CHAPTER Il

LITERATURE REVIEWS

This chapter has six major sections including a brief review of ceramic

The maj \ ing processes are made of

cemented carbide and hi ‘ \ ety of ceramic cutting tool materials
was introduced in recen sed in a wide range of metal
cutting application. Cerami sed for turning cast iron and other
metallic metal. In finishing o en_-;,— ------- 0 improve productivity is to increase

cutting speed.

As se& ._,,.-;..._:_.......-_.. 00, tnEie nas o e ' an exponential increase in

avaitable from ceramic cutting tools.
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The increasing in cutting speed produce hlgher cutting temperature, thus the mechanical

properties of th iﬁ:mportant The ceramic
cutting tool repmry ﬂffere ass c?' ?\Q tooﬂatenals with unique chemical and
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Variety types of cutting tool in Table 2.1 show composition for each type.
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cutting tools over time [9].

Table 2.1 Wide range o for cutti

Category Compos;j | -

Carbides WC, SiC emen : ) are sintered with metal. SiC-

< in ceramics.
Nitrides BN, Sialon, Til¥ ‘i ' .-‘-.'.;- ive ause of high manufacturing cost.
b S : a coating for WC and high-speed steel.

Oxides Alumi  al egmn’, replaced with alumina
Zirco 3.

Carboxides TiC dispérsed | amic,di@ontained < 40% of TiC to
alumina 7 ¢ & | improve haidness.

Carbonitrides ﬂl uhﬁ’} %Wets because of metal

|t|ons bnn@er phase.
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type of cuttlng tools. Carbide has the highest bending strength at room temperature but the

strength rapidly drops as the temperature rises up. The influence of the temperature on

strength with cemented carbide and cermet is similar because both contain a metal phase

as binder. Although silicon nitride and oxides have low strength at room temperature, their

strengths exceed over 820°C and remain constant to about 1100°C [10].



Hardness is another critical property, it indicates wear resistance.
Strengthening oxide ceramic by the addition of titanium carbide particle in alumina gives
the higher hardness than pure oxide ceramics, as shown in Fig. 2.2 (b). Carboxide ceramic
or AlLO,-TiC composite is typically containing 30 — 40wt%TiC. This material retains a higher
hardness at high temperature than others tools and also more chemically inert. The

combination of hot hardness and chemical inertness means that the Al,O,-TiC cutting tools

can run at higher temperature and 3 ; ear than the competing materials.
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Fig. 2.2 (a) Hot strength.. r.::f‘:_  hoth of cutting tool materials [10].
2.2 ALLO,-TiC Compos ’;-‘ N l

Early ge atlons of ceramic tools manufact

1950’s were p ﬁ ﬁ m e chemically inert and
had good hot hﬂ:ﬂ ﬂﬁfyj E!ilﬁ i deficiency caused the
tools to easily chip and break cat stﬁphlc 00r_im for early ceramic
tools. T@ ﬁrj’al&ﬂ i ﬁﬁh ﬁé when correctly

applied, are capable of delivering a cost-effective performance on finish cuts of low

d in the late 1940’s and early

hardness cast iron and medium hardness steels.

The development of the hot pressing process was a major step forward in

producing high quality ceramic tools. This process allowed the addition of titanium carbide



particle to alumina, producing Al,O,-TiC composite, an excellent all proposes ceramic tool.

This grade is available in a wide variety of standard insert configurations, which are shown

in Fig2.3, at an affordable price (20-25% higher than coated carbides).
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> better for specific application, hot
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as hard as 60-63 Rc, capable of
duding surface finish values of

2 alsgnwas excellent thermal stability

and is capable of cutting er or with a water base fluid. The more relevant physical and

mechanical proﬂ éuaﬂm%ﬁﬁ ﬁ Mﬁwm ﬂ&jpanson with the values

of pure alumina.
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Materials DenS|ty Thermal | Young's Vikers Fracture Four-point bending strength
(g/cm ) | expansion | modulus | hardness | toughness (MPa)
coefficient | (GPa) | (HV0.5) | (MPam™) | RT | 700°C | 800°C
°c (GPa)
ALO, 3.98 8.01 396 18.70 3.24 436+35 | 346435 | 364+19
ALO,-TIC | 4.38 7.94 410 20.71 4.27 785486 | 565+52 | 495+122




It was obviously seen in Table 2.2 that alumina is strengthened by the
addition of titanium carbide. The improvement of mechanical properties make this ceramic
composite tool applicable for high speed machining and this facilitates the effective
utilization of high-speed machines, reducing the machining time. The productivity is
improved by shorter cycle time thus reduces the cost of manufacturing. Furthermore the

lower thermal expansion coefficient can reauce thermal shock problem of pure alumina.

2.3 Strengthening Mechanisms '-._"- %
‘

Despite the"faet that-Ceramics

Iy brittle, a variety of approaches

have been used to enhanee™the L nd resistance to fracture. The
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The Vickers hardness and fracture toughness of Al,O,-TiC were investigated

considerably.

oo

by K.F.Cai et.al [13] as shown in Fig. 2.5. Both properties increase with increasing TiC
volume fraction up to 30 vol% and can, almost certainly, be extrapolated to still higher

values. Wahi an lishner [14] also found that the fracture toughness of hot-pressed Al,O,-TiC



composites increased with TiC content up to 35.1 vol%. The hardness of the composites
increases gradually as TiC content increases; because TiC is relatively harder than Al,O,,
while increasing fracture toughness is due to effects of crack deflection and crack bridging
by TiC grain as shown in Fig 2.6. As the TiC content increases, the TiC grains or cluster
become coarser, the more crack deflects and bridges.
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Fig.2.5 Fracture toughnéss afid ¥icke: .r ' f the volume fraction of TiC [13].
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affect the mechanical properties of monolithic ceramic [15]. Y.Wan and J.Gong [16]

evaluated the influence of the TiC particle size on the hardness of AL,O,-30%wt.TiC. It was
found that the load-independent hardness increases with increasing TiC particle size as
shown in Fig. 2.7. It is because of the lower linear coefficient of thermal expansion of TiC

particle compared to that of Al,O, matrix, 7.4x10° °C™" and 8.8x10° °C™ respectively [17],



thus residual stresses will develop in the AL,O, upon cool down from sintering temperature.
In the final products, the Al,O, matrix would be placed in hoop tension and the TiC particles
in radial compression. When an indentation is induced onto the surface of the test
specimen, the newly formed free surface of the indentation, which encounters the interfaces
between TiC particles and the Al,O, matrix, would be partially subjected to radial

compression, which may shorten the ine ation diagonal and result in an increase in the

material's hardness. Note that the. itudelo h residual internal stresses depend on

the size of the TiC particle as-we S between the thermal expansion

10

Fig. 2.7 Load-indepeng I;T*I composites as a function

of average size gﬁ 0 ﬂ
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Alf0.-TiC cutting tools have tradltlonally been made by either cold pressing

foIlowed&ntWeT\aﬁ ﬂ lu aﬁﬂ purity and fine
particle size were selected for the manufacturing. Uniform blending of these components is

achieved through dry or wet milling. Organic binders are added to provide sufficient
strength for performing process. The sintering process is very critical; the goal is to

minimize porosity while maintaining a fine microstructure.



10

2.4.1 Pressureless Sintering

Comparing with hot-pressing and hot isostatic pressing, presureless
sintering gives worse mechanical property material; however its production cost is lower.
Therefore, preparation of Al,O,-TiC composites by presureless sintering has attracted

attention and has been inspected [13,18]. Various additives were selected to prepare Al,O,-

TiC composites, the propose was to_low sintering temperature. Normally the sintering
temperature of pressureless si a3 fabelle800 — 1900 °C for 30 min. Aluminum
1wt.% additive was used u\ 2 ﬁ% for 30 min under an argon
atmosphere in an inducii 5/013].| The relative @ensity of samples were 97.5 -98.4

%TD, which indicated th& iciently increase density.

An impeffanig thatalways \irhibits¥ully densification of Al,O,-TiC

composites is a gas-geq g geacti : \\ | either free carbon or combined
carbon in TiC in pressure f '*7 v \- en reported by J.S.Choi et al. that
this composite can be effe tiv : Atent additive at 1750°C under an

argon atmosphere [19]. Thisg i was 2 onfifhed by K.W.Chae et.al. [20]. The
observed variation of the relative gansities tered specimens with Y,0, content is

shown in Fig. 2.8. Theuder 2592%TD and reached 97%TD

after sintering at 1700°C. of réssed gas generation was
explained, however the @mount of ade e ceed.35wt. % was not suggested

because the density of sp¢i‘@ns decreased @and closed pores was not achieved.
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Fig. 2.8 The relative density of the Al,O,-30wt%TiC specimens as a function of the amount

of Y,0, [20].
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2.4.2 Hot-Pressing

Hot-pressing or pressure sintering is a commonly used fabrication method
that couples both thermal and mechanical energy to effect densification. Externally
introduced compressions, the mechanical energy components, strongly influence the

ceramic densification process. In general, the process is initiated by placing a powder

the mechanical energy and s UsSUally apg sly with heat during processing.

The resultant increase in"particlesMability & 1 \
rapidly accelerates the Kifeti sAdificatio \

The advania@es 5 i\\‘\o ( relate directly to the additional

within the powder or perform

N
energy source and the ag€o \\~ ication rate. Fully dense, fine-

\» atures with shorter cycle times

grained ceramic bodies ‘Can e A0riGats D §§

than those required by conVengional siite ie S, using equivalent starting powder

parameter. Starting powder ..’?’ juire large surface areas, and minimal

amounts of sintering aids are ntages of the hot pressing are also

related to o"‘f;!-:::z-:-f:f'r:!z-?fg-'-'-'-'------‘--i-f --------- = #xternal pressure must be

.‘-C

g. Therefore furnaces and

generated and, by -_“

associated equipment are costly when compared to pressureless sintering. The process is

also limited in sl’ﬁeﬁ)ﬂ \?ﬂsﬂm ?w E :VTTTIﬁh basis.

Cutling tools have reprgsented an oufstanding commeigial success for hot

oo R VNHR B o AR DBV R e 0 coumc

particulateqcomposite of AlLO,-TiC [3]. Various conditions were used in previous studies,

A.Tampieri et.al. obtained 99.5%TD of Al,0,-30 vol%TiC composite through hot-pressing at
1700 °C for 30 min. [11]. A using of lower temperature was found in others studies [16,
21,22], the Al,O,-TiC composites were prepared by hot-pressing carried out at 1650 -
1700°C and 25 MPa for 30 min.



12

2.4.3 Hot-Isostatic Pressing

Recently, hot-isostatic pressing (HIP) has gained popularity as a
manufacturing process for ceramics because improved equipment has become available.
Several techniques have been developed for specific materials, but each tries to take

advantage of the higher pressure available with HIP compared to hot-pressing.

Hot-isostatic pressing techhifuesy can be divided into two categories:
encapsulated and unencapsulated. n enCapsulaed technique, previously sintered
parts are heated in a furnace encloged a.RIesSUre vessel. A gas such as argon is

nd pressure remove any residual

of \\\‘\\. to the most effective, the

pressurized to 100 to 300 M

porosity left after the sinte

. 4 .F. N
starting density of the pas p€afls" to-bes \\ to 95% of theoretical. This
technique can be performeaé ig 3 ~ ’ \ n ering, or, in the appropriately
designed equipment, @®mb ith sintering

g \ IP). Encapsulated technique

consists of using a gas i taider 164dn & gas pressure to porous parts.

Container materials always uséd .’?’F‘r‘f mpers asses or fused quartz.

HIP is thys ery versatile pro 0y vantages. In general, large
voids in most materia y_— lr' equency. Ceramic can be
densified at relatively onmemper ure, including ex emelymﬁicult to sinter ceramics such
as SiC, ALO,-TiC, withoutraﬁyédditive. The redgged sintering temperature means that grain

growth and undﬂr% E’a’a wrﬂem @Iwﬂw ‘/§very high uniformity in

properties can bal obtained; an Inhe?nt feature of HIP is to procwe parts with very

< RWIRNN 3TN URIINYA Y

A comparison of HIP and hot-pressing Al,O,-TiC was study by S.J.Burden
et.al. [3]. In both case, the microstructures were quite similar and the result of strength
testing is shown in Table 2.3. The result of mechanical properties of hot-pressing product
were higher than HIP because hot-pressing produces preferred orientation effect. It was

proposed that the grains oriented perpendicularly to the hot pressed axis and interlocked in
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a way that improved the strength in this plane. Although the measured mechanical
properties of hot-pressed material were superior to the HIP material, the machining
performance disagrees with strength data. Fig. 2.9 show the cutting test result, both tools
gave inconsistent results; the average tool life was 36 min for HIP and 18.5 min for hot-
pressed tools. All the tools failed by chipping except one HIP tool, the testing of which was

stopped at 60 min. The strength produ HIP was assumed to be equal in all direction;

Table 2.3 Mechanicz siRg.and HIP AlLLO,-TiC tool [3].

—
Maters //ﬂf/ﬂ'&{“‘;: | o (Pa
_af///ﬂl \w.\ a 20°C
Hot-pressm A, 3.9+ 0.1

3.4+0.1

ife (Minutes)

\ b—_—_—__i—_:. 7'

(7 R

| il
‘ ° m

Hot Press

F‘ﬁ g T‘Pﬁlﬂ’i"ﬁgﬂ BTG e

Th major disadvantages, however, aathe costs assoq@ted with equipment

o nRINARIRT UL H B AR bton. sivce e

pressing i§ carried out in an inert atmosphere.

2.4.4 Others fabrication

ALO;-TiC composites can be produced by rapid rate sintering for

pressureless sintering to avoid gas reaction as mentioned earlier [23, 24 and 25].
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Furthermore, various additives were used for sintering aid such as TiO, [26] and Ti(Co) [27].
In addition, this composites are also fabricated by self-propagating high-temperature
synthesis or SHS [28]; this process is gaining attention for synthesis materials and is
therefore used to synthesize Al,O,-TiC powder in this research. More in-depth details of

SHS will be discussed in the following section.

reactants to prepare ma

or combustion synthesig® aling an exothermic reaction in an

area of a reactant mixte sten wire. Once initiated, there

is sufficient heat relea ? ctionTbec opagating. This leads to the

formation of a combustiogfwaye which tray reactants, converting them to the

2.5.1 Advantages of OCess

There [ar8 s ' 3.Lrgcess as below.

2:5.9. 'Y:L-, ;'-'\' " inexpensive equipment is

rf
sufficient for carrying out.$

S process. L
eralu'es are _reached in reactions, all volatile

qsL LIRS el

1 3 The process can’ be used notgply for producingspowder but also to

o R TDNEFS DR LA B e

casting, cc%sohdatlon and coating.

2.5.1.4 The process offer high productivity as it has the highest reaction

rates.
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2.5.2 Theory of SHS Process

In general, SHS process is mass and energy transport limited. In these
reactions energy is self generated. The maximum temperature or adiabatic temperature,

T

.o Can be obtained from thermodynamic calculation as follow [30].

(2.1)

where
products
If the product constitten ny “pf : R&/° ation below the T, thus
i '»-\‘
calculated, then the co i e thal d heat capacities have to be
taken into account and T
For instanc e molten condition, then its melting

point itself is the 7,, and the fra condition, f*, can be obtained from the
equation,

(2.2)
where {)

» = latent Reat of fusion

AULIREHIHENS
RSP DA B o

raise the femperature of the product and there is no loss of heat to the surrounding,
meaning it is a closed system. Thus T, is only a measure of the exothermic reaction and

defines the upper limit for any combustion system.

From the knowledge of the T ,, certain system can either be eliminated for

experimentation or combined with other more exothermic reaction to make them amenable
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for SHS. Merzhanov has suggested an empirical criterion that if 7, < 1500 K, combustion

does not occur, and if T,, 2 1800 K, the combustion reaction will become self-sustaining

[4].

2.5.3 Experimental Parameters Affecting SHS Process

2.5.3.1 Stoichic ol eviation from stoichiometric ratio

reduces the T, . Non-stoie used to make up the loss of any

species due to volatilizati®
2.5.3.2 increases with the specimen

diameter and remains cgiiStz _ This value depends on the

1 | and specific heat of the green
compact changes with the dénsj t Iow densities, the heat in the
combustion front is not effectively &.pre-combustion zone, and this can lead

to oscillatory combustion o nction of the ilagTesults are obtained at high

e An optimum density of the
E
|

2.5.3.4 Parti€lgysize: the effectgof particle size on combustion has been

examined earheﬂhuc%’ % VIGBW ?:Ws&l q ﬂ ‘ivestlgatlons show that

propagation rates %'early increasing WIt?decreasmg rticle size [31]

ammnimum'mmaﬂ

2. 5 The Formation of Al,O,-TiC by SHS Process

densities due to rapidyTe;

compact is desired to obtain steady state combustion.

SHS process has previously been used to produce Al,O,-TiC composites by

a number of researches under the aluminothermic reaction as follow

3TiO, +4Al +3C » 3TiC + 2Al,0, (2.3)
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The adiabatic temperature can be used as a general indication of the temperature at the
combustion front. It can also be used in a semi-quantitative way to ascertain whether the
synthesis of a given materials can be accomplished by SHS method. It has been empirically
suggested that combustion reaction will not become self-sustaining unless T,, = 1800 K.
The theoretical adiabatic temperature of reaction (2.3) is 2330.98 K for rutile and 2331.27 K

in the case of anatase; the calculation is shown in appendix A. Therefore, it can assume that

composites was studied=pyY. 4 hee eaction a mechanism between
each component investi (DTA) was shown in Fig. 2.10.
The stoichiometric co each component. While no
significant endothermi erved in Fig. 2.10(A), one
endothermic peak corresgor I hagiie liing, was observed near 673°C in Fig.
2.10(B), (C) and (D). Fig.2.1 i 3 1\& 1ot only endothermic of aluminum
melting, but a strong exothgfmic=peak-ab 900 €. IThe exothermic in Fig 2.10(C)
corresponds to aluminothermic .“v Hon- '--‘, yhile that in Fig. 2.10 (D) corresponds to a

sequential reaction of the a thermic rédt sy esis.

iB) 3a1+3C

Ew

gNna
NYAY

100300 0 560
Temperature (°C)

Fig. 2.10 DTA curves of compacted samples with a heating rate of 40°C/min under argon

atmosphere [32].
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Thus, it is believed, from thermal analysis result, that the reaction is initiated
by reaction between titania and aluminum. The sequence of reaction to produce this AL,O,-

TiC composite is thought to be as below.

[ e aluminum phase melts and reacts with the titania a
(i) The alumi ph I d ith the titania at 900°C

producing titanium and alumina

3Ti +2A1,0, (2.4)

=

rbon resulting in titanium carbide.

AlLO,-Ti | :', 1 be' si terec essurelessly during the SHS
reaction and have micr ‘
The thermal structures
minothermic reduction of TiO, to
form Al,0,, were not observed' in/fAépieser Pecause of the high thermodynamic

uctures confirmed that the wave front

Direction of wave propagation

- 3 SR 4
00 L, s 00

Fig. 2.11 SEM micrographs of polished surface of products combustion synthesized with the

addition of (a) 0, (b) 12. (c) 18, (d) 24 wt% Al,0, in 3TiO,+4Al+3C sample [32].
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2.5.5 Processing Parameters Affect to SHS Characteristic of AL,LO,-TiC

The effects of a variety of processing parameters have been investigated for
SHS reaction of Al,O,-TiC composites by C.R.Bowen et al [29]. The microstructure has been
shown to be highly dependent on the particle size of each of the reactants. The effect

highlights the importance of relative sizes of each particle as this may produce different

reactant particle arrangement and rent microstructure. The study of adding

diluents to control the highly - y found that use of an Al,O, diluent

mbustion temperature falls below

the melting point of alu g qu ase Is present during the reaction

was suggested beca process or heat transfer.

Preheating has been e and the combustion wave

velocity by increasing the adi ‘ : ; rature of an SHS reaction.

leading to less than theoretical dér product and a low degree of control over the
AT T S

i ’i
microstructure of prodyct. ZrQg Harioy .
L -

Fig. 2.12 SEM micrograph of as-combusted (a) Al,O,-TiC and (b) ALO,-TiC-15wt. %ZrO,

Nanocomposite [33].



20

The thermal explosion method under high pressure or high-pressure self-
combustion sintering (HPCS) was carried out to fabricate the dense Al,O,-TiC composites in
one step [28]. The sample had unique microstructure which was quite different from that of
commercial AlL,O,-TiC materials made by conventional processing. Fig 2.13 shows the
fracture toughness value (K. as a function of TiC content. The HPCS sample has a high K.

value than commercial sample made by conventional process. This result may reflect the

found.

80

Fig. 2.13 Frac on of TiC content [28].

2.5.6 Effect of :.i esis of Al,O,-TiC
i |

The differenf tymes of precursorg.such as anatase and rutile titania powder,

os ot 22 b S B 8] DS WS ) St o et o

combustion synttﬂsus of AlLO,-TiC gemposites [ . Fig. 2.14 sfeys the calculated

oS TR 4P AR YRV A B o o

combustloﬂ system using a different type of TiO,.
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Fig. 2.14 Calculated adiabafittempe: @r (a) the amount of AlLO, diluent
and (b) the initi Doiatlure of s w\ h 36wt. % Al,0, [34].
The results#indjea ot 4he ex: , ' . of sample containing anatase is
slightly higher than that rugifé. S ialel € profile\i ction zone was more dependent
on carbon source than titapia VAL § A T6) h initial heating rate in graphite

system was approximaté sec in the case of carbon black

system. Fig. 2.16 shows t an axial direction in a given time

interval gradually decrease and (d). Especially, in the case of

Fig.2.16 (d), the wave fron ‘ﬂft«. axial direction was competing with

G — e — —~

propagation in the raiial _direction becatise of s wealk o e ‘_, city.

0.0 0.2 04 06 08 10 1.2

Time (s)

Fig. 2.15 Heating profiles as a function of time in reaction zones during the combustion

reaction of 3TiO, + 4Al + 3C sample [34].
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Fig. 2.16 Combustion wave stru:

-
(c)
a) anatase-graphite (b) rutile-graphite
lack [34].

ating temperature the combustion temperature of
reaction varying with §Jfof S| eXa \. -. As expected, the combustion

crease as the preheating

temperature and the

4 Xe ‘ 2l as carbon source has the

[he Xeray diffraction patterns and the

J d. ’ -d‘ ' ’
microstructure of the produgt w, e'ﬁ showndif jue to the carbon source.
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(b) combustion velocity with varying carbon source.
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2.5.7 ALO,-TiC Powder Prepared by SHS Process and Sintering Behavior

The goal of many researchers has been to find a way to use the heat
generated by the exothermic reaction to supply the high temperature needed for sintering
ceramic materials thus allowing a low cost method for densifying advanced ceramic.

Primarily because of volume changes between reactant and products, due to volatile gases

one method was using high pressure supplied dling the combustion. This was presently
no low cost and rapid method 3], i éghness and good strength of the

product, however, are thesme avEatages$ resulting fro is exothermic reaction process.

By controllis@ 3 actant, itis possible to make submicrometer

ceramic powder using gXothermig Hoh. ' wders can subsequently be
pressureless sintered t0 make fefse cérz e al. [36] prepared Al,O,-TiC
composite from non-stoichiorgétri | o‘ equation (2.6), which could control

AlLO,-TiC ratio in powder cal % rties of hot-pressed composites
made from SHS powder wer€ cofapara et properties of conventional hot-pressed

cutting tools as shown in Table 2=~/ ,.f-

-

3TiO, +4AIL A & ! 2+ x) A0, (2.6)

-TiC composntes [36].
Fracture toughness

Powder metho e

(MPa.M™)

: e

Conven 1 g I 3.8-45
SHS(as-re@cted) 3.3+03
SHS(milled) 30 4.23 624 +208 | 23.4+1.2 3.7+0.1
SHS(as-reacted) 40 4.16 588 + 114 18.8 + 1.1 3.9+0.3
SHS(milled) 40 4.47 741 + 83 226+1.2 5.5+0.4
SHS(milled) 47 4.54 756 +185 | 21.4+0.6 5.7+0.2
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R.A.Cutler et al. also reported the mechanical properties of pressureless
sintered Al,0,-30wt.% TiC in comparison to a similar composition sintered with TiH, as a
densification aid as shown in Table 2.5. The mechanical properties of the pressureless
sinter composites made from SHS powder were comparable to or better than the properties

of composites sintered using commercial powder.

Table 2.5 Properties of pres ered Al,O,-30wt.%TiC composites [36].

AT

Powder Hardness Fracture toughness
HIPed "
method (MPa.M ™)
SHS No 44+0.3
SHS Ye 49+0.8
LPA No 44+0.2
LPA Yes 4.4 +0.5

LPA: ! iquid-phase assistet s eghg
f %
The combustig ! ~£18 cristies were discussed when activated

charcoal, carbon black and grap it “as carbon source [37]. Fig. 2.18 shows

L

SEM micrograph of SiS t with varyi ing perature of each carbon
source. The product :W,——“' ) : "'j significant difference in
morphology, however, t@ particle's f TiC increased \A@ preheating temperature. The

combustion temperatures Qf ample with activﬁgd carbon were observed to be higher than

mmmmﬂﬁ%ﬂﬁﬁﬂiﬂﬂﬂﬂi
o agﬁm A1) WYk I YA Y

overall properties were uniform irrespective of carbon source [37]. In addition, it seen that
the SHS ALO,-TiC powder has comparable sintering characteristics to the commercial
powder from the result depicted in Table 2.8. Actually the characteristics of pressureless
sintered composites were superior in the SHS powder, whereas relatively poor sintering

characteristics were observed in the hot-pressed sample. However, the differences are
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negligible and it is believed that the SHS process is one of the promising methods of

ceramic composite powder production.

at room temp. at 300¢ at 600

— —r
carbon source:g) activated earbon ( on blaﬁ and (c) graphite [37].

AULINENINGINT
AMIAN TN INAE
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Table 2.6 Measured combustion temperatures of the reactants under various preheating

temperature and carbon source [37].

Preheating Temp. (°C) | Activated carbon Carbon black Graphite
25 1841 1731 1732
300 1957 1841 1869
600 2115 1987 1957

Table 2.7 Properties compg of th 3 essisintered Al,0,-46.8wt.%TiC

composites wi iperature: 1890°C, time 20 min)

Carbon source

i\\\)\“ﬁ. ength | Fracture toughness

(MPa.M"®)

Activated carb p 5 3+0.
ctivated carbon '. ‘ k\ \ 74 43+04

Carbon black Frss .h\\\k 64 45+04

mF*F i
T e T
raphite 95 |~ ' \ +43 49+0.2

ki s« 2

1T
Table 2.8 Properties .“ 1,0,-46.8Wt. % ' parget by SHS and mixed
commercia ;;'.'?""“'"‘fw A ‘
Sintering Powd ’ dings strength | Fracture toughness
Method meth(y ‘_u%m) (GPa‘)#L (MPa) (MPa.M™)
Pressureless MK ' ' 49+0.2
C@mmercial . 2 . A 52+03

42+03

Hot-pressi

e

47+04

‘Commercia
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2.6 Microwave Processing of Ceramics

Microwave are electromagnetic waves that have a frequency range of 0.3 to
300 GHz and corresponding wavelengths ranging from 1 m to 1mm as shown in
electromagnetic spectrum in Fig. 2.19. Typical frequency for materials process is 2.45 GHz.

It has long been established that a dielectric materials, such as many type of ceramics can

several reasons for the @fowifigdinierest in Fowavesprocessing over conventional

eductlons in the manufacturing

\ \ lis process improved product

processing methods, inclug

costs due to energy saVinggl
uniformity and vyield, pmvic and properties due to selective
heating. Moreover microwave 1ew material as well.

medical
X-rays

1010 1012
] 1

s W‘ i 1o
AN aﬁﬁifﬁﬁﬁﬂ%ﬂmﬂ

.6.1 Microwave and materials Interaction

In contrast with visible waves, except for lasers, microwaves are coherent
and polarized. Microwaves also obey the law of optics and can be transmitted, absorbed or

reflected depending on the material type as illustrated in Fig.2.21.
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Material type Penetration
TRANSPARENT Total
(Low loss
insulator)
OPAQUE None
(Conductor) (Reflected)

Partial
to Total

Partial
to Total

2.6.1.1 \ \ penetrate to these materials
such as Al,O,, SiO,, TiO / \ Jheating occurs.
2.6.1.2 Op 157N 3fe Opadue to microwave and thus are

good reflectors, however, mi€ro ghtly T trate into surface of very small metal

particle and may create surfac énls, whichigads tc uﬁace heating of these materials.
2.6.1.3 Absorber mz .d ais-Broadranges of ceramic dielectric or electrically

ey €, and TiC, which results in

]

2.6.1.4 @ed apsorbe erials™ In th@ materials, the microwave

absorber materials were added to transparerﬁ;ﬁaterials The heat was conducted from

s o gpﬁjhw@qﬂ CA—
’%Wﬁﬁ‘ﬂ*ﬂﬁﬂﬂ“ﬂ’m? NYNa Y

When microwaves penetrate and propagate through a dielectric material,

insulating ceramic are'y ic

microwave heating L7

the internal electric field is generated within the affected volume thus induce polarization
and motion of charge. The resistance to these induced motions due to material elastic and
frictional forces, which are frequentcy dependent, causes losses and attenuates the electric

field. As a consequence of these losses, volumetric heating occurs. Microwave heating is
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fundamentally different from conventional processes. The reverse temperature gradient was
observed in microwave heating as compared to conventional heating as illustrated in Fig.

2.2. The comparison between microwave and conventional process is described in Table

2.9

Table 2.9 Heating mechanism comparison between conventional and microwave process.

Conventional process _ % '1’ Microwave process

S\ |
R I'ff .

® Radiant heat source : gas bugnéers, ¢ ave sources: Magnetrons,

electric resistance ele WVe tube, 25 transmission
® Heat transfer mechanism \\\

\ enere ation occurs internally.

- From heat source to
convection and radi h|gher temperature than

- From surface to ¢

® Surface is at higher t

center.

Fig. 2.20 Heating patterns in conventional and microwave furnaces.
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2.6.3 Dielectric Loss Mechanism

In the microwave frequency range there are primarily two physical

mechanisms through which energy can be transferred to ceramic material.

2.6.3.1 Conduction (Ohmic Conduction): There is a flow of conductive

currents, long range motion of charge carrier, resulting in an ohmic type of loss mechanism

where the ceramic conductivity( &, " inent role. The conduction can divide into

electronic conduction and .ignicseonduction.” ic. conduction has an electron as a

carrier appears in metal or semie J as.ionic.conduction has ion carriers move

and collide with others; g@€Ur i I'me \ . These loss mechanisms are

dominated at low frequen@V, g S fiécrease with highenfreguency due to a decreasing of
time allowed for transport jfthgfdifegtior i\\
2.6.3.2 Pglerizatigh: AtithelRigher\frequency, losses are a result of the

dipoles resistances to oscillation % atio er an alternating field as is shown in

re illustrated in Fig. 2.23, electric

polarization ( P.), ionic or atomic pelafizz ipole or orientation polarization (£,) and

interfacial or space chalg iZahility of the dielectric can be
represented as the s oo AY )
|l

i

P=P+B+P+P, (2.7
s )

‘o
AUEINE NI NEAN T
Electronic and ?“ i zatio n em ntribut microwave absorbtion.

These dipole acts as so fast that the nét polarizationgapder an electronie field at microwave

reasen bV ) B baakb el Flah e an oma

damping effect. Dipole and interfacial polarizations are the most important for microwave

heating because they can occur over the frequency range of microwave. As the frequency
of electric field increases, the rotation of the dipole can not follow, and the net polarization in
the materials is no longer in phase with the electric field. The resistance to dipole is

equivalent to large damping effect resulting in relaxation type absorption.



'7'
P
SIS

Alternating
E electric field

Fig. 2.23 Schematic represents the different mechanisms of polarizations [16].

31
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Polarization is related to the dielectric constant, this relationship can be
established by considering dielectric displacement, D, or a quantity of charge per unit area

of capacitor plate. Consider dielectric displacement in vacuum.

D =¢E (2.8)
Where

(2.9)
where
The permiti or diglee often identified as a measurement
relative to the permittivity of frée s sab{ %) tive permittivity (6‘:) is expressed as
(2.10)

X

= : b
In other words, the totatdielectric is the sum of dielectric that would have been present in

@uatﬁwﬂ“?w 201 B
ARIANTURNTINGIAY e

thus combining equation (2.9), (2.10) and (2.11), obtains

gE=¢E+P
or
geE=¢E+P (2.12)
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Thus, equation (2.12) can be rearranged as
P=(gl-)gE=ysE (2.13)
Where the quantity (6‘: —1) is the dielectric susceptibility of material known as X

The polarization (P) can also be thought of as the total dipole moment per

poment, 4, show in Fig. 2.24 is defined as

i
# — (2.14)

unit volume of the dielectric materials

where

®8,and negative charge (m)

If there are N dipoles pel T ation is then given by

(2.15)
L

Refer to equation (2.13), one sees -s”_,_

Rearranging this expresst

A ummfﬂ’?fﬁmn‘s

This shows that matenals propertnes iffluencing thesdielectric constN include number of

d.po.esﬂ A AN 3 G ALY E) LA

Fig. 2.24 lllustration of an electric dipole moment [10].



The complex interaction of sinusoidal applied voltage with dielectric
materials can be illustrated by a vectorial representation of two induced currents namely

charging current (I,_.) and loss current (I,) as seen in Fig. 2.25 [10].

Fig. 2.25 Vectorial reprag€nts { oltage, 10ss ent and total current dielectric.

In an id&al ? vHen' @ 1ating voltage is applied across it, an
\L and discharging successively,
harging current (Z,). In reality,
there is the resistive current (I0ss/gisrent or 4 y cUfrent), /,, which is in phase with the
applied voltage. Loss -__.Q _ g ; e charging current to give a total

current, 1,,,,;, which legds the applied voltage by-an-anale-903=0 , where O is know as loss

angle or loss tangent o diss

LS

The loss cufreqt arises for twvasons ) the direct current conduction

e 1) S A P YIS I 8D 715 e tomen (7

referred to as alte“atmg conduction Ioises results from the dipole reiﬁtance to oscillation

a"“’°f@Wﬂﬁ"&ﬂﬁﬁJWﬂﬂﬂ?ﬁ d

The concept of charging and losses in an adiabatic can also be expressed
by using a material’'s complex permittivity or dielectric constant (E‘, F/m) which is

composed of a real part and an imaginary part by
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£ =€ i =¢ (& i) (2.17)

Real part: explain the charging behavior (polarizability) of a material in an electric field.
&' = dielectric constant or permittivity
E: = relative dielectric constant or relative permittivity

Imaginary part: indicate the materials ability to store the energy.

or dissipation factor is used to

described these losses. i il to convert absorbed microwave

energy into heat and is

(2.18)

where

tivity (€2/m)

2.6.4 Energ) \ = Y )
1 T

The diefe trlc properties of materials in™ €ombination with the applied
electromagnetic ﬂﬁi\tﬁ 151 wlﬂ» 1]: ergy to heat. The power
absorbed per uni m j heating:

AR mn‘*ﬁwmﬂﬂr%m ag v

where
s _E
rms Ji
= root mean square internal electric field (V/m)

E, = amplitude of electric field (V/m)

o
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Equation (2.19) shows that the power absorbed varies linearly with the
frequency, the relative dielectric constant, loss tangent and the square of the electric field. It
is assumed that power absorbed by material is uniform throughout the volume and that
thermal equilibrium has been achieved. This is rarely the case, in addition the factor f ,8',
tand and E are all interdependent. Furthermore, E is dependent on the size, geometry

and location of the material within a microwave cavity and on the design and volume of the

As microv cefietfate enc rough an absorbing materials,

energy is absorbed, thu§theéleg / Id a function of the distance from
surface of materials. AUsejdl gagemeter deserit { 2havior is D , Which is the
penetration depth at whi : ) 1/e (36.8%) of the absorbed

power at the surface.

.“' 2_1]—1/2 (220)

where

Although low frequencies ieﬂ" in greaterloﬁd more penetration depths, the heating

does not necesﬂl%ﬁsﬁ}s% H W@ wgqcﬂ % low, depending on the

properties of mdtérial [5]. If the pegetratlon depth is more than sample dimension,

volumewaawq)arﬂxﬂ :ﬂmsg cﬂuﬁ ﬂﬁeﬂhan the sample

dimensiongonly the surface is heated. The rest of sample is heated through conduction.
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As the microwave energy penetrates into the small metal particle, it
attenuates to an extent depending upon the effective loss factor. The inverse of the

attenuation constant is defined as skin depth (J).

§=——=0029/pi, (2.21)

Where
For cerafn'_ v >where the temperature rises at a
uniform rate throughout t ool the-Gi GO tmuvty equation for heating rate
gives: ‘
(2.22)
where

ic field (V/m)

Y
kg'.°c™)

iF |

The relative' diglectric constan&d) and loss tangent (tand) are the two

most widely usﬂ %&’g. '%Hnwr§rwcjgﬁqen“§>ehavior of a dielectric

material under thlI| influence of a mlciowave field. They both affect.pe power absorbed
equatl@w ’%aﬁ Wwvu%q %Oﬁnﬁq ﬁ%] equation 2.22),
thus they fhfluence the volumetric heating behavior of a given material. The value of €:|s a
measure of polarizability of a material in an electric field, where the value of tand is a

measure of loss (or absorbtion) of microwave energy within the materials
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2.6.5 Temperature Effect

During heating 6‘;and tand change with temperature, and a knowledge of
these changes is important for process control. Fig 2.26 shows that &, of various materials
increase slowly from room temperature to 1400°C and that 6’;of Al O, increases at a greater
rate. The increase in 6': with temperature is due to an increase in the polarizability caused

by volumetric expansion.

point (T,,) is reached, bey ( ANG. rises Fapidly. Compositional additives and
impurities  usually accougt®fos def fapic 2\ i ’\w\ in polycrystalline ceramics is
. dhase, which causes an increase
in the local conductivity'in edu his could ex| ‘a uation in Fig. 2.27, why tand
of 99% pure alumina sa erature than that of the 97% pure

alumina.

fises very rapidly, this causes a condition

of thermal runaway in @ymi e heated m: egins to absorb microwave

energy more efficiently I\... cause tand begins to rise
even faster. The net reﬁs are an expo 2 rease LI, away) in the temperature. The

rate of temperature rise and' tiggering temperagure (7:,,,) vary widely for different materials.

@H ﬂa@yuﬂmng lﬂeﬂof’litrlg/e heating; it can cause
undesirﬂe ots, within- m‘ I ﬁ; t ﬁ( ials at rapid rate.
There areqsﬁr:ﬁnarﬁoﬁlﬁo m:’m ﬂﬂj aE[y controlling or
pulsing the microwave power level, where charges in the power cause an instantaneous
response in the material. Another method is by designing the microwave system and

applicator to deposit the microwave energy within the material or product in a prescribed

manner.
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Temperature (°C)
200 600 1000 1400
o L

97% pure AlLLO,

Pyrolytic Si;N, ~ 315 giem?

~
|

960% (Glass-ceramic)
/> dReaction-bonded SN,

, Relative dielectric constant (g;)

Fig. 2.26 Relative g ant\(8 to 10.GH2)ersus temperature [5].

Loss tangent(tan d)

Fig. 227 i perature [5].
W

2.6.6 Synthesize ‘nﬁlntenng Al,O,-Bi€ by Microwave Energy

AUEINININTNG

Recent publications have reported the use of mlcrowave energy to

synthesi ed temperature
are mvo% Eg L@g nmgmmm ﬂ:'pﬁﬁ onsidered [8].
Heat generated by microwave energy depends on the microwave absorbtion efficiency of
materials. This, in turn, depends on the dielectric loss factor of material. Therefore, the

investigation of combustion synthesis by microwave is more limited attention. However, the

use of microwave energy combined with combustion reaction to synthesize ALO,-TiC
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powder, received from equation (2.3), was conceivable due to carbon, a precursor in

reaction, is high dielectric permittivity material.

A surprising feature of the work by Y.L.Tian et al [40] is that despite the use
of an applicator designed to maximize temperature uniformity, severe temperature
gradients were found both radially and axially. The sintering of Al,0,-30%TiC composites

about 1MPa in microwave field. Composite

rods were rapidly and uniforml » led 'to /1 &' and were sintered to 95%TD without

;égf density for microwave sintered

mpositéswihie highest density achieved was

93.2% at 1750°C. This e vk \‘\\:\'};\:\\;\ ower than that required in
TR NS

conventional sintering 2 s@maig g0C \

and conventionally fast-fiie

(%) ™

Relative den

Sihiered and conventionally

Fig.2.28 Temperature J&pENE
|

‘Iﬁ rﬂﬁ Ti ing tools by fast microwave
sintering followe@\ﬁﬂ/a emi A ﬂeﬂj‘ﬂiirindi [41]. The density
and hardpe t S intere V‘ﬁ i oW i I gﬁ physical and
mechangql ﬁpﬁlﬁﬁﬁf ‘ Iﬁﬂiﬁﬁﬁg | , but after HIP,

acceptable levels of these characteristics were obtained. The use of a particulate SiC

fast sintered AlO}-30%TIC

susceptor of suitable architecture reduces the fraction of cracked tools in multi-specimen

batches.
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Table 2.10 Bulk density and mechanical properties of sintered and HIP Al,0,-30%TiC

ceramic parts.

Sintering conditions Bulk H, Bulk H, (HIP) Kic(HIP)
Temp (°C) Dwell time | density (kg/mmz) density (kg/mmz) (MPa.m"z)
(min) (%TD) (%TD)
S1800 15 97.0 1860 98.4 2050 4.32
D1800 15 96.0 98.2 2010 4.38
D1700 20 “ - -
D1650 25 - -
Commercial tool ﬁ 2200 4.80
TD=4.28g/cm’ for AL, 30%TIC# difeet ‘”“‘:1; SiC) assisted MW heating
\‘\ \
In summap litg :"‘ at they have been a few studies on
microwave-induced combugfio; hesis-¢ .\ 18 specially, the effect of various

types of precursor on ignitig e nergy has never been carried

out. Therefore, it is the purposg of thi§Te /es stigate the effect of various types of
| T .

precursors on microwave COMBL and powder characteristics of Al,O,-

47wt%TiC powders and alsouc 'g‘ < ional synthesis system. Moreover the

preliminary of micro ;z—.ﬁ-.:\;‘

» i¥

ﬂ‘UEl’JTIEW]?Wmﬂ‘i
QWWNﬂ‘imﬂmﬂﬂEﬂﬁﬂ
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