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Powder Metallurgy: is defined as the art and 7
: = Elemental or alloy Additives
science of producing fine metal powder and | d (lubri b
making finished/semi-finished objects from mixed metal powders ubricants or binders)
or alloyed metal powders with or without the
addition of non-metallic constituents.
Blending
Compaction
Steps In powder Metallurgy
1- powder production Sintering
2- Blending and mixing
3- compaction Optional secondary Optional secondary
manufacturing finishing
4- Sintering
5- Secondary finishing processes.
Finished

P/M product




1.1Metal powder production.

» ltincludes disintegration (<.ii) of solids (without phase change), and liquids, or gas, or
oil, or mechanical dispersion Incase of changing phase, to produce metal powder.

» The solids to disintegrate are possible to be taken from pure element or pre-

alloyed powders. | Raw Materials |

| Pure Element | Pre-alloyed powders

Powders

» The produced metal powder is considered to be the main constituent of (PM)
product, so, it is responsible on the final properties of the finished product (PM),
e.g. size, shape, and surface area of the powder particles.

» However, the single powder production method is not sufficient for all

applications.



1.1Metal powder production.

» Methods: there are mechanical, physical, chemical methods to produce metal powder. See Example below.

l

Atomization

l

Produces
powders

l

Reduction
of
Compounds

Fe

Cu W

1- Ferrous, e.g. Stainless steel super alloys

2- Non- Ferrous, e.g. Ti alloy powders

Mo

l

Silver

+

Electrolysis
Cu Fe
+ +
additives additives

additives

Mixed using mixers lubricants

Lubricants are added before mixing

to facilitate easy ejection of compact

and to minimize wear of tools, e.g.

waxes.. .etc.




Powder Metallurgy Advantages

Efficient material utilization: considered an economic process because involve about 97% metal
powder, while, a very little amount of material’s wastes, when converted to a some product,
compared with the casting process. In addition, it is automated process.

Considered a dimensional control method of the product compared with the casting.

Enables close dimensional tolerances — near net shape possible, eliminating or reducing the
need for subsequent processing.

Could be made Parts with controlled porosity: the possibility to produce a porous metal
parts, e.g. filters. This is due to the nature of the raw materials used in PM process, which
they already have a specified level of porosity.

Manufacture of complex shapes: the possibility to produce very complex shapes of parts, that, are

difficult to produce by other methods, e.g. Tungsten, (Tungsten wire used in incandescent(4s sis) lamp

are made using PM technology). Also, combinations of certain metal alloy with cermet (43 4x30 4Suu) could be
produced by PM process that could not be produced by other methods.

Provide good surface finish

Environment friendly, energy efficient



Powder Metallurgy Limitations

(1) High cost of powder material & tooling.

(2) there are difficulties with storing and handling metal powders (such as degradation of the metal over time,
and fire hazards with particular metals). Also,

(3) there are limitations on part geometry because metal powders do not readily flow in the die during
pressing, and allowances must be provided for ejection of the part from the die after pressing.

(4) variations in material density throughout the part may be a problem in PM, especially for complex part
geometries.

(5) Suited for moderate to high volume component production only.

(6) Powders of uniform chemical composition => reflected in the finished part wide variety of materials =>
miscible (4w 4L =) 33U 4L8)  immiscible systems; refractory metals (4wStall o) sall),

(7) Less strong parts than wrought alloys.



1.1Metal powder production Methods.

‘ 1- Mechanical method. ‘ (1) Jaw crusher, (2) Gyratory crusher, (3) Roll crusher, (4) Ball

mill, (5)Vibratory ball mill, (6) Attritor, (7) Rod mill, (8) Hammer

mill, (9) Planetary mill.

Gyratory crusher Roll crusher

Ball Mill
S S .
{‘“ /_ lv = \\\
é.f’ (O~ @)
N ”‘) */ | Planetary
= SN | Mill

Hammer Mill | |




1.1Metal powder production Methods.

2- Physical method.

Iﬁ

3- Chemical method.

(1) Electrolytic method

(2) Atomization method

(1) Chemical reduction

(2) Chemical decomposition of compounds

Selection best method to produce powder metals depends on; (1) application type; (2)

desired properties; (3) structure of the final product.



(Mechanical Method).

» The cheapest method of powder production;

» These methods involve using mechanical forces such as compressive forces, shear or impact to
facilitate reducing the particle size of bulk materials; Eg.:Milling.

» Disintegration (<) of solids (without phase change) and liquids (with phase change) can be applied to
produce metal powder.

» These processes are not much used as primary methods for the production of metal powders. On the other
hand, used as primary methods in the case of materials, easy to fracture e.g. (pure antimony and bismuth), hard
and brittle metal alloys and ceramics, Reactive materials such as beryllium and metal hydrides, and, common

metals such as (AL, Fe) which are required sometimes in the form of flake powder.



(Mechanical Method).
Milling

During milling, impact, attrition, shear and compression forces are acted upon particles of the

material, disintegrating particles into a smaller.
During impact, striking of one powder particle against another occurs.

Attrition refers to the production of wear debris (Wdad JS& e «ilalis) due to the rubbing action (sl

Jaall)between two particles.
Shear refers to cutting of particles resulting in fracture.
The particles are broken into finer particles by squeezing action in compression force type.

The milling process leads to an increase of the dislocation density and, therefore, reduces the

compactibility.

In most cases, subsequent heat treatment is necessary to soft-anneal the powders before use.



(Mechanical Method).
Milling Objective

O Main purpose of milling is to reduce particle’s size, growth and (Gleexi § GOIEST)
agglomeration (joining of particles together), also, changing their shape, solid state

mixing, modification and hence, changing material properties.



(Mechanical Method).
Milling Mechanism

Changes in the morphology of powder particles during milling results the following situations:

Skl slisas

} } } '
Micro- . Fracture or fragmentation Agglomeration De- agglomeration
forging (32 Gk

lﬁw L;‘ - ....~.~ e‘ A S.. Q\ o

Individual particles or
group of particles are
impacted repeatedly
so they flatten with
very less change in
mass

l

Individual particles are
deformed by initiation
cracks, then propagate
resulting in Fracture.

Mechanical
interlocking wlsiliss)
(4SS due to atomic
bonding.

Breaking of
agglomerates

» Powder characteristics such as shape, size, texture, particle size distribution, crystalline size, chemical
composition, hardness, density, flow-ability, compressibility, sinter-ability, sintered density are influenced by milling.



(Mechanical Method).
Milling Equipment

Are classified into:
* |
(.0
Crushers & Mills Crushing SIES N
|

Grinding
|

For reactive metals such as
titanium, zirconium, niobium,
tantalum

For making ceramic materials
such as oxides of metals.

Different types of grinding equipments/methods are shown in the Figure.



(Mechanical Method).

Milling Equipment

Ball Mills

» Contain cylindrical vessel rotating horizontally along the axis.

YV V VYV VY

alumina, zirconia.

Y

Length of the cylinder is more or less equal to diameter.
Optimum diameter of the mill for grinding powders is about 250 mm. ‘
The vessel is charged with the grinding media (<SS awmill saey Jasy sle ), Ball Mill

The grinding media may be made of hardened steel, or tungsten carbide, ceramics like agate (3==), porcelain,

During rolling of vessel, the grinding media & powder particles roll from some height.

> This process grinds the powder materials by impact/collision & attrition (&\Sisl),

!
Dry Milling

25 vol% of powder +1 wt%
of a lubricant such as
stearic or oleic acid

Milling

!
Wet Milling

30-40 vol% of powder + 1 wt% of
dispersing agent such as water, alcohol is
employed




(Mechanical Method).

Milling Equipment

Vibratory Ball Mills

» This type of milling is more suitable for producing the finer powder particles as they need longer period for
grinding.

» This is because vibratory ball mills have a higher amount of energy which is imparted to the particles by
accelerating the vibration movement in the container.

> This mill contains an electric motor connected to the eccentric shaft of the drum (sl 43l shul) by an elastic
coupling (Ge z s g109).

» The drum is usually lined with wear resistant material.

> During operation, the rotation of the eccentric shaft causes the drum to oscillate (z>_).

» In general, vibration frequency is equal to 1500 to 3000 oscillations/min. The amplitude of oscillations is 2

» Final particle size is of the order of 5-100 microns. Vibratory Ball Mill

» The mass of the balls is 8-10 times the charged patrticles.

to 3 mm. ‘;—’}'Q}_\
» The grinding bodies (=5l 4saiiual 222ll)is made of steel or carbide balls, that are 10-20 mm in diam%@s}, \%\
| ?}/



(Mechanical Method).

Milling Equipment

Attrition Mills

» IN this case, the charge is ground to fine size by the action of a vertical shaft with side

arms attached to it. The ball to charge ratio may be 5:1, 10:1, 15:1. This method is

more efficient in achieving fine particle size.

Rod Mills

» Horizontal rods are used instead of balls to grind the raw material’s charge.

Milling speed here varies from (12-30)rpm, to granulate (s> 4S5 Jaa)

discharged material from about (40 to 10)mm.

Planetary Mills

» High energy mill widely used for producing metal, alloy, and composite powders.




(Mechanical Method).

Milling Equipment
The mechanism of Fluid Enerqgy Grinding or Jet Milling machine.




(Mechanical Method).

Milling Equipment

The mechanism of Fluid Energy Grinding or Jet Milling machine.

v Includes inducing (&) particles by colliding (s3b<3) against each other, at high velocity making them to fragment
(1=3) to finer particles .

v" The continuous collision for the big particles with each other with incorporation for the multiple jet arrangements in
the mill design enhances reduction the particle’s size of the material.

v" The fluid used is about to be either air or stream.

v Jet mills arrangements are based on the rotating motion of a particle-loaded gas stream at high speed in a round

chamber. The high-velocity collision of the particles leads to fragmentation, and the small particles are removed in
the center of the chamber whereas large particles are retained in the stream until the desired particle size is
reached.
Ve a4l ad e gloyaa i e alle dc s S LA ae alesdl o) 3l 4l sall 4S8 all el e aaild a g caial) agesl) ) Gy ) i
daai a5l cant Jhai o 5l o) a1 L o jaal) o s (e J1 38 et a3 Al 6l 3] o il g 40 3l 1 a5 ¢l a3 dadladl aaliaill
sl aaall



(Mechanical Method).
Milling Equipment

Fluid Energy Grinding or Jet Milling

> In the case of volatile (-_Axll 3l s4ll) materials, the protective atmosphere of Nitrogen and carbon di-oxide is used.
» The pressurized fluid is introduced into the grinding zone through special designed nozzles which convert the applied
pressure to kinetic energy.

> Also, materials to be powdered are introduced simultaneously ¢« it into the turbulent zone (4 huadll 4dkiall),

> Fluid’s velocity which comes out the nozzles is proportional (g2 bk «ul) ai/(Absolute Temp)for the interingFluid into the nozzle
(anidl) 1) Jalall ailall dallaall 551 G 50 g L pla duliie 4l (e 35 ) wilall de y)
Hence it is preferable to raise the temperature of fluid to the maximum possible level without affecting the feed material.
(S Lm0y (o (AN 5 Ll sise o) 1 SY) 538 lall Lasa o 51 pall s ja by umiy 13g]



(Mechanical Method).
Milling Equipment

Machining (Turning «a! )

» For example, dental alloy (olbYUb 4asl=iall ¢bils) e.g. Mg, Be, solder, are specifically made by machining.
During machining (turning), chips are formed, this chips are crushed or ground into powders later on.

Shotting

> The molten metal is poured through a vibratory screen (J)» &<«) into air or into a medium (--5) of a

protective gas.
» During the process, the molten metals disintegrates (<) and solidifies as spherical particles.

» The size of the obtained particles depends on pore size of screen, temperature, gas used, vibration

frequency,
» However, the particles get oxidized.

» Metal produced by this method are Cu, Brass, Al, Zn, Sn, Ni.

Graining: Same as shotting except that the falling material through sieve is collected in water; Powders of cadmium, Bismuth,

antimony are produced.



1.1.b Metal powder production (Physical method).

2.1 Electrolytic method. (2boeSl dadaill),

2.2 Atomization method(s_dl Jalaill),



1.1.b.1Electrolytic Deposition Method.

» Condition method are based on precipitation (<«_5) the metals of high purity from aqueous solution on
the cathode of an electrolytic cell.

» This method is mainly used for producing Cu, Fe powder, Zn, Tintalium, Ni, Cadmium, antimony, silver, lead,
beryllium powders.

» During electrodeposition, it possible to cause the metal to deposit loosely
(asna ye Jalaia gl ja 4idlas ) sms ) ON the cathode of

e — —

the cell either as a light cake or in flake form. Anodd
|

Y 2eat (eI o il dalae IR 45k 3l 5 4y el oy ylall (8l il Alac
C—'\‘)M\-“‘ds-w&‘; ’(L‘M‘)JQ‘UY)MLOJMJ‘};&\L_\LS&QL)M\ by
Ankic 38 ) 4 488

Electrolytic cell withl
electrolyte such as
Fer, Cu*, SO°

T T
> Both (light cake or flake form) are readily crushed to a powder. Cathode Wash Dry
» The method yields a high purity metal with excellent Amoa) sereen LI g ——

properties for conventional powder metallurgy processing.

Schematic of the electrolytic process for making metal powders.




1.1.b.1Electrolytic Deposition Method.

» Examplel: Cupper powder, CuSo4 + H2 S04 — at Anode: Cu- (crude)> Cu* + e ; at Cathode: Cu*+ e - > Cu

107215  Electrolytic $_" "
A/m2  refined (Cu) s

+
/

(50 g/) CuS0,.5H,0

(150 g/ l) Curefmed
L >|(Cu) powder washed

Cast |~
p’ntimonialﬁc‘athode ] \VaSh = Dry l >

Annealed &reduce treatment lead 535 A/m?
at (500-800)°C in '

a belt furnace with HAnneal — Screen | Grind e Strip }—»

an atmosphere of
o

filtered

partially Combusted gas (H,).




1.1.b.1Electrolytic Deposition Method.

» Example 2, {first}Iron powder, Anode: low carbon steel [LCS]+ Cathode: stainless steel [SS] _,
{second}the deposited Iron powder pulverized ¢~k sl 3~ using hammer mill. —
{third}annealing milled powder in Hydrogen (atmosphere) — Annealed (soft) Iron powder.

» Example3: Thorium, Tantalum, Vanadium powder —,

fused salt electrolysis is carried out (Le=ic o~k Jslss)at a temperature < melting point of the metal —»

Deposition Results : occur in the form of small crystals with dendritic shape.



1.1.b.1.4 Factors promoting powdery deposit by electrolytic method

(a) High current densities;

(b) Weak metal concentrations (sb! sl S Al <ild galaall);

(c) Additions of colloids and acids (4xaslall s 435zl LAY (ax):
(d) Low temperature;

(e) High viscosities;

(f) Avoidance of agitation (4! ol sall aladiul Cuind);

(g) Suppression of convection (s_loall Jeall Lun),



Advantage of electrolytic Method.

» Commonly, used in production powders of (Cu), beryllium, iron and (Ni) powders.
» The method produces metals with a high purity, excellent properties worthy for further conventional powder

metallurgy processing.

Disadvantage of electrolytic Method

» More cost than other techniques. E.g., production iron powder electrolytic-ally costs higher than another
atomization methods with the same characteristics.

» production electrolytic copper is competitive to that of atomized.

» Some electrolytic deposits powders are still solid even after finishing the deposition stage, as they are very
reactive and brittle, so this type of material need a special annealing treatment , e.g. pulverization (,(G&~~to
reproduce a high purity powdery deposit, which is costy.

» A subsequent processing is applied to change the unwanted structure as the powders formed during

electrolysis have a characteristic dendritic shape which is unwanted structure.



1.1.b.2 Atomization methoc
1.1.b.2.1 Atomization categories

Atomization Categories

(1) L ‘

Gas atomization
' (2) (3)
Water atomization Centrifugal atomization
= I § ISl 3kl A8y play 4y 30

a-Liquid gas atomization

1- a high pressure water stream is forced

b-Vacuum atomization through nozzles to form a disperse (<is) phase
of droplets which then impact the metal stream.

2- Requires high energy to supply water.
significant for low and high alloy steels,

3- water atomized powders are irregular in
shape, with rough oxidized surfaces.




1.1.b.2.2 Atomization mechanism.

1- Pouring the melted metal into the crucible.

2- impinging »)xawlg stream of gas or

Liquid L stream Liquid [ stream
liquid with the particles came out the + f gas or liquid + of gas or liquid
orifice. 4
3- Mixing a stream of gas or liquid with 3

the particles came out down the orifice will
pulverize the disintegrated emerged melt \ \l/

iclesatiaiall 43 <iall anliall by jall T i
particles el el S sall internal Qrifice mixing External Qrifice mixing

Two fluid atomization design



1.1.b.2.3 General steps to atomize («_X) a material.

(1)
(Melting stage)

The selected material could a melt-able,= lead to (LIQUID).

(2) Liq:id Gas
Vi A ¥
[Liquid disintegration stage (Jiudl &lSad)] 3 %%ﬁ
By %

Firstly - Forcing the melt-able liquid to pass through an escaped opeiiing point (orifice). Then,

Secondly- allow Impinging (a2b<3) a stream of gas or liquid on the emerging or formed

(23lWl)melted particles, lead to reduce particle’s size in a very fast way directly, in the

induced turbulence’s manner (casiwall il ol 43y jlay),




Advantage of atomization Method.

1- Widely used because produces metals with a high purity, and pre-alloyed powders directly from the

melt (Leial)),

2- An independent method, does not affected by the normal physical and mechanical properties

associated with the base solid material, regardless of chemical reactivity, which may necessitate specific

atmosphere or materials.
o it Al 4 sl cletall il e il iy b salall dgasadall 4y sLaasIl 5 4 5l 5l al A0 Y caliii 43 )l

4_1.1:..6 X\ P }i L.u:j

Disadvantage of atomization Method

> Orifice’s design (4» s&l axaad): it described as an escaped opening point (sw~3 4a3)that is necessary to locate in the crucible,

in the way help forcing the melt particles come out it and Impinge the stream of gas or liquid during atomization process. So,
selection the exact design for its location is of great deal to get successful achievement. See Figure (). Best selected location

at the bottom of the crucible.



1.1.bh.2.5 Gas atomization.

(1)

Internal mixing

(2)

Gas atomization pP— External mixing

_ Liquid
Llclmd Gas Gas
/ Atomizing media ¢
N o are _
N2, Ar or ailr.

a- contact between the atomizing a- contact between the atomizing

medium and melt takes place medium and melt takes place

Inside the respective nozzles. outside the respective nozzles.

b- used for atomization of materials o
which are liquid at room temperature. b- used for atomization of metals.



1.1.b.2.5.1 Operating parameters govern gas atomization process .

1) et distance,

2) ]et pressure,

3) Nozzle geometry,

4) Velocity of gas and metal, and

5) Melt superheat.



Advantage of gas atomization

» Used for preparing powders of the super-alloys, titanium, high speed steel and other reactive
metals.

» Gas atomized powders are typically spherical(which is needed for applications where high bulk
densities and flow rates are required), with relatively smooth surfaces, with higher

pressure and/or a smaller jet distance produce finer powder.

Disadvantage of gas atomization

» The method suffers from a very low overall energy efficiency.

» An expensive type if inert gases other than nitrogen have to be used.

» Atomization by inert gases is used to produce powders from oxygen-sensitive
elements in case of water atomization is not applicable due to the reactivity of the

metals.



1.1.b.2.6 Water Atomization

1- a high pressure water stream is forced
through nozzles to form a disperse phase
of droplets which then impact the metal
stream.

2- Requires high energy to supply water.
significant for low and high alloy steels,

3- water atomized powders are irregular
In shape, with rough oxidized surfaces.

4- The method can be used to produce
iron and steel powders (alloyed with Mo,
Ni, or Cr), stainless steel powders,
copper, and copper alloys.

5- The final powders have an irregular
shape that provides good green strength
by interlocking <Llisof the particles.

Water atomization Principle arrangement

of
a water atomizer

...... Pressure source.

---------------------------

S 333 IIITRIIIZZZIS I
....................................

- Chamber




1.1.b.2.6 Water Atomization

5- The final powders have
an irregular shape that
provides good green
strength by interlocking

of the particles.

Typical water-atomized powder.



1.1.b.2.6 Water Atomization |Water atomization Principle arrangement
of

a water atomizer

6- The process involves many variables:

a- Temperature and amount of superheated

molten material (related to the composition),

water _ 10

= —L/(1Kg of Produced water),

metal 15

c- Diameter of the molten-metal stream,

—Chamber

d- Geometry of the nozzle (water jets amount,

Incidence 'angle between water jet and

molten metal stream, and water pressure.
Powder /




Chemical method
Metal powder production

1- Chemical reduction method (el JI 3aY) 43y yla)

2- Chemical de-composition of compounds method

(LS all (5 slaasll Julaill ) Ll 48 Hla)



1- Chemical reduction method.

- It is one of the methods to make powder metals, involves melting the chemical compound

during melting process using a solid or gaseous reducing agent (chemical compounds).

e oS ) lia i e J1 AN de b Jale aladiady Alassll GiS pal) ligd Cpanalil | A (§gaa aaiuall daddiicual) 3kl saa) A

- The solid or gaseous reducing agent (chemical compounds) are represented by using:
An oxide;

Carbonates;

Nitrates;

A halide [halogenides with gases (e.g. H2) or solids (e.g. {C} or highly reactive
METalS) (1 o SiS) 4 sa 4igs ind il de pana 5) uaie s G lgl s (e S sarciaia) |, OF

Other salt of the metal.



Chemical reduction method cont.

- During the process, the solid phase is deposited while all the metal contaminations with slag is removed.

However, the obtained metal powder needs further refinement by mechanical, magnetic, or chemical procedures.

s Lagd Juaatiawal) (rall (3 9o gliag Ja 4 Ao il gl g Cudd) 400 51 ay M) B gl Gy | an s AdadAd) 3 pall ilial) jshall | ol sdl) ddee A
Agaas 9l Asuhiliie gl 4nilSaa (§ ok Lal 49 0855 cililas Y

- In most cases the metal compounds to be reduced are in the solid state provided as a
feedstock (pruaill Sllac (8 aadiud ola oala),

Alall Adladly Bale ¢ <5 Led) JA0 3) al) ddanal) CLS jall | IEY) B

However, hydrometallurgical processes have been developed also, especially for the reduction of

nickel and cobalt solutions by pressurized hydrogen.

L gaal) a5 uell 48 ylay il S glaa s JSull JVFAY 5 ghae aua )l s jaus Cilallas aa 3



Chemical reduction method.
Principle aspects.

- For kinetic reasons, the compound to be reduced has to have a suitably
small particle size, which should not be exceeded otherwise the controlling diffusion

processes may lead to very long reaction times which are not acceptable in practice.

Ol g 5 annlia o e <l )3 lliag () 2 4l AT ol ) el S el aSalinn ClasY
Jelaill o gllaall < gl Alal Ml 5 L) cillee & SRS ) sama Y5 Lgana 3 slaiyy
slhall Gulailly J gie e s (53l



Chemical reduction method.
Principle aspects (con).

- The process Is controlled by its free energy of reaction which has to be negative. The

more stable the compound, the stronger the reduction media have to be.

S el S LalSE aallis oS5 (o g (Al 5 Je il 5 el Ll A e Ledde o pdanad) 235 J)3a Y1 dglee
Bohu SIST ey s J) A 4 oy A LSl das gl 8as LalS ) e AlesS])

- For example: alkali (<L s, and especially alkaline earth metals (42l Y (alzs)

form a very stable oxides, so they are very strong reducing agents (J/ia) < llas).



Chemical reduction method.

Reducing agentScont).

Chemical reduction method is carried out by involve chemical
compounds (43beS OIS 1) to make powder metals, through using the

following types of reducing agents (Figure below):

1. From the solid state (Oxide, Carbonate, and Hydrogen reduction).
2. From the aqueous solution (Precipitation).

3. From the gaseous state.



Reducing agentSccont).

1. From the solid state

a- Oxide reduction

As in the reduction of iron oxide with carbon (Eg. 1) or of tungsten oxide

with hydrogen (Eq.2).

FeO +C —=» Fe + Co ...1 (Carbon reduction)
Wo+H2 ====p \\/ + H20...2 (Hydrogen reduction)

ST ol ) (3 9mia o Jpuand! ua g sagd) aa eSSl S gl JIEAT 1 daadl Gl ) (G 9aa o Jgaadl ¢ S aa aaldl S gl JI AT ddas 8 Jladl g LaS

This is a convenient, economical and extremely flexible method for controlling the properties
of the product regarding size, shape and porosity over a wide range. The production of iron,

copper, tungsten, and molybdenum powders from their respective oxides are well-
established commercial processes.




From the solid state.
‘b- Carbon reduction

1) For example, the pure magnetic iron ore
(Fe304: waall aulsl i) s reduced using
a carbonaceous material to produce sponge
iron powder in HOganas process.

2) The ore is ground to a particle size distribution
determined by each of the desired iron.

3)The ore powder is placed in the center of
cylindrical ceramic containers (‘saggers’ made of
silicon carbide) surrounded on the outside by a
concentric layer of a mixture of coke and
limestone (CaCo3).

\

Al gl ASaal jn dg gl 38 e (B @il gy alA) (5 gauna
S (e £ ghaall g gl al) Jualall (i ala sUas)
O daalis oy <0 oS Aluday 7 JAD) (e Adalaa (O g8l

(o) delia g sl A addiy ) Sl jaa g aadl)

which are pushed through

(258500 Jamy 38 O_A),

4) The saggers (o slhe 5) The carbon monoxide
gl Juslall 0) are produced from the coke
placed in layers upon cars |] reduces the ore to iron.

a fuel fired tunnel kiln FeO+C — Fe+ Co.....a

6- The limestone (CaCo3)
serves to bind any sulphur

in the coke and prevents its
contaminating the iron

7-The sponge iron is
mechanically removed
from the saggers,
ground.

The Sponge Iron Process

Direct reduction of iron ore (magnetite) Fe;O, (H6ganéas process)

Reduction mix (coke

Time = 24 hours
Reduction temp.=

x ey | 12000

1 - 1200°C-260m long

breeze+limestone+coal)
4) Reduction in tunnel klins T

I Annealing I

crushing, mag. separation,
grinding & screening

= Drying I

Charging the tubes |

SiC tube

e
" Fe-ore E




The Sponge Iron Processfrom thesolid stat¢)
Direct reduction of iron ore (magnetite) Fe;O, (H6ganéas process)

| Reduction mix (coke r(iWFe-ore I

breeze+limestone+coal)

4) Reduction in tunnel klins
I - 1200°C-260m long

crushing, m‘ag. Iseparation,
grinding & screening

I Annealing

(@)




From the solid state.

Carbon reduction

Sponge Fe-powder

Due to the reduction
processes the powder has a
«spongy» appearence — high
internal porosity




From the solid state. =~ Wo+H2 ==——p W + H20...2 (Hydrogen reduction)

C- Hydrogen reduction

1- The (hydrogen reduction process) is undertaken in tube furnaces.

2- Generally, the (hydrogen reduction process) is undertaken well below the melting temperature (M) of the metal.
3- The (hydrogen reduction process), includes hydrogen + other compounds to reduction of oxides (Eq.2).

4- \ery pure and fine powders can be obtained.

6- Examples are refractory metals (4!~ oal=all) such as tungsten and molybdenum, ferrous metals and copper,

which form compounds with only moderate stability.



Reducing agentSccont).

2- From the aqueous solution (Precipitation).

» Precipitating principals of a metal from its agueous solution is achieved by adding a less noble
metal (Jx sa=<)which is higher in the electromotive series by applying it in numerous
metallurgical processes.

» For example, silver (Ag) powder Is produced in quantity from its nitride solution (AgN) by
adding (Cu) or (Fe) depending on reaction. See the chemical reaction below:

AgN + CU == Ag + Cu N

Ag N + Fe===PAg + Fe3 N2



Reducing agentSccont).

From the aqueous solution (Precipitation).

» This method is used for producing metal powders of Ag, Sn, Pt and
Iron particles coated with copper.

» Precipitation is also synonymous with the term electrolytic
precipitation to coat metals with a corrosion resistance film.

» The produced powder take the form of spongy mass which crashed
Into a hard and brittle powder.



Metal powder production (Chemical method)
2- Chemical de-composition of compounds method (Hydrides)

» There are two methods are very common in this category, (1) Decomposition of metal hydrides (ii)
Decomposition of metal carbonyls.

» Decomposition of metal hydrides involves (a) hydriding; and (b) de-hydriding.

» Hydriding means heating the refractory metals e.g. (Ti, Zr,V, Th or U) in the form of sponge, chip or
turnings (S - ada i (e @b gaee L) or even compact metal in hydrogen.

» For example, TiIH2 (Hydride titanium) is formed from titanium in the temperature range between
(300-500)°C. These hydrides are quite brittle and can be easily ball-milled into powder of the
desired fineness.

» De- hydriding means heating the metallic hydrid, in a good vacuum at the same temperature at
which the hydrid was formed. Example, heating (TiH2) in the range between (300-500)°C, in order

to recover properties of (TiH2) by remove brittleness.



Metal powder production (Chemical method)

Chemical de-composition of compounds method (Carbonyls)

Decomposition of metal carbonyls: for example iron and nickel powder production.
The carbonyls are liquids at normal temperature with a low boiling point.

These are formed by reaction of the metal and carbon-monoxide gas under pressure.

YV V V VY

For example, iron carbonyl (Fe(CO).) is formed at (70-200) atmosphere pressure and a temperature
of (200-220) °C.

» The carbonyls can now be decomposed by heating the vapour at atmospheric pressure (70-200).



Powder Characterization.

Characterization powder properties properly achieved by applying the suitable methods for characterization,
because the powder particles properties depend largely on the physical, chemical and mechanical properties of
the initial metal powder. There are various methods to calculate average diameters of particles based on

understanding the role of powder properties in the powder metallurgy process, as below:

(1) Physically, by consideration (Particle size & Shape), using Particle size measurement techniques

(2) Technological Properties ( apparent density & tap density, Flaw ability, Segregation,
compressibility).

(3) Chemical properties, by consideration (Chemical composition, phase distribution).



Powder Characterization:
(1) Physically, by consideration (Particle size & Shape)

» Majority of metal powders employed in powder metallurgy industry vary in size from 4 to 200 microns.

> In practical P/M, metal powders are divided into three distinct classes: Sieve (s&=s sl Ju_2), Sub-sieve (Ju_g 4l),
Sub-micron (or ultrafine) (s St 42d Ju2),

> Sieve size powders are used for most ordinary mass production because of their good flow ability and lack of
further processing requirement such as granulation (<l ) Jasad).

» Sub- sieve particles are smaller than the aperture 43 of such a screen but greater than 1. This class of powder
is used for the production of refractory metals, hard carbides and magnetic cores.

> The sub- micron powder particle size is smaller than 1 and is used for the manufacture of dispersion ( 4x=la
ciddl) ol Lasyl) strengthened high temperature alloy (o) al) ddle saliadll cBiluldl), bearing and micro porous
components(4xs_Silall 4xbiaall <ild LS jall) magnetic materials (4xwblizal 3 5dll), nuclear reactor fuels ( Jxdll 2 8 5l

s 5 ).



1.1.d Powder Characterization

Particle size measurement techniques.

Q- Why sieving is the favored method for
determination powder particles?

Sieving (4 £):

- widespread use of this method.

- Most satisfactory for plotting particle size
distribution, in which the successive sizes
form a geometrical series.

- Distinguishes between particles which are
larger than 44 micrometers and smaller than

44 micrometers.

Table Common particle size determination methods and their limits of applicability?

Approximate
Class Method useful size range
(mucrons)
L Steving using mechanical agitation or ultrasonic
Sieving mnduced agitation and screens 0
Micromesh screens 5-30
Microscopy Visible light 0.2-100
Electron microscopy 0.001-5
- : Gravitational 1-250
Sedimentation Centrifugal 0.0 5—6q
Turbidimetry Turbidmetry (light intensity attenuation 0.05-500
measurements)
Elutriation Elutriation 3-30
Electrolytic resistivity  Coulter counter 0.5-800
Permeabality Fisher sub-sieve sizer 0.2-50
. Adsorption from gas phase 0.01-20
Surf: §
fee ared Adsorption from tiquid phase 0.01-50

Table shows classifies some of the common methods of particle size
determination and their limits of applicability.




Powder Characterization (Particle Size & Shape):

» Naturally, most powder particles are A (3-D) shape with different shapes and sizes. See the pictures.
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Powder Characterization:
(1) Physically, by consideration (Particle size & Shape)

» Particle sizes and shapes are considered the basic characteristics of metal powder, such as the contour of the
surfaces’ particles («u_ sl =k kisy) also their distribution, purity, porosity and their chemical compositions.

» Particle size definition according to the sedimentation («_%) method is defined as the diameter of the spherical
particle («25_5) having the same specific gravity (4= s 4xila 5l Ji5) and settling velocity (< il 4= ,u) as the non-
spherical particle under test. (45 SI sad) 4snall 8 W (5 sbon Cuan i de jug due 53 adla JEN Ay 5 KU agual) jlad elliag () 5
Jsall)

> For example, the simplest and ideal particle’s shape represents the (Equiaxed Spherical). (4wall IS5 s Jlie Ll
sl o sbuiall JGA) In this case, the calculation sizing method includes [Average. values of particle size], is a
concise quantity for any given spherical particle, which may have several values with same shape Al s3a 3

S i eaawie o L 5 IS8 A58 A (Y Anlia 408 (bl anall Jaedl 380 Cliall 4 )k



Powder Characterization:
(1) Physically, by consideration (Particle size & Shape)

» When the method involves sizing, the particle size is measured as the opening of a standard screen
which just retains or passes the particle. (4wl 38 (e W jlial o3 Al diaall sl aaay (uldy 4uall aas Uia)

» The average diameter in the case of large particle size can be determined by counting and weighing as
the cube root of the volume. (paall xSl H3a0) 3 yha e 45 ) g9 adbis (S 0 ST alaaDU Hlasll Jana)

» The average diameter in the case of micro count method can be determined by averaging several
dimensions. (sle) 822l oluall Jaedll G5k e abus (S g Sl 22l 48 jla 3 jladll Jaxa)

» Note that the average diameter is defined in different ways according to the method employed for size

distribution. (s s> @j}ﬂ Al 48y Hhall e Jely adlisg (9 yhay <o yry il Jaxs)



Powder Characterization/ (1) Physically, by consideration (Particle size & Shape):

- Using particle size distribution method (©lwall «aall &5 5ill) /the method employed for size
distribution.

(a) It is the most an accurate and a completed characterization method to describe powder materials. This is because in
reality, all material’s powder are prepared in same procedure, so all particles would have nearly a same looking shape,
but not exactly same size

(Aaadly 4dlide Lgist g JSAY i Ly 55 Lt (3 gaal) cilun 0585 O () (558 (Gaudl) udly AT palal) (5 gaal) juand Adas () upauy 483 SY) 48, Jhal)),

(b) Particle size distribution curves relate the particle size to the corresponding fraction of the powder with that size.
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Figure below illustrates various size distributions



B- b- Using particle size distribution method: The curve has different sizes as below:

- The poly-modal distribution (Js&) sadiall a3 5il1) consists of two or more narrow bands of particle

sizes, each with a maximum, with virtually no particles between such band.

ada i) Cra S ol Cptil e g gian JISAY) aaniall a3l of da g g Lde dad Al day p& JS cilpall alaal ABual) ada Y1 DA Abadia i 0a jiie cilia

Note: e Polymodal

B S O I'..""""-.
In unimodal distribution s / III'I.

. _ &

(JSED) oW &) 53ll), there is one = *H'I .r! \
high point or maximum amount | ;‘ \ | ]
of a certain critical size. g | ! \ JIl-' "-.IL
(cﬁowe.édu.-ﬁﬁi‘ s aglle saal 5 adadi aa ) E-E 1"-".




B- b- Using particle size distribution method: The curve has different sizes as below:

- The broad band distribution (a«!s! 2423 ¢4): represents a uniform concentration of particle sizes

over a broad size of interval with practically no particles having sizes outside this range.

Broad band

Cra ek g (uilada aaa 58 5 Jiay
M\Jﬁ@dj&&s@uﬁ%*
28 5) sual aaa Ll a6l Gl

dail) 1 CUA Qs

Yo Weight size d—*



B- b- Using particle size distribution method: The curve has different sizes as below:
- The irreqular distribution (il ,al) 233631): represents a continuous and finite

variation of particle sizes within a relatively broad range.

A ) alaal) e Lpd Gy 8 g Jiag
£ o8 Gl Al g dgalida yall o paiecall

SRS

Note:

Porous particles differ from irregular,
due to porosity’s presence, which itself
may be very irregular in both size and
shape.

A large amount of porosity makes any

shape characterization very difficult.

5

% Weight size

| Irregular

Particle size — Diameter d —»



B- b- Using particle size distribution method:the curve could be applied at different sizes and shapes as below:




Powder Characterization.

(2) Technological Properties.

» The other characteristics which are dependent entirely on the above primary properties of metal powders:,

Apparent density, Tap density, Specific surface , Flow rate, Compacting, Sintering

» The apparent density of a powder is defined as the mass of the particles divided by (per) unit volume of loose
or unpacked (&s==sll &) powder, usually expressed in g/cm3. Thus it includes internal pores but excludes
(2=23u3) external pores. It is governed by chemical composition, particle shape, size, size distribution, method of
manufacture of metal powders as well as surface conditions which can vary from 20-50% of the theoretical

density.
> It is influenced by the lubricant/mix and is an indicator for filling the tool’s depth ( Jlaial e A 5z all clulaiy il

o2all (3ac ¢ Nial).

» Itis a critical feature, because It specifies the type and size of tooling's necessary in compaction, and sintering
processes later on, affecting either positively or negatively on the other characteristics of the powders, which
have direct bearing on it (apparent density), e.g. density of the solid material, particle size and shape, surface area

(m?/gm), topography and its distribution.



Powder Characterization.

(2) Technological Properties.

> Tap density: refers to the increased apparent density of a powder due to tapping (<& sl «2sw) during compaction and sintering

process. This increase resulted from the great condition of friction between the original particles of a powder because it has a

small sizes, irregular shapes and roughened surface.

» The greater the frictional conditions in the original powder (small sizes, irregular shapes and roughened surface),
the greater the increase in density due to tapping (cadl), 43Y |3 sausall 2 saall Bas 5 AU ) 5035 13 gnsall o jallal) 48U
o Ul o) Ll Wb 3 Ul 3l g my Lad 5o ) 5 it 5 Jaliaadl dlee Lol g alaiY 4 ) g puall <l 52V 5 20all anm 5 & 53 2any
aalisall Apnall J5 5 ana adliall ool 28US | gl sl o3gd JEaS | (§ ganall a4y jallall BB e ilae 580 L ) (5 AY) Lal 52l

Apall mhas g jliat 4 dualal)

> Another expression for tapping density or load factor (J=adll Jklxs), is the apparent density of the powder after
it has been mechanically shaken down (Jis\ 4alsi )l) or tapped (42s>wx) until the level of the powder no longer
falls. It appears to be widely used for storage, or transport of commercial powders and also a control test on

mixed powder.



Powder Characterization.

(2) Technological Properties.

Green density: the strength of the green compacted powder mainly depends on consolidation pressure

(ue el baazall) and increase from mechanical interlocking (Sslsaall cLLiall) neighboring particle and shearing
particles. It could be improved by using soft irregular shaped particles with cleaned surfaces as the particle’s
shape and structure have a great effect on the properties of green strength, as well as, by employing regularly
annealed smooth shaped particles with high densities (possessing no internal or interconnected porosity). In
general, the green density increases with increasing particle’s size, apparent density, or compaction pressure,

and with decreasing particle’s hardness, strength and compaction speed.



Powder Characterization, Technological Properties ( Flaw ability).




Powder Characterization, Technological Properties ( Flaw ability).

> Flow rate (Time /50g9): is the time required for 509 of dry powder to pass the aperture () of a standardized
funnel (&&)Influenced by the lubricant/mix and is an indicator for the tool filling rate (s ¢kl Jaxs) and
consequently the productivity of the press (LsSall dualil),

» The flaw-ability is proportional with flow rate. The flow rate is a very important characteristic of powders which
measures the ability of a powder to be transferred.

» Itis defined as the rate at which a metal powder will flow under gravity from a container through an orifice both
having the specific shape and finish.

» The powder filling of die must be rapid and uniform without bridge formation for obtaining a rapid rate of
production, consistent compacts and economy.

» The standard apparatus (%l j=), known as Hall Flowmeter, is generally used for the determination of flow
rate.

» The time required to flow the weighed sample of powder (usually 50 g) from the funnel into a cup held at a fixed

distance below the orifice is a measure of flow rate



Powder Characterization.

I Xam I e The relationship between flow
With increasing non-uniform p rate and apparent density is

: reversed, with decreasing flow
shape of particles, the flow rate

N creases rate, the apparent density
LS s . Bulk: density flow increases for sponge, irregular

AV Jaze cala ) and spherical particles.

ENT = 0w MAODM
WO 28w

Spherical (stainless steel) Sponge (irreqular and porous) Atomized (irregular)

AD: 445 g/cm? AD: 2 3-2,65 g/cm?3 AD: ~3 g/cm?3
Flow: 13-15 s/50g Flow: 29-32 s/50g Flow: ~25 s/50g



Powder Characterization.
(2) Technological Properties ( the effect of bulk/ segregation _tiii¥).

In a particulate system (2l 2Usi)there are no motions equivalent to the molecular

diffusion (sl JLasy)) of gases and liquids.

Segregation rate depends on
1) Particles’ shape and size,
2) Induced movement, and

3) Density of additives.



Powder Characterization.

(2) Technological Properties (Compressibility - 4xblaaiy).

Compressibility is a measure of compression or densify the powder using external pressure.
Compressibility unit is the density in g/cm?3, rounded to the nearest 0.01 g/cm3, at a specified

compaction pressure.

Factors influencing compressibility:

a)Compaction pressure

b)Particle shape/size

c)Particle porosity

{

d)Lubricant/organics contents sac (s sisa/type

Increasing pressure

e)Powder composition



Powder Characterization.

(2) Technological Properties (Compressibility - 4tail))

>

>
>
>

A\

It is one of the most important characteristics of a metal powder since it affects the densification process.
It is a measure of the powders ability to deform under applied pressure.

It is represented by the pressure/ density (or pressure/ porosity) relationship.

green density of the compact

It is defined as the ratio (compression ratio) of: aparent demsity of the powder -

Ultimate or True density of a bulk material

Maximum compression ratio = ,
Apparent density

The compression ratio can be varied from about (2 — 8), in most practical applications.

Higher values of compression ratio require greater die depths and produce severe complications due to the
introduction of friction between the powder and the die walls and internal friction of the powder.

Thus a low compression ratio is preferred because of the reduction of: i. Die depths ii. Breakage and wear

of tooling 1ii. Press movement and thereby it is possible to achieve higher production rate.



Powder Characterization.

(2) Technological Properties (Compressibility - %M‘i\)
Compressibility, is defined in terms of the densification parameter, to:

Green density — Apparent density
Theoretical density — Apparent density

Densification parameter =

» Green spring: another property of the green compact, associated with the difference between the size
of the compact and the tools employed to prepare.

> Itis usually termed green "spring" because the compacts expand both radially (L,kall sla3l) and
longitudinally on ejection from the tools.

» During compacting, plastic deformation of the powder particles causes work hardening and an increase
In the elastic limit.

> As the compact leaves the die, there is elastic recovery of the residual stresses and when it exceeds the

green strength of the compact, cracking will occur on ejection.



Powder Characterization.
(2) Technological Properties (Compressibility - 4:hlail)

» Green strength is the mechanical strength of a green — i.e. un-sintered powder compact.

» This characteristic is very important, as it determines the ability of a green compact to maintain its size and
shape during handling prior to sintering.

» Green strength is promoted by increasing particle surface roughness and area, and decreasing the powder

apparent density.

Compatibility is indicated by the pressure/green strength relationship. Compact ability of powder is

defined as the minimum pressure required producing a compact of given "green strength". Both these
terms are dependent on particle size, shape, porosity or density and hardness, surface properties,

chemical composition and previous history (e.g. hardening, annealing treatment, etc) of the powder.



Powder Characterization.

(3) Chemical properties, by consideration (Chemical composition, phase distribution):

>
>

The chemical composition of powders usually reveals the type and percentage of impurity.

The term impurity refers to some elements or compounds which has an undesirable effect.

Impurities influence not only the mechanical properties of the powder compacts, but also their
chemical, electrical and magnetic properties.

It may also exert (Je=i laga JAv) a decisive (<) effect on pressing, sintering, and other post- sintering
operation which are essential for the production of finished product from powders.

It determines the particle hardness and compressibility.

The toxicity of powder is normally related to inhalation (&-xiu) or ingestion (g >ki) of the material and
the resulting toxic effect.

The chemical reactivity of a material increases as the ratio of surface area-to-volume increases.



Powder Conditioning & Heat Treatment.

Powder conditioning: means additional treatments are required to make a powder suitable for further
processing. They depend on the nature of the powder, the size and shape of the final part, and the

subsequent operations to be carried out.

1) Powder mixing (additives): the temporary additives have the function of lubrication, plasticizing and
binding. Lubricants and plasticizers facilitate movement of the particles under externally applied forces by
reducing enter-particle and die wall friction forces. Binders enhance the strength properties of the green
compacts, which have to be sufficient to withstand the stresses arising during subsequent handling. These
stresses can be quite high during ejection of a compact from an axial die press.
Lede Jalise Al g el ) 48 ja Jeast il g <y ) oy ) ol g 511 e Jlani 48 50l Cililza¥) 1 (lilial) (3 sasal) Lals
SV 5 o gl § yamsall da slial) Galimd 3 ja adas 31 il (o) SIS Y) (o 8 alalall iy Sl QS sk e A A (5 58
Z) A dlee JBA laa 4ille (oS3 (Sae Clalga V) 238 48D COlabaall JBA 4xdl jall Calalgal) aglad 8IS () &G o) (g sl (e
SV (5 sna B e da srcadd) (§ paniall



Powder Conditioning & Heat Treatment.

055
by

C)

a) elemental powder
mixture

b) master alloy mixture

C) pre-alloyed powder

d) diffusion bonded powder

e) coated particles




Powder Conditioning & Heat Treatment.@./)@ |

OO @x O <D
WA ORI ONG
2- Alloying powders: there are different types of alloying e l@ 0 Q@W | %

s W, e IR
example, the most important example of which are the coated | O O O O o) elemental powder

particles shown in the figure. The purpose is to obtain the desired % mixture

techniques are possible to be applied to the powder’s systems, for i’

b) master alloy mixture

C) pre-alloyed powder

d) diffusion bonded powder
e) coated particles

properties of the material in the final component. This could be @@ 0

occurred during sintering in order aid sintering through additional  _ d) e)

functions in powder metallurgy process, or during handling and

formability of the powders.
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Powder Conditioning & Heat Treatment.

3- Particle size reduction/ Powder Mixtures of elemental (alloy constituents): means mixing homogenous
and heterogeneous powders, in order to provide the desired concentration of alloying elements. This
process described as a versatile (lalasisy) 2a=i), relatively good compact ability (s bzl 4,1E), However,

in many cases it is insufficient homogenization process during sintering, and the danger of segregation

—_—

during powder handling.
@
O.

9 Powder mixing( additives) + alloying powder= pre-
alloyed powder

a) elemental powder mixture



Powder Conditioning & Heat Treatment.

4- Evaluation powder mixtures quality in macro and micro volumes (Master alloy powders): means
selection the suitable starting powder mixtures from various types, that enable overcome special problems in
alloy system. For example, using alloying elements of high oxygen affinity («=_%such as Cr, Ti, Al, etc., which
have stable oxide films inhibit ( (&« 5 Gxsintering. They can be used as master alloy powders, in which their

activities are reduced by forming compounds or solid solutions with the base powder, or which form transient

¢ o)

or even stable liquid phases during sintering. @
O

O

O Z
b)

D) master alloy mixture




Powder Conditioning & Heat Treatment.

5- Diffusion bonded (diffusion stabilized): means combining the powder mixtures
with the pre-alloyed powders. This is produced by special heat treatment of a
mixture, within it, the particles of the alloying constituents are sintered (bond

with base powder particles through diffusion). So, the danger of powder

segregation could be completely eliminated. O
| O O
OO ) 0 0
by, [y

d) C)
d) diffusion bonded powder C) Pre-alloyed powder

—




Powder Conditioning & Heat Treatment.

6- Particle coating: Means the alloying constituents is similar to diffusional alloying,

but more effective for homogenization during sintering. It can be applied even in
completely immiscible systems (z!_ 3 4L e 4.kil) |ike metal-ceramics, where it
provides the basis for ideal microstructures with a continuous skeleton (_«iwe JSu)
of the metal phase at metal contents of only a few percent. Coating of particles can

be achieved via gas phase reactions or by precipitation from aqueous solutions.

O

e)

e) coated particles



1. Metal Powder Compaction Processes.

(1)
Pressure assisted shaping
(Die compaction)
Processes.

(1.a) Cold Compaction
(1.b) Hot Compaction Pressure-less shaping
. = (Forming without external pressure)

(1.c) High Compaction Rate Processes (2.a) Powder Filling and Vibration
(2.b) Slip Casting

(2.c) Electrophoretic ( s 31
a9 il 4% jhay £l <) Forming

3
Metal Powder Pre(sere

Compaction. (Spray forming)
Processes.

(2)




[11. Metal Powder Compaction Objective.

A. Consolidate (&) the powder into desired shape.

| (stlaal) JSEN L 8 sannal) o)

B. to Impart (4S_Lis 5l clac) sl =), to as high a degree as possible, the desired final

dimensions with due consideration to any dimensional changes resulting from

sintering.

(o siiad) Alas day Lgd guan a8 g5 Juiaall (o (Al Agand) i i) quiadl o i) day dadalal) Agand) clalacd) ey A% 1Y) ae 4341 e 43 o 4l sl pllas & 45 jLiall)

C. To impart the desired level and type of porosity.

(s2a) sial) Cilebisall de i Liayl 5 o stlaal) Jazazall (5 gise aa)

D. To impart adequate strength for subsequent handling.

(<Y a ki) o B Cidlalaall duia a3 die duaibuad o Blial) 8 2o lad (§ samall 418 5 dpuilia 48U A1)




V. Metal Powder Compaction Categories

To achieve the goal of compaction process, should select one of the following

categories:

(a) continuous vs discontinuous process, (4ndaiia sl o jaiune ol e
(b) Pressures high vs low, (Uakaie 5 Mo Wl Lk alaaily)
(c) compaction velocity — high vs low, (Aaidia 5f adlle Ll e )

(d) Temperature room to elevated temperature,
(dle oloa cila gl adjall 5 ) s s )

(e) uniaxial vs hydrostatic pressures.

(sSitinn 5 5 of olai) (galal Jaaa i3 o jeal aladiulysg),



V. Die Compaction (Conventional) Technique.

» Represents the most widely used method.

 Involves rigid dies and special mechanical or Single action pressing Double action pressing

| |

hydraulic presses.

L . = Upper punch
« Densities of up to 90 % of full density can be

achieved following the compaction cycle, the

duration of which may be of the order of just a few
seconds for very small parts.
« Powders do not respond to pressing in the same way Die
as fluids and do not assume the same density
throughout the compact.

* The friction between the powder and die wall and

between individual powder particles hinders the

transmission Of pressure. Single and double acting powder compaction.



V. Die Compaction (Conventional) Technique.

A high uniformity in green parts can be achieved depending on:

1- Kind of compacting technique: It refers to the movement of the individual

tool elements (e.g. upper/lower punch, die relative to one another).

2- Type of tools: depends on pressing action, it refers to using two types of

tools during compacting process within a fixed dies.

Single action pressing
|

—— Upper punch

Single and double acting powder compaction.



VI. Pressing Action. pl‘eSSingaCtion

= Upper punch

Die

B I
Single | [Double

E—

1) Lower punch and die are both stationary (<t 1) Die s stationary in the press.

| , _ , 2)  Upper and lower punches advance simultaneously
2)  The pressing operation carried out solely by

(4l 0 y st 0285) from above and below into the die.

the upper punch as it moves into the fixed die. 3) The result powder is high density at the top

3) The die wall friction prevents uniform pressure distribution. and undersides of the compact.

| | 4) Inthe center there remains a ‘neutral zone’
4) The compact has a higher density on top than on the bottom.

which is relatively weak.




V1. Pressing Operation

can be sequenced as follows:

1. Filling of the die cavities with the required quantity of powder.

2. Pressing in order to achieve required green density (has porosity due to friction) and part thickness.

3. Withdrawal of the upper punch from the compact: a risk of cracking green parts is expected, as
the upper punch withdraws the balance of forces in the interior of the die ends.

In the case of parts with two different thicknesses, the elastic spring back of the lower punch is the

greatest danger' In the case of thin parts with large projected area,
Examples for parts with two different thicknesses

D &Y
Deep undercut region L | \ & ' _

caused by the protrusion 1 s ki )
Flange with a hu upwards, while the latter tends to expand the part.

cracking is common due to elastic spring back of
the lower punch and the part itself, The former

(Js&d)pushes the part still lying in the die cavity




V1. Pressing Operation. cont.

4. Ejection; the tooling must be done in such a manner to help ejection

process to be possible as possible.

Ejection of a part with complex forms is a problem, as it involves friction
between the green part and tool walls. The green strength must be high to resist

the bending stresses introduced by the ejection force.

Green density — Apparent density
Theoretical density — Apparent density

Densification parameter =

Green strength is the mechanical strength of a green —i.e. un-

|00} uol12a(3

sintered powder compact. This characteristic is very important, as

it determines the ability of a green compact to maintain its size and
shape during handling prior to sintering. Green strength is

promoted by increasing particle surface roughness and area, and

decreasing the powder apparent density.




1- Hydraulic Presses

1-Produce working force through the
application of fluid pressure on a piston
(=5%) by means of pumps (43xax),

valves (©“lles), intensifiers (<—léiSs) and
accumulators (<L) ),

M

Compaction Presses 2- Mechanical press
Compaction presses for powders [ 1_ flywheel stores energy, which is
are of gwo types then released and transferred by one of a
variety of mechanisms
(eccentrices S <2, crank s (a8,
3- toggle 4lais 4la 5) to the main slide.

echanical hydraulic Presses

VIIl. Compaction presses,

adale 348 algi e Aatl Ay Jand) A1 1Sl g pagl) (Sl
s () Jlad) bia PIA (e (aphina > 68 Laly g)
ilas) o GliiCa Glalaa  cliiiaag ala 9 9 (asa

b i 8 ) gy ) 93 G g2 o) Adas JS& o ABlal) (A €3 gis
A Joalial 158 aa] ) 48 Al 4Bl (i 45
s a3 BB Ll (el ) Sl Jakcalt B
) E1J3 s ABUY i) o3 sand B Jases o (3 gamaall
Addaia Alay gl ¢3S 0 2l £35S

2- Inherent in the hydraulic method of drive
transmission is the capability to provide
infinite adjustment of stroke speed, length

and pressure within the limits of press capacity.

2-For example, In the toggle type the eccentric or crank straightens a
jointed arm, in the way, the upper end is fixed at the top, while the

o L8 o ading ailall 4S o J5 8 4Gy yhall o (b
b S de yuu (o (b alia 43 ) g0) (ALY Jalad Jagad
padaall dnadl Cpaas Ly Lgdaiuan g Lgd sl dga gall dplaiial)
S ) pusall

lower end is guided for controlled accurate punch guidance into the die.

LS LS e 0] giall ASailSaal) dBUal) J&S ol uada £1,0 aladialy ASad) J&5 U Jaw Ao
dagll £1,3) £1,3 138 Jaa Gasb oo belal) Gusall ) 43S Ul gail) ddas (ha L3S Y 9
£1A i) 4l Lady Ao ¥) oladily Afdia £ A0 Liad) Algdl) Jaan o) JSAIL Laiinie (4laial)
shsia ABBS AS a9 JiuY) gad b ldal) (sl aday o) ANy Jaud 1gaSsa (S0 O daaaa
(Bl sladly 1985 by Wgale




CLUTCH

N

VIll. Compaction presses,
<€ FLYWHEEL

BRAKE

CONNECTING  =———————>

ROD OR PITMAN
CRANK SHAFT

e GUIDES

BOLSTER
PLATE

general view of the automatic mechanical press.



1.3 Sintering (s o 4ub)

» Sintering: An assembly of the compacted particles under pressure or by confining (L) in a
container («s=), chemically bond themselves by adhesive forces (&&=>4 3 88) into a coherent

body (<lulais aua) under the influence of an elevated temperature.

UHS Sintering -~

—_—

Sintered Component

» The temperature is usually

below the melting point of

Precursors

the major constituent

(s A o) g8l

» During sintering, metallurgical
changes within the material may take

place simultaneously (¢« 3 A=) or

consecutively (w8l o),

Powder metallurgy steps to produce a part.



1.3 Sintering (G o) 4ubi)

» It is achieved in stages, each stage has a set of condition, e.g. Driving force, & The mechanism
of material transport.

» Itis a complicated process as it is expected to face expansion or shrinkage in the sintered

part leading to very large amount of dimensional changes.

Stage 1 Stage 2 Stage 3 Stage 4

Loose powder Initial stage Intermediate tage Final stage

Sintering steps to produce a part.




1.3.1 Sintering Stages.
(1) Initial bonding among particles,

(2) Neck growth,

(3) Pore channel closure » (H) z -
nitial bonding A (pore shrinkage).
(4) Pore rounding \L (2) Netx growil
3)
(5) Densification Pore — —
channel
_ closure ,
(pore shrinkage). l [(4) Pore rounding

_ Powder Pores
(6) Pore coarsening. particles



1.3.2 Liquid Phase and Activated Sintering Method:

Liquid Phase sintering Method:
> The most common method which include

initial condition

liquid phase during all or part of the cycle

of the material’s sintering in order to enhance

densification.

- There are two variations of the process:

(a) normal liquid phase sintering for which the formation of the liquid
phase is associated with one or more components contained in the

original green compact.

L hgaall (el a5 5ad) A Al o ey cpaa) e ST ol S say (@lata Jilud ghall (055 A8 5 pandal) Jileddl ) gha 3 g3 gy Al

(b) Infiltration (z= 5 \ «u d): occurs simultaneously during the very early period of
sintering for the original green compact with the liquid formed outside the

compact which is dominant, also, occurs for the previously sintered parts.

particle

liquid

porosity

densified structure

Alaall il g Biad) Ll 7 A Jsdiall slal) pada gudaall ¥l cuda ) o Jadl antil) Zalaad 1an o Saal) Jal yal) YA Cpal i uday syl
Letd N satal) o) Jad Giaat A3y o vl

reprecipitated
zone

original size

liquid

Liquid Phase Sintering Process.



1.3.2.a Liquid Phase and Activated Sintering Stages:

Liquid Phase sintering steps (densification steps).

1) Re-arrangement’/ ‘liquid flow’
» Includes lower densification

Kinetics with progress in liquid
phase sintering, cause increase
liquid content up 35% volume.
» Increasing liquid 35% V, aids
Initial densification by start
coarsening particles size,

» Coarsening particles size with
high green density transfer the

melt to an offset point.

—
o
o

Densification parameter, %

I . (1]%] d Densif‘li)ation
mtial bonding ) Neckgrowih (pore shrinkage).

3)
Pore i
channel
closure

[(4) Pore rounding
Powder P or

particles

Solid phase sintering

Solution and

reprecipitation

densified structure

reprecipitated
[~ zone

L original size

Liquid flow

Indtial conditon

[~ liquid

particle

10 100 1000
Sintering time, min

Figure below shows the densification stages during liquid phase sintering.



1.3.2.a Liquid Phase and Activated Sintering Stages: 0

Liquid Phase sintering steps (densification steps).

2) “Accommodation / ‘dissolution & re- precipitation”.

» The melt penetrates along the
Inter-particle interfaces causing
separation, and contribute In
swelling (adwas o) FUii),
» A small dihedral angle
(42> 549 ) inhibits (=) coalescence

(+.=>3) of neighboring particles.

» This type of technology used in
sintering steel, cemented carbides,
heavy alloys, bronzes and silicon

nitride systems.

lllllllllll

Initial bonding (2} Neok sromih ioccuistags:

\b (
3
Pore —
clllannel “
m [(4) Pore rounding
paricles "
100
a il

o~ . 2
= Solid phase sintering
5] :
= Solution and
g l'e p re C | p |tat| 0 n \ densified structure
a s
= reprecipitated
9 [~ zone
:-'(g qu u |d f|0W L original size
E Intial conditon b I|quid
(D particle
o
<)) ligud
(]

0 l : =

; 10 100 1000

Sintering time, min

Figure below shows the densification stages during liquid phase sintering.



1.3.2.a Liquid Phase and Activated Sintering Stages:
Activated Sintered.

» Refers to lowering the activation energy for sintering by adding
chemical addition to the powder.

> For example, the refractory metals (4slle (bsd da o @ild Galaall
all 44 52 5), the addition of dopant (<Uaiis) causes the
densification kinetics to increase100 times compared with
unhoped compacts.

» The best activators are palladium and nickel, tungsten.



1.3.2.a Liquid Phase and Activatec

Sintering Stages:

Negative side: Isolated porosity may result from the rapid solid-

Activated Sintered (Example).

state sintering.

» Example presents the proposed
mechanism of activated liquid
phase sintering through adding
(W) activator.

» Solution re-precipitation through
Cu-Co-W liquid phase is thought
to be negligible in comparison to
enhanced volume diffusion through

the inter-boundary layer.

Enhanced Isolated pore

Volume diffusion
of W through
interboundary

layer
"--_,_‘_--‘_H-h-“

i

Solution |
reprecipitation | \g
through o
Cu-Co-W
liquid phase

W grains
st

mmmmm

WECD?
intermetallic phase




1.3.2.a.2 Loose Sintering Method.

Widely used for manufacturing highly porous parts, e.qg.

filters.

Metal powder is poured or vibrated into a mould.

The poured metal powder in the mould is then heated to the
sintering temperature in an appropriate atmosphere.
Complexity resulted shape made by this method depend on

powder’s flow-ability.

“Mould material (<&l 3a)characteristics”
Should:
¢ Be easily machined or formed into the required shape,
s Withstand the sintering temperature without appreciable
deformation

s Not weld to the powder during sintering.

Magnetic vibratory table



1.3.3 Sintering Process Variables

The most important factors involved during sintering process are described below:

1.

Sintering Temperature: Increasing the sintering temperature greatly increases the rate and magnitude of any

changes occurring during sintering.

Sintering Time: the desired properties of the sintered parts possible to obtain by setting shorter sintering
times and higher temperatures. The time has less affect than the temperature. This is due to loosing of driving
force with increasing time at any temperature, the matter that makes remove all porosity by sintering is
difficult. In turn, using furnace sintering at higher temperature is very costly due to maintenance costs and

energy consumption, with elevating temperature.

Sintering Atmosphere: to control of sintering process, the proper sintered product depends on using the

optimal gas atmosphere.



1.3.4 Sintering Compacted Material Powder Variables

1. Particle Size: decreasing particle size leads to increased sintering. The smaller particle size has a greater pore/solid interfacial area producing
a greater driving force for sintering. It promotes all types of diffusion transport, e.g. greater surface area leads to more surface diffusion, small
grain size promotes grain boundary diffusion and a larger inter-particle contact area to volume diffusion.

2. Particle Shape: with decrease sphericity shape in particles and increasing macro/or micro surface roughness, greater intimate contact between
particles occur lead to increase internal surface area. This promote sintering.

3. Particle Structure: A fine grain structure within the original particles can promote sintering because of its favour-able effect on several
material transport mechanisms.

4. Particle Composition: Alloying additions or impurities within a metal can affect the sintering kinetics. The effect can either be deleterious or
beneficial depending upon the distribution and reaction of the impurity. Surface contamination, such as oxidation is usually undesirable.
Dispersed phases within the matrix may promote sintering by inhibiting grain boundary motion. Reaction between impurities and either the
base metal or alloying additions at the relatively high sintering temperature may be undesirable.

5. Green Density: A decreasing green density signifies an increasing amount of internal surface area and consequently, a greater driving force
for sintering. Although the percentage change in density, increases with decreasing green density, the absolute value of the sintered density

remains highest for the higher green density material.



1.3.5 Dimensional Changes Resulted From Sintering

The fundamental process of sintering leads to a reduction in volume because of pore shrinkage and elimination.

Following factors should be considered:

*» Entrapped Gases: The expansion of gas in closed porosity produces compact expansion.

% Chemical Reactions: Hydrogen atmospheres cause diffuse through the metal to isolated portions of the
compact, and reacts with oxygen to form water vapour. The pressure of the water vapour lead to expansion
of the entire mass, or have reactions that lead to the loss of some element from the sinter mass to the
atmosphere, such as volatilizing(_:), and result in a shrinkage of the material.

L)

% Alloying: Alloying between two or more elemental powders due to formation of a solid solution leads to

)

compact expansion. This effect is offset by shrinkage of the original porosity. Dimensional changes may also
occur in a binary system where the rate of diffusion of each metal into the other is different.

*» Shape Changes: Low green density regions will exhibit a greater amount of shrinkage during sintering.

L)



1.3.6 Microstructural changes (Sintering Mechanism)

» Sintering the green compacted powder causes meshing the boundaries of the original particles with each other

(unseen), leading to make the particle’s structure looks like in an annealed wrought conditions, except incase of

pores availability.

Pore’s availability might have negative or positive affect on the
diffused structure during sintering. This is because with
progression of sintering, pores continue to shrink commencing
formation of closed pores at about 5% of total porosity.
Basically, many parts produced by powder metallurgy are
formed by porosity (closed), or by blending powders elements
that constitutes many alloys, blending process possible produces

non-homogenous structure, due to formation opened pores,

which might affect negatively or not in the sintered structure.

| )
& ( ) : Densification
Inltlal bOHdlllE (2) Neck gI’OWth (pore shrinkage).
3
Pore
channel
closure
\ | (4) Pore rounding
[’«Im der Pores
particles

Isolated pore




1.3.6 Microstructural changes(Sintering Mechanism).

» During sintering the driving force for grain growth is very large,
» Grain growth in sintering formed from two phases.

» Two phases= (phase’s material + formed pores ).

» Formed pores: represent a hinder to grain growth in sinter mass,

» On the other hand, the additions to the powder material possible cause hinder to bonding adjacent particles
(o slaidl by 3l ey ) and encourage formation grain boundary.

> In addition, the grooves (Js_~l) in the grain boundary may also hinder grain growth by movement the grain
boundaries away from its groove lead to increasing the energy and area of grain boundaries.

» Many types of phase transformations may occur in the solid state during sintering at a constant temperature or
during the cooling of the metal from the sintering temperature. Porosity and fine grain structure influence on

the transformation.



1.3.6 Microstructural changes (Sintering Mechanism).

* > Precipitation from solid solution is also a very common type of transformation associated with sintering.

» During liquid phase sintering porosity level falls down, while grain size increases. Figure below.

AY -~ a €
W@
ka.'*v‘

‘YL{‘-".‘/.‘ OFRIATE
\ y il N A e |

» The shape of the pores varies rapidly during liquid phase sintering.

» In the first stage, the pores are irregular. Later they form a cylindrical network and finally attain a spherical

(1)

S h ape . Initial\li)ndl’llg (2) Neck growth (;ﬁ:siﬁimion .

- _“ » The interfacial energies can change during liquid phase sintering, since they
e . depend on solubility, surface contamination and temperature.

| (4) Porerounding

So during liquid phase sintering, the microstructural parameters change with time, which affect significantly on
mechanical properties of liquid phase sintered part, particularly ductility.



1.3.7 Sintering Atmosphere

» Generally, all materials’ type react with their surroundings because they react with the
natural atmosphere that is already available in the environment.

» Same situation happens during sintering process due to technical matters.

» For example, all metals could react with the gas of their surrounding atmosphere at
room temperature, and elevated temperatures.

» Reaction metals with the surrounded gas atmosphere increases with increasing
temperature.

» Also, the sintering process for the compacted metal powders to produce parts need
special sintering atmosphere in order to provide protection against oxidation and re-
oxidation of the sintered metal powders specifically. This is conducted by addition one

type or more of gases, as an activators.



1.3.7.a Sintering Atmosphere Functions

[ The addition of one type or more of gases into the atmosphere of sintering
environment represents an activator for the following functions played by the added

gas:

v’ provide protection against oxidation and re-oxidation of the sintered metal powders specifically.

v" Provide protection against oxidation inside sintering atmospheres means reducing oxides.

v" Reducing oxides makes the atmosphere may create highly mobile metal atoms leading to direct

reaction between the gas atoms inside the sintering equipment and the sintering compacted metals.
v" Gas atoms of the sintering atmosphere enter the sintering compact via interconnected pores.

v" Leading to either trapping by closed pores , so hinders formation shrinkage, or, diffuse into

the metal itself and become alloyed with it.



1.3.7.a Gases used In atmosphere sintering.

1) Hydrogen,

2) Reformed hydrogen gases (Hydrocarbon) / (Exothermic & Endothermic),
3) Nitrogen and Nitrogen-Based Atmospheres,

4) Dissociated Ammonia,

5) Argon and Helium.

6) Vacuum Furnaces.



1.3.7.a.1 Sintering Characteristics of using Hydrogen Gas.

1) Pure hydrogen is an excellent reducing gas used for high valued products only.

2) Expensive , so not economical.

3) Very flammable, having an extremely high rate of flame propagation.

4) The lightest element; its specific gravity 0.069 compared to 1.0 for air.

5) Its thermal conductivity (7) times greater than air. Because of this, it accelerates both the heating and cooling
rates of the work in sintering furnaces.

6) The thermal losses in furnaces are higher with hydrogen than when using heavier, less conductive gases.

7) Typical applications of hydrogen are in the reduction of oxides of iron during annealing.

-----

High Temperature ( H2) Atmosphere Sintering Box Muffle Inert Gas Furnace With Optional Sizes.

( H2N2) Atmosphere Sintering Muffle Furnace



1.3.7.a.2 Sintering Characteristics of using Nitrogen and Nitrogen-Based Atmospheres.

1) Nonflammable due to it is inert gas.

2) Used as a safe cleaner for flammable atmospheres.

3) The main constituent of the nitrogen-based system is molecular (s >)nitrogen.

4) Molecular nitrogen is obtained from air, which consists of ~ [78% N2, 21% 02, 0.93 % argon, 0.03 % CO2 (dioxide carbon)
and a small amount of such rare gases as neon and helium.

5) Very dry with a dew point (<235 4a )3) (< 65°C).

6) Very pure, having < 10 ppm(parts per million) of oxygen.

7) It is essentially inert to materials most commonly sintered and to furnace components such as muffles, conveyer belt,

heating element, radiant tube, fixtures, etc.

-----

High Temperature ( H2) Atmosphere Sintering Box Muffle Inert Gas Furnace With Optional Sizes.

( H2N2) Atmosphere Sintering Muffle Furnace



1.3.7.a.3 Sintering Characteristics of using Argon and Helium Atmospheres.

1) Argon and helium are nonflammable.
2) Inert to all application.
3) Used for sintering refractory ( gbsd 4s )2 v yeaall 4 5lia

L 4ldl) and reactive metals and also as a back fill in

vacuum furnaces.

4) Argon is cryogenically (4ax=saidl s ) jall Sls y0) produced

from air.
5) Its purity very high, less than 0.0005 % oxygen and a
dew point <680C.

6) Its specific gravity iIs 1.379 g/cm3, while thermal

1600 degree dental argon gas atmosphere oven for sintering ceramic alloy (chromium, Cobalt, Titanium) parts..

conductivity is 0.745.



1.3.7.a.4 Sintering Characteristics of Using Vacuum Sintering Furnace.

1)
2)
3)

4)

9)

6)

Vacuum retains the proper chemistry of the parts during sintering.
More economical than atmosphere gases, particularly bottled gas.
Only costly when using electrical energy and oil for the pumps of
the vacuum furnace (s s 4 sisa o)) i),

There are medium, high and low vacuum sintering furnace. But -
most sintering furnaces applied are of medium or high levels. 3
During sintering an alloy, the selective evaporation of some
alloying elements must be taken into account, due to the different
vapour pressures of the individual metals.

The efficiency of vacuum furnaces depends on the duration and

temperature of vacuum sintering.

Vacuum furnace



1.3.8 Sintering Zones.

A conventional sintering furnace can be divided into three distinct zones. See Figure.

1. Burn-off and entrance zone.

2. High temperature sintering zone.

3. Cooling zone. [Goa]

Entrance
door

N\

I Burnoff | IHigh heatI
Tray Baffle
doors

o0 0 O 0 oOoOND

Travel

IUnIoad |

Exit door

/ \

r

Muffle —/

L Heating elements X

Flame curtain

/ N

Box-type, manually operated sintering furnace




1.3.8 Sintering Zones.

v

First: Burn-Off and Entrance Zone.

Includes heating the green compacts slowly to a moderate temperature in order
to avoid excessive pressures within the compact and possible expansion and
fracture.

The main function of this zone is the volatilizing (,:43) and elimination of the
admixed lubricant (4baslaall &g 3,

The length of this zone must be sufficient to allow complete elimination of the
lubricant before the compacts enter the high temperature zone. This is because
the metal (<l &I siw)resulted from volatilization or carbon resulted from
elimination process could deposit on the furnace heating element and promote
premature failure. Such deposits on refractory walls and cooling zones lead to
poor heat transfer. On the other hand the compacts may be subjected to
discoloration and possible undesirable chemical reactions.

Atmosphere flow-ability achieved by provide sufficient atmosphere gas in order

to discharge (expel 2,%) the lubricant vapours from entrance zone towards the
furnace entrance, not into the high heat zone.

E Burnoff High heat Cool | [Unloac
KSntrance Tray Baffle Ext door
- doors
\ Travel
S, A 0600 0 0 000 .
=l 0
TN,
! f T
Heafing clements & Flame curtain

The burn-off zone either separated with an air gap using a flame before the high  ||;ffle -/

heat zone, or using instead stearic acid or a wax compound during vacuum
sintering metallic furnaces.

Other wise the furnace and vacuum pumps get contaminated.

Box-type, manually operated sintering furnace



1.3.8 Sintering Zones.

Second: High Temperature Zone.

v" In this zone, the actual sintering of the
compacts takes place.

v Must properly heated to reach the desired
temperature.

v" So, sufficient length’s zone with enough
time at the desired temperature is attained to
achieve the necessary end properties in the

sintered parts.

v" The lengths of this zone = length of burn-off e J

Z0one.

High heat

Load Burnoff
Entrance Tray
door

ﬂtlll/ [ ]

/

Baffle
doors

000 Q000

o

i

3\

Cool

Travel

_

Unload

Exit door

\

|

/— Heating elements x

Box-type, manually operated sintering furnace

A==

Flame curtain




1.3.8 Sintering Zones.
Third: Cooling Zone.

v" This zone Consists of a short insulated Entrance

section and a relatively long water jacketed door
section.

v" The former cools down (z_xb 2 ) the parts

Gof]  [punot]  [frhe]

Tray Baffle
doors

at slow rate to avoid thermal shock In the .

compacts and the furnace.

v" The former also provides cooling to a

000 Q0000

=L 0

A

|

Exit door

Travel
a‘

.

f L

temperature low enough to prevent oxidation-
of the material upon exposure to the air. This Muffle

IS designed either automatically or manually.

\ F_/__
7‘—PHeating elements X Flame curtain

Box-type, manually operated sintering furnace



1.3.9 Joining Process For powder Metallurgy Parts.

v

The ability to manufacture complex geometrical configuration of (PM) parts is represented by joining the (PM) parts to one
another or to other cast/wrought products using welding technique.

But welding of PM parts has concern with formation porosity, impurities, or a high carbon content in some PM parts.
Porosity acts as a trap for impurities/inclusions which impact negatively on secondary operations such as welding when
entrapped impurities in the pores could be deleterious to the weldability of the PM part.

Therefore, widespread success in welding PM parts requires understanding of the influence of porosity, chemical composition,
impurity level and overall cleanliness, upon weldment properties such as cracking, ductility and toughness, residual stresses
and distortion in the weld zones of (PM) parts.

Joining processes applicable for PM parts can be categorized as solid state and liquid (fusion) state.

The solid state processes such as diffusion bonding and brazing are dominantly used for lower density porous parts.

The liquid state (fusion weld) such as arc welding using gas tungsten arc (GTA), gas metal arc (GMA), electron beam (EB)
and laser welding are dominantly used for higher densities or minimal porosity parts.

Shrink fitting (press fitting), adhesive bonding, Joining metal injection moulded (MIM) parts, and Laser metal deposition are

types of welding techniques used for bonding (PM) parts depending on the products conditions.



1.3.10 Sintered Metal Carbides

» Hard metals represent, together with sintered steels, the most important powder
metallurgy products.

» They consist at of least one basic metallic hard compound + a binder metal + alloy:.

» The basic metallic hard compounds, are carbides WC and TiC.

» The binder metal is mostly cobalt ranging between 3- 25 wt%.

» WC-Co represents the largest group in the entire hard metal field.



1.3.11

1- Sampling

Quality Control OF Powder Metallurgy Materials.

2-Density

O Sampling aspect
and procedure of
sintered products
must be dealt with
in the same way an
any other industrial
product, taking
Into account the

cost.

O Include pores (open and

closed) determinations.

(3)

Mechanical Properties

‘ainjoel -y

'ssauybnoy -

O Hardness,

O Tensile strength,

O bending strength

O Toughness (impact),
O Fatigue properties.
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1.3.11. a Relative density of a powder compact (Porosity).

» Defined as the total void part of the volume related to the entire volume of any
porous material(«xbue s2l), [total voids/ entire volume]

» It s subdivided into open and closed pores.

» Open pores: are the inter-connected pores, which reach the surface of the
specimen at least on one side.

» Closed porosity represents the pores located inter-between the powder’s
particles and possible to melt and penetrate along the inter-particle interfaces
of the particles during sintering causing separation (lec.7).

» Porosity measurements is achieved by determination its main parameters:
Size , Distribution, Geometries, and its mechanical/physical/ or

metallographic properties.



1.3.11.b Porosity Measurements.

» The total porosity (P,) is measured by determining: mass (kg) and dimensions (mm).

> The total porosity (Pt) measurement in (%) is: (P,2%) = LG =22 « 1000%.

e

Where:

(P.%): total porosity percent; p Fomy density of free porosity material.

» The open (inter-connected ) porosity (P,) is measured in (%) by the following equation:

(VPo)

(P96 = &

* 100.

» The standard technique to count the porosity for hard metals is done by using the optical
microscopy on ground and polished cross sections.

» The numbers of pores are counted or measured in % of the surface.



1.3.11.c The size distribution of inter-connected pores (open pores) measurements.

» The size distribution of interconnected pores is measured preferably by mercury porosimetry.
> Mercury is pressed into the porous solid and the intruded volume (Jaaiall aaall) is measured as a function of
applied pressure.

» The method is used in powder metallurgy and ceramics for many other porous materials.

2Y.cos ©
P

» Using the equation of Washburn: r(p) =

> where:

o r:radius of pore (assume circular);

o p: the given pressure help penetrate the pore;

o (Y): surface tension of the mercury (Y= 480 MN m');

o (©): contact angle between mercury and the material to be analyzed.

[Mercury does not wet most materials (O~ 90 t0180°)].

Note: The method does not provide absolute data of pore sizes.




4- Bending Test.

1- Hardness. [Ge—| \echanical Properties

(3)
1.3.11d \ Toughness (Impact tests). x
O Hardness of a sintered 2-Tensile strength. l\‘ ¥ QO For Brittle hard metals
U For the sintered ductile & ceramics only.

material strongly affected by materials only

its density because voids in

5- Fatigue Test.
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Toughness (Impact tests).

O For the sintered ductile materials only

The pores act as initiation sites for fatigue
cracks more than the effect of notches
sensitivity with conventional steels since the
porosity diminishes (J) the external notch
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1.3.11 e Fracture properties for sintered products.

» Fracture in sintered materials has similar mechanisms known in wrought materials.

» Because inclusions and cavities are important in ductile fracture, the porosity in the sintered materials
controls fracture.

» As sintered materials generally contain relatively large volume of coarse pores, localized internal necking
Is able to start at relatively low plastic strains.

» The large pores lead to high stress concentrations, thus accelerating the spread of fracture.

» S0, the sintered materials are more complex in the stress strain response; their behavior depends on the
work hardening characteristics of the matrix and on the pore size distribution and shape.

> Intergranular and cleavage (s=) fractures are less common than ductile failures in sintered materials,
although intergranular fracture may occur in sintered parts at inter-particle necks which may be
Imperfectly bonded, e.g. due to segregation of impurities at the interface. The pulling out of particles

from a fracture surface, may be an indication of intergranular fracture.



1.3. 11. f Roughness properties for sintered product.

>

The roughness of sintered parts is governed by the successive
operations («lbi <lilee) the material is subjected to.
In the powder pressing stage, it is influenced by the wear (,>2) of

the dies.

In the sintering stage the governing factors are the lubricant burn off

and the reduction of any oxide on the powder surface.

The roughness would be different if measured on the surfaces
normal(vertical) to the pressing direction or on surfaces parallel to it.
A chisel stylus is preferred for P/M parts because it bridges the
negative gaps caused by the pores and will still measure any

protrusions on the surface of the part.



1.3.11 g Physical Properties.

¢ Electrical Resistivity for sintered product.

O The evaluation of electrical resistivity for materials sintered is affected by several factors:e.g. oxide films,
lubricant, compacting pressure, sintering parameters and powder characteristics.

O The measurement of electrical resistivity is done by a Kelvin double bridge set up test.

*» Magnetic properties for sintered product.

L Affected by the presence of pores (size, shape, and their distribution in the mixture).

L Magnetic properties measurement devices for soft magnetic materials permit two types of test pieces: ring or bars.

*» Metallography for sintered product.

O The purpose of this test to study the type and morphology of pores which affect various properties.

O Metallographic preparation of sintered materials might lead to changes in the specimen surface which can

cause erroneous (=) interpretation (J:ds3) of the microstructure.

¢ Corrosion Resistance for sintered product.



1.3.12 Application of powder technology. |Q PMis widely used for a

— *= Casting

—— + Forgin
Material ging
processes ——— * Stamping
technology

— * Powder metallurgy

—— + Metal injection molding

—— +» Machining

* Products produced by Powder Metallurgy

Business Division

range of applications, such

« Ceramics as dental restorations,
automotive transmission
* Nuclear fuel parts, from biomedical to

automotive industry sectors.

* Diamond tool

« Magnetic part™*

« High melting point/High density material (W*, Mo)
* Cemented carbide

* Structual part® (iron, aluminum)

* Tribological part*
* Qil impregnated bearing
- Wear-resistant part
 High heat-resistant wear-resistant part

* Electrical contact, electricity collecting part
* Friction material (break, clutch)




1.3.12 Application of powder technology.

Powder metallurgy (PM) is the production and utilization of metal powders.

The three main reasons for using PM are economic, unigueness, and

(42l sl 4. applications.

For example, the dominant factor for the applications that require high volumes of parts with high precision, productivity, and cost is the an

Economic Factor. A good example of this segment is parts for the automotive industry (where approximately 70% of ferrous PM structural

parts are used).

On the other hand, some (PM) applications

Economic

Cost
Precision
Productivity

require using powder metals of materials that

are difficult to process by other techniques, such :

Captive

Unique
Alloys and
compounds
Microstructures
Composites

Refractory

C/

Ideal application
(example: porous capacitors)

materials are refractory and reactive metals, the

dominant factor in this case is the

Other examples in this category are special
compounds such as molybdenum disilicide and
titanium aluminide, or amorphous (JS&ll aae)

metals.

» While the dominant factor for the applications
that require understanding the metallurgy field of
the (alloys and compounds microstructures
composites) that are used in engine, transmission,
and chassis (JSt) applications is the Unique
Factor.

This enables the engineers to use PM processing:
for example, porous filters, self-lubricating
bearings, dispersion strengthened alloys,
functionally graded materials (e.g., titanium-
hydroxyapatite), and cutting tools from tungsten

carbide or diamond composites.




1.3.12 Application of powder technology/ Example.

» The variable valve timing (VVT) rotor consists of an assembly of a PM steel rotor
and an adapter.

» The parts are joined by an adhesive, which joins them during the machining of
cross-holes and other features on the inside diameter, and seals the joint between
them.

» The assembly, used in a ChryslerV-6 engine, is mounted to the engine camshaft.

» The rotor Formed to a density of 6.8 g/cm3, with mechanical properties are (b max= 415 Mpa),
(by=380 Mpa), and a (160 Mpa) fatigue limit.

» The adapter is formed to a density of 6.9 g/cm3, with (b max = 400 Mpa), and (by= 365MPa).

» After sizing and grinding, there Is no other machining performed on the rotor.

» The adapter is not machined prior to assembly and is made to net shape with vertical slots for

oil feeding.



1.3.12 Application of powder technology.

Gasoline direct-injection pump parts. Indo-US Powder metallurgy aluminum camshaft-bearing
MIM Tec Pwt. Ltd., courtesy of MPIF cap. Metal Powder Products Co., courtesy of
MPIF

Orthodontic system bracket, slide, and hook.
FloMet LLC, courtesy of MPIF

Sector gear and fixed ring. Cloyes Gear &
Products Inc., courtesy of MPIF

-~

Helical gear and spur pinion. Capstan Atlantic,
courtesy of MPIF

Carrier and one-way rocker clutch assembly.
GKN Sinter Metals LLC, courtesy of MPIF




1.3.13 Advantage of powder technology.

>

Powder technologies processing has the potential to permit the selective placement of phases or pores to tailor the
component for the application.

The capability to replicate parts in high volumes is very attractive to design engineers using different (PM) production
methods.

The ability to fabricate complex shapes to final size and shape is valuable.

Powder metallurgy offers the potential to produce parts with high volumes and for applications where the volumes are
large or small.

The PM process is material and energy efficient compared with other metal forming technologies.

Powder metallurgy is cost effective for making complex-shaped parts and minimizes the need for machining.

A wide range of engineered materials is available, and through appropriate material and process selection the required
microstructure may be developed in the material.

Powder metallurgy parts have good surface finish and they may be heat treated to increase strength or wear resistance.

Dimensional precision for PM is a good,



1.3.14 Disadvantage of powder technology.

» Powder technologies processing does not have the enough potential to increase the impact resistance properties
in case of using the ferrous PM parts, as they have lower ductility which reduces the impact resistance compared
with wrought steels.

» The majority concerns of PM parts are porous and consideration must be given to this when performing finishing
operations.

» The strength and toughness of powder metallurgy products are poor, this is because the compaction formed by
powder, the internal pores cannot be completely eliminated. Therefore, the strength and toughness of powder
metallurgy products are worse than those of castings and forgings with corresponding components.

» Powder metallurgy cannot be made into large products. Since the fluidity of metal powder is worse than that of

molten metal, its shape and size will be limited to a certain extent.



1.3.13 Advantages of the Powder Metallurgy Process cont..

Special materials can be processed.
Material powder metallurgy can manufacture refractory metals as well as compounds, and porous materials.
Saves metal and reduces costs.

Preparation of high-purity materials.

AN NN N

Sintering is carried out in a vacuum and a chemically reducing atmosphere so oxidation will not contaminate the material.

Therefore, product purity is relatively high.

AN

Correctness of material distribution.
v The powder metallurgy method can ensure the correct composition and uniform proportioning of the material being used.
v Powder metallurgy is suitable for the production of products with a large number of uniform shapes, such as gears and other

products, greatly reducing production costs.



