Jowrnal of the Lavopean Ceranne Societr 13 (1994) 247 216

Sintering, Hardness and Indentation Fracture
Toughness (K,-) of Mullite and its Composite with

[Swt% X-Phase Sialon

C C Anya & A, Hendry

Uliversiy of Strathelvde Deparmment of Metallurgs & Engicermye Matenals Colville Buildimg

Glasgow GETXN TR

(Recerved 28 Apul 1993 gevised verston tecenved 15 October 1993 accepred 10 November 199 4

Ahstract

Uconnnercwadhy pore nadlire was snttered 1o 99 700 of
1y theorencal density by pressureless smitermg i
1740 C o Anaddiion of Tyot"o pre produced X plase
stclonsinprored the sueterabiliny of the composiee The
ompostte s abont Yo and 900 betrer tharmullite ¢ of
thowt the same degree of densifieation ) i terins of
adness  amd  mdentation fractine  toneliness
respectineh

Opncal and scarme eleceron ncroscopes swere
used 1o obtaanr nucrographs Frooe the nucrostinetural
rdence s supgested that these nprovenients are
s aresult of changes e the disteitbunion and size of
pranis, brought about by the addimon of X phase
However, the gram sie of the starting powders and
the mcthod of addiion of X phase were fownd o be
tauctors wihiel could affect the degree and mode of
oL eHcent

Ewm konuner el vemer Mol warde vt ciner Dichie
con 99 TG der theoretsehen Drelite durcli drickloses
Suterne ber 170 C hergeseellt Die Zugabe ton
INGen "o vorproducziertens N Phasen Swalon 1
hesserte e Suterfalughen des Verbunds Der
Verhund st i eowa Yhaw 9% beziighelr der Harie
aned e Emdvuch sbrachfesaeh e besser als Nl
chet der seltben Diclie )

Die Proben v den nue Hilfe des Liclimnkiosh ops
wid des Rastereloh o onennnhroskops atersieht
dues diesen Untersuclhungen tafie sich sehdefien. dufs
fre Verhesserimgen auf eme Veranderune m der
Kevnproflerrerteung, cerwnsacht dwrclt die Zupabe
cont X Phase, zuevck zufuleen st Ex hat sich jedoch
secergt, daft die Korngrofie des dusgangspudvers wumnd
he dvewe dre X Phase zugegebenwnd, den Grad de

Foerbesserunge beemiflussen konnen

O a pépare de o ndliee e de qualité conmen
wtle, proseutant e densité egale a 99 70 e la
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densutd theongue, par pottage natel a 1740 C La
fritabiliee de co composie pent crre amchonée par une
additton de 1N de stalon (phase X)) fabigie an
proalable T direteé de co compostte amst gue sa
resistance d la fracture coaliee par dentation sont
respecticenent de 3" o ot 90 supdien es a celles dlune
mdhiee ayvant le meme wncean de densifreation
Onaoxanund le imatérian ais Dicroseopes opligiie
etoa halavape  Les observanions nierostrncturales
SUpScrent que ces dmeliorations . procienanent d'un
changement dans ba distctbution et la talle des grams,
provogue par Fagont de plase N Ona ndanmons
comstare gue la tadle de grams des poudres de depart et
famamcre dont la phase X estajoutee pet ent affecter
le degre et les caractéristigues de ces ameliorations

I Introduction

Over the past two decades the numerous reported
works on mullite (3ALLO, 2810 ) are an mdication
ol liow 1ts recogmtion as a matenial for high
temperature structural applications has been grow
mg Several works' " attnibute this recognition 1o
the matenial's lagh covalency, which has led to
siupenior properties, such as high meltimg tempera
fure  good thermal shock (fracture) resistance,
tehatively low density pood chemical stability and
low thermalexpansion However, it has been shown”
that 1o maximze these properties a close compo
stiional and mictostructural control of mualhite 15
Nnedessdry

The smtermg of stoichiometric pure mulhite s very
ditficult, often necessitating hot pressimg to achieve
close toa tull denstheatton In o bid to nmprove the
sinterabihiy of mulhte and hence maximize its good
mechamical properties, Si,N " and whiskers of SiCH
have been added to mullite mainx composiles
Yamagishe er ol * ' reported an improvement
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(relative to mullite ol a density of about 964 of ils
theoretical value) i Hexural strength by the addition
ol X phuase The latter was produced m st by the
reaction sintering ol mullite,/ f# stalon (2 = 2), but the
authors” " reported u neghgible improvement in the
toom temperature [racture toughness,

The work onaddittons of S1,N, " and SiC* was by

hot pressig and with ultrafine starting powders of

ROnm, while that of Yamagishi er al®'" was by
pressureless sintermg, with grain sizes between | and
[SpmoIn the present work, a means of achieving,

close to tull densthication by pressureless sitermg ol

the two materals under study 15 investigated A
compatative study ol the matetials 15 also under
taken, with a view to understanding how the X
phase addition and the method of adding it improve
sinterability  hardness and indentation fracrure
foughness,

Relative to S1C and S1yN, additions, X phase
additions could prove to be more cost eflective This
1 because the X phase ol the present work 15
relatively mexpensively produced by the carbo
thermal reduction and mitniding ol mullite, obtained
m st from kaolimitie clays Another cost related
attraction of the method under investigation is that
il the pressureless sitering technique 1s tnlored to
achieve the sume microstructural control usually
ofiered by the hot pressing technique, the lormel
would be preferable

2 Experimental Procedure and Materials

X phase sialon was produced by simultaneous
carbothermal reduction and mituding of kaolinitie
clays The expenimental detals ol the production
schedule can be found in previous work ' ' by the
authors The commercially pure mullite (CPM) was
supphed by the Baitkalox company. France. Its
charactenstues are given i Table |

To achieve a ftrue comparnison of the two
materials  CPM and 15wty X phase:85wiL®y
CPM —both were sintered under the sume con
dittons Prior to sintering, the powders were both
comminuted for 70h by ball nulling (using alumina
ballsyin a wet (propan 2 ol)y medium and then dried

Table 1. Chariacterisiics ol the Baikalox commercially pure
mullie (SA 193 CR)

Charaeterisies Values Remairk s
Conversion rate Y9, Minimum
Chemical purity Yo 20y, Minimum
Specihie surlace area i+ 15m’p BET

Apparent density O6Opem? —
Green denaty [ 3ypem’ 138 MPu pressure
Mean apglomerate siee 2 pm

Subsequent X ray analysis of the dried powders
indicated that they were not contammated by the
alumma balls The dried powders were then uniuxi
ally compacted with a pressure of about 14 MPa and
isostatically  cold pressed into pellets of 1dmm
diameter at a pressure of 45 MPa Sintening was
carried out i a nitrogen atmosphere at 1660 C.
1700 Cand 1720 C (lor different durations) for the
milled composite, and at 1720 Cand (740 C (or the
CPM 1or 2h The unnulled composite, a mixture of
(Smm) vibratory mitled X phase and as received
CPM powders, was also sitered at 1660°C' for 6 h
and at 1700°C for 2 h with a view to quantilying the
efect of the nulling operation on the siterability of
the composite A misture (by weight) of 385",
SIO, =38 5% SENG-23" BN was used as the
sintering bedding powder. The densities ol sintered
bodies were determined using the Archimedes
method

Smtered samples were analysed by X ray diffrac
ton (XRD) for any transformations during sinter
g None oceurred, but the composite sintered at
1720 ' revealed no X phase This led to the
determination of the nitrogen content ol unsintered
mulhlite and X phase. as well as of sintered mulhte
and the composite (both sintered at 1720°C) The
anm was o ascertam what happened to the X phase
addition A Leco mert gas fusion machine was used
for this putpose

Hydrofuone (HF) acid (40%0) was used for the
etching of the samples A satisfactory etching was
obtamed after 100 nun Optical micrographs were
made with Nikon (Epiphot) microscope and the
microstructure of the samples was also studied using
the scannimg clection microscope (SEM), Philips
SO0, With the aid ol the macrostage of an mage
analyser. Olympus., Q2M, the SEM mucrographs
were used to determine the gram sizes of the samples

The hardness values of milled samples that
sintered to above 98"y of then theoretical densities,
and the unimilled composite sample that sintered o
95w ol its theoretical density were determined using,
Vickers mdentation tester, with a load of 10kg For
each sample five indentations were made.

2.1 Remarks on the method for the calculation of the
fracture toughness Kk,

The mdentation method was adopted for ats
simphicity, rapidness and the size of the samples. The
simpheity and rapidness ol the indentation method
have made 1t very widely studied und used lor the
determimation ol K. "}

Generally, the view that the indentation method
gives o relatively overestimated value of K. has
always been held However, finding that the indent-
attion method, irrespective ol the equation used,
consistently gave a lower value than that obtained



Propernes of madlite and s composite watle sualon

from sigle edee notched bend (SENB) tests,
Glandus er al 'Y proposed an equation that takes
mto account Porsson’s ratio by means ol an
cmprocat function Fnthe present studs apint trom
the density noother physical property of the
materals was deternmmed  Hence the equation
proposed by Shetty ez al ™ was ased

Ay = OOSSYHD AN (1
where I hardness tm Pay given as
I =0d636F o {2)

awhere Pois the apphed load on the mdenter m N /an
my s the crack length Trom the corner where the
crack joms the mdent to s entire extension and a (in
mh s hall the diagonal length of the mdent Fre 1

Howeser eqn (has tor Palmgyist tvpe of cracks
(e Dowlueh may beshownespermmentally s those
cracks which on the indented sample bemg polished
then traces sepatate lrom the indent Another
criterion for o crack to be ol the Palmgyist type 1y
that the dependence of ZJand « (e =1+ a) oninden
tation load should be linear Therelore, belore usimg
equ (hm this stady these twocrteria were shown (o
be vertied Freure 2 s the indent betore and aften
polishmg an imdented mullite sample The samples
ol the composite matenial showed  smila ap
peitrianee Many matetils can show both Palmgyis
and median (b Foon pobishimg the mdented
sample the traces of crack remam attached to the
ndent) tvpes ol ek the Palimgaist cracks that
appear when low Toadys are used could evolve mto
nedim eracks achieher loads At both low and lagh
oads ol the present study the crack svstem was
conststentiy ol the Palmgyist tvpe In Fig 4 (he
meat relationship ol Zand ¢ ola muallite sinnple with
he applied Toad v demonstaded The componie
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showed smilar relationships. The regression equ
ations are

[=0047 +0014P R
(regression coefficient, r = ()995)

and

c=0085+0016F (1 = 099Y) (4)

3 Results and Discussions

3.1 Sintering process

Table 21s the summary of the results on the sitering
ol the matertals It indicates that the milling
operation improved the density of the composite
sintered at 1700 C tor 2h by about 8%y Despite the
longer duration (6h) ol sitermg ol the unnulled
composite at 1660°C, the milled sample. sintered ai
the same temperature for 4 h, showed an improve
ment m density of 1 6%,

From Table 2 1t emerges that hugher simtering
temperatures (mited by the achievement ol the
highest percentage ol theoretical density) are
preferable to long dwelling perntods at relatively
lower temperatures Thas, alter 4 h at 1660 C only
96 6" ol the theorencal density ol the milled
composite was achieved, as compared 1o 9940,
achieved for the same material at 1700 C sitered
for qust 2h This 15 the result ol an aceelerated
shrnkage rate This s because, as has been
demonstrated,'” higher temperatures bring about
icreased  shomkage rate, while shrinkage 1ale
decreases with time A silar efTect was observed on
sintering mullite X phase composites by the present
authors,' consequent upon which better bulk
densities and reduced shrinkage rate were respec
tively obtamed at higher temperatures and longer
smterig pertods High temperatures therefore make
short dwell pertods possible Hence the bedding
powder remained eHective throughout the duration
of the sintering process of the present study

The theoretical density of mulhite was approxi
mately 99 7%, achieved at [740°C This s mcontrasl

Amva, 4 Hendiy

to the work by Yamagishi ez af ' where, using the
same pressureless sintering techmique, about 959°,
ol the theoretical density of mullite was obtaimed at
[650 Coand at 1700 € the degree of densification
reduced to about 95% The difference between the
present work and that of Yamagishe er af ' i the
optimal smtermyg temperature of mullite may he in
the beddmg powder used, because in the latter either
mullite alone or no bedding powder was used
Further support to this suggestion could he tound n
the work by the present authors,'" whereby use of
non optimal beddimg powdet led to o deterioration
ol the densification process by between 4 (o 8%

3.2 Hardness and [racture toughness, K,
The 1esults ol the study on hardness, identation
fracture toughness and gram sizes ol the lwo
materils, m the milled form and sitered at 1740 €,
1720 C and 1700 C are summanzed i Table 3
In Table 3is also included the result obtamed from
the unmilled composite sitered al 1660 C tor 6 h
It can be seen that the mullite sample with the
density o909 7% ol its theoretical value (obtained by
sinfermyg for 2h at 1740 €) had margmally lower
vitlues of hardness and A . i companson with the
same mulhite sintered at 1720 C tor 2h The
composite sintered at 1720 ¢ had the same K,
vilue, but o hardness value higher than that of
mullite sintered at 1720 C The highest values of
hoth properties (1183 MPa and 37MPam'’
respectively lor hardness and K, values) were
obtamed for the composite sitered at [7000C for
2h, which had a density ol 994 of 118 theoretical
value In comparison with the mullite sample ol
about the saume degree ol densification ol the present
work, this represents an improvement in hardness
and Ky values ol about 4 9% and 8 8o tespectively
However, telutive to the unmulled composite sin
tered at 1660 C Tor 6-h, with 95%q of ts theoretical
density (hardness and K, values of 8652 MPa and
FIMPam!' ? respectively), the values of these two
properties for the milled composite tepresent an
improvement i hardness and toughness properties

Table 2 Sinterning conditions and denstties of materialy

No Viatenal Comdinion Smtenng RBulk densin
Temp € Tone, b
wom! Yo Th
! C'PM" Milled, 70 hirw 1740 Vs w97
] C'PM Milled, 70 hre 17200 (NN O 4
} [5 X' 85 ¢'PM Uinmilled [ 700 K7 9l
4 15 X 8% C'PM Unimilled L aol) 6 298 9
) 15 X 85 CPM Milled, 70 his 1 b6t 4 303 Y 6
t I X 85 CPM Milled, 70hry 1720 V10 98K
7 I X 8% CPM Milled, 70 hirs 1 700 ! V2 9y 4
"= Theoretieal

= Commercially pure mullie

= X phase sialon 15, 85 = respective pereentapes of materials in the composite



Properties of nudlie and s composite with suilon
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mlormation on then gram sizes howeser wans

ol 20 7% and Iy 6" g tespectively The importinee ol
millme m obtinmg the correct patticle size disin
button betore sintermyg s therelore clearly estab
hished Tt proposed that the milling operation,
wineh Teads toa reducaon ol the powder grain sizes
and optimization ol size distithution provides an
mprosement ol the properties of mullie and ol the
compostte It follows theretore that when comiparing
the ellects ol addinons ol composite matenials o
mulhite on s mechanical properties (which depend
on the gram size ot the material), as Tar as possible
sintlar grin sizes shonld be used Formstanee il the
results obtamed on mullite samples twith [Ovol %y
SEN ) ol 8O nm gram size™ are 1o be compared with
those obtamed on 15w t"o X phase 8>wiy mullite
samples of o Dy gm gran size ™ an ambiguons
mierpretaton mas be reached  because it will he
ditheult 1o aseertam the true relative ellect ol
diflerent addmons Forthe samples with 80 nm gram
size ' toom emperature lesural strength and Ay,
altes ol about 6TONTPa and IyMPain' " respec
mely were obsersed, Fleswal sirength was not
deternimed i the present work, but as regards the
oom tempetature Ay value although values may
iy accordimg to the method vsed by authors. the
aresent results are an mprosement on the values ol
wiween | oand 35MPam!' " oreported? " e the
nerature Tor monolidhie mullie or it composites
[he tmal development of properties depends on
sintermyg and estent ol denstfication and - grion
aowth whieh are discussed e the negt section

3.3 Microstructural leatures
Fhe miproved hardness and Ay values ol the
compostle telitive to those ol pure mullie, ¢an be
explamed theough the microstractural evolution off
the smterng process

In Fig Jdare the optical micrographs of the samples
reveiahing the degree ol porosity e them Maore

obtined lrom SEM - The SEM nicrographs aie
shiown m By S Although the Tnghest densiiv of
Visgem 99 7" o mullite s theoretical density)
wis achieved Tor the CPM at 1740 O thas Tagh
temperature mesitably fed tooa large gram size
(relative 1o those of the other samples) ol 3+ [
with an aspect tatio ol 45 £ 05 Fig Sta)y The e
duced sintermg temperature of 1720 Cresalted i an
amvetage pramsize ol 2+ Fpmlor the € PM, Fig sh),
and a shight mprosement m properties, reliative to
those ol the sample shown m Frg. st

The eflect ol X phase onthe nucrostructure can be
observed oncomparmyg Fig sthywith Fig ~Sia) (€ PM
and composite samples. respectively sintered at
1720 ¢ The mictostructure m Frg Seym ol nore
tndorm gram stee distoibaiion and it has o simaller
average wram size ol L7+ 1

The XRD analvais of the compaosite sample (F g
Sl smtered at 1720 €0 howeser  revealed o
X phase Yamagshe e of ™ ited the winlenng
fempetature of asmular composite to 1700 Clor the
reason that X phiase decomposes at 1720 €y
conpruent melting temiperature, The X phise ad
ditton was obtamed by i situreaciion (pressineless)
sintering of mullie msed with svol %o 7 siilon
(=23 Howevero i the present work though the
sample sitered ot 1720 C revealed no X phise
the XRD analvars, o density ol 98K of 1,
theoretical value was obtomed  Anomdicanion ol
what may have happened to the X phase constituent
evidentm Frg Ster wherebyat presented the Tnngest
area of black teatmres, morelavion to the rest of the
nuecrographys (the black features bemg relerred to
should not be confused with the pores of Frg Se)
These black Teatures are the plassy constituent of the
sample Hence this siomple (Frg Sten has the highest
content ol ghiss (sthea nieh phase) The high content
ol glass was hrought about by the mabihity of X
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Fig. 4. Optical micrograph ol samples sintered (o the indicated pereentage of theorenical density at the piven temperatures and
durations in N, atmosphere (a) CPM, 99 70 T7400C 2h (b)) CPMLOB A0 1720 C 2h (o) Iywi®o X phase 85wt CPM 98 8",
17200 20 ad) TS wi®s X phase Bowito CPM, 90406 1700 € 20 (@) Iywt®e X phase 85w "o CPM 950 T660°C, 6 h
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Fig. 5. Scaunimg eleciron nncropraphs ol samples sintered (o the mdicated percentape ol the theorenical density at the given
temperatures and duarationsm N atmosphere () CPM 99 70 1740/ C 20 (PN 080 1720 ¢ Yh O bvwi®s X pliase 85w
CPM 9880 17200 C 2h From the X ray analvas ths sample showed no X phase bt note the highest madence of black leatures
(elassy consttnenty (G Pyw o X phase 8vwi®o CPM 99 4% 1700 € 20 e Eywe®o X phae B wia CPN 9% Joalh ¢ 6
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phase that melted ar 1720 C o reerystallize during
the rapid cooling ¢yele Thus 1t remamed as an
additional amorphous constituent ol the sample,
thereby leading to the availabihity of more area lor
attack by HF during the etching operation

Fuither evidence to confirm that X phase was still
present in the composite sintered at 17200 C was
obtamed by analvsing unsintered X phase und
mullite. as well as mullite and composite sitered al
1720- ¢, tor therr nitrogen content The unsintered
sample of mulhte had a mittogen content ol aboul
[50 parts per milhon (ppm) The sitered mullite had
about 1200ppm  This tmphies that during  the
SINEETHIZ PIOCEesS 1N nifrogen gas, some nitrogen
dissolved mto the smtering hquid phase The
conposite had o nittogen  content ol aboul
7800 ppm- Thus the nitrogen content of the ¢com
postte attrtbutable to the presence of X phase was
about 6600 ppm - Unsintered X phase contamed
45120 ppm of nittogen 150 of the nittogen content
ol unsintered X phase satisfactonly accounts tor the
nittogen content observed in the sintered composite
brought about by the presence of the phase
Therelore the entire amount of X phase of the
compostle was present as an amorphous constituent
Although the partal composition ol nitrogen in X
phase does not have a direct beaning on the
loregomg rationahzation, 1t should be mentioned
that 4 5wi”e N observed by this method 1s lowel
than the partial nitrogen contents indicated by the
different tonmulae so far proposed i the hterature
lor the phase This may be related to the particle size
ol the powder used, because higher counts were
obtaimed with finer powders, the sohd torms giving
the lowest count

Figure S(d) shows the microstructure of o sample
of the milled composite sintered at 1700°C for 2 h
The micrograph shows relatively reduced and even
distribution ol gram sizes, which led to the sample’s
better mechanmical properties, The average gramn size
m Fig S(d) was found to be 44+ T um Hence the
presence ol crvstalline X phase (confirmed by XRD)
improves the simterability of mullite at lower

temperatures. and leads (o a microstructure ol

relatively even distribution and reduced grain sizes.
This effect can be considered synonymous with that
ol additions on graan stabihzation. It has been
suggested' " that in cases where the grains of an
addinive phase diseretely occupy the pores, a limiting
gram size (GS) can be achreved through the
obstruction ol otherwise easy migration of gram
bounduries, and that the GS for given volume
fraction (1)) ol the additive phase (which 1s X-phase
in this case) and average pore size, o, 15 obluined
according o equation

GS=dil, (5)

Thus the pore size, o, 1s effectively teduced by the
discrete occupation of the given volume fraction of
X phase  Another method'" through which an
additive phase could rednce the graim size of sintered
composites 18 by the lormer bemng available at
impurity concentration and formimg solid solution
with the matnx The solid solution impurnity may
septepate at gramn boundaries, where 1t can also
impede gram boundary migration. The amount ol
X phase sialon m the present work 18 so large that its
consideration as not bemg an mpurity 18 justified

Hot pressig. usually carned out at temperatures
lower than those for pressureless sintering, s
emploved when there 15 o need to achieve a full
densification with reduced gram sizes ol sintered
samples Additions ol X phase sialon m mullite may
therefore it the use ol hot pressimg ol ths
composite to only cases of advanced microstructural
control that 1s. 10 the presence of X phase sialon,
temperatures lower than those cutrently i use for
hot pressing would be required For pressureless
sintering, the maxmum advantage of the improving
eflect of X phase addition 1s taken 1l the starting,
powders are of fine gram sizes, and al temperatures
greater thun 1660°'C These conditions are evident
[tom Tuble 2, where even alter 4 h at 1660 'C only
density of 96 6% o (compared to 99 4% at 1700 C for
Yhyolthe theoretical density of the milled composite
was obtamed, while at 17000 C for 2h, a density of
91 5% of 1ts theoretical valne was achieved lor the
unmilled composite In Fig S(e)is the micrograph of
a sample of the unmilled compostte sintered at
(660 C for 6h, in which 95% ol s theoretical
density was obtained  The unmilled composite
sintered at 1700 C for 2h presented o similar
microstruciure

4 Discussion

The method through which X phase, mullite com

posite 18 made may also affect the value and
vartation ol 1ts physical and mechanical properties
Lising the same sintermg techmque, but with an in

sttu method of producing the X phase salon,
Yamagishr er af * 1" obtamed a density ol 97 89, of
the theoretical value ol a composite simular to that
under the present study They also observed, relative
to monolithic mullite, a 10"y improvement i the
toom-tempetature Aexural strength, but only 5%
improvement i the room temperature K, This s
despite the fact that the mullite sample of their work
was only about 96%, ol its theoretical density, and
thus must have relatively inlerior mechanical
properties to mullite samples with greater than Y8,
ol theoretical density, obtained by the same pres

sureless sinternmg route
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(c)

Fig. 6. Scannme electhron nucrographs of sintered Swi®y X

sane SO w o mallice typriy g the microstrucnmal evolution of
he process with reacions showmyg (a)a chaotic arrangement ol
sy and (O a heteroeeneds ol grn size detnibution i the
are sample as Gy oy the nncrostouctaral evolution of the same

compasttion, but with pre produced X phase mna commercialiy
nie mdlee: Noccramstormianon occurred Note the orderhiness

and relatvely even distithbunion ol gram wzes

However e the present work, where pre
produced X phase s mived with mulhte and then
gram sizes lurther reduced, a density ol 99 4% ol the
composite’s theoretical value was aclhieved  The
mprovement m toughness (9%0) 15 imore significant
than that m hardness (50 In compatison with the
values and varaton of the properaes o the
compontte methe stady by Y amagshy e ol "0
seems e nncontrolled nature ol mictostructural
evolutton durmg the tanstormations assoctated
with reaction simtermyg s unlavourable 1o the
foughness proper i

Thie suggestion stems from the resalts ol an
nnpublished work by the presentauthors i which it
Wit observed that the uncontrolled natine leads o
chaond strueture Fig o), and o heterogeneons
distnibution ol e sizes Figo ofby In s un
published work 40w o N phase 60wt®o mullite
powder was obtinned by simultaneousiy reducing
(carbothermallyy and nitndimge kaolimige cliys
Dyurme subsequent sitermye ol the powder, Further
transtormation ol mullite 1o X phase occurred
leadme 1o a0 ~Owt”e X phase sOw"s mullire
composition I the siame work, a sl compo
stiion obtamed after sitermge o misture of Mw"y
pre produced X phase with S0 w0 €M o which
no - tanstormation took  place, esulted e the
mictostracture shownm Fig otcrcompare with by
Gl and () Henee usig pre prodoced X phise
mstead of that produced msitenot only remoses the
it tions mnposed by the uncontrolled natune of
Cranstormations but also oflers the opportunily ol
reducig the gram sizes of the constitaents Turthe
Thes would mvanably fead 1o the improvement ol
strength and more wo, the tonghnes ol the
COMpPOsIen

5 Conclusions

Denstties e eseess of 99 3% ol then theorencal
values were obtamed for commercially pure mullhite,
CPM and Iswite X phase sidon 85wi®y ¢'PM
composite sintered at 1740 Cand 1700 € espeg
tvely for 2h by pressureless sintermg Inocom
pattsonwith the work olother authors this has been
possible due 1o the positive effect ol the beddimg
powder vsed mothe present work.,

The presence of X phase sialon i CPM was
found 1o mmprove the siterability of the composite
alrelatively Tow temperatures (which led (o hner
srain sizes), and to promote arelative unilormity
the distribution ol griann sizes 1w proposed that the
ellect s achieved through the discrere occupation ol
pores 1 the composite by X phase stalon The
improvement eflectis present even when the sialon 1y
moan amorphous (elassy) stade at 1720 €
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Consequent upon the improved microstructure

realized by an additton of 1Swi"s X phase sialon in

CPM, better hardness and room temperuature K.

values, relative to those ol samples of CPM, were
obtained The improvement is more noticeable 1f the
starting powders are ol reduced gram sizes

Using additions ot pre produced X phase sialon

15 shown to be a more eflfective method than that
based on m situ produced X phase, for producing
X phase sialon‘mullite composites ol improved
strength and toughness values,
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