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Effect of Water on the Crystallization of Li,0-SiO, Glasses and Gels

Zhan Jie HUANG, Toshinobu YOKO, Kanichi KAMIYA and Sumijo SAKKA

(Department of Industrial Chemistry, Faculty of Engineering, Mie University)
Kamihama-cho, Tsu-shi 514

The crystallization process of Li,0-SiO, glass and lithium silicate gel powders has been
investigated by means of differential thermal analysis, X-ray diffraction and infrared spectro-
scopy. The former was prepared by melting and contained 0.004~0.177 wt% water and
the latter, by hydrolyzing metal alkoxide solutions. It is found that with increasing water
" content in the glass, the glass transition temperature and the rate of nucleation decrease,
whereas the rate of crystal growth increases. It is also found that gels prepared from a
metal alkoxide solution show a crystallization process different from glasses prepared by
conventional melting method ; the crystalline phase precipitated from the former is metastable
lithium metasilicate Li,SiO; and that precipitated from the latter is stable lithium disilicate
1i,8i;0;. It is also to be noted that the glass prepared by melting the gel shows a cry-
stallization process similar to the glasses prepared by melting crystalline powders when
their water contents are similar. [Received August 23, 1982]
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Fig. 1. Apparatus for introducing steam
into molten glasses.
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20 Li,0-80Si0, # 5 2 nfEi+42b b Fh Fh 63 1/mol-
cm & 130]l/molem L L7z, ZOEZFE-TEFREFR
DRRE— 7 DFEE LR >THWBADEREHE L. &
12 2350 cm™ DRI E A LB KDOEIZEE 2850cm™ D
RNE 52 ZKOEDK 1/3 LRELTEHEL?, Dk
DIFEDRHEFTIRCEENZAEFREL L. 20D
mRER1ITRT.
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TWBKDEIX 1000°C T 2EINE L TEROW %
HIET 2 FEIC L - TEREICR D 2.

Table 1. Preparation of Li,0-2SiO, glasses
and water content.

Class Water content

No. Preparation mol/1l wts

1 Remelted in dried N,, 1400°C, 3hr 0.005 0.004
2 Melted in air, 1400°C, 2hr 0.016 0,011
3 Remelted in wet air, 1400°C, 1l0min |[0.026 0.019
4 Remelted in wet air, 1400°C, 20min }0.041 0.030
5 Remelted in wet air, 1400°C, 30min |0.140 0.102
6 Remelted in wet air, 1400°C, 210min|0.164 0,120
(Stirred)

7 Remelted in wet air, 1400°C, 120min|0.242 0.177
8 Glass prepared by melting gel 0.031 0.027
9 Gel (dried at 200°C for 10hr)* 28.72 21.1

*

The water content was determined by gravimetric analysis
after being heated at 1000°C for 2hr.
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2.3 #5ZXm{t Table 2. Chemical analysis of

ok several Li,0-2SiO, glasses by
BoHOK T2 & atomic absorption spectrometry.
&r,]/ro.v\__cﬁ:j;w Sample Lizo content*
M No. wtk
Yz & - T{hEFES 1 19.0
WEiToiz. R 2 i:g
LR 2 R 2 IR 7 19.3
+. 9 19.7
. * Theoretical content of Li,O0 in
2'4 %EEE{E';E,E the Li20-25i02 glass: 19.912wt%
DAE

B2 O RERIGEEX DTA KXV lELE. =D
ez BEflEpTio DTA-20 B BUREISGITEE
R L. =iE~90C o BE®#E%Z 1~20°C/min O
IMBGEECHE Lz, ¥ ARRF L E2B#EL T 100~
200 2 v o (74~149 ym) DR L LT RIEIFERHL
oo WTFhORIETH REBOFXTARIZW Omg &
iF—EZ L7z, DTA fifg E TR ORMERE L LT
EODEEEREARE. Thbb, H2ITET &5 kS
LD — 7 OFEICHBRVBERE VNS BE Ts, #
LD E— 27 128 W THBRDOIL S ER VDI Z SR L
ERPRDBRE T RUHBROC—7RE Tu &
ki, FEROREHZ LT 3EUEDORIEEIT-T
EHEEFEHAL 2. BE £4C Thol.

2.5 X i [E

XHRERFIZ W2 REHI F 5 2 e L T 72 200 2
vV aBOMEKEMALILOTHD. MBI EE
HERD LB -H&IICHEFIEORE X CHIEL
Z DRE T—E ORHIRIET 2 HETIT- 2. A&k
FERLZDRBRESH—ICT5DTh5. XfHETIC
FHEEEMUXRERYFEA L. BRI NI 740
F—%iEL7 CuKe RV

Li,Si,05 f&dh 0 HTHE 2 EEM I B +23 70
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Fig. 2. Method of determining transition
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3.1 HRLEERUHT REBEE

B 3 icoRESER, B4 Ts, Tc KX Tm T 5
ZAHOKEFRL OBFRERT. K3 ITBWTHFRH
DOKEBEMN 0.004 wt% »>5 0.177 wt% ECHINT
Bz o THHYL
— 7 DWWRIEATE
AL, oE L
oTnsg. X4
TRAKESEEN
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Wit 5 icohT 0177
Ts iz 537°C b E
555°C £°C, ¥, £
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592°C i?&%l: ]‘ 0.019
5. L»L, Tm 0.004
gL AEELL . . . P
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fesk > & A Fig. 3. DTA curves of glasses
BEICX > THIBIE  with varying water content.
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Fig. 4. Variation of the crystallization temperatures
determined by DTA with water content.
Heating rate in DTA : 10°C/min
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Water content Table 4. Crystalline phases precipitated from glasses
(Wt) and gel under various heat treatments.
3 [ 21] (Gel) Water content, wt$
+0.004 Heat 3 Glass
20120 treatment Glasses from oxide and carbonate from gel Gel
Temp. Time ‘0.004 0.011 0.030 0.120 0.177 0.027 19.99
o0 0.030
0 0.102 (°C) (hr)
2t © 0.027 505 0.5 |LS,(T)  LS(T)
5 (Glass l 2 |Ls, (1) LS (M) +LS, (T)
c fromgel) 24 |15,(P) , LS, (M -
- A 0.177 525 0.5 |LS,(T) LS,(M] LS,(M LS, (M) LS,(T) LS (P)+LS, (1)
2 |LS,(M) LS,(P) LS,(P) . IS,(P) 1LS,(M) LS,(M} LS(P)+LS, (M)
24 |LS,(P) IS,(P) LS,(P) LS,(P) 1LS,(P) LS,(P) LS(P)+LS,(P)
1t 545 0.5 |L5,(T] LS,(M) Ls,(M) LS,(M) Ls, (M Ls,(M) LS(P}+Ls,
4 LSz(P) LS, (P) LS,(P) LS,(P) LSZ(P) LS, (P) LS(P)+L52(M)
24 |1S,(P) 1S,(P) LS,(P) 1IS,(P) LS,(P) LS,(P) LS(P)+LS,(M)
845 TTIS,(P) Ls,(P) LS,(P) 15,(P) LS,(F) LS,(P) LS, (P)+LS(T)
Crystalline phases LS: Lizsios, LS,: Lizsizo5

120
1000/ T¢
Fig. 5. Relation between logarithm

of heating rate and reciprocal of T¢
on DTA curve.
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FTHZERMON TS, KBFZE ¢ inBuEE% 1°C/
min A5 20°C/min £ TEMLTHEL /L Z5R01E Y
TEEE DT % 1220 T Ts, Te RV Tm 38R
BT L. LHL, wFhoBuwEE <t Ts, Tc
BARBRESETICORTHEAL, Tv 3KEFRICK
STHEVEHLENEWSHEFEZFA L TH-7z. K5
INEEE BRI Ina & Tc O #EHRE © #3
1T 0B LTy bLELDTHS. F5R%
—EDOEE () THRALTHABLIEIHE, ERL
TefRmOEESE () L INEEE OITITR OB
HBW,

mE 1

Ina= “RT n In[—In(1—x)]+const

(D

T, m, n FRERED A I =X LICERTBERT
H%. H7ANMTOFRILE Y REFEREHFBLTD
5701 n=m=1Tdh3.KWIFETiT 74~149 pm O
I RREL 2 o D TH 5 2 NI T ORERILIC A
TREBTORBLDOSFIEMNTHD LEXLONS. %
ET, n=m=1 LT lna® UTciztL Ty k
Liz. K5 DEBOEEILE LN S FEEREDIEMEL
ZRNE— E)

P& IR, I Table 3. Activation energy for

crystal growth, 4E, obtained from

L= V¥ —fE DTA data.
1% 520°~604°C
- o Sample AE Water content
iﬁgﬁ@ .C 68 No (Kcal/mol) (wtd)
88 kcal/mol T » 1 84.9 0.004
4 73.2 0.030
%. & 3 THED 5 69.5 0.102
THBEDOAESE 6 69.5 0.120
. 7 67.7 0.177
No.1 oFF2? 8 72.7 0.027
WRLOBE = L2 | e Lt

Crystallinity T: trace,

M: moderate, P: perfect

470

4601
9450'

g440~

430

42 " 1 N I " " 1 "

0 0.05 0.10 015
Water content, wt%

Fig. 8. Variation of the glass transition

temperature on the DTA curve with the

water content of glass.
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BEOLIERCEILA—F L. £, FLEBRWTHESR
{EDTEHET R AF KR EFEOEME L LITED T
B LeVREDLNI

R6ix DTA k> TRk Tg 2R/ LEZLDOTH
20, Ty BABHEEPETIZONTETLTWS.
3.2 HFEROBEBELTICHERLiER
BAORETMEALIEFT R, FVROFLVERBL
TYE o e H T R DfESLIERE & XREHrE TR B R
2REITTT. ELOHT IR LFATRELLOBENE
RBZEVRDD. Thbb, FI3RADLRITRTOES
12 505°~525°C T Li,Si,05 FESRATHT 28, F s
BIZBDICVFTLrAZL Y r— b (Li,Si0y) fEfAs
L, 20BBEREFS5 L LiSi,Os MTHT 3.
FNOBEETOMENEE S 545°C 225 845°C £ T LR
% & LiSi;O5 OfESRBERRERFEICR -7

FVeB@L TE-728 7 2 Tl gty &
REEOMKREERM L E-72 #F 7% & [FfE LiSi,O;
Thd. 28, HMEBEZX S VXY LE.

1i% 525°C T 0.5 B R U 2 BRfIM#A L 12 p X
BERTARE— VBTN, FLEBRBLTE-o 2 5%,
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100
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Z 50 o Gel
= ® Glass from gel
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I S ® Water content: 0.004wt%
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Fig. 8. Variation of crystallinity of various
samples with the time of heating at 545°C.
Crystallinity obtained from the X-ray peak
at 26° in 246.

20° 250 30°
20

Fig. 7. X-ray diffraction pattern of glasses
and gel after heating at 535°C.
1: Gel (—), 2: Glass from gel (-—-),
3: Glass containing 0.177 wt% water (--+--- Y,
4 : Glass containing 0.04 wt% water (---)
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DIEMDPE>DH 7 2R BB L I E LE o [
AT, ThiZ o LiSio, XEEh, P X o
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ﬂﬂt@E%@%é@l iz leSIZOs 7z ”-'G‘Qj:fﬁv\ﬁ)ﬁb Wave number. cme!

% = S = - =

ThB. 20N TREINTHES S LABHED Fig. 9. Infrared spectra of gels heated at

£ A 5% (@ No. 3) 3o No. 2 & No. various temperatures.

4) LTHFEROEEIRFAICTHEMN =7 OFEE

BoTws. Thbb, MEAEEIEN 0.5h) %
&1zi% No. 3 OfEfD ¥— 27 i3 No.2 & No. 4 ® %vgﬁ:: Gel 495°C, Smin
PHICHRTEFRITNSSERMELAEIHL T thaoe
v, FEEERI BV Ch) Lho= oL HRTE - No heating
IkEL RS, Thbb, TACEREMETS.
X 8 i3 545°C THIEA L 7230kt X#RETH D 2 0=
26° IZBITAEEE FTRIZLBLELZTHTTRADE
ko, chi VITHESEZERL TP 2h &k
ZRLT ey FLELDTHS. KEFEOKEWN
H 52 TCRAKEEEDDPBRNWT TR LiE - THEDOH]
BN EIIITH LIz Qv s, MBEFEAEN & +afE
BB, T, S OREBLOEBMLON T % & . — /]

Pmarmln 72 4000 3000 2000 1500 1000 500
B 5 O i HRERE A LSO 23T < LiSiO, Wave number, cm-!

B Fodn D T .

ZEid f’—c&f Fig. 10. Comparison of infrared spectra of
3.3 FIEBEDEL gel with those of glasses heated at various
X9 RZUE 10 24 VOFRSMRRIRA R 7 b v OHl temperatures.
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Bc X 3R R MI»b453 & dickic X3k
Y'— 7 DT 3450 cm™, 2900 em~t & UX 2350 cm™! iz
HBN, TOERPIT VRO Si-O A OIHEES, JE
RIBRFREA OIS & Si-O-Si HEOLAKRS LS
RN ©— 7 BehEh H 1030em™, 940cm™ K O
470cm™ DL ZAITH B, IMBEEE R EHT3 LK
VRO T2 KIcEk? =27 BT REICNSL 3.
Si-O KRB L 5 v — 7 ZRFEICHEEABITTS.
EEH 500°C PRz 5 & fEEBZIFHT52, oh
BHRA AR PV OBIZLEBRLTNS. K 10 225
495°C CH5REF N EMBTE L, ZORRY M AEY
FADANRY FIZIERIZE L EPITWDB Z M43 2,
TOZLEFMBNCE o THFARF FRIZHRBZZ L EFRL
TWa. #uk 880°C T1RREIMET2 &, Zox~
7 PVERI TR D &5 2 2 930°C T 10 BBl
THAICHERILERTZRA R PLLIEEAE—BT 5.
TOZ LRz DOREHMETHE» ST T3 KEEN L
PTnBZ L EZRLTNS.

4, = =

4.1 HRLEEICXTIMEOKOZE

RBEL rAWERBE LTBRBICZ VERLEZY S
2 (F#1, No. 1~7) @ Li,0 £HEZASHEEIZE -
TREAEEDLRY (£2) OT, ZhboF Iz 0
REEAFERE Tc, Ts R Tu OBLIZASEED
BEWZEZbDLARTERZ V. REBNTICES L
TERCBRRE Tc (R Ts) ix, BIELLADER
BHAT AEEENETIZoN T # 555°C 725 592°C
FT (Ts 1% 538°C 25 555°C =) Rz #8843
B, V=7 ORE T ZIASEERICI-THEVE
LLARNWZ EBHE»D b, H 52 OGS IR
DG & R L IR DREDNP =S DBRN L 25 = &
PabhTng. Tc ZREVIEE 5 I2d BB L R
HEN5EE, METHEBEROKE SIGE LS
DHREPEZ VIBRDIRETHS. TiabL, ZOEE
ICET 5 T ORISR OFELE CHERICLE
REERIEVWIZ ENTES. LidoT, Tc BASS
FREL L LICEEBAICBITTS 2 L 3MEOKI I ER
BWRERHT S 2 L 28%T5. Tu BKSEHFEC
BEEFRE-ETDHY, EEEDORE SR T~
7 OF/IFKDTEEFRL L LITHEINT3 0 b HMEDOKIE
RREREREET S LELLNS. FEOERNIK S8 Iz
R L7 XBRERT O/ EL L LEINS. Bk D X 5 iz
KE 0177 wt% SLoH T R OREFLEE T IR 1
INSWR, B E L bIRKEFEDVRVWT S2DZH
WIS &, 10 B ETIZEE L3, Thbb,
KDENT T 2 DETHEE /DS, ERREEE
BRENENIZ ERTES.
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H T A ROREREOTERRERE 1 13kD (@) Rick -
TRINB?,

I=C-exp(—W*/RT)exp(—4E/RT) (2)
TIZT W* RO IFREERE, AE 1381250
BEETHS. C'" 2b5EHKL TS5 L C' exp(—4E/RT)
FRFOWBERTOT, BIROKEL » L+5Lz
i 1y i+ s. ZoBBEARS L 2@ R

IZ%exp(—W*/RT) (3)
LniTs. MEIRT 52, KEFENETIZoNT
Ty BETT 52, Zhiz—EIRE TORE » B¥kESH
EXET eI T L icg 5. B) Ricks e, »
PROTEE I BRELRBITTHZHN, EIix I
BNE L eole. LoD X 5 icKkEHEI 1
T & I &L 23 DRBHFEHERE WY Bhx
2B LTHATES. Zo#E 1T, Gonzalez-Oliver
LOFREREMRTS. Z0RRE LTI QO WEFE,
@ AnleREtomROME, SREBE2Oh32, &
T () DFEEMEIRREV. FHETHWIREHT 74~
149 ym DWHRMEKTH D HFEEERIXEY L2
b# 5. —%, Gonzales-Oliver & D fHvizapHiz <2
(FHRR) THBDT, ~1s BERVEMEELLR
. MRRDE—TH 51T b 0 hb & FEEG L OBRE 2 8
REANVI BB TIEFICRR2BHILLTHY 7 A2 HME
B Li,0-2810, 52 BRambhTwWs®, FEkics
BOKEZL Li,0-2Si0, 752 OEEROEES T
KBANy LBRTRERBEREZRL, BHRALT
i3, RFICE RN RRE DR R < A B REMRE X D
N5, F—RITEROEBREFES 52 5 REMT
TRERREIE PO X > THESh TN
B, BARBEHC T 2 AR R IT BV T LERRE
HEZ AKBHEEOHEME L bz, —F DTA g
D Tc HPoROIAERREDOFEHELT R LE— (%3)
RO Tg (M6) ZAREFEORME L bickHI+5 &
WIORRD TRWHEPE b, ERREOEE L %
WE— L LT 68~85kcal/mol (FL %K) LnHk
ESREP/ONTD, ZhEDEIBBEDOL Y r— b
7 2 ORMERBIOEHEAL T 2 VX =115, ERRE
THERCI->TXBE &hE3 222 RTb0LEZON
5. FNOFERREDEE LT R A X~ 13kBIE LAY
BERNWTIRDENRI DV VRERBEERLEY, 2h
BB T 5 & 5 ICHERILOMIEY, V72 LERBID
LEZLNS.

4.2 wHEROES

AR LIEEIT, BRL T2V 52 TikS
ARICEOFTIRTOFAIREMD Li,S,0, &5 28
WLz, —F, FudrbRiERelEo LiSio, &
PERANCHTH L7z (505°C, 0.5h o st Li,Si0, 73
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HHLTW3). ¥ &k ) BRI L Y &R st
5 L Li,Si,05 bATH L7223, 545°C £ LiSiO; A3
FERBHETH o7, LiSLOs B +23 7 7 2123 ”
WEBBLTE-2 b Db EERTnS. Leh-TH
HBEENFLTH-oThWolkh 1450°C L HEET
WELT 2 L PV ORERRDRTH TR LB 2 LB
3.
777 2 RGBS REEEVITH T 3 BA4T L Bh
ERCREREPITHTS LEHES T, KRlkoi#Es
f, Thbb, RE, EH, NEEE, REORIR,
DEOTRMPEC L VHEFEEHN»LTHEND LD LE
SRR B T3z e 83h5. FlxiE, BEATT
Li,0-2Si0, #iR DO ¥ 7 2 ##ERILE®D L, RRET
TRER LiSi,0s nfeb ¥ icigEs LiSiO, A%kic
T2, 72, WMEOBILI Y T LHE N IL&D=
v K20 HT7RA0DERERER Li,SIO; 2AMrH+
5%, [KRTHENHE TS L, Li,0-2S8i0; fiROH 7 =
PR Li,Si0; #5E B ARHAlic i+ 5 L Ebh T
W3®, BEZMNZ3HEIC Li,SiO; 2AHH 35 ol
BIET T Li.SiO; HEEML 23 LEIRTE 51,
Bk oo AIc LiSiO; 25 45 ik 5 2 bt
DEREP TAHY OENERRICR Y Li,SiO, 2NEEE
ICRBEDEHAIR TN, Lo T, FFET
BnirEhizX sz F b LiSi,0s T2 < Li,SiO,
DB T2 DS AVOETOMHBRBT LH Y D
ZVRICR o THnBE b TRV hHEELX LN S.

5. #% i

(1) WMEDKkE ST Li,0-2Si0, 5% # DTA
THEELRZEZ A, 0.004~0.177 wt% OB TKOE
BTSN TR — 7 OBBFEL 2 Y, Akl
FBREE (Tc Xix Ts) BWREICE oz, LaL
RO — 27 DRE Ty BIELALELAP ST,
—%, ¥ RAEBRE Ty 3KEFEPHETICONTE
TLz. ZhbDOFEERNOMEROT IR IZEEN B
BOKIEHRENH T 50, BRERELRETS L
wLTz

(2) BE—OBROF T2 &HFNOFERILERITRS
> TEY, FATRBEOCHERER LiSIO; FEIMWr
HLU, LiSi;Oy @ fHBERLTATHS A, FUEHE
TTH IR DIE REMD Li,Si,0s fEsu7Z AL
fe. B 7 AP OKEREGANEOHE T HT 34
RABICEE R B X ol

(3) H5RELILEOKSHEVPFELTHIITS
NVEBRELTE- el T 2 3 Bb R O RBBIEN R & K
e LTBERLIY 72 LPERGBREERTZ &N

gedein ok 91 [5] 1983 221
Rnwizaht.

B B VT 20EMNC OV TEENERRAH BE
TERICBEH LT, R SORARERRERERE (1)
(ho—2F % F7 272V ¥—va >, RBRARITHED) OEH
& - TiTo 7z,
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