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Structures of Molten Silicate and Aluminosilicate Slags

Yasushi SAsAK! and Kuniyoshi ISHII

Synopsis

. Molten silicate and aluminosilicate slag structures have been reviewed based on the recent experimental results measured by such as Raman

spectroscopy, high temperature NMR, high temperature X ray analysis. The structures of these melts discussed in this review may be summa-
rized as follows:

The anionic structure of alkali and alkaline earth oxide-silica binary melts can be considered a mixture of a small number of coexisting an-
ionic units. In terms of stoichiometric expression, these units are described as SiO}”, $i,057, $i03 ™, Si,0% and SiO, units. High temperature
NMR studies have made it clear that the structures of anionic units are not lasting, but exchange their structures each other very rapidly at
high temperature.

The structure of aluminosilicate melts is consistent with tetrahedrally coordinated AP provided that there is a sufficient supply of metal
cations for electrical charge-balance. Electrical charge-balanced alkali aluminosilicate melts consist of three-dimentionally interconnected 6-
membered rings of Si and Al tetrahedral units that mix randomly. Electrical charge-balanced alkaline earth aluminosilicate melts probably
consist of mixtures of three-dimentionally interconnected rings with no AL* (six-membered SiO,-ring), rings with Al/Si= 1(four-membered
ALSi,0%" rings) and rings with no Si** (six-membered AlO?” ring).

In most Fe bearing silicate melts, ferrous iron is a network modifier (octahedral coordination) while ferric iron works both as a network
former (tetrahedral coordination) and as a modifier depended on the slag compositions. Melts along the Na,Si0,-NaFeSi,O; (acmite) joins

become progressively more polymerized as Fe’* content of the system increases and the end component of acmite melts has a three dimen-

sional network structure.
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Fig. 1. Schematic representation of network of tetrahedra
formed by Si esc. and oxygens.
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Fig. 2. Raman spectra of glasses along the CaO-SiO,
joins. Characteristic high frequency peaks associat-
ed with Q°, Q% Q' and Q° species are labeled as S,
C, D and M (modified from Mysen et al.’").
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Fig. 3. Frequency of Si-O~ stretch band from Raman
spectra in metal oxide—silica systems as a function
of bulk melt NBO/Si (Modified from Mysen
et.al’”).
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Fig. 4. *Si MAS NMR spectra of Na,0-Si0, system with
compositions as indicated”®.
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Fig. 5. Static *Si spectra of K,Si,O, glass and liquid
(modified from Farana and Stebbins®®).
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Fig. 7. Comparison of X-ray radial distribution functions
for silica, albite, jadeite, nepheline-composition
glasses. The dashed line represents a homogeneous
distribution of electron density (modified from
Taylor and Brown™).
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MMEIZKS QQDOFEEHS EHE NI IR T 338979,
72, BEORIEZ T AL, SRAGSRL ZORIKED
WAL, D F 1 anorthite TIXZDERITI/NX A
albite R sanidine TIZH» D KEWNWZ &5 L HRADHEE
BELEBLIENEMFT OIS, MROHEEITR L 52, Al
A%V H 3 RIC network Wi 2§ 5 @M@ E D Z
LIREBLTNWS,

Table 1 {2 albite, sanidine, anorthite ¥ X OAFED AR T >~
ANE— (AHp) LTV bOE— (ASp) ERL7T, G

Table 1. Enthalpy and

entropy of fusion of tectosilicate

minerals™.

Compound Enthalpy of Fusion Entropy of fusion
(kJ/mol) (J/mol K)

SiO(quartz) 9410 5.5320.56

SiOy(cristbalite) 8.92+1.0 4.520.5

KAISi;Og(sanidine) 57.7+4.2 39.2+2.8

NaAlSi30g(albite) 62.8+2.1 45.7x2.8

CaAl;Si>O(anorthite) 135.6+8.8 74.1+4.8

o DEMNEFITNE SAMELBROBENTLALE
HoEWI EERLTWBH, albite R sanidine TiEH» %
DRELEAFDOD, BiHEBETIIAE SEERES|
BELCTWBZEERL, RDOFCELN-4BE»" 568
BREEANELTA/RIIHIGL T3, L2 L, anorthite
BREROAEL4BREN-Z2L L TWBDIZE b5
FTREL AH, & ASp L& Fi> T %, ZHhid anorthite (2
BOWTRBEHENPELC TWBZLERLTWEH, £
NI DOV TIZRE TRE§ 5, 7, MgALO,-SIO,RIC
DNTIETALIZ &L S MASNMR BIFEIZ&L D, Si5& U6 B
DT IFTOFENREINRTED™, Mg #5LTL
IV U= PRI E TRARZEBEMKO H T 2 &I
FEREE--HEEZRO>EBRDLNS, Al L 7&K IZTMgO-
SiO, RiZkE W\ TMgA 4+ ViIZSEN &2 &35 E, X257
RiIZBWTMgA A VI B0 BELEEHERL, 5H7
DOREIZRITTRENCDOOVTHLLINETIHE RS 5,
(b) Raman Z3e3EIC K O KEE R

Raman BHIZEK B 7L I/ U — b OEDOHE DR
KELTDHODNRTWHBST, ULirl, ¥V r—bFRIZKEX
%5 &, Z0 Raman AX%Z bILOMERIZ L BZLIZONT
BEAHFSICEEBINTOHEY, FRIZALD Si-0 Off
W, ZEARECESHES 25720, NV FMANEL kD,
BNV FHEESTRKILL, ZhFh sy FOZELHH
BT 55 I ICELRERH D 5, Fig. 812 albite, jadeite,
nephelite MR D W # 7 X % & & NaAlO,-Si0, R7 I &
U'Fig. 9 12 CaALO,SiO, &% B # 7 2D Raman HIE
DOREREFTR L7, MRIZHEIT S22 bLIFMBRIZ LD
Y FNBEIZETOBBAR NS H, EHRNIZIZIZIERC
THHEBTHEIZR LS/ FRROL W, D) XK
B CIIXATE - 4 AL 6 BEBEDZEL Raman
ART PUZIER X T g,

Ca0-AlL0, & 7 Z2® Raman 53 HiZ 53T AL-O DFHFE
%3 Fid 700em™ LT TUABRINEND T Fig.
8 R Fig. 9 IZB VTR 6N 3 850~1200cm ™" DO&EPHD /S
Fid, 2t V- CRON T si Wimfh &AL T
5QRQ DA A v OMFERENICERL TBLeE LT
KOy, SO N FRIERD, »OMAEL THED
AL REEA & v ORI E AR ICBEE 54 5
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Fig. 8. Raman spectra for glasses along the NaAlO,-SiO,
joins (modified from Seifert ef al.””).
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Fig. 9. Raman spectra for glasses along the CaAl,0,-Si0O,
joins (modified from Seifert et al.””).

2O ThHB, 20X IC, BEEAKESTIE3XIT net-
work & Bk E LT 2SS, BRZE &40, 3RIC
network 23 T < 2RV IV = TROEAZQRQ
ST 2884 4 VA FET A LD E BT LA, AL
7= albite % anorthite {235\ T K E & AH, & AS, (Table 1) &
TIHEHO -2 ELIONDS,

% 72, NaAl0,-SiO, RIZ¥Hi} 5 (Si, A)-0° (0% 3 RMEME
#) BOESKIZ AVAL+S) Ok OEMT S5 &
RHEXZNTHBE, Zhix, ZThoOMEROH 7 Rk
W 3 2KTC network KSR L T\ 5 Al WiEfA & Si UK
AEWNIS VA LIIHHL TSI EREL TS, [
U552 NMR (2 X B NaAlO,-SiO, R0 7 + ORIE
o /BN TE R,

—7% Seifert 577 i CaAl,0,~SiO, & Raman #IEIZH

BRIV = BEUTAI VY r— A5 7 OREE

WTiE, AAL+S) BELL TR, 4D Raman /¥ F
DESEIZZFL AT L EWERE/L, Z20ZE&M5H
AV(AL+Si) DENZENLLTE, LTS/ D
YA (YT, »2OMEOBRI=y MZHEWTSI®
Al WERIZ S v & o 5BEE CTh S HABICEE L Tw b
Ll PR ZORAN MR LI=y PELTALL
Si MU ASHBIEIZERE L T b ALSIL,0 D 4 BERY ¥
2" (anorthite ZM L T A E A=y FEET Al & Si
AHANEF| LT 3) & tridymite & RIAkD 6 BRHEED
5% % 3 RIC network D DAL, X517 IFHIE
HIZBVHROBAIE 6 BREED ALO; AFHETS L
LTWa,

ZD4BBY) VY ALSLOY DIFFEE NMROFERS 5 5H
T HEES gndy, FOREIHEOHETEL,
RABED, HED MESY OBLOBREELELS
&L TAAYHEEBRTALIF VY - A Si Mk E
HEAa=o bed5 6 BEE ALSL0 2X—2LT54
B¥E» 5 &5 5 3KIC network & JERL L TV B ATREMED 75 4
EwkEbh3, £/-BEENZ LI, TLHVETILA
JEEEBT LI VU — N AT SRR THEREEA A
2=y PBRELEBZ X, §TIC Flood and Knapp®® AR
REXI DA DB S Gt » 5, BEL TS, DF
D7 A ) EBEGHROMKD Sio, & AlO, DN {AA
S5V AL 3 KRICHCHEA L7 network iEZ# & BT &,
7 A HHEEBERIZ 4A10,-35i0, F 7213 4A10,-2Si0,
DOHEEX2T= o b EEDBLEBRRTND,

Plbd=& 3z, 73— 25 kRS
T3, BACEENTOBIBA A Y RTLA ) EEA AV
TN IHEEBA AV THEPITED, BENKEL
Rixb, THITEHICBAISNEEREZERT 5K, &
HABET B 2007 Lh)E&RA A v OEAIZ AR
Iz LT IATHTTH B4, 7)) PEEEA A Y
DOPAFAIIEEIZ Iz L7 LA ) DEHEEA AV
EDEA TRBAFICERAVER & 4 5 720 Al E
2EMBEEL D, BEL, 7oA LESEBAAVET
MR REEICHNA TE S 20 EEA 6N TVD
M, FORELENAFEHIZOVWTEEZHAL2ICES T
Wiy, FILI V) — FOREIZE LT RRIC Al
HE A ERE LTRED &by & T % Lowenstein Al
HHIGNWTWBEH, T AlNEAESLTHA A~ DR
MAEDPBELTZZEICHE DI LEALOND,

3.3 (M™/n/AR*>1 DFE

TR VYT — P RCEREMET B4 4 V5 Al
AXVEDZL BBERE, AFTIIEENS AL 4 XV
B3 RTHEARE K L, network former & L T<,
4o 72BB 4 4 1Z network modifier & U T ¥, network %
YIi4 %, CaO-ALO,-SiO, &, Na,0-ALO,-Si0, R LV
K,0-AlL,0,-Si0, R 2 7 7 D& A Raman PES T, &
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72 NMR {2 & ) CaO-ALO,-Si0, & & CaMgSi,0,-CaAl,SiO,
FROEEOMEL L XN TS, Zh 50 Raman ¥
KUNMR HIEIZ K % &, ALISBEMIZ Q* 2=y MZA
BIEMARL, ZASDRIZHBENTE Al 28 3 RTHE%
EDRFTNIEERLTNES,

Mysen®” 5 (3 NaAlO,~Na,Si, 0 7 ¥ & U CaAl,0,~CaSi,0;
FRIZHENT ALO, REAZ(L X ¥ 22% F 7 2D Raman
HI%E % 17>, deconvolution 12 & D 800cm™ BLEDR/ NV F
EEEL, ZORIRBBOMERGEE KD 7=, ZOZEL
IZET &, Na R TiE ALO, IBE A 10mol% F TIFTRT
D AP 33 RITHEEIZIZND | 10~20mol% D T3 E
12 3 RITHEE & sheet IZA DA, chain 1213 DAL T,
ZDEREIL 3 XITHE >sheet>chain DIETH 3 & L 7=,
Ca RTITALO, IRE A 10mol% % TIZ APY I 3 XITHE
L osheet IZAD, ZHL ETIE Na REBBDOELEIC
foT, TRTOMEIZAB LBRTNS,

3.4 (M™/n/AR*<1 D&

BERAEMET B4 D AL A AV XD OBAIC
BIS, TLIV V) - MEEDFMITE AR IR T
Wigy, —RENICE, BRAIAME SN AL A A4 VI3
HEEXL, BODAIL A ViZ6BAiE 5 D network mod-
ifier & LTH LBMIZEZONTE, ZOBRED AP
d6Ff xS, LA L, Lacey i 2 fAD Al MUK & 11
D Si Uik, & U< i3 2@ Si Uk & 1{fo Al k&
BEEA L T B tricluster B ARIEL 2%, ZOBRLD
APT 134 BRI & 2 5, AlO, IZHEIR Y 5 Al-O D IREN I35
< Raman #IE %> & (JHHME LR A HIE T, ALO-SIO, £
TORIE T tri-cluster &% X TR  ZHIIK
THRER? EWE I T3, NMRIGEMREIZEN -
RMUEEFFODT, YAl &\ 72 Ca0-ALO,-Si0, R TOH|
EBRThbIZ, LHrL, 5T 6 Fhiizxdicd 3
Oppm DILFEL 7 b BB I 725, PIOMK TI3BE X

Wik, — N cERiIHEE»r o7, 20T ehb6,

BEFE T3 AP 132 ORMAOHBIZW IS L T tri-cluster
3, &5 WL network modifier & UL THFHET R EELZHN
TW5,

4. BILHEFRA T TRBOBE

BT T ZITBWTEKT S AT/, BDEDI
AE L THIBILSENEETh TS, ZhEThx~=2Y
F—=FrRTALIDYNV = A7 LIIKRELBED, B
gz &3 2 7 7 TR E DA XV O HBIROBE AR
Ty LOEICK D2 ik 3 OB TELT S, $kA4
* v OMBOENRIZE D, $kA AV OBIROBEN B L E(
T5720, A v OSmIKkELEELG L BREL
TA7 72RO EL KELENT S, &oT, Bt#t
BOAITOEEIZONTIL, Fed4 4 VOB &£ L1288

T AR L T h LA A v DR & L O RIEEEREE
EOBBRAEMS I L AEETH 5,

BRALSER X 5 71251F 5 Fe D redox 2B A HF%R1L,
Z DB FRIEBRY L GMERETOLESL S 2 LR
IZEZL ORI LB EN, ZTOMBEREERT VL v LD
TFHIZ DO TREBRTEIH/RIEBON TN B, Fef 4
VORMIZBELTE, £ DOIESThI, »ik DB
EATVS, LaL, BILSER X 7 7 DILER - EER
R M4 5 FCEEL, BESEA A VEOBERZO
SHBEEOERHMEEICOVTIED  DIIESEA TV
W,

INETIZFeAA VY EFULEADT T ZAIZHBIT5 Fe D
B B3 A IR 929 | Mossbauer #5790 2 EiZ kD
BMET&h, ZOIEFLAEDRERN F© X6HINTH % &
WMELTWB, Fe DFMIZOWLWTHRE AN T3 KL
@ Mossbauer ¥ 8°Y X Raman 23K 3 OFERAEBET 5
&, MEICBRIEFERK TOSS ) r— PERICB T
Fe* 13X 4 BOAY T network former & UCAER T % 4%, B0
FHXTOMETIE6BENE LS, 2EDIDEHTTIR
Fe** A & VX network modifier & U CH@<, -}
R Ty TR 4B L 6 N ARIET B L X T
529, L2LEBELEThEEs0nwaid, Zhsofl
EIZHWZH T ZRBOIELAEN L Y r— RT3/
U = MZEOEOE mol% BIROBALEE4E & TR,
BRI T, $A A VOMBEERMERTES LS 5%
HTHRONZFHRTH 5. BILGKERE K IGE, Fed
* Y ORMOEL B EEOEIZ RIFTHEIS L, &
AKX v DZXT VRS RITTHELERCHN 5123,
BREOBRILSAEL X2 S TORIEMVETH S, ko
TERBE COEBERFEHDII—MLT5Z L3 TR
Wy,

FAE, Ft MEMNIERISHVIRES, » D EL S
HRPEE SN T3, FeO-Si0, ¥ LU Fe,0,-Fe0-SiO0,
RA T 7IZBT S Fe OEMIZ DT XEET 2 H T
Waseda 5 'V I X D KRGS X Az, WA DRIZHWNTSIO,
DRSNS 512Dh Fe-O BDFFEEARD L2A, Th
(& Fe AN HEIRRCHL A & UTAHARED R ~NZEAL L 72 Z & iC#E A
LT3 & L7, FFIC Fayalite #ECIZ 360y T Fe?* 134 B
i ThdEMaml Tb, F?t DRI DWW TIZ XAFS
(X-ray adsorption fine structure) 73 1% {2 &k - T & #f%%
ERTn3, WIEIZ Fr FEHELEZVEBERTF Vv L
T T M,FeSi;O4 (M=Li, Na, K, Ca) & Fe,SiO, {22\ TfTh
Nz, ThEDRIZENTE Fer* IZHHIEIZ FeO, MR &
LTHAEL THYB Z LRI N TS, % 7~ Méssbauer
HIEIZEBNTSE F 122U 7 — FRUMETIZ 4 Bz, #5
AL 5 BofL & T AAER 129 g HE XN, X 5IZRaman
AHIZK B Fayalite UKD B H 7 212B W T 4BhL %
TR AR BB TS, Brown 5P 12 Zh T
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Fig. 10. Raman spectra of quenched melts along the
NazSiO3—NaFe:3*Si%O3 joins in the air (modified
from Mysen et al.??).

ORI L >THEONBREF LRI L, &S5
DONAEEETBEHBT LY 6 BN THROATREMENH S
ERNTNDB, KoT, A< &d Fayalite IZIWEIRK,
BBV F BEVE HOOMHAEHAEETEX LW
MR ORBAIZ BT, F?t A% FeO, MMk U THAEL
TSR TS5 LEALONS,

Fe'* IBE NN FENRICE T 2R PHEEDRKRE &
fibh T3, Hirao 597 iX Na,0-2Si0,-Fe,0;,-2Si0, &
DHF X, ¥ &V KFeSi,0,, CsFeSi,0, KFeSi;O, NaFeSi,0f
D Méssbauer MITE % 17V, T N 6 D H#E A 6 Na,0-28i0,-
Fe,0,-2810, DH 7 X2\ T Ft id 4 Bk & D, Ly
Y 2N M3RIC network G # & 5 & LTV 5,

Na,O- Si0,~NaFeSi,0, (acmite) 212 %1+ % Raman 53 il
E DFER A Fig.10 I2/R L 72, acmite IBEORKIZE S
BV, ZNE T Na,O-Sio, IZIFTFE L T2 - 72900~
920cm™! LD 450cm™! DSV FOHMEHMABRE T D,
450cm™! DSV FIZHED AR PILED KD 5 3RTT
network (ZXEL T3 &F L 5H, Mysen 5 i3 900~920
em™' D3V K% 3KJC network % R T 5 (Fe, Si)-0° ED
FxtFrffaiRBIC I35 & L%, DD acmite #K
DAL F*t WEBE LA L 72 3 2KIC network HiEH 5

o TW3b, Fig.10 125\ T, acmite D 15% E TOHMT,

Q'L QOBENW-> T, QDEENEL , & 51T acmite
DRABZE, QAWD 900ecm™! & 450cm™ DYV FAE
BLTL B, DD acmite DM & Y RD polymeriza-
tion T I B, TR F*t DM LT Nat 3%
FUZEZ U, network modifier DX A9 5 Na® 25 7z
HLELOENBEYS),

Ft & APT L ERMEDBEA 4 ¥ H+ashid, 25

BRIV DA — b BXOTAI VYU —F R 5OE

SHTEBIZARNELD, AFVEELHEDEDEW
A, Al,0;-Na,0-Si0, R & Fe,0,-Na,0-Si0, SRiZ&H T 5 £k
AR AR EMRATEL LD EL TS, KE
DOELIZRAESEERML TWEEEL6hEDT, ME
BAFEDOERIIMAER 7 SEBICKITTFS L APTO@ &
BERE B L ERKEL TS, Mohrib ¥ ALO;—Na,0-
Si0, % & Fe,0,-Na,0-Si0, RO A H 7 A DHEiE % Raman
BAHAIZEDRRET L 72, F*T OBIMIZQ L QP /Yy FiRE
CkEBZENES L, BEESKESENTHI L a2
U724, APYOBIMTIZ QP& QP Sy FE&EIZEAE L%
LIRS AE» 572, TOZ LT FST & APT DY) 7 —
MEEA AV EDOMEERSPEDRELESZLERL T
%5, ZOXSIZF & AP B2 5 FBAOREEIZKITT
WBIAREERTH, 2L OAHLRMAEEIA T
3, SO X 2I2HT B 2T LI EARNIZFST & AP
BREENTED, TOXF7OEEEAMICHERT 5729
I2id, WA A VAT B 2T 2B B 2 h T hoRE]
PLHEEHEZHL 2L T BEN D B,

5. #&bH)I(Z

ALV o — T X Raman & E 12 Xk 2 ERIEICHE
ST LB U r— b7 LI x— 275D
BERODICRRZ, ThETIIREEN-ELOEEET
VIEBRPIEER BT FR 2 S, WICHEEEHEEL 7=
EFLTHY, ThoERELBEDONIDPEMNTIES

LZHMFEIZE > T3, BEEREIC K DHEE S-SR,

HBHRDOAIZEED LD, b5 EEOEED—EL
ARBMLUTOAEWATBEN S 5, k- T, BEHEIZXD
R LG, 2RISR -SEEFTE B2
MOFESTREE 5> T, BULHTEZOELUMIEE S
5, SHRIHEIN-EEICEDSOT, EREREED
MR BN FREOBAMDOFHE 2 Ty, HES R
THEEA LD EMEZRDEL T ZELRETH B,

BT ZICEBWTHETH D FRFERFLAT IR
Ty ZDOEEIZZEEEL OKBROMELEH D, &
CIZHEDEZILRZ 7 7 OREEICE - TIE L A EHIZES
EENTOEVDPERTH S, ZCDHICRA=LIHICR
T I REEILZ DILFR) - WERGERE 2 B - GHilid 5 7-
WDIZHEBIZEETHY, SHROMEOERICHIFFL 21,
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