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(MPa.m™) (GPa) (109/K) (W/m.K) (C°) (mg/cm®)

34-2.3 1050 - 990 1.2-0.8 | 2200 - 600 | 3910 - 3720 3.52 el
4.5-35 400 - 330 89-38 35 -24 | 2060 - 2050 3.9 AlLO; Lisagly)
6.9-2 240 - 180 9-7 12 -2 | 2710 - 2680 5.6 Zr0, Wi,
51-3 440 - 390 4.6-4.3 200 - 90 | 2830 - 2700 3.2 SiC sl aug
54-4 310 - 280 3.3-2.6 43 - 15| 1900 - 1890 3.2 SizNy ¢sSibadl 25
5-2.5 100 - 20 10-1 52 -20 | 3100 - 2900 2.1 BN sl au5is
3-2 450 - 420 7.4-6.6 25 - 18 | 3250 - 3170 4.9 TiCasutiall au <
3.8-2 670 - 600 7.1-4.5 88 — 28 | 2920 - 2820 15.6 WC il an <
3.9-3.4 472 - 440 5.6 -3.5 36 - 27 | 2450 - 2410 2.5 B,C sl auS
0.8-0.6 54 0.52 - 0.48 1.5-1.4 - 2.2 Si0, 5,1l
7.7-4 300 - 265 3.7-3.3 3.7 - 18 | 2540 - 2480 3.25 Si3Al;03N 5l sl
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Oxygene / (OH)

C
b _ .
Couche octaedrique
2
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sl e b gaclal) aadl) cmgaidl AL e Aadais ARids aga M ALLYL gl el
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Cavite hexagonale

Couche tétraédrique —>

Couche octaédrique —»

[26] (T-0) ALl el g5l (e Anpial aaddl) Jitatl) 2(2-1) J<a

Oet @ Silicum, Aluminium

@ Aluminium, Fer, Magnésium

Feuillet <
@ Hydroxyles

Ot Oxygnes
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couche tétragdrique s couche octaecicue
tétraédre Aluminium- (-
Silicium- Owygene! PSSy ety

Oxygene

Hydroxyle |
(
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(Montmarillonite) (Mg, Ca) O, Al,05 5 510, nH,0

O O Oygene 0 e Slicum O O Hydogle @ Aluminium, Magnésium.

KAOLINITE  AL,0,,2 5i0, 2H,0 ILLITE K Al {OH],, (AI51,(0, OH),g)

| | couche octaécrique V\/\/\/\/VV substitution de S

ANNAANN couche tetraednue /\/\/\/\/\/\/\ par A
K'ooH K

VATAvATAVAYA VAVAVAVAYAVAY

distance inter: /\/}/\/\/Jr\x/\/\

' l réticulaire; 7 A K K . \

JAVAVAVAVAVAVAN vvvvvvv distance 10 A
/\/\/\/\/\/\/\

SMECTITES 241,058 50,2 H,0 nH,0 k' KT FefMg

CHLORITE Mg. (A, Fe) (OH_) (A1, 5i) O
WALV tiionde Al \K\K\KS\X\/\X\/B £
VAVAVAVAVAVAVAY nar Mg et Fe }\ S /|\ subsntungnde,ﬂ\l
H0O HO0 HO par Fe
\/\/\X\K\K\X\K XK KX XXX couche Mg-OH
I (LLLALY

MO 10 CaiNa | once 14 i\{\{\{\{\f\f\
XXXXXXX qonfle 417 A VVVVVVV distance 14 A
H,0 CalNa H,0 JAVAVAVAVAVAVA

X X X X X X X

[28] 45 ymall Adlabiall Slsall gl A5kl Al 2(4-1) I

dllalal) 3 gall £ il aAY Aarsh us A1 3.1.4.1.1
e Al Aallae b elicall Leaading A Akl dlloabiall gl Gs<all aulsY) s
Al (Si) Ailaasll yeabiall 038 4585 bl gplall 3 Aallaall e da S bl 5 32U Bk
gl AT SLasll Sl G (3-1) Jsaadl 5 cclisd IS8 8 081 5 alsh IS8 4 el (Fe (Mg
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[29] (% 435 dusie dan) Adlaliall Sgall (ya glosl CO Ailal) 2S5l 2(3-1) Jsanl
CiCand) <l Sl glsl)

57.55 - 45,12 54.09 - 49,26 46.90 - 44.81 SiO,

28,24 - 15,96 28.97 - 24,90 37.82-37,02 Al,O3
6,35 - 0,06 6.20 - 0,78 0.92-0,27 Fe,O3
0,95 - 0,30 1.70 - 0,57 0.11-0,06 FeO
6,53 - 2,32 4,4 -2,00 0.47-0,24 MgO
3,28 - 0,50 0,69 - 0,00 0.52-0,13 CaO
0,60-0,11 7,98 - 6,08 1.49 - 0,49 K,O
2,75-0,04 0,33-0,13 0.44 - 0,05 Na,O
0,32-0,10 1,02 - 0,05 1.26-0,18 TiO,
8,53 - 7,46 7,88 - 6,03 14.77 - 12,18 H,O

ddlalall 3 gal) cilinkat 4.1.4.1.1

JaLs 5 zhiiey) pemas Al g saraal) laailady Aabsall Alialiall gl cilanks Jasiys

Hleie SN [31 30] deliall clelall (e waall b ardind gd leadand denda 5 cilig)
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gl Sl e 795 5 10 G Lo sl Ays Ao e (g5iny
05 O] s (A 5G] (sl daa (sh o Jlabia IS8 e dadall 3 YSISH aa
(34 33] Colaall 550 Spas s 138 5 (azadl S jeal ¢ Mgy ¢ jeal) DLl Gsle Sl gale)
1 5 ALO;2Si0,2H,0 dbesll Lina HLAd YIS sale e stitall giadl asl cand g1 iy
o1 wils ) s HyO e 7 13.9 5 ALO; (a7 39.5 5 SO, cpe Liss 7 46.5 3l ol 3805
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Jie aulSl e Blie agenll (& a5 sl o Rune o ligh GYISY Balad A55Sall Faulull) jealial)
O 5 i) 3yl Anpy (add  Lege hsa lpdll o34 a3 L TIO, (K0 (Nay,O «CaO  «MgO
S sl s 3 Sl Ao 328 5 pia wilia (e CanlslSH 0S5 ([35] Aasll) lshaY) sl
2.1g/em” o Lo Liad s dpenal) Ll 5 12 pm 50.2 o Lo ol aall ey Jassgio cJal
.[36] 2.6g/cm”
OVl 4l 45 2.2.4.1.0

s (S (e Al Y1 lidal) J<am Cumy (T-0) AL el il e YIS A5 Al
((5-1) JSal) b mamge 58 LS asuiagl) S snm (n pshandl Ald Ak 5 ISkl (e ) Gy
€Y Slisd e s 5 zshand) Bae Ll Aadall Culs e I g5l ccpe i e Ruac il sl (oS
Glang IS8 A AI(OH); (e 05 5 skl Sl Quils e JUI g i) 5 Apnlan 3500 8 dalaiie
L larmaad) 0585 . LaleS Alalaie ol slSH (e 2ul5Y) dnsiiall ¢ andl lgaians 35 asaaya
Ay Cond Sl 5 gy Jals ) Adalsy (anll lgans ae ddaihie 5 duiSe mildiall (e 4S5 JSG
(138¢37] (o lls) 5 AV gl bl Jaall 2530

c=7,391A sb=8932A 5a=5119A
v =89,9° 5 =104,8° 50 =91,6°

OYSSU 4 el 4 324,101

Aadais milda USG5 o jelii 5 cdaliiie O5S0 Lo sale il Aa gh6d ) sall jeaall 3l ()
IS8 At Glal) Glams 8 5 ¢(8.6-1) U 3 e s LS culan (K8 03 lan Bpea 5 438,
abias (0.6-1) ISl 4 mage 5o WS (110) slad) ang¥l 5 (001) ac i) ssasl) ddanls s23as
G osana sed LSew W5 UM 0.04 pm e et ki € J<8 cund Sl sl sl
.[26] 200 nm 5 10nm
YISl Abansl) s il 4,241

el (e s 7 46.5 58 AlbSinO5(OH) Asluasll Zapal) 53 oS 5Ll oSl
G v Aeaal) L€ (Hy)O el s Liys 7 14 5 ALO3 (s W) e Lijs 7 39.5 5 SIO,
e GRS (553 LSy stV 5 Ihadd) e (sm3 llall 8 SLaesl) LeaS i .[37) 2.6g/cm’
s38 duwi daginc dga 5 TIO, K0 (Na,O «CaO (MO :ie aulsl <8 Ao (6% Losale ilsd

J40 39] HYs\SI 35les daya s ey (il gdl)
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- ) 2
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[26] (D) Al Angioal Larhads aus) ¢ (8) CasiglSU A jnall Tl gy 2(6-1) (<
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5 maa (Gha 2 Jalee ey 568 Birae Al 5 AibS 5 4SS pailady Y G
5 allall Bhall syl daslie Jlaliall plel 08 (o s 5 dlle lewai] Aapy 5 Laidia du)a A48
OSSN Apatl) (ailadl) (s G (4-1) Jsaad)

[44-411095SY dust)) (ailasl) e 1(4-1) Jsanl

Jall daal) dualadl)
Hv 25-2 (GPa) 33uall
o; 420 - 250 (MPa) sliai¥! da 5lie
p 2.63 - 2.6 (9/cm’) denall AL
I 210 - 50 (kg-Cm?) ) Zeskis
T 1400 (°C) coabanll Jlainy ) 5,0 ya da o
c 5.107 - 4 (cal/cm.s.°C) 4, all 4kl
a 7.10°-5 (1/K) 700 °C Y1 20 °C o0 (bl 5,1 sall saaill Jalas
&) Al Aallaal) UG Y g\SH 4y shall <N sail) 6.2.4.1.1

e Ll (e aaall elya) 2338 5 Ljha Lgiallee DA e e Ll (o Alua (Y580 s,
O Al dga i Sluhall IS @uilS Ll (glyal) dadasll adasdsy 3hal) dalleal) oL LSoLa
Bhall Gale sk Jeat oo clsaill (e dlubidl s3a b delis Jof o) e phall 58l 5 dalall cDle il
Y5\l Jga ade ity ol doshall ele zgpa (M s 58 5110 °C (A 100 om @ball dlaal)
2ie CunlslSH (9% 8 Jall eldl o535 Bhall dalall JauSspuell Joai ulee a5 ccunlslSI )
phall 86 delis ol Ll el Sty Capay JAT sl sl 600 °C () 450 ¢ e b las
AsY) Ao sanall (ayid i (ofiald) Cabise vie (A A Jia 2 5 980 °C Bl A v 05K
delal 138 ol (s Al e gandll Wl oy=ALO3 £33 (o ast) sk JS1 aayy el 14 ¢
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https://ar.wikipedia.org/wiki/%D9%85%D8%A7%D8%B5_%D9%84%D9%84%D8%AD%D8%B1%D8%A7%D8%B1%D8%A9

Gl )SI ol aatd Byad) ISl Hsli () 2sen 58 5 Cliall 40d Ji ) (ghal) Jlaall
(5-1) Jsaadl 8 Auhal) dallaal) ol (VO Ly a0 &y shal) c¥patl) Alubis asdls oKy .[43]

:%Jtd\
Bhall cilays alise e GYIAN skl sl 1(5-1) Jgaad)
A )al) Aallaal) oL (gLl Ay, ghal) cNgall) Chiag Blall daus Jlae
(condslSl) J<i) dashayll slezsa | 110 "C gphadl daps () A8 5 Aap
Sl Jeat) oSl dall eld) zg5a 700 °C A 110 °C shall 4y (e
(i sl<baal)
Sl ol y=ALO3 Gaesl1 aad o Slunal) i 900 °C I 800 °C sy all Aa 2 (e
3A1,032Si0, cubial 4ls 1000 °C 11900 °C syyall Zayd (1
SI0, cully i Il IS 1100 °C Y 1000 °C 5y),all &a)3 (1
S el i ySI il sk ccubiall sl ga 1500 °C N 1100 °C sjhad 4 (s
> sk
Al 5 Aabsall 5 g5kl 2xall e IS (501 1500 °C g el 3yhall dnps e
710 )38 ads 730 )%  ana
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lellaaniny Lelal o LaySS o ) Aaled) A8L50 ailadl) (he Ao sanas (N5 50Le a3 )
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1aa ) Aala) Aslel oha) oalag b QNS aasis LS ccpadll 5 A5 gl 5 380,680 Jilpal
Aol delia 5 Ca3all 5 Dl g Lallad) 5 (Bl dclia & NS Jaxios
b Al yudaad 5.1

Lealidas 2aas ) ALYl GlSHal) (e daudls Ao sana (o 0585 A alsal) o (g a2l o
O YL (&) Al ASIS dpad) daalabinal) AileSl) calal) o) YLl Cabina b
Ay 30a il Ads e Leilen i) Anaaliall 5 A gl) Ledals ) Gy A ailad Lol sl o3
oo Al 5 daea il s dolee Jaad Apadall 3y o pailadd) sda (2SS Alle leaal)
degena o (7-1) IS8 animg LS 2l dsal) juaatl alal) Laladdl) (gginy [44] 2sall Zis poiacs
calil) s ahal) dalleall 3k go LAES 5 LS 5 lajnmat 5 AdsY) dlsall Lad) Leaal Jaball (se
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Caliie 8 Wyha Lgindles ol eyl oWlS salad aan Aujgh ci¥sat sae aa g lla BSH LS
5 (4-111) GaASE ey dum caal Sl ) caial SN Jsas 4 c¥sall 038 G (0 5 ipball clays
halill ghall diaill iaie 5 (DTG) (gsiall amail) Lualial) (B (gl Jubaill e (5-111)
) 10) Adbide dalles gpud il o cunllShad) ) codglSl) Jgail 5)hall 4ay0 AN, (DTA)
Caidg\Slial) ) il Jsad Bha &aps o 4 maiall (udla (e sl oKar L 5 ¢(40 °C/min
Ghall dalail) s Zaally 18 589 °C (M) 536 e Apball Aadlaall Bla An)s ey 52l Jla
M @lyy 595 °C ) 546 ¢ b Ll (ghall dabatll iatal Bl Wl 5 Aalaal) )
inie Jia g 5 (6-111) JSAU o anbinin) Ko e o8 Gun .40 °C/min ) 10 e cpddll ey
g Absad 5 gphall Aapn AN Jls I cadglStud) Jsaal (DTA) Lalall glall dial)
5999 °C U 981 e Aallaall deju 5aly 22 Jlisall Jsaill 5yl dapa of Jasdl Gum il
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e IS Jis2 Gilg Y A G 1Ty AN Y 2l Lewy 5 40 °C min™' 5 355 305
rn il e (5) 5(4) 5(3) Jisll & Ll Ozawa ; Boswell ; Kissinger

In(ﬂJ __E +C, (3)

In(p)=-1,0518

E
F +C; (5)

R

QAL Aaalae 1 Joatll )l Aaa 1Ty ¢ Adliall chlall culh iR dastanl) 38Ua :E, Cum
In (g) «Ln (%) Ln() bl Jipall s oy (811 5 (7-11) S8 (e JS Sy
Lalsll cValed) pe atilass Al Lball Jhall dae Claa 2ed o1 /Ty 5hall 220 slie ANy
L) 28l dad Laugia o o(2-111) Jsaall 3 daimse b LS Japtaill 23l d aa Jaial) dilly
Al Wl laalall B (ghal) dabaill Jlawinls 144 kI/MOl span 3 (58 cail Sl J<al
Aglae lggle Joaniall Jpiall 48l &30 o) (163 kJ/mol dadll Aslke g8 bl ()l sl
ad & okl a5 250 kd/mol dle ) 155 Jaddl & dadls a5 [13-7] A&l ofiald) mibal
5 [15] Aadbeal) depus s 5 [14] oISl 205l 3l lean e )8 dalse 320 () dapiall 4dlh

CuilSlise ) Cud ) Jga) a8 o8 i 1(2-111) Jsaal

Ozawa |Boswell | Kissinger daylal)
146 146 140 shatall S (ghal) Jalasl bt 25U L Aed
165 166 159 alall ghall Jalasll (kd/mol)

Ay N aslsdysal) saill Jalaa b bl Jalaay Liad e M) 5 g5l Jalae alusy Liad LS
3(6) Malaall aladiuly

25T2R
AT E

m—a
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dad ausie o s lealin) W ea Al dagill 5 o(3-111) Jsaall & Cilidanall ooty Liad o

Gl el Jalas 3ad Lanigia 5 ¢ alinll S ghall dbaill daills 1.55 <ol bl Jalaa
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LG seil) oa i slSle ) coad SN Jsatl sl

:(7) Wl i )l Matusita 2ol G,

Q" mE
In = |=C, ——=2 7
[sz ‘' RT, (7)

m

o 59 Vaag (10115 (9-11)  GSEN 3 (e 52 LS 1/Tp AN |n(f"jm\ sy L

2
m

Lid alia (yas pafine bad awy AN Qi o) 25l sed alas Wbl Gl (35 M (gaaall Jaladl)
m=1.60 5 < ghall Jalaill dudly m=1.53 0l dadl) o llants ol cJabaal) 138 Giluny
W o 13 5 1.5 Al ) Jom My N abil cBlelae ad Gl ans aiay ¢ Laliil) (gihall Julaal
S eeaall Lyl s cunlglSline ) ol glSI Joat ol 50l gai b sylaseall sl gail) A

calsill 2aed Culh ela ae e AU

[2 (1] dadlaal gy calinal ol il Blalan o 3(3-11) Jsaal

(DTG) Lslial) ) (ghall Qb Jloxinly

40 35 30 25 20 15 10 Al
(°C/min)
64.80 | 65.04 |63.51 |62.85 |62.09 |63.81 67.14 AT (°C)
587.85 | 582.63 | 578.03 | 570.86 | 560.67 | 550.54 | 536.64 Tn (°C)
162 |1.60 |1.62 |1.61 |1.59 |1.51 1.40 ERTS
(DTA) Lalidl gyl Judaill Jlasiols
40 35 30 25 20 15 10 e
(°C/min)
61.47 |61.29 |59.99 |57.31 |56.55 |54.13 53.77 AT (°C)
591.35 | 586.20 | 580.10 | 572.79 | 565.27 | 556.93 | 543.99 T (°C)
158 |1.56  |1.58 |1.62 |1.61 | 1.65 1.61 TR
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Bhall dajy cigi Al

bl 5 el B ghall ddaill Clatl ol SSa) ol daws lua dal
Aayd ANy (dx/dt) Ledsas Aepuy X il glSluall Jgad Aawd it Dlisie auy B o Lalil) g))hall
5 A gl S s cliaie (11-11) JS8) Jia ool cAadleadl g Calisal il 5 5))all
aalii (Sa b ol ¢ lalall LS ghall dalanl) Jlasinly dalladll 5)ha da)0 AV Ledgad 4y IS
Hha A2 deju 83l 588 °C ) 537 (e dap cundglSbal)l <8 3la dap of s JSA o
5 (12-11) IS8 oo anlinng (Ko i) pan 5 40 °C/min Zle ) 5 10 o0 Ahall Aalledl)
Aallaall gom cabisd (a3l AN (dX/d) ledead deyus X cundglSlall Jead A i Jia (63
CaidglSbaall ) Cunal sl Joant 388)al shal) das of Laadl Cus ¢ Ll ghall dibaal) Jlasiuly
40 °C/min ) 10 0o Aadladl ey 3aby o
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1.0 . . _0.024

0.8 1 [ L 0.022
] | 0.0200
0.6 s )) 2
SR /S # 0.0182
c 0.4+ Y —a—10 °C min™ e
o ) = -1 . ‘2
= —e—15°C min™ | ry
E 0.2 4 A 20 oc min-1 - 00145_.;
Y o —
B 0.04- —*—25°Cmin” [ 00128
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T-0.2 , 00103
b ——35°C min” | o
> o . 1 | 0.008%
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Time (s)
[2] bl (glpal) dibatl pladialy alalin 5 sl Sl J<al SN € s 1(12-111) J<al
Aaiiall 5 (3phall Ay sl aae) AaphBOU Claill 2 e sadiaall Lunlbyll @kl )
Apad JS 8 Alina) o lSlial) liaS 0 (g0 Ao gana LAk Liad ([16] 4iclea 5 legero iyl (e
Aapas JS b xSl A s ad JaY 5 (8) Aaladll o alaeYl Uifiay dilide dallas gyud
0.9 I 0.4 oo ol 8 Sl da o8 321 5 4l ) s)lay) saas . 1/Ty AN In(dx/dt) 2
tbalall ehall didanll dally Gl 5 Al (g)lal) Jalaall daually

m(%j:|n[k0n]+”T‘1m[_|n(1_x)]+|n(1_x)_ & il ]~ 2 @

m m

In(dx/dt) Aall ey Likie Cuid )Slisal) J<aa0 R pramaill Jalae 5 B Japiail) 43l s Jal
Qatll Jlasinly 5 DTG sl €1 (gyhall dabail) Jlanisly slall cas cabisdd 1/T 2Ny
L ccas il e (14-111) 5 (13-11) (DS lganmg WS Aaliis Aalles gyl DTA Lsliall (5))al)
sy 5 cdadine Jaghd ge 3k o Al 5 In[ky f(x)] Al @lisie due (e pdiil) d8Ua Gl
s e @l cuullShal I Tpanll A8l dad dangie ) olal (4-111) Jsaall 8 leails
151 kJ/mol :iyslue il Lalitl) (gyhall dubaill 5 U (ghall sl cpe IS pladinly cund <)
Alge Aadlee gl IN[Kg F(X)] AN ansy LiSay Lositail) A8l o8 Zdjeey 5 .ol e 146 kd/mol
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A i ISl J< Alall X ASE) Cad a8 Cilide AN 138 5 40 °C/min 530 520
(15-111) S lgaimsy LS Lol JESH (gl Qb Qlosind,

[2 (1] bl cans ad caisal i Sl JS5 33U a8 :(4-111) Jsaall

0.9 0.8 0.7 0.6 0.5 0.4 X

158 156 154 153 152 149 E, (kJ/mol) TG
0.992 | 0.997 | 0.966 | 0.996 | 0.998 | 0.997 R®

142 141 142 142 147 152 E, (kJ/mol) OTA
0.993 | 0.997 | 0.997 | 0.999 | 0.998 | 0.997 R?

aaS e )Y el wany Ll N il 3 e JIA) il Jalee Gilis dal (e
drani (8) Aalaall lalsiwd ¢ In[ko f(X1)] = In[Ko F(X2)] Haleadl o3 Al 5 X0 5 Xp slall s
sl (9) daleal) e

o In[In(L-x)/In(L-x,)]
In[(@-x) In(L-x) /(1-x,) In(1—x,)]

©)

gom cilind 5 (10) Aabaall aliin] Casven A 5 Ky @A Q03 Jalaa WISy el Jalae ad

@bl dalaill e S Jlasiuls cabil COlalae a danigia Cus ¢(5—1H) Joaall 3 Ligae dalladl)

SN OV Ol WIS G Laadl el e 1.47 5 1.35 L) o Laaliil) (ghall didatl 5 <)

dalee a Javgio W 5 ol Slamyl Gob oo o cunll€l) 0S8 o con Lo 5 1.5 4ad)

117x107 571 W Gpslss 5 S (gyhadl alatl) Jlewtindy 1.55X107 871 LY Gl g8 bl
bl hall ddanll Jlasinly

Infk, f (x,)]= In(k, )+ In(n) + ”T‘l[m(_ In(L - x))] + In(L— x) (10)

[2 (1] DTA Laslisll (ghall Jaill 5 TG LLSH (gyhal) Jubaill Jlaxinds Ky 51 o :(5-111) Jsaall

40 35 30 25 20 15 10 | (°C/min) gpaall dc pu
1.38 | 1.34 | 1.36 | 1.35 | 1.36 | 1.34 | 1.30 n o
1.56 | 1.55 | 1.52 | 1.58 | 1.61 | 1.50 | 1.99 Ko(10)

1.46 | 1.47 | 1.48 | 1.49 | 1.48 | 1.49 | 1.43 n oA
1.73 | 115 | 1.13 | 1.23 | 1.27 | 1.19 | 1.12 Ko(107)
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=
=
= 1670
16,65 -
16,60 , ;
0,0 0,2 0,4 0,6
crystallisation fraction x
[1] x A&l caid slSlnall 40 dans A8 InfKf(X)] nie 3 (15-111) J<a)
(DTA) Al gl Jalal) daulgs (Al-Si) Jlsud) J<ia Al g asa due.2.2.4.1.11

Bhall daje i ddla e

Bhall cilay curty L ((AI-SI) Jlssdl IS8 Loalil) ghall Jdatll Clisie e WU
205 155 10 :adl Gallaall gyl Aadlsally (AI-Si) Jlssd) L) cuidgStaall Syl (Ty) galaall
O S Ealae G5 Y WA Cus 1T, AN Y AN Gke 3 40 °C minT 535,305 525

Aadlgall  Lapdnl) ks e dal e lils 3wl (5) Ozawa ;5 (4) Boswell ; (3) Kissinger

Bl Clusy L Jlall o3 s e 5 (16-111) IS& Glinie b damse oo LS (Jld) (<)

o3 806 kJ/mol : sny ;o laniil) A8l a8 lavsgia o) colial (B-111) Jsaall 3 Assadll Jmpil

954 kJ/mol =550 :Jlaall & L3l 5 [21-17] Aaslad) (pfiall) il Alie Lale Jomaiall Aaul

[3] Qi) I Japiitl) 28a o 2(6-111) Jsaad)

Ozawa

Boswell

Kissinger

A, Lall

790

819

809

(kJ/mol) lasiwl) 2&LL

Al
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0,4 L 74 -14,4
S & O Ozawa, y=-99828.x+78, R=0.9969 |
QR O Bozwall, y=-98568.x+70, R’=0.9968
Db » o > 767 # Kissinger, y=-97308.x+62, R*=0.9968] A
. % . - ] : 4 L
0,8 - S N 781+ --14,8
~ O‘ w0 [l <
~ ~
-1,0 - Ko oHe -804+ --15,0
~ . N ~
~ ~ 4 u]

g 1,24 BN SN L 15,2 <
C e ~ A
T INT L e 2
> 44 BaEE MOk L 154
> ~ ~ 2 5_11
-“( ~ < C}\ ~

-16 5 86+ . > . --15,6

g _% ﬂf ~ < ~ o
1,8 3.-884 SeTmeoksg
~ bt $
N 8]
20- 9,0+ N ., [0
I X | ! I !
0,000788 0,000792 0,000796 0,000800
1T (KT

[3] Aadleall gy cibinal lualinl) (ghal) sl alasinly Q) JSE1Y s 1(216-111) J<a

O ddley 1 Al ) Jogi deadl) 02a5 1.07 logad Janigio Lang s M 5N (e IS o Glisy Ll LS
Culh 2 el ae cpae B LIV sal) b Jlaaad) <l A1l el gaill AT oL dad) o3
Matusita 4o isie 5 ol il dales ad (17-111) 3 (7-11) Jsaall e IS Jiay - cligill 2aal
sl (5l ) alasiuly du iyl Aalladd g e Ciliaad (a1 e gl s oslia AN

[3] .". Al &)_u PAxEOA| g‘bﬂi o lalza ?...15 (7-“') d}qﬁj\

40 35 30 25 20 15 10 (°C/min) aslladl) g e
34.18 34.34 35.47 34.82 35.04 37.75 35.84 AT (°C)
997.80 995.94 993.22 990.93 985.93 982.82 975.80 Tm (°C)

1.07 1.12 1.08 1.09 1.08 1.02 1.04 gﬁbéi Jalaa
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ARTICLE INFO ABSTRACT

Keywords: In this work, Algerian kaolinite, a naturally occurring clay mineral, was used as low-cost precursor for the
A. Solid state reaction synthesis of cordierite ceramics. The kaolinite was mixed with synthetic magnesia, and the mixture was ball
D. Clays milled and reaction sintered in the temperature range 900-1350 °C for 2 h. Thermogravimetry (TG), differential
g- &‘ggierite thermal analysis (DTA), dilatometry, high temperature x-ray powder diffraction (XRD), Raman spectroscopy,

and scanning electron microscopy (SEM) complementary techniques were used to analyze sintering behavior,
characterize phase transformations, and investigate crystallization kinetics. Milling the kaolinite and magnesia
mixture for 10 h yielded a homogenous powder, decreased the average particle size, and improved the roundness
of particles. Different crystalline phases were present in the samples sintered in the temperature range
900-1150 °C, the cordierite phase started to crystallize at 1200 °C, and the formation of highly dense cordierite
(99%) was complete at 1250 °C. The activation energy values for cordierite formation calculated using Kissinger,
Boswell, and Ozawa methods were found to be equal to 577, 589, and 573 kJ/mol, respectively. The kinetic
parameters n and m had values close to 2. Bulk nucleation with a constant number of nuclei was the dominant
mechanism in cordierite crystallization, followed by two-dimensional growth controlled by interface reaction.

1. Introduction

Cordierite, an aluminum magnesium silicate material, is one of the
most attractive advanced ceramic materials for functional applications
because of its very low thermal expansion, low electrical conductivity,
high chemical stability, high corrosion resistance, and good mechanical
strength [1,2]. Ceramic materials based on cordierite find applications
as packaging materials, refractory components, turbine heat exchanger
components, products with high thermal shock resistance, and supports
for catalysts in diesel cars [1-5]. Furthermore, cordierite based mate-
rials are potential candidates in geo-barometry and geo-thermometry
[6], and thermal insulation [7] applications.

Because of the low quality and scarcity of natural cordierite in earth
[8], researchers have used various starting raw materials and different
processing methods to synthesize cordierite and cordierite based cera-
mics. Cordierite, with 2Mg0.2A1,03.55i05 chemical composition and
Mg,Al,4SisO15 chemical formula, is considered the most important
phase in the MgO-Al,05-SiO, phase diagram. Stoichiometric cordierite
is usually synthesized at temperatures higher than 1430°C [9].
Nevertheless, cordierite ceramics with high volume fraction of the

* Corresponding author.
E-mail address: nouari@kfupm.edu.sa (N. Saheb).
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cordierite phase could be prepared, from costly precursors, at relatively
lower temperatures using many methods including co-precipitation
[9-11], the Pechini method [12], sol-gel [13-15] or recrystallization of
molten glasses [16,17]. Additionally, high melting temperatures as high
as 1600 °C are required in the case of glass ceramics. Therefore, due to
their low cost, natural raw materials [7,18-22] and solid-state synthesis
method [1,7,18-23] remained the most attractive precursors and pro-
cess, respectively, for the preparation of cordierite based materials. In
solid-state synthesis, chemical reaction between the starting minerals
and/or raw materials as well as densification could be attained in a one-
step simple heat treatment [24].

The kinetics of cordierite formation was investigated by many re-
searchers [25-36]. Donald [30] analyzed cordierite formation using
DTA and DSC under both isothermal and non-isothermal conditions and
reported values of 532-574 kJ/mol for the glass to p-cordierite trans-
formation and 399-426 kJ/mol for the p-cordierite to a-cordierite
transformation. Kim and Lee [31] used non-isothermal DTA to in-
vestigate cordierite formation from stoichiometric and CeO, doped
starting glass systems. They reported average activation energies of
653 kJ/mol for a stoichiometric starting glass and 418 kJ/mol for a
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CeO- doped starting glass. Song el al. [34] investigated cordierite for-
mation, in cordierite glass-ceramics fabricated from potassium feldspar,
using non-isothermal DSC. They reported activation energies of
230.77-279.81 kJ/mol and 348.85-374.33 kJ/mol for the one fold a-
cordierite and the concurrent precipitation of a-cordierite and leucite,
respectively. Goel and co-workers [35] studied cordierite formation, in
MgO0-Al,03-Si0,-TiO, glass system, under non-isothermal conditions
using DTA. They obtained activation energy values of 340 and 498 kJ/
mol for the crystallization of p-cordierite and a-cordierite, respectively.
Hu and Tsai [36] investigated the formation of the cordierite-type
(MgAl, §3S2.250,) glass with and without BaO addition by non-iso-
thermal DTA. They reported activation energy of 366 kJ/mol in BaO
free samples and 290-487 kJ/mol in BaO added samples. Silva et al.
[29] used DTA to investigate the kinetics of cordierite crystallization,
under non-isothermal conditions, from diphasic gels obtained from
colloidal silica, magnesium and aluminum nitrates, and citric acid. The
apparent activation energy value for cordierite crystallization was
467 kJ/mol. Goel et al. [32] used non-isothermal DTA to study the
formation of cordierite in NiO-doped glasses. They got values of
300 kJ/mol for the glass to p-cordierite crystallization and 500 kJ/mol
for the p-cordierite to a-cordierite transformation for a NiO-doped
system.

Watanabe and Giess [27] investigated crystallization kinetics of
cordierite formation from a glass in the presence P,Os and B,O3 ad-
ditives, under isothermal conditions, using DTA and XRD. They re-
ported values of 303.5 and 301.9 kJ/mol for activation energy calcu-
lated from DTA and x-ray diffraction data. Rudolph et al. [28] utilized
an isothermal static experiment and a dynamic non-isothermal DTA to
characterize cordierite formation from a glass modified with P,0s. The
authors reported a value of 469 kJ/mol for the activation energy ob-
tained from the static experiment, and values of 300 and 470-500 kJ/
mol for the activation energy calculated using the peak maximum
temperature and the peak start temperature in DTA experiment, re-
spectively. They found that the activation energies obtained using the
peak start temperature in DTA dynamic experiment were very close to
those obtained from the static experiment. Boudchicha et al. [33]
analyzed cordierite formation, in glass ceramics prepared from kaolin
and dolomite, using non-isothermal x-ray analysis and reported an ac-
tivation energy value of 450 kJ/mol. Miller and Misture [25] used
isothermal time-resolved powder diffraction and non-isothermal DTA to
investigate the kinetics of cordierite formation. They obtained activa-
tion energies of about 600 kJ/mol for the glass to p-cordierite trans-
formation and between 800 and 850 kJ/mol for the p-cordierite to a-
cordierite transformation. Clark [26] developed equations based on the
nucleation and growth principle for two sequential reactions and used
them to analyze cordierite formation from a glass precursor with and
without doping with zinc. He used data obtained from isothermal, time
resolved, powder diffraction method to determine the kinetics of the
two-step consecutive reaction. He obtained activation energies (iso-
thermal) of 271 and 221 kJ/mol for glass to p-cordierite transformation
without doping with zinc; and 179 and 170 kJ/mol for the p-cordierite
to a-cordierite transformation without doping with zinc.

Analysis of the literature [25-36] shows significant variation in the
activation energy values reported for the formation of cordierite. The
discrepancies were believed to be due to the methods of sample pre-
paration, data collection, or data analysis [26]. Furthermore, the type
and composition of natural raw materials, additives, and the presence
of trace elements [17,25,26] were found to have direct influence on the
rate of cordierite formation and the properties of the final product. In
previous works, the authors used Algerian kaolinite to synthesize
mullite through reaction sintering it with high purity alumina [37] and
utilized DTA to study the kinetics of its dehydroxylation [38] and for-
mation [39]. The objective of the present work is to explore the pos-
sibility to synthesize low-cost cordierite ceramic materials from Al-
gerian kaolinite, a natural low-cost and abundant raw material, and
synthetic magnesia. Two types of raw kaolinite from east Algeria was
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used, the first kaolinite rich of Al,O5; and the second rich of SiO,.
Stoichiometric mixture of the kaolinite and magnesia was ball milled, to
promote the formation of cordierite and densification [20], and then
reaction sintered to produce dense cordierite ceramics. Complementary
techniques were used to: (i) characterize the formation of phases and
their transformations, (ii) analyze sintering behavior, and (iii) in-
vestigate the crystallization kinetics. The Kissinger, Boswell, and Ozawa
methods were used to calculate the values of the activation energy and
kinetic parameters, for cordierite formation under non-isothermal
conditions.

2. Materials and methods
2.1. Raw materials and processing

Kaolinite (DD1 sample) collected from Djebel Debagh (Guelma, East
Algeria) and Tamazarte kaolinite (TK sample) collected from Jijel, East
Algeria, were used in this investigation. The DD1 and TK kaolinite
samples were used as sources of Al;O3 and SiO,, respectively. A mixture
of DD1, TK, and synthetic magnesia powders (DTM) at weigh ratios of
59, 29, 12%, respectively, was prepared to obtain stoichiometric cor-
dierite which theoretically contains 13.8% of MgO, 34.9% of Al,O3 and
51.4% of SiO, [1]. Sixteen grams of the kaolinite and MgO mixture, 15
zirconia balls (diameter of 10 mm), and 120 ml of ethanol were loaded
into zirconia vials of 250 ml in volume. A Fritsch P6 ball mill was used
to perform the mixing and milling experiments for different times at
room temperature using a speed of 250 rev/min. The obtained slurry
was dried in a furnace at 150 °C for 24 h, and then cold pressed at
75MPa to produce cylindrical specimens (13 mm diameter). The
compacted powders were sintered in the temperature range
900-1350 °C for 2 h.

2.2. Characterization methods

A LABSYS EVO DTA/DSC-TG SETARAM equipment was used to
perform the TG and DTA experiments. The samples were heated to
1400 °C under argon gas flowing at a rate of 40 cm®/min. Heating rates
of 10, 20, 30, 40, and 50 °C/min were used. Dilatometry experiments
were carried out up to 1320 °C at a heating rate of 5°C/min using
NETZSCH (Dil 402 C) equipment. A reference sample made of a-
Alumina having the same dimensions was used. A diffractometer
system (XPERT-Pro) with Cu-K, radiation of a wavelength 0.15418 nm
was used to characterize the raw powders as well as sintered samples. A
KERN densimeter was used to determine the bulk density of samples
following the water immersion method. The raw powders and con-
solidated samples were analyzed using JEOL SEM model JSM-7001F.
Raman spectroscopy measurements were carried out using BRUKER
SENTERRA equipment.

2.3. Calculation methods
The non-isothermal activation energy (E,) for cordierite formation

was calculated using Kissinger [40,41], Boswell [42], and Ozawa [43]
methods according to Egs. 1-3, respectively, as expressed bellow:

1(¢] —_Bg
T, RT, 6))
m(z) __h
T, RT, (@)
In(p) = —1.0518ﬂ + G
RT, (3)

Where ¢[°C/min], E4 [kJ/mol], T,[°C] and R, are the heating rate,
activation energy, absolute peak temperature in DTA curves, and the
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Table 1
Chemical composition of kaolinite (wt%).
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Kaolinite Al,03 Si0, Na,O SO3 K,0 MgO CaO MnO Fe,03 TiO, LOI
TK 19.29 69.86 0.13 0.03 2.67 0.4 0.4 - 0.72 0.4 6.31
DD1 39.13 45.30 0.04 - 0.21 0.05 0.15 0.02 0.07 - 14
universal gas constant, respectively. . 100 —oon
The value of the Avrami parameter n, which indicates the crystal- g ] 01h
lization mode, was calculated using the following equation [44-46]: % g0l ——02h
5 > ——05h
_ 2, STPR § J——10n
AT Es (€] & 60 |20
Where AT, is the full width, at the half-maximum intensity, of the é
exothermic peak. 2 4
The value of the kinetic parameter m, which indicates the di- E
mensionality of crystal growth, was calculated using the Matusita -%
equation (Kissinger modified equation) [45]: E 20
jum} 4
n O / v
o(5)-o- J—
p P )] 0.1 1 10 100
Particle size (um)
3. Results and discussion
30 4 9
3.1. Processing of powders . }
€ 20 1 \
3 X
The chemical composition of DD1 and TK raw kaolinite is presented Y \
in Table 1. The SiO, content SiO in DD1 kaolinite is 45.3 wt% compared % \
with 62.1 wt% in Malaysian kaolinite [47], 53.7 wt% in French kaoli- o 071 O‘-\'
nite [48], and 52.8 wt% in American kaolinite [49]. The Al,O3; content % 8 1 O\\
is 39.13 wt% compared with Malaysian kaolinite 36.8 wt% [47], S 6 N,
French kaolinite 41.8 wt% [48], and American kaolinite 44.7 wt% [49]. 8‘: 5 1 R
The SiO, and Al,O3 contents in TK kaolinite are 69.86 and 19.29 wt%, T 4 R
respectively. The TK kaolinite is very rich of SiO, but it has low content g ‘\;)\.\‘
of Al;03. The chemical composition of DD1 and TK kaolinite shows that < 31 b Tl o)
they are suitable sources of Al,O3 and SiO,, respectively. The influence ) (b)
of mechanical milling on the particle size of the DTM powder is shown 0 5 10 15 20
in Fig. 1(a). i istributi i s ’
in Fig. 1(a). The cumulative distribution was used to obtain the average Milling time (h)

particle size as a function of milling time as presented in Fig. 1(b). It can
be noticed that the average particle size decreased rapidly with the
increase in milling time up to 10 h, then did not change significantly
with further increase in milling time. Fig. 2 shows SEM images of un-
milled kaolinite and the DTM powder milled for 10 h. The particles of
unmilled raw kaolinite powder have large size and irregular shapes.
However, milling the DTM powder for 10 h yielded a homogenous
powder with particles having small size and more rounded shape. It was
reported that milling of precursors promotes the formation of large
amount of cordierite and improves the densification of sintered samples
[20].

3.2. Phase transformations

TG/DTA, DTG curves of DTM powder mixture heated from room
temperature to 1400 °C (heating rate of 30 °C/min) are presented in
Fig. 3. Two endothermic peaks at 140 and 560 °C, and two exothermic
peaks at 977 and 1184 °C are present. The first mass loss (about 1.5 wt
%) in the temperature range 50-230 °C is due to the evaporation of
adsorbed water and corresponds to the first DTA peak at 140 °C. The
second mass loss (about 12.5wt%) in the temperature range
400-560 °C is due to the dehydroxylation of the kaolinite and the for-
mation of metakaolinite, which correlates with the second DTA peak at
560 °C. The mass loss remained constant above 680 °C. The first exo-
thermic DTA peak at 998 °C correspond to the formation of mullite.
This is in agreement with the findings of Almeida at al. [1] who
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Fig. 1. Effect of milling time on particle size distribution (a) and average particle size (b)
of kaolinite and MgO powder mixture.

reported a temperature between 900 and 1000 °C for the nucleation of
mullite, depending on the composition of the raw material used. The
second exothermic DTA peak at 1153 °C correspond to the formation of
a- cordierite phase.

Fig. 4 shows the influence of heating rate on DTA curves of DTM
mixture. Endothermic peaks between 50 and 700 °C and exothermic
peaks between 950 and 1250 °C are present. The weak endothermic
peaks centered at 130 °C are due to the evaporation of adsorbed water.
The strong endothermic peaks centered at 560 °C are due to the dehy-
droxylation of kaolinite and the formation of metakaolinite. The exo-
thermic peaks in the temperature ranges 950-1050°C and
1120-1250 °C are due to the formation of mullite and a- cordierite
phases, respectively. The curves shows clearly that increasing heating
rate from 10 to 50 °C/min shifted the maximum of the peak position to
higher temperature.

The influence of temperature on cordierite crystallization and the
weight fraction of crystalline phases, present in samples sintered at
different temperatures for 2 h, are shown in Figs. 5 and 6, respectively.
The phases present in the sample sintered at 950°C were sapphirine
(Mg19.12Al4524S111.64080), quartz (SiO,) and magnesium silicate
(Mg,SiO4) and their weight fractions were 66, 12, and 22 wt%, re-
spectively. The magnesium silicate phase disappeared, the fractions of



D. Redaoui et al.

(a)

20um

Fig. 2. SEM images of kaolinite powder before milling (a) and kaolinite and MgO powder
mixture milled for 10 h (b).
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Fig. 4. DTA curves of kaolinite-magnesia mixture (at different heating rates).

spectrum of the sample sintered at 1200 °C. The cristobalite phase
(SiO,) was present in small fractions of 9 and 6 wt% in samples con-
solidated at 1150 and 1200°C, respectively. The p-cordierite phase
(MggAl;6Siz0075) started to crystallize at 1200 °C, and at 1250 °C the a-
cordierite crystallization process begins simultaneously with p-cor-
dierite (Mg4AlgSi;0036) crystallization. At 1300 and 1350 °C, the frac-
tion of a-cordierite increased to 85 and 96 wt%, respectively, while the
fraction of p-cordierite decreased to 15 and 4 wt%. Cordierite was re-
ported to form at 1250 °C [1], or between 1100 and 1250 °C [23].
Fig. 7 shows shrinkage curves for DTM mixture heated to 1320 °C at
5 °C/min. It can be clearly seen that transformations occurred in six

stages labeled A, B, C, D, E, and F. Stage A is characterized with a
relative linear expansion between 25 and 160 °C due to the evaporation
of adsorbed water, this is in agreement with the TG/DTA results dis-

cussed earlier. Stage B started at 510 °C and ended at 605 °C, and is

characterized with a small relative linear shrinkage (about 2%) and a
maximum rate of shrinkage at 568 °C. The shrinkage results from the
dehydroxylation of kaolinite and the formation of metakaolinite, and
corresponds to the endothermic peak at 565.4 °C seen in the DTA curve
presented in Fig. 4. Stage C, which starts at 718 °C and extends to

975 °C, as can be seen in Fig. 7(b), is characterized with a large relative

linear shrinkage (about 21.5%). This large shrinkage is due to two
transformations. The first denoted C; and corresponds to the formation

of Al-Si spinel phase, with a maximum rate at 884 °C; and the second
denoted C, and corresponds to the formation of magnesium silicate and
quartz with a maximum rate at 918 °C. Stage D starts at 975 °C and

sapphirine and quartz decreased to 48 and 7 wt%, respectively, and
mullite (Al 5Si; 509.74) started to form in the sample consolidated at
1000 °C. The fraction of mullite phase increased to 48 wt% with the
increase in temperature to 1100 °C, then decreased to 11 wt% at
1150 °C. The reflections of the mullite phase disappeared in the
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extends to 1150 °C, as can be seen in Fig. 7(c), and is characterized with
a small relative linear shrinkage (about 3%). This small shrinkage is due
to two transformations. The first denoted D; and corresponds to the
formation of mullite and cristobalite phases which increases with the

Fig. 3. DTA/TG, DTG curves of kaolinite-magnesia mixture
(heating rate 30 °C/min).
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100
—_— [T cordierite o
n — E=] Cordierite u
Q ] BZX] Cristobalite
@ 80 B Mullite
s Mag Silicate
() Sapphirine
£ Quartz
o 60
®
2
3]
k]
c 404
i)
©
S
= 204
=
R —_
2
. Nl

L L I T
1050 1100 1150 1200 1250 1350

Temperatures (°C)

1000

950

Fig. 6. Weight fraction of crystalline phases present in samples sintered at different

temperatures for 2 h.

increase in heating temperature from 1075 to 1150 °C. The second
denoted D, and corresponds to the formation of sapphirine with a
maximum speed at 1071.5 °C. The expansion seen in stage E, between
1235 and 1350 °C, is due to the formation of cordierite, while, the ex-
pansion seen in stage F, between 1340 and 1358 °C, might be due to the
presence of a glass phase.

Raman spectra of samples sintered at different temperatures for 2 h
are presented in Fig. 8. For the sample sintered at 950 °C, the high in-
tensity peaks at 393, 461, 507, 580, and 634 cm ™!, and the low in-
tensity peaks at 822 and 858 cm™' are characteristic peaks of the
sapphirine and magnesium silicate phases, respectively. In addition to
these peaks, a peak at 406 cm ™' characteristic of mullite appeared in
the spectrum of the sample sintered at 1000 °C. Peaks of magnesium
silicate disappeared from the spectrum of the sample sintered at

3653

Ceramics International 44 (2018) 3649-3657

1050 °C, and only mullite peaks (at 406 and 560 cm ~ ') and sapphirine
peaks (at 461, 507, 580, and 634 cm ™~ ') were present. The new peaks
which appeared at 253, 445, and 611 cm ™' in Raman spectrum of the
sample sintered at 1100 °C were attributed to mullite. For the sample
sintered at 1150 °C, peaks at 253 and 507 cm ™', characteristic of
mullite and sapphirine, respectively, are still present, the other peaks at
253, 370, 507, 565, 670, 975, 1014 cm ™ !, were attributed to cordierite.
Raman peaks at 256, 292, 370, 435, 487, 565, 670, 975, 1014, and
1190 cm ™! present in spectra of samples sintered at 1200, 1250, 1300,
and 1350 °C were attributed to the cordierite phase. Peaks character-
istic of mullite and sapphirine phases disappeared from the spectra
indicating that cordierite formation was complete [50].

3.3. Kinetic parameters

Plots of Y versus (1/T,), obtained using Kissinger, Boswell, and
Ozawa methods, for a- cordierite formation at various heating rates are
shown in Fig. 9. The values of the activation energy of cordierite for-
mation calculated from the slope of the function Y = f (1/T,) and the
values of coefficient of determination R? are listed in Table 2. The ac-
tivation energy values for the formation of the cordierite phase, cal-
culated from non-isothermal DTA results using Kissinger, Boswell and
Ozawa methods, were 577, 589 and 573 kJ/mol, respectively. These
values are comparable with those of 532-574 kJ/mol reported by Do-
nald [30], for the glass to p-cordierite transformation. The average
activation energy value of 580 kJ /mol obtained in this work, is com-
parable with that of about 600 kJ/mol obtained for the glass to p-cor-
dierite transformation, and is lower than that of 800 and 850 kJ/mol
reported for the p-cordierite to a-cordierite transformation [25]. Also, it
is lower than the average activation energy of 653 kJ/mol obtained for
the formation of cordierite from a stoichiometric starting glass as re-
ported by Kim and Lee [31]. However, it is larger than the activation
energy values between 170 and 500 kJ /mol reported by other re-
searchers [25-36]. The discrepancy in the reported activation energy
values might be attributed to the different methods of sample pre-
paration, data collection, or data analysis [26]. It is worth mentioning
here that the kinetics of cordierite formation was investigated under
isothermal [25-27,30] and non-isothermal [25,28-36] conditions, and
different techniques including DTA [28-32,35,36], DSC [30,34], x-ray
diffraction [27,33], and time resolved powder diffraction [25,26], were
used to determine the activation energy values. Additionally, in some
studies, additives such as P,Os and B,O3 [27], P,Os [28], CeO, [31],
and NiO [32], BaO [36], and zinc [26] were added to the raw materials
which influenced the formation of cordierite.

The values of the Avrami parameter n, which depicts the crystal-
lization mode, for heating rates from 10 to 50 °C/min, were determined
using Eq. (4) and presented in Table 3. The average value of the Avrami
parameter is 2.12. This value is close to 2, which indicates that cor-
dierite crystallization is controlled by the interface reaction. Plots of In
((p“/Tp2) versus 1/T, obtained using Matusita method (Eq. (5)) are
shown in Fig. 10. The dimensionality of crystal growth, m, calculated
from the slope of the function, is found to be equal to 2.05 for cordierite
formation. Both the growth morphology parameters n and m are close
to 2. These results show that the bulk nucleation with constant number
of nuclei is the dominant mechanism in cordierite crystallization fol-
lowed by two-dimensional growth with plates morphology controlled
by the interface reaction [45,47].

3.4. Densification and microstructure

The change in the bulk density of samples is shown in Fig. 11. The
density increased from 2.11 to 2.51 g/cm® with the increase in sintering
temperature from 900 to 1200 °C, then decreased to 2.50, 2.46, and
2.42 g/cm® with further increase in sintering temperature to 1250,
1300, and 1350 °C, respectively. The increase in the bulk density is due
to the decrease in the amount of pores during sintering. Furthermore, it
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Fig. 7. Dilatometry curves of kaolinite-magnesia mixture. (a:
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Fig. 8. Raman spectra of DTM powder sintered at different temperatures (MS: aluminum
silicate, M: mullite, Sa: sapphirine and Cr: cordierite).

was reported that “densification is usually enhanced in homogeneous
powder compacts in which particles are packed to high relative density
and large pores and powder agglomerates are absent” [49,51]. It is

1060

Temperature °C

3654

1080 1100
c

believed that the small particle size and the rounded shape of the
particles of the milled powder had enhanced sintering and improved
densification as a result of the small diffusion path and the large surface
area associated with the fine particles. The bulk density value of 2.50 g/
cm?® obtained at 1250 °C is very close to 2.53 g/cm?, the bulk density
value of cordierite [1]. This suggests that the formation of highly dense
cordierite (relative density of almost 99%) was complete at 1250 °C.
The decrease in bulk density with further increase in temperature to
1250 and 1350 °C might be due to the presence of a glassy phase [52].
The dilatometry results recorded between 1340 and 1358 °C showed
the possibility of the presence of a glassy phase. It is worth mentioning
here that cordierite melts at 1470 °C, and sintering temperatures as
high as 1300 and 1350 °C might lead to the formation of a liquid phase
which decreases the bulk density. The density value of 2.50 g/cm®
obtained for the sample sintered at 1250 °C for 2 h is comparable with
the values of 2.58 and 2.52 g/cm® reported for cordierite samples
synthesized from natural zeolite, MgO, and Al,O3; mixture mechanically
activated for 0.5 and 2 h, respectively, and sintered at 1250 °C for 1 h
[52]. The density values of 2.46 and 2.42 g/cm® obtained for samples
sintered at 1300 and 1350 °C for 2 h, respectively, are in good agree-
ment with the value of 2.4 g/cm? reported for cordierite synthesized by
solid-state reaction sintering of Moroccan stevensite and andalusite at
1300 °C for 2 h [53]. The density value of 2.46 g/cm3 achieved for the
sample sintered at 1300 °C for 2 h is slightly higher than that of 2.33 g/
em® reported for the sample produced from mechanically activated
kaolin/talc/boehmite powders and sintered at 1300 °C for 2 h [54]. The
density value of 2.42 g/cm® achieved for the sample sintered at 1350 °C
for 2 h is slightly lower than that of 2.58 g/cm? reported for cordierite
ceramics obtained for samples produced from mechanically activated
kaolin/talc/alumina powders and sintered at 1350 °C for 1 h [55].
Typical SEM images of surfaces of a fractured and polished sample
sintered at 1300 °C for 2 h are shown in Fig. 12. The sintered sample has
a homogeneous microstructure and uniform distribution of small pores
(smaller than 10 pm) and cordierite grains with small average grain size
of about 3 um. The morphology of cordierite crystals is known to
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Fig. 11. Bulk density of samples sintered at different temperatures.
154 O The results of this study revealed the possibility to synthesize
o highly-dense and low-cost cordierite through milling and reaction sin-
tering Algerian kaolinite and magnesia. Cordierite ceramic materials
164 o are of great industrial importance because of their low cost [1] and
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Fig. 10. Plot of In(¢"/T,?) versus 1/T,, according to Matusita equation.

depend on the composition of precursors [1]. The micrographs pre-
sented in Fig. 12 support the results obtained from TDA, XRD, Raman
spectra and dilatometry experiments, which confirmed the presence of
cordierite phase in the DTM mixture sintered at 1300 °C. Similar results
were reported by Bejjaoui and co-workers [53] who confirmed the
formation of monolithic cordierite, from Moroccan stevensite and an-
dalusite, in samples sintered at 1350 °C for 2 h. Additionally, it supports
the findings of Almeida [1] who obtained cordierite from compositions
containing kaolin waste, talc, and magnesium oxide and concluded that
cordierite nucleation started at 1250 °C and intensified at 1350 °C.
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magnesia. Complementary techniques were used to characterize phase
transformations, sintering behavior, and crystallization kinetics.
Activation energies, for cordierite formation, and growth morphology
parameters were evaluated using Kissinger, Boswell, and Ozawa
methods. Milling the kaolinite and magnesia mixture for 10 h yielded a
homogenous powder, decreased the average particle size, and improved
the roundness of particles. Different crystalline phases were present in
the samples sintered in the temperature range 900-1150 °C, the cor-
dierite phase started to crystallize at 1200 °C, and the formation of
highly dense cordierite (99%) was complete at 1250 °C. The activation
energy values for cordierite formation calculated using Kissinger,
Boswell, and Ozawa methods were found to be equal to 577, 589, and
573 kJ/mol, respectively. The kinetic parameters n and m had values
close to 2. Bulk nucleation with a constant number of nuclei was the
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Fig. 12. SEM images of surfaces of (a) fractured and (b) polished samples sintered at
1300 °C for 2 h.

dominant mechanism in cordierite crystallization, followed by two-di-
mensional growth controlled by interface reaction.
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Abstract: The decomposition kinetics of Algerian Tamazarte kaolinite (TK) was investigated using thermogravimetric analysis (TG).
Differential thermal analysis (DTA) and TG experiments were carried out between room temperature and 1400 °C, at different
heating rates from 10 to 40 °C/min. The activation energies, measured by DTG from isothermal treatments using
Johnson—Mehl—Avrami (JMA) and Ligero methods and by non-isothermal treatments using Ozawa, Boswell and Kissinger methods,
were around 151 and 144 kJ/mol, respectively. The Avrami parameter of growth morphology (indicating the crystallization mode)
was found to be around 1.57 using non-isothermal treatments; however, when using isothermal treatments it is found to be equal to
1.35. The numerical factor, which depends on the dimensionality of crystal growth, is found to be 1.53 using Matusita equation. The
frequency factor calculated by the isothermal treatment is equal to 1.55x10” s™'. The results show that the bulk nucleation is followed
by three-dimensional growth of metakaolinite with polyhedron-like morphology controlled by diffusion from a constant number of

nuclei.

Key words: kaolinite; decomposition kinetics; Avrami parameter; activation energy; growth morphology

1 Introduction

Kaolin is widely used in a diverse applications in
the industry of ceramics: conventional, structural and
refractory ceramics, dielectrics and infrared transmitting
materials [1,2]. Further than ceramics applications,
kaolin also is utilized as an industrial filler agent for
paper, rubber, plastics, cosmetics and paints [1,2]. Also,
kaolin can be utilized for management of waste and
preparation of geopolymers, geopolymer based
composites and zeolites [1,3]. All these applications
contain the thermal transformation of kaolinite and
main mineral phase of kaolin. So, the course of
metakaolinite development from kaolinite has been
proved by some techniques and methods such as
thermogravimetric analysis (TG), differential thermal
analysis (DTA), differential scanning calorimetry (DSC)
and dilatometry [2,3,4,5,6—14].

By using different factors such as the degree of
structural ordering, adsorbed and substituted ions, shape
and particle size, the thermal decomposition of kaolinite

Corresponding author: M. FATMI; E-mail: fatmimessaoud@yahoo.fr
DOI: 10.1016/S1003-6326(17)60208-5

were determined. Also, the influence of instrumental
conditions on the rate of decomposition is discussed in
many works. In the range of temperature between 450
and 700 °C, the water release of kaolinite and the
formation of the metakaolinite Al,Si,0;are well known.
During the thermogravimetric investigation, the
difference between the thermogravimetric mass loss
(between 11.2% and 14.5% [4,5]) and the theoretical
value of 13.95% is commonly reported.

In published works [6—16] the kinetics and
mechanism of thermal decomposition of kaolinite and
general clay mineral give large interesting. A full
spectrum of methods, including molecular spectroscopy
[6,7], electron microscopy [9] and thermal analysis
techniques [8,10—12] were investigated in a massive
process.

The aim of the present work is to study two
corresponding processes during thermal decomposition
of kaolin, such as dehydroxylation of kaolinite and the
mechanism of dehydroxylation. The important kinetic
parameters (overall activation energy and frequency
factor) will be determined on the basis of TG experiments.
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2 Experimental

Raw kaolin of Tamazarte (from Jijel, Algeria) was
used in this investigation. Its chemical composition was
determined by X-ray fluorescence (XRF) as shown in
Table 1. The raw kaolin was milled by planetary ball
with alumina grinding media for 4 h, after that it was
milled by attrition for 2 h using ZrO, balls (diameter of
1.25 mm) at a speed of 700 rev/min. The slurry was dried
at 150 °C, crushed manually then sieved through a
63 um mesh.

Table 1 Chemical composition of raw kaolin (mass fraction, %)

AlLO; SiO, Na,O P,05 SO,

33.00 61.73 0.14 0.03 0.03
K,O MgO CaO Fe,04
2.96 0.44 0.44 0.80

Thermal analysis (DTA/TG) at the same time was
carried out on a Setaram LABSYS Evo TG-DSC
1600 °C equipment, operated under Argon atmosphere.
The samples were heated from room temperature up to
1400 °C at heating rates of 10 to 40 °C/min. The phases
and their transformations were characterized by
diffractometer system (XPERT-Pro) with a scan step of
0.0167° (Cu K, radiation and a Ni filter) operated at
40 kV and 40 mA. The morphology of powders was
characterized by a JEOL scanning electron microscope
(SEM) model JMS 5600. The mechanism and kinetics of
kaolinite transformation have been investigated by two
different isothermal and non-isothermal methods.
According to the information obtained about the thermal
activities of kaolin, each technique gave excellent results.

Many methods have been introduced to calculate
the activation energy (E,) in the case of the
non-isothermal method. In this study, just three of
methods Ozawa [15,16], Boswell [17] and Kissinger
were used [18—20]. The principle basics were listed by
three formulas below:

mv=40ﬂ8£i+q (1)
R,
E
nt=-ZA4C, @)
I,  RI
E
In2=-"A 3)
> ORI,

where C;(i=1, 2 and 3) is a constant, v is the heating rate
in the DTG analysis, E, is the activation energy, T,is the
absolute peak temperature in DTG curves, and R is the
gas mole constant. The activation energy can be
calculated by the slope obtained. The value of Avrami

exponent, n, was determined from the shape of DTG
curves at any heating rates as [21,22]

2ﬂ§R
n:
AT E,

“4)

where AT, is the width of crystallization peak at half
maximum.

MATUSITA and SAKKA [23] have proposed a
method to change Kissinger method as follows:

v mE,

(&)

where m is a numerical factor which depends on the
dimensionality of crystal growth and » is the Avrami
parameter which indicates the crystallization mode.

Now in the second method (isothermal treatment of
the TG/DTG obtained curves) the theoretical basis for
interpreting TG results is determined by the
Johnson—Mehl—Avrami (JMA) theory. Under an
isothermal condition, the evolution of the crystallization
fraction with the time (¢) during a phase transformation
can be described as

x=1-exp[(~k1)"] (6)
where x is the volume fraction crystallized versus time (7),

it was determined from the DTG results presented in the
formula below:

_ A
4,

where A, is the total area of the peak in the DTG curve
between the temperature 7; (the initial of crystallization)
and T; (the completion of crystallization); At is the area
under the peak between T; and T k is the reaction rate
constant. Its temperature dependence is expressed by the
Arrhenius type equation:

X

(7

k =k, exp(—%} (8)

where k; is the frequency factor. Equations (6) and (8)
lead to

In (%j =In(Kon) + nT_l In[—In(1-x)]+ In(1—x) — %

=1n[kof(X)]—% 9)

LIGERO et al [24] suggested a mathematical
method through non-isothermal techniques. The
activation energy can be deduced from the slope of
Eq. (9) if the authors select the same value of x in every
experiment at different heating rates and plot for a given
x. The function In(dx/d¢) versus 1/T shows that the plot of
In(dx/df) versus 1/T at the same value of crystallized
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fraction x at different heating rates. Hence, the Avrami
parameter n was determined by the selection of many
pairs of x; and x, that contain the condition
In[ko £ (x1)]=In[ko f (x,)] for each heating rate, and using
Eq. (9), the following equation is derived [24].

In[In(1—-x,)/In(1—x;)]

n= (10)
In{(1-x;)In(1-x,)/[(1—x) In(1-x;)]}
In addition, the frequency factor %, can be
calculated by the following equation:
In[ky f(x)]=Inky +Inn+
n—1
—[In(~In(1-x))]+ In(1—x) (11)

3 Results and discussion

Figure 1 shows the DTA/TG and DTG curves of
kaolin powder heated from room temperature to 1400 °C
at a heating rate of 30 °C/min. Two-step mass losses are
observed on the TG curve. The first mass loss (Am=1.5%)
is due to the evaporation of adsorbed water and the
formation of kaolinite. This transformation corresponds
to the endothermic peak at 133 °C as seen in the DTA
curve otherwise at 114 °C (first peak) in the DTG curve.
The second step of mass loss (Am=10%) is due to the
dehydroxylation of kaolinite and the formation of
metakaolinite, which corresponds to the endothermic
peak at 582 °C seen in the DTA curve and corresponds to
the second peak on the DTG curve at 580 °C. Two other
exothermic peaks were observed on the DTA curve. The
first one at 995 °C corresponds to the formation of
primary mullite and amorphous silica SiO, and the
second at 1198 °C corresponds to the amorphous
transformation of SiO, to a crystalline phase
(cristobalite). It is close to the value at 1200 °C reported
by AZA et al [1] and PTACEK et al [25].

Figure 2 shows the XRD spectra of raw kaolin

(Tamazarte) treated at different temperatures for 60 min.
From ambient temperature to 200 °C, only reflections of
aluminum silicate hydroxide (Al,Si,05(OH), kaolinite)
and silicon oxide (SiO,, Quartz) were present. At 700 °C,
complete transformation of kaolinite to metakaolinite
was observed. A primary mullite phase starts to form
from the spinel phase which was formed at 1000 °C.
After this temperature, the transformation of the spinel
phase to the primary mullite was completed and
cristobalite started to form through the transformation of
silica and quartz at 1200 °C. All the transformations of
kaolin in DTA/DTG results are confirmed by the XRD
phase analysis as shown in Fig. 2.

Figure 3 shows the scanning electron micrographs
of kaolin powder before milling and after milling (in
planetary ball for 4 h and then milled by attrition for 2 h).
It can be clearly seen that the powder of kaolin has a
large particle size distribution and an irregular shape.
However, milling decreased the particle size, and yielded
a homogeneous powder mixture with particles having
almost spherical shape. These parameters (small particle
size and spherical shape) play an important effect in the
sintering and compaction of the powder through
reduction of time and temperature sintering.

Figure 4 shows the variation of the crystallized
fraction of metakaolinite (dehydroxylated of kaolinite)
which was calculated using Eq. (7) from TG experiments
and the differential thermogravimetry (DTG). It can be
seen that the temperature of the maximum rate of
dehydroxylation curves peak position (7}, is shifted to a
higher temperature from 537 to 588 °C when the heating
rate increased from 10 to 40 °C/min. The increase of
heating rate shifts the rate of the variation of the
crystallized fraction from 0.146 to 0.623 min ' and the
time of the crystallized fraction decreases from 12.5 to
3 min.

Figure 5 presents the derivation of relative mass
loss change analysis curves for Tamazarte kaolinite at

1400 widaiaadee . ’

995 °C o3 1-0.005
1200, & .0 1% 1o, {-0.010 _
£ 1000 | {-4 B 1700 &
53] SO =
g £ 100 2 o002 3
g 800t 2 3 g
] {62 Ho 5 {-0.025 %
g % =) &
S 600+ —— Temperature s J{-01 % 170030 E
= Ay =
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400 L d —— Heat flow 1-02 = ’ g
80 -~ Derivated mass loss ) 1-0.040 5
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Fig. 1 DTA/TG and DTG curves of Tamazarte kaolin powder heated at 30 °C/min
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Fig. 3 SEM images of raw kaolin powder (a) and kaolin
powder (b) after milling (in planetary ball for 4 h and by
attrition for 2 h)

different heating rates between 400 and 700 °C and the
plots according to Kissinger (Eq. (3)), Ozawa (Eq. (1))
and Boswell (Eq. (2)) methods. The activation energies
of dehydroxylated kaolinite calculated from the slope of
the function Y=f(1/T}) are listed in Table 2. The average
of activation energy is 144 kJ/mol. The above values of
activation energy fall in the range 115-250 kJ/mol
[1,3,13,26—29] (115, 227, 119, 178, 188, 197 and
248 kJ/mol, respectively). The difference between the
reported values of activation energy of dehydroxylated
kaolinite was attributed to many factors such as kaolinite
structure [6], heating rate [30] and impurities [27]. Table
3 presents the values of the Avrami parameters which
indicate the crystallization mode, », for different heating
rates using Eq. (4). The average Avrami parameter is
1.55, which suggests that the crystallization process of
meta kaolinite should be controlled by a diffusion
growth [31].

Figure 6 shows the plots of In(v'/7,?) versus 1/,
according to Matusita equation (Eq. (5)). The
dimensionality of crystal growth, m, calculated from
the slope of the function In(+v'/T, p2)=f(1/ T,), is found to be
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Fig. 4 Crystallized fractions and rate of crystallized fraction of
metakaolinite formation at different heating rates
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Fig. 5 Corresponding plots of dehydroxylation of kaolinite at different heating rates
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Table 2 Values of E,and R? for kaolinite dehydroxylation by
using Ozawa, Boswell and Kissinger methods from TG/DTG

experiments
Method Ex/(kJ-mol ™) R?
Ozawa 146 0.9987
Boswell 146 0.9986
Kissinger 140 0.9985

Table 3 Values of Avrami parameter n for different heating
rates from TG/DTG experiments
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which are calculated by the average of the slopes of the
lines, are listed in Table 4. The coefficient of
determination R” is greater than 0.99 for different x
values. The average activation energy of dehydroxylated
kaolinite is 151 kJ/mol, which is in good agreement with
that of 144 kJ/mol estimated by non-isothermal TG/DTG
treatment.
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3 120 =
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v/(°C-min ") AT T,/°C n
10 67.14 536.64 1.4
15 63.81 550.54 1.51
20 62.088 560.67 1.59
25 62.85 570.86 1.61
30 63.51 578.03 1.62
35 65.04 582.63 1.60
40 64.89 587.85 1.62
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134} g
-13.6 o
-13.8} i

’g& -14.0

;i; -14.2
“l44r E R=26902 e,
_lagl  R=099821 :

m=1.53
-14.8 .
-15.0L : , , . L
.16 1.17 118 1.19 120 121 122
i [

Fig. 6 Plot of ln(v"/Tap) versus 1/T, according to Matusita

equation

1.53 for the dehydroxylated of kaolinite. Both growth
morphology parameters # and m are close to 1.5. These
results also indicate that bulk nucleation is followed by
three-dimensional growth of metakaolinite with
polyhedron-like morphology controlled by diffusion
from a constant number of nuclei.

Figure 7 presents the plot of In(dx/df) and 1/T versus
crystallized fraction x at different heating rates from
TG/DTG experiment. A mathematical method through
non-isothermal techniques was proposed by LIGERO et
al [24]. If the same value of crystallized fraction x in
every experiment at different heating rates is selected,
the function In(dx/df) versus 1/T gives a linear curve
(Fig. 8). The activation energy can be calculated from the
slope of the function In(dx/df)=A(1/T) [24,32]. The values
of activation energy E for different crystallized fractions,

Crystallisation fraction x
Fig. 7 Plot of In(dx/df) and 1/T versus of crystallized fraction x
at different heating rates
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Fig. 8 Plots of In(dx/df) versus 1/T at same value of crystallized
fraction x at different heating rates

Table 4 Activation energy £, and coefficient of determination
R? for different crystallized fractions

X R? Ex/(kJ-mol ™)
0.1 0.998 147
0.2 0.994 145
0.3 0.995 146
0.4 0.997 149
0.5 0.998 152
0.6 0.996 153
0.7 0.996 154
0.8 0.997 156
0.9 0.992 158
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Figure 9 presents the plot of In[kyf(x)] versus
crystallization fraction x at different heating rates (20, 30
and 40 °C/min). The Avrami parameter, n, was
determined by the selection of many pairs of x; and x,
that satisfied the condition In[kof(x;)]=In[kof(x,)] using
Eq. (10). The average values of Avrami parameter, n, for
each heating rate are listed in Table 5. The average
Avrami parameter is 1.35. The frequency factor, kj, can
be calculated by Eq. (11); the average value of &y is
1.55x10"s".

16.85
n=1.35
16.80
v=20 °C/min
v=40 °C/min

5 16.23] ¥=30 °C/min
s
=
£ 1670

16.65+

16.60 - s L :

0 0.1 0.2 0.3 04 0.5 0.6

Crystallisation fraction x

Fig. 9 Plots of In[kyf(x)] versus crystallization fraction for
kaolin powder heated at different heating rates

Table 5 Values of Avrami parameter, f;s/tyos value and
frequency factor at different heating rates

v/(°C-min") n fo.75/t0.25 ko/107
10 1.30 1.61 1.99
15 1.34 1.66 1.50
20 1.36 1.70 1.61
25 1.35 1.70 1.58
30 1.36 1.69 1.52
35 1.34 1.70 1.55
40 1.38 1.69 1.56

Hinoy=1.35; (£0.75/0.25)moy=1.67; (ko)moy=1.55%10’

From the ratio of time for two fixed degrees of
transformation, the morphology of the crystal growth can
be obtained [31,32]. A suitable representative index is the
ratio of time for 75% and 25% transformation, in such a
way we find 1.48<¢)75/ty15<1.69 for 3D growth
(polyhedron), 1.69<f7s/ty25<2.20 for two-dimensional
growth (plates) and 2.20<¢y7s/ty25<4.82 for one-
dimensional growth (needles). The average values of
to.75/ty.05 for each heating rate are listed in Table 5. For all
the heating rates the average value is 1.67. This
suggests a three-dimensional growth of metakaolinite
crystals [32].

4 Conclusions

1) The activation energies, measured by DTG from
isothermal and non-isothermal treatments were around
151 and 144 kJ/mol, respectively.

2) The Avrami parameters of growth morphology
were found to be around 1.57 and 1.35 using
non-isothermal and isothermal treatments, respectively.

3) The numerical factor, which depends on the
dimensionality of crystal growth, is found to be 1.53
using Matusita equation.

4) The frequency factor calculated by the isothermal
treatment is 1.55x10" s™".

5) The bulk nucleation is dominant in metakaolinite
formation followed by three-dimensional growth of
metakaolinite ~ with  polyhedron-like  morphology
controlled by diffusion from a constant number of nuclei.
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In this study, the mechanism and kinetic parameters of Al-Si spinel crystal-
lization from Algerian Tamazarte kaolinite was studied by Differential ther-
mal analysis (DTA) technique, which were carried out on samples between
room temperature and 1400°C at different heating rates (10-40°C/min).
X-ray diffraction was used to identify the phases present in the samples. The
activation energies measured by both isothermal (Johnson—-Mehl-Avrami
(JMA) theory using Ligero method) and non-isothermal (Kissinger meth-
ods) treatments are 870 and 810kJ/mol, respectively. The growth morpho-
logy parameters n (Avrami parameter which indicates the crystallization
mode) were found to be almost equal to 1.08, using non-isothermal treat-
ments, and equal to 1.17 using isothermal (Ligero method) and m (the
numerical factor which depends on the dimensionality of crystal growth)
was 1.07 obtained by Matusita and al. equation. Analysis of the results
showed that bulk nucleation was dominant in Al-Si spinel crystallization
followed by two-dimensional growth of mullite crystals with plates mor-
phology controlled by diffusion from a constant number of nuclei.

Keywords: Kaolin, Differential thermal analysis, Avrami parameter, Activation
energy, Kinetic parameters, Al-Si spinel.

1 INTRODUCTION

Kaolin is usually utilized in a various number of applications such as sin-
tered ceramic compositions, the ceramic industry which contained: struc-
tural and refractory ceramic, conventional ceramics, microwave dielectrics,

*Corresponding author: sahnounefoudil@yahoo.com
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high-temperature protective coatings, infrared transmitting materials and
microelectronic packaging. Further than the ceramics, Kaolin is used an
industrial filler agent for paper rubber, cosmetics, paints, plastics, etc.
Additionally, it can be utilized for waste management and preparation
of geopolymers and geopolymer with based composites, zeolites and inter-
calates [1-3].

All these applications involve the importance of the thermal transforma-
tion of kaolin [1], the main mineral constituent of kaolin is kaolinite
(Al,S1,05(OH), or Al,05.2Si10,.2H,0 by oxide formula). In nature, kaolinite
usually varies to a great extent in their crystalline order of perfection and
particle. Hence kaolinite contains different types of impurities, e.g., quartz,
mica, illite, feldspar, TiO,, and Fe,O; as associated phases are habitually
related with clays of different localities [4], the formation of Al-Si spinel
phase 3A1,05.2510, from metakaolin Al,O;.2510, at 1050°C described by the
equation (1) as follows [5,6]:

3(2AL0;.3510,) — 2 (3A1,05.2510,) + 5Si0, (1)

Many published works [3,6,7] support the formation Al-Si spinel that is one
of intermediates of mullite rising during thermal treatment of kaolinite. In the
present integrative study, the crystallization kinetics and growth mechanism
of Al-Si spinel formation were studied using thermogravimetric analysis
(TG), differential thermal analysis (DTA), differential scanning calorimetry
(DSC) and X-ray diffractometer (XRD).

The aim of this paper is to study the crystallization kinetics of Al-Si
spinel phase from Algerian Tamazarte kaolin have been investigated by DTA
in order to estimate the activation energy of Al-Si spinel formation based on
isothermal and non-isothermal methods, the growth morphology parameters
n and m and the frequency factor for the reaction of Al-Si spinel.

2 MATERIALS AND METHODS

Starting materials used in this investigation were raw kaolin of Tamazarte
(KT) (from Jijel, Algeria) with the chemical compositions was listed in
Table 1.The KT kaolin also contains the impurities metal oxides. A high con-
tent (2.96%) of K,O comes from the residual muscovite mica. The raw kaolin
was milled by using planetary ball mill with alumina grinding media for
5h the raw kaolin then milled for 2h using ZrO, balls (diameter of 1.25 mm)
by attrition way at a speed of 700rev.min '. The slurry was dried at 150°C,
powdered after that sieved through a 63 pm mesh.

Thermal behaviors were measured by TG/DSC instruments (Setaram
LABSYS Evo TG-DSC 1600°C equipment) at a heating rate of 10, 15, 20,
25, 30, 35 and 40°C/min under flow of argon gas (40cm’min'). X-ray
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TABLE 1
Chemical composition of the raw kaolin (wt. %)

Ale3 Sio; NazO PZOS SOg KzO MgO CaO FezO3
33.00 61.73 0.14 0.03 0.03 2.96 0.44 0.44 0.80

diffraction analysis was carried out on diffractometer system (XPERT-Pro)
using Cug, radiation and a Ni filter, with a scan step of 0.0167° operated at
40KV and 40 mA.

The kinetics and mechanism of formation of the Al-Si spinel phase were
studied by two different methods isothermal and non-isothermal, each method
give an excellent results. In the case of the non-isothermal method the activa-
tion energy (E,) of crystallization is calculated using Ozawa—Flynn—Wall
(OFW) (2) [8,9], Boswell (3) [10] and (4) for Kissinger—Akahira—Sunose
(KAS) methods [2,5,11-14] as follows

E
In =—-1.0518—2+C 2
(9) rr TG )
E
2Ly, 3)
1,] &I,
E
n % =——4C, 4)
;) I,

Where C; (i = 1,2 and 3) represents a constant, ¢ is the heating rate, E, is the
activation energy, T, is the absolute peak temperature in DTA curves and R
is the ideal gas constant. The value of kinetic exponent Avrami, n, can be
calculated from the equation [5,13,15]:

2.5T;R
n=

&)
W1/2 EA
Where w,: is half-width (width at half high) of peak.
Matusita and coworkers have suggested a modified formula of the Kissinger
equation [11,13] as

E
i 6)
RT,

:C3

So n is the Avrami parameter indicates the crystallization mode and m is cor-
responding to a numerical factor depends on to the dimensionality of crystal
growth.

The theoretical basis for the DTA results is provided under an isothermal
condition using the Johnson—-Mehl-Avrami (JMA) theory, this method describes
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with the time, 7, the evolution of the crystallisation fraction, X, during a phase
transformation:

x=1—exp [(fkt)n] (7

x is the volume fraction crystallized after time (t), it was obtained from the
DTA results presented in the formula as follow:

x=—" ®)

Aris the area under the peak between the initial of crystallization T; and
the completion of crystallization Ty, A, is the total area of the peak in the
DTA curve between the temperature T, and T also k present the reaction rate
constant.

Whose temperature dependence is mostly expressed by the Arrhenian-
type equation [13]:

k =k, exp

RT

So k, reveals the frequency factor, T in Kelvin is the isothermal temperature,
E, is the apparent activation energy and R is the ideal gas constant. The
expression of formula (7) and (9) lead to:

1n[*1n(1*X)}+1n(1*x)f§—}:1n{kof(x)],%

(10)

d
In [d—):} — In[kyn]+ 2

Through non-isothermal techniques Ligero [11,13] proposed a mathemati-
cal method. The activation energy can be obtained from the slope of the
equation (10) if we select the same value of x in every experiment on the
applied heating rate, there must be a linear relationship between In(dx/dt)
and 1/T with slope gives the activation energy E,. Then, it is possible to
calculate the value of crystallized fraction x of the Al-Si spinel phase at
various heating rates. Hence, the Avrami parameter n was calculated from
the plot In[kf(x)]vs. 1/T, we can choice many pairs of x; and X, that con-
tented the condition In[kyf(x;)] = In[k,f(x,)] and using equation (10), as the
following equation [11,13]:

ln[ln(l—xz)/ln(l—xl)]
ln[(l—xz)ln(l—xz)/(l—xl)ln(l—X1>]

n=

an

3 RESULTS AND DISCUSSION

The typical DTA/TG and DTA curves of Tamazarte kaolin powder is showing
in Figure 1. The powder was heated from room temperature to 1400°C with
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FIGURE 1
DTA/TG, DTG curves of Tamazarte kaolin powder heated at 20°C/min.

heating rate of 20°C/min. In the TG curve Two-step mass losses are observed
clearly. The formation of kaolinite and the evaporation of adsorbed water is
according to the first mass loss (Am = 1.6%). This process corresponds to the
endothermic peak at 116°C as observed in the DTA curve and to first peak at
107°C as seen in the DTG curve. The second step equal to Am = 10%, this
mass loss is due to the dehydroxylation of kaolinite and the formation of
metakaolinite, that it’s relates to the endothermic peak at 564°C seen in the
DTA curve otherwise at 562°C , second peak , in the DTG curve. On the high
temperature side on the DTA curve, two other exothermic peaks observed, the
first one at 989°C, the metakaolinite is transformed to a spinel structure and
amorphous silica Si0,. The AlO4 group combine with SiO, groups in order to
form the Al-Si spinel phase that, it was in a short range order structure. The
Al-Si spinel phase appears at 930°C and continues until at least 1150°C. It is
close to the value of temperature reported by H. Cheng et al. and Y, F. Chen et
al. [3,16]. The last exothermic peaks at 1190°C due to the formation of mullite
phase and the amorphous transformation of SiO, crystallizes to a crystalline
phase (cristobalite) over 1200°C [1]. This new phase mullite increases with
the heating temperature increasing from 1100 to 1200°C [3,17,18].

The thermodynamically stable mullite phase is forming by exothermic
reaction over 1100°C and crystallization of cristobalite from amorphous
silica proceeds subsequently. All the transformations of kaolin in DTA/DTG
results are confirmed by the XRD phase analysis as shown in Figure 2.

Figure 2 reveals the XRD spectrum of raw kaolin (Tamazarte) as heated
at various temperatures for 60 min. At ambient temperature, it is found that
only reflections of kaolinite (K: aluminum silicate hydroxide Al,Si,Os(OH),)
with constituents impurities such as quartz (Q: silicon oxide SiO,) and mica
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X-ray diffraction spectra of raw kaolin treated at different temperature (K: Kaolinite, Q: Quartz,

Mi: mica muscovite, M: Mullite).
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FIGURE 3

DTA curves of Tamazarte kaolin powder heated at different heating rates.

muscovite (Mi: KAL(Si:A1)Oy0)-(OH,F),). At 1000°C mullite (M: AlsSi,O,5)

phase starts to form from the Al-Si
impurities also detected. After t

spinel phase which was formed and quartz
his temperature the intensity of mullite

increases with the heating temperature increasing until 1200°C.
Figure 3 depicts the DTA curves for Al-Si spinel phase at different heating

rates and the rate of the crystalli

zed fraction of Al-Si spinel phase under
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applied heating rate using the differential thermal analysis (DTA). It can
be observed that the temperature of the maximum of the exothermic peak,
Tp, shifts to a higher temperature as the heating rate increases from 10 to 40°C
otherwise the rate of the variation of the crystallized fraction increase from
0.004 to 0.018s7".

Figure 4 represent the variation of the crystallized fraction of Al-Si spinel
from Algerian Tamazarte kaolin studied by using differential thermal analysis
(DTA) under different heating rates and by using equation (8). It can be seen
that the time of the crystallized fraction decreases from 08 to 02 min when the
heating rate increased from 10 to 40°C/min. The crystallized fraction x was
determined from the DTA results as shown in Figure 3.

Figure 5 shows the plots of Y versus 1/T, according to Ozawa (2), Boswell
(3) and Kissinger (4) methods. The values of the activation energies of
Al-Si spinel formation of Algerian Tamazarte kaolin at different heating rates
by using DTA analyses calculated from the slope of the functionY; = f (1/T,)
were listed in Table 2. The average of activation energy is 806 kJ/mol. This
value is in the range 550-954kJ/mol of the activation energy determined
[6,14,15,17,18] (they found 954, 822, 550, 840 and 856 kJ/mol, respectively).
Additionally, it is considered that the presence of mica impurities in KT
decrease the value of activation as reported by F. Sahnoune et al. [19] from
1260kJ/mol to 806 kJ/mol.

Table 3 shows the values of the Avrami parameter which depicts the
crystallization mode, n, for different heating rates was determined by using
equation (5), the average Avrami parameter is 1.07 this value is close to 1 as
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Plots of Y versus (1/T,) of Al-Si spinel formation at various heating rates.

TABLE 2
Values of E, and R? of Al-Si spinel crystallized by using Ozawa, Boswell and Kissinger

Method Ozawa Boswell Kissinger

The activation energy E,(kJ/mol) 790 819 809

R? 0.9969 0.9968 0.9968
TABLE 3

Values of the Avrami parameter n for different heating rates from DTA experiments

Heating 10°C/min 15°C/min 20°C/min 25°C/min 30°C/min 35°C/min 40°C/min
rates

Win 35.84 37.75 35.04 34.82 35.47 34.34 34.18
T, peak 975.80 982.82 985.93 990.83 993.22 995.94 997.80
Avrami 1.04 1.02 1.08 1.09 1.08 1.12 1.07
par.

reported in the table obtained by Matusita and Komatsu [20], which suggests,
that the crystallization process of Al-Si spinel must be controlled by a diffu-
sion growth.

Figure 6 represent the plots of In(¢"/T,?) versus 1/T, according to Matusita
(eq. 6). The dimensionality of crystal growth, m, calculated from the slope of
the function, is found to be equal to 1.07 for the formation of Al-Si spinel
phase. Both the growth morphology parameters n and m are equal to 1.07
which close to 1. These results showed that bulk nucleation was dominant in
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Plot of Y = In(dx/dt) and Y = 1/T versus of crystallized fraction x at different heating rates.

Al-Si spinel crystallization followed by Two-dimensional growth of mullite
crystals with plates morphology controlled by diffusion from a constant

number of nuclei [13,20].

Figure 7 presents the plot of Y = In(dx/dt) and Y = 1/T versus of crystal-
lized fraction x at various heating rates from DTA experiment. At different
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Plot of In (dx/dt) versus 1/T at same value of crystallized fraction x at different rates.

TABLE 4
Values of E, and R? for different crystallized fractions

Crystallized fractions x 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

R? 0.998 0.999 0.999 0.998 0.998 0.996 0.995 0.992 0.970

E, (kJ/mol) 848 869 837 852 869 870 890 888 900

heating rates (from 10 to 40°C/min) if the same value of crystallized fraction
X in every experiment is selected and plot for each x given, the function In
(dx/dt) versus 1/T gives a linear curve Figure 8. The activation energy can be
calculated from the slope of the function In (dx/dt) = f (1/T). The values of
activation energy E, for a different crystallized fraction, which calculated by
the average of the slopes of the lines, are registered in Table 4. The coefficient
of determination R? is more than 0.99 for the different values of x. The aver-
age of activation energy Al-Si spinel formation is 875.6kJ/mol, which is in
agreement with the result obtained by non-isothermal DTA treatment that
is 806 kJ/mol.

Figure 9 represents the plot of In [kf(x)] versus crystallization fraction x
for kaolin powder heated under applied heating rate (10, 20 and 30°C/min)
which calculated for various heating rates with the knowledge of the activa-
tion energy. The Avrami parameter, n, was determined by the selection of
various pairs of X; and X, that satisfy the condition In [kf(x,)] = In [kef(x,)]
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TABLE 5
Values of the Avrami parameter and t,,s/ty,s value for different heating rates.

Heating rate (°C/min) Avrami parameter, n to.75/to 25 value
10 1.17 1.74
15 1.16 1.737
20 1.20 1.729
25 1.18 1.685
30 1.15 1.81
35 1.17 1.766
40 1.16 1.75

and using (eq. 11). The average values of Avrami parameter, n, for every heat-
ing rate were registered in Table 5. The average Avrami parameter is equiva-
lentton=1.17.

The morphology of the crystal growth can be found, from the ratio of
times for two fixed degrees of transformation [13,20]. A suitable representa-
tive index is the percentage of times for 75 and 25% transformation in such a
way we find 2.20 < t7s/tg2s < 4.82 for one-dimensional growth (needles),
1.69 < ty75/tons < 2.20 for two-dimensional growth (plates) and 1.48 < ty7s/
toos < 1.69 for 3D growth (polyhedron). The middling values of ty7s/to,s for
each heating rate are listed in Table 5. For all the heating rates the average
value is equal to 1.75. This suggests a two-dimensional growth of Al-Si
spinel crystallization [13,16].
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4 CONCLUSIONS

The kinetics and mechanism of formation of the Al-Si spinel phase were
studied using DTA technique. From the results the authors determined the
following:

e The activation energies was calculated from the exothermic DTA peak
from isothermal and non-isothermal treatments were around 875.6 and
806 kJ/mol, respectively.

¢ The Avrami parameters of growth morphology, n, were around 1 using non-
isothermal and isothermal treatments.

* The numerical factor m, of crystal growth, is equal to be 1.07 and close to
1 using Matusita equation.

The bulk nucleation was followed by Two-dimensional growth of mullite
crystals with plates morphology controlled by diffusion from a constant num-
ber of nuclei.
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In the present study, the kinetics of meta-kaolinite (Alp03-2Si02) formation from Algerian Tamazarte kaolin
was investigated by using differential thermal analysis. The differential thermal analysis and the thermogravimetric
experiments were carried out on samples between room temperature and 1400°C, at heating rates from 10 to
40°Cmin~'. X-ray diffraction was used to identify the phases present in the samples. The activation energies
measured by differential thermal analysis from isothermal and non-isothermal treatments using Johnson-Mehl-
Avrami methods with Ligero approximation and using Kissinger-Akahira-Sunose methods were around 145 and
159 kJ/mol, respectively. The Avrami parameter n which indicates the growth morphology parameters were
found to be almost equal to 1.60, using non-isothermal treatments, and equal to 1.47 using isothermal treatments.
The numerical factor which depends on the dimensionality of crystal growth was 1.60 obtained using Matusita
et al. equation. The frequency factor calculated using the isothermal treatment is equal to 1.173 x 107 s~ 1.
Analysis of the results have shown that bulk nucleation was dominant during kaolinite transformation, followed
by three-dimensional growth of meta-kaolinite with polyhedron-like morphology, controlled by diffusion from a

constant number of nuclei.
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1. Introduction

Kaolin is usually used in a various number of applica-
tions, for example in the ceramic industry: conventional
ceramics, structural and refractory ceramics, microelec-
tronic packaging, high-temperature protective coatings,
microwave dielectrics and infrared-transmitting materi-
als. Further, other than ceramics applications, kaolin is
also utilized as an industrial filler agent for paper, rubber,
plastics, cosmetics, paints, etc. [1, 2]. In addition, kao-
lin can be utilized for management of waste, preparation
of geopolymers, membranes, geopolymer-based composi-
tes [3-5], intercalates and zeolites. Metakaolin is produ-
ced by calcination of kaolin rock. It has found utilizations
in food processing industry, ceramics and shale oil pro-
cessing [2|. All these applications are based the thermal
transformation of kaolinite and main mineral phase of
kaolin rock.

Thus, the course of mullite development from kaolin
has been proven by a number of methods and techniques,
such as thermogravimetric analysis (TGA), differential
thermal analysis (DTA), differential scanning calorime-
try (DSC) and dilatometry. In published literature [6-10]
the mechanism and kinetics of thermal decomposition
of kaolinite and of general clay mineral are considered
with a wide interest. A broad-spectrum of methods, in-
cluding molecular spectroscopy, electron microscopy and

*corresponding author; e-mail: sahnounefoudil@yahoo.com

thermal analysis techniques have been used to investi-
gate this process [7—10]. The aim of the present paper
is to study two corresponding processes during thermal
decomposition of kaolin, such as dehydroxylation of kao-
linite and the mechanism of dehydroxylation. Finally the
important kinetic parameters (overall activation energy
and pre-exponential factor) will be determined on the
basis of DTA experiments.

2. Materials and experimental procedure

Raw kaolin (from Tamazarte, Jijel, Algeria) was used
in this investigation. Its chemical composition, determi-
ned by X-ray fluorescence (XRF) is shown in Table I. The
raw kaolin was milled in planetary ball mill with alumina
grinding media for 4 h and after that, milled by attrition
for 2 h using ZrO; balls (diameter of 1.25 mm) at a speed
of 700 revmin~!. The slurry was dried at 120 °C for 24 h,
powdered then sieved through a 63 pm mesh.

The thermal analysis (DTA-TG) was carried out on
a Setaram LABevo TG-DSC 1600°C equipment, opera-
ting under argon atmosphere. The samples were heated
from room temperature up to 1400°C at heating rates
of 10 to 40°Cmin~!. The DTA scans were conducted
in flowing air, using alumina crucibles. The phases and
their transformations were characterised using diffracto-
meter system XPERT-PRO, with scan step of 0.0167°
(Cu K, radiation and a Ni filter), operated at 40 kV
and 40 mA.The kinetics and the mechanism of kaolinite
transformation have been studied by two dissimilar met-
hods, such as non-isothermal or isothermal. According
to the information obtained about the thermal activities
of Kaolin, each technique gives excellent results.

(382)
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In this study, the mechanism and the kinetic parameters of the thermal decomposition of gibbsite A1(OH)s were
studied by differential thermogravimetry technique under non-isothermal conditions, between room temperature
and 1200 K at heating rates of 5, 10, 15 and 20°C min~'. The obtained differential thermogravimetry curves show
clearly three distinct peaks. The first peak is due to the partial dehydroxylation of gibbsite. Among the 32 types
of differential equations of non-isothermal kinetics, we have found that the most suitable mechanism is (Aj/s:

g(x) = [-1In(1 — 2)]*?3) also called Avrami-Erofeev equation of order 2/3. The values of the activation energy
E4 and of the pre-exponential factor K are 157 kJmol™! and 7.58 x 10'® s7!, respectively. The second peak
corresponds to the decomposition of gibbsite to boehmite. Decomposition is controlled by the rate of second-order
reaction (F2: g(z) = (1 —x)~* — 1), under the applied conditions. The activation energy E4 and pre-exponential
factor K correspond to 243 kJmol~! and 3.73 x 10?2 s7!, respectively. The third peak is due to transformation of
boehmite to alumina. However the mechanism for such transformation is better described by the 3/2 rate order
reaction (F3/2: g(z) = (1 —2)~"/? —1). In addition, the values of E4 and K were determined to be around
296 kJmol ™! and 1.82 x 10" s7!, respectively. The results of differential thermogravimetry were supplemented by
the differential thermal analysis. X-ray powder diffraction analysis was carried out for samples of gibbsite treated

at different temperatures between 200 and 1200 °C in 200 °C steps.
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1. Introduction

The thermal decomposition of gibbsite, also named
aluminium trihydrate, Al,O3-3H5O has many industrial
uses, such as, for example, the preparation of technical
ceramic materials (functional and structural applicati-
ons) [1]. It is well known that gibbsite undergoes a series
of reactions and finally forms alumina v-Al,O3. It had
been established that gibbsite transforms to partial alu-
mina, almost amorphous phase, than to boehmite and
finally to x-AloOg3 [2]. The main causes for differences in
this series of reactions are the variations in size of par-
ticles, the surface area and the synthetic of gibbsite [3].
The techniques of thermal analysis are remaining to be
the essential tools among the huge variety of methods
which are used for analysis the kinetics of gibbsite de-
hydroxylation. The thermogravimetry (TG) and X-ray
diffraction are other tools, used to evaluate the phase
transitions of gibbsite [4].

Under non-isothermal conditions and by applying the
32 types of non-isothermal kinetic differential equations,
for each stage the overall activation energy F4 and pre-
exponential factor K were evaluated from a series of ther-
mogravimetric experiments from room temperature to
1200 K at various heating rates.

*corresponding author; e-mail: djaidaredaoui@gmail.com

The aim of this paper is to study the mechanism and
the kinetic parameters (activation energy E4 and pre-
exponential factor K) of the thermal decomposition of
gibbsite.

2. Materials and methods

The material used in this work is gibbsite, called also
aluminum hydroxide Al(OH)s. It is a commercial powder
which has a lot of uses in ceramic applications, such as
catalysts, catalyst supports, absorbents and as refractory
castables in refractories industries. Its typical composi-
tion is 65% Al O3, 0.15% Na, 0.005% Fe and 0.002% SOy.
TG analysis of gibbsite powder was conducted at varia-
ble constant heating rates of 5, 10, 15 and 20°Cmin~!,
from room temperature to 1200 K, using Setaram LA-
Bevo TG-DSC 1600 °C equipment, operating under argon
atmosphere. The phases formed of aluminum hydroxide
samples at different temperatures were identified by using
diffractometer system XPERT-PRO with scanning step
size of 0.0167.

Initially, the kinetics and mechanism of phase trans-
formation of gibbsite have been studied using isother-
mal and non-isothermal methods. Each technique has
given important information about the thermal activities
of gibbsite.

In order to obtain the value of the activation energy
FE 4 many methods have been proposed. in this study we
will use just three of them, which are Ozawa-Flynn-Wall
(OFW), Boswell and Kissinger-Akahira-Sunose (KAS)
methods described by the following three formulas:

(562)
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Abstract

In this present study, the thermal decomposition of gibbsite Al(OH)s was studied by the
Differential Thermal Analysis (DTA) technique under non-isothermal conditions, the gibbsite powder
were carried out between room temperature to 900 °C using heating rates of 5, 10, 15 and 20
°C/min.The obtained DTA curves show two different peaks: the first peak is due to partial
dehydroxylation of gibbsite and formation of boehmite, the value of the activation energy (Ea)
corresponds to 143 KJ/mol. The second peak corresponds to transformation of gibbsite to x-Al2O3
phase, the activation energy (Ea) was found around to 185 KJ/mol. The values of apparent activation
were determined by Ozawa—Flynn—Wall (OFW), Boswell and Kissinger—Akahira—Sunose (KAS)
methods and by applying the basic solid-state kinetic equations. The phases formed and the structural
changes were investigated by differential thermogravimetry (DTG) and X-ray diffraction (XRD) for
gibbsite powder treated at different temperatures from room temperature to 1100 °C.

Keywords: Activation energy, Decomposition kinetics, Differential Thermal Analysis (DTA), Gibbsite.

1- INTRODUCTION tion of gibbsite under usually pressures, gives

The thermal decomposition of gibbsite to
boehmite has been studied by a many authors
using a large variety of methods, such as
thermal analysis, X-ray diffraction, dilatometry
and other methods. Gibbsite or as it called
aluminiumtrihydrate (Al203.3H20) is the usual
precipitation produced from alumina refineries
with each sintering process or Bayer [1]. It's
have been widely used in many industry
applications due to their fine particle size, high
surface area and catalytically active surfaces as
absorbents, catalysts, catalyst supports,
coatings and soft abrasives [2].

According to its stability and other beneficial
characteristics is also used to manufacture
ceramic materials for refractory,
microelectronics and structural applications [3].

In the present work we tried to describe the
mechanism and thekinetic parameters of the
thermal decomposition of gibbsite such as the
activation energy (Ea) and pre-exponential
factor (Ko), under non-isothermal conditions and
by using two methods different, the first one
byutilizeOzawa—Flynn—Wall (OFW), Boswell
and Kissinger—Akahira—Sunose (KAS)
methods, the second method by applying the
basic solid state kinetic equations [4-12].

It is well-known that the thermal decompose-

two primary products boehmite and y-Al2Os
phase. In vacuum leads to Al2Os the thermal
decomposition being almost amorphous [13].

At a temperature range from 500 to 750 K, it
is habitually concluded that the process can be
divided into two peaks or two stages: the first
one is due to the partial dehydroxylation of
gibbsite and formation of boehmite called as
reaction (A), the second peak correspond to the
transformation of gibbsite to phase y-Al2Os
named as reaction (B).

The 32 solid-state mechanisms are applied
for analyzing the DTA data obtained in each
stage e.g. the appendix of this paper. The aim
of this work is to find the most suitable
mechanism and to determine the kinetics
parameters of each peak.

2- MATERIALS AND METHODS

The gibbsite used under this investigation
was commercially powder called as Aluminum
hydroxide AI(OH)s. Its typical analysis is 65%
Al203, 0.15% Na, 0.005% Fe and 0.002% SOea.
The Differential thermal analysis (DTA) and
Thermogravimetric analysis (TG) experiments
were carried out on gibbsite powder at a
temperature range between room temperature
and 900 °C at different heating rates 5, 10, 15
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In this work, mullite-zirconia composite were fabricated by reaction sintering of Algerian halloysite
Al5Si,05(0H)4, boehmite AI(OOH), and zirconia (ZrOz) powder using conventional heating. The appropriate
amount of the three raw powders was ball milled for 5 h and sintered between 1250 and 1650 °C for 2 h. A scanning
electron microscope was used to characterize the microstructure of sintered samples. A dilatometer and X-ray
diffractometer were used to analyze the formation and transformation of phases. It is found that for the addition
of zirconia up to 20wt.% the zirconia phase retains its tetragonal structure. The formation of primary mullite in
all samples was complete at 1220°C. The cristobalite started to form at 1350 °C, and disappeared at 1500 °C in
the samples of mullite, and at 1450 °C when ZrOy was added. The zircon compound ZrSiO4 started to form at
1350 °C and completely disappeared at 1550 °C. The increase in ZrOs ratio promoted the formation of grains with

a spherical shape.
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1. Introduction

Mullite is one of the basal ceramic materials traditio-
nally used for refractories and is attractive because of its
high melting point, thermal expansion coefficient and low
thermal conductivity [1, 2|, and excellent electrical insu-
lating capability [3]. However, mullite ceramics exhibit
both low strength and fracture toughness at room tempe-
rature. It is, therefore, necessary to use reinforced mullite
ceramics with particles or fibers to produce composites
with superior properties [1]. Many methods have been
used to prepare mullite such as sintering, sol-gel [4], and
coprecipitation. However, the high cost associated with
these methods made it unattractive for commercial app
lications. Synthesis of mullite from clay [5] remains an
economical way to prepare mullite with desired proper-
ties [6]. It is also well known that the reactivity of hal-
loysite clay changes as it undergoes these thermal transi-
tions. The rate of mullite formation depends on the tem-
perature of the reaction. Mullite-ZrOy composites have
been prepared through many processes [7] including sin-
tering of mixed mullite and ZrO5 powders, reaction sin-
tering of zircon and alumina is a well-established met-
hod for producing mullite-zirconia ceramics. The zir-
con dissociates at high temperature and the ZrOs and
3A120328102 form.

The addition of ZrOs promotes densification and re-
tards grain growth of mullite phase in mullite-zirconia
composites [8]. In this work, we synthesized mullite-
zirconia composite through reaction sintering of Alge-
rian halloysite, boehmite, and ZrOs and investigated the
phase transformation of the composite.

*corresponding author; e-mail: raghdiamina@yahoo.fr

2. Material and experimental procedure

Algerian raw halloysite (from Djabal Debagh),
boehmite, and zirconia were used in this investiga-
tion. The powder mixtures were prepared to obtain
80/20mullite/ZrOs composites, and this is named
HB20Z. In order to prepare a homogeneous mixture of
halloysite, boehmite and zirconia, the ball milling techni-
que was used [9]. This technique was used to deve-
lop many advanced materials including compounds as
oxide-dispersion-strengthened compounds of composites
and nanocomposites. The mixture of the raw powders
was charged into cylindrical zirconia vials together with
15 zirconia balls. The water was added to the mixture
at a ratio of 2:1. The experiments were performed in
a high-energy planetary ball mill (Fritsch P6) and were
carried out at room temperature with a rotation speed of
250 rpm. Finally, the milled mixture was dried at 150 °C
for 24 h, then compacted at 75 MPa by using the uniaxial
press. The present phases and their transformations were
characterized by a high resolution diffractometer MRD,
PANalytical (ISM), of a wavelength equal to 1.5418 A.
The scanning electron microscope (SEM) was used to
characterize the microstructure of sintered samples. Dila-
tometry experiments performed on samples were heated
from room temperature up to 1600°C, at heating rates
of 5°C/min by using NETZSCH (Dil 402C) equipment.

3. Results and discussion

Figure 1 shows linear shrinkage of halloysite—
boehmite-zirconia (sample HB20Z) mixture heated at a
rate of 0.5°C/min. This shrinkage curve shows reacti-
ons that could take place during heating and are discus-
sed below. Relative expansion at a temperature inferior
that 150°C is due to the evaporation of adsorbed wa-
ter, and the rate of evaporation is maximal at around

(136)
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Clay is one of the most used natural materials in the ceramic industry with various applications such as
pottery, tiles, cement and bricks. The latter are used as a building material because of their excellent thermal
and mechanical properties. In the present study, Algerian clay from Al-maathed area, M’sila district, was used
to prepare bricks. The chemical composition of the clay was determined using X-ray fluorescence. Firing of
clay was carried out in the temperature range 20-1000°C, at different heating rates. The present phases and
their transformations, the activation energy, and the sintering mechanism were evaluated using X-ray diffraction,
differential thermal analysis, thermogravimetric analysis and dilatometry. The activation energy for the sintering
mechanism obtained from non-isothermal treatments is 420 kJ/mol. The value of the Avrami exponent, n, is
determined from the shape of the crystallization exothermic dependence. It is related to m parameter (a numerical
factor which depends on the dimensionality of crystal growth) obtained by Matusita method. Both of which are
about 1.2 for clay sintering. These values indicate that bulk nucleation is dominant in clay sintering by three-

dimensional growth, with polyhedron-like morphology controlled by interface reaction.
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1. Introduction

The clays from Algeria have an extensive range of ap-
plications in the refractory and ceramic manufacture.
Clay is a simple and natural material, very abundant,
composed of alumina silicates. The clay minerals are
vastly distributed in the surface of earth. They have
a characteristic small grain size and significantly influ-
ence the physical and chemical processes of soils [1-3].
Additionally, clay minerals are subjected to spontaneous
modification and transformation with the change of en-
vironmental conditions, which can be illustrated by the
structures and types of clay minerals. Firing in ceramic
kilns was extensively reported in the literature. The re-
lationship between the mineralogical composition of the
raw materials and the phase changes during sintering was
examined in the range between 900 and 1000°C [4, 5].
The sintering process consists in the aggregation com-
pacting of particles.

The aim of this study is to study the thermal transfor-
mation of Algerian clay under different firing conditions
in order to understand the sintering mechanism of the mi-
neral clay. The clay raw material used in this work was
obtained from the brickyard area of Al-maathed in the
central area of Algeria. This Algerian clay was chosen
for its wide applications in the pottery and brick ma-
king industries. The experiments of this study were con-
ducted similar to the traditional practices of potters, to
understand the sintering mechanism of these materials.

*corresponding author; e-mail: sahnounefoudil@yahoo.com

Therefore clays were manually shaped and pressed into a
mould, then dried and fired. The densification behavior
performance of clays fired at various temperatures under
different heating rates was evaluated. It is expected that
the present investigation will improve the knowledge on
optimization of the clay ceramics processing.

2. Materials and experimental procedure

Clay materials were taken from a brick-manufacturing
factory located at M’sila site in Algeria. The chemical
composition of the raw clay mineral was determined by
X-ray fluorescence (XRF). Results are shown in Table I.
The raw clay mineral was heated in a furnace at 200,
600, 950 and 1050°C for 1 hour. The heating rate was
10°C/min. X-ray diffraction (XRD) was used to iden-
tify the phases formed in the heated clay powders. XRD
measurements were carried out on samples using a dif-
fractmeter system XPERT-PRO, operating at 40 kV and
50 mA, with scan step size of 0.0167, using CuK,, radi-
ation of a wavelength of 1.5418 A. The diffraction angle
20 range was 6° < 20 < 90°. The dilatometry mea-
surements were carried out using NETZSCH DIL 402C
dilatometer. The samples were heated from room tempe-
rature to 1000 °C, at heating rates of 4, 8, 10, 12, 16 and
20°C/min. The thermal analysis (DTA-TG) was carried
out on a Setaram LABevo TG-DSC 1600 °C equipment.

3. Results and discussion

Figure 1a shows a typical linear shrinkage curve AL/ Lg
(%) and its first derivative as functions of temperature
for the clay treated at heating rate of 20°C/min. It can
be noticed that the linear shrinkage curves for the sample
have three steps. The relative shrinkage of the first step,
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Abstract

The main objective of this present work is to synthesize and study the mechanism and
phase transformation of refractory material mainly made by used two types of raw Algerian
kaolinite. The first kaolin is Tamazarte kaolin (TK) collected from Elmilia, Jijel, rich in SiO,. The
second is kaolin (DD1) collected from Djebel Debagh, Guelma, rich in Al,Oz in addition to
synthetic magnesia. Thermogravimetry (TG) and Differential Thermal Analysis (DTA)
experiments were carried out on raw materials or prepared powders between room temperature
and 1400 °C, at different heating rates in order to analyze sintering behavior of phase
transformations. X-ray powder diffraction (XRD) were used on raw materials, the prepared
powders or samples as function of temperature and time to characterize the crystalline phases and
their weight fraction. The results were supplemented by study dilatometry, densification, hardness
as function of sintering temperatures and scanning electron microscopy (SEM). The activation
energy values and the Kinetic parameters n and m for kaolinite to metakaolinite and to spinal (Al-
Si) transformations and cordierite formation calculated using DTA and TG expriments.

Keywords: Kaolinite, Differential Thermal Analysis DTA, Thermogravimetric TG, X-ray
Diffraction, Activation Energy, Avrami parameters.

Résume

L’objectif principal de ce travail est de synthése et d’étudier le mécanisme et la
transformation de phase d’un matériau réfractaire fabriqué principalement a partir de deux types
de kaolinite algérienne brute. Le premier kaolin est le kaolin Tamazarte (TK) recueilli a Elmilia,
Jijel, riche en SiO,. Le second est le kaolin (DD1) provenant de Djebel Debagh, Guelma, riche en
Al,O3 en plus de la magnésie synthétique. Les expériences de thermogravimétrie (TG) et
d'analyse thermique différentielle (DTA) ont été effectuées sur des matieres premiéres ou des
poudres préparées entre la température ambiante et 1400 °C, a différentes vitesses de chauffage,
afin d'analyser le comportement de frittage des transformations de phase. La diffraction des
rayons X sur poudre (DRX) a été utilisée sur les matiéres premiéres, les poudres préparées ou les
échantillons en fonction de la température et du temps pour caracteriser les phases cristallines et
leur fraction pondérale. Les résultats ont été complétés par la dilatométrie de I'étude, la
densification, la dureté en fonction des températures de frittage et la microscopie électronique a
balayage (MEB). Les valeurs d'énergie d'activation et les parametres cinétiques n et m pour les
transformations kaolinite en métakaolinite et spinale (Al-Si) et la formation de cordiérite sont
calculés a l'aide d'expressions DTA et TG.

Mots-clés: Kaolinite, Analyse Thermique Differentielle ATD, Thermogravimétrique TG,
Diffraction des rayons X, Energie d'activation, Paramétres d'Avrami.
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