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Rection model Symbol f(a) y(a) z(a)
. . a,
Reaction nth order model F. /R, (1-a)’ n<l: convex
(Nucleation/Decay) n/ a n>1: concave Depending on
exponents

Phase boundary controlled
reaction (contracting area, i,e
bidimensional shape or one-half
order Kinetics )

R2 2(1- oz)”2 convex 0.75

Phase boundary controlled
reaction (contracting area, i,e o \3
bidimensional shape or one-half R3 3(1~a) convex 0-704
order kinetics )

n >1: concave
JMA | n(1-a)-h@-e)] 7 |  n=1: linear 0.632

n>1:0<oam <aop

Johnson Mchl Avrami general
equation ( Growth of nuclci)

One-dimensional diffusion D1 1/2a _

1
In(l-«)

Two-dimensional diffusion D2 concave 0.834
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Three-dimensional diffusion 3@1- a)%
D3 — concave 0.704
(Jander’s equation) 2[1—(1- a)% ]
Three-dimensional diffusion 3
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m n
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: (Boswell method) Boswell diiyh o
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Lhall Jlsall @ Gl awy & Boswell s Ozawa  Kissinger dasyhs Jadal) d3ls 4dyee Jal (9

reiY alaall e aiilhaag Jlsall 03] aall lng hall Ay aglie AN In(g) In('l%j F In[Tij

m m

Ea Jnsl) 25l 2ad £l (24 — IT) 5(23 — IT) 5 (22 — 1)
: Flynn-Wall-Ozawa (FWO ) 4iyk e
In(@) A aney (Bo) dpllall Lpiiil) d8lla e Jsaasly [23 .19] [FWO] kb zeans
CAdhide dd gy O dagaill A dapiy Lbad ABDLe Jiay (53 izm

In(gp,)= In(@J—S.%l—l.OSZ RE; ............................ (25-1I)

Rg(a)

ai

Cdal) Jane e S slanall dadll Jo g0 Gliad) puds LS diims Jigad dad die <l g(a) Cus
(Ea) Jowiinl) 8l luan o AU Jia g - sl e Jugatl) dasis
: Kissinger-Akahira-Sunose (KAS ) ik e

;) Aslaall e [30. 23, 192] [KAS] il adia

O |_ Rk,, _ E, _
In(?j_ln(Eag(a)j RT, (26 —1I)

ai

(B Aalal) dastsl) A8l il 5 A Jia (e
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Al culgl) g Jolanl) zigal paad 2411

a5 S anly Jaas (e AigSa ¢ glil) ) Jasatl) dnal daalsy Al s Jelill 390
il Glagidl G e 5 c@hall ddaill Jae (B dalidl deliill #3500 a3 Glingie (10 222])
Oo el b lgaland 5 a8y STy Jeud Gans Langia a9 ¢ [32. 31, 21. 16] Malek Lagic a
il szl z(a) 5 Yool sl e lalud 5,23 oda adiad 5 ¢ [24.23 . 19] clubal)
G dsash i 5 ainnS dinh Lguaall Tl Al dad Jagio Clus 5l audi s 1385 cAayatl)
t sl e 14513 cVoleall 8 minge s LS A5l adailisg by el z 3

y(a):(z_fjex ................................... @27 -1
2(a) = p(x)(z—f)g ........................... (28 -

il (Flynn) cplé mosaad 9 ox= E/RT ze phall da)al dlalSie dla 58 p(x) sl 15 48, doleal) &
o8y alaall A laiage [34.33] p(X) LelSall aall Zash)ll A2 e (Senum and Yang) &l asi
2(0) Alal yaas Alls 8 Lawsi 383 S il Jaas o) o g ¢ (29 — )

x® +18x% +88x +96
p(X)= 7 3 2
X" +20x°+120x“ +240x +120

"aall gyl daidl G ¢ sl e ¢ z(a) 5 Y(0) sl (af 5 @) oadY) all dijaa sy
el 23505 ayias s ¢ olill € ANy (‘Z_‘f) Jelial) Jand il iniall (e hiall '@,

(2-11) saal) 8 mmge 5o WS [31.21.19. 16] Malek daalil lasas ) dag pall Gy ¢ cnilial

[31.21. 19, 16]aagie canns Lehgyd 5 LS)all z3laill (oans :(2-11) Jsaa

Rection model Notation f(®) ay Om
Rection order model RO(n) (l-a) 1-nt/G-n) 0
Johnson Mehl Avrami general -y N
coLaion MA | n(1-a)[-In(-a)] 0.632 L o)
1
Two-dimensional diffusion D2 - 0.834 0
In(l- )
i . . - 3 1_ %
Three d|mer’13|onal QIﬁu5|on D3 1-a) 0.704 0
(Jander’s equation) o[ —(1- a)%]
Three-dimensional diffusion D4 ; 0.776 0
(Ginstling equation ) 2[(1—05)}/2 —1]
Sestak- Berggren SB(m, n) a"(l-@)" 0. o) m/(m+n)

(Autocatalic model)
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135 ¢ iasaSics Ay canay Aag pall Jallaall A2 pdkas cuj)of clie DAY Bialise jacdany Liad
el Ghall dalail) Slea e IS 3y byl Igindlea L LS ey )of cubie LY e Jgaall
Vsl dbjae JaY 1385 <1550 °C 5 1400 °C Lle U a5l 5la dayd e sl 2341l abie Slens
Aol gl Agale A yeal Asised) 208V z el Dlga alaiial 23 LS DAl muead Giaas ) 4kl
doanal) A Ao bl sl days 5l Ay Liad Ll LS eghal) cilays Calida vie LAl ¢uaas
Lpgaa) Al Aasde 5 @hall il Jelas g dujgaall 55l ulds Ll LS ¢ dagitall clehil
.1600°C 5))all daya die salall calinall

( AlSi2013—Mg2AlsSisO1g ) cumayssfculia BBAY juaai 2.1.111

dSE) Jeadie pe IS4 gpall ddlad) Al cupyeffcnlie LA Gl juaaty Lid
asiiall s 5S10, 4 jranS (TEOS) clibiessiysh—15w alaials (sl (pudi b Cu0)sSl) 5 bl
Ay aniy Al gall Lol L g ¢ Nl e Al2O3 5 MO 1 saasS Gigaad asisal¥) cliin
/60) 5 ( %30/70 ) 5 (%20 /80) 5 ( %10 /90 ) 5 ( %100 /100) leb Lda e Jyuasll
sl (I 3es M) MCXX 350l agd e (A 5 cunysS/cubia yg (% 50/50 ) 5 (%40
LAY adlgag (1 -111) Joaadl (A& Aina 3 pmadd) Sliall el oS jill g ey ) S (W e 1 C
(1 -11) JSa b daase Al2O3-Si02-MgO )5kl A o)i¥) lalada &

Caliadl elall) jlaial) olall 8 dgaaal) aguialV) v 5 dgaaall pguiiaal) Cilyini e JS 430 Liad
SISl i) Jslaa &) o ¢ oanlaline (ajas ddaulss 2ol LAl ge ((TEOS pas (30 850 20 (gl
Ll ) cas 4alli 5 (TEOS aaa @he gl () Lsls Gailiadll JsitsY) aas) Jsstiy) & (TEOS)
Jallaal) Jalis oo o3 o puilaie Jelae Jo duand s 4883 30 520 laasgl Lgd canliall Culdall aa 83le JS
Agie) Baaly 403 Ba Aoy 3 Tl a5 ¢ eaaline (e Aaalyy da) Jlill we aguass ge DU
60°C e @l aey Jadal) (it 5 calid Gl 53 Gl Jolae o 5aY) (8 Jeanil Aol 2 a8
(iela 24 52 120°C xie (il 8 AT e Letiad & s Bale Lo dean s delu 48 52
M) (o Aadiin alaing lus diady ot Gl Gsawe o 58Y1 & Jeand
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Sycanall LAY dualydg yucand ST A Gl Jeadl
Bycanall LA Liluasl) claSl) (1 -111) 1 Jsaal)
Samples Mullite Cordierite | Al2O3 SiO; MgO
(W %) (W%) | (w%) | (w%) | (w%)
MCO00 100 00 71.8 28.2 00
MC10 90 10 68.1 30.52 1.38
MC20 80 20 64.41 32.83 2.76
MC30 70 30 60.72 35.15 4.13
MC40 60 40 57.02 37.47 5.51
MC50 50 50 53.33 39.78 6.89
Si0,
0 100
MgSiO, ’
Mg Sio, /°. VAP O — & @c?’,@
NSy Saas e R (IR
Forsterite /™. M
KS
ALSi,0,,
75 Y S 25 Mullite
\ ., ' \h ’
Mg4Alelez?4'J% . '
100} ( i (Sapphm:e ’ . ....;./. STl N >0
Mg0, 25 50 MgALO, 75 100 4105
Spinel

Dlsbad DA AUl Spanall LS adlga 1(1-111) JS)

Al203-SiO2-MgO
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( AlsSiz01-MgoALSisOss ) ) g8/ cutlaa JINAL (glal) Julail 3 1111

(DTA) ngLéﬂ\ Ghadl Jaladl) jlga ddac gy ddidat Ay, 13.1.111

SMC20 5 MC105 MCO0 5ycanall Lidall djshall ciyaill 5 ghal) bl g Ja) (e
sl Sles dladsy Lyhs aiallas 5 Jads IS (e 48 @il 22h d ¢« MC50 5 MC40 5 MC30
st N1 e 3535 330 °C /min paus desey 1400°C D) 485a) Bl days (e Ll (gy)hal)
O il (ghall ddaill ate e Bl Cum ¢ (2 -111) JSAN b dainse Lgple deaniall il
Jaall b Bl Lale c¥sas D ¢ plall 5allly Laldl c¥satll o Al 580 Giabaall gaea
900 °C (e @hall Jlaall ) shall 5350 cisas anjls « 600 °C 4z 1 100 °C g )l
1400 °C 4

oo @b 525200 °C 100 °C e (ohall Jladll b phall Lalal) ¥l Jl ek o

100°-200°C
—_—

4(3 — x)[AI[(NO3)]3] + 4x[Mg[(NO3)];] + 2(2+ 3x)S; (C,H504) + 12(9 — x)H,0”

S 200°C Ge bl Jlaall b ohebas shall alal il (e 8l (plsacll il
(TEOS) z\.ch;AS 2\:1‘3444\ Gile ganal) T 9 C'_a\)'_'\:\.d\ A e IS Gl g ¢ 450C° 4l
(2 -111) At dalaall g
200-450°C

43 - x)[Al[(NO3)]5] + 4x[Mg[(NO3)],]+ 2(2+3x)S;(C,H;0,) ——— 4(3—x)[AL,04]

+4x[MgO] + 2(2 + 3x)Si0, + 2(9 — x)NO} + 2(9— x)NO” + 2(9—x)0} + 4(2+ 3x) (C,H,0H)’
+2(2 + 3%) (C,H,)” (2 — 1D

51050 °C ale 1) 900 °C e hal) Jadll 8 ek Lelslé 5hall 5alill gl Ll
LA dd b W MCO0 dadall spinel (AlsSisO1r) Jlsw sl (<1 Lulul 138 ey
-111) 2 Alaall L mimge LS ¢ spinel (MgAILO4) 5 spinel (AlsSizO12) lae skl jelasd
G5S Bha dagd e il o CupneSll ACA Sl 5l Lad Bl WS« (3
MC00 1adall 976 °C o il Jlisedl (oSl aliall Shall dnps (6 Cun ¢ Jlinaud)
Ol A sl ly WS il () ¢ MC50 Laalall 955.78 °C sjhyall dayo dple )

) (sS5 Bha da)y Cuddl) Ll g K1)

64



§)AA}.A]\ LA a.ubd‘j band Jj‘}!\ ,lP"‘j\ Sl Ladll

900°-1050°C
4(3 — x)[Al,03] + 4x[MgO0] + 2(2 + 3x)Si0, —— 3 (1 — x)[Al,Siz04,] +

4x[Al,Mg0,] +5(3x — 1)Si0, (3 — 1II)

&l J) 1050 °C phall daps e @hall dlaall (8 sedas Hhall 580l cifsanl) b
0sSe Al BDAT) 3 as daaly g celiial Gpa WDIAD quen 3 058 5 (1250 °C gyl
il bl sl JCan] Sl 393 A 5 Aenaie o) JiT casys oS (KT A3 o<l gy
ol cubdll s Al Glapall G e @85 9o Ll 5 ¢ spinel (Al-Si) <lS& (g
ol ey sSI AKE cli gl il Al zgca sl Ladd (535 ¢[2 . 1] SOl gel Aoy,
Lo Lle A MCO0 Ldall 1218 °C (e s s i) JSial alaal) 5Dall dajo (e
Ll 300580 60 28K oKl aly Wi asf (gl « MC50 alall 1132.55 °C 8yl
+Cubiall 19S5 Bl day Cadasd)

S 1200 shall dasn (1) i G @ha (Bl (& el Bhall sylall cisanl] il L
LA 43 Ll « MCA0Q 5 MC50 (bl b Laé eaaly 03553 5 (1250 °C )lal) dayn Bile
432 o (- pcordierite ) pshall 53 Cuyns< ela (585 ) Joaill 138 352y g coialy jad
1250 °C syhall dapn adle ) 1200 °C 5))al

Lol Jsall 138 393 5 ¢ MC50 dadall 8 las mealy (358 lall Halll ya¥) Joatl) L]
AN Al 85 ¢ o jnsal) CupnyeSl sk () el il B i pn)sSl sk Joas )

2 (4 -110)

(1 - x)[ALSi301,] + 4x[AL,Mg0,] + 5(3x— 1)Si0; == 2 (1 — x)[AlsSi;013]

+ Zx[Al4Mg6Si5018] (4-— III)

MC30 s MC20 s MC10 s MCO0 <:tiall 0.5 50.4 50.3 50.2 50.1 ¢ 0 xll x 3al

il de MC505

7
0‘0

*,

D)

MU Gua

MC40
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(@)

MCs0
MC4D MC10
MC30 MC00,

MC20

DTA (uV/g)

DTA (uVig)

— MC00

——— MC10
—— MC20 3 £
2 1132,55°C T _g'
——— MC30 E : :
——— MC40 ‘ ‘ . 5.
900 1050 1200 1350
I MCS“ Temperature (°C)
1 M 1 T I T T T I T I T I T I T 1
150 300 450 600 750 900 1050 1200 1350

Temperature (°C)

Ale ) dallee Cay2)sS Cule WOATDTA Lialisll (ghall dubaill gisia :(2-111) J<a0
20 °C/min (pas deyen 1400 °C

(XRD) dtipaad) dai¥) zpad) Slga dalsy dudes dadilas dufpa. 2 31111

Al Aoy L ¢ Laliall (ghall dlaill ciliinia 8 ABaadlall yoldl )shY) duale 48 el
Al ghall dlail Slea daulss Wyha dalled) L3All (XRD) Lusal) 20iN) g bl Slga ddacdsy
DA e ey G 5 ¢ (3-111) U2 b daiage Lo Jemnid) ilidlly 1400°C ghall da s 2
sl (gyold) shall daili o MC10 5 MCOO Jaidall i) dail) =yl il b 5alal) aaill S G
e Al 3 add selh e culiall jshal Liagl agat aadll Jad MC20 dadall b el ¢ culidl 0 g
Aaaly cu Sl = el ) aad (5838 MC30 Lalall g ¢ (o—cordierite) o yshll 53 cupygSU agat las
z bl aed 52 5al) JaaD MC50 5 MC40 (pandall dually Lel ccnbaally dalad) aadll I d8LaaY s las
il ol gy Al Al 3 ) Jsall ey 58] g eculiall Al adll Cladi b (il e a6
Cubiall La Guaaaly gl (g 9Sa i Ul el cungaaysSll (e iy 20% G S o sSll AlS4)
.(a—cordierite) o shall 53 iyl
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¢ a—cordierite, #: mullite — MC00 —— MC30
— MC10 — MC40
* ——MC20 —— MC50

L] L 4
- -
. + L]
To | R o - e

Intensity (a.u)

o)
N - o % ®
X PR * * s
I ! I ! | ! 1 M I ! I ! I !
10 20 30 40 50 60 70 80
200

@hall Qs jlea ddawlsy 1400°C aic dallaall gaalisal diaall 22N o )yas) Cda 2(3-111) <l
20 °C/min  cpaall dejn Lealal

(DL) Aokl a2ail) (ubia jlga ddaulgs Ay dalilas dwlpr. 3 3.1111

Ao giad) Slisell 5)al) day0 ANy alialin 5 giall ) Jshall saaill iaia (4-111) IS0 ey
ol 2aall Slea daulsy dallaall 5 (piiele 324 700 °C xie 43ulSe MOXX 8pianall LAY (e
L€ o) 10 °C/min goad Jasas 1550 °C ghall dajps ) 48yl 5l 453 (e (dilatometre )
LA pead el daps ANy Gaan Al et Aladle

@ 4 Gy ¥ 5 LA USH 160 °C 550 °C ghall dags o 0sS ei Sad LS sl o
el bl pan ) Lalad agm g cdaill yaas

Grsb (2585 58 4 1000 °C 5750 °C G (ohall Jlaall 3 sallall peal) Jasll 5LV <
sl 9 ¢ DAY aan B el 5 espinel (MgALLOy4) 5 spinel (AlsSizOr2) e ISl
Gun (Jlind) (5% Bha A3 (e gl e iyl ACEN cilis€all HEb g oladU cuildl)
Ldill 916.16 °C e pailins ((b-4-111) JSall) Jlisaad) cpsSal alaal) 5y all days of Jasdls
Ll @Us<all aly WS 4l (5) ¢ MC50 Ladall 896.13 °C sall days e ) MCOO
- QL) (585 Bla days Cadaddil LalS )68l 483l
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gead 1200 °C 5 1050 °C g Gl (ghall Jlaadl 3 Baadldl owill Jadll LI o
oSl A8 ls€all o) Lol adf das sl 5 5 bl e N elaL asey LDIA
ey Al 1) Ayl ((b-4-111) <200 ) cubidl Zalsl) adil dalae Cuadi WS ¢y
G 5 ecbial) (e Blha dnpd e gD e CupngSl gl 2K @lisSal) a0 Ls
coskil) dlee (g Jgew 43 (5| MOALOs Jlinses s 9 Calaall (1365 Bla dayd bl (b ae by

b laaly 5 5 1270°C 51214 °C g @hall Jlad) & el s ol sag ol <
s« p-cordierite. gl cps<i ) Jsaill 138 29m 5 cmaly juad DAY 4d L) MC50 dadal
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1600 °C syl

Bhall clays cabise vie sadall DAY b dujallal) bl o Cupunyofl 53l aass Jal e
sy ot yysSl) (oine ANy (il AUl clehdl) dus of g3 ¢ (7-111) IS sy LS
Ao die Bade 9 CuyeSll (e B A Ly (AN DAY 8 dagana dad Lasless ) Jeadl cantill 5)a
leldl) dus glati g lay) L€y (MC40 5 MC50 Lidlall Jidl daws e 5 ¢ 1600 °C syl
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5 MCAD lisallS casypn o€l e 5 (g5imae Loy A DAY 6 ailaadle 5 Lo 138 5 ¢ [6-3] il
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A 5y skl dals Zhat¥) Ciidla B s3sagall adill o aai ¢ (8-111) J<al 3 1600 ° sl daya
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Bhall Clays Cilide e sadall LA 2 jaUal) dualioall 5 dnyaUall dsanal) ZESH o8 ¢ (2 .111) Jsaall

sample 1500 °C 1550 °C 1600 °C
p(g.cm?) XZ;’ p(g.cm?) | Vap (%) | p(g.cm?3) | Vap (%)

MCO00 2.004 33.22 2.05 30.89 2.159 14.23
MC10 2.015 33.57 2.118 27.13 2.489 16.51
MC20 2.027 29.55 2.161 18.54 2.537 1341
MC30 2.176 27.21 2.35 13.90 2.643 09.69
CM40 2.375 17.60 2.453 08.14 2.778 00.67
MC50 2.458 6.13 2.519 04.79 2.687 00.56
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QIS 5 LiastU saatl) Jales (o Juinl da a5 ¢ 2.26 100K I lsadly (50 °C - 1000 °C)
@hadl Jaall & (@hal) aall Jalee JBall Qases e ([12. 11] L)) GlSall (and

GV sl 2uKsY 5 s miipe g8 g« 8.5 x10FKT 350 b ()5S LuasBU (20 °C - 1000 °C)
2l dawaills Wl el 356, B1S) 008 oL Jag ¥ UL 5 Chien g8 5 0.45 x100KT 350a b
G 5K allain Jage s 55.36 x10OK?T  sgan 8 06 Lol 0000 el (531 5 aguialV!
psaial¥l 3 e piteat dagaal o8 5 sl daall dalaae ga (38lsn alelas oY lldg (Sl
@bl Laad Jalaal 138 5 cgall s2a G Abad) 8 CupnsS Culie GliSHa gl of (e 4ilé
2 Ay SLSall oda il Aggus b L BLAYL ¢ sl 2301l Jolaal Lo legs 3ilgall 5 niiiial)
©AY) G o dad g 5 duig ) ciliulall sacly clSall saa G (o5 AN 5 cdiall Bina
alalsall Jilgall A GeSabidl JIS)S galasa) b

Apha a¥lae 2ae e saldl WD (ghall aaall Jalas a8 2 (3 111) Jgaad)

Temperature Thermal Thermal
Samples range (°C) expansion Samples | Temperature expansion
coefficient (10°® range (°C) | coefficient (10°°

K™ K™

MCO00 50 — 1300 5.42 MC30 50 — 1300 3.86
50 - 1200 5.37 50 — 1200 3.82

50 -1100 531 50 -1100 3.78

50 - 1000 5.23 50 - 1000 3.72

MC10 50 - 1300 5.08 MC40 50 - 1300 3.09
50 -1200 5.02 50 - 1200 3.07

50 -1100 4.96 50 -1100 3.03

50 - 1000 4.88 50 - 1000 2.99

MC20 50 — 1300 4.47 MC50 50 — 1300 2.35
50 - 1200 4.42 50— 1200 2.32

50 -1100 4.37 50 -1100 2.30

50 - 1000 4.31 50 - 1000 2.26
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Values at ambient

electrical resistivity Dielectric loss Dielectric
temperature reference
(25°C) p (Q-cm ) Factor constant
Alummaff to 99,5 102 to 101 0,0004 -0,0002 9,5-9.9at1MHz [40]
0
Aluminum nitride 5*10%? to 10%3 0,005 8,3-9,3at1 MHz [41, 40]
Smter.ed‘ silicon 10 to 104 / / [42]
nitride
16.78-15,75
Quartz 6.898 107 -5.128 105 | 2,091- 1,0158 [44, 43]
at 5 kHz-10 kHz
17.4-10
zirconia 10° 0,69225- 0,02 [45]
at 100 Hz - 1 MHZ
Silicon carbide 725108 / / [46]
_ 6,5-5,4
Mullite >10%3 0,003 [40. 47]
at 10 kHz - 1 MHz
Cordierite 1012 0,06- 0.02 4- 6 at 1 kHz [19]
Cordierite-mullite- / 0,04 -0,06 6-10at 1 MHz [48]
alumina ceramics
Cordierite-Mullite- 4,89-4,72
Glass Substrates / 0.002-0,004 100 Hz- 1 MHz [49]
mullite/cordierite 55-4
composites sintered 106 - 107 0,001 My work

at 1600°C

at 100 Hz - 1 MHz
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iVl zhed! danlsy dalailly cuo g3l 5 1000 °C g)ball dayn e ) 750 °C e sl
. Mg-Al Jiwadl o 5 Si—Al Jlsed) jsla J<a ) agm adl i)
Jad) & sk paliy s —ay (53 5 ((2-23-111) ISl & el dujolall cilsail) il o
S L g cubiall ol JS 5 ) 35 1120 °C ghall dayn 4 Y 1000 °C e bl
c(D-23-111) ISl 8 dacasall Lyl dedY) ddaclyy Jbaill Slea dlacdsy sash
Jlad) b sk aliyy cinay (3 5 (@-23-111) ISl 3 cpuall Lopshall ¥l aily @
Ml sk UK ) age < 1230°C phadl dan e () 1120 °C g bl
Dshll il zhat) add plid) Jaadls Lild « 1400 °C 5 1325 °C gall oy 2ie Ll o
o dy Lee o @Sl skl Al Ll i lglilas vie Baas zhal add jsedag Pyl
Jlad) 3 Joh aadiy con (531 5 ((@-23-111) Ja 3 i) dyshal) Nl AT o
0ysSh ke JSE L agey 1400 °C sall dapa e ) 1325 °C e gihal)
5 MC50 £l Ladall (g)all saaill Slga (e lgnle Janiall Zuwjatll £ degana &)
e Aadlgia Lhall Lei¥lae (4 c¥ail) degane mag Ally oyl 820l 700°C xie 43 i<l
gl el 5 Ll ghall Qs Slea Aaulsy lple Joaniall MCS50 Jalall £ jail) bl
Cphall clays (it sie L) 7 bl dladsy Jatl) Glga dladdsy e Jeasidl
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Linear shrinkage AL/L (%)

Intensity (a.u)

0,24 Relative shrinkage rate
0,47 \ —— 750°C
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_ —— 1000 °C
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30 °C/min pall deyon g)hadl cilays (alise xie Lylia dallas MCS50
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Aanal)l el okl cilily 4Siad) Al Al 3.3.111
(DL) gl sl jlga ddaclss dyyshl) ¥l 1.3.3.111

12 5 Legia JSI U35 %050 Ay cany Cuy03)68) Culie Sall (8IS Gomsall Ujuan Loass
slall (e paliall JaY (el 5301 700 °C 8)hall da ) die 4ialSy Liad diniats 0l —gel iyl alasiul
AR Bl das 0e @hs s B lalialley a1 138 e Gilie juiaaty Ll cdaganal) sl
Slalal ghall Johll saall Glea Jlesiuls b 5 cdibide Gpdud gy 1400 °C dsp 4le
A g Alnsall A0 g ¢ ugpaall Byaaall Gaan Al Clpail) aaes pas3 540 () 5 (Dilatometer)
@l dabaill Slga oy Al sda 8 Jshall il 220l Slea lelasial &) ) (a-24-111) <l 3
goliani alle 138 g o pall Calidey cNVsaTl paen lgls) 8 skl 2aall Slga Lualeal 138 5 ¢ Lealad)
goaal) @lald Jasias Bpaall lahall G 13gd 5 308 (pad Gilejud Wil o) DTA @ 42ias
Ay e Aphs il (el 4 (N 5 dlle daules 53 modulated Jixkll Lealitl) (gacdll (gl
b ¥t )l dlia o s (D-24- 1) JCaY 8 daragall Jealitll Ciliinie PUA (sag o(Laly il 1
2aSl (e OS G Dl ol (<D Lalad 35m Jo¥) Jsaillh ¢ gaalisall sdie dalleall (gylall Jlaall
asriall 2l 5 2 gial¥) 2l n IS 5 asunlicdl 2] 5 agaiall)
agny A Joaill 50990 °C A 750 °C (e ohall Jladll & 138 5 ¢ spinel [(AI-Si) ; (Al-Mg)]
G il (8 0% 5 4ysl B ISl 5 spinel (Al-Si) Jlae SS& o Lulid GsS (2) 5 Cubuall
& 5 p—cordierite sk <& ) el U agaud EB Jeaiill W 01150 °C e ) 1050 °C (e
1200 e ) ohall Jaall b Lad 5 5 Al,Os.MGO Jliases dlad (e (el Loty jiiss je ko
sk G aY) 138 Jeany (1400 °C Lle 111300 °C () ladl Ao saliys 5¢1260 °C &l I °C
Mg kY eda ISl alaall $al) dass 5 ¢ a-cordierite W Lalill Joatll 53 cupayoll 58 e
oSl g Cubiall Lea g daih (pysha e O9Se add e deand 5aV) (A g cpdal) deyu 8ab
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2
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04T 05 °C/min
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Joiitl) A3l Glas 2.3.3.111

(A Ialal) (35acd (relative shrinkage rate) (el Jshall aaall Jealis Gilisie (e @il

L) Hsha e JS Sl T alaadl Hhall cila)s ety ad (MC50 i ynnysS [ cudie iy juaal

57 °C/ming 5 °C/mins 3 °C/min :adall il gyud dalsally cupnsSll ol 5 Cubidl ol

Blhall dayy Giglie AN Y A Lassy ol (25-111)JSa) 3 mase s LS <11 °C/min s 9°C/min

¢l laall Boswell 5 Ozawa s Kissinger (s JS cValea Gilg Y Al 5 ¢ s I (1/Tm)

@ UK Bl Aayn G liaiall (e Dl Gum ccaniill e (25-11) 5 (24-11) 5 (23-11) ¥ alaally
- Cpiadl) Jane 3335 35 ARl IsLY) (e ke

m

Bhall days culie AN In(9) 5 ln[_l_iJ s In (T%J bl doladl) Jisall @by Gl pey 2

Y alaall e aiilag g Jlsall s3a (s (e B Janiil] Zila ol Liad o5 ¢(25-111) ecage 98 WS¢ jsla (K
(7 111) dsaadl G \gmaals o5 M) sk Ep Japiil] dila iy cJandil) A8y daldl)

MC50 Ladall Al<endl HleladU Jasinll d8Ua o :(7 .111) Jsand)

Phase formation R? Ea (kJ/mol) Method

0.999 661.598 Ozawa

Spinel [(Al-si) and 0.999 686.248 Boswell
(Al-Mg)] 0.998 676.628 Kissinger

0.998 961.168 Ozawa

Mullite 0.998 999.568 Boswell
0.998 988.179 Kissinger

0.998 1231.072 Ozawa

o-Cordierite 0.998 1281.622 Boswell
0.998 1268.403 Kissinger
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r m Kissinger
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t +-16,2
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9.0+ Kissi
-1,8 i 1ssinger
--16,5
22,14 —_
~ B
--16.8 =
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a-Cordierite 9,0+ Zawa (e)
= Bozwell 116,5
r m  Kissinger
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2,1 ] iy
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E E
2,41 s 1
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e Al Sl 0 o aad Gl il Lo Jasiall panll 23l 5 4jlee DA e
O 5[64. 63] (AI-Si) Jisw skl 4wl 856 kI/mol 5 899 k/mol ygaa (& cilS (jialill Lgile
) 466,8 ki/mol (u 5« [66.65] sol-gel 4alay ycasdll culiall 1189 kd/mol 5 980 kd/mol
5 asuira) 3l 5 VU A al) sl eDlel o BUail 5 casall cuynysSll 951 ki/mol Lle
e I e o anid) @lilall G Joal) aodat s 45l 13 ¢ [69-67] sol-gel 4&ka: 577 kd/mol
Ay Lol cAladie Apladl ol finld) 3 ae djliie i€ MCB0 dadd) 3 Jlsead) 5 cubidl
Jie cabidl (e Ju lae duadin shall ae d3lie 808 Tl 8 slall 13g1 A8UAI o 2538 06l
& S duadia (5% Lasie Caayaoll sla JK5 (o Cam) Caajan gl (g dilae e s Legi Ciaaa
b bl ola JaT o Lo e T3a g ¢ Tl d8Ua 8 g Ul ) (ol Lea ¢ (Rmitia Ba Cilaya
spinel (Al= sk 3sn o8 @b 8 sacl w3 5 il Bl Cilayy 8 435S dglee il (63 5 Jaalal)
-Mg)

CupayeSl 5 cubid) 5 Jlad) el e IS I o (Jasaal) daws) bl Ao Glus ol e g
el ol (ghall saatl) ilyiate Juals Sldase (e B 138 3 MC50 L) s

O Bpanall Jntell dalie dand 5 Cus ¢ (24-111) S8 3 daiasdll (relative shrinkage rate)

(0) sbal) Foss 55 pesy st (ol ¢ iniall LIS Aaliaall e Lisma s Aay2g bl Bl Bhs A
cabidd (26-111) 8 4 mcase 58 WS sl days AN (da/d) Lsas dejus diludl sl J<al
e B3 Eus (11 °C/min 5 9 °C/min 5 7 °C/min 55 °C/ming 3 °C/min) il &

el A yes B2l Mag IS sad Aoy 13S5 yalall Bl sy o) ol
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4 a ) hawdatl) dils Glua 3.3.3.111
il al) s Ll (AUS dnall leladU dujalall Ly g A8l aal deladl calalany) aaas JaV
C p— 2 A 5]

1
pd die (Jasad dad JS aie Blalldan 0 To) T Bbal Aas quslie AN In (1(_’4'2] s In(gi)

al al

Wall  Flynn- -Ozawa (FWO) (s« S z3sail @ €[0.05-0.95] Jladll (1 5358kl 5 Livea Jagas
s LS gl e ((27-11) 5 (26-11) pibladl oyibied) Kissenger-Akahira-Suno (KAS)
5 0 gt Aad IS e (B, ) Jaiil) Bl lwen 2y A oo g ¢ (27-11) IS8 8 s
LS 0 skl does Aoy dpallal) Jawdanl) A8l s Jsie wy (g ¢ (8 L11T) Jgaad) 8 dadle il
5 FWO ylal jolall A AN djallal) Tl 48l G ddaadle Wiy (28-111) <) 3 maase 8
Oe IS sha i 8 anl Lo A5 Le) () (CONVersion @) cdlsaall el dgline culS KAS
gl Je o FWO 5 KAS di)h, Lgie JS1 45 Lawgia 3 mullite 5 spinel

doall Ll ccubial 945,41 kd/mol 5 974.03 kd/mol 5 bl 661. 99 kd/mol 5677.17 kJ/mol
Baawia Babee Al gag (A o Lae (Lslill > uS) COLsan) maead dgl e (K5 ol g-cordierite !
Oe B A g bl 5 S Bl A8l Lallin of (g (6l Alall Alad) e li b aas Gfhadl)

5 KAS 42k, 1220.88 ki/mol s & \ehwsie 5 1064.72 ki/mol &l ) 1397.63 kd/mol
FWO 4,k 1185.66 ki/mol 252s & lehwigia 51037.61 kd/mol dde ) 1353.27 kd/mol ¢
aaias doyallal) Javsnll 8l Gy lelSh (ghald) delil) dulee 8 Lot conad Jeliall &1 &1 ia V2ag ¢
Liguad) 28 a0 FWO 5 KAS sk Lgenall 28Ul 45l5a 2ie 5 o skl 5u) digaill ds o
Oalsaall) VLY paen & oyl Lagh B8 Jase of (5 AU ) sl anead Kissinger dah
A8l Lilet ol Al Jlela) IS a5 dlanl (Syal) Jelil) z3ga 2aad gl ddyeal 5 (8 .111) 5 (7 .111)
Z(a) 5 y(a) Jsall wlual Kissinger J Jadll
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T X FWO method I 18
14,4 X e L
" 005
| \ F-2,1
- ® 010 ’
-14,7 moo1s |
1 ™ u 020 =24
-15,0 1 \ w02 [
1 m o3 [-2,7
534 @ mooss f
] [ N ] ) [ ] m 040 (--3,0 E—
e m o045 | £
£ 1569 KAS method wos L33 E
g 1 w055 |
= 15,9 =06 | 3
1 oes | 77
-16,2 4 B o070
| * 075 F-3.9
¥ 080 [
-16,54 *¥ o0gs 4.2
1 - 090 |
-16,8 % 095 |--4,5
-17,1 4,8
L T T T T T T T T T T T T T T T r
0825 0,840 0855 0,870 0885 0900 0915 00930
T™10° (K")
T T T T T T T T T T -l’s
- . FWO method i
14,7 metho [ 18
15,01 w005 [
| e o0 [21
015 [
15,3 4 o F24
g w025 [ ,7 B
15,6 - w030 27 2
| (b) m 035 f £
15.9 [ w040 3.0
-19:74 m 045 |
{ KAS method W o0s0 L33
m 055 |
=060 |
0,65 | 3.6
@ 0,70
* 0,75 -39
o080 [
* 085 -2
® 09 [
# 095 |-4,5
4.8
T T T
0,73 0,74 0,76
T * 107 (K
-15,0 T T T T T T T T T T T T -1,5
g FWO method
--1.8
005 24
000 |
LIRS NN
w0
= 025
= 030 27 c
m 035 [ 1
L-3,0 =
" 040 "
4 KAS method w045 |
w050 --3,3
m 055}
= 060 [-3,6
0,65 |
=070 __3,9
* 075 |
0,80
* 085 _"4’2
s 09
5 095 [~hS
4.8
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0 Jisad JS aie dpallall Lpdl) A8l a8 2 (8 L111) Jsaadl

Spinel [(AI-Si); (Al-Mg)] mullite o-cordierite
7:’ KAS FOW KAS FOW KAS FOW
.% — — — — — —
3 S S S IS 5 S
s r|E m E R E r|E x E
© 3 3 3 3 3 3
w w w w w w
0.05 699,90 0,979 682,74 | 0,980 916,77 0,964 892,54 0,966 | 1397,63 | 0,936 1353,27 | 0,939
0.1 701,33 0,954 684,29 | 0,957 921,28 0,976 896,95 0,977 | 1327,61 | 0,965 1286,81 | 0,966
0.15 754,67 0,964 735,14 | 0,966 945,08 0,981 919,66 0,982 | 1314,64 | 0,979 127453 | 0,979
0.2 689,94 0,994 673,69 | 0,995 950,36 0,981 924,75 0,982 | 1296,23 | 0,987 1257,08 | 0,987
0.25 653,74 0,967 639,36 | 0,969 963,29 0,985 937,10 0,985 | 1283,32 | 0,992 1244,85 | 0,992
0.3 690,21 0,998 674,11 | 0,998 939,38 0,978 914,43 0,979 | 1268,71 | 0,995 1231,00 | 0,996
0.35 682,99 0,998 667,32 | 0,998 968,52 0,989 942,17 0,989 | 1258,95 | 0,998 1221,75 | 0,998
0.4 680,95 0,998 665,44 | 0,999 977,79 0,989 951,03 0,990 | 1246,05 | 0,999 1209,53 | 0,999
0.45 678,71 0,999 663,39 | 0,999 981,57 0,990 954,66 0,990 | 123550 | 0,999 1199,53 | 0,999
0.5 676,38 0,999 661,71 | 0,999 985,89 0,989 958,81 0,990 | 1223,18 | 0,999 1187,84 | 0,999
0.55 674,77 0,999 659,77 | 0,999 989,48 0,990 962,27 0,990 | 121124 | 0,999 1176,52 | 0,999
0.6 676,21 0,998 661,20 | 0,998 980,47 0,991 953,74 0,992 | 1200,08 | 0,997 1165,95 | 0,997
0.65 640,22 0,985 627,05 | 0,986 996,11 0,987 968,66 0,988 | 1186,51 | 0,996 1153,08 | 0,996
0.70 664,82 0,998 650,52 | 0,999 992,90 0,985 965,66 0,985 | 1176,38 | 0,994 1143,48 | 0,994
0.75 664,83 0,997 650,61 | 0,997 998,73 0,988 971,25 0,988 | 1155,88 | 0,990 1124,03 | 0,991
0.80 662,22 0,996 648,21 | 0,996 997,62 0,983 970,25 0,984 | 1127,73 | 0,985 1097,31 | 0,986
0.85 661,55 0,994 647,67 | 0,994 1012,61 | 0,978 984,57 0,979 | 1123,28 | 0,981 1093,13 | 0,982
0.90 647,12 0,944 634,1 0,947 974,97 0,978 948,87 0,979 | 1099,11 | 0,973 1070,21 | 0,974
0.95 665,14 0,986 651,40 | 0,987 1013,71 | 0,962 985,82 0,964 | 1064,72 | 0,960 1037,61 | 0,962
Average | 677,17 661,99 974,03 945,41 1220,88 1185,66
—&— Flynn-Wall-Ozawa (FWQ)
1350 ¢) a-cordierite —o— Kissinger-Akahira- Sunose (KAS)
1200 -
g 1050
= b) mullite
-4
) M
= 900 4
a) spinel [(AL-Si); (Al-Mg)]
750
600 T T T T T T T T T T T T T T T T T T T
0,0 0,1 0,2 0,3 0.4 0,5 0,6 0,7 0.8 0,9 1,0

cristallisation fraction (o)

o oball A A8y A pallal) Jasdanl) A8l yuss ¢ (28-111)J<a
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LAl cdlaleal) g Jelil zigad paad 4.3.3.111

5 e ST ol aaly Jasag (pe Sy o sl daas ) disatl) Al dpalsy Al sa Jeliil) 7 3gai )
Lel asle Liwhs 8 5 cghall debaill Jlae 8 dalie delill 2350 yoai) Clagiall (o paell Slia
Lgunall Japiiil) dala aladialy Uad Gus [70] 28> SV 5 Gawt Jeud) Lian Y Malék Lagic
Z39ai ) Jsmasll dpppatl) bl aladnul 138 5 ¢ Z(a) 5 Y(o) oallall alead (Kissinger sk
Ll aiag ¢ sl e (28-11) 5 (27-11) cVoledll 8 minse 50 LS A8l adiily ) iy el
b AUSE) Y anand cpadl) gy cilidd 0 skl dawi AN de/dt 5 Z(a) 5 Y (@) Jlsal) el
U ) oadY) anl paas Lk aiag ¢« (30-111) 5 (29-111) (ulSal b miage 2 L& MC50 Lauall
ki agaall o3 (hag ¢cpddll gy Calinal il e o (da/dt) 9 Z(a)s Y(a)dlsl ((ape 0
(9 M11) Joaal & mimge g LS [70] Malék Wass ) dag yall Gy ¢ i) Jelinll z3gat paas

da/dt 5 Z(0)9 Y(@)Jls2l ( ( ape € ctm ) a2 (9 111) Jsaal

spinel mullite cordierite
heating
rate 0] (lo; Om Op ao; Om Op af; Om Olp
(°C/min)
3 0,5364 | 0,0128 | 0,492 | 0,4978 | 0,688 | 0.498 | 0,5299 | 0,2094 | 0.46
5 0.5129 | 0,0087 | 0.513 | 0,5235 | 0,0643 | 0.488 | 0,5103 | 0,1489 | 0.487
7 0.5183 | 0,0108 | 0.476 | 0,5145 | 0,0733 | 0.477 | 0,5021 | 0,1617 | 0.474
9 0.5415 | 0,0086 | 0.500 | 0,5054 | 0,0693 | 0.470 | 0,5180 | 0,1632 | 0.591
11 0.5394 | 0,0101 | 0.497 | 0,4901 | 0,0778 | 0.490 | 0,5051 | 0,1573 | 0.478
Average 0.5297 | 0,0102 | 0.492 | 0,4993 | 0,0707 | 0.485 | 0,5131 | 0,1681 | 0.478
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spinel [(Al-si) ; (Al-Mg)] (a)
1,0 4 -1,0
V() Zoy 0 Mpeeeeeeeeeeeeeee- -
0,8 1 —o——u— 03 °C/min 0,8
—o——=— 05 °C/min
—eo——u— 07 °C/min
—a——m— 09 °C/min
0,6+ —o——=— 11 °C/min - 0,6 fd\
y ~—
=] N
S
ES
0,4 - 0,4
024y FTTTTTTTTTTT 0,2
0.0 - T T T T T T T T = 0,0
00 o1 02 03 04 05 06 07 08 09 1,0
Cristallisation fraction (o)
mullite (b)
L0
y(a) z@)
—eo——u— 03 °C/min
_______________ 0.8

y(o)

y(o)

—eo——u— 05 °C/min
—o——u— 07 °C/min
—o——u— 09 °C/min
—e——=— 11 °C/min

F 0,6 ~

(o

0,0
? T T T T T T T T
0,0 0.1 0.2 03 0.4 0,5 0,6 0,7 0,8 09 1,0
Cristallisation fraction (o)
a-cordierite (c)

1,0 1,0

0,8 0.8

0,6 0,6 =

w

W) zw)
———=— 03 °C/min

0,4 —e——=— 05°C/min - 0.4
—e——=— 07 °C/min
~o——u— (9 °C/min

0,2 —o——=— 11°C/min L 0,2

0,0 T T T T T T T T T 0,0

0,0 0,1 0,2 0,3 04 0,5 0,6 0,7 0,8 0,9 1,0

Cristallisation fraction (o)

o sbill daes AN Z(0) 5 V() ol ss s (29111

G Jaai)
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0,0025 -

—a— (3 °C/min
I —e— 05 °C/min
—&— (07 °C/min
—v— 09 °C/min
—4— 11 °C/min

0,0020

0,0015

da/dt (s™)

0,0010

0,0005

0,0000

Spinel [(Al-Si); (Al-Mg)| (a)

0,0 0.1 0,2

0,7 0,8 0,9

T T T
0.3 0.4 0,5 0,6

Cristallisation fraction (o)

1,0

—a— 03 °C/min
—o— 05 °C/min
—&— 07 °C/min
—¥— 09 °C/min
—4— 11 °C/min

0,0035

0,0030

0,0025

10,0020
4 ‘
1'5 0,0015
-~

0,0010 +

0,0005

(b)

mullite

0,0 0,1 0,2

04 05 06 07 08 09

T
0,3 Lo

Cristallisation fraction (o)

0,005

—a— 03 °C/min
I —e— 05 °C/min
—a&— (7 °C/min
—v— 09 °C/min

—4— 11 °C/min

0,004

—~ 0,003

do/dt (s

0,002

0,001

a- cordierite

0,000
0,0

0,1 0,2

T T T T
0,3 0,4 0,5 0,6

Cristallisation fraction (o)

0 bl dus AN (do/dt) AN s : (30-111)J<a)

G Jaaidl

109



skl il Ll Lufally @lal) Jolal G saall G Luadl

e Aayial) dangiall sy g am<ap<a‘:3 (1:;# 0.623 uih‘)u (8 “l) Jeaall (e
OsS: (spinel, mullite and a—cordierite) daladl HlshY) (<i delis of Jsill aukivs Malék <ajha
A sl e delall Aol Chiay WiSa 40y ¢ Sestak-Berggren zise ég

-E n
E=k06Xp(R—f)am(1—a) .............................. (11.111)
P AU 5S5 z3sall Mg N LSl Taibugll o A ol Malék 45 (I b Gany

=TI e (12.111) [71. 72]

;A Alsbeall e Jeans wijle gl 3afy (11 11) &obadd) & (12 111) Adbaal) Giasgad 2

In((%—fjexp(%n:Ink0+nln[ap(1—a)] ......................... (13.111)

ANy In(y(0)) A auy oLdl) s IN(Ko) 5 N leadl e IS Gl bt 5,831 dlsleall e
e Gag ¢ (31-111)JSA b g 52 LSt 00€[0,2-0,95] Jladll m @ 28 321 5 In[a (1-2)]
ally Al kY1 JSIm 5 IN(ko) 5N LSl e labeall Gl 33 (19) Aaleall ae Ailaalls A1)

(10 11) Jsaadl b Aisse Lgsle Jeanial
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654" 03 °C/min  ---- linear fit spinel [(Al-Si); (Al-Mg)]
® 05°C/min ---- linear fit
1 & 07°C/min ---- linear fit
* 09°C/min ---- linear fit
64 - ¢ 11°C/min ---- linear fit
63 5
§ (2) <y
= =
E 62+ < ¢ CClmin)| n R In(Ko) | Ko (10™%)
‘ﬂﬁ' 03 2,207 [ 0.9928 | 6522017 | 2,11232
05 2,290 | 0.9920 | 6525629 | 2,19001
61 - 07 2,256 | 0.9914 | 652931 | 22721
09 2,306 | 0.9921 | 6526181 | 2,20214
60 11 2,265 | 0.9922 | 6525755 | 2,19277 |
Average | 2,265 65257784 | 2,1933
T T T T T T T T T T T T
-2,50  -2,25 2,00 -1,7% -1,50 -1,25 -1,00 -0,75 -0,50 -0,25
In(a"(1-a))
81,5
{ = 03°C/min ---- linear fit mullite
81,04 ® 05°C/min - linear fit
| ® 07°C/min - linear fit
* 09°C/min ---- linear fit
80,5 4 11°C/min ---- linear fit
80,0 1
3 s ® s
: ’.é_ﬁ
1 I X vy : o
s @ (°C/min) n R In(Ky) | Kq (1077)
= 7904 e
) o 03 1,631 | 0,9979 | 81,7729 | 3.26227
78,5— 05 1,686 | 0,9975 | 81,76 3,22045
1 07 1,596 | 0,9981 | 81,8482 35174
09 1,661 | 0,9976 | 81,8117 | 3,35758
78,0 °
Q.- 11 1,524 | 0,9995 | 81,6015 | 2,74841
*, Average 1,62 81,7565 | 3.21036
77,54
' T ' T v T v T v T v T T T T T T T T 1
-2,75 2,50 -2,25 2,00 -1,75 -1,50 -1,25 -1,00 -0,75 -0,50 -0,25
In(a"(1-a))
o P
90.5 - m 03 C;'m!n l}near fit a-cordierite
> ® 05°C/min ---- linear fit ..J
z 07°C/min  ---- linear fit %Kw
90,04 = 09°C/min ---- linear fit ¢
11 °C/min --- linear fit
89,5
= (¢)
3 89,0 1
' eCCmin[ 0 T RT InKy) [ K (107)
- 88,5— 03 1,352 | 0,9988 | 191,2868 44193
05 1,458 | 0,9987 | 91,07749 | 3,58469
88.0 07 1,343 | 0,9995 | 91,12373 | 3,75434
’ . 09 1,424 | 0,984 | 91,0309 | 3,64105
e 1 1,413 [ 0,9984 | 91,07292 | 3.56834
87,54 Average | 1,409 91,130806 | 3,781
T 1 T T T T 1 T 1
-2,50 -2,25 -2,00 -1,75 -1,50 -1,25 -1,00 -0,75 -0,50

In(a"(1-a))

In[ap(l—a)] ANy In(y(a)) A s : (31-111)d<a

111

G Jaai)
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n.p.m ko @bzl ad :(10 .111) sl
heating rate ¢ (°C/min) Average
03 05 07 09 11
P 0.0129 0.0088 0.0109 0.0087 0.0102 0.0103
n 2.09 2.22 2.08 2.23 2.09 2.14
m Spinel
0.027 0.020 0.028 0.019 0.021 0.023
In(ko) 65.12 15.34 65.13 65.35 65.13 65.21
KO (*10*28) 1.616 2.376 1.920 2.399 1.921 2.001
D 0.0738 0.0687 0.0791 0.0745 0.0843 0.0761
n 1.63 1.69 1.60 1.66 1.52 1.62
mullite
m 0.120 0.116 0.126 0.124 0.129 0.123
In(k0) 81.77 81.76 81.85 81.81 81.60 81.76
Ko (*10%%) | 3.26227 3.22045 35174 | 3.35758 2.74841 3.21036
D 0.2684 0.1749 0.1929 0.1951 0.1866 0.2029
n 1.35 1.46 1.34 1.42 1.41 1.40
m 0.363 0.255 0.259 0278 0.264 0ogs | @-cordierite
In(k0) 91.29 91.11 91.12 91.10 91.07 91.13
Ko (*10*3%°) 4.4193 3.58469 3.75434 | 3.64105 3.56834 3.781

Sestak-Berggren (SB) Gsfd Ko @l dalza 5 (M) AS)all c laleall s (10
:@\:ﬁ\ Il jeha JSI e il Aalee 400 Wi€ay (il gyl U

j =3,781*10" exp (
a—cordierite

R

Ea

—

j =2,091*10" exp(ﬂjam (1-a)”
spinel RT

jao,zse (1_0!)1,40
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mullite RT

.......... (14.111)
............. (15.111)
............. (16.111)
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Blslaall il dusjadl clibud) Aijlia5.3.3. 111

skl € g (do/dt) Gallall sy o5 duahall 238 & Jasisall z 3gaill 483 (530 (1a ST ol a9
(e Bl L] a5 Al BlSlaal) Clisiall ae agiijliag Bl daps AV Lujad lagile Janiall (o)
JS (16 111) 5 (15 .111)) 5 (14 111) c¥aled) PIA e ysh U8 Ltle Jaaatiall 255a Lailus)
Lo yail) Ll ae slSLaal) cabiaial (gl dud Jaadls cl ¢ (32-111) JSAl riage 98 LS (s ey
¥ 5o (Sestik - Berggren)  zisei o Ao Ju lee cdallaall s sy die lgle Jpaal) &
LGAl Auhall it 5 eCusS/cubie Jadall b ACamal) sl el ad Cheay dubal Gl
oy ) el £hsa an B leg o (V) (A CupaysS) Culie WA A b L b )
dgnaye AadyaS Slhlaed) 838 g (S 13g) cllaiiall Alall 3 SlsbY) (e Weihlhe 5 el o8
Al day CupsSfculie WA & ¥l oda AK5a Ayl
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LENL A B BN BN N R - J e 1,0
000359 (pinel [(AI-Si); (Al-Mg)| =2l 03 °C/min
Z se# - ——05°C/min |8
0,0030 4 --&-- —— (7 °C/min
B | ] :C.t'min L 0,6
iR — i —_
0,0025 - 11 °C/min 3
fulline : experimental | ¢ 4 -E
. 0,0020 dot : simulated E
0 L -
:_? 0,2 §
= 0,0015 - E
5 o 0,0 2
E:
0,0010 - 02
0,0005 - L 0.4
0,0000 jeebel® e - -0,6
775 800 825 850 875 900 925 950 975 1000 1025 1050
Temperature (°C )
T T T T - 1,0
0,006 mullite «= -+ ——— 03 °C/min
-=& - —— 05 °C/min|- 0,8
0,005 - T _2; :g:“"“
™ o6 T
®) -=¥kes =11 °C/min a
0,004 £
ful line : experimental | g 4 E
— dot : simulated :
"o 0,003 2
_§ -0,2 ‘2
= 3
S X z
gt - 0,0 5
0,001 |02
0,000 === : . : . : . : - St () 4
1020 1040 1060 1080 1100 1120 1140 1160 1180
Temperature (°C)
0,008 — T T T " T T T T 1 - 1,0
a-cordierite )
0,007 - ' “-es-- ——03°C/min [ 08
/ --# e ——— 05 °C/min
0,006 - - 07 °C/min 0,6
“edees ——— 09 °C/min G
0,005 - soEes ——11°C/min | g4 B
E=
o
En ful line : experimental £
2 0,004 . -02
- dot : simulated B
= ] 2
3 ¥ =
= 0,003 Spuei WS 0,0 =
E
]
0,002 L.02 5
0,001 - 0,4
0,000 {etE=T --0,6

I s e e e e e T I e e i
1270 1280 1290 1300 1310 1320 1330 1340 1350 1360 1370 1380

Temperature (°C)

(d/dt) ol slSladlly Lo Jeantial L ydais Aapatll il = (32-111)J<
Bl days AV (o) skl S
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LSaliva gaill Dlalaall 6.3.3.111

Glesy Wd Ky 9 @il Jales 1385 lgad aaaty B, Jasiiil) 48l Gles Gyl e Capel) 2
N alad) Jlesials ((AHY) E3sYs (AS™) 29y (AG) 8a)) d8lall) dualivngefll COlalal

: [76=T3] sLa
dexp(Z)=vexp (%) e (17-111)
AH* = Ea —RT .......coccce e cee e (18 = 110)
AG* = AH* —TAS" .ooo oo e (19 — 111)

6.626 10% .5 4iad DL culizh « 1.38 102 kT atad lajilys ol :K v = 7% icua

Ll Ghlal) el iR ¢ @A) @Al Jalas A Jandiil) BUa Ea@ ¢ plall dnpaT

5 AG* Bl &8l e IS ol i ¢ (9 111) Joaad) G aSulinagasil) Jalsall il ) il
Jelal) of Jois Uleay 138 5 cdinge i il CanppnyoSl 5 culiall g5kl ASH a9 i) 5 AH# Y
Lad opfinll) 3y Ldle Jemnial) ibill 45)le ie 5 cBllall Bl cilays & (S lelal] oda ol
Jalsall ad o lgang [69] 4y (ysimes Canlil Gl anid ¢ i n)sSl 5 Cuball Aualinaga il Jalsall Gty
483 kj/mol ) 450 kji/mol e a0 jshall 53 cupayoSll ASH g AHF 5 AGH 4Sualinaga il
70 kd/mol (e 9« AH? d3lall daally 938 kd/mol 1 598 kd/mol (s« 5 ¢« AG? 5yall ddllall ducally
125516 5 471,446 ki/mol : JWIS ¢S agde llasi L 5 ¢ AST 50 313 Jmol*K Y
b 1o ke las do)laie il 8 c&;\}ﬂ\‘;c AS* ¢ AH* § AG* (e X1 491,75 J/mol*K s kd/mol
Cupa)sSl IS Gans ) BBleY) e Jelil) ugaa ) olinl o) g clegi daiipe lgils AHY o8
Y 5 dasil) dla e IS Y dasdil) 28Ul ) £ oYL gt o5 La 138 5 cculiall jola Cayla (he
24 Aoleal) (e B Legin 45)lal) s 13 olililae AHP
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okl bty Lal) Lufally ghad) Jalail) G ) gaal) G Juadl)
AN lelad Aaliaga il i alaall a2 (9 111) Joanl)

mullite cordierite

heating AG* AH? AS* AG? AH? AS*

(oc;"r‘;‘?n"; (KImolY) | (KImol?) | (moltKY) | (KImol?) | (Kdmolt) |  (J.moltK)

3| 407,998 976.764 416,806 473,446 | 125524 493,79

5| 404,77 976.753 417,155 473,08 | 1255,185 491,89

7 | 407,36 976.759 415,98 470,364 | 1255,124 491,30

9 | 404,69 976.742 416,161 469,69 | 1255,116 491,39

11 | 411,452 976.764 411,705 4716 | 1255,12 490,38

Average | 407.254 976.756 415,561 471.64 | 1255.16 491.75
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Abstract:

Ceramic compounds are among the most commonly used materials in technological and
industrial applications, especially at high temperatures, due to their thermal properties that are
suitable for these applications. This research aims to prepare mixtures of mullite-cordierite with
different weight ratios using the sol-gel method. The prepared mixtures were subjected to
thermal analysis to determine the formed phases, using X-ray diffraction analysis. The effect
of sintering temperature on the properties of these mixtures was studied, specifically the
apparent volumetric mass, open porosity, microhardness, coefficient of thermal expansion, and
microstructure. The insulation properties of the sintered mixtures and their frequency-
dependent behavior were also investigated, including frequency-dependent conductivity and
resistivity for all mixtures. A suitable methodology was adopted to calculate kinetic factors and
understand the phase transformations and thermodynamic parameters of the formed phased.

Keywords: Mullite- Cordierite, Sintering, Thermal analysis, Insulating properties,

Mechanical factors.
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ARTICLE INFO ABSTRACT
Handling Editor: Dr P. Vincenzini In this work, mullite/cordierite precursor powder was prepared through a technology of low-temperature syn-
thesis by using the sol-gel process, tetraethyl orthosilicate (TEOS) as a source of silicon oxide SiO», and aluminum
Keywords: nitrate nonahydrate Al (NO3)3.9H20 as a source of aluminum oxide (Al,03) and magnesium nitrate hexahydrate
Is\’[‘l‘lhtle/ cordierite composites Mg (NO3)2.6H20 as a source of magnesium oxide MgO was used as raw materials to synthesize mullite/cordierite
ol gel

Thermal analysis
Kinetics
Sestdk—Berggre model

precursor gel with a concentration (sample containing 50 wt% of cordierite and 50 wt% of mullite) and named as
(MC50). The objective of this study is to find a suitable kinetic model to study the phases and the mechanisms of
their formation in mixtures, with the prediction of the system’s behavior under selected thermal conditions,

including finding the kinetic and thermodynamic media that describe these interactions. To follow and char-
acterize the crystalline phases and their transformation as a function of temperature utilizing differential thermal
analysis (DTA), Dilatometry (DIL), and powder X-ray diffraction (XRD). The results show that the crystallization
process occurred in the temperature interval between (900-1350) °C. In the temperature range of (900-1000) °C,
spinels between Al-Si and Al-Mg with the chemical formulas (Al4Si3012 and MgAl;04) were formed. When the
thermal treatment temperature increases from (1000-1100) °C, mullite is produced. As the temperature in-
creases, the amount of Mg-Al spinel decreases to form amorphous silica, and p-cordierite has appeared at
1250 °C. With an increase in temperature up to 1350 °C, a-cordierite appeared as a stable phase. The reason for

this is the presence of the spinel (Al-Mg) phase that helped it form.

To determine the reaction kinetics of these transformations at high temperatures, the mixture 50/50 mullite/
cordierite was selected to study its kinetics. The activation energy values (Ea/Tm) (Tm is the maximum tem-
perature of the transformation, i.e., the maximum peak temperature is not related to the crystallization fraction
o) calculated by Ozawa, Boswell, and Kissinger methods are in good agreement with the evident activation
energy (Ea/Ta) (Ta is the degree of the heat of transformation in terms of crystallization fraction o changes from

0<a < 1) calculated using the KAS and FWO methods.

For the purpose of calculating the interaction model and finding the media that determine the interaction
model based on the experimental data, Malék’s methodology method was used. The best kinetic model is the
Sestak - Berggren model to describe the reaction process to form spinel, mullite, and a-cordierite. From the SB
model, the equations Kinetics and all kinetic parameters (n, m, In(kg)) that describe the kinetics of the reactions
and mechanisms of formation of spinel, mullite, and a-cordierite in the mixture are, respectively, (2.14, 0.023,
65.21), (1.62, 0.1232, 81.76), and (1.41, 0.2859, 91.13). While the values of Gibbs free energy AG#, enthalpy
AH#, and entropy AS# were as follows: 407.254 kJ mol'l, 976.756 kJ mol~! and 415.561 J mol 'K~ for
Mullite formation, and 471.64 kJ mol’l, 1255.16 kJ.mol-1 and 491.75 J mol 'K~ ! for the formation of

a-cordierite.

Comparison of simulation curves with experimental data obtained at different temperatures gives good
agreement with the thermal analysis data (Experimental), which indicates that the Model of Sestak — Berggren, is
the best suitable kinetic model for studying and describing the reaction technique for MC50 prepared by the sol-

gel method.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini In this study, the sol-gel method of low-temperature synthesis was utilized to create mullite/cordierite precursor
powder. The materials (TEOS) Si(C2Hs0)4, AI(NO3)3.9H20 and Mg(NOs3), were utilized as source of SiOp, AlyO3,

K_eywqrd&' and MgO oxides respectively in order to create mullite/cordierite precursor gel with various concentrations and

Sintering designations (MC00, MC10, MC20, MC30, MC40, and MC50). Crystalline phases were seen and described using

Dielectric properties
Electrical properties
Quality factor
Impedance spectroscopy

scanning electron microscopy (SEM) and powder X-ray diffraction (XRD). After the powder was formed at
1600 °C for an hour, its sintering was looked at. For all mixes, as the cordierite concentration rises, the bulk
density rises and the open porosity decreases. The existence of a vitreous phase may be the cause of the rise in
bulk density and reduction in open porosity seen with rising temperatures.

The dielectric characteristics of the samples have been examined at room temperature; the relative dielectric
constant (&), loss tangent (tan ), and dielectric characteristics were assessed at frequencies of 0.1 Hz, 1, 10, 100,
and 1000 kHz. At 1 kHz, the relative dielectric constant values are closest to those of mullite (¢, = ~5 to ~ 6),
and c at 1 kHz. On the other hand, the lowest dielectric losses were observed (tan 5 from ~0.06 to ~ 0.04). The
Electrical properties, electrical resistivity, AC conductivity, impedance spectroscopy, electrical modulus, and the
relative quality factor (QF) of pure mullite and mullite/cordierite composite sintered at 1600 °C for 1 h (MCyy)
samples were investigated as a function of cordierite content at varied frequencies (0.01 Hz, 1 kHz, 100 kHz, and
1000 kHz). The hardness (HV) and coefficient of thermal expansion (CTE) of the composite material that un-
derwent sintering at a temperature of 1600 °C were determined by the use of a hardness tester and a dilatometer,
respectively. The rise in temperature, coupled with an equal quantity of cordierite, resulted in an elevation of the
apparent density and a reduction in the open porosity. In the case of the specimen subjected to sintering at a
temperature of 1600 °C, the introduction of cordierite content in the range of 0-40% resulted in an observed rise
in HV value from 9.15 to 12.99 GPa. However, a further increase in cordierite content to 50% led to a decrease in
HV value to 10.99 GPa. Nevertheless, the CTE value throughout the temperature range of 50-1200 °C exhibited a
consistent decline, ranging from 5.37 x 107° to 2.32 x 1075 K. Notably, the composite material consisting of
50 wt% cordierite had elevated HV and the most minimal CTE value.

1. Introduction characterized by the chemical formula Aj¢Si2O13 [5-7]. The formation of
this substance often occurs during the process of burning certain kinds of

Mullite and cordierite are two significant ceramic materials that are clay or clay-rich raw materials at high temperatures [8,9]. Mullite is well
widely used in a range of applications owing to their distinctive features acknowledged for its exceptional thermal and mechanical characteris-
and characteristics [1-5]. Mullite is an indigenous mineral compound tics, rendering it very beneficial for a diverse array of applications
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Abstract

One of the key problems to overcome, in the development of electronic substrates, is that of thermal distortion because of
thermal mismatch between silicon and the substrate. The aim of this work is to design a mullite-cordierite composite material,
with coefficient of thermal expansion tailored to silicon substrate applications. Dense, hard, and thermally stable AlSi,O,;—
Mg,Al,Si50,4 composite was produced by sintering amorphous precursor powder synthesized through the sol-gel method.
Si(C,H50),, AI(NO;);.9H,0, and Mg(NO;),.6H,0 were used, as source of SiO,, Al,0;, and MgO oxides, respectively, to
prepare mullite-cordierite precursor powders. Fourier-Transform Infrared spectroscopy (FTIR), Thermogravimetry (TG),
Dilatometry, Differential Thermal Analysis (DTA), and X-ray powder Diffraction (XRD) methods were used to characterize
the synthesized amorphous powder and its crystallization. The microstructure of specimens sintered at 1600 °C for 1 h was
analyzed using a scanning electron microscope (SEM). The hardness (HV) and coefficient of thermal expansion (CTE) of
the composite sintered at 1600 °C were measured by using a hardness tester and a dilatometer, respectively. The results show
the increase in density and decrease in open porosity with the increase in temperature and equivalent amount of cordierite.
For specimens sintered at 1600 °C, the increase in cordierite content from 0 to 40 wt.% increased the HV from 9.18 to
13.08 GPa; a further increase to 50 wt.% decreased it to 11.15 GPa. Sample containing 40 wt.% cordierite had the highest
value of hardness (HV =13.08 GPa), representing an increase of 42.48% with respect to monolithic mullite. The CTE of
the composites (in the range 50-1000 °C) showed continuous decrease from 5.23 x 107 to 2.26 x 10°° K~! with the increase
in cordierite content from 0 to 50%. Sample containing 50 wt.% cordierite displayed the lowest thermal expansion (CTE of
2.26x 107° K1), representing a decrease of 56.78% with respect to monolithic mullite.

Keywords Mullite-cordierite composite - Thermal expansion - Thermal distortion - Thermal mismatch - Silicon - Electronic
substrates

1 Introduction

The Al,05;-Si0,-MgO ternary phase diagram is of great sig-
nificance to ceramic development. Mullite (3A1,05-2Si0,)
and cordierite (2A1,05-2Mg0-5Si0,) are two extremely
important phases of this diagram. The former has high
thermal and chemical stability, low thermal conductivity,
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and good mechanical properties but its thermal-expansion
coefficient is high, and it has poor thermal-shock resist-
ance [1-6]. The latter is characterized by outstanding ther-
mal shock resistance, low dielectric constant and thermal
expansion, low electrical conductivity, excellent chemical
resistance, but low mechanical properties [5—10]. Further-
more, mullite and cordierite have theoretical density val-
ues of about 3.16and 2.61 g/cm?, respectively [5]. These
attributes paved the way for the design of mullite-cordierite
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