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General introduction

Powder metallurgy (PM) is a manufacturing method that has gained interest over
the last decades as an economic and fast method to produce different parts as for instance
structural components. It has become a great industrial potential for companies to gain market

advantages over other companies using conventional manufacturing methods.

Today, this production process is commonly used in the manufacturing industry such as
those in the ceramic forming. Cold compaction is an important part of this process. The
granulated material is consolidated by the application of pressure. The powder is formed into
a desired shape with rigid tools and a die, and then sintered at high temperatures. Sintering is

a thermal treatment that bonds particles together into a solid, coherent structure.

In our research, we have studied the effect of compaction and sintering process of non-
metallic powders which are ceramic powders (clay and sand) to produce the brick product.
During firing of brick, a series of transformation occurs which determine the final properties
of the brick product. The main factors involved in manufacturing bricks are the type of raw

materials, fabrication method, firing temperature, and firing profile.

The aim of this research is the optimization of compacting and sintering process of
brick. Two types of bricks have been studied: The first one is a bricks produced by SARL
Eloutaya. And the second type is prepared in our laboratory with specific conditions. For this
reason we used some techniques like: infrared spectroscopy, microscopic observation, X-ray
diffraction, and different tests (Water absorption, apparent porosity, bulk density).

This dissertation contains four chapters:

Chapter I: Compaction and sintering of non-metallic powders. It is about powder metallurgy
of non-metallic powders, describes the preparation of powders (milling and mixing),
compaction and sintering process.

Chapter 11 Research studies on non-metallic powders. It presents some previous scientific
examples about compacting and sintering of brick product.

Chapter I11: Materials and experimental techniques. This chapter presents the different steps
of preparing the brick product in SARL Eloutaya.Poterie and describes the experimental
techniques used in laboratory for synthesis and characterizing the prepared samples.

Chapter 1V: Results and discussions. This chapter presents the results of our work and the

different discussions of these results.
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| .1 Introduction

Powder Metallurgy (PM) deals with products and processes which use raw material in
the form of powders that are compacted into the required shape and size, using suitable
moulds. These compacted powders are called ”"Green Compacts”. The properties of the
component produced by PM processes are influenced by powder characteristics such as
composition, morphology, particle size, distribution, and method of compaction. The first step
in PM process is preparation of green compacts [1], and then sintering the green compact at
an elevated temperature in a furnace under a protective atmosphere. During sintering the

compact becomes consolidated and strengthened [2].
I .2 Preparation of non-metallic powder
1.2.1. Crushing process
1.2.1.1 Definition

Crushing, grinding and milling operations are part of many mineral processes. Crushing
can consist of primary, secondary and tertiary processes, which can be followed by wet or dry
grinding and milling. These operations are commonly used for reducing the particle size of
ores for further processing downstream. They are also performed in processes where the final

product is a powder, before mixing and moulding operations [3] (Fig. 1.1).
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Fig.1.1: Crushing operation in minerals processing [4].
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I .2.2 Milling process

1.2.2.1 Def

inition

The simplest device is ball mill where milling is performed by mechanical

impact of hard milling objects carried up by a rotary motion of drum onto the

disintegrated powder. The milling objects, ball, rollers or rods inserted into the milling

drum, are manufactured from unalloyed and stainless steel, pottery...ect, depending on

hardness, milling capability and demanded cleanliness powder. Milling can be carried dry

or wet whereas the application of suitable surface active liquid makes the disintegration

easier. The work needed for disintegration can be formulated as follows: [5]

AA =AS.y ... ... (Equ.1. 1)

Where AS is the enlargement of surface area (m?) and v is the surface stress (N/m).

Stress o needed to disintegrate a brittle material when milling depends on a structure of

imperfections and susceptibility to the crack propagation:

particle size.

o = QE.r/D)Y?.........(EQul2)

Where E is Young’s modulus; r is a radius of a tip of an existing crack or defect; D is a

The particle becomes stronger. The reduction of the limiting particle size may be achieved by

wet milling as opposed to dry milling (Fig.1.2).

Particle size

N —
Practical
grinding
limits

1 L

= —
e il L T ——

0 20

40 60 80
Grinding time (hours)

Fig. 1.2: Particle size versus grinding time for ball milling [6].
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1.2.2.2 Ball mills

The high-compression roller mills and jet mills just described achieve comminution
without the use of grinding media. For mills that incorporate grinding media (balls or rods),
comminution occurs by compression, impact, and shear (friction) between the moving
grinding media and the particles. Rod mills are not suitable for the production of fine
powders, whereas ball milling (Fig.1.3) can be used to produce particle sizes from 10 m to as

low as a fraction of a micrometer. Ball milling is suitable for wet or dry milling [7].

drive

Fig.1.3: Schematic of a ball mill in cataracting motion [8].

1.2.2.3 Milling time

The time of milling is the most important parameter. Normally the time is so chosen as
to achieve a steady state between the fracturing and cold welding of the powder particles. The
times required vary depending on the type of mill used, the intensity of milling and the
temperature of milling.

These times have to be decided for each combination of the above parameters and for
the particular powder system. But, it should be realized that the level of contamination
increases and some undesirable phases form if the powder is milled for times longer than

required [9].
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1.2.3 Mixing/blending of non- metallic powders

The mixing and blending of raw materials is quite common when minerals are involved as
raw materials in any process. There is a large variety of mixing equipment and there are also a
number of different types of mixing. Mixing types are usually defined by the mechanism used
for agitation (Fig.1.4) and the conditions under which the mixture is treated [3]. The purpose
of mixing or blending is to combine the constituents of a ceramic powder to produce a more
chemically and physically homogenous material for forming. Pug mills often are used for
mixing ceramic materials. Several processing aids may be added to the ceramic mix during

the mixing stage.

‘W @
Q- R

Fig.1.4: Various types of mixing machine: a) and b) rotating drum, c) rotating double cone,
d) blade mixer [10].

I .3 Compaction
1 .3.1 Definition

Compaction is the process in which the blended powders are pressed into shapes in dies.
So basically, we apply some pressure (can be single or double acting press) we put the metal
or ceramic powder into the die cavity. Then we apply some pressure, so when the pressure is
applied, the powder takes the form of the die cavity [11].
Compaction of powder is done in a form with a desirable shape, the shape of the final detail.

Initially the form is filled with the mixed powder.

5
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1.3.2 Compacting Press

Fig.1.5 shows examples of hydraulic automatic powder Compacting presses for producing

parts into the desired shapes: using metal oxidized powder of various kinds, such as Iron,

copper, ferrite, ceramic, tungsten, carbide [12].

Fig.1.5: Hydraulic auto powder compacting press; a) cold press ranging from 30 tons to 500
tons, b) Hot press with mold heating systems (400°C), ranging from 30 tons to 2000 tons [12].

1.3.3 Mechanisms of compaction

In the typical powder, pressing process a powder compaction press is employed with tools
and dies. Normally, a die cavity that is closed on one end (vertical die, bottom end closed by a
punch tool) is filled with powder. The powder is then compacted into a shape and then ejected
from the die cavity (Fig.1.6).When pressing these shapes, very good dimensional and weight
control are maintained. In a number of these applications the parts may require very little
additional work for their intended use; making for very cost efficient manufacturing.
The pressing process consists of the following stages [13]:
* Die filling

At this stage, a controlled amount of the powder is fed into the die cavity.
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*Compaction

Upper punch moves down and presses the powder with a predetermined pressure.
* “Green” compact part ejection and removal (“green” compact — unsintered powder
compact).

The pressing cycle repeats, depending on the press type, powder filling properties and the

part size and geometry...

|

1. Cycle start 2.Charging (die filling) 3.Compaction
die with powder begins
Dfﬂ il

4. Compaction completed 5.Ejection of part  6.Recharging die

Fig.1.6: The scheme of the die pressing method [13].

I .3.4 Stages of compaction
The compaction process can be roughly divided into three stages [14]; Fig.l.7presents

a schematic of the steps involved in uni-axial pressing.
In stage 1, the particles get re-arranged with substantial increase in green density.
In stage 2, which begins at higher pressure, individual particles are deformed.

In stage 3, cold welding occurs between particles providing dimensional stability and green
strength required for easy handling and further processing.

Green compacts can be prepared with or without binders depending on the

composition of the elemental powders and subsequent sintering process. Higher green
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strength results in more robust handling of green parts prior to the sintering operation and

reduced levels of green scrap [14].

Fig.1.7: Steps in preparation of green compact [14].

1.3.5 Relation between compaction pressure and density

The primary characteristic of powder is the relative density achieved at a given
compaction pressure, expressed in the form of a pressure—density plot, as illustrated in Fig.8
The mean density starting from the filling density initially increases rapidly, then saturates at
high pressure. The compaction pressure P used in these plots is the macroscopic “technical”
compaction pressure, usually derived from die pressing experiments in which P is simply the
load F acting on the punches, divided by the cross-sectional area A of the compact:

P= T ....(Equ.L.3)

The state of stress and the stress distribution in the compact are not taken into
consideration. The compaction behavior of monolithic (metallic) powders and ceramic
granulates, both of which can plastically deform, are described in the following subsections,
together with discussions of the state of stress, advanced modeling, and the practice of
uniaxial compaction.[15] .These steps are illustrated in Fig.1.8.
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Fig.1.8: Evolution of the density as a function of the shaping pressure [16].
1.3.6 Types of compaction

There are many types of compaction process, the most used are:

1.3.6.1 Cold compaction

Cold compaction is the first step in giving shape to powders in PM processes in room
temperature. There are different methods of cold compaction, such as uni-axial pressing, cold
isostatic pressing, bi-axial and tri-axial pressing, explosive compaction and hydrostatic
pressing [1]. However, uni-axial pressing is the simplest and most widely used process for

preparation of green compacts [17].
1.3.6.2 Hot isostatic pressing

Hot Isostatic Pressing is a forming and densification process using heated gas (most
commonly argon or nitrogen) under very high pressure. Unlike mechanical force which
compresses a work piece from one or two sides (Fig.l.9), isostatic pressure is applied
uniformly on all sides of an object, eliminating internal porosity without changing its net

shape. The process can be used to treat preformed metal, ceramic or composite parts
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(Fig.1.10), and for compaction of containerized powder shapes. Maximum standard operating

pressures can be specified from 10 to 207 MPa Temperatures can range up to 2000°C [18,19].

R |

()

a) . b)

Fig.1.9: Schematic depiction of the hot pressing equipment; a) indirect through a heating tube
or a heating spiral, b) direct heating by passing current through punches, c) direct heating of

die, d)induction heating of die or a compact[19].
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Fig.1.10: Hot isostatic press unit, used for ceramic material [18].
1.3.7 Drying

Drying is a process in which the water content in the ceramic is removed. As the ceramic

dries it also experiences shrinkage. The drying rate is controlled by temperature and humidity.
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The purpose of drying is usually to drive off excess moisture. After drying the ceramic piece
is fired at high temperatures .The firing temperature depends on the composition and the
desired property of the finished piece.

1.4 Sintering

1.4.1 Definition

Sintering (Firing) of ceramic materials is a manufacturing process in which a fine powder
that has been formed into a shape is subsequently fired at high temperatures below the melting
point. The compact, when fired, densifies and becomes non-porous. More formally, it is a
thermal treatment that bonds particles together into a solid, coherent structure, by means of
mass transport mechanisms occurring largely at the atomic level [20],(Fig.1.11).

Fig.1.11: Schematic representation of sintering [13].

1.4.2 Sintering furnace

There is a very wide variety of furnaces, which can be classified into two main categories:
Discontinuous furnaces and continuous furnaces. Most commonly used are continuous
furnaces a continuous furnace (Fig.1.12) of recent design for the sintering of mechanical parts

made of powder usually consists of three different utility zones:

1. The preheating zone where the powder products start heating.
2. The heating zone where the powder products are sintered at high temperature.

3. The cooling zone where the sintered parts are cooled before being vented.

11
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Fig.1.12: PM Continuous sintering furnace, courtesy of Elino furnaces GmbH [21].

1.4.3 Sintering parameters

Sintering is a manufacturing process consisting of heating powder without melting it.
Under the effect of heat, the grains are welded. Sintering is a very complex phenomenon
because it is based on many factors [22].

1. Factors depending on conditions of the operation: temperature, time; compression.

2. Factors depending on the nature of the atmosphere in which sintering is performed:

vacuum atmosphere reducing, oxidizing...

3. Factors dependent on the powder: morphology, particle size, purity.

1.4.3.1 Temperature

The temperatures are chosen in principle within a limited range between two thirds (2/3)
and the three quarter (3/4) of Tm where Tm is the melting temperature of the core compact
with relatively short durations to avoid excessive grain growth. Sintering of powder which
contains several components may be performed at temperature to avoid a melting of these

compounds [23].

1.4.3.2 Sintering duration

The sintering duration decrease by the increase of the sintering temperature [24].

12
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1.4.3.3 Compression

The density and hardness of the finished product are a function of the compression
pressure. Therefore, it should not be forget that there is an optimum pressure for each mixture
and that to overcome this pressure do not significantly improve the quality of the finished
product [22].

1.4.3.4 Grain size

The nature and grain size affect the mechanical properties of the parts obtained by

sintering, such as deformation, the hardness and physical properties such as density, porosity.

1.4.3.5 Sintering atmosphere

The atmosphere should be neutral or reducing and completely dry, to avoid oxidation
propagate into the bulk of the reducing atmosphere promotes compressed by removing the
film oxide which covers the powder grains [22].

| .4.4 Sintering changes in the green compact

The process of sintering provokes certain physical as well as chemical changes in the
material [12]. The chemical changes can be illustrated as:
v/ Change in composition or decomposition.
v" New phase formation or decomposition followed by phase change.

v New phase formation due to chemical changes

The physical changes that take place are:
v Change of grain size.
v Change of pore shape and pore size.
All these changes bring about the complete change in microstructure, which bring about
the complete change in the properties of the material. Change in grain size is brought about by
recrystallization where as densification or solid state sintering is responsible for change of

pore shape and size [12].
1.4.5 Mechanisms of sintering
Sintering of crystalline materials can occur by several mechanisms (atomic transport

path and their associated sources and sinks): vapor transport (evaporation/condensation),
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surface diffusion, lattice (volume) diffusion, grain boundary diffusion, and dislocation
motion. Fig.1.13 shows a schematic representation of matter transport path for two sintering
particles. A distinction is commonly made between densifying and non-densifying
mechanisms. Vapor transport, surface diffusion, and lattice diffusion from the particle
surfaces to the neck lead to neck growth and coarsening of the particles without densification.
Grain boundary diffusion and lattice diffusion from the grain boundary to neck are the most
important densifying mechanisms in polycrystalline ceramics. Diffusion from grain
boundaries to the pores permits neck growth as well as shrinkage (densification).plastic flow
by dislocation motion can cause neck growth and densification through deformation (creep)
of the particles in response to the sintering stress .Plastic flow is more common in the
sintering of metal powders. For glass powders, which cannot have grain boundaries,
densification and neck growth occur by viscous flow, involving deformation of the particles
[25].

Mechanisms
1. Surface diffusion LU !
2 Laftice diffusion Non-densifying mechanisms 1, 2,

(from the surface) and 3 produce microstructural
3. Vapor transport / change without causing shrinkage
3

4. Grain boundary diffusion g :

5. Lattice ditfusion (from Densifying mechanisms 4, 5, and 6
the grain boundary) remove material from the grain

6. Plastic flow boundary region leading to shrinkage

{by dislocation motion}

Fig.1.13: Schematic representation of sintering mechanisms for a system of two particles [25].
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1.4.6 Stages of sintering

The sintering process has historically been divided into four stages. These are described
in Tab.l.1 and Fig.1.14.

Tab.l.1: The classic stage of sintering [21].

Stage Process Surface area loss | Densification Coarsening
Minimal, unless
Adhesion Contact formation | compacted at high None None
pressures
o Significant, up to ) o
Initial Neck growth Small at first Minimal
50%loss
_ Pore rounding and | Near total loss of o Increase in grain
Intermediate _ ) Significant ) )
elongation open porosity size and pore size
) o Slow and ) )
) Pore closure , final | Negligible further ] Extensive grain
Final - relatively
densification loss o and pore growth
minimal

(b

s
&

<)

Fig. 1.14: Schematic microstructures of the various stages of sintering ; a) stage 0, contact

formation; b)initial stage, neck growth; c) intermediate stage, pore rounding and elongation;

d) final stage, pore closure, final densification [26].
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1.4.6.1 Stage zero (Adhesion) and initial stage
Before sintering, in the first stage called initial stage grains were contacted each other,
grain boundary areas grew and grains started to merge. In this stage, grains were smaller than
merged grains formed because of sintering; however, pores were larger before sintering
process [27].
1.4.6.2 Intermediate stage
In the intermediate stage, necks were formed between adjacent grains. There were small
numbers of large grains instead of large number of small grains. Pores were smaller than
pores before sintering. However, grain merging was not completed. Grain growing was
continued in this stage. The surface area of the powder in this stage is smaller than surface
area before sintering [27].
1.4.6.3 Final stage

In the final stage merging was completed. Grains were larger than calcined ceramic’s
grains. Small pores were formed, Porosity does not change and small pores remain even after
long sintering times Surface area was decreased. It is smaller than the surface area in the other
two stages [27, 28].

1.4.7 Types of sintering

There are three types of sintering with different densification mechanisms:

1.4.7.1 Solid phase sintering

The powder is heated at high temperature but none of the constituents melts. The
bonds between the particles are mainly by displacement of atoms. This process is done by
diffusion of matter in the solid state. The driving force of this spontaneous process, activated
by temperature, is the reduction of the large surface energy present in the material at the
beginning of sintering. This reduction is effected by different material transfer mechanisms,
depending on the system in question. Active sintering occurs when the sintering atmosphere

interacts with the material [29].

1.4.7.2 Liquid phase sintering

In this sintering process, one of the (minority) constituents of the powder mixture
passes into the liquid phase. As in solid-phase sintering, interfacial energy reduction is the
driving force. The property of wetting of the solid phase by the liquid phase is important for

carrying out the sintering. The densification during the liquid phase sintering takes place in
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three steps: rearrangement, dissolution-reprecipitation and grain growth as can be seen in
Fig.1.15 during heating to reach the melting temperature of one of the components, solid
phase densification can occur. It can be consistent for some systems. Once the phase of lowest
point of melting becomes liquid, the grain rearrangement step is activated. Then there is an
adjustment of the shape of the grains which leads to an important pore removal. Finally,
during the last stage a microstructural growth is observed, during which the average grain and

pore size increases continuously [21].

initial state
mixed powders

solid state

7o

o
-

additive
pore

rearrangement
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solution-reprecipitation

s \

e

>N\

b
<

final densification

j ! f =
/S
/
‘.—,

Fig.1.15: Steps of sintering process at liquid state of the powder [21].

1.5 Conclusion

From this chapter the powder metallurgy (PM) is the art as well as science of
producing powders and using them to make useful objects. Products in powder metallurgy
are often made with a mix of different powders or may sometimes even contain constituents

in order to improve the bonding qualities of the particles and properties of the final product.
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Chapter 11 Research studies on non-metallic powders

1.1 Introduction

The different previous studies about compacting and sintering of non- metallic powders
will be presented in this chapter.

This chapter presents brief of these scientifics examples about compacting and sintering
of brick product, and presents also some results (the effect of compaction and sintering

processes on the final properties of the brick product).
11.2 The first examples of a research study

Agarwal et al [13], have studied the sintering behavior of red mud compacts for different
parameters such as composition, temperature, time of soaking during sintering and studies

their effect on compressive strength, phase transformation.
11.2.1 Materials and techniques

* They used red mud sample from NALCO (Damanjori) and compacted with the help of press
at a load of 4 tones.
* In their work, the pa