

II 

I PROCESSING VARIABJ,ES, 

ii 
~ 

I 
I I 

I 
~ 
'I 

rUXING PROOEDURES: 

The importance of mixing and biending of metal pOl-lders ''''as 

explained earlier in another section. The effectiveness of a number 

or alternate mixing methods ivere compared by GUi'land (6), using 

defini te procedures for each method. The alloy composition used '-las: " 

90% \VC - 10% Co. After a' number of preliminary tests the optimum 

mixing times, loads, liquid to pO'>lder ratios, etc. "lere established. 

The mixing methods \-Tere evaluated by comparing the properties of 

compacts sintered for 1 hour at 1,400oC. The results are show'n in 

Table 3. 
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Oey\1:>\t~ Ho.rd.V\e.1:>~ T .... QY\ ~\1 e1"':.e. R\J?\.u'C'e 

S.he.V\~-t'" ex 10
3 p~i) 

Vee RA Avera.\e Ro.",,\e 

\ 3. Sl4- <&g. ') '1t (I) \ 'rA-- \ jg 

'~.86 2l?S \ 11 (I) \60 - ,,9 
\ ~V32. 85. 1 \ C?lLi- ~I) \6:5 - 2.00 

13.66 85.3 \ 10 (V lOY - \ \3 

1~.t9 88.6 209 l7..) 2.QO - 21/ 

I~. 8'3 ~K6 2\4-(Z) 2.0\ - 2.2\ 

\ 3. ~3 b'9.3 270 ZA·~ - 234 

I I 

~ 
~ 

I 
.~ 

Characteristic defects associated \·,i th unsatisfactory mixing 

~ procedures were found to be; porosity associated ~ith insufficient 

mixing and decarburization associated "'ith oxidation by mixing in vrater 

CONPACTING CONDITIONS , 

COf.'IPACTING PRESSURE: The application of pressure decreases th 

porosity and at the same time increases the cohesion between particles 

by increasing the number. of points of contact, as "1ell as by causing 

particles of irregular shapes to interlock. 

----~---------------------------_1 
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In general, a rapid density increase at loVI and medium 
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pressures is followed, on further pressure incre'ase, by a slovler densifi 

cation. (3) 

The maximum green density attainable by cold pressing depends 

not only on the applied pressure but also on the nature (origin) of the 

pO\'ldered metal, w·hich· determines the pOi-Tder characterist ies mentioned 

earlier. 

These effects are illustrated in Figure 4. 

31~T 

Z 1L---.l.--l.--~~ 
o to 40 60 80 100 IlO 

Pr~S5()re; Ton:./sy,ln. 

l=\GURE 4. 
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r'l"t.~su .. '1 o,Oo .... e. ~o-\. .. V\~. "eo.,.. b,\, ~V\. 
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However, when we consider the density of the sinteredpart, 

although the density usually increases vrith increasing compacting 

pressures, we can not generalize this relationship. The shrinkage 

during sintering has a marked effect on the final densities. This 

shrinkage is generally greater in compacts formed at la"l and medium 

i 
~ 
i 
~ 
~ 
t: .. 
~ 
~ 

2 
" I 

pressures than in compacts produced at high pressures. 
~ 

Extremely high ! 
pressures may even produce growth instead of shrinkage (3). I 
PREssnm SPEED: 

In order to achieve high production rates, very high pressing 

;; 
~ e 
~ 

I 
i 
i 

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 

density of the pressed piece; however, compacts pre~sed at high 

I 

I 
i .. 
l; 

r. 

~ 
speed generally shoH a decrease in density '\-Then compared iii th compacts .; 

~ 
.~ 

~ 
~ 
;,l 

; 

I 

compressed SlO't·lly. These effects are shown in Fig. 5.a 

- --- ---,.,.-,-.------
1 

FIGURE 5.a 
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FlGUR\;. 5. b. 

throughout the compact; particularly, with powders having a tendency 

bridge formation, and in cases of compact designs characterized by 

relatively high thickness in the direction of compression (3). 

I 

to 
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I 
TYPE OF PRESSURE APPLICATION .(Number and Direction of Punches) AND 

EFFECTS OF LUBRICANTS: 

I 

The nonuniform pressure distribution during compacting, '.vhich ;i 
. I 

is due to the fact that po~V'ders do not follow' the hydrodynamic la"ls 
I' 

results in nonuniform density as Hell as hardness in the green compact. ~ 
~ 
t 
I, 
I 
I 
's 

In the case of compression from one side only, the density 

of the compact will decrease with increasing distance from the advanci~1 

punch and i-.>ill be higher in the neighborhood of the die walls. As I 
~ 
~ 

! 
~ 

increasing distance from the advancing punch necessitates the applica- ~ 
! 

tion of compression from two' directions, l..;hen the thickness of the part g 

pointed out earlier (see Compacting). the, decrease of uniformity 'vi th 

exceeds a value. This maxilllUm value depends on the over-all design I 
I of the compact, on the required strength of the finished part, and '. ~ i 

T . t· ~ particularly on the pOiider characteristics. he pO~'lder ·charac er~sticsi 

however, can be greatly influenced by the addition of lubricants. 
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i 

The advantages of hot pressing, due to the increase of plastic I 
deformabili ty w'i th increasing temper~ture have already been indicated 

(see Hot Pressing). 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 eliminates the shrinkage effects of a normal 

i 
I 
I 
i 
~ 

i 
i 
~ 

~ 
~ 

sintering process, and the maintenance of. dimensions is one of the main ~ 

advantages (3) • 

SINTERING CON~ITION~ 

~ • ~ , 
! 
I 
Ei 

I '. ~ i 

I SINT~ING TEMPERATURE; Densities and other physica1 propertieJI 

I, ddt t d t i . th" i . t . ~! '. of pOl'! er metallurgy pro uc s en a ncrease wJ.. J.nyreas ng sJ.n er- D
j 

In the case of iron, the results obtained by Libsch, Ii 
& 

ing temperature. 

Volterra, and VJulff (8) indicate a marked increase of density, tensile i 
i 
~ 
~ 

strength, and elongation with increasing temperatures (Fig. 7). 
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The observed minima correspond to the ~-- ~ transformation 

I of iron, and similar minima have been found in the study of the 
~ 

I • 

properties of hot pressed iron compacts (19) • 

Goet~el e~plains this by connecting it with the allotropic 

-change in the iron, indicating that the compacts '-Then entering the 

austeni tic condi tioil, are more resistant to pressure than 'irhen still 

in the ferritic condition. 
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II --=-=~ of sinterin:-:::~e depen~-~: :he pressure 

applied during the compacting operation. The effect of compacting ~ 

i 
I 
~ 

I 

pressure and sintering temperature upon the density of Mo compacts has 

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

I 
Figure. 8. 
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l! 
Povlders pressed' at extremely high pressures frequently ShO~'T 

a decrease of density with increasing sintering temperature. In these r 

cases, j;he, densi ty p:rOduc ed by compress ion is very high and is reduced. 1,1., ... 

during sintering, by growth due to the escape of gases (3). 
2· 
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Schi',arzkopf (3) states that, generally, it is possible to 

obtain similar effects i·lith short sintering periods at high temperature 

and ,·Ii th long sintering periods at lOVi temperatures. 

This indicates that the effect of sintering time is in the 

same direction as the effect of sintering temperature. HO'Y!ever, the' 

investigations of various pe'ople reveal that this effect is less 

pronounced. 

Figure 10 illustrates the effect of sintering time at 850°0 

on the 66% coarse, 17% medium and 17% fine mix of electrolyticpo'Hder 

pressed at 33 tons per sq. in. 
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The figure also illustrates a common conclusion of various 

authors t 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 si.ntering conditions has been 

so far, restricted to homogeneous one-metal powders, In the case.of 

powders composed of more than one component, it is necessary to take 

additional factors into account. The most important of these factors 

is the extent of ho~ogenization by diffusion (3). 

The effetts of composition together with the effects of 

sintering temperature and time is illustrated in Figure 11 for \ole-Co 

alloys. 
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The importance of sintering atmospheres '.;ere discussed 

together with the other stages involved in po,·rder met~lurgy practice 

(see Sintering Atmospheres). 

Data concerning the effects of this variable on the density' 

I of products is not available in literature. 

I 
Figure 12 ~ho'''s the 

! 

effects of sintering atmospheres on the strength of the product. 

\'li th pO~"ders of lov oxide content S' sintering in vacuum may 

resul t in produc·ts superior to those sintered in hydrogen. As a rule S' 

hO\'Tever, sintering in a reducing atmosphere is a necessity for the 

production of sintered parts with satisfactory characteristics (3). 

I 
! 
I 
I 
I 

I 
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I The density of a compact obtained by pressing a metal powder 

I and by applying a single sintering treatment very sel~om approaches the 

I density of the cast metal. In many cases the density of the sintered 

i 
! , I 
• ~ 

compact lies bet"leen 70 and 95 percent , and only at very high compactin. 

conditions it reaches 97 percent, of the density of the respective 

cast metal. The mechanical properties of the compact, therefore, are 

usually not achieved ,.,i th one sintering treatment, and subsequent \'lOrlt-

ing, such as re~pressing, re-sintering, forging, extruding, rolling, 

dral'lingf is often necessary to obtain the desired physical and 

mechanical properties o 

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 lowering in strength may occur when the reduction is 

exaggerated (7). 

Attempts to increase the density of Sn+1;lC alloys produced the 

results shovTn in Figure 13 (20) 

>­
\­
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It is seen that by repeated pressing it is possible to obtain 

almost 100% of the theoretical density. But in all cases density 

decreases upon sintering. It is also noticed that by using a lov.rer 

sintering temperature, it is possible to obtain higher densities by 

repeated pressing (20). 
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tions have been developed in practice, the literature on the subject 

shows a lack of analysis or evaluation ~f the processing variables, 

probably for the reason that the details of the physical and chemical 

mechanisms involved are not understood in any quantitative sense. 

In spite of this, however, this chapter, summari~ing the 

existing theoretical 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 is probably no more disputed factor in metallurgy, and 

certainly not in po't-Tder metallurgy, than cohesion. Baeza classi:fies 

the existing theories as: 

1. difference of potential betvleen the surfaces, 

2. surface-tension activity, 

3. an interatomic force, 

4. mechanical interlocking. 

These theories, however, lack scholarly explanations and the 
\' 

available explanations are usually in contradiction. 

It was Sauer't-rald (22-23) \'fho, in 1922 raised the first theor'J 

of compacting and sinteri.ng mechanisms. He recorded the temperature 

of beginning grain growth as observed on metallographic specimens. 

He found this temperature to be independent of the compacting pressure 
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and to be characteristic for each particular metal. He assumed that 

any deformation taking place dUring compacting ,~ould manifest itself 

in a lovrering of the grain-grOlvthtemperature, and concluded from 

the constancy of the observed grain-growth temperatures for different 

I 

5 
compacting pressures that no deformation takes place during compactionJ 

i 
Later on hO'/lever, he \-Tas compelled to admit the existance of 

... ,!ork hardening produced by the compression of the pOl'Tder. In his I: 

II 
II 

revised theory, although he admits the presence of work hardening, 

he still maintains that recrystallization processes can take place 

in sintered metals Hi thout previous plastic .deformation. This assump-II 

tIon 'veuld indicate a principal difference betv-Teen the recrystalliza- ~j 

tion processes in sintered and reguline metals, since "Ie kno~l that 

according to the concepts of recrystallization and grain gro'tvth, 

reguline metals do not exhibit recrystallization 'ltTi thout plastic 

deformat·ion. 

SauerioTald distinguishes different ranges of compacting pres-
, , 

sures. Only at high pressures deformation involves the entire 

particle as does recrystallization during sintering. HO'I,fever, the 

recrystallization temperatures (as indicat,ed by the effect of anneal-
'I 

" 1 
ing after cold Hork) are belo't'l the sintering temperatures (as indicatedl 

by the strength and hardness increases observed during sintering). 

He concludes, therefore, that the sintering mechanism is not affected 

by recrystallization due to recovery from cold vTOrk, since this 

recovery is completed before sintering starts. His conclusion is thatl 

except for very high pressures, the consolidation taking place during 

i 
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sintering is due to adhesion and not recrystalli~ation. In discussing 

the prerequisities for adhesive attraction, hOHever, he makes use of 

concepts, such as surface mobility and exchange of atoms, and thus 

refers to processes i1hich are not readily distinguishable from those 

taking place during recrystallization. 

The experimental results obtained by various other investigatas
l 

are in contradiction 'wi th Saner ... ·,ald' s conclusions. Trezebiatowski and I 

others, after extensive studies proved that strong work-hardening 

effects take place during compaction. 

TrezebiatovTski also offers an explanation for the dens-i ty 

decrease taking place during the sintering of highly compacted p011ders .. 

This density decrease is produced by the evolution of gases vThich 

have been occluded during compacting. While gases retained in compacts 

pressed at comparatively low pressures can escape at 10lv sint.ering 

temperatures, the expansion of gases occluded at high compacting 

I pressures causes volume increases and blistering. 

I 
I 
~ Balshin (26 - 30) introduced a number of nei'; concepts. He 

believes that the energy expended during compacting is mainly deter-

mined by three factors: 

10 the energy expended on ove;rcoming the cohesion betvTeen POH-

der particles; 

2. the energy expended on deformation and fragmentation of 

particles; 
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3~ the energy expended on overcoming elastic and residual I 

stresses. j 

I . .1 

He also puts these assumptions in a mathematical formula, 11 

using the concepts of fluid mechanics. The validity of his assumptionsij 

are highly doubtful, however, because, for example if we consider the Ii 
total compaction process , it is necessary to take into account the factll 

~ 1 

that the particles are bound by cohesive forces in ,the final as well Ii 
as in the initial state, and that the energy liberated by the formatio~ii 

of ne"'iT cohesive bonds must be considered. His theoretical discussions Ii 
are rather oversimplified. The aut~or' s ,concepts reg~rdtng the Sinteri! 

ing process appear to be based on sounder foundations than is ·his: 
• 1 

. ' 

compacting theory. According to Balshin, the principles differences , 

bet"Teen reguline and sintered metals are the relative w'eakness of 

adhesive forces betHeen particles in the case of po,.yder compacts, and 

the presence of pores between these particles. The strong bonds bet-

ween grains of cast metals, as "'ell as the 10"1 degree of porosity, 

oppose any change' of structure except groi'lth of one grain at the 

expense of another. In compacts, on the other hand, bonds are more 

readily broken, and the pores permit an expansion which is not at the' 

expense of neighboring particles. Thus recrystallization in compacts 

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

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

tion of particles. 

The processes taking place during sintering are subdivided in 

three classes: 
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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, Balshin 

distinguishes beti'leen processes l-1hich promote shrinkage and those 

which oppose it. Adhesive forces can be assumed all-lays to promote 

shrinkage. Recrystallization, however, can both increase and decrease 

the density of sintered products, depending on the location of the 

recrystalli~ation center. If recrystallization starts at the boundary 

bet,veen particles, the effect lvill in general be external (involving 

more than one particle) and i'rill result in grain gro'Vlth and density 

increase. If, hOi'leVer, recrystallization does not start at particle 

boundaries, internal recrystallization will more probably occur. In 

the majority of instances, internal recrystallization ,-;ill tend to 

produce equiaxialparticle shapes, and this will result in an increase 

of porosity, thus acting counter to the processes "'hieh promote 

shrinkage. 

The characteristic feature of Balshin's theory of sintering 
I 

is the consideration of groups of forces acting against eaph other. 

Interpreting experimental results in the light of this concept, 

Balshin discusses the increase in dimensions of coarse powders during 

sintering. It is assumed that 1'lOrk hardening during compaction is 

distributed unevenly, and in the case of fine poroders, is strongest 

I at points of contact bet"leen particles. This selective 'tolork hardening 

i 
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Ii 

results in selective recrystallization during sintering, changes 

being confined mainly to particle surfaces and resulting in shrinkage 

by smoothing out of surface irregularities. 

Ii 
! i 

I 
In the case of large pouder particles, however, the specific 

surface area is comparatively small, and rec~ystallization centers 

are formed chiefly in the interior of the particles. This v,ill tend 

to produce equiaXlal particles and thus increase the dimensions. As 

a result, shrinkage and mechanical strength .... 'ill shm{ a continuous II 
~ i decrease 'l-li th increasing particle size. At a critical value of the !j 

particle size ,the dimensions ,.rill 110t shrink during sintering. 11 

,J 
Another theory was raised by Jone~ (31-32), based on experimenl' 

al evidence of cohesion bet'iofeen surfaces of massive metals. This . 1 

I 

cohesion, named as "cold-i"eldingll can also be observed at lo~'r tem- 11 

peratures, provided the metal surfaces are free from contamination I' 

Temperature lncrease and increase of contact area by plastic defor~a-. Ii 
tion favor cohesion. The contact area is decreased by oxide films, 

but these films can be at least partly eliminated mechanically 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 other; and the reduction of 

porosity on an atomic scale by flattening of microscopic and sub­

microscopic surface projections. 

il 
- ~: 

Ii 
~ 

I 
~ 

I 
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Da'''ihl (33). also follovTs the same ideas, in considering the 

forces that cause strength and dens~ty increases during sintering. 

The forces are free molecular forces, ba.sically identical 'l'li th the 

forces that give strength to molten metals. Since these forces 

decrease with increasing temperature" experimental evidence leads to 

the conclusion that obstacles preventing sintering at 10'1'1 temperatures 
I 

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 is considered by Balke (34). Balke 

considers the surface tension of the solid metal as the force bringing 

about the sintering. According to him, t~e rupture of intervening 

surface films, ;vi th consequent formation of points of contact during, 

1 

I 
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1 

1. The adhesion period at lOYI temperatures, determined mainly 

by pure adhesion or cohesion effects. DUring 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 betHeen particles 

and produces bonding betHeen particles, which result in 

consolidation and shrinkage. 

3. The period, cf boundary displacements. Grow'th of pa;r-ticles 

occurs at the expense of other particles. The gro'ving 

particle need not necessarily have been originally larger 

than the consumed particle. 

4. The period of lattice diffusion, ,·,hich takes place over 

entire cross section of the crystallites, and produces 

bonding between crystallites. 

5. The period of formation of nev1 crystallization centers 0 

This process, taking place at high temperatures, results 

in complete recrystallization. 

The primary processes taking place during sintering and re­

sulting in the sintering steps o~tlined above, are: 

I 
II 

1 

i I 
I 
I 
1 
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2. Changes involving the formation of single crystals from 

tyTO primary crystallites in contact with each other. The 

forces producing changes of the second type may be: 

a. adhesive forces; 

b. surface diffusion; 

c. diffusion in the crystal lattice; 

d. recrystallization processes. 

Hretblad and \1ulff (15) consider the sintering process fun':" 

damentally as a bonding by atomic fprces. In accordance with ~re­

vious theories, particularly that of Jones, these authors point 

f 

I 
i 

I 
I 
I 
I 

out that cohesion by atomic forces can take place even at roomtem- I 
perature. However, they place more emphasis than do Jones and other ! 

f. 
authors on the role of plastic deformation taking place during compac;.· ! 

tion and subsequent recrystallization. The increase in density and 

strength usually observed at the recrystallization temperature is 

considered by them to indicate that at this temperature the sum of 

the thermal energy of the atoms plus the potential energy due to cold 

working of a con§iderable number of atoms surpasses a critical value 

and thus permits the atoms to move accross ·grain boundaries. This 

mobility of atoms causes recrystallization and at the same time 

facili tates sintering. The sintering temperature is thus linked "li th 

recrystallization. It is stressed that recrystallization - even vlhen 

associated with grain gro'l'lth - increases the strength of sintered 

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

growth taking place within individual polycrystalline powder particles I 
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Vlretblad and vlulff also pOinte~ i 
" I 1 

is considered of only minor importance. 

out that SauerHald I s concepts, according to vlhich the temperature of II 
spontaneous grain growth is independent of compacting pressure as well I 

3 I 
as of such powder characteristics as purity and particle size, are not ll" II 

in agreement with out kno1 .... 1edge of grain growth. 

l j L 
Sch,"arzkopf (3) discusses and compares these theories and dra~',s!' 

" ~ 

the following conclusions: Recrystallization of reguline metals is ~ , 
brought about by instability in the lattice arrangement, produced by 

cald-~'lorking • It is obvious that similar instabilities produced by 

other means might bring about similar recrystallizati0'!l effects. 

II 
II 
11 

During sintering, metal particles of different orientations are brough~ I 
into contact l:1 th each other, and the contact areas where crystals I 
of different orientations meet ,'1ill necessarily represent areas of I 

instability. In the case of solidified metals, the boundaries bet- Ii 
ween grains have been produced at the temperature of solidification; 11 

the boundaries are therefore, stable at this or at any l01<er tem- . Ii 
perature. In compacts produced from metal povlders at room temperature ,~jl 

~ 
the increased atomic mobility at higher tEmperature ,.,ill enable the II 

~I 
~I 

atoms to assume, in the contact areas, an arrangement vThich is more~! 

stable than the accidental arrangement produced by compacling. In II 
other 1'lOrds , instability result ing from the can tact betwe en d iff erent.-I 

ly oriented crystallites Fill induc~ recrystallization effects in 

fundamentally the" same way as ~vill instabilities resulting from work 

hardening. It can, therefore, be assumed that the same laHs of 

crystallization processes VJhich have been established for solidified 

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

independently of 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-

vTeen adhesive and crystallization effects. Sch1'Tarzkopf draws t~10 

final conclusions: 

1. Same la'i'lS control crystallization processes in sintered 

and in cast metals; 

2. There is no distinction betl-Teen adhesive and crystalliza-

tion effect since both of these effects are produced by 

atomic forces. 

I 

I 

.1 
i 
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I 

MATERIALS: 

The most important materials required for our investigations 

Here; 

a. f.letal pov1ders, 

b. Lubricants, 

c. Sintering atmosphere. 

IiIETAL POHDERS: . r·1etal poio1ders, "Tere obtained from a number of 

sources. As it was previously stated in the introduction, metal 

pol,olders are not produced in Turkey. Therefore, the first attempt ioTas 

to order them from the "'ell known American suppliers. Being unsucces 

ful in this the local industry was consulted. Iron, titanium oxide 

and ferromanganese pOi-lders are used for the preparation of· coatingf3 

for \velding rods ~ copper powder is used in current collector brushes 

of electric motors and zinc dust '"'as imported to be used as a part of 
experimental rocket fuel mixture. 

Chemical compost tions I'lere available only for the first three 

of these povlders. Specific gravities and particle size distributions 

,",Tere determined by the student. The results are given in Appendix A, 

together with the methods used. 

,LUBRICANT: Lubricants most suggested in the literature are 

graphite and stearic acid. Graphite flakes 1,o1ith a size of -100 mesh 

could not be found in the market. Instead stearic acid (specific 
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gravity = O.849} (38.) vTas grinded and sieved from a 100 mesh sieve 

to be used as a lubricant. 

SINTERING ATNOSPHERE: . No controlled atmosphere furnaces "7ere 

available for sintering vlOrk. Therefore, a rough method is used. 

Compacts Here embedded in charcoal po\vder in closed contai.ners and , 

therefore, sintered in carbon monoxide. The disadvantages o~ this 

very sample and safe method \'iill be discussed together 'vi th other 

points in a later section. 

Another material used vTas "vacuum seal", since as high a 

vacuum as possible is needed. LUBRISEAL (High vacuum), of Arthus 

H. Thomas Co. Philadelphia, U.S.A. Has used to obtain air tight hose 

connections. 

________ ~~~ _____ ..... ___ ""'""" ... .x...~~_. ___ ~ __ ... ,,. .... ___ e._ .. __ ~-----.... -.... -~-=------
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It is felt that a brief explanation of some equipment used ls 

justified by the fact that these were only some type of substitutes 

found for the special equipment required by this technique. 

For compacting, a small press, essentially an automobile jack 

vIi th an attached pressure gage vTas used. Thi..s hand operated press vIas 

capable of producing 120,000 psi. on our compacts. 

No attempt "'as done to produce the die, because_ of· the 

manufacturing difficulties in obtaining the required tolerapces. 

Substitutes Here searched. Baeza (2) suggests bushings such as those 

made by P.A. Baumbach Company and the Danly Hachine Company, both of 

Chicago. + These are guaranteed to _ 0.0001 in. variation from 0 0 5-

in I.D. For the pucnhes he suggests the dOi-lel pins manufactured by 

the same companies. Such elements do no exist in ~~e market and the 

problem is solved by using the fuel injection pump element and its 

plunger of a 24 hp Deutz marine diesel engine. 

The punch vTas surface hardened steel and it did not allow' any 
I 

buckling. Therefore, centering the punch idth the axis of the press 

I'Tas necessary t-o minimize buckling. 

This die is illustrated in Appendix B, together Hith its 

plugs, centering cap and ejection pipe. 

..----------.~_.__J 
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-------____ ._. _ .. ~n .. ' ___ .. --1 
Sintering boxes \Vere simply 3 in. cast iron pipe pieces, one 

ends closed by 'Ttlelding. They arf3 also illustrated in Appendix 13, 

together Hith a detailed description all apparatus. 



I 
I 
, i 

I 

I • 

THESIS 
ROBERT COLLEGE GRADUATE SCHOOL PAGE ~ 1 

SEBEK ,ISTANBUL 

HETHOD OF PROCEDURE 

• .... _ AAC 



, THESIS 
ROBERT COLLEGE GRADUATE SCHOOL 

BEBEK • ISTANBUL 
PAGE cal. 

r----------------.----__________________ ~_~ ____________________________ ~ __ ~ 

I 
J 

I 
I 

MIXING THE pmJDER: The first step in the preparat ion of pOi'lder 

metallurgy products is the mixing of the constituent povTde-rs. Pro per 

amounts are Yleighed to 0.01 g. and each case 0.5% of stearic acid 

pO~Jder (-100 mesh) by ~,reight is added as a lubricant. Pmolders and 

,lubricant are hand mixed by mortar and pestle, combining and blending 

and shearing action. IUxing time = 15 minutes. 

Load = 50 grams of powder. 

I 

I 
CALCULATING THE VOLUf.rE PERCENTS: To calculate the proper 1 

amount of each pO\vder in volume percent -mixtures the fol1ovTing formula i I 
is used; 

, i'l 
6' = V 

\1 V---,-
.} 

I 
I 

For example for 75% Fe and 25% Ti02 the calculation vTas; I 
VFe = i~,i~ =' 10 cm

3 
(taking \t/Fe = 74.6 g. for Simp1iCityi i 

therefore, 

added. 

VTi02 = ~ VFe = 3.33 en? and "lTi02 = 3.33 x 4.16=13 .85go

1 
j 

r I 
to each 74.6 g. of iron 13.85 of titanium oxide must be ~ 1 I ~ l 

• I 

1 1 

U 
! 1 .1 

HAnDLING P01:lDER AlITD FILLING TF~ DIE: Ylhen the powders are I_ 

mixed the die is loaded. (Sometimes by volume and sometimes by ~ 
approximate vTeigh"t of pOHder.) The die is first brushed '''i th a test J 

' tube brush to clean the remining particles from the previous compactine 
u , I 

Then the tip of the brush is dipped in stearic acid pOivder and the die I' 
iola11s are lubricated by brushing. The stat ionary lo''l'er punch is ~ i 

Ii 
placed and the die is ready for filling.. .; 

_____ .....-, ________ ..... =_~ __ II ___ • ____ J,: 

:1 
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Care was used to avoid segregation and breakdovm of the mix. 

The hole in the die is filled ''lith a broad-bladed spatula. The easier 

method of transferring po'vder to the die cavity \'lith the aid of a 

creased paper is avoided, because as the powder ran down the paper, 

automatic classification vlOuld occur. This rather clumsy method of 

loading is deliberately used to reduce classification and segregation 

to a minimum. Hhen the die is filled, it is tapped slightly on four 

sides by the handle of spatula to avoid any bridging and also for 

o btainin@ a flatpO"rder surface in the die for uniformity. The 

plunger is inserted and pressed slightly against the powder by hand. 

PRESSING: Pressing is done Vlith the press explained above. 

The loaded die is transferred to the press. and the powder is compacted 

by regular SlO"l strokes until the maximum pressure is reached. (The· 

pressure gage is calibrated in terms of the punch diameter.) This 

pressure is maintained a definite pe~iod of time, (Dr, ell time). 

I 

§. 

The pressure is then released, the stationary 10vler punch is removed I 
. i 

and the Ilextraction support" is placed under the die. The upper plate r 
of the press is carefully brought in contact vIi th the die plunger and I 

I 
I 

the green compact is extracted smoothly. The compact is observed 

through the "peele hole ll in the "extraction supportlS as it comes out. 

These compacts are strong enough for handling and even permit 

. the use of a punch for marking by a quick, sharp bIOI" 0 
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The irregularities On the upper ends of these compacts (due 

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

lV1EASUREl\1ENT OF GREEN DENSITIES: ,Green densities are obtained 

by weighing the cylindirical compact to 0.01 g. and taking tvTO micro­

meter readings. (Length and diameter, to determine the volume.) Thesei 

values are recorded for the calculation of "bulk densities" of the I 
, ~ 

green compacts. 

SINTERING: i'lhen the proper number of cores are made (usually 

2 or 3, and more if unconsistency is observed) and measured, they are 

transferred to the sintering boxes. The lower level of these boxes 

have previously been filled with charcoal about 1/2 in. thick. The 

compacts are set horizontally side by side about 1/4 in. apart. The 

boxes are now filled ,d th charcoal, a piece of asbestos is placed on 

g 

i 

I 
i top, slightly pressed by hand and an iron plate of 1 cm. thickness 

is placed over the asbestos as "1eight. i 
~ I 

Since the pressure in the box is larger than the atmospheric 
i 

pressure due to.evolving gases it is understood that no air enters 

the box at temperatures higher than room temperatu~e. 

The temperature of the furnace is brought to100oC higher than 

the required sintering temperature and the boxes are placed in the 

1 
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furnace, near the thermocouple • Thi,s difference of 1000e is necessary, 

to compensate the heat losses during loading; namely; 

1. Losses due to opening the furnace door, 

2. Losses due to brineing the temperature of the box and its 

contents to the 'sintering temperature. ' The temperature is 

maintained carefully during'the time of sintering. The 

stated sintering time in our experiments corresponds to the 

actual time elapsed betNeen insertion and removal of the 

sample from the furnace. This includes the time required 

for the sample to attain the sintering temper,at~re, namely, 

20 minutes (6). 

Before the boxes are placed into the furnace they are marked 

with ordinary chalk. It 1s observed that this identifica~ion persists 

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

serves very admirably to our purpose. 

\1hen the sintering time has elapsed the box is removed from 

the furnace and alloHecl to cool to room temperature ~,rhile it is still 

closed. The contents are then dumped on a 3/8 in. sieve and the 

products are sh~~en free of charcoal. 

The charcoal is used repeatedly, each time adding about 20% I 
of fresh charcoal to each charge of used charcoal. 

g " 
100% fresh charcol " 

is never used since the excess amounts of gases produced might cause ~ 

I 
... ----,----___ 1 

some small explosions, strong enough to force the boxes open • 
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SUBSEQUENT i-lEASUREHENTS A~m OBSERVATIONS:' The cores are 

measured and weighed exactly in the same manner as the green compacts. 

These readings are recorded for the calculation of bulk densities, 

and total porosities. 

If a RocktTell 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 600 and the next reading taken in the 

center. It is then turned another 600 and the final reading taken 

at the other end. The high-end readings and the 10 V.) - end readings are 

grouped separately. The bra or three -(or more) sets of ,readings are 

averaged and the report on the hardness of the cores contain ~he 

average high, the average low and the center hardness, as well as the 

absolute high reading and the absolute lDi-' reading. 

Some cores are polished and their porosity is observed unde'r 

a microscope (no etching). Some pictures of the structure is taken 

by a polaraid camera. 

KEEPING TEE CORES FOR FURTHER TESTS AT-TD REFERENCE: The 

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

box and the composition,compacting pressure, sintering temperature 

and time are indicated. If the effects of other variables such as, 

pressing in vacuum, thickness effect or d1'Tell time is investigated 

"vacuum", the approximate, "'eight of po'.<rder used or the dHell time is 

also indicated on this label. 

-". 
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.. ...... 

A brief summary of our experi mental results 'Hould contain 

the effects of the following processing variables on the physical pro­

perties of povTdermetallurgy products: 

• 

1. Influence of compacting conditions. 

a. Compacting pressure, 

b. D"lell time, 

c. Type of pressure application (thickness effects), 

d. Compacting in vacuum. 

2. Influence of sintering~conditions, 

a. Sintering temperature, 

b. Sintering time. 

During the course of our experiments about 300 compacts vTere 

produced and their prpperties studied. The data obtained is carefully 

screened and only typical data bearing heavily on the subject is 

included. These data will be presented in the following pages as 

tables and graphs together with the results obtained. 

Discussion of these results vTill form the subject matter 

for the next chapter~ _ (Discussion of Results.) 

In the experiments all variables other than the one being 

investigated is kept constant. The pO'Hder used was homogeneous, one-

material powder unless otherHise stated. 

- , 
1 

j 

- : 
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INFLUENCE OF CDr1PACTING CONDITIONS 

a. CO~~ACTING PRESSURE 

PAGE lIS 

Results: 

1. Green density increases with increasing compacting 

pressures. (Table IV, Figure 14.) 

2. The rate of density increase decreases with increasing 

compacting pressures. (Table IV, Figures 15 and 16.) 

3. Sintered density increases with increasing compacting 

pressures. (Table VIII, Figure 17.) 

4. Hardness of sintered products increases with increasing 

compacting pressures, Tables V, VI and VII. 

5. Shriwcage during sintering is greater in compacts formed 

at 10vl pressures. Shrinkage decreases \-d th increasing. 

pressures. High pressures may even produce gro";th .in-

stead of shrinkage. (Table VIII and Figure 17.) 

b. DVlELL TIME (Time of application of maximum pressure) 

Results: 

1. The green and the sintered densities of the compacts: 
I , 

decrease during the early stages of maximum pressure , 
i 

application follovled by an increase ,\-li th increasing time. 
l 

The rate of this increase decreases '-lith increasing 

dwell time. I (Table IX, Figure 18.) 
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c. TYPE OF PRESSURE APPLICATION (Thickness effect.) 

RESULTS: Soft Powder 

-
thinner compacts (Table X, Figure 19.) 

Hard POlvder 

3. Green density increases as compact thickness decreases 

I . (Table XI, Figure 20). 

~ 
I 
~ 

I 
• 

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 pOHders 

5 • Density of the product decreases vli th increasing distance 

from the moving punch. (Table XII, Figure 21 ~nd Table XIII, Fi~re 

22) 
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6. 100% theoretical density is produced for the top layer 

of the product '\.-,Thich is in contact \d th the moving punch. (Table XI I I" 

Figure 22.) 

d. COl'-iPACTING IN VACUUIJI 

Results: 

1. Compacting in vacuum increases shrinkage and results 

higher sintered densities. (Table XIV, Figure 23 and Table XV, Fig. 

24. ) 

2. SINTERING CONDITIONS 

a. S INTERING TEi~TPERATURE 

Results: 

1. Final density of one~metal compacts increases \-71 th 

increasing sintering temperatures (Table XVI, Figure 25). 

2. Harness of one-metal compacts increases ,'lith increasing 

sintering temperatures .(Tables V and VI) • 

. 3. Final density of Fe - 25% (Vol) Ti02 compacts decreases 

with increasing sintering temperatures. (Table XVII, Figure 26) 

4. Hardness of Fe - 25% (Vol) Ti02 compacts increases with 

I 

~~ ___ ._-=.~ ______________________________________________ ~ ____________ -J 
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increasing sintering temperatures. (Tables XVIII, XIV and XX.) 

b. SINTERING TI~ffi 

Results: 

1. Density increases with increasing sintering time. I (Table XXI, Figure 27.) 

2. The rate of increase of density dec~eases with 

sintering time. (Table XXI, Figure 27.) 

I 
increasing I 

w 
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1. COr~ACTING CONDITIONS 

a. COp~ACTING PRESSURE : 

1. \'li th increasing compacting pressures an increase in green 

density is expected, because, application of pressure forces the 

powder particles to come closer, decreasing the porosity and thus 

increasing the density. 

2. The fact that the rate of increase of density decreases 

... ,i th increasing pressures, i.e. the pressure vs. density curve flatteni 

out, is due to the fact that pressure can force loose pOI.,der more 

easily. 'vii th increasing pressures p01-Tder particles take cl'oser 

posit ions, the number of points of contact bet'''een particles increase~ 

Pressure is expended in overcoming friction and to create particle 

deformations (work hardening effect). Therefore, greater pressure 

increments are necessary to produce the same increase in'.densi ty 

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

, ; 

The maximum green density attainable by cold pressing however, 

depends not only on the applied pressure but also 'on the rate of 

pressure application as well as 'on other factors such as the sus-

ceptibility o~ the metal to plastic deformation and its work harden-

. ing properties and p010Jder characteristics, particularly particle 

shape. 

\'Ie have found that other variables being the same a compactin~ 
\ 

pressure of 100,000 psi. produces different percentages of ~heoreti6aJ 



I Ht.;:,!:;, 
ROBERT COLLEGE GRADUATE SCHOOL 

SEBEK ,ISTANBUL 
PAGE \2. \ 

densities for the green compacts of copper and iron. (Table IV, Fig.14 

i.e. pressure = 100,000 psi. 

Copper ••••• 9l% of theoretical density 

Iron ••••• 8l% If " " 

I 
\~e conclude the copper powder '''e have is more favourable forj 

producing higher densities. It is understood that the susceptibility J 

to plastic deformation is lower for Fe, and greater pressures are i 
required to produce compacts of higher densities. (See SusceptibilitJi 

:I 

to plastic Deformationo) This conclusion is in accordance Hith Fig.2j . I 
The hardness of the Fe po,.,der may be due to its crystal 

structure, particle shape or its method of preparation. Some pot·.'der 

production methods create vlork-hardening effects (mechanical methods)" 

or hardness may also be due to the presence of hard surface oxides.- I 
These effects together with the methods to avoid them are given in 

Fig. 3, Fig. 4 and Table II. 

(Table 

The fact that Co particles are coarser than the Fe particles 

, Appendix A) creates an effect in the opposite direction 

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

3. Sinte;r-ed density also sho'vs the effects discussed above 

for results 1 and 2 for the same reasons (Fig. 17). 

I Ii 
b-_____ ~~' __ m _______ ~ ____________________________________ ~ ___ 1 
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4. Hardness of sintered compacts increase with increasing 

pressures, due to better cohesion and stronger "Jork hardening effects 

produced at higher pressures. This result checks "li th Fig. 1 and· 

justifies our selection of density as a base for other physical 

properties. 

5. In result 3, "Te sa'" 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. 

Shrinkage during the sintering process is, to a large extent, 

due to the increased attraction and consequent closer contact betl'Jeen 

the metal particles. Surface tension, chemical reactions, and re­

crystallization processes are other determining factors (see 

Theoretical Principles). Another very important factor effecting 

the size changes that occur during sintering is the effect of occlud~ 

gas. 

When heat is applied during sintering these gases expand and 

try to escape through the pores in the compact. A lightly pressed 

compact leaves relatively large pores, and the gas may escape "t-lithout 

deforming the channels left after pressing. On the other hand, a 

compact which has been subjected to high pressures contains no passa2 

,.rays large enough for the gas to escape through, and the expanding 

. gas pushes the particles apart in its effort to escape. Thisinterna 

pressure naturally expands the compact and.causes a larger and more 

L:~~_.product th:~ ,~at originally formed, thus lo'''ering the sinter( 

----------.-----~ ---------
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These two factors, namely the increased attraction due to 

high temperatures and the escaping efforts of occluded gases '-lork in 

opposite directions t and the degree of shrinkage or gro\.;th is -the 
; 

resultant of these effects. 

b • m~ELL T UTE 

1. Experiments carried out to determine the effects of dwell 

time indicate that density decreases as dwell time incr~ases, during 

the early stages of d1'lell time. HOHever, higher densitiesa~e ob­

tained on further increase of d'-Tell time. . This is probably due to th· 

follo',ving reaSOn: The force i'laS applied to the press by hand and 

when maximum pressure is reached it is observed that additional force 

must be maintained to keep the pressure on the pOHder constant, 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 two effect 

First of all this procedure may provide some time necessary to 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 Pot-Tder 

PAGE \ 2.4-

1. The change of density ''lith the change of compact thick-

ness is due to the fact that pOV7ders do not folloy.! the hydrodynamic 

lai'ls and thus nonuniform pressure distribution during compacting and 

nonuniform density of the product is produced. In the case of 

compression from one side only the density of the compact will decreas 

ivi th increasing distance from the advancing punch as indicated in 

Result 5 (Table XII, Figure 21 and Table XIII, Figure 22). ~his is 

a consequence of the friction occuring between the particles them-

selves and at the '\olalls of the die. Therefore, the density is lower 

the higher the compact. This necessitates the application of 

compression from tHO directions, T;Then the thickness of the part 

exceeds a maximum value determined by factors such as the over-all 

design of the compact, the required strength of the finished part 

and particularly the powder characteri~tics. 

Density decrease observed in compacts thinner than the cri­

tical one is attributed to the higher effective pressing speed for 

these very thin compacts~ (Speed and time of pressing is kept 

constant.) 

2. Table X and Figure 19 indicate the effect of lO'l>iering 

the compact thickness on green and sintered densities and provides 

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

I This shrirutage decreases \ 
~ 

takes place :-Then the compacts are sintered. 

as the compact thickness decreases because higher green densities a 

and thus lovIer porosities and smaller pores are obtained w'i th shorter I 
~ 

compacts. For such cases 'ole knovl that. the effects of occluded gases t ~ 
J "Thich oppose shrinkage and cause growth, start to be strong enough 

to l01>J'er the amount of shrinkage if it does not cause growth. 

Increased sintered density, i.e. increased shrinkage in 

! 
I 
~ 

~ 
~ 
~ 

compacts thinner than the critical value is surprising. 
~ 
a 

This might ~ 

! be the effect of higher effective pressing speeds for thinner compact, 

as- suggested by Balshin. Either fragmentatIon occurs or the elimina-'; 

I tion of surface oxides "lhich decrease the clean surface areas is 

improved. Both of these increase the amount of available clean 

surface areas Hhich promote shrinkage by creating adhesive ·forces 

upon the application of heat during sintering. 

3. A slight density increase in the green comp?-cts 'Here 

obser'Ted as the thickness of compacts pressed from hard iron pOHder 

is decreased. Thicknesses vlere reduced by filling the die "Ti th less 
, 

and less poc-lder. Thicknesses of less than 2 mm. could not be 

obtained vTithout d.amaging the die walls. If these thicknesses are 

produced a more explicit interpretation can be offered: (Table XI, 

Figure 20). 

4. This result indicates the effect of thickness on the 

rate of grovlth during sintering. The initial decrease of gro-vTth and 

the decreasing rate for thinner compacts as "'ell as the increased 

~ 

I 
I • ~ 
~ 
~ 

i 
~ 

~ 

I 
if 

6 
. ~ 

I 
I 
~ 
" 

l 
i 1 
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growth for very thin compacts could not be interpreted satisfactoril 

nevertheles this data is included to illustrate the importance of 

pOi-/der characteristics on the behaviour of compacts and their 

resultant properties (Table XI, Figure 20). 

5. This result 'vas discussed above together 't'li th the first 

result. 

6. This result indicating the fact that 100% theoretical 

density can be obtained in that layer of the compact closest to the 

moving punch is very important. E:x;periments carried out at first, 

with sintered iron products. A thin layer of the compact is remove 

on lathe and by measuring the length and weight of the compact befa 

and after this operation the density of the removed layer is cal­

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

sintered 4 hours at 12000 0 are given in Table XII· and Figure 21. ' 'l 

densi ty of the top layer (74% of theoretical) .'tTas found to be atou"'::; 

7% greater than the overall density of the compact. VIe knm'T hOl.·leve 

from our previous work that our iron powder is not very favorable ~ 

experiments I'1ere done on more favorable copper pD'vder this time al 

increasing the compacting pressure to 100,000 psi. (Table XIII, 

Fi~lre 22). The density of the layer adjacent to the moving puncn 

vias found to be almost 100% of the theoretical density. This is t' 

combined result of the infinite pressure on this layer and the 

absence of factors that deviates the behaviour of po'\-~der under 

pressure from hydrodynamic lavl6. 

The importance of this result lies in the fact that, our I 

__ .J 
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greatest difficulty in the course of this investigation was the 

impossibility of obtaining high densities (97-98% of theoretical) 

due to the limited capacity of our experimental facilities. These 

difficulties disappear if we focus our attention on the properties 

of this layer only. 

d • C OMP ACT ING IN V ACUlJM 

1. A number of pilot tests .... Tere made to create high vacuum 

during compacting process. It was possible at the end to obtain 

a vacuum of 1.5 em. of Hg. (For details see Apparatus and Appendix 

B.) A number of experiments Ttiere carried out Hi th different p01·rders 

to determine the effect of this vacuum. 

We knovl that growth phenome.na - that is, decrease in apparent 

density during the sintering process - are mainly caused by the gas 

content of the compacts. (See theoretical Principles.) . In addition 

to the gasses dissolved by the metal, the folloHing sources for gases 

can be distinguished (3): 

1. adsorbed gas films; 

2. gases entrapped during compacting; 

3. gas~s originating from chemical reactions during the 

sintering process. 

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

main sources. However, we vlere not successful in eliminating the I 

adsorbed gas films due to unsufficient vacuum, gases entrappeddurin~l 
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compacting are largely eliminated. The effect of this partial vacuun 

on the densities of copper compacts pressed at 80,000 psi and 100,000 

psi and sintered 2 hours at 7500 C are illustrated in Tables XIV and 

XV and Figures 23 and 24, together with the effects of compact 

thickness. 

Simile.'r tests '-lere run 1d th pOHders of other metals such 

as Fe and Fe+Ti02 and no net results were obtained. However, 

it is thought that compacting in higher vacuum ~'rould create the 

same effect (increased shrinkage or decreased grov1th). 

Ruer and Kuschmann (40) have sho"m that one hour's exposure 

to air of copper and iron pOllders prepared by reduction of oxides in 

hydrogen follo't'Ted by evacuation results in l:leight increases amounting 

5.44 mg. and 20.43 mg. per 100 g. of powder respect~vely. 

This ShOI-lS the importance of adsorbed gases and explains I'lhy 

the above result (increased shrinkage or decreased growth) is not 

revealed by Fe pONders, since our vacuum i-las not sufficient enough 

to eliminate the adsorbed gases. This insufficient vacuum is caused 

by the leakage bet"Teen the die 'Nalls and the plungers. 

, 
2. I1ITLUENCE OF SINTERING CONDITIONS 

a. SINTERING TE~WERATURE 

1. Density of one-metal compacts increase vIi th increasing " 

sintering temperatures. At higher temperatures the increased mObili~~ 
'I 
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of atoms creates additional adhesive effects, resulting in shrinkage. 

However, the above result is not independent of compacting pressure, 

since He knoiv that compacts might exhi bi t growth as \.,.ell 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 increase of hardness 'td th increasing density. 

This ~esult also justifies our sele6tion of density as the 

base of all other physical properties, 3 and 4. In the case of 

pOI.".ders composed of more than one component, it is necessary to take 

additional factors into account in order to explain the effects of 

sintering temperature. SchvTarzkopf (3) states that the most important 

of these is the homogenization by diffusion. The extent of diffusion 

during sintering determines the properties of the compact. 

I I. b. SIHTERING TIME 

I 
1 and 2. These results indicate that the effects of sintering 

time and temper~ture on the physical properties of compacts are in 

the same direction. Sintering time permits the occurance of slow 

processes '\Thich are accelerated at higher sintering temperatures. 

Therefore, it seems that it is possible to obtain similar effects 

11ith short sintering periods at high temperatures and with long 

sintering periods at 10'" 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 pot'ider metallurgy products are presented on this 

report. The originality of this -1mrk can be summarized by listing 2 

of our experimental results. 

1. Compacting in vacuum results in higher densities by in­

creas ing shrinkage or decreas ing gro\fth. 

2. Eveni"i th compacting pressures unsufficient to prodUce 

maximum green density it is possible to obtain 100% theore,tical densit~r ' 

in the layer adjacent to the advancing punch. 

The importance of these results are understood ... \\Then the limita-

tions of our experimentation are consid-ered. For exam~le, our vacuum 

'Has enough only to eliminate a part of the gases entrapped during 

compacting. Under high vacuum such as 10-3 - 10-4 Torr it '-:ill be 

possible to eliminate the adsorbed gas films and ifin addition, proper 

sintering atmospheres are used to minimize the gases originating from 

chemical reactions during s:tntering, spectular results can be 
/".. 
Cl.c:. 

expected ioJi th properly treated pO\iders. 

Throughout our 'i"ork \-Te \-Jere aHare of our limitations and no 

spectacular Tesul ts vlere - expected. How'ever, the discovery of' 10~~ 

theoretical density in the layer adhacent to the moving punch eliminate 

1 
I 

fac1ii tiG:;,.1 

. \ I 
these limitations for the coming investigators having limited 

-------------- ----~ _______ . _______ ._..1J 
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It is understood that experimental vlOrk on uPO\'lder Metallurgy" 

i 
I 

I 
The student, i in Robert College ,.,ill be continued by graduate students. 

• 
therefore, 1·iishesto state the difficult ies encountered and some poss i tle~ 

. a 

solutions thinking that they might give some help to the coming in-

vestigatorso 

1. The time available for this w'o'rk 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 pO"-lders 1-lith 

favorable characteristics for the intended work, if it is not possible 

to import them possi bili ties of treating the available pO\,lders must 

be sought. 

3. A press capable of producing pressures of about 150,000 -

200,000 psi and also with means of controlling the pressing speed and 

! 

I 

I di-lell time should be obtained. 

U 

I 
I 

4. For better results and 'Hide~ areas of experimentation 

controlled atmosphere furnaces are necessary, and of experiments ldth 

ironpo"Tders are continued higher temperature furnaces must be avail-

able. 

5. If double or multiple action presses are not available, 

floating dies (Ref. 3., pp •. 57) must be used 'for double action 

compression on simpler presses. 
---~---------··--~---"""-" ___ r.f.r":~; __ "'l""' ____ l_' ..... ___ • _____________ ---------~~:w 
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6. If the effects of vacuum are studied, higher vacuums must 

be obtained by either using vacuum seal or something like bet't1een the 

punch and die !"alls or compression thro:ugh bellovlS must be tried by 

evacuating the air of the vlhole system •. 

7. Tensile tests can be performed on products by using 

specially shaped dies to produce small test pieces. (Ref. 13., pp. 24E) 

I If small pieces of 2 mm. in diameter are produced a "micro-test" 

machine is available at I.T.li. 

, 

I 
I 
i 

8. Excellent microscope facilities are availabl~ in the Colleg 

to study the variation of porosity and distribution of phases.in 

heterogeneous compacts. 

9. Attention must be given to the effects of pOHder 

characteristics, such as origin, particle size etc. and also to the' 

methods of mixing powderso 

10. If high theoretical densities cannot be produced Hith the 

t available materials and equipment the attention might be focused on 
! ~ 

fi 

I 
i 

the properties of that layer of the compact vlhich is adjacent to the 

moving punch. 
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APPENDIX A 

DETERfoUNATION OF SPECIFIC GRAVITIES OF POVJDERS ( * ) 

PROCEDURE: In the computation of the specific gravity of the 

metal pov.rders from laboratory data, the ,"eight of the pycnometer filled 

with distilled ''later at the test temperature vTill be needed. This 

value is usually taken from a plot of temperature versus weight of 

bottle plus water. The plot, or calibration curve, can be determined 

experimentally. 

PYCNONETER CALTBRATION: This procedure consists of obtaining 

at least three sets of concurrent temperature and "Teight measurements 

about 4 °c apart and ~'Ti thin the temperature range of 200 to 30oc. 

Each set, representing the .coordinates for a point on the calibration 

curve is obtained as follo'>'1s: 

1. To a clean pycnometer add, deaired, distilled "Tater at 

room temperature until it is full, and insert the plug in its place, 

"'ipe off the excess .. later ~ 

2. Check vlhether the '>vater column is level Hi th the top of 

the plug and carefully dry the outside of the bottle. 

3. 1:1eigh the bottle plus "later to 0.01 g. 

4. 
. 0 

r·ieasure the water temperature to 0.1 C. Hold the tip 

of the thermometer at different elevations within the 'ioJ'ater to see if 
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5. If the temperature is nonuniform, place the thumb over th 

open end of the bottle and turn it upside dO\'rn and back to mix the 

~-later thorou,o.;hly for a temperature observation. 

6. Heat the bottle of vlater slightly by plac ing it in a 

Harm water bath and repeat the above steps. Repeat this procedure 

until enough points are obtained to plot the calibration curve. 

SPEClFIC GRAVITY DETERtHNATION: 

1. Put approf{imately 10 g. of oven-dry po,,,der, 'lrreighed to 

0.01 g. into a calibrated pycnometer ,,]hich is already half full of 

dearied, distilled i'later. Be sure that no pOi\Tder grains are lost Hhen 

they are put into the py.cnometer. 

2. Remove all of the air ~'Thich is entrapped in the p01lrder 

(the presence of entrapped air can be I I ::t::t:~n::e:h:f m:::::::' of the surface of the suspension upon the 
application a release of vacuum), accompany the boiling "dth continuous 

agitation. The application of a partial vacuum is desirable to lo,"er/ 

the boiling poirit, then less cooling ','ill have to be done later. 

3. Cool the bottle to some temperature Hithin the range 

of the calibration curve. 
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4. Add ''later, insert the plug in its place Hipe off the 

excess water and dry the bottle. 

5. \'leigh the bottle uith "later and pOvTder in it to 0.01 g. 

6. After checking to be sure that the contents of the bottle 

are at a uniform temperature, record the temperature (bett,er obtain 

several sets of temperature and vleight observations as the sa.mple cools-

the most accurate reading is obtained at room temperature, since a more 

uniform temperature is likely to exist.) 

CALCULATI OHS :. The specific gravity of the po,\'ldered metal, 

can be obtained from: 

G 
P 

GT = specific gravity of distilled I'later at temperature T. 

1;/ = dry "'leight of po'."rder p 

\,/1 = 'deight of pycnometer, p01,.Tder and water 

\'l 2 = Height of pycnometer plus '·Tater. 

'T\'e.. Mc..~~c-c..\..\.\.~e.\..\:~ \"',"\'\\.A.\.e... o\- \€.c..\...V\o\"'1' 

~.o\..."'~i\Q..,\---\. 'So", ...... \""c.... ~.y.) 6t\....~ ... ,~""1.:.~'1 ... l"\c..1} '~bO')·f\,·\S'-2.\. 
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APPENDIX B 

LIST OF EQUIPMENT 

1 

1 

1 

1 

1 

1 

1 

Triple beam balance (O.Olg.) 
Capacity 311 g. Model 311 
Ohaus Scale Corp. Union, N.J. U.S.A. 

0-25 mm. micrometer 
Central Scientific Co. Chicago, Ill., U.S.A. 

25-50 mm. micrometer 
Feinmesszeungfabrik Suhl, Germany. 

Timer 
Eastman Kodac Co. Rochester, N.Y., U.S.A. 

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

Vacuum pump (Duo~Seal) 
Patent No. 2337849 
W.1',~.Welch Manufacturing Co. Chicago 10, U.S.A. 

Vacuum gage 
30 in.-76 cm. vacuum 

PAGE \41 , 

Harshalltown Gauge r/fanufacturing, Inc., Iowa, U.S.A. 

1 

1 

2 

4 

2 

pycnometer 
100 ml. at 20°0-. 

Thermometer 
o - 50°C. 

Mortar and pestles 

Spatulas 

Ring stands 

1 Sieve 
U.S. Standard Sieve Series Sieve No : 100 
Newark Wire Cloth Co. p Newark, N ... T. 

1 Sieve (ordipary) 
3/8 in. openings. 

1 Sintering.oven, Max. temp. 11000 C. 
Hev~ Duty 'Electric Co. Milwaukee, Wis. 
Pat. 159,215 Type 051-PT Sere No. 100324 
Volts 115 Watts 1150 Cycles 50/60 

1 ; 

I 

I 
I 
I • 

I 
P-

i 

i 

I 
I 
I 
I 
; 
I 

I 
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Sintering oven, Max. Temp. l400oC. 
HevJ. Duty Electric Co., lViilwaukee, Viis., U.S.A., 

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

Pair of tongs 

,Pair of asbestos gloves 

Hot plate 
Model HP-19l5B 115 Volts AC 700 Watts Type 1900 
Thermolyne Corporation, Dubuque, Iowa., U.S.A. 

Drying oven 
Nr. 32810 
Carnifix 

110/130 Volt 1200 Watt 
AEG - Fabrikat, Germany. 

Microscope -
Unitron Universal Microscope with polaroid' attachment 
Unitron instrument Co. 
Newton Highlands 61, i\'tass. 

Rockwell Hardness Tester 
Wilson Mech. Instrument Co., Inc. N,. Y., U. S. A. 

I 

I 

I I 
i ! 

I 
I 
f 
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