CHAPTER IV

RESULTS AND DISCUSSIONS

In this chapter, the experimental results were reported and discussed,

which divided into four main parts. Firstly, raw material characterization and preparation

methods. Next, the physicakand me i Stopenties of pressureless sintered Al,O.-
physic & p P

TiC composites prepar entignal.an . ave combusted powders were

compared and discus \Q‘\\\K 2 sintering was revealed.
’\\\ ing density, surface area and

eriais CIUC
particle size were determi , Wwh i dble 4 \ Particle size distribution of raw
materials given in Appendix B ' Thedtorphole . 0f tTaw materials characterized by SEM

are shown in Fig 4.1. The phas ahalyses OFfaw materials are confirmed by XRD as

z ;
presented in Appen dix, (RD e @ clearly crystal structure of
rutile, anatase and alyii et e only phase which can
be detected as crystal ﬂse while'carbon™Biack and activated carbon show patterns of

amorphous phase.

Al UHIRBUINYINT

Density Particlgysize[d(4,3)] | Surface area

sfwaﬁmm UR1IN YA Bo

Rutile 4.73 1.24 3.24
Anatase 4.04 0.36 11.17
Aluminum 2.99 11.99 0.59
Carbon black 2.12 1.13 9.23
Graphite 2.42 6.61 12.23

Activated carbon 2.99 41.75 1120.00
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After mixing process, the particle size analysis of reactant mixtures were
performed as shown in Fig. 4.2. The mixed powders with rutile as a precursor tended to
form broader size distributions particularly in TC1 and TC3, while TC2 powders show a
bimodal distribution. The peak distributions corresponded well with the sizes of

precursors used. Unlike anatase precursor group, all mixed powder (TC4, TC5, and

TC6) clearly exhibited bimodal size distribution. Ninety percent of the particles are
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between 0.1 — 1 um, distributed around the first peak, at about 3 um. These particles

are mainly anatase particle, except for TC4 mixture where small carbon black are well

dispersed with anatase. Ten percent of the particle, however, fell in the 3 - 40 um size

range
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Fig. 4.2 Particle size distribution of mixtures with various TiO, and C sources.
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4.2 Part 1: Combustion Synthesis of Al,O,-TiC powders

4.2.1 Characteristics and Microstructures of As-combusted Powder Products

The adiabatic temperature (T,,) is used as an indication whether the
synthesis of materials can be accomplished by a combustion synthesis (SHS). The
adiabatic temperature of Al,O,-TiC calculated using thermodynamic data is 2330.98 K in

the case of using rutile as a precursor and 2331.26 K for anatase. Therefore it could be

- ﬂ powders were successfully

synthesized by conven \ - as found that all of reactant
mixtures in microwave progeé / \ \“\'i ] ore than ten times faster than

conventional process.” These ~,'~ :‘7. \ ore in details in a following

section (4.2.2) The coaVventi ’ d w 0 e the explosion made thus it

i s r =
was found to be more vidlenfths " , \ s heating rate of 5°C/min, the

fo rature and the reaction occurs

entire sample is heated

simultaneously through the wholg "‘f—f'-w €

e

o

As fof, micfowave heafing plesewere combusted in self
propagating mode ,;’—- 1ally 1g everal locations and then
propagated outwardly.ﬁwé explana ght'be'that thejhleat generating in the sample
might occur mainly wj! carbon, they Jhighly microwave absorber material,

oo G T LIS P DR rcomee s, 0

heats rapidly traa!fer to the other reagtants and |gr£on occurs. Th%§equentlal reaction

oo QAR HHATHEA b 7o,

finally TiC%synthesis [32].
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C-TC1 M-TC1 ‘  c-TCa M-TC4

Fig. 4.3 As-combusifjj Al,0,-TiC powder ioﬁl and microwave heating.

In addltloﬂ' dimwas found th&-"combustf(jn ve%:ty in microwave and
conventional cﬂbude.'n.l g 1] E.EI mdi Wrﬁal

Reactant mlxtures with carbon black as carbon sewrce (TC1 andiTC4) provided the

most SN Aok S bicd A bl Bl s

1 sec, whereas the mixtures with activated carbon gave slower combustion rate about 2

ﬂb source than titania.

- 4 sec. Moreover, it was obviously seen in conventional samples TC1 and TC4, that the

highly combustion rate resulted in scattered product.

All as-combusted powders were fragmented and angular shaped and
appeared largely in agglomerate forms which could be broken down in milling.

However, more densified powders and a greater size of agglomerate were observed in
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conventional combusted powders. This was though to occur because it took longer time
than microwave process therefore a liquid phase would probably present in the powder

products for longer periods.

The corresponding microstructures of these composites are given in Fig.
4.4. The product consisted of the fuse and interconnected structure and spherical
particle which were confirmed to be Al,O, and TiC respectively, by the EDS analysis.

The Al,O, partcles appeared to be_intéreonnected relatively more than TiC particles

Conventional products are more

.7 _
Y& ’\ \\ |th microwave products. The

& o n onventional process, thus Al

In additio jO
continuously phase and

explanation may be

is completely melted e r _ _t '»j,"i O, 1\~ \ nother explanation might be
because the combustion €mperatug Ei;l Qermal e blosion mode might exceed the
melting point of ALO, (2050°C) fhot Gitlel h it hot be detected by the thermocouple.

Unlike conventional ignition exhibited due to a shorter ignition

and processing timey \,W {'..‘
Y

: -
It was & observed that the TIC morphalg gy and particle size are not
quite different from onguﬁaﬁarbon source @Ad not much m;l_\jenced by combustion

metno nitne Ebolahicha ol hibabte ek b b

that the large Tz! particle size is oserved due #e, an agglomeration of C particles

especnaq \W q Nrﬂlizm &Lﬂ Q Qwﬂ Bﬂaﬂs& in the C-TC1

product

t is interesting to note
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Fig. 4.4 (a) SEM micrograph of as-combusted agglomerate powders with rutile as titania

source.
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Fig. 4.4 (b) SEM micrograph of as-combusted agglomerate powders with anatase as

titania source.
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4.2.2 Combustion behavior

The data on the ignition time (tig), ignition temperature (Tig), and also
combustion temperature (T,) of reaction were collected. Ignition time (tig) is a period of
time since heat starts to raise the temperature of the reactants until ignition take places.
Ignition is indicated by a shape rise in temperature, while the extremely high

temperature achieves in a very short time (~1 to 3 sec) is called combustion

of TC6 powders. The t

ig?

microwave furnace are su

Temperature (OC)

stion r shaviors of TC6 powders

Fig. 4.5 The microe anc
Table 4.2 Compﬁ ﬁgﬁww %éw ﬁuﬁ?d %mbustlon temperature
between conventi mi€ro

- ‘2 ’(_)\ombdstlon temp,T, °c)
Compo
% %ﬁ TS T wro

TC1 ! 172 0:40 891 1007 564
TC2 176 0:55 908 314 1077 819
TC3 159 1:54 826 329 902 1122
TC4 176 1:00 910 327 1050 960
TC5 175 2:33 906 331 1140 1089

TC6 165 2:58 859 365 1306 1255
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It was obviously seen in Table 4.2 that all of the reactant mixtures in the
microwave process were rapidly ignited compared to the conventional process. Ignition
time of conventional combusted powders are about 159 -176 min while that in

microwave process are less than 3 min.

4.2.2.1 Conventional combustion behavior

The temperature profiles of Al,O,-TiC powders with various TiO, and C

by T.D. Xia et al. that the.g 2 woul . ecompleted unless the anatase-
rutile transformation finisp€d ‘Samptak containing anatase TiO, also shows a higher

combustion temperature lightly higher exothermic and also

1

'.\ )

\ Sing TiO, particle size increases

higher thermal conductivj ) sec”.°C") compared to rutile
(0.430 Cal.cm.sec”.

contact area of particles &
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Fig.4.6 Temperature profiles during the conventional combustion reaction of (a) rutile

precursor mixture and (b) anatase precursor mixture.

From Fig. 4.6, it was also observed that the mixture containing activated
carbon (TC3, TC6) conventionally ignited fastest. The number of contact area between

titania and aluminum plays an important role to the ignition time as previously explained
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in sequence reactions as seen in equation 2.4 and 2.5. In anatase precursor mixture
(Fig. 4.6(b)), slowest ignition time occurred when the carbon black which has the
smallest particle size and low thermal conductivity was used (TC4). As shown in Fig. 4.7,
small carbon black particle will form a continuous phase and act as a barrier to titania-
aluminum particle contact, which is necessary for the initial aluminothermic reaction.
However, when the carbon size is increased, the titania-aluminum particle contact is

greater which may lead to decrease ignition time.

In addition, it ca %"% that sample with smallest carbon
particle size and highest suﬁha (T 4

combustion temperature. This is
R il

\‘q;er time where heat losses
ple i largest carbon particle size

ture. It was believed that a -

presumably due to the

become more significa

A
""

(TC6) was observed tosiave,

decrease surface area gifthe e orrpParticle'si a&eased heat loss.

TC1

TC3

Activate
carbon

Fig. 4.7 Schematic showing particle packing in mixed reactant.
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Fig. 4.6(b) also shows that the ignition time and temperature increased in
the order of TC6, TC5 and TC4 sample while the combustion temperature decreased. In
other words, the larger the difference between the initial and ignition temperature was,
the lower the combustion temperature became. This was because more heat energy
which generated from the reacted reactant powders was used in order to increase the

temperature of adjacent reactant powder up to the ignition temperature.

The ignition behavior, ple with rutile shocwed less violent SHS

mechanism compared to an iscussion concerned with its lower

exothermic and adiabatic ion time of the anatase system

tended to increase with &'sizewof carbon, the dependency of

ignition time of the ruti as more complicated (Fig.

4.6(a)). It was show occurred with the sample

ose samples using carbon

containing a larger 45
raphite (C2) which was not

observed in the case of a yétem. 1 IS ‘was «, gh to be because the carbon

'\

and aluminum are not interru onsiderable to initiate alminothermic
A T
-

ol
e

-particle contact between titania

ot

reaction. The agglqmerz idént from the particle size

Y arge TiC particle size of

lcrograpm in Fig. 4.4(a). In case of

distribution shown inkFig
synthesized TC1 pow@s illustrated
mixture with graphite (TC2J, sutile particles may/fill into the void between aluminum and

arapni, s il f) Sk Feblh N BIrdE] B o nigher thermai

conductivity of grg'lphite particle, this mixture showed-highest combustien temperature.

RAINIUINIINY1A Y

Microwave combustion behavior

The microwave ignition behaviors of various compositions are shown in
Fig. 4.8. The ignition temperature of rutile as precursor group (TC1, TC2 and TC3) is
305, 314, 329 °C and anatase group (TC4, TC5, and TC6) are 327, 331 and 365 °C
respectively. These are the surface temperature, which exhibited lower than that at the

center of sample. In addition, it can be seen that the record combustion temperature
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value, T, in these cases (600 -1300 OC) were very far from the adiabatic temperature
because of the large amount of heat losses due to a large chamber size in microwave

furnace.
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Fig. 4.9. Ti can be seen that matesatwi

of individual reactants is illustrated in
erate electrical conductivity (C) heated
more effectively than-eitherifisulating (TiO, oNng tive (Al). As seen in Fig.
4.9, when exposed ;-V; F‘]ﬂ’ reached temperature of
900°C and 700°C, respEtive W activate ’ carbon has a slow heating
rate and attains highest temperature of only 609 °Cc. No temperature above 500 °C was

vories o ARPEH1d S BIIAGIHBITELS ety e,

TiO,, were diffi cuﬂ to heat from room temperature, even though micrqwave penetration
2 & O

v s PR G LIRATH MY B 14 v
respectivay [48]. Thus it is heated less effectively than rutile, according to the equation

relating dielectric properties to the power absorbed of material (equation2.20).
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Fig. 4.9 Tempera 2d by microwave energy.

As seen i ag TiO, source required longer

time to ignite and thus ga res than ones with rutile. The

increase in ignition time re: ) \ a cumulatlon and thus a high

combustion temperature. Te \- ent with the thermodynamic

calculation which indicated thz gxothern gene Y O the sample containing anatase

is slightly higher than that €on " il endix A). In addition, when anatase

(0.1um) was used, it may be pessitiefo anatase phase to act as a barrier

between carbon-alu *T:m er from carbon particle,

"]

highly microwave-absoring darticle decreased. Thus it would

take longer time for |n|t|al reactlon between T|O and Al to occur. Beside, a prolong

ignition time oﬂ‘u Hﬂeﬁﬂt%ﬂam w ﬂrﬁ]ﬂﬂﬁa lower in dielectric

constant of anatdge as aforementlon

ARaE ANIUBIINYNEY s o

carbon source which is the main absorber precursor in these mixtures. As shown in
Fig.4.9, carbon black heats more effectively than graphite and activated carbon.
Comparing among carbon source, the mixture containing activated carbon (TC 3 and
TC 6) would take the longest time to ignite and also showed the highest combustion
temperature. The difference in particle size along with the ability to absorb microwave

energy of these carbon sources plays a significant role in the ignition behavior. With a
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higher purity and smaller particle size, carbon black can absorb microwave energy
more efficiently compared to graphite and activated carbon, thus ignite fastest. Also as
the carbon particle size decrease, it can be distributed in the mix reactants more
uniformly, providing more contact area with other phases. There, heats generated from
the smaller carbon particles transfers more rapidly to the other reactants resulting in a

shorter ignition time

reactant particle arrange tween titania-aluminum which is

believed to be the initia glgraphite was mixed with rutile,
size (7-15 um), thus smaller
microwave transpare ilg es (-2 )\ W e distributed among larger
particles of both graphitgfa , = his st . 2 resulted in longer time. However,
the mixture of rutile-actiye 2 \ ¢ served to have the longest
ignition time. A possible exgl . 3 \\ heat generated within activated
carbon (45 um) was comet_ -‘--'-‘—,;-’“- nd rutile phase. The same trend has

also found in the mixtures contai ratast ase (Tc4, TC5 and TC6).

Nevertheless, alt of reactantm -*-1‘ vave process were rapidly

ocess. The ignition times required

ignited more than ten tl

for microwave process samples containing (TC1—TC3) and anatase (TC4- TC6) were

approximately ﬂ EH 3 dw E] ﬂ ?wﬁeﬁrﬂeﬁ While the microwave-

ignited powder ieved wnthm mmutes it would take about 3 hours to

TTIWTHRY MEARIIN AL

4.2.3 Physical Characteristics of Combusted Powder

After the combustion process, synthesized powder was milled by
alumina ball (diameter 8 mm) in ethanol for 96 hr to reduce particle size and disperse
agglomerate. The physical characterizations of synthesized Al,O,-TiC powders are

presented as follow.
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4.2.3.1 Phase Analysis of combustion products.

The confirmation of products phase was made by XRD as are shown in
fig.4.10 (a) and (b). For TC1, TC2, TC4 and TC5 the XRD patterns indicated a complete
conversion of reactant to Al,O, and TiC product which were not different from the
mixture of 53wt%Al,0, — 47wt.%TiC commercial powder. The XRD pattern of product
containing activated carbon, TC3 and TC6, revealed not only Al,O, and TiC but also an

Al-Ti-O metastable phase signal. Th k peak of metastable phase resulted in a

explanation might be because of
ICGH #high temperatures are reached in
—

. Typi
exothermic reactions and olatile i m- tiesy,@yaporate producing high purity

decrease of main peak in t

impurity contained in activ

product. In this work, igaptfities™ i/ acth e ‘&\ d also a large amount of heat
loss in the conventionai#and#mi jave amber decres ed combustion temperature

down to a point that comb =d completely and impurities in

product TC3 and TC6 ha Oth iny eétigation is needed.
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Fig. 4.10 XRD patterns of synthesizecfpowders co red with mixe@/commercial powder:
(a) conawtﬁayatﬁza m uim)qic vngraeaeﬂowder (A=ALL0,,
9

T=TiC, *=metastable phase)
4.2.3.2 Phase Conversion Determination

Quantitative phase analysis of mixtures of polycrystalline material is often
difficult because there were many variables involved in determining the relative amount

of each phase. The important variables are absorbtion coefficients, structure factor,
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particle size and resolution of diffraction peak. Point of interests in the content
combusted product is a ratio of Al,0,-TIC. A simple, fast and reproducible technique for
the determination of phase content was developed from C.P.Gazzara and D.R.Messier's

method [49].

Standard graph was made up from peak intensity of Al,O, and TiC
shown in XRD patterns of commercial mixture powders (Al,O, and TiC) with various

weight ratios. The phase conversions ynthesized powders (TC1-TC6) were then

obtained by using each maxi Al,O, and TiC phase given in XRD

' D. The phase conversion of the
—

reactant mixtures to Al,Qgzki@"P reporteaifsterm of percent of TiC as seen

patterns. The calculation m

is a function of particle size

in Fig. 4.11. It was obsgi

of carbon, which is the % aller as carbon particle size

increased. It was tho 2yl With —puse ‘I‘* ~~\~ carbon black source, the
N & \ \
combustion took place whére ffez tgfw convert 1@ produet more completely compared
to others. -&R’ \ '
50 - |
@Eerc| ||
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ch{
o 46
E | e =
R 44 -
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4.2.3.3 Microstructure and Powder Characteristic

The corresponding microstructures of these milled-composite powders
are shown in Appendix E. The powders were fragmented, angular shaped and still
remained a lot of agglomerate. All compositions did not show any significant differences

in morphology. The presence of aluminum, oxygen, carbon and titanium in EDS analysis
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showed the consistent dispersion of Al,O, and TiC phase as seen in Appendix E. The
characteristics of ignited powders including particle size (d[4,3]) and surface are
presented in Table 4.3. The particle size distribution of Al,O,-TiC synthesized powders

by microwave and conventional heating are shown in Appendix F.

Table 4.3 Characteristics of conventional (C-TC) and microwave (M-TC) combustion

synthesized Al,O,-TiC powders.

Density (g/cms) Particle size (um) Surface area (m2/g)
Batch “‘ , /
C-TC . 1:; Wi _ M-TC C-TC M-TC
TC1 4.33 "0k 5 6.58 8.97 .95
TC2 4.98 4.87 16.26

Tc3 4.80 3.41 6.31

| NN
TC4 5.108 | #odof [l a0 \\“\‘\\ 4.44 4.09

TC5 .95 4 454, 7 379\ | 52 3.99 9.64

TC6 456 l !ﬁ N\\ o, 4.30 3.60
b %

Commercial ] : ,M
L g

3

f; i -JJ
Pycnometry anal sis—showed thal the densities for all powder were in

3

range of 4.04 -5.18 g RO :, were not quite different

from the commercnal W ’",IT ted powders are closer to

commercial value thangonve ona Srowave pr@ucts with anatase as tiania
source (TC4-TC6) had a slightly higher density and particle size than those of rutile. One

o tho esore P& G BIVET PRI T Y st rosute n

higher density o%gglomerated powders that wer(aoo difficult to anmut:on by ball
milled. aeﬁc’aaﬁ Q&)ﬂlgﬁ wcgde%ﬁqe’ogowrﬂar@ v&lch is the small
particle réult in high surface area. The mean diameter of these combusted powders
were in range of 3.29 — 9.88 um with the largest size limited to less than 25 um. These
data show mostly the agglomerate sizes of product as corresponding with SEM

micrographs.
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In summary, microwave heating is fundamentally different from
conventional processing in its heating mechanism. In conventional heating, heat was
transfer from heating element to sample surface, and then conducted to the interior,
therefore all reactant powders experienced the same temperature before ignition took
place. In microwave heating, heat is generated within the sample itself by interaction of
microwave with material. In this combustion reaction, the heat source occurred inside

samp'ss was mainly depend on microwave absorbtion efficiency of carbon source. TiO,

particle is considered transpareat'to. migrawéve, while Al particle reflect microwave;

The diff \ affected the combustion behavior.

e “.}“\ \q:H‘ to ignite. This phenomenon
‘ \ wave' combustion process. The
\} of the sample containing

- ’ 1
m 0\.-" \
coltaining ru‘ Garben type gave a different effect

wredeyr
‘vv. Ll A00L owave ocess.

Samples with anatase
was found in both

thermodynamic consi :

anatase is slightly highe

in combustion behavior in

re \
,- -4 .
In conventional cor ;;;*-‘.: Ss, as the carbon size is larger or form

r et ,..-‘, J" "fr
S reaucing

an agglomeration, it lead ie gue to it provides a greater

number of contact ;. tween titan fehjis necessary for the initial

aluminothermic reactiorﬂn addit D ceﬂ a higher purity and smaller
particle size of carbon pla‘red an important r le to ignition behavior. Carbon black can

absorb m:crowﬁ % %lnq oﬁﬁ’%ﬁ‘%ﬁq ﬂ.tﬁ:}md activated carbon,

thus ignite fastestl Also as the carbog, particle size decreases it ci’be distributed in

s AR TN ARG B e

Therefore,fheats generated from smaller carbon particles transfers more rapidly to the

other reactants resulting in a shorter ignition time.
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4.3 Part 2: Conventional Sintering
4.3.1 Conventional Sintering Without Additive

Pressureless sintering at 1900 °C was applied to study the sintering
feasibility of microwave and conventional combusted Al,0,-47wt%TiC powders. The
Vickers hardness of each composition is dependent on the relative density which
Fig. 4.12. The relative densities of
pressureless  sintered -AIZO ites prepared by conventional
combustion synthesis ( 3 :I , raéﬁ - 95.8 %TD and that of
pressureless sintered Al,€ i , . prepared by microwave combustion
synthesis (M-TC) are i 4. “ \ \\ e the hardness of C-TC and
M-TC are 12.10 — 18.9 . §.81 <1 "f . \\‘- ively. The enumerations of

these values are displa

100

. M-TC + 20
E o5/ * %
* ™Y ] g
< 115
2 o ¢
[} [
[ 1
§ ® 1108
2 a »
g A 1§ 0 £
z 851 e density | e—— T e o +56 ©
0O hardness g
80 0
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Fig. 4.12 The r thesize powders and
(b) pressurelesﬁu f mlcr?]mhes%vej mﬁ C powders
q W!Qeaéa tﬂ iml &]tw I]Q Wu&l)qea)%ure may have

some mflﬁences on the density and hardness. In the sintered products of C-TC

TC1 TC2 TC3&4 TC5 TC6

powders, the reason that C-TC2 and C-TC6 exhibited relatively higher density might be
because C-TC2 took longer time to ignite while C-TC6 experienced the highest
combustion temperature compared to the others. In addition, the sintered product of C-
TC3 ignited fastest; as a result it provided low density and hardness. It was thought that
the metastable phase, which was detected by XRD, led to the increasing of gas

generation of reaction between Al,O, and TiC during sintering at high temperature.
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Although this metastable phase was also found in the sintered product of C-TC8, due to
the highest combustion temperature occurred as shown in temperature profile in Fig.
4.6(b), a densified agglomerated powder was obtained which gave stability to the
synthesized powders. In case of the pressureless sintered product of M-TC powders,
the rising or dropping of hardness value also corresponds to the sintered density.
However, it was found that both properties are lower than sintered product of C-TC

powders as seen in Fig. 4.12(b). A great number of gas generation found in sintered

The appa Poresit) valer absembtion of pressureless sintered

\\\

good agreement with - an 2 ; 2 \

ble 4.4. These results are in
at the properties of M-TC

y. let M-TC products decrease

in relative density and 1 m —~ op that the processing time of
conventional synthesis \\ icrowave synthesis process
considerably. The conventiog@l -,-.ail--‘-«-f:-v ders were soaked at high temperature

for a period of time and mlght I aggregate, thus it was difficult to break
particle bonding bgtieel 5 to| ger Ificontrast with microwave
synthesized powder i [He Synthesis proc Rt that, once ignited, the
temperature was rais@ to combustic perature % then cool down to room

temperature within secomdss, Therefore, th@lagglomerate of microwave synthesized

powder was 'oﬁd%ﬂ M'Miwe&jtq ﬂlﬁ sintering process.

Table 4Wrﬂit ;ﬁ . Tter dbs -mmﬂgfmtered products.
11 ‘ =
Con‘q)osv ions TC3 TC4 TC5 TC6

Apparent C-TC 0.19 0.40 2.30 1.37 2.08 0.19

porosity (%) M-TC 3.14 4.68 - 8.98 8.88 0.18

Water C-T1C 0.05 0.09 0.56 0.33 0.51 0.05

absorbtion (%) | M-TC 0.79 1.20 - 2.42 2.39 0.04
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The microstructures of sintered products are exhibited in Fig. 4.13,
where dark and light phase were confirmed to be Al,O, and TiC phase, respectively, by
EDS analysis. Each grain of TiC had a rather angular shaped and a size of less than five
microns. Further, the TiC grains were interconnected. The sintered specimen from
microwave and conventional combustion shows similar porous microstructure, these
pores are mainly associated with the TiC grain. The adiabatic temperature of this

reaction (~2331 K) exceeds the melting point of Al,O, (~2030°C) but less than that of

TiC (~3140°C). Therefore, it wa ugntital these pores are remained because TiC

particles were difficult to d

between AL,O, and TiCweeeurre emperatire, introducing pores into the
composites which deteriorai ysica ,\ nical properties. Among the
various possible reaction e .0 WI ‘.‘\ e most severe:

N
dig B0, + CO, (4.1)
s \\x‘
The equilibrium partial pfess for the.above \ On is reported to be around 24

MPa (2.4 x 10 atm) at 2000/K a Lihe-consequent [0ss of weight during sintering of

\Z
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Fig. 4.13(a) SEM micrograph of conventional sintered products prepared form

synthesized powders used rutile as titania precursor.
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C-TC6 M-TC6

Fig. 4.13(b) SEM micrograph of conventional sintered products prepared form

synthesized powders used anatase as titania precursor.
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4.3.2 Conventional Sintering With Additive.

The role of additive which enhances the sintering ceramic materials can
be related to change in surface energies, diffusivities, interfacial reactions, vapor
pressures and solute diffusivities. For example, MgO is known as the sintering aids for
Al,O, ceramic, it can reduce grain growth during sintering [50]. The contribution of Y,04
to changes in these properties is unknown for ALO,-TiC composite. However, the study

of KW. Chae et al. [20] showed th % of Y,0, can effectively inhibit the gas

were thus used to minimize grain

growth and reduce gas gemeratio; ' e sintering process of Al,O,-TiC

(C-TC1) was selected to
ing temperature. According to
cted in Table 4.5, the best physical
and mechanical properties Wi inedl when sintered at 1800°C. The
corresponding mlcrostructures illustrate n 14 were in good agreement with the
physical properties o. Oro | 3 2] 1700 °C provided a fine
microstructure due toksfall grain growtt ,Lf‘

not be able to densify. Eﬂ;m this preliminary result, the sim

was then preferred for tfeﬂe ntlal exp 0 be discussed in the following
section. u El ,J %‘w ilp] ﬁ f
Table 4& lwc’ mrﬁ:w;ﬂ)mﬁxﬂﬂ "1 ﬁoﬂ.o composite

(c-TC1) atyvarious sintering temperature.

large pores, which might

ring temperature of 1800°C

Sintering Relative density | Apparent porosity Hardness
temperature (OC) (%TD) (%) (GPa)
1700 90.2 5.17 10.60
1800 95.6 0.21 15.04
1900 (undoped) 93.8 0.19 13.36
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-0
Fig. 4.14 SEM microggé “;' Sintere rogucts with varying sintering
temperatures (a)1700 °C (

4.3.2.2 Physical F’-fﬁ_@les a@rostructures
. pgl 7, Ay
"'"'-""’ o ',( m‘

Pressu}bless smterlng at 1800°C of Mgo doped Al,O,- 47wt%

TiC powders prepare both microwave and nak-g nthesis was investigated.

Fig. 4.15 shows the relé.rjve densities 0 Sintered producté—lrom various compositions at
1800°C. It can seen thaBthe sintered S ed_although the sintering
temperature wﬂugd hﬂﬂn%wa @‘%‘mperature can reduce
activation energy of gas release reféction but alse the usi

o B AEPE SOU LA BN

The relative densities of sintered products prepared from C-TC powders
are in the range of 94.1 — 96.4 %TD while that prepared from M-TC powders are
between 87.9 — 95.9 %TD. Comparing with the C-TC products, M-TC gave somewhat
lower in densities, especially for the sintered product of M-TC3 powders: the apparent
porosity and water absorbtion were also clearly higher as shown in Table 4.6. However,

these physical properties of C-TC and M-TC sintered products in this case were not
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much significantly different as what occurred in the sintered products at 1900°C,
discussed earlier in previous section (4.3.1). Moreover M-TC1, M-TC2 and M-TC4 show

the comparable density to the other corresponding C-TC products.

100 100
1900 °c 1800 °c

96 -

92

SR

Relative density (%TD)
O,

TC1 TC2 TC3 TC4 TC5 TCB
mCcTC @M-TC
Fig. 4.15 Relative density g ducts with sintering temperature of

B\ R

1900°C (undoped) and#%80Q

Table 4.6 Apparent porosity Al,O,-TiC sintered products.

Compositions TC4 TC5 TC6

Apparent C-TC : 0.17 0.16 0.30

porosity (%) M-FG 'f“——""——""‘*i:! 18 0.85 1.08

Water C-T H @.04 0.04 0.07
4

absorbtion (%) | M-TC 0.34 0.21 2.40 0.14 0.21 0.26

AUEINYNINEN3

theses composﬂe are shown in Fig. 4.16. The

¢
N 0 101
The pres of icrograph sho e consistent dispersion of Al,O, and TiC

phase. The TC3 and TC6 found low content of TiC phase which correspond to the phase

conversion determination previously discussed in topic 4.2.3.2. The microstructures
consist of mainly Al,O, matrix and dispersed with a rather angular shaped TiC grain with
a size of less than five microns. The larger interconnected grains of TiC was observed.
Thus, the TiC particle size exhibited a somewhat large scatter. The samples are

densified with mainly open porosity associated with the TiC particles and clusters. |t
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was found that grain size of each composition was affected from mean particle size of

combusted powder (after milling process) which was shown in Table 4.3.

C-TC3 M-TC3

Fig. 4.16 (a) SEM micrographs of conventional sintered products at 1800°C prepared
form synthesized powders used rutile as titania precursor with MgO and

Y,0, doping.
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C-TC6

M-TC6

Fig. 4.16 (b) SEM micrographs
form synthesized powders

and Y,0, doping.

of conventional sintered products at 1800°C prepared

used

anatase as

titania precursor

with  MgO
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4.3.2.3 Mechanical Properties Investigation

The mechanical properties of sintered products are revealed in Table
4.7. The mechanical properties of C-TC products were superior as compared to M-TC
product. However, there are some compositions of M-TC have a tendency to approach

C-TC products, such as M-TC1, and M-TC5.

Table 4.7 Mechanical properties of the pressureless sintered products of Y,0, and MgO

— doped AlLO,-47wt%TiC powder, mbustion synthesis.
Vickers hare¢ r : ness Four-point bending
Compositions (G ( v (MPa)
C-TC ' : ’ C-TC M-TC
TC1 15.0 : 43 . 368+52 321445
TC2 14.1 f f|" =495 . 423+44 284+37
TC3 13. # U3 | 405+31 225+72
TC4 14.6 i 4 495" | 425432 | 227451
TC5 15.7 A 4 : k 443+29 295+68
TC6 9.9 0.0 "9 7.99 426+44 | 365455
: ..-':.:,:}?’
The M with relative density; the
increase in relative 'cts as seen in Fig.4.17.

However this was not thé case for the C-TC2, C-TC4 and™M-TC5; the sintered products
demonstrate g ¢ ﬁv thei i inept. The report of Y.Wan
et al. [16] suggeﬂﬁh hﬂﬁﬂjﬁﬂ :lm TiC particle size. TiC
has higher ss.than }fﬁ i ﬂ i é{ e coarser thus
improveﬁﬂfj ﬁﬁﬁiﬁ ﬁﬁgm m e:i wE]rs for sintering

process in the present study was very difficult to control since it was received from the

violent exothermic combustion process. However, it can be observed in microstructure
in Fig.4.17 (a) and (b) that the product with large cluster TiC and high connectivity
correspond to the good hardness such as C-TC1, C-TC2, C-TC4, C-TC5, M-TC1 and M-
TCA4.
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100 18 100 18
" C-TC 5 ” M-TC
'E: i) a . O + 15 E :Q: o : ; 15 5
g %7, e * olng & ®re o 2y
2 °®
% 94 ® O g B 94+ ) d c
s 9 ° 5 [m} TQ e
T 92 8 T 92 + = j-
g + 6 2 g + 6 E
8 9 + g £ 9 | e
° = ° N O
& 88 | edensity |3 £ & g8 | . edensity |3 I
O hardness [} hardness
86 - : - - - 0 86 t f + 0
TC1 TC2 TC3 TC4 TC5 TC6 TC1 TC2 TC3 TC4 TC5 TC6

Fig. 4.17 The relative density and Vicke " of the Y,0, and MgO - doped AlO,-
47wt%TiC composites prepa ""-...,:‘* &
1800°C.

nthesis pressureless sintered at

There h - he toughness improvement

in hard second-phase echanisms are thought to
be the particularly imp _crack deflection along weak
grain boundaries and (2) i - rack face bridging by second-
evealed that both mechanisms
seem not to play significant r s;EEi ! dlogy shows both intergranular and »

transgranular crack propagatlon € W : own in Fig.4.18.

Fig. 4.18 Crack propagation characteristics in Al,O,-TiC composite (C-TC2)

When crack occurred in Al,O, matrix it propagated along with interface
between Al,O,and TiC phase, since crack tip intersecting the large TiC particle size and
also interconnected grains, the crack would be collided and pinned rather than

deflected, due to the intrinsic brittleness of TiC. This may be the reason that why no
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deflecting or bridging were observed in some part of crack propagation. The
transgranular crack propagated observation is in agreement with the result of J.Gong et

al. [51] who observed the influence of TiC particle size on fracture toughness.

However, a possible explanation for improvement in toughness might be
proposed by the difference between the linear coefficient of thermal expansion of Al,O,
(7.4x10° °C") and TiC (8.8x10° °C”). This difference would result in residual stress

developing within the composite. The gampression field produced by TiC embedded in

the ALLO, matrix thus created resis e front propagation.

-TC, shown in Table 4.7, were
comparable to or better th Al .‘o a fiers._presented in literature review
(Table 2.5, Table 2.7 \\ -TC3 and M-TC6 revealed
remarkable better in fra that a great number of open

porosity of these product h crack propagation length in

the testing products was s calculated to the high value of

fracture toughness.

The four—pomt be - of C-TC was also higher than that of M-
TC product. Typica y;Ath - “strengt ;_.5 om load applied at break
point of sample. A% sufiface defect, st f pemmens may affect on
strength because it is m point of stress concentration ar@further originated crack. The

apparent poroﬁ of M-Téam le was obviBdsly more than triof C-TC sample, thus

Ik Elh‘Vli &b
ARTH RTINS

This section aims to the compare the physical and mechanical

lead to higher ens.

properties among the sintering studies of Al,O,-TiC combusted powder. The relative
density and mechanical properties of C-TC products (except C-TC3 and C-TC86) and M-
TC1 were approach to the ones which was reported by J.H.Lee et al [37] shown in Table
2.7, whereas their experiments were carried out at a higher sintering temperature

(1890°C) with the addition of the higher amount of MgO (0.8wt%). This implies that
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sintering temperature and amount of additive play an important role on sintering
behavior of Al,O,-TiC composite, therefore these parameters are needed to be

investigated further to improve the sintering ability of combusted powder.

In addition, as compared to the properties report by R.A.Cutler [36] in
Table 2.5, although their hardness was higher, the density and strength obtained in this

study were comparable or superior. They proposed that the sintering ability of

ors: (1) the fine ultimate particle size of the

y(m free titanium (below detection by
é i '

combusted powder is to be due to
combusted powder (approxim
XRD) which acts as trans 0°C, and (3) free carbon which
reduces a small amoun . ‘ d above 1850°C. The starting
particle size of their si g 00658 \\'\'ﬁ e ones used in this present
study, therefore it mayse . ¥ I .r ) .\'\\ g preeess to attain smaller starting

v > X\\s \ ) and titanium which believed

particle size. Moreover i
to assist the sintering abili oS \ ». as not found. However, XRD

detected the Al-Ti-O metagfe affected to the sintering behavior;

the further in-depth investig

In summary, anical properties of sintered

microwave combust ;, e : the conventional ones. It
might be a reason thatico 00 longer time than microwave
process. Therefore a liqu .;:l phase would probably present in the powder products for

longer penodﬂﬂﬁ ﬁ!ﬂe%ﬁmwm ﬂrﬁa‘obtamed Mechanical

properties of sinfgred product can be controlled by its density and mlcrostructure High

relanveqawfa]wﬁ ?m mcrgy Wﬂwﬁracﬁropemes The

improvement of the hardness, fracture toughness and bending strength of composites
can be manipulated by the TiC harder phase in term of initial particle size, distribution

and also the ability to densify interconnected grain.
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4.4 Part 3: Microwave Sintering

Preliminary experiment was performed to microwave sinter ALO,-
47wt%TiC combusted powders alone without susceptor. When TiC particle is dispersed
in a microwave transparent Al,O, matrix, despite the very low penetration depth (8 um at
room temperature) a large part of TiC mass may suscept with microwave thus the

composites can be heated to higher temperature. The highest temperature that the

composition may not containgnol C féifas ating even under microwave power
of 2.4kW. Also heat los stifl Ir si e of alumina insulation board
surrounded sample is no T sample was fragmented from
center into pieces. This j@ipli : 'I erse te ature profile was developed,
where the inside of sampl€ g’ £hanthe surface, as compared to conventional

N

radiant heating wher J.be found on the surface of the

sample.
4.4.1 Microwave healjifig piic
Microwave _hybfic=heat of Al,O,-47wt%TiC were then
performed. SiC susegpiorwas used as 2 secondanzneat=sgurce providing assistance

Y]

for materials that heat =low 2 "r'" reduce the temperature
‘i

gradients thus promote more uniform heating. Thus, sample cracking was not found. At

the beginning ﬂsﬂﬁﬁa% ﬂ%; wrﬂﬁrﬂﬁsamme by TiC and is

provided on the @xterior of sample by SIiC. As the temperature of the sample increases
¢ o e/
to a poi 2ah i mﬂlﬁqﬁ wqiatlﬂith field, it then
absorbs microwave eg and'turn’into heat.
Experiments were carried out to find an appropriate thermal package for
sintering microwave combusted powder product at a maximum temperature of 1700°C.

Fig. 4.19 shows a comparison of temperature profiles resulted from the microwave

sintering of synthesized TC1-powders using the two different SiC susceptor setup.
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1900
rofile
08 1500
o
= o
§ 1100 4
8 R
§ 700 - o
-
300 T T T

0 100 200 300 400

was placed on a center of 26g-

Of thin curve SiC which weigh

round plate SiC and g

approximately 20 g ea Tide js: lhen enclosed in an insulation

board before sintering; A 3€

particles with a size ranGe ighbalv :v. nm. \ r be seen that there is a distinctly
3 | J

different heating behaviorffor fhes ::_; etups, as the difference in slope of these

Oly higher heating rate than S1 under a

\ ) ple embedded in a 150g - SiC

two curves indicates. S2 setup extibi
given sintering condition, evef though ti ‘ of S (186 g) was more than S2
(150 g). The - = E“j perature of 1100°C within
50 min while it took %se up 7 > sa m 7sintering temperature. The
maximum sintering tempti;ature was about 32100 C in the case of S1, compared with

1500°C in the ﬁéu E]s’}anrﬂe%? %ﬂﬂt‘g be because a higher

mass of 186g-$4 SiC susceptor cgmpeted with T|C for mlcrowave energy more
excess»ﬁyﬁ qrﬁ ﬁ ﬂ1ﬁﬁsﬂ %’H‘aé};ﬂﬂ(f]ﬂﬂuﬁ within sample
itself decfgased. In addition, in S2 setup, heat generated from SiC particles can be
easily conduct to sample compact as they are in close contact to each other, thus
minimizing the heat loss to the environment. When the susceptor are used in many
separate parts (S1), heat loss occurs more easily as it radiates and conducts to sample
surface. Therefore, it was more difficult to raise the sintering temperature over 1200°C

under S1 setup without an increasing in the microwave power.
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4.4.2 Physical Properties of microwave sintered Products

Fig. 4.20 illustrates a sintering curve for microwave and pressureless
sintering of Al,O, - TiC powders prepared by microwave combustion synthesis in terms

of sintered density vs. temperature.

100

Theoretical density (%)

Fig. 4.20 Density veg pErature wake and conventional firing.

At 1200°C the de: iring sample were comparable to

those of conventionz ;r.j‘.:.;mzmﬂ.--—.—.\:‘ reases up to 1500°C, the
microwave sintered de | ity 7o .,f- the theoretical density (TD)
Ay Il
W
indicating the intermediate stage of sintering. This temperature was significantly lower

¢

r%%ﬁ] ﬂ%ﬂﬂqﬂﬁm the same density

than that reqﬂﬂgj
(~1700°C). Itis expected that this trend may continue at higher temperature to obtain a

- € & L .
nearly fy Wlﬁjaﬁw g m mmﬂtmﬂarﬁ Hn conventional
sintering, @ormally in range of 1800 - 20 ‘. However, it will be necessary to modify a
new thermal package to minimize the energy loss and insulation volume. Susceptor

configuration is also need to be adjusted in order to start fast heating of sample

efficiently.

The linear shrinkage in thickness and diameter of sintered sample is in

good agreement with the result of density. It can be seen in Table 4.8 that the
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microwave sintered product shrink slightly more than conventional one at 1200°C.
However, as sintering temperature increases up to 1500°C, the shrinkage of microwave
sintered products are manifestly exceed those of conventional sintered samples at
almost 100%. Also, this shrinkage value (13.95-14.06%) was not far from one obtained

from conventional sintered at 1900°C.

Table 4.8 Percent shrinkage at various sintering temperatures of microwave and

conventional sintering

Temperature ‘Shrinkage (%)

(OC) Thickness
2.27

1200
1.94
14.06

1500
7.96

1900 17.21

. :
4.4.3 Microstructure off@icrowave: ed Products
The higher in de nd shrinkage of mie [gwave sintered composites at
a given temperature Vi Shown in Fig.4.21. At 1200°C,

| : 1l
| e morphology of conventional si¥ i

it can be observed tha ered product (Fig.4.21b) was

not so much d t, fr ? m in microwave sintered

sample (Fig.4. ﬁiuﬂ ?lcglﬁ mﬁie neck size ratio and
shrinkage were both small nd the ize ﬁ‘f | particle size.
As temé ﬁ’gr] @3 ﬁ iﬁveﬁﬁ ﬁy ﬁi H developed an
interpartlcle necking as its density increased from 52% to 64%, the latter portion of the
initial stage of sintering (Fig.4.21d). The pore structure is open and fully interconnected.
On the other hand, Fig.4.21c shows that the microwave sintered samples at 1500°C
seems to be in an intermediate stage of sintering. Grain boundaries formed at the

contacts while grain size seemed larger than initial particle size and porosity also

decreased.
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i il
Fig.4.21SEM of product strfa€e: ‘(‘ql‘,'jqﬁ_@ve siftefing at 1200°C (b) conventional

lllll

sintering at 1200°C (c) micrwa@éﬁérrj{ at1

AT
1500°C. LR T

i8 showed the remained TiC

phase only. The possi@ reason mig ecause of gamgenerating from the reaction

between AL,O, and eithefage carbon or coftbined carbon in TiC at high temperature

that was knowrﬁi Mu@»m&mljmﬂ glm@as not taking place in

microwave product; it was thought tWat fast sintering process andashort dwelling time

vere s INEIEU U AT INE TR E

In conclusion, the highest density microwave sintered sample, prepared
from microwave combusted powders, achieved was 82%TD at 1500°C under 2.4kW.
The microwave sintered sample had a tendency to obtain a nearly full densification at
lower temperature compared to conventional process. Moreover, the gas-generating
from reaction between Al,O, and TiC can be suppressed in microwave sintering process

due to fast sintering and short dwelling time. The development of an appropriated
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thermal package for sintering in microwave energy is critical. A susceptor mass
sufficient to start fast firing and minimizing the refractory volume and energy loss are of

great concerns.

AULINENINYINT
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