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ABSTRACT

Spherical leucite crystals having nanosize were prepared by heating a pow-
der mixture of metakaolin, K,SiO, and NaOH. The geopolymer thus obtained
werefired at elevated temperature up to 1100 °C and were examined by XRD,
DTA and XRF techniques. K-based geopolymer (K,0.Al,O,. 4S0,. 11H,0)
was investigated due to its attractive refractory properties and its ability to
convert to leucite (KAIS,O,) on heating. The results show that metakaolin,
K,SiO, solution and KOH to regulate the PH form geopolymer, which may
crystallize into cristoballite and lecuite, respectively, under thermal treat-
ment. The geopolymer synthesized at alkaline PH, inturn, remains stable at
temperaturesuntil 1100 °C. A further increaseintemperatureto 1100°Cled to
theformation of leucite crystals of two different diameters, approximately 40
pmand 10-50 pm. The thermal behavior of K-geopolymer was characterized
using avariety of techniquesin order to explore the details of dehydration,
sintering, and crystallization. K-geopolymer was found to offer many of the
benefits such as lower sintering temperatures and compositional control
without high costs. © 2012 Trade Sciencelnc. - INDIA
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substratesor reinforcing metal -based composites.

Leuciteisgeneraly synthes zed by heating themix-

Leucite(KAIS,O,) hasbeen used asanimportant
crystal phaseindentd porcdain/glassmateria g% be-
cause of its tone, color appeal and excellent
biocompatibility. Furthermore, dueto itshigh melting
point (1693°C)™3 and high thermal expansion coeffi-
cient (31X10-°K -, at 600 °C)I* 4, leucite has poten-
tid gpplicationin preparing functiona coatingsonmetd

tureof raw materid sat atemperature aboveitsmeting
point and then dowly cooling the mixtureto room tem-
perature™ >4, Recently, spherical leucitecrystalswitha
controlled size of between several micrometersto ap-
proximately 100 mm have been synthesized at amuch
lower temperatureat 000 °C-5 8, using reagent grade
Al(SO,),, SO, and K SO, asstarting raw materials.
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Because of their spherical morphol ogy, the synthesized
leucitecrystascould bewd | distributed in dental mate-
rids, dlowingthemateriads(e.g. artificia teeth) to be
rendered with substantially enhanced mechanical
strength. In addition, the synthesized leucite crystals
could be used asaraw material in the fabrication of
bulk leucite ceramicsor asan additiveto silicaglass
dueto having anear reflection coefficient. However,
the present study isthefirst report of synthesisat a
temperature below 1000 °C using cheaper natural ma-
terids, suchaskaolin.

Porcelain-Fused-to-Metd (PFM) for dentd restor-
ative purpose hasbeen applied for morethan half cen-
turyt 8, Leuciteisanimportant component of the den-
tal ceramicsasit possesseshigh coefficient of thermal
expans on, which booststhe coefficient of thermal ex-
pansion (CTE) of dental porcelain to be compatible
with most metalsused in prosthodonticg9. Synthesisof
leucite powders has aways been an attractive subject
and it was doneby co-precipitation™, salt bath™, sol—
gd®2 1 hydrotherma** ¥ and solid state methodg*®
11, Though leucite has been synthesi zed by many ways,
especialy by chemical methodsrecently, thesynthesis
of pure leucite powder below 1000°C has not been
reported yet. Leucite hasamelting point of 1693°C8,
which makesthe synthesisof pureleuciteat relative
low temperaturedifficult. Moreover, kasiliteand glass
phase arethe common impuritiesof chemically derived
leucite’? 33 and sanidine can also crystallizefromthe
leucitedenta porcdainafter multiplefiring™, whichmay
cause anegative effect on the mechanical and esthetic
propertiesof dental porcelain.

Asultrafinepowder isbeneficid for sintering, den-
sification and mechanical propertiesof material §%24,
growing attention has been put onto fabrication of ul-
tra-fine powders. High synthesistemperature and de-
hydration processin chemica method arethetwo pri-
mary obstaclesfor fabrication of ultra-fine powders?
2 Therefore, synthesisof pureleucitepowdersat low
temperatureisimportant and meaningful . Sol-gel method
isanimportant method to preparehigh purity inorganic
materiasat low temperature®). For leucite synthesis,
Erbe and Sapieszko™? prepared leuciteat 1000°C with
theimpurity of kaglite. Liu et d.[** synthesized leucite
at 900°C, which was a relatively low synthesis tem-

perature, but thereexisted alargeamount of glassphase.

Inorganic geopolymersare materia swith ceramic
like propertiesbut which are synthes zed and hardened
by curing at ambient temperatures. Because of thelow
energy requirementsof their production from common
raw materids(clays) andtheir inflammability at hightem-
peratures, these compoundsare attracting increasing
interest asecol ogicdly friendly fireproof building mate-
rial§%2, sound and heat insulatorsand materia sfor
encapsulating hazardouswastesfor storageor disposd.

Theaim of the present study isto synthesize pure
inorgani c polymersfrom metakaolin e different batches,
to obtain thelecuite crystal and study compositional
and morphologica changesinthegeopolymer after heet-
ingto high temperatures. Synthesizing techniqueof na-
nometer-szed lecuitewill bestudied by the geopolymer
techniqueinview of potential applicationsto ceramics.

EXPERIMENTAL

Sarting materials

Theclay locally named aswhiteclay wasused in
thisinvestigation. Thewnhited ay collected from gamgom
gueries, thewest regionin Jeddah. The characteriza-
tion of clay included chemical compositionin TABLE
1. Minerdogica compositionarepresented in TABLE
2and Figures(1). Clay was used to make geopol ymer
compression sampleafter being cacined at 750 °C for
1 hto obtain metakaolin. Thedetails of the materials
used are given in TABLE 3. Potassium- based
geopolymersweremadefrom 50wt % solution of KOH
diluted withionized water and K SO, liquid at 50%
solution, theH,O/ KO for these sampleswas not set
at 11. In order to make the alkaline solution for KOH
based geopolymers, KOH pelletsfrom Fisher Scien-
tific, USA weredissolved in de-ionized water.

Samplepreparation

Themateridsused at molar oxideratioswere SO,
IA1LO, =4, K,0/SIO, = 0.3 and H,0 /K,0=11.
Geopolymer were prepared by mixingamorphoussilica
asK,SO, liquidinahighly alkalinesolution. Typical
sol ution concentration ranged from 6-10 mol ar, result-
inginaPH > 13. Metakaolin, i.e. kaolinitewhichwas
cacined at 750°C for 1 h, according to the method of
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Rahier et a /%3 wasthen mixed with thecaugtic sili-
catesolutiontoinitiate polymerization. After geopolymer
suspensions have been prepared as described above,
thesugpensionsare poured into plastic mouldsand cov-
ered with either parafilm and |l eft to cure between 40
°C or 65 °C. Curing of geopolymers was achieved by
oneof routes pressurel essand warm curing. Covering
of the geopolymer isnecessary to prevent excessive
water evaporation during curing which causes surface
cracking of the samples. After demoulding, the
geopolymer was dried at 65 °C for 1 h. The cured
sampleswereground by usingagad mortar and sieved
witha— 325 standard mesh (=45 pm). The final green
powder wassntered in ahightemperaturefurnacefrom
800°C, 900°C, 1000°C and 1100 °C at a heating rate
of 200°C/h, for soak time for 3 h and cooling rate of
10°C, then crushed and start characterization.

Characterization techniques
Chemical analysis

The chemical composition was determined by X-
ray fluorescence spectraoscopy using Philips PW 2400

equipment. Theignitionlosswasmeasured by calcina
tionsat 1000 °C.
X-ray diffraction

X-ray diffraction (XRD) analysiswas performed
using an automated (Philips type: PW1840)
diffractometer equipment with Cu Ka radiation source
and at astep sizeangleof 0.02 0, scan rate of 20 in 2h
unit, and ascan rangefrom 106 to 60 6.

Thermal analysis(DTA/TGA)

Differential thermal analysis (DTA) and
thermographmetric (TGA) were run with acoupled
(SETARAM TG/DTA 92) DTA-TGA ingtrument. The
geopolymer batcheswere heated with rateof 5 C/min
at ambient atmosphere pressure and temperature, up
to 1000 °C.

Scanning el ectr on micr oscopy

Morphology of the geopolymer sampleswerede-
termined by SEM. The sampleswereprevioudy coated
with gold. The geopolymer sampleswere studied with
aPhilips®30 Analytical Scanning Electron Microscope.
Particleimageswere obtained with asecondary elec-
tron detector.

= PFylj Peper
RESULTSAND DISCUSSION

Characteristicsof theclay

TABLE 1 showsthe chemical composition of the
raw materias. Thechemical composition of theclay is
typical of kaolin -based material withlow amount of
slicaoxide, low amountsof ironoxidesand relatively
low amount of Al O,. The chemical composition of
theclay, inadditionto SO, andAl O,, showsarela-
tively low amount of iron oxides. Figure 1 presents
the XRD patterns of theinvestigated clays. It could
be noted that some clays havetheir major peaks as-
sociated with kaolinite (K) in TABLE 2. In addition,
all claysexhibit minor contributions of quartz (Q), and

TABLE 1: Chemical analysisof raw materialsused

Material Kaolin
SO, 51.67
TiO, 0.95
Al,O3 23.55
Fe,0, 1.01
MnO 0.15
MgO 1.47
CaO 1.08
Na,O 0.68
K,O 1.82
P,Os 0.34
SO, 0.08
Cl 0.14
L.O.l 12.52
Total 99.81
Q
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K
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Figure 1 : XRD of the raw materials as kaolin in Saudi
K=kaolin, M=montmorillonite, Q=Quartz
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TABLE 2: Mineralogical composition of kaolin

Phase  kadlinite montmorillonite quartz
% 83 5 10

montmorillonite(M).

Effect of temperatureon theformation of leucite
crystals

X-ray diffraction of the geopolymer samples
showed an amorphous structure, consistent with dif-
fraction patternsreportedinliterature. XRD patterns
for batchesL1to L4 heated at different temperatures
areshowninFigure 2-6 and SEM micrographs of the
sampl esafter heating the powder mixtureat 800-1100
°C for 3 h, respectively. At 800 °C, only quartz (but no

n N L1 1100
NN

Intensity {zuu)

2-Theta
Figure2: XRD pattern of samplesafter heating the batch
(L1) at 800-1100°C. Key: N=nepheline, Q= Quartz
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Figure 3: XRD pattern of samplesafter heating the batch
(L2) at 800-1100°C. Key: L=Leucite, N=nepheline, Q= Quartz
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Figure4: XRD pattern of samplesafter heating the batch
(L3) at 800-1100°C. Key: L= Leucite, N=nepheline, Q= Quartz
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Figure5: XRD pattern of samplesafter heating the batch
(L4) at 800-1100°C. Key: L= Leucite, N=nepheline, Q= Quartz

TABLE 3: Raw materialsused and characteristics

L4 1000

Intensity (a.u)

o s

L4 800

Materials Company Purity
Kaolin Break soudia 83 % kaolin
company
Pp_tassum Hopkin & Williams, 55 0%
silicate(lig.) UK
KOH pelets SigmaAldrich 070 RO 10%
2

TABLE 4: Thedifferent batches of composition of leucite
preparation.

Kaolin K,0.SiO,liquid KOH H20

BaichNo. ™ (g) @ @ (M)
L1 50.0 30.0 115 20
L2 50.0 50.0 11.5 20
L3 50.0 70.0 11.5 20
L4 50.0 100.0 11.5 20
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Figure6: Scanning electron microscopic of th

leucite) wasidentified by XRD for eachbatch L1, L2,
L3, and L4, themicrostructurereved san extensivefor-
mation of grainsof lessthan 40 mmin diameter.
Asthetemperatureincreased to 900°C, the batches
L1, L2 and L3, the quartz decrease or disappeared
and appear small crystal for nephelinebutinbatch L4
appear nephdine, leuciteand traceless of quartz at 900
°C but increase the intensity of leucite at 1100 °C. The
batches L1 and L2 heated from 800 to 1100 °C ap-
pear nephalineand quartz only but L2 traces of leucite
at 1100C. Nevertheless, depending on the tempera-
ture, theformed leucite crystal s showed different mor-
phologies. Thecrystalization of leucitewasobviousin
samples L3 and L4 heated to 900-1100°C.
At900°C, spherical leucite crystals having a diam-
eter of gpproximately 10 um were observed. However,
at 1000 °C, the leucite crystals began to lose their
spherica morphology in (Figures6(a) and (b)). A fur-
ther increaseintemperatureto 1100 °C led to the for-
mation of leucite crystals of two different diameters,
approximately 40 um and 10-20 um. At 900 °C, the
number of leucitenudle formedinthesampledecreased.
Therefore, acomparatively smal number of leucitecrys-
talsappeared to beresponsiblefor theincreaseinthe
sizeof leucitecrystals, which isthought to cause the
formation of large monocrystals. In contrast, uponin-
creasing thetemperatureto 1100°C, a large number of
leucitenucle formed, sothat each of theleucitecrystds

elecuite (L 4) after heatin
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gat (&) 800 °C, (b) 900 °C, (c) 1000 °C, (d) 1100 °C
became smaller and showed atendency to form crystal
agglomerations. Thus, theseresultsindicated that when
kaolinwasused asthe primary raw materia, spherica
leucite crystal sof homogeneous size could be synthe-
sized by heating the powder mixtureat 900 °C, which
islower thanthat (1000 °C) reported in previous stud-
iesusing reagent grade SiO, as astarting raw mate-
ri a| [31,32] .

ThebatchesL 2 and L3 after heating at 900-1100
°C, leucite was observed to form, but SiO, quartz and
nephalinewerestill present, and spherical grainswere
il not formedinthemicrostructure. However, thebaich
L4 after heating at 900-1100 °C, the quartz and
nephaline had amost disappeared and only leucitewas
identified by XRD, and themicrostructurereveal sthe
formation of spherical grainshaving adiameter of ap-
proximately 30 um. All samples contained a large num-
ber of small 1-5-mm-sized leucite crystallites, which
increased dightly insizein samplesfired at higher tem-
peratures. Thisobservationisthought to beindicative
of anucleation-rich environment and theresultsindi-
cated whentheincreaseof theamount of K,SO,liquid
from batch L1 to L4 theleucitecrystal wasformed. It
isbelieved that in samples heated to 1000 or 1100 °C
(Figures 6(d) and (€)), the crystals reached alarge
enough sizeto havesomelevd of connectivity, andwas
thereforelesslikely tofal out.
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Thermal analysis

Preliminary observationsare presented in Figures

7 and 8, which are TGA and DSC plots, respectively.

The TGA datashowsadecreaseinweight between 25

°C and 600 °C, with a more rapid decrease beginning

at ~ 150 °C. The DSC data of sample L1 shows an

exothermicat ™~ 325 °C as well as a small possible tran-
sitionat™ 1000 °C.
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Figure7: TGA of K crosslinked, poured and 40 °C cured,
geopolymer sample.
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Figure8: DSC of K crosdinked, poured and 40 °C cured,
geopolymer sample(L1).

As shown in Figure 8 the DSC pattern for K-
geopolymer heated at 10°C/ min had an exotherm cen-
teredat "1072 °C due to leucite crystallization over the
range of 1080°—1150°C. This was in agreement with

DTG /{%/imin}
DEC Hpviamg)
2040, 33502 dimg 1 oexy

oz

oo

r-02

04

L0E

200 400 600 ann 1000
Temperaiure ¢

Figure 9 : DSC/TG, the derivative thermal shrinkage of
samples(L4) wereheated at 10 °C/min up to 1200 °C in air.

the expected crystallization temperature observed from
X-ray results. Zhang et al.* observed an exotherm
duetoleucitecrystdlization from therange of gpproxi-
mately 1000°-1200°C, with the peak centered at
1170°C. Duxson et al.*¥ did not observe asubstantial
leucitecrystalization exothermfor K-geopolymerswith
aSi/AI5=1.9or 2.15. Thiswas consistent with the
small amount of leuciteformed. A largeendotherm was
present over therange of 251400 °C and had a mini-
mumvaueat ~ 82 °C (Figure 8). TG data indicated that
adramatic weight lossoccurred over thistemperature
range and was attributed to evaporation of freewater.

Inthiswork, the endotherm minimum valuewas
centered at “82 °C for K-geopolymer. The results have
been observedin avariety of geopolymers, regardless
of dkali choice (K and Na) or Si/Al ratio.3+%6.31 Little
shrinkage was observed for K-geopolymer on heating
from room temperature to 100 °C (Figure 8). How-
ever, there was substantial weight loss due to water
evaporation from large pores and surfaces. Inthisre-
gion, K-geopolymer had alower extent of densifica-
tionand weight loss. Since K-geopolymer had alower
starting surface area, there was expected to be less
fredy evgporablewater from surfaces. Additiondly, the
L4ion hasalarger hydration energy compared with L1
andisthereforelesslikely to dehydrateat lower tem-
perature. A smilar trend was observe when comparing
Na- and K-based geopolymers®.

Over therangeof 100°-300 °C, the shrinkage and
weight lossinregion || wasdueto capillary contraction
created as water was desorbed from small pores. As
showninFigure8, the maximum rate of shrinkageoc-
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curredat ~175°C. In this region, there was a larger rela-
tive mass|oss, shrinkage, and surface areareduction
for KGP.Above 100 °C, the intrinsic geopolymer gel
structureis expected to play alarger rolethan cation
hydration. Because K-geopolymer hasalower ini-
tial surface areaand extent of water lossinregion|,
morewater was expected to be bound within the gel
poreson surfaces.

Application

Dentd technicansareusudly familiar withthistech-
nique, commonly used to cast denta aloys. In addi-
tion, the equipment needed to heat-press dental ce-
ramicsisrdativelyinexpensve. So, k-geopolymer was
found to offer many of the benefitssuch aslower sin-
tering temperaturesand compositional control without
high cogts.

CONCLUSIONS

1- Geopolymersareincreasingly being consideredin
avariety of refractory applicationsand as precur-
sorsto ceramic formation. Despitethis, littlework
hasbeen doneto systematically characterizethelr
X-raysand microstructura evolution on hesting.

2- Thechemical composition of theclay istypical of
kaolin -based material with low amount of silica
oxide, low amountsof iron oxidesand relatively
low amount of ALO.,.

3- Asthetemperature increased to over 800 °C as
900-1100 °C, the quartz disappeared, naphaline
and leuciteremained. Nevertheless, depending on
thetemperature, theformed leucitecrysta sshowed
different morphologies.

4- Afurtherincreasein temperatureto 1100°C led to
theformation of leucitecrystasof two different di-
ameters, approximately 40 um and 10-20 pm.

5- Thethermal behavior of K-geopolymer waschar-
acterized using avariety of techniquesin order to
explorethedetailsof dehydration, sintering, and
crystallization. On heating above 1000 °C, K-
geopolymer crystallized into leucite and aminor
amount of nephdine.

6- Intermsof leuciteformation, K-geopolymer was
found to offer many of the benefitssuch aslower
sintering temperatures and compositiona control

—== Py Paper

without the high costs associated with expensive
precursors

ACKNOWLEDGEMENTS

Thefinancid support provided by Taif University
Grant # 724/431/1 is gratefully acknowledged. The
authorswould aso liketo thank nationa research cen-

ter (Egypt).

REFERENCES
[1]
[2]
[3]

S.Hashimoto, A.Yamaguchi, K.Fukuda, S.Zhang;
Materials Research Bulletin, 40, 1577-1583 (2005).
S.Ban, K.Matuo, N.Muzutani, H.lwase,
J.Hasegawa; Dent.Mater.J., 17, 264-274 (1998).
E.M.Levin, C.R.Robin, H.F.McMurdie; In:
M.K.Reser (Ed.), Phase Diagram for Ceramist,
American Ceramic Society, Columbus, OH, USA,
(Fig. 407) (1964).

S.Ban, K.Matuo, N.Mizutani, K.Kaikawa,
J.Hasegawa; J.Jpn.Soc.Dent.Mater.Dev., 19, 318-
325 (2000).

S.Hashimoto, A.Yamaguchi; J.Ceram.Soc.Jpn.,
108, 40-44 (2000).

S.Hashimoto, A.Yamaguchi; J.Ceram.Soc.Jpn., 110,
27-31 (2002).

Y.Zhang, W.Jianging, PRao, L.Ming; Materials L &t-
ters, 60, 2819-2823 (2006).

[4]

[5]
[6]
[7]

[8] J.R.Kelly, [I.Nishimural, S.D.Campbell;
J.Prosthet.Dent., 75, 18 (1996).
[9] Machert Jr., S.W.Twiggs, C.M.Russel,

A.L.Willianms; J.Dent.Res., 80, 1574 (2001).

[10] Sheu Tzer-Shin, W.J.O’Brien, S.T.Rasmussen;
J.Mater.Sci., 29, 125 (1994).

[11] S.Oishi, T.Miyata, T.Suzuki; J.Mater.Sci.Lett., 22,
927 (2003).

[12] E.M.Erbe, R.S.Sapieszko; US Patent 5622551
(1997).

[13] C.Liu, R.Komarneni; JAm.Ceram.Soc., 77, 3105
(1994).

[14] M.Novotna, V.Satava, PKostka; Glass Technal ., 45,
105 (2004).

[15] M.Novotna, V.Satava, D.Lezal; Solid State
Phenom., 90, 377 (2003).

[16] T.Ota, M.Takahashi, |.Yamai, H.Suzuki;
JAm.Ceram.Soc., 76, 2379 (1993).
[17] H.Wolfram, F.Martin, R.Volker; J.Non-

Cryst.Solids., 180, 292 (1995).

—— P iy Science
A VWW



8 Indegenous material for prosthetic limb’s side clamp analysis

MSAIJ, 8(1), 2012

Full Paper =

[18] E.M.Levin, C.R.Robbins, H.F.Mcmurdie; The
American Ceramic Society, 156, 407, (1964).

[19] I.L.Denry, J.A.Holloway, H.O.Colijn;
J.Biomed.Mater.Res., 54, 351-359 (2001).

[20] W.H.Rhodes; J Am.Ceram.Soc., 64, 19 (1981).

[21] M.J.Readey, R.R.Lee, J.W.Halloran, A.H.Heuer;
JAmM.Ceram.Soc., 73, 1499 (1990).

[22] S.L.Jones, C.J.Norman; JAm.Ceram.Soc., 71, C-
190 (1988).

[23] M.S.Kaliszewski, A.H.Heuer; JAm.Ceram.Soc.,
73, 1504 (1990).

[24] S.L.Done, R.W.Scheidecker, L.E.Shiers,
M.F.Berard, O.Hunter; Mater.Sci.Eng., 32, 277
(1978).

[25] D.M.Liua, Q.Yanga, T.Troczynskia, W.J.Tsenga;
B.Biomaterials., 23, 1679 (2002).

[26] F.F.VaeriaBarbosa; J.D.Kenneth MacKenzie; Ma-
terials Letters., 57, 1477-1482 (2003).

[27] J.Davidovits, World Resour.Rev., 6, 263 (1994).

[28] R.E.Lyon, PN.Balaguru, A.Foden, U.Sorathia,
J.Davidovits, M.Davidovits, Fire Mater., 21, 67
(1997).

[29] J.Davidovits; US patent 4, 472, 199 (1984).

[30] H.Rahier, W.Simons, B.Van Mele, M .Biesemans;
Journal of Materials Science, 32, 2237-2247
(1997).

[31] S.Hashimoto, A.Yamaguchi; J.Ceram.Soc.Jpn.,
108, 40-44 (2000).

[32] S.Hashimato, A.Yamaguchi; J.Ceram.Soc.Jpn., 110,
27-31 (2002).

[33] P.Duxson, G.C.Lukey, J.S.J.Van Deventer; J.Non-
Cryst.Solids, 352(52-54), 5541-55 (2006).

[34] PDuxson, G.C.Lukey, J.S.J.Van Deventer; J.Non-
Cryst.Solids, 353(22-23), 2186-200 (2007).

[35] J.L.Bell, P.E.Driemeyer, W.M.Kriven;
JAm.Ceram.Soc., 92(1), 1-8 (2009).

[36] Y.Zhang, J.Q.Wu, PGRao, M.Lv; Mater.Lett.,
60(23), 2819-23 (2006).

[37] P.Duxson, G.C.Lukey, J.S.J.Van Deventer;
J.Mater.Sci., 42(9), 3044-54 (2007).

[38] J.L.Bell, P.E.Driemeyer, W.M.Kriven;
JAm.Ceram.Soc., 92(3), 607-615 (2009).

[39] M.Mrezova, A.Klouzkova; Ceramica-Silikaty,
53(3), 225-230 (2009).

Wotarios Science  mmm—
A VWW



