Chapter 2
Literature review

2.1 Alumina
Alumina (Al.0 3) has molecular weight of 101.94, specific gravity of 3.4-4.0. A

material appears in several crystalline forms such as alpha, beta,... . of which alpha-
alumina is the densest and the most stablel3l Minerals containing alumina represent
15% of the earth's crust. Itis therefore an abundant material and virtually inexhaustible,
unlike raw materials for many alloys which are developed for special applications.

The structure of alumina oxide consists of close packed planes of the large
oxygen ions stacked in the sequence A-B-A-B, thus forming a hexagonal close packed
array of anions12L The cations are placed on the octahedral sites of this basic array and
form anothertype of close packed plane, which are inserted between the oxygen layers.
To maintain charge neutrality, however, only two thirds of the octahecral sites available

are filled with cations
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Fig.2.1 Packing of Al and 0 ions in the basal plane. The upper layerof 0 ions is not

shown.
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Fig 2.1 illustrates the packing of Al and 0 in the basal plane. Since the vacant
octahedral sites also form a regular haxagonal array, three different types of cation
layers can be defined, depending on the position of the vacant cation site within the
layer, which may be named a, b, and c, and which are stacked in the sequence a-b-c-a-
b-c. This gives the complete stacking sequence of anion and cation layers of the form A-
a-B-b-A-c-B-a-A-b-B-c-A. It is only reproduced after the sixth oxygen layer, or after the
sequence a-b-c is repeated twice. The unit cell defined in this way is called the
crystallographic, of structural unit cell.

Many investigators have determined the several properties of alumina, both on
single crystal and polycrystalline ceramics. The several properties of alumina is shown

in Table 2.1(5).

Table 2.1 Typical properties of alumina.

Properties Value
Smgeaysd  Poyorystaline
Molecularweight (Al20 j) 101.94
Crystal structure Rhombohedr on SZ
Melting point (°C) 2051.0+9.7
Boiling point (°C) 3530
Electrical resistivity (ohm-cm) 1.0x10*
Dielectric constant 12.3
Dielectric strength (volt/mm) 27,500
Thermal expansion, Linear (x 10*/°C) 5.51 6.03
Thermal conductivity (W/m K) 42
- dense - 36.1
-23.4 % porosity - 23.1
-48.] % porosity - 16.7
Bending strength : Moldulus of Rupture (psi) 102,000 35,000-67,000
Compressive strength (psi) 443.000 560,000
Tensile strenglh (psi) 71,000 37,600
Hardness : Knoop (kg/mrrO 3,000

Poisson's Rato (JU) - 0.257



Alumina is one of the most widely used inorganic chemical for ceramics and is
produced worldwide for the aluminum and ceramic industries using Bayer process. The
Bayer process, in particular the wet alkaline process, is the principal production method
in use today which is the most suitable for low silica bauxite. The dried, ground bauxite
is digested in an autoclave with a solution of sodium hydroxide and sodium carbonate,
contains starch as a flocculant and lime added to causticize the soda and to act as a
filter aid. The solution is required a stable supersaturated against auto precipitation at
temperature 105°c. After digestion, the suspension is cooled and the waste solids (red
mud) are separated by sedimentation and filtration. The clarified solution is cooled to
about 55 °c and a portion of dissolved alumina is precipitated by introducing fine seed
alumina trihydrate. The precipitated trihydrate is separated from the solution, washed

and calcined to from the alumina powder. The reactions are

2AI(OH,, + NaOH ~ Auodae » Na/d.(.+ H2 (2.1)

2A1(0H: — Q% )  ALO. + 3H2 (2.2)

The combination of high thermal conductivity, and high compressive strength
leads to good thermal shock resistance, so alumina is suited for furnace use as
crucibles, tubes and thermocouple sheaths. High purity alumina has high refractoriness
and can be used up to 1700°c. Alumina also shows good electrical insulation property
at high temperatures, good wear resistance and hardness, making it suitable for
components such as ball valves, piston pumps and deep drawing tools. There are

several applications of alumina shown in Appendix 1<)



2.2 Sintering of alumina

The fundamental characteristics of sintering phenomena of materials were
classified into 3 stages that are initial, intermediate and final stage respectively.

The classification of sintering into three stages is generally accepted today.
Sintering phenomena in material consists of the dominant mechanism by which matter
transportoccurs<. The sintering phenomena of AL.0 . is solid state sintering. The driving
force of sintering in the solid state has early been recognized to he the surface tension.
The kinetics of the process, however; may be controlled during the initial stage of

sintering by diffusion processes, which defines different paths for matter transport.

Fig.2.2 Schematic of the geametry of sintering of two spheres, showing six alternate

paths for matter transport'7L

Fig 2.2 shows the typical sintering geometry between two powder particles
according to Kingery and Bergl7. According to Ashby'8l there are six paths for matter
transport as following

(.) surface diffusion,

() lattice diffusion from the surface region,

(3) vaportransport,

(4) boundary diffusion,

(5) lattice diffusion from boundary region, and

(- ) lattice diffusion from dislocations or other internal sources to the neck

surface.



The growth of the neck on the initial sintering of alumina is formed between a
sphere and a plate as a function of time and sphere radius. The shrinkage of powder
compacts is a function of time at various temperatures'9. The initial stage is
characterized by the neck growth between the original powder particles and a slight
increase in density of about 10%. The kinetics and size dependence of the sintering of
alumina follow the sintering model'7. This model is based on the assumptions that the
driving force for solid state sintering is the surface tension, the dominant transport
mechanism is lattice diffusion, and the grain boundaries operate as vacancy sinks.The
later stages of sintering are decisive for the final density of the product. The beginning of
the immediate stage coincides with the beginning of grain growth. During this stage,
particles grow to a grain-like structure, the pore phase forming an array for
interconnected cylindrical channels lying on three-grain edges. The final stage starts at
about 95% porosity, when cylindrical pores are transformed into spherical voids by a
pinch-off process. The pore phase is now present as discontinuous pores lying at four-
grain corner'10.

During sintering of intermediate and final-stage sintering kinetics in
alumina, the porosity decreased linearly with the logarithm of time. The necessary
condition to achieve theoretical density in solid stage sintering consists of eliminating or
suppressing the occurrence of discontinuous grain growth'e’. Grain boundaries will
remain attached to the pores and the normal grain growth will be sufficiently slow that
the pores can move off the grain boundaries and do not become trapped inside the
grains. Since the pore phase remains intersected by the boundaries, the diffusion path

is short and facilitates the complete removal of porosity.



2.3 Influence of additives

Alumina can be sintered to theoretical density'l', it has been known that

additives may have a beneficial influence on the sintering kinetic of alumina.

2.3.1 EffectofMgO

Magnesium oxide is the most widely used additive in the sintering of
alumina. Adding small amountof MgO will prevent discontinuous grain growth and allow
the material to be sintered to theoretical or nearly theoretical density'l". Discontinuous
grain growth means that grain boundaries break away from the pores, thereby including
the pores inside the new large grains'l"12L

Several experimental studies demonstrate that alumina may be sintered

to theoretical density using MgO additions even below the solubility limit.
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Fig.2.3 Effectof MgO content on the density of sintered alumina.

Fig 2.3 show the density results from the work of Peelen(l®» who sintered
specimens containing between Oand prpm MgO. A maximum density was found at
300 ppm MgO, which isjust the solubility limit reported... at the sintering temperature of
161) OC. This result is evidence that the densification rate in the absence of

discontinuous grain growth is controlled by the solute concentration.
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The beneficial effect of the MgO additive is due to the increase of the
densification rate (pore removal rate) with respect to the grain growth rate.  the other
words, the ratio of the pore mobility to the grain boundary mobility, MpMb, must exceed
a certain value. An increase in the pore mobility will favor the increase of the mobility
rat'io(1516)

the case of pore movement due to surface diffusion, the pore mobility

is given by the expression'lr.

Mp= KDdr4 (2.3)

Where s isthe surface diffusion coefficient,
r is the pore radius, and
K is a constant.

The sintered product of MgO-doped alumina sample will have a smaller
pore size compared to a sample made of pure alumina because the presence of the
dopant increases the rate of pore removal. Therefore, the doped material will also be
characterized by a greater pore mobility which is simply due to the size effect given by
equation (2.3), and hence will show a decrease or retard tendency for discontinuous

grain growth'ls.
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2.3.2 Effect of Zr0:

Grain growth inhibition is desirable for preventing abnormal grain growth
during sintering, which allows pores to be swallowed to limit end-point densities, and for
limiting grain size to achieve higher strengths. Second-phase inclusions can inhibit grain
growth. Theory that treats the inhibition of grain growth by inclusion has generally been
on refinements of Zener's original conceptl3, in which the inclusion residing at the grain
boundary produces a dragging force due to the lower free energy of the
junction/inclusion system when the inclusion resides at the junction. Ashby and
Centamorel3 showed that the inclusion could move with the junction if the inclusion
exhibits sufficient self-diffusion. Theory suggests that the velocity of the moving inclusion
will depend on its radius r as either rs or ré4, for interfacial diffusion or volume diffusion,
respectively.

Lange and Hirlingeri3 reported that the materials containing < 2.5 vol% Zr0.
were strongly bimodal attemperature > ]HDOC, whereas grain growth control (normal
grain growth) was achieved for Zr0.contents > 5 vol%. Microstructure of composites
exhibited controlled grain growth (> 5 vol% Zr02. Fracture surface ohservations
showed that the Zr0.grains were primarily located at 4-grain junctions.

Abnormal grain growth occurred when the inclusion distribution was not
sufficiently uniform to hinder the growth of all Al.0 . grains. This condition was observed
for compositions containing < 2.5 vol% Zr02 where the inclusions did not fill all 4-grain
junctions. For this condition, the grain size was inversely proportional to the volume
fraction of the inclusions. Grain growth control (no abnormal grain growth) was achieved
when a majority (or ail) 4-grain junctions contained a Zr0. inclusion, viz., for
compositions containing > 5 vcl% Zr02 For this condition, the grain size was inversely

proportional to the volume fraction of the inclusions.



2.3.3 EffectofSi02 Si0.- Cap etc.

Commercial ALLO - ceramics shown in Appendix 2 usually contain Si0. or
Si02-Ca0 or Si0j-Ca0-MgO plus small amount of alkaline oxides to lower the sintering
temperature.  the Si0. doped materials, an aluminosilicate glassy phase is formed at
triple junctions and at almost all of the grain boundaries.

As a result of the glassy phase in the grain boundary, thermal
conductivity decreases with the increase of additives as shown in Fig.2.5. The Si0.
doped material also exhibits an equiaxed microstructure but with a smaller average
grain size(28). The sintered density generally increases as the Si0. content in the
chemical composition decreases<®. Si0.strongly inhibits large grain growth and retards
sintering slightly30.  (X-ALL0. containing Si0.-Ca0, the presence of an amorphous
phase at grain boundaries has been shown to cause faceting. When adding Si0.-Ca0,
calcium aluminosilicate liquid phase favor discontinuous grain growth in alumina with
some faceted interface.

this experiment, our objective is to get alumina ceramics with better
thermal conductivity using sintering aid. From above mentioned facts, we decided not to

use Si02 CaO and other alkaline oxides as sintering additives.
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2.4 Thermal conductivity of ceramic materials

24.1 Thermal Conduction Mechanism

The conduction of heat determines the heat flow through solids for a given
temperature gradient, or determines the temperature gradient obtained when a fixed

heat flow is employed091. The relationship between the heat flux and temperature

~

* *
Yt e 27)

where is the heat transferred per unit time across a plane of area A normal to the

80
dt
flow of the thermal energy; and K is a material property (equivalent to diffusivity) that
describes the ability of a material to transport heat.

The thermal conduction mechanism is involved with physical phenomena. The
thermal energy is transported by lattice vibration (phonons), free electrons and by
radiation (photons). Unlike metal, the thermal conduction mechanism in ceramic is
dominated by phonon mechanism due to the low concentration of free electrons. The
heat does not simply enterone end of the sample and proceed directly in a straight path
to the other end but diffuse through the sample, suffering random collisions and results
in deflection or scattering. This explains why we used temperature gradient instead of
the temperature difference between two ends regardless of the length of sample in
Equation (2.7)L When a small region of material is heated, atoms in that region will
have large amplitudes of vibration. The vibrating energy will pass from one atom to
another. Consequently, the atoms interaction caused by the application of heat
propagates outward in a wavelike form. The scattering or deflection of this wave in a

material is a result of defects, grain boundaries, pores or complexity of crystal structure.
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The thermal conductivity can be expressed by equation (2.8), which is

analogous to the electrical conductivity equation.
K = (Constant) §1Xv) (2 )

where X is the average distance that the disturbance travels hefore scattering or
referred as the mean free path . N is the number of thermal energy carried, V is the
average velocity.

The intrinsic thermal conductivity K,nnnsic of nonmetallic solids in the temperature

range T > ODan be described by Equation 2.9.
K,,.= BMOeWw ) (29)

where B is a constant *K Intrinsic Thermal Conductivity, ODDebye Temperature, M
Average mass, ) Average volume occupied by one atom, Y Gruneisen’s Constant,
and T is the absolute temperature. Some of intrinsic thermal conductivity of nonmetallic

materials are shown in Table 2.2.

Table 2.2 Value of intrinsic thermal conductivity of nonmetallic materials.'19

A

t,{l Intrinsic eO M Iva

Fe ik (K ) (o M) y (gmK.x104)
Diamond 2240 e 1.78 1.3 23.8
BN 760 1900 12.4 181 15.4
Sic 540 1080 2.18 0.76 5.5
BeO 370 1280 12.5 1.90 5.0
BP 360 985 20.9 221 45
AIN 320 950 20.5 2.18 0.77 3.8

Si:N. 320 1100 200 2.18 0.72 5.8
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Approximate values for thermal conductivities K for a number of ceramics are
collected in Table 2.3. The microstructure, atomic structure, second component and
porosity have significant effect on the thermal conductivity.  order to have high thermal
conductivity, the phonon scattering should be minimized.  the open, highly ordered
structures made of atoms with similar size and mass has less phonon scattering,
therefore lead to an increase  the thermal conductivity K. For example diamond has
one of the highest values of K. Besides diamond, SiC, BeO and AIN also have high

thermal conductivity.

Table 2.3 Approximate values for thermal conductivities of selected ceramic.

Materiall.

Material K (W/m.K) Material K (W/m.K)

Al.0 30.0-35.0 SisN. 25.0
AIN 200.0-280.0  Spinel (MgAl.04)
BeO 63.0-216.0 Soda-Lime-Silicate Glass 1.7
MgO 37.0 TiB: 40.0
PSZ 20 Ti:SiCo 43.0
SiC 84.0-93.0 Cordierite (Mg-aluminosilicate) 4.0
SIAION 210 Glasses 0w 1.0
Si0. 1.4 Forsterite 3.0

As seen in Table 2.2 and 2.3, AIN, BeO and SiC have high values of thermal
conductivity. AIN is chemically unstable, oxides even at room temperature. BeO and BP
are toxic, SiC is not electrical insulator. TiB. and Ti.SiC. are very expensive. Therefore,
Si:N. and Al.0. rationally becomes potential candidate for Peltier element due to their
moderate thermal conductivity, chemical stability, non-toxic. SisN. has higher cost than
Al.03. Finally A0 becomes most potential candidate for Peltier element due to its

properties and low cost.
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2.4.2 Thermal Conductivity of ALQ>

Kingery (1954) investigated in the thermal conductivity of single crystal and

polycrystalline samples.

He found that the thermal conductivity was identical at

temperatures below 1200°. At higher temperatures, the thermal conductivity value of

single crystal depart from the polycrystalline sample as shown in Figure 2.4<19,
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Fig. 2.4 Thermal conductivity of some ceramics as a function of temperature.

Selected data of thermal conductivity of the commercial alumina ceramics have

heen collected in Appendix 2, and Fig 2.5. As shown in Fig.2.5, Thermal conductivity of

alumina ceramics is related to the content of Al.0 3. Thermal conductivity of alumina is

higher at high purity. AISIN uses 96% purity alumina and that has thermal conductivity of

24 |

*K. While thermal conductivity of single crystal A0 . is about 40 W/m-K. There is

a possibility to improve thermal conductivity of A0 s substrate by very high purity using

alumina powder.
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Fig.. .5 Purity dependence of thermal conductivity on alumina content.
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