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Lecture — 03
Powder Fabrication Methods: Mechanical and Electrolytic Fabrication
Hello everyone and welcome back. In the last class, we have started this topic Powder

Fabrication.
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»The fabrication method decides the characteristics of the powder.

»All materials can be made into powder and the method selected for fabricating
depends on the specific material properties.

»Primarily four fabrication methods are used
* Mechanical
* Electrolytic
* Chemical

* Atomization

And we have seen the first method of powder fabrication which is a mechanical method

of fabrication.
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Mechanical fabrication
»Impaction / ’T’O P WV\/

»Attritioning / YoM
»Shearing \/\‘/

»Compression

Impaction - Rapid, instantaneous delivery of blows resulting in cracking and
fragmentation of the material.

Attritioning - Size reduction by rubbing action

Shearing - Cleavage type of fracture by cutting. Powders formed by this method
are course and not often used in P/M.

Compression — Breaking down a sufficiently brittle material into coarse powder by
compressive forces.

The methods are often combined to make metal powders.

Powders produced by mechanical methods are typically iregular in shape.

And if you remember, we have talked about these four types of mechanical fabrications
which are listed over here; impaction, attritioning, shearing and compression. We have

talked about them in detail.
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Milling

Impact stress, o = (2Er/D)"?
E - Elastic modutus; T~ crack tip radius, D - particle size

As Qd_uces  7goes up and hence, prolonged millifg is less Qrf)ductive
Energy required, W, to get a final size/D;,

W=g(D;?-D, ?), gis constant, a — between 1 and 2.

Varies with relative change in particles size and thus milling time depends on
available powder, size change, milling media size and rotation speed.
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»Fiuid and protective atmosphere can be used to(@nd prevent
oxidation. p
»Powder generated is work hardened, irregular and exhibit poor flow and packing
characteristics. = - =

(%aminalion from jar and balls.

»Not good for ductile metals. Particles will cold-weld together.
HBREY S —
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Mechanical alloying

»Making alloys or alloyed composites using an attrition mill or high energy ball mill. o
NPTEL

attsy,
Sy,
Py

»Tungsten carbide (WC) balls and containers (vial) are generally used. Ceramic
balls like Al,0; or Zr0, can also be used. =

»Certain Ball to Powder weight ratio such as 20:1 is maintained. @ 'P

»Originally developed for making oxide dispersion strengthened (ODS) alloys for
high temperature applications.

»Grinding time, t =\Cd?/N"2/d = grinding media dia, N- rotation speed, C — empirical
constant. C depends on the specific process and the level of homogeneity desired.

»Particles are irregular in shape.

Morphology of Ball milled powders

Attrition mill

And we have also seen that the mechanical alloying or ball milling process can also be
used to make alloys or composite. So, it is not only about making powders, but the
mechanical fabrication method or this ball milling process can also be used to make
certain types of alloys or certain other types of materials where you want to combine two

or three different materials into one.

We have also talked about what is the kind of powder or the powder characteristics that
you get if you use a mechanical method of powder fabrication. These powders are
generally irregular in shape or in morphology as you can see from this image which is

given above.
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Other Impaction Techniques
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»Compressive crushing down to 1 mm and below using WC blades.

»Cold stream method - Acceleration of coarse powders by a gas jet to collide
with a cold target. ~10 um, rounded but irregular shape powder.

»Applications: SS powders for filters, spray powders (for coating).

»Self-impact attritioning - variation of cold stream, two streams of same powder
are directed at each other.

And apart from this milling and attritioning, we also talked about other impaction
techniques like applying compressive forces or the cold stream method where you apply
a gas jet to collide the powders against a target or you make the two powder streams

collide against each other and break them down into powder.

(Refer Slide Time: 02:44)

Machining

»Huge amount of machining chips produced in the metalworking industry provide
an abundant source of powder.

»Coarse powder is generated by grinding the chips.

»Easy and economical but lacks control on powder characteristics,
contaminations, oxygen, oil and other metals.

»Powder is too coarse and irregular, requires further milling.
»Not preferred method, insufficient and slow
»Useful for small scale production

»Applications - High carbon steels, some dental amalgam powders.

So, next we are going to talk about some other mechanical process like machining. As
you all know a huge amount of machining chips are produced in the metalworking

industry, where they machine different types of materials and these machining chips are



produced as waste. So, these waste chips can also be used if we can fragment them into
smaller pieces. We can make metal powder out of it by fragmenting or grinding these

metal chips.

So, this is an easy and economical process because as | said these machining chips are
available as waste from the metalworking industry. These are easily and readily
available. So, the process, in terms of the economy, is quite attractive. But the main

difficulty with this process is the lack of control on the powder characteristics.

Because you already have the starting material in form of those chips, you cannot do
much about that. The properties inherent to the metal chips are carried over to the final
powder. So, that is why you do not have much control over the characteristics of the

powder which has generated from the chips.

And the other difficulties are contaminations. For example, you can have the oxygen, oil
or other metals being mixed or contaminated with the metal chips and the powder that
you make as a result also gets contaminated. And the powder which is generated by this
machining process or by these machining chips is too large or too coarse and irregular in
shape and therefore, it requires further milling.

Because of this kind of difficulties, although very economical, such methods are not
preferred because they are insufficient and also slow. But it may be useful for small scale
production when you do not really need high productivity rate. This method is used for
making high carbon steel powders and some dental amalgam powders. So, this will bring

us to the end of the mechanical method of fabrication of metal powders.
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Electrolytic Techniques

~Precipitation of powders at the cathode in an electrolytic cell.
»Used for high purity metal powders - FE cu, 2r Mg, Ag, Pd, Ti, Ta, Nb
»Powder particles are spongy or dendritic in shape.

»Porous powders are favored by high current densities, low ion concentrations,
acidic bath and colloidal additions.
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Anode Cathode .

So, now let us go to the other process that we had listed before. Today we are going to
talk about the electrolytic technique. So, this is nothing but the precipitation of powders
using an electrolytic cell where you have an anode and a cathode. So, anode is the
material that you want to make as a powder and cathode is something on which this
material can be deposited with the help of this electrolytic cell. This method can be used

for making all types of metal powders of high purity.

For example, all different kinds of metals like iron, copper, zinc, magnesium and so on
can be converted into powders by this process. And, as far as the powder characteristics
are concerned, the powder particles are spongy or dendritic in shape in this particular
process. And, porous powders will be generated by high current densities, low ion

concentrations, acidic bath and colloidal additions.

The material as the anode is ionized in the electrolyte. Then these ions travel through the
electrolyte gets deposited on the cathode as the metal. And then, it can be easily scrapped

from the cathode as metal powders.
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Industrial production

»Dissolving impure metal in an electrolyte and depositing the metal ions on the NPT
cathode.

»Industrial cells are 3 -4 m long, 1 m wide and 1 m deep and use a set of 20 - 40
anodes and cgﬂhodes cpnnected in parallel to the power supply.

»The cell voltage is typically 1 - 2 \'lia'nd current density is high, in the range of 300
- 4000 A/m?, ere— e
»The container is sloped for easy collection of the deposited powder.

»Collected powder is washed, dried, ground into fine powder and annealed to 7
remove any strain hardening. R
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So, if you see the details of this process, it starts by dissolving an impure metal in an
electrolyte and as | said it can be then deposited on the cathode. So, on an industrial
scale, these electrolytic cells are 3 to 4 meter long, 1 meter wide and the 1 meter in
depth. They use a set of 20 to 40 anodes and cathodes connected in parallel to the power
supply, in order to scale up the whole process and generate high quantity of metal

powders in one single batch.

And in terms of the process parameters if you see, it is a low voltage high current
process. The voltage is in the range of only 1 to 2 volts and current density is high and is
in the range of 300 to 4000 ampere per meter square. It varies depending on what

quantity powders you are processing and what material you are processing and so on.

And this whole container is sloped so that, the powder is collected at one end and you
can easily collected the deposited powder from that particular end. And, once the powder
is collected, it is washed, then dried and ground into fine powders and finally, heated to
certain higher temperatures or annealed so that the strain hardening that might have been

caused in the process can be removed.

This is an example of making copper powder wherein the electrolyte is a sulfate
containing solution in which the copper ions can easily travel or can easily dissolve. And
once the copper ions go into the electrolyte through this anodic reaction, they travel to

the cathode once you apply this current and at the cathode, it is reduced by accepting



these electrons and it gets deposited as copper metal which can be easily collected from
the cathode.

(Refer Slide Time: 11:34)

Industrial production

Conditions for Cu powder production

Cu concentration in electrolyte 30g/1

_H,50, concentration in electrolyte 150 to 250 g/I

;,Aﬂ)dxc current density 600 to 4000 A/m?
Bath temperature 40to60°C
Bath voltage Ato2V
Electrode 88% Pb—12% Sb

And, these are the process parameters for making this copper powder by this electrolytic
method. The copper concentration in the electrolyte is 30 grams per litre and the sulfuric

acid concentration in the electrolyte is in the range of 150 to 250 grams per litre.

The current density is in the range of 600 to 4000 amperes per meter square. Bath
temperature is maintained at 40 to 60 °C and the applied voltage is in the range of 1 to 2
volt. The electrode used here is a lead antimony alloy. So, this is about the electrolytic

method of making metal powders.
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Chemical Fabrication

»Gas-Solid reduction reaction/ |
»Thermal decomposition -
»Precipitation from a quuid/,
Precipitation fomagas _—

»Solid-Solid reactive synthesis

The next method is chemical process or chemical fabrication technique. Under this, there

are several methods which can be used to make metal powders:

i gas solid reduction reaction,
ii. thermal decomposition,
iii. precipitation from a liquid,

Iv. precipitation from a gas and
V. solid-solid reactive synthesis

So, let us take this one by one and see how this process is done to get metal powders.
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Reduction of a solid by gas

»Fabrication of metal powders by reduction of their oxides.
»Such oxides (like FeO) can be easily milled in to fine powders.

»Reducing gases like Cf CO or #are u a thermo-chemical reaction.
Gié} +Hy(9) >F€(5)+ A0 (@)

»The powder is typically spoagy as Iarge volume change is involved.
»Reduction reaction depends on atmosphere composition and temperature.

»Use of low temperature ensures minimum diffusional bonding between
particles. LB e

~High temperature can result in dense particles with polygonal shape.

/ »Both thermodynamics and kinetics aspects need to be considered as reduction

} depends on temperature.

— »The reaction will cease naturally as it reaches the equilibrium . Removal of the
gaseous product ensures continuation of the reaction.

»The powder particles generally display poor flow and packing characteristics.

In the first method, that is, reduction of a solid by a gas, you start with the oxide of the
material that you want to process as powder and then, reduce that oxide by using a
reducing gas like hydrogen. For example, if you want to make iron powder, you can start
with iron oxide and react it with reducing gas like carbon monoxide or hydrogen at a
higher temperature. So, it is a thermo chemical reaction, because it happens at higher

temperature.

When you pass this reducing gas at a particular temperature, iron oxide is reduced to iron
and then water vapor is produced. The powder which is made by this process is typically
spongy as large volume change is involved (you are reducing the oxide to the metal).
The density of the oxide and the metal is very different from each other; that means,

there is a significant change in the volume and as a result, the powder becomes spongy.

And the reduction reaction depends on the atmosphere, composition and the temperature
at which the reaction takes place. The temperature is chosen considering the properties
expected in the final powder. If you have a high temperature, it is likely that these

particles will bond together. So, you might end up with coarse powder.

And therefore, if you use low temperature, it will ensure that there is minimum
diffusional bonding between the particles. And, high temperature on the other hand can
result in dense particle with a polygonal shape. As far as the understanding of the process

is concerned, you will have to see both the thermodynamics and the kinetics of the



process to actually understand it; the process - how it goes, what is the temperature - time

cycle and so on.

The reaction will cease naturally as it ultimately reaches the equilibrium and removal of
the gaseous product (that is, water vapor) will ensure the continuation of the reaction. So,
if you want to ensure that the reaction goes to complete and this entire solid that we have
used in the beginning is actually reduced into metal powder, then it is better to vent out
the gaseous product from this reaction so that, the reduction reaction can move in the

forward direction.

The powder particles which are produced by this method generally display poor flow and

packing characteristics.
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Thermodynamics and Kinetics

Thermodynamics: FeO (s) 0, (g) > Fe (s)+ H})ﬁ) NPTEL
#The equilibrium constant, K = py,,o/py,Where p is the partial pressure of the
gaseous species involved in the reaction.

, the reduction will depend on the partial pressures of H, and H,0.

»The kinetics aspects arise because the reactant gas needs to diffuse inward for
the reaction to continue. The oxide interface consequently moves inward (see
figure). ——r S

» The reaction rate will depend on the rate of reactant diffusion inward, rate of
product diffusion outward or the reaction rate at the interface.

~Since diffusion is a thermally activated process the-reacti
Arrhenius type relationship with temperature, J = A, exp(-Q/RT). J - diffusion flux.
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Now, as | said if you want to understand the process, you will have to see the
thermodynamics as to how the reduction reaction proceeds and what kind of conditions
you need to make this reaction proceed in the forward direction and get the powders out
of the oxide (starting material). So, this is for example, again taking the same reaction

that we considered before (reducing iron oxide into metallic iron).
The equilibrium constant for this reaction is given by,

_ DPnyo

PH,

K




Where, p stands for the partial pressure of the gases (H,O and H,) which are the product
and the reactant. So, the reaction would depend on the partial pressure of the reactant gas
as well as the product gas. So, you can either supply more of the reactant gas or remove

the product gas continuously for the reaction to move in the forward direction.

Now, to know how much time it will take for the reaction to complete at a particular
temperature, you need to consider the kinetics; that means, you need to understand how
the reaction proceeds after it has started.

So, the kinetic aspects actually come into being because you know the reactant needs to
diffuse inward for this oxide to get reduced. Because, the reduction process starts at the
surface and then, this reducing gas has to move inward for more reduction to happen and
ultimately reduce the whole oxide into metallic powder.

So, as you can see from this particular drawing, here this first (outer) circle that you have
is the interface between the reducing gas and the oxide which is being reduced. So, this
is the reaction interface. So, now as | said for the reaction to proceed, this reducing gas
has to diffuse inward.

So, you need to have an inward flux of this reducing agent or the reducing gas and the
reaction rate will depend on the rate of reactant diffusing inward and the rate of product
diffusing outward. So, as the reaction proceed or as the reactant goes in, the product
diffuses out. The reactants will diffuse in and the product will diffuse out and the

reaction rate or the kinetics of this reaction will depend on this rate of diffusion.

So, when this gas, this reactant gas or the reducing gas diffuses inward, the oxide
interface has to move inward for the reaction to proceed. Because as more and more of
the oxide is reduced, the reaction product (the metal) will grow and as a result, this
reaction interface will move inward. And, as it moves or proceeds inward, more and
more of this metal oxide will be reduced into metallic powder. Therefore, the oxide

interface that you had in the beginning has to move inward for the reaction to proceed.



And since it is a diffusion control process, it is a thermally activated process and as a
result of that, the reaction rate will follow an Arrhenius type of relationship with the

processing temperature which is given like this,

J = Aoexp(_%)

where J is the flux of the reactant, Ao is a constant which is known as the frequency

factor or the pre-exponential factor, R is the gas constant and T is absolute temperature.
So, this is how the whole reaction depends on the processing temperature.
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Thermal decomposition

»Generation of powder particles by vapor decomposition and condensation of a
volatile metal compound.

/
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»The most commonly used precursor compounds are the metal carbonyl such as
_Fe(CO)s, Ni(CO),.

»The first step is to process the carbonyl. For example, Ni can be reacted with
_CO to make Ni(CO),. Ni;S, + 4Cu + 12C0 — 3Ni(CO), + 2Cu,S |

»The metal carbonyl can be formed in aqueous media also.

Ether, dichloroethane
2MoCls + 5Zn+12CO 2Mo(CO)s 4 52nCl,.

»The carbonyl is cooled down to liquid state and reheated in presence of a
vc:&yst to form the metal powders by vapor decomposition.

Fe(CO); 5C0 (g) Ni(CO): > Ni(s) + 4C0Tg)
rFractional distillation can applied to the liquid before reheating for puriﬁcation.sg

»Rounded, irregular or chain shaped fine powder is generated. Purity near 99.5%
and size in the range of 0.2 o 20 um. o

rMajorfprobIem is the toxicity of the carbonylsj

A

The next in this category is thermal decomposition. So, this process is to generate
powder particles by vapor decomposition and condensation of a volatile metal
compound. You take a compound of the metal that you want to make and vaporize it. So,
this compound should be volatile enough so that, it can be easily vaporized and then, you

condense that vapor to get the metal powder.

So, the most commonly used compounds are the metal carbonyls because this type of
compounds can be easily vaporized. For example, iron carbonyl and nickel carbonyl.
This kind of compounds can be used to make iron and nickel, for example. So, the first
step in this process is to make the carbonyl and that can be done by treating the metal

with carbon monoxide.



For example, you can react nickel (which can be in bulk form) with carbon monoxide to
process this nickel carbonyl. Similarly, it can be also processed using some other
compound of nickel. For example, nickel sulfide can be used in the presence of another
metal (eg. Copper) that has higher affinity for sulfur. From nickel sulfide, nickel can be

derived and sulfur can combined with copper in this case.

In the presence of carbon monoxide, if you do this reaction, then this nickel sulfide will

be converted into nickel carbonyl. Sulfur will go to copper and copper sulfide will form.

Now, once the metal carbonyl is formed, it can be vaporized and condensed into metal
powder. This metal carbonyl can also be processed in agueous medium. For example:
this molybdenum pentachloride can be treated with carbon monoxide in the presence of
zinc, in a medium like ether or dichloroethane. Once this reaction happens, you can
obtain this molybdenum carbonyl. So, once this carbonyl is obtained, it is cooled down
to liquid state and then again reheated in the presence of a catalyst to form the metal

powder by vapor decomposition.

Consider an example of iron and nickel. First the metal carbonyl is processed through
this kind of processing route, and then, it is cooled down to liquid state. Further, it is
vaporized in the presence of a catalyst to deposit iron in the form of powder, when

condensed on a surface.

Similarly, nickel can also be processed and the carbon monoxide which is generated can
be recycled again to make the metal carbonyls. And, fractional distillation can also be

applied to the liquid before reheating for the purpose of purifying the carbonyl.

So, if that is done, the metal powder which is finally obtained will be more pure. And as
far as the powder characteristics are concerned, this process will generate rounded,
irregular or chain shaped fine powder. And, purity of such powders is nearly 99.5 percent
and the size of the powder particles is in the range of 0.2 to 20 microns. One of the major
problems in this process is the toxicity of these carbonyls and therefore, it is difficult to
handle this kind of chemicals, as they are hazardous. So, that is one of the main

limitations of this process.
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Thermal decomposition
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»Another approach of thermal decomposition is to vaporize the raw material

directly in a low Argon pressure atmosphere. 50-100 nm particles, faceted or
cubic, high purity. -
Bl e
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| Flow chart of Carbonyl process |

l Preparation of material for the process /}/

/\ Synthesis of carbonyl ‘ | —

' t
Residue for recycling Extraction, purification and

separation of carbonyl
f i
Decomposition of carbonyl By products

1
i
: Metal powder /

———

So, if you see the flow chart of this process, it goes like this. First as | said, you prepare
the material, like the metal and the other reactants to make the carbonyl either through
this (residue) process or through the aqueous process and then, synthesize the carbonyl
first. And once the carbonyl is synthesized, it is extracted, purified and separated and

once the carbonyl is separated, it is decomposed by heating it.

So, it is a thermal decomposition process as the name says. So, once you heat it, it
vaporizes and when once you condense this vapor, you get the metal powder and carbon
monoxide which is generated as a reaction product in this decomposition process can be

recycled.

If someone does not want to use the thermal decomposition of the carbonyl, then the
material itself can be vaporized. The raw material itself can be directly vaporized in a
low argon atmosphere. So, you need a certain chamber or certain atmosphere in which
the material that you want as powder can be directly vaporized. And then, you can
condense that vapor inside the chamber on a substrate or on a surface and collect it in the

form of powder.

So, the powder that is generated through such process is very fine in size, in the range of
50 to 100 nanometers in size and these powders are faceted or cubic and they also have
high purity. So, with this, we have come to the end of this class. | will see you again in

the next class.



Thank you for your attention.



