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ABSTRACT

LAS (hthium aluminosihicate} sol was synthesized using

the hydrolysis-condensation reachion of TEOS, chela-

ted AL(OBuU"); and Li-salt with Hx0O n alcohol (EtOH + 2-Propanol) medium. Effects of important reaction parame-

lers an the properties of sol and gel-derived LAS were

examined. The crystallization of the sol-gel derived

LAS with B-spodumene composition began at ~&00%, and a sernies of polymorphic transformations occurred
as lemperature was increased to 1100%: amorphous LAS—hexagonal LIAISiOs),—B-spodumene. Lowering Li
conlent in the gel enhanced densification and retarded Lhe crystallization significantly Optimum reaction condi-

Lions of LAS sol formation for thin coating applications we

can be summarized as: H,O/tolal alkoxides molar ratio=

re dertved {rom rheclogical measurements, and these
4, pH=~25, and aging time of —~250h.
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1. Introdunction

Proper control over rheeclogical properties is impor-
tant in numerous ceramic processing operations, melu-
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ding (1) shape forming, () coaling/deposition, and (i)
wet mixing/milling. However, systematic investigations
of rheological hehavior of ceramic suspensions or sols
are relatively limiled. In this sludy, we have prepared
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lithium aluminosilicale (abbreviated as LAS hereafter)
sol using the hydrolysis-condensation route and have
investigated its rheological properties for various reac-
tion conditions of sol formation. The main purposes
of this study were to find optimum reaction conditions
of LAS sol {formation for thin coating applications and
to examine phase formation/densification characteris-
tics of the sol-gel derived LAS. More specifically, we
tried to find a suitable rheological condition for umi-
form coating of LAS sol onto SiC {iber as a preliminary
study for the fabrication of SiC fiber/LAS glass-ceramuc
matrix composite with a uniform microstructure by soi-
gel process.

Uniform coating of LAS sol derived {rom the hydroly-
sis-condensation route and the use of glass-ceramic
matrix ave very imporiant {o 2 successiul fabrication
of the composite wilh a dense, homogeneous microst-
ructure. The coating, in principle, removes problems
associated with a direct bonding between SiC [ibers
during the hot pressing stage and, therefore, maximi-
zes the efficiency of load transfer (in the sintered com-
posite) during the crack propagation, and a glass matrix
phase can densify withoul damage to reinforcing fibers
due to its viscous flow characteristics'. Since sintering
of a glass-ceramic body is driven by the reduction of
surface area through a wiscous-flow process, 1t will
cease if the viscosity is suddenly increased as a result
of crystallization. Because of this, it is essential that
crystallization does not commence until sintering 1s
nearly completed. Therefore, we also have examined
the effect of composition of the sol-gel derived LAS
(especially Li;O as a network modifier) on the densifi-
cation and crystalhzation behaviors,

1. Experimental

LAS sol was synthesized using the hydrolysis-conde-
nsation reaction of tetraethylorthosilicale (TEQS), alu-
minum tri-sec-butoxide [AKOBu);], and Li-sali{LiNO,)
wilh 0 in alcohol medium. Unless specified else-
where, the composition of LAS sol used in this study
was: Lix0:AL,O:xS10,=1:14, 1e, the composition of B-
spedumene. The rate of hydrolysis-condensation reac-
tion of AI{OBu); was reduced by chemical modification
of AHOBu®); with ethylacetcacetate (B-dicarbony] com-
pound) which undergoes a rapid keto-enol tautomer-
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Fig. 1. Experimental procedure used [or the prepara-
tion of LAS sol for the dip coating.

ism?. Lithum acetate as a starting material produced
a severc surface segregation problem ol acetatc salt
alter the formation of LAS gel w1 alcohol solvenls {for
both ethanol + 2-propanel and ethylene glycol + 2-pro-
panol), while lithium mitrate in alcohol (ethanol - 2-pro-
panol) led to a chemically homogeneous gel after Lhe
reaction. These conclusions were deduced from the
analysis of FT-IR spectra of LAS gels prepared by the
hydrolysis-condensation route. The procedure tollowed
for the preparation of LAS sol for the dip coating app-
lications is outhned n Fig. 1.

Effects of important reaction parameters on the pro-
perties of sol and gel-derived LAS were examined by
laser light scattering analysis {Zeta Sizer 111, Malvern),
XRD (Rigaku. DMAX-3B), FT-IR (Shimadzu 4300), ther-
momechanical analysis (TMA 1500, Stanton Redcrolf)
and DTA/TGA (Perkin Elmer, DTA1700/TGAT). Opti-
mum reaction conditions of LAS soil formation for thin
coating applications were deduced from rheological
measurements. The parameters examined for this pur-
pose were H,O/total aikoxides molar ratio, pH, and
gelation time. Rheological flow characteristics of LAS
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Fig. 2. Size distribuion ot LAS sol for vadous values of
H:OAolal alkoxides molar ratio in acid catalyzed
reaction (alkoxides: EcOH:HCl=1:3:0.0007).

sols were determined using a conceniric cylinder vis-
cometer (Model RY-100/CV-100, Haake). Steady rota-
twonal flow curves (ie., shear sfress vs. shear rate)
were gencrated by increasing the shear rale from zcro
to the maximum desired value, m 2 min, mmediately
[ollowed by decreasing the shear rale back lo zero
in another 2 min.

3. Results and Discussion

3.1. Characteristics of Sol-Gel Derived LAS

Fig. 2 shows the effect of H.O/olal alkoxides molar
ratio (in acid calalyzed rcaction) on the size distribu-
tion of LAS sol immediately after dilution 1o a desired
H.O/alkoxides molar ratio. Throughout the text. R s
defined as (moles of HyD)/{4*1ctal males of metal al-
koxides). Therefore, R=1 corresponds to 4 moles of
HA0 and 1 mole of total alkoxides in the reactant. The
result shows that Lhe average size of sol Increases ra-
pidiy and the size distnbution bhecomes broader as the
water contenl m the medium decreases. Accordng to
the study done by Brinker and Mukherjee® on the
hydralysis-condensation of mullcomponent metal alko-
xides, the resulting sol or amorphous gel is less cross-
Iinked when the water content 1s not high enough for
a complete hydrolysis. It seems that this leads to a
simple linear chain growth, thereby, ncreasing the el-
fective scattermg cross-section of sal in the mitial stage
of the hydrolysis-condensation veaction.

DTA study of LAS gel derived from the reaction
condition of R=2 (Fig. 3; heating rale, 10C/min) indi-
cates that the dehydralion of physisorbed water and
burn-aut of the residual organics complete below 330C
and shows that the exolhermic peak associated with
crystallization of amorphous gel accurs al ~600T, The
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Fig. 3. DTA curve of 1.AS gel derived from Lhe hydro-
lysmis-condensation reaction.

endothermic peak observed near 1000T seems to be
assoclated with a polymorphic phase transformation.
Analysis of XRD data showed that this corresponds
to the transformation of hexagonal LiAl{SiOs)s phase
10 B-spodumene. Figd shows XRD of LAS gels heat-
trealed at various temperatures for 1h. The results
indicale Lhat the crystallization begins at ~550T, and
a series ol polvmorphic transformations occurs as lem-
perature mereases, i.e. amorphous LAS—hexagonal
LaALSIO)—~p-spodumene, The hexagonal LIANSI0.
phase®, thus. seems to be guasi-stable infermediale
phase 1 the formation of B-spodumene (rom the LAS
gel having 1:1:4 composition.

Fig. 5 shows FT-IR spectra of LAS gels heat-treated
at various temperatures for 1h. As temperature mnc-
reases lo 600T, intensity of the peak ai ~1050 ¢cm™*
(due to Lhe Si-O stretching vibralion in Lhe ~-SiQ, tet-
rahedron unit”) mcreases significantly, supporting the
resull of XRD, ie, the crystallization of amorphous
LAS gel to form the hexagonal LIAI(SiO+); phase. As
temperature further increases o 900, the peak at
16560 cm ™! due to the bending mode of molecular water
and the broad peak at ~3500 cm ! associated with the
C-H stretching vibralion significantly reduce their ipte-
nsilv. On the other hand, the peak mlensity at ~750
cm”! nereases sharply as lemperature mncreases from
6007 to 900T. This 1s due to Lhe formation of tetrahe-
dron ~AlQ; wnit in the ~510, network. Therefore,
Al atoms n the octahedral sites incorporate into the
tletrahedron unit as the molecularly coordinated waler
dehydrates above 600C. As shown wn the [igure, the
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Fig. 4. XRD patterns of LAS gels (114 composition) heat-treated at various temperatures for 1h: {2 60T
(b) 600T; (o) 900T; (d) 1100,

peak near 570 cm™!

sharply Increases in its intensity crystallization to the hexagonal LiAl($10,), phase at 900
as temperature mcreases to 1100%. This absorption ©, while the LAS gel with 0.44:1:4 composition just
band 15 associated with the symmelncal vibration mo- hegins 1o crystallize at this temperature. As shown in
tion of the bnidged oxygen m the plane bisecting the Ig. 6, lowering Li content seems te retard the crystal-

Si-0-8i hond®. Therefore, this indicates a rapid inc- lization up to 1100% for 1 h. A complete phase evolu-

rease in the fraction of f-spodumene m the LAS ma- tion to the P-spodumene phase without the remnant
trix™ and does accord wilh the results of XRD shown a-cristobalite and hexagonal LiAI(SIOy). was observed
in Fig 4(c) and (d). after heat-treatment at 1200C for 2h

Lowering Li content in the glass phase (e.g., 0.44:1:4 Fig. 7 shows linear shrinkage of the LAS gel having

composition} usually retards the crystallization of LAS 0.44:1:4 compeosition as a funchion of temperature {hea-
prepared by the conventional melt-quenching process”. ting rate; 10T /mm}. A rapid shrinkage occurs belween
We have prepared LAS gels with low content of Li 770 and 870T. On the other hand, lhe LAS glass
(0.44:1:4 compositiony” to examine whether the above specimen (having the above mentioned composgilion)
coaclusion also holds for the sol-gel derived LAS or  prepared by the conventional meli-quenching process?
not. Fig. 6 shows XRT) patterns of the LAS gels (having exhibited a noliceable shrinkage over broad tempera-
the above-mentioned composition) heat-treated at (a) ture range (800T~1030T). A comparison of the result
900T and (b) 11007 for 1 h. A comparison of the result of Fig. 7 with that shown in Fig. 6(a) clearly demonst-
of Fig. 6(a) with that of Fig, 4(c) clearly shows that lo- rates that sintermg of the sol-gel derived LAS comple-
wering Li content significantly increases the crystalli- tes before crystallization itiates. If crystallization oc-
zation temperature, The LAS gel with B-spodumene curs before sintering is nearly comgplete, the viscosity
composition (1:1:4) almost completely undergees the increases to near infimty and sintening slops. There-

o
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Fig. 5. FT-IR spectra of LAS gels (1:1:4 composition)
heat-treated at various temperatures for 1h: (a)
dried gel; (b) 600T; (c) 900T; () 1100T.

fore, the sol-gel derived LAS specimen with low L1
content possesses suitable densification charactenstics.
Densily of the sol-gel derived LAS specimen (0.44:1:4
composition) sintered at 1100C for 2 h is 2.487 g/em’.
This value is higher than the theoretical densities of
p-spodumene and hexagonal LIAISIOg)., Le, 2.377 g/em’
and 2.399 g/fcm’, respectively, indicaling the presence
of Si-rich phases such as w-cristobalite and amorphous
silica. As mentioned briefly in “Intraduction”, the pre-
sence of glassy matrix phase is important for densifica-
tion of fiber/glass-ceramic matrix composite with a mi-
nimal damage to reinforcing fibers. Therefore, the
above results show a possibuity of the fabrication of
SiC/LAS matrix composite by suitably varying the Li
content during the sol forming stage.

3.2. Rheological Characteristics of LAS Sol

Fig. & shows 1he rheological flow cruves for LAS sols
prepared using various condilions of HaO/total alkoxi-
des molar ratio (R) and pH (about 250-hr aging iime).
The results show that the sol exhibits a transition in
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Fig. 6. XRD patterns of LAS gels (044:1:4 composi-
tiom) heat-treated at () 900C and (b) 1100T
for 1h.

flow characteristics from Newtoman behavior to shear
thinning behavior (i.e. the viscosity decreases with in-
creasing shear rate) as the water content or pH in
the reaction medium mcreases. This indicates that the
hydrolysis-condensation reaction is practically frozem
at low water content (R~0.25) and pH {(below, say,
1.5). Since shear thinning (or pseudoplastic) character
with relatively low viscosity {(~10 mPa-sec) is desira-
ble for thin coating appheations, we have examned
the aging behavior of LAS sol having shear thinning
characleristics. As shown m Fig. 9, the viscosity of the
shear thinning sol (at shear rale of 1sec™?) 1s essential-
ly independenl of reaction conditions (R, pH) helow
the gelabion point.

The hydrolysis-condensalion of silicon alkoxide in
the acid catalyzed medium with Jow waler content
usually produces polysiloxane species which are less
branched and more chainlike®®. This linear chain indu-
ces extremely slow gelation. As the water contenl in
an acidic medium increases, the hydrolysis/condensa-

tion reaction produces highly branched, polymeric poly-
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Fig, 7. Linear shrinkage of LAS gel having (.44:1:4
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Fig. 8. Plots of shear stress versus shear rate: (a) for
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pH.

siloxane clusters® via the nucleophilic substitution me-
chanism (Syz). This results in a rapid increase in the
gelation rate and effective solids loading since the void
space within a cluster agglomerate containg liquid that
is unavailable for flow. Therefore, the result shown
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Fig. 9. Plols of viscosity versus aging tme for LAS
sols prepared using various reacton conditions:
{a) for pH=25; (b) for R=1.

—
1000 0.7
o Jidelv] o
£
=
= s0af
2
A
E
a00f
200+
ws!
a8 g
a .
o ES 06 =) 200 FE) 30

Time bl

Fig. 10, Plots of viscosity (at indicated shear rate) ver-
sus aging lLume for the sol having R=1 and
pH=25

in Fig 9(a) indicates that the above arguments (ie.,
effect of water content on gelation tume) also apply
to the LAS sol derived [rom the hydrolysis-condensa-
fion route. An extremely slow gelation observed for
the sol having pH=>4.0 (Fig. 9(b)) presumably indicates
that the sol particle obtained in this condilion is close
ta a discrete lyophebic cellod particle rather than a
branched lyophilic polymer.
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Fig.12. SEM of SiC Nhber coated with a thin layer of
LAS pgel (cross section of fractured fiber).

Fig. 10 15 a plot of viscosity versus aging time for
the sof {with R=1 and pH 2.5) suitable for thin coaling
apphications. Up 1o 250-hr agmg lime, 1he viscosily 1s
mdependent of shear rate. For longer aging time. the
viscosily becomes increasingly dependent on shear
rate. Fig. 11 shows shear stress versus shear rate cur-
ves for the above sol at (ive aging times Wilh conti-
nued agmg condensation growlh and agglomeralhion
of pelymeric clusters results in (he formation of a con-
tinuous, 3-D aetwork. The elashie characler of the net-
work is characterized by the abservation of yield slress
at 280-hr aging. Breakdown of the nelwork occurs after
the yield stress 1s exceeded. Therefare, hystercsis is
obzerved in the fow curve above a certain (ntical
aging time, and the sol hecomes thixotropic. Since the
best spinnability 15 usually oblained prior (o the iransi-
tion to thixotropic behavior™, optimum condilions of

A28 ¢ A5 & (199D

of LAS Derved from the Monophasic Sol-Gel Roule

Fig. 13. SEM of a bundle of S fibers filled with LAS
el matnx (before sintering).

the LAS sol ceating can be summarized as: R=1, pH=
25 and agmg time=~350 L.

Ing. 12 shows scanming electron mucrograph of the
5iC fiber (Micalon, Nippon Carbon Co., Japan) coated
with a undorm, thin layer of LAS gel. The ceating was
derved from the sol having the above mentioned con-
ditions. A cross-sectional wiew of the [ractured surface
for a bundle of SiC fibers is shown mn Fig. 13, The
LAS gel matriz between Lhe fibers was prepared by
a repeated coating (— 10 times) of the sol having R=1
and pH 25. The solvenl used in the (el coating pro-
cess (Fig 13) is a muxture of methanol (main compo-
nent), ethanol, and 2-propanol io rapdly remove the
residual solvent from the gel matrix during Lthe drying
stage.

4, Conclusions

(1} The crystallization ol the scl-gel dernved LAS
with f-spodumene composilion began at ~00T, and
a series of polymorphic transformations occurred as
temperature was increased to 11007 amorphous LAS
—hexaginal LiAl(Si10,),—B-spodumene.

{2) Lowering Li conlent in the gel enhanced densifi-
cation and relarded the crystalhzation significantly. Sin-
tering of the sol-gel derived LAS compleles beflore cry-
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stallization.

(3 Optimum reaction conditions of LAS sol forma- o,

tion for thin coating applications were derived from
rheological measurements, and these can be summarr-

zed as: [0O/total alkoxides molar ratio=4 R=1), 6.

pH=~25 and aging lime of ~250 h.
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