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METAL FABRICATING PROCESS BY POWDER METALLURGY*)

k)
D.N. Adnyana

RINGKASAN

Maksud dari tulisan ini adalah wuntuk
memberikan pengarahan dengan memperhatikan be-
berapa prinsip-prinsip dasar penting yang
biasanya dikaitkan dengan bidang puder metal-

{+)

lurgi’ ' ~. Pringip-prinsip ini meliputi suatu
uratan wmm dart hubungan-hubungan untuk ber-
macam-macam pengaruh di  dalam puder metallur-
gt, seperti: peranan dan sifat-sifat puder,
proges-proses pengepresan dan  penyinteran.
Suatu wraian dan diskusi diberikan mengenai
pengaruh-pengaruh itu terhadap semua jalannya
proses dan kemudian dihubungkon dengan hasil-
hasil eksperimen yang diperoleh.

ABST RACT

The aim of this introductory paper 1is to
congider some of the important prinsiples that
are commonly involved in the field of powder
metallurgy. These principles cover a general
description of the interrelations of the vari-
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Puder metallurgi: logam dalam bentuk serbuk.
(puder = serbuk).
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ous effects 1in the powder metallurgy such as
characterization of powders, compaction and
eintering. Their influences om all process
routes are described and their pertinent re-
lations to the exzperimental results are dis-
cussed.

Introduction

Powder metallurgy parts, commonly called P/M parts are
produced by blending metal powders, compacting the mixture un-
der intense pressure in a precision die and sintering the com—
pacted powder in a protective atmosphere furnace to bond the
particles into a strong shape. No melting take place. These
three basic steps in the powder metallurgy process aTe fre-
quently followed by subsequent processing techrique. See Fig-
ure 1.

P/M parts are shaped directly from powders, unlike other
metal forming processes such as castings which are formed from
molten metal and wrought parts which are shaped by plastic
deformation of hot or cold metal or by machining.

Although metals in powder form have been used for a num—
ber of centuries, modern powdered metal technology came into
its own during World-War II, and since that time has been
growing more rapidly than any other metal fabricating process.
Perhaps the principle reason for this rapid growth is that
the powder metallurgy process is an economical, rapid, high
production method for making parts exactly to or clese to fi-
nal dimensions and finish with little or no subsequent machin-
ing operations. This, in return, has been coupled with a
clearer understanding of the basic phenomena involved,

Numerous ferrocus and mnon-ferrous elemental and pre-
alloyed metal powders are available in different grades to
meet a wide range of requirements. Most wetal powders are
produced by atomization, reduction of oxides, electrolysis or
chemical reduction. Metal powders van be physically mixed to
produce alloys or thev may be pre-alloved in which euch parti-
cle is in itself an allov. Tt s uiso peesible  te  combhine

metal and non metallic powders to proviie composite with the
desirable propertiecs in the finisbeu v;ri“'). For  instance,
aluminium  oowder metal perts cao o oade siberant ialle more
resistant to wear by adding Tribalio interme aliic compounds.

P/M technique is used in fos:, hipgh volime production of
countless parts in the automoti-. sppliiance,  apricultural
equipment, busincss machine, electricol sec cloctronies, power

! L S A
tool, crdnance  ond machine  tiee! ’ ). v raeent
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Figure 1. Basic steps in the powder metallurgy process

study(z).showed that the 14,000 tons of P/M bearings and
structural parts produced by West-Germany in 1976 yielded a
material saving of about 64.3% as compared with machined bear-
ings and parts. In addition, energy savings im comparison
with requirements for metal cutting came to about 50%.



“huracverization of powders

the success of any material processing technique depends
to a great extent on the complete characterization and control
of the initial raw materials. As in P/M technique, this would
affect the subsequent compacting and sintering processes.
There are many characteristics of powder, some interrelated,
that can be considered. The obvious factors such as, particle
size and shape are indeed important, but the methods of man—
ufacture and their influence on particle structure and chem-
Istry, and the precise pature of particle size distribution
are equally significant factors.

1. Powder Manufacture.

The most important principles and processes of powder
manufacture can be briefly summarized as follows:

a. Chemical reactions and decompositions.

This is based on the principle that the material
(metal) oxide decompose into its elements if heated to a
sufficiently high temperature at which a reduction process
takes plase. The reduction of a simple metal oxide by
either hydrogen (H2) or carbon mono-oxide (C0) can be il-

lustrated as follows,

MO + H2 + M+ H20 +rveecaes flue to hydrogen.
MO + CO ~ M + CO2 teeasvess due to carbon mono-gxide,

where MO and M are metal oxide and metal respectively.
Some basic thermodynamics and kinetics play an ‘mportant
role in determining the possible reaction that may pro-
ceed. Reduced iron powder is one of the common powder
made from this method and its photomicrograph is given in
figure 2.

b. Atomization of molten metals,

Powder produced by this technique necessitates molten
metal which is melted in a conventional manner. The mol-
ten metal 1s then tapped into & crucible which has one or
more fine nozzles at the bottom. This crucible is located
on top of an atomization chamber into which the fine teem—
ing jets pour. Gas nozzles of special design are located
in close proximity to the teeming jets and from these
nozzles are discharged high speed gas Jets which break up
the metal streaws into a shower of fine droplets. The
metal droplets {reeze while falling freely down the cham-
ber and collect at the bottom. The shape and size dis-
tribution of powder is controlled by the speed, shape of
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the gas jets and coeling ratek3) Many powders can be
produced by this method such as iron, copper and copper
base alloys, metals of low melting point such as 1lead,
zinc, aluminium, etc. The photomicrographs of this powder
are given in figure 2.

Electrolytic deposition.

Metals can be made to precipitate on the cathode of
an electrolytic cell as sponge, powder or in a form which
can be mechanically disintegrated rather easily. Copper,
beryllium and iron powders are made in considerable quan-—
tities by this technique. In general, the method yields a
high purity metal with excellent properties for conven-
ticnal powder metallurgy process. Photomicrograph of this
powder is given in figure 2, - ’ "
Mechanical processing of solid materials.

Certain brittle materials like Sb, Si, Bi,'and a num-
ber of alloys are normally processed by crushing and/or

milling. This technique is currently receiving much . at—
vention, since'a new method in the form of metal waste

. recycling has been applied in the powder metallurgy, for

instance metallurgical recycling of powdered cast iron

(4)

chips . The photomicrograph of this powder is given in
figure 2, !

Chemical composition and structure.

The levels of impurity elements can be very signifi-
cant to both the processing and the properties of the
final product. The impurities present in the powder par-
ticles are mostly in oxide form which have been formed
during powder manufacture., Obviocusly, the effect of im—
purity elements on the hardness of the particles and the
degree of chemical reactivity during sintering differs

(5)

widely depending on the actual form they are in . It is
possible to assess the presence of oxides in powder part-
icles by metallographic examination as given in figure 3.

The grain structure of crystalline powders may also
have an extremely powerful influence on the behaviour dur-
ing compaction and sintering and on the properties of the
final products. Photomicrographs illustrating the grain
structures in several types of powders are given in figure
3.

Particle size and shape.

Most of the particles in the powders are not spheri-
cal but are three dimensional in nature or in other words
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Figure 2:

(a)
(b)
(c)
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Photomicrographs of loose powders:
Reduced iron

Atowized ircn

Electrolytic copper

Atomized copper

Atomized aluminium

Milled cast iren
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(a) Atomized
copper

{(b) Electrolytic
copper

(c) Atomized
aluminium
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Figure 4

(a)

(b)

(c)
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Figure 4: Images of Individual particle surfaces obtained with

s

the Scanning Electron Microscope:

(a): atomized copper

{b): electrolytic copper

(c): atomized irom

(d): atomized aluminium

(e): swing hammer milled cast iron

(£): as in figure (e) but after processing further in at-
trition mill for 7 hours.

somewhat equiaxed. The particle size and shape are prima-
rily determined by the manufacturing techniques, as seen
in metallographic observations (Figure 2). The most com-
mon method of describing the actual size of powders is by
screening of powder particles in standardized sieves or

(6)

screeans . However, there are still many other methods
available such as microscopy, sedimentation, turbidimetry,

7y

elutriation, etc.

Surface topography and surface area.

The exact nature of the surface topography influences
the frictional and contact forces between particles during
compaction and sintering. Its assessment in a quantita-
tive basis is difficult, therefore it can be considered as
the extent of surface roughness on a microscopic scale,
And it is possible to consider the topography (the rela-
tive size and shape of surface elevations or protruber-
ances) for any particles. Two concepts may be used to
describe such surface roughness, the relative height and
width of such bulges compared to the particle dimensions

and the shape of such material ex:ensions(S).

A very significant recent development has been the
application of Scanning Electron Miciroscopy (SEM) to the
study of individual powder particles. The great detail
that can be observed is 1llustrated in figure 4, Both
surface roughness and particle porosity are clearly shown.
In some cases grain boundaries are also evident,

The actual amount of surface area per-unit amount of
powders can also be very significant. Any reaction bet-
ween the particles or between the powder and its environ-
ment is initiated, at these surfaces and hence sintering
will be influenced by the ratio of surface area to part-

)

icle volume .
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5. Other characterizations.

There are still other factors which are related to
the subsequent route of processing, 1i.e:

a. Apparent density.

The apparent density determines the actual volume
occupied by a mass of powder, in other words the weight of
a unit volume of loose powder, usually expressed in gram/

cma. This ultimately determines the size of compaction
tooling and the magnitude of the press motions necessary
to compact and densify the loose powder. Apparent density
depends on the density of the solid material, particle
size shape, surface area, topography and distribution,
and how the particles are packed or arranged. The appar-
ent density is usually determined by flowing a mass of
powder into a container of known volume and measuring the

weight of the powder which completely fills the space(5).

b. Flow rate.

This means the ability of powders to flow from stor-
age container to dies and within the dies too. The flow
rate of powder can be determined by measuring the time
necessary for 50 gms of powder to flow through a prescrib-

(8)

ed small orifice i,e, the Hall flow-meter .

c. Compressibility.

This behaviour is described in the following discuss-
ion of powder compactionm.

Powder Compaction.

This is the preform process that can be done mechanical-
ly or hydraulically with conventional pressing technique and
it is commonly carried out at room temperature. The pressure
required for compacting varies with the green density desired
of compact, The compacting operation is the most critical and
controlling one in part design that would offer the success of
the subsequent processes. There are two factors in the com—
pacting operation that control or influence part design,
namely:

a. The flow behaviour of metal powders.

This factor has an important function in order to
improve the properties of compact as a result of uniform

a
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distribution of powders. It is relevant to the properties
or conditicns of powder particle itself such as size and
shape, fluidization and compressibility of metai powder.
Because of friction between powder particles and between
the particles and the dies and punches, metal powders do
not flow properly. Therefore, in order to minimize such
friction, the metal powders are frequently blended to-
gether with lubricants cr other alloy additions, althcugh
this method is harmfull during sintering process. The
effects of admixed lubricants on green density are given

in Table 1.(5)

Consideration to the pressing action itself is associated
to the following factors:

- degree of applied pressure.

- dimensicnality of applied pressure.

- speed of pressure application. This may be consid-
ered from the view point of the time involved in
the process or as the velocity of a moving ram
(punch) which causes the incrcase in pressure on
the powder wass.

- natniye of the meld or Jdie,

In general, the use ot hydravliically compacting process is
more preferred than the mechanical process since the fol-
lowing advantage: ~ i be achieved:

- a hydraulic press can give continuous compacticn
pressure within the minimum and waximum capacities
of the press.

- maximum pressure can be applied at almost any point

in the stroke by a  hedraulic press.
compaciing v ess 0 degeribed above is usuallv oper-
ated with oo o0, i ores fnique as  given sche-
maticallw Iu @opur .
Fill: the blended or unbivoded powier 95 ted inte a preci-

sion die automaticasly or manuaily.

Compression: both top and bottom punches simultanecusly
press the metal powder in the die.

Ejecticn: the top punch is withdrawn and the green compact
is ejected from the die by the bottom punch.

Other compacting methods are sometimes used including iso-
static pressing, extrusion, forging, high energy rate
forming, slip casting, etc,

The previcus discussion dealt on how the powder cha-
racteristics plav a role in determining the green density

obtained. AT:~. che compaction rre<sure apd gpeed Gre o-



Table 1 : Effect of Admixed Lubricants cn Green

Lenasity

Powder Lubricant Type Wt.% erEUVUEHSlty
(gricc)
N
COPPer(aJ Cone - 0.59
stearic acid [ L.l
1.0 Lo
JWU [ g
zinn sbteatate L 6,34
1.4 7.13
2.0 7.02
lrcn(b) none - 5.41
zinc stearate 0.2 5.92
(fine) 0.5 6.06
1.0 6.12
2.0 .18
zinc stearate 0.25 SLED
LunAarse) 0.5 CLOE
1.0 )
Y 6.1
lithium stearate U.25 B
0.5 &.08
1.0 6,15
Y .11
1ron'®) none - 6.09
stearic acid .5 6,09
1.0 .13
1.5 v (Y
(a) electrolvtic pewder pressed at 25 tsi.
{b) electrolytic powder pressed at 30 tsi.
{¢) reduced powder preszed at 30U tsi.
(froem Joel 5. Hirschhorn, lotroduction to powder dNetallurgy,

1569, p. 148).
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qually important parameters as shown schematically in fig-
ure 6. The density gain with increasing compacting pres-

sure for different powders are given in figure 7. Simul-
taneously, the number of pores are reduced with increasing

of compacting pressure (figure 8).
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Figufe 5. Pressing cycle for compacting metal powders
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Large & soft particles, low compacting
speed

Green Density

Small partic¢les, hard

particles, high com-
//////// paction speed

Compaction pressure — =

Figure 6. Schematic illustration of dependence of green demsi-

ty of compaction pressure, particle size, particle
hardness and compacting speed.
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Figure 7. Green density vs compacting pressure for different
powders,
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Figure 8.

(a).
(b).

(®)

The pores on the
ized iron powder. 2
compacting pressure: 4 ton/cm

surface of green compacts of atom-

: 2
compacting pressure: 6 ton/cm



dontering

This process is carried out after compacting in woi.l the
green compact is heated in a protective atmesphere furnuce to
a relatively high temperature, but below the melting pcint oi
the metal powder. Sintering which is mainly a solid ston
process develops metallurgical bonds among the powder purti-
cles and thus produces the P/M part's mechanical and phy.ical
properties. The major sintering atmospheres normally used i
practice are hydrogen, nitrogen, hydrogen-nitregen mixturcs,
carbon mono-oxide, argen and vacuum. The choice of the jpro-
tective atmosphere, temperature and time for sirtering process
would vitally determine the properties of the sintered compicl
and this choice is based on such factors as follows:

- The diffusivity during sintering results in metallur-
gical bonds among the powder particles, This is part-
icularly important because diffusivity can be strongly
affected by the chemical nature of the sintering atmos-
phere and by the nature of the materials to be sinter-
ed.

- A number of oxidation and/or reduction reactions may
take place.

- Shrinkage of the sintered material very often occurs.

Due to the phenomena given above, the following should be
taken into consideration.

-~ Increasing the sintering temperature, greatly increased
the rate and magnitude of any changes occuring.

- The degree of sintering increased with increasing time,
but this effect is small in comparison to the temper-—
ature dependent effects.

Effects of increasing sintering temperature and time are re-
flected on the process of densification of the compact as
illustrated in fignre 9. A comparison made between compact
densities before and after sintering of atcrized iron powder
as given in figure 10 apparently shows how the effect of sin-
tering on the densification takes place.

Sintering Furnace

The choice of most furnaces are intisacetv linked to gy

cific applications. There are instan.ces 7 which it is ¢ -~
pected heat-treatment will be accomp ‘= ¢d as part of <o
sintering cycle, so that the obvious . .momical benefit:

the process can be realized.
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t

Simtered Density
g
2
<

Time

Figure 9: Sintered density - time curves illustrating effects
of increasing green density and sintering tempera-
ture on the process of densification.

A conventional sintering furnace commonly has three dis-
tinct zones or gections, namely:

1. A burn-off and entrance zone (pre-heat zone).
2. A high temperature sirntering zone.
3, A cooling zone,

The first zone 1s designed to heat the green compacts rather
slowly to a moderate temperature and this slow heating provid-
es some advantages as follows:

- To volatilize and eliminate the admixed lubricant.

-~ To avoid excessive pressures within the compact that
may possibly result in the expansion, fracture or spal-
ling.

The cooling zone consists of two sections i.e,

- A short insulated section that permits the parts to
cool down from the high sintering temperature to a low-
er one at a slow rate so as to avold thermal shock in
the compacts.
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- A relatively long water jacketed section that provides
the parts to cool to a temperature low enough to pre-
vent oxidation of the material upon exposure to the

air,
T v +—- 00
- -
it ol
L >
w
<
Jo0 &
s} 2
- -
3
4170 &
@ belare sintering
5k
O after sintering 160
{1S0°C under Hy ateos-
mhere for 1 hr)
A, L A
‘2 4 6 8 10

Campocting Presswe ( Ton/cnd)

Figure 10: Density vs compacting pressure for atomized iron
powder,

Other Processing Methods

The use of the conventional methods of compacting follow-
ed by high temperature sintering as already menticned, how-
ever, would present restrictions in particular application in
producing a fully homogeneous material ir properties of de-
sired compact. Therefore, in order to improve the properties
of the final product, other methods are followed such as:

a, Liquld phase sintering.
This process consists of:

-~ Normal liquid phabke sintering, for which the sin-
tering temperature is high enough that one or more
components of the green compact powder is present
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Figure 11 a:

11 b:

(a)

(b}

CuZnAl alloy (14.23 wt. % Zn - 8.62 wt, I Al).
Pre-alloyed powder was first coid extruded, then
followed by hot extrusion at 800°C.

- densi;y: 7.456 gr/cm2 2
- tensile strength: 83 kg/mm",

Al - A1203 powder (7% oxide). Powder was first

cold extruded, then the green compact was sinter-
ed at 550°C for 6 hours under N2 atmosphere, Fi-
naly it was hot extruded,

~ density: 2.8 gr/cmz. 2
- tensile strength: 25 kg/mm®,
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as a liquid during all or part of the sintering
process.

- Liquid infiltration, in which a mass of a lower
melting point metal is allowed to melt and flow
into the porosity of the green compact {a metalli-
quid formed lies outside the <compact). In this
method, once the liquid 1is within the compact the
situation 1s very similar to the first case {(normal
liquid phase sintering).

Both these methods (normal liquid phase and liquid
infiltration sintering) are widespread commercial process-—
es used to minimize the poresity present in the P/M parts.

b. Hot Pressing.

It was decided to perform the compaction and sinter-
ing operation simultanecusly using hot pressing (e.g: hot
extrusion, hot forging, etc.}). Flgure 1l shows the micro-
structures of Cu~Zn-Al alloy and Al—A1203 powders that
have been made using this method.

Swmmary
From the previous discussion, it is seen that:

1. The powder characterization plays an ilmportant role in de-
termining the subsequent processes of compaction and sin-
tering.

2. Green and sintered properties of the compact are definitely
infiuenced by the powder properties, the compacting and
sintering conditions.
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