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Brunauer et al. **%

Cs:S + 2H - 1, 5C-S+1. 5H + 0. 5CH
Kantro et al. ©*7

Cs:S + 2H - 1. 65C-+-S-+1. 65H + 0. 835CH
Fujii et al. ©*®

C.S + 2. 61H —- 1, 8C-S-2, 41H + 0. 2CH
Lea *®’
C:S +(1.5+n)H — (1.5+m)C - S « (14m+n)H + (0.5-m)CH

-0.7<m<0.5 -0.5=n=3.7

Kantro et al. ®Y @i BEKMERYOCa /S idHl. 83N BI L%
&G LTH D, Shibata et al. “P BRAMRBRET L TR VE, REEHS O
%¥TCa,/Si=2, 0%2RL. CHEREAEHAELBZWAIMOFELT S
CEERLTWVWE, CHhoLOBERT<THBBHRKIGAKB-C:Sick 32X
BERTHD, ARBEI>TERTIERI V¥ 9 AKNYHS L WK
HEH->Z &E2RT.
C) B&E
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AV FIV A —UPNDPSERLEERI VY AKHY (C-S-H)
BIUENCRBEUNNTRELZE TS V0077 7 ARIEL. BERK
E—BNREXRDRBR—2OHMEERTOALTHEEANERBICRBEST WL, 20O
LHDKAPFO Y Y r— b 722 YR FAY Y VFREK TR
(SiOH—=SiOSi (CHis) ») LTHMERTZ2TMS & (trinethyl-
silylation) DSBAFE SN fco Tamas et al. *V R CDODFEEZHVWTC,S.
C:SBIMMBOKMEFHEWHS it LA (Fig. 1-7) o CHICH E. Bentur
et al. *® | Mohan and Taylor ‘**’. Hirljac et al. ®® itk - T & & iIc 4
BRABITbH, Fig. 18PV KRTEILKHOEFTICE SR -TE) v —
PoFA2—F, SHLERENERTIAESHBICEZD, ¥4 =2—-BX
fHERLIBREDIEIHB, 20~3 0FERTHEKAR4 0 UBERFFELELTVSE
LREBPSh ER ofco SLIRHEERCLR, 0 28K BEHTECN
Y5 =7— (Sis0is) DORYD, REBBIEZTHZ0H 427 57— (Sislas)
SLWIEHHO MR- ETHB 220,

TMSHERIOES KHBERFTCENBRBTCHEMB, PYAFLL YL
LR BHEERL, Y4 F YT v a vt 2 BETIEBBIcRKERMEE
20 FRVVr— 7oA BRI LA bDOTHEEILEIERXNT B LN
BT EbEELLTCETFSN 3, »

1980%F Lippmaa “P FERUHEBREO YV r— 7 =4 Y ORERIT
i2?**S 1 MAS NMR (magic angle spinning nuclear magnetic reso-
nance) BHRMICHEHATEL L E2RLTUR, 2 Y DKM bEbN S
KIEB o 2P, COBHBERREOLEMBELBEETTMS EOME
EREDPORRTZIb0THEH, Bons#HRITMSEIZbDERE
V. YU - 724 YOEERBERT HOTH 3, +Rbb, Bohiss
RQ'~Q'BRDEIBREAREE TS,

Q° : isolated tetrahedra

Q' : end group tetrahedra

Q? : middle group tetrahedra in chain

Q*® : group in layers and on branching site

Q* : group belonging to three dimensional framework

_13_



3.5 T T T

1. pure C3S

2. C38 + 2% CaCly

3. C3S + 0.07% citric
acid —

4. pure B-C,8

. C98 + 2% CaCly

3.0

Ratio of peak heights (Sil/SiZ) -

| L1 1 L 1
1 2 7T 10 15 28 90
Hydration time (days) —
Fig. 1-7 Peak height ratios in chromatograms of silylated reaction
product of C3S and C:S pastes, with and without admixtures, as a function
of hydration time. Si1 and Si indicate monosilicate and disilicate

respectively @,

0.0

% of tolal Si recovered as given derivative

] (- 1 1 1 |
1 3 7 14 30 42 B84 180 365 22 30
TIME ( log scale) days years

Fig. 1-8 Percentage of the total silicon in C3S pastes recovered as

monomer ( open ), dimer ( half - open ), and polymer ( closed ) by a tri-
methylsilylation method. Different shaped symbols denote different C 3S or

alite specimens@?,



&5, CP (Cross-polarization) MASHEX2@ES5 2 &ickh, TMSET
RRAETCH - Y r— b 724 vOKMREBLTZ - EBHE 3,
Young **’ % Rodger et al. “® R CDFEEXHVWT, BE-EREHVTHL
550D, CoSKMPLBOT b Y2 HT 22/ v —BEETHEEH
EHELTW3S,

*Si MAS NMRiKKB3vY 7+ 1DOEREIC >\ TIE Rodger et al.
(48) _ Clayden et al. “**’ | Barnes et al. “V N ch 2RI L. BHTWVWB B
DOFMBERERLBL, BEDOLIE v Y r—+ 724> OFAER L 20D
EUENEEERCERBBIL TS D, SROBEEBL TV S, S5, N
MRZTIR, TMSERKIBIIBYYFyF—bT7T=2FvDid>%b LERHEK
AZROBERBTAHEDECHAHBET, TMSHEEMAS NMRED#HHHH
RN EBHBEACRBOBHBREBLRS 5,

C-S-HiXCa/SikkZl. 5. AN bMENICLREK S
C-S-H (I) &C-S-H () &3 505 & Taylor et al. *® o k
STRENT, 100 CUTORBNERCARTEREIEHEERI LYY A
KfIWicit 77 454 b (afwillite (CaSaHs) ) v 1. 4nm bFs/YES 4
(tobermorite (CsSells) ) v ¥ = F 4 b (jennite (CoSeH11) ) HK&H 3, 77
171 FRBFEBRATTCOZAKAE Y LEdhTHBD, ChiBRa, —
MIREBI VY AR =F 14+, 1., 4nm FNESAL P ODEB DS
PILRAUOBEBELROWEESREA, CDO55C-S-H (I) 1. 4nm
FPNESA P ROV C-S-H (D) & YxF4F KELD LB REAL
(Table 1-1¢%) ,

C-S-H (I) BC:S., C:SOBEKXAMTW,/ " SOBVWBEERT 5. BD
THVEBRROABERL *”, Ca /Siik0. 8~1. 5 BEOHM (L
L. Ca/SinoLREJECHEIFIET. EGHRBSG/NES T3 9,
C-S-H () #B-C,SODHEIPAVNL FL—v5 P9 C,STRW/ S%
T3l LicknBohs Y, ABRMELERLREEEL. Ca /S i
XC-S-H (I) XbHEL., 2LUTFTE2RT.

C-S-HOXRD#»®% - vi3HHMNIL3EZDOE~2 —0. 30 nm,

0. 28nm, 0. 18nm— TREEZH S (Fig. 1-9°Y) . CHIBCHF

- 15 -



Table 1-1 Crystal data for 1.4 - nm tobermorite, jennite and related
phases(5®,

Phase 1.4-nm tobermorite C-S-H(I) Jennite C-S-H(II)
Molar ratios
CaO 5 5 9 9
Si0, 5.5 5 6 5
H,O0 9 6 11 11
Pseudocell parameters
«(nm) 0.5264 0.560 0.996 0.993
b(nm) 0.3670 0.364 0.364 0.364
¢ (nm) 2.797 25 2.136 2.036
a 90.0° 90.0° 91.8¢ 90.0°
B 90.0° 90.0° 101.8° 106.1°
Y 90.0° 90.0° 89.6° 90.0°
Lattice type I I A A
z 1 1 1 1
D, (kgm™3) © 2224 2350 2332 2350
Reference F17, TS . T20. TS G46, TS G47.TS

|
30° LO° 50° 60° 28

Fig. 1-9 X - Ray powder diffraction pattern of 22 - year - old B -C2S
paste ( microdensitometer trace of Guinier photograph. Cu K a1 radiation, A
= 0.1540598 nm )9,

- 16 -



ODHANVYYLAFY, BREAAVORVELEAMERTLEEL SN, C-S-H
DA TIRISTIDOE-IRBEEINE, “Ur - 4HEIBCHBET
drierketten 2R L TW3 EE X S, drierketten D3 5D 2 > D 4 FHk
(paired tetrahedron) 21 CaO¥—F (1. 4nm F/EFAL b))
CaO;¥—F (YxF1 ) OBEEZHFLTHBY, B D—> (bridging
tetrahedron) D4 HEDOR FNEFTCC-S-HF = —VOEIBREEI N B, T
BB, §XTRTNANEC-S-HRIFIv—¢ap, 1oBiciFhhif~
VIR—ER DB, CHED, —DODF 2~ VEBKTELYr—F4HGEOR
Hix2, 5. 8. -—(3n-1) TEREEN3 " (Fig. 1-10°%) , &
NOoDEERBITMSHERLIZERCVLEVW—KERLTVWSE, Fx—Y0DE
SBRFPARHTBM 5 v RER>DicCa,/Siid R4 5, Taylor 21,
4nm FPNESA P, Y2FL rOREERBICHEL., Fig. 1-11 & RTHEE
ERDH Y Ca/Si=1. IREVSDIR2>OHEEEH>C-S-HOR
BYMTHhBLLTWE, Ca,/Si¢tF—VYODEIIZODWTIE Grutzeck et
al. ®*V | Stade et al. “* *O{pfH G Z WL DD ERBE M H p (B
Taylor OHEL—HLAMBMEERLTWS, L. ChoofER
Ca/SiFgvEnl. SEFORBEMNEWVWCa, /S iTcoRNTHED.
Ca/Si=1. 5LCAKROERBEBONZIIEILOFEMIT>WVWTIZH
SHhICENTVWIE W,

1-2 HHE#HEC.SOWE
C:SOEERBWEIWPILTIX1 95 04 BredigPic&k > TEBHOELEH
BHESOTUR, 2L0WENB 3, EETI5202ER L 20KV
3 Niesel “P itk evoh, B40ERHBE B L T2 Udagawa et al.
RE->TEEDBSNL T, friven K& >TE Do zhoOMES:
Fig. 1127 2iRds C.SREBM» Sa. a' sy a’'v. B. 7D5EHDE
ExRb, ZRCR XL ECH 2, a—a' —a' . — BEIOEBIIE WicH
BTH2. B>7HRBICRMNL 2%0RBEMEL bRV, Chick D —&1
CRBERR (dusting) P 3, BROBEEMHRIEARICELEEL L 5 v
FeA Y bHDC.,SBEDRLALHELSH. —BallE LTHEELTVS

_17_



o~

S

\

FIG. 4

(a) A dreierkette attached
to a chain of linked
CaO6 octahedra,

(b) As in (a), but with
omission of every
third tetrahedron, to
give a succession of

B 81207 groups.,

Fig. 1-10  Silicate chain of the type present in 1.4 - nm tobermorite and
jennite ( dreierketten ) and its structure changes to the C-S-H 59,

2:4 T — T
Jennite

2.0 ]
o - ]
o
ax -6 .
) — o
~
o]
O} .

1.2+ led nm Tobermorite -

0.8

N
v
®

8

Chain Length

Fig. 1-11  Calculated Ca / Si ratio plotted against a function of chain
length for jennite and 1.4 - nm tobermorite modified by omission of

bridging tetrahedra (6,
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Polymorphic transformatiion of C,S7%),
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(78)
o

BHOKMBEERBEL CHEHREEVE SR TWS 7772 B, Suzuki
et al. *V _ Bensted * @ B4EKHBick--TcoMESTFERET I E, ¥4
Welch and Gutt *» R AHMAB G H WE L TWAREHERLI-TKRKE(ER
BRIE->TWB, CHRHURABMOARLE,. HEFECER T2 & 58K
EVWbDLBbN B, K, ¢ HOKMMEY, thoFRMICEERECEL
Cltiddr~cofEicHkELTEy, KEE AT I RFRAHEU LOEHR
HTITHINRETH S o0

C:SOBEBILRENFS Y FEAYIHDC,SORBREAENB-C.S
THdlL,. BIUBRBENRAROLPTENSB-CaSKODVWTOHANE
EAETH B

yH~OEBEMHIEL. B-C.S:2ZERTEELIEILDICRIVL 2D
OEHENS D, BO—BNT, Frvis5vFervtoBlEcbibhTn?
FEREEHOBEBTH 2 Y, Pritts and Daugherty *Y B B8 A £+ ~
OB (C) &4 4 Y¥% (R) OMlicC/R<1%/4iz>8. 5 OBIFKIEK
DD EE, B-C:SE2ELKFENTEBELE, £/, REOHBOIKEL, K
BEPEVRErH~OEBIRBAIETES Y, zoEh. REEE
08 | (REEEERE T KHEE TV bRV OREEE X b, Kriven i
COEIREBBB-C.SHIRELANRAICLI-THIEEN, WROBEZO
bONMEIEFIBEERTEEHSHICLEL T Y,

KAEECRETEEMRODRICODVWTRE OBENH 5, Pritts
and Daugherty IR/KFHEENC, / ROBICKREMT 2 EE2WMEL TW 3 B,
BOKMEESEVOR, EEMAAEZEBRLEVWRETCH I LERLTVS
O EBRIFESRI2 Shibata et al. “V k- TbHWEEHh, 16 8HTH
80KBDKMIMBETTAILERLTWEAN, ToBHIECDVLWTRMhSNT
Wi, CORRIC, PR EBLEEMAMESERVHRITA-C.S IKHEHIL
OTHERENBHL SN 3, NEOFRIEODVTOHE DI B-00-100 K
BPAEVWRE (RARBKRKEVRE) BLTREEEXHEVEEZRLTWS
BEOHBEYRMIERLTVWEHORE VL, CHRBRH BRI IREN
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HFE»oHBsh, EREHAINEVWEVRERO. 2~0. 8m?/ g o
REZNILDEEZEION, SORAEBXTREET58-C.S icH ks
OBERES bOOREELOTEHEBEL NS,
COLIRAHMPEZIINR Y, REAMOKELL-C.S KFiEH oAt
Lo s600, R~ HEEHEREXDLELAGRFETRSE
CORRI~REMBEBVILRLTBY, dRvoOEBFFHRIN D, MATEH
ROHHNO—>THI3EBAMOAIBHRRBEALERVEEL SN B,

WREDAOF BRI L DIEHILOBERIZEA EE V. Roy et al. 0"
108 1$Ca(NOs) s - 4H 0 & colloidal Si0, ORABEERBEEEKD (750~
1050%C) CEFETHLiILLD, fMEESETHL V., LXTHRM4m® ¢
DB-C,SDERICHKRIILI. AR LI B-C .S ©skFsEF i3 iR BRI
L5501 0D ESHNEHMELTWVWS, Yang and Zhong ¢'°% 1°7 43
HERHTHE51 LTI VrECa,/ Si=2IHBL. 100CTK
BB Lo COKMEBRMEIS 0CTHMH. BASRS S Ttk -
C:S%f/MKLAe COB-C,SRHERAMS. "Tm* "g2HL., THT40
%. 185 HT86 ¥OHWRILE%.2/RFo Kriven and Young '°% it H &
M22m’ /' gDB-C.SEAERGEHVTIOOCTAKL. KHHK 28
MTHRTIB3CEEHMELTL 3,

ChooBFEkik, BROFEBBHERCIc L3 BER{COMBER: BT 3
EHHAETHD, —2DEHERTLIOELTRBOPTHETHS 600, B
CRBEBOKMEBHORIER T I RMERIRBLAEFDhATVWRY, &
BUEBES e 2DEP ST HiE, Roy ® Kriven O HERBEACREAERE
THD, £/ Yang OHETIR100CTCEKTIKPDOCa,/Si%t2ic
HESHBIEREE D LELSN, ABCERTISROCHOREETS
VERS B,

BrLoghs, BERL-C.SRAMMERE F. HREROKEVC &
PLEBREETHBN, SoEEBAK. WA o2 0BB{LtoA» SRET
WECa/Si=2%FT3HMIN Y AKXV OEEBRKDMEIG%EFR A
THLVROGEMTHBLELLN D,
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1-3 Ca/Si=2%&H+2HMI VY aXKHPOKBRER LSRR
CaOlSiO.2HMEMBLLTARSKEINIERL VY Y AKHIMIC
2. AL THRBER GO LERERLONBEELET %0

A) EREBUHERY VY AKY

Mitsuda et al. "* " I HFEMKDOCa /Si1%20. 4~3. 0FTHEIS
g, FAlcKREKEEE2120~180CEFTCEASELBEGOERK
C-S-HEDWLWTHHMBBAZITR W, Ca,/Si=2. OBlETREKLL
C-S-HUlMSFCH%EH# 4EL, C-S-HODCa /S idl, 7RPEEESRL
CLERLE, EhmBicry, Ca,/Si=1, 3LLEDC-S-HERKRD &L
SIAMRIGERL,

C-S-H + CH — B8-Ci:S + vollastonite (CS)
B-C.SiHEKTZ2bDD, C-S-HDOCa, /SiOoLRicEdiTWw, Ca/
Si>1. 0T Kalousek OHME LA ' RIEKTEES LRI I L%
B S pic L (Fig. 1-189°%) o

ERBERY VL v AKRIYEHBMEE LSS, Ca/Si=1. 3
DETB-C.SOAHKRAELE DD, B-C.SONBELITFSLDICIRLD
BEBKBEERD, FANRPASGCa /Si=1. THEREDT, EHI
HEMEEIZZEZ oKW,

B) 5 BHERN VY AKY

ERBEERY VY AKFIMIC X Table 1-2 (Aluminosilicate® )
D R L ONELET B, COHTCa,/Si=2. 0%5KL. KBEKS
HEWNESRXLOR F34 b, a-CsS "4 FLr—F, EVISFYFM D
3gYTH B,

735 4 b dellaite (CeS,H)
Roy ik o CTHRR&NAF 514 b (Roy' s phase Y) 3 C.S. 714 4 +
LH S2HRERPECLTABRAKTETH 245, AKkicit 80 0°CELE,
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1000kgf/ cm’LtoMBEEEXHLBELET S 'Y,

m#icky, 550C, 650 CHIED2RBEOKAKRIEEETS-C.S
EHEKRT S Y (Fig. 1-149'Y) o AAEIK XD 55 0 CHEDRKK
RIEBRKECEMNAT 2, RKARTHETHELRZDSH T, 65 0°CH
ETB-C.SBERINBEEX SN D, Glasser and Roy "' » 2 & D &AL A
FPEZIF 9 7 BHLOTRUEVELT. COBRKBRBERPEL T 3,

a-C28S»»4 Fv—F a-C38S hydrate (a-C;S H)

197 7TH, PIDTRAREDLDH Gross "'V kv #EEhia-C,S
Hiz. C.S2HEYMECHW, 140~180CoaMIALKETFTcAKTA#ET
SEBRIGEERIEL. BREREMASCECRIBLBEICHED 2 & L BAkE
LB, FhFAA + VY vy s Ty FEHRYRICAHWA I LItk
180~200CTHBIcAKBAETHS "',

Heller “''® 3 #Mick D 45 0 CTHAMERLD, B-C.S %2 4T 3 &
LTWBH, Gross“'' 3470~480CTRMRIEEECL, 880~
89O CTRARIEEZEIL, 800 CTMHMLALDOIRBA-C.STH-1C
EEHELTVS, CHooHERDPRLESL450~800COHITB-
C:SHEKTEIIEERLTVELODERRERBERAHTCH 2, 514 4
+ YV o T Y FERAVWAEELSOARAROER ' | Heller "' &
AL EBRREAHOBELE T a-C.SHE 2T ABREKTIET. MK
CEHD900~1000CTB-C.SEERTABIEEWESMICL o Fig. 1
-15 KHERERT. MBICLVHZ90~490CTHAKILLZEEDLh A
BEBBMRIEEL RV, a-C.SHRABERI FTo COEHiE Gross.
HellerOWE LR W—B%ERdo S SicmMBAmiIcLD, 900~1000CT
B-C:SHBEKT N, ZBPSB-C.SOERTCIcRkBEOHBELET 3
CEBPSHERD, COHODEENBEOREL BRI IEAREATRIL
DLEXATVWS, BARBEHORIAET>TWVWEH, XRD/*9—rTith
B West "* " OHELAL i-C.SIKIEWV (Fig. 1-16) DD, *°S i
NMRTRH-8i—-0—-, Si—-0-D220Q'WBE2F+ I ELHBHSH
Lixy (Fig. 1-17) | FAKMBE LBV EHL S, HLVHETH 2 Tl
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900 A :180°C a
®:150°C
. O
GBBO_X'IZOC x /I |
g /i
A
L 860 |- _
2 x/
¥ [
.,
E) Mk.:‘\* i/A
820 |- Mt 18 |
800 l | ] l ] 1

0.5 0.7 0.9 1.1 1.3 1,5

Ca/Sl ratlo
Fig. 1-13  Effect of Ca/ Si ratio of C-S-H ( prepared at 120 - 180°C ) on
exotherm of DTA1%9), '

300
.o-
2.00p
i ‘
£ 3
§ 100 ;
E B—
e .
> 5 t
3 '
. :
4 *
a :
> 1
PRt 5
3
N 1 1Y 1 2 1 A 1 ]
o] 200 400 600 Noo
Temp. °C

Fig. 1-14  Dehydration curves of Phase Y. ( A and B show different
preparation conditions ) (113
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Table 1-2 Hydrothermally produced calcium silicates, aluminosilicates

and related phases ('),

Wollastonite Group

Nekoite
Okenite
Xonotlite
Wollastonite
Foshagite
Hillebrandite

Tobermorite Group
o

14 A Tobermorite

Tacharanite
-]

11 A Tobermorite
-]

10 A Tobermorite
o

9 A Tobermorite

C-S-H(1)

Jennite Group

Jennite
Metajennite
C-S-H(I1)

Gyrolite Group

Y-C2S

Gyrolite
Truscottite

Reyerite

C3SgHg
C3SgHse
CeSeH
[
CuSH
C,SH

CsSgHg
C12ASyaHy 8
CsSgHs
nCsSyHs(?)
CsSH
CsSy-gHx (?)

CoSeHyy
CoScHo
CqSy-gHx

CoS3H.,
C75124-3

(N‘K)CIMSZZA“~B

I-Phase (Assarsson) ~CS,H,

Group
Kilchoanite
CgSs

Calciochondrodite

35,
CsSoH

Other Calcium Silicate Phases

Other

o
"3.15 A Phase"

Suolunite
Rosenhahni te
Afwillite

Killalaite

a~C,S Hydrate
Dellaite
Tricalcium

silicate hydrate

WCquH
CSH
C3S3H
C3S,H;
WC3.252H0.8
C,SH
CeSaH
CeSaH3

High-Temperature Cement Phases

Scawtite
Fukalite
Pectolite
Rustumite

Hexagonal CAS,

Str;tlingite
Bicchulite
Hydrogarnet

C,S6CH,
CySoCH
NC,SeH
CoSsH.CaCt,
CAS,

C,ASHg
C,ASH

Ca(AvF)(HSrSS)

- 25 -

3CaSi,05.8H,0
3CaSi,05.6H,0
CagSig07(0H),
Casi0; (8-)
Cay(S103)3(0H),
Ca,(510;)(OH),

Cas(S150;gH,). BH,0

Cay (S160; gHz JALop .5H0 (7)
Cas(S150,gH) . 4H,0

(?)

Cas(Sig0; gH,)

%g?plex: (510;) and Si,0,

Caqg(Sig0,gH2)(OH)g.6H,0
Cag(SiGOlBHz)(OH)a.ZHzo
Complex: (Si03) and 51,0,

Cae(si“01o)3(oﬂ)u._6H20
Ca7(Siu010)(515019)(0H)u.
“1H,0

Substituted truscottite
Ca(51205).2H20(?)

Cag(5104)(S13049)
Cag(Si0,),(S13010)
Cas(SiOQ)z(OH)Z

(?)
Ca2(5i207H2).H20
Ca3(S130;0H,)
Ca;(SiO“H)2.2H20
Ca3.2(51207H0.5)(0H)
Caz(SiouH)(OH)

Cag(S104)(51,07)(0H),
Cag{Si,07)(0H)g

Ca7(515015)(C05) .2H,0
Ca,S1,06(0H,F),(C05)
NaCa,(S1409H)
Ca;(510,}(51,07)5(0H),Ce,
Ca(AL,51,04)

[Ca,AL(0H) 6J[ALS105H,].4H,0
Caz(Ae,510¢)(0H)
Cay[Ae,Fe],[(Si04),(0H),];
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Fig. 1-15 Decomposition behavior of a-C>SH measured by TGA - DTA,

Endo.— 4T — Exo.

XRD and BET. H - XRD shows the results from high temp. XRD. Phases and
specific surface area were also analysed by XRD (R - XRD ) and BET at

room temp. respectively(!1?),

'I i 'lllllll Wl e e

B-C2S | I
r-C2S | ||| I i et bl
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Fig. 1-16  XRD pattern of unknown phase prepared from decomposition

of a-CaSH(17),
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decomposition of a-C,SH("1?,
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Fig. 2-1 Schematic diagram for the Autoclaving apparatus. Syntheses
were carried out under the saturated pressure at specified temperature.

Bead Agitator disk
dJon O _
«© 1o

@
ol oll © [lo ©|° o

(-

o|| o° OOO o°|[© o|[°
| | i Ou-.o Uo
o © O “0O O
2 B
+
Specimen

Fig. 2-2 Schematic diagram for the annular gap mill. Agitator disk
revolves In the beads and specimen Iis dispersed by the beads.
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Fig. 2-3 XRD patterns ( Cu K a ) of the formed phases under different reaction times. Synthesis were carried out at
250° C with Ca0 and quartz. O and @ show CH and hillebrandite respectively.
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Fig. 2-4 SEM photographs for the variations of the morphology on the formation of hillebrandite using CaO and
quartz.
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Fig. 2-5 Variations of the DTA curves on the formation of hillebrandite
using CaO and quartz. Reaction time was 0.5 h ( ),1h(-——=),2h
( ...... —),5h(' ........ ..)and 10h( ............... )
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Fig. 2-6 Variations of the TGA curves on the formation of hillebrandite
using CaO and quartz. Reaction time was 0.5 h (~--), 1 h (——-), 2 h
(~==<=), 8 h (====) and 10 h (—).
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Table 2-1 Variation of the properties with the formation of hillebrandite
synthesized from CaO and quartz at 250° C.

Reaction time Specific surface Loss on ignition* Phases formed

(hours ) area (m?/g) (mass % )
05 96.5 17.9 CSH + CH >> hille
1 89.1 17.7 CSH + CH > hille
2 156.9 11.2 hille
5 6.4 11.4 hille
10 7.2 10.5 hille
20 7.5 10.1 hille

* Calcined at 1000° C, for 1 hour.

250 O ]
% hillebrandite
)
5 200 O
©
& _ f—
g— \\\\ C-S-H
() 3 AN (ﬂ’ + 4]) (ﬂ'
F 150} . 1
C—?—H N Ca(OH)2
Ca(OH)2
AL +
quartz
% 5 10 15 20 170
Time (h)
Fig. 2-7 Influence of the reaction temperature and time for the formation

of phases using CaO and quartz. Open circle is hillebrandite, solid circle is
C-S-H, vertical-stripe circle is CH and dotted circle is quartz.
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RGP o C-S-HBr R EVHKEHERF > EZRLTWS,

kv75 54 PERBEDS EMEHRZ% Fig. 2-9 KR To £RBER
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BOC-S-HE2BREUROABLCETDATH 5, ERLIEL TS V¥4 Mk,
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D7 74— RAKL, AWVHERBIER T

Fig. 2-10. 11 B HFER %, Table 2-2 CHEXFERUELEREERTo

Table 2-2 Variation of the properties with the formation of hillebrandite
synthesized from CaO and fused silica at 250° C.

Reaction time Specific surface Loss on ignition* Phases formed

( hours ) area (m?4g) (mass % )
0.5 46.6 15.8 hille + CSH + CH
1 10.0 10.9 hille + CSH > CH
2 8.0 10.8 hille
5 7.0 10.3 hille
10 6.2 105 hille
20 9.3 9.9 hille

* Calcined at 1000° C, 1 hour.
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Fig. 2-8 XRD patterns ( Cu K a ) of the formed phases under different reaction times. Synthesis were carried out at

250° C with CaO and fused silica. O and @ show CH and hillebrandite respectively.
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SEM photographs for the variations of the morphology on the formation of hillebrandite using CaO and
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Fig. 2-10  Variations of the DTA curves on the formation of hillebrandite

using CaO and fused silica. Reaction time was 0.5 h ( ), 1h(——=),
2h (====),5h (=-==-) and 10 h (- ).
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Fig. 2-11  Variations of the TGA curves on the formation of hillebrandite

using CaO and fused silica. Reaction time was 0.5 h ( ), 1h(—-=),
2h(-——- ),5h( ......... ) and 10 h (-~ ).
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Fig. 2-12 Influence of reaction temperature and time for the formation of
phases using CaO and fused silica. Open circle is hillebrandite, solid circle
is C-S-H and vertical-stripe circle is CH.
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Fig. 2-13 Influence of reaction temperature and time for the formation of
phases using Ca0 and silicic acid. Open circle is hillebrandite, solid circle
is C-S-H, vertical-stripe circle is CH, and horizontal-striped circle is C 3SH.
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Table 2-3 Effects of dispersing conditions for hillebrandite formation.

Starting material H20 Beads Peripheral Dispersing Formed
Run SiO2 CaO(Calcine cond.) Ca/Si volume dia. speed time phase
form dia.(um) temp("C) time(h) (cm3)  (mm) (m/s) (min)
1 qz¢ 1.5 1000 1 20 1500 3 40 30 hil*4,xon*5 kil*®
2 qz 10 1000 1 20 1500 3 46 30 kil,xon
3 qz 4.0 800 1 20 1500*3 3 46 30 kil,xon,CaSH
4 qz 1.5 800 1 20 1500 3 46 30 kil,xon
5 gz 1.5 1000 1 20 1500 3 46 30 kil,xon
6 qz 1.5 1000 1 20 1500 1 150 20 kil,xon
7 qz 1.5 800 1 20 1500 1 1560 20 kil,xon
8 fs* 17.1 1000 4 20 1500 1 150 20 hil, (7*7)
9 fs. 171 1000 4 20 1200 1 150 20 hil,(?)
10 fs. 171 1000 4 2.0 1500 1 1560 20 CsSH, kil
11 f.s. 17.1 1000 4 2.0 1200 1 150 20 CaSH,kil,xon,hil

Synthetic condition : 250° C 20 hours, W/S = 20
*1 :quartz *2:fusedsilica *3:50°Cwater *4:hillebrandite *5: xonotlite *6 : killalaite *7 : unknown phase

Run.10 Dispersed material was dried and dispersed again by mixer and then hydrothermal preparation was carried out.

Run.11 Dispersing was carried out without Ca0. Ca0O was added just before the hydrothermal preparation.
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Table 2-5 Crystal parameters for hillebrandite.

Crystallite size

a (nm) b (nm) c (nm) B (deg.)
(nm)

Synthetic 1.6588(2) 0.72670(8) 1.1788(1) 90.231(7) 48.28
hillebrandite*

Natural 1.660 0.726 1.185 90.0 -
hillebrandite*

* Synthesized from quartz + CaO at 250° C for 20 hours.
* From Mexico, after L.Heller (1953) 16,

Table 2-4 X-ray powder data for hillebrandite.

JCPDS Ca0 + quartz Ca0 + fused silica

(9-0051) 250° C 20 hours 250° C 20 hours

d I/lo d i/lo d I/lo
2.9197 100 2.932 100 2.936 100
4.7596 90 4,782 65 4.802 65
3.3300 90 3.361 43 3.373 43
3.0202 80 3.028 23 3.032 19
2.8201 80 2.840 40 2.845 41
2.7601 80 2773 51 2.778 46
2.3702 80 2.394 28 2.390 19
1.8100 80 1.821 14 1.820 19
2.2599 70 2.266 24 2.259 24
2.2302 70 2.247 17 2.251 19
2.0602 70 2.069 15 2.069 13
1.9600 70 1.965 18 1.963 14
1.8699 70 1.872 15 1.870 12
1.9301 60 1.937 10 1.939 13
1.8501 60 1.865 10 1.865 11
1.7501 60 1.761 10 1.760 11

8.1967 50 8.165 17 8.170 9
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Fig. 2-14  ?°Si MAS NMR spectrum for hillebrandite.

Fig.2-15 SEM photograph of synthetic hillebraadite.
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Caz(SiO3) (OH)2
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Fig.2-16  TEM photograph and SED pattern of hillebrandite. Fig. 2-17  Schematic diagram of the hillebrandite crystal.
The lath crystal lies on the (001 ) plane and is elongated to Crystal is elongated to the b axis with a 0.73 nm ( drier-

the b axis, with a 0.73 nm repeat distance. ketten ) repeat distance.
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Fig. 3-1 Thermal variation of hillebrandite to dicalcium silicate by TGA-DTA and high-temperature XRD ( for
identification of phase transformation ). Heating rate was 10 deg. / min in both cases.
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Fig. 3-4 Thermal variation for dimension of formed hillebrandite.

Heating rate was 10 deg. / min.
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Fig. 3-5 XRD ( Cu K a ) patterns for heat treated hillebrandite.
Processing was carried out for 1 h at specified temperature.
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Fig.3-6  2°Si MAS NMR patterns for heat treated hillebrandite.
Processing was carried out for 1 h at specified temperature.
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hillebrandite 600 °C 1000 °C

Fig. 3-8-1 SEM photographs of hillebrandite and B - dicalcium silicate processed at di.fferent temperature. The end
of the crystal changes its form from acicular to kinked and to round cross section with kinks and sintered with
increasing temperature. The bar shows 1 um.



1200°C 1310°C

Fig. 3-8-2 SEM photographs of hillebrandite and R - dicalcium silicate processed at different temperature. The end
of the crystal changes its form from acicular to kinked and to round cross section with kinks and sintered with
increasing temperature. The bar shows 1 um except for 1310°C.
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Table 3-1

compared with previous works.

Crystal parameters for g -C2S synthesized from hillebrandite,

Specimens a (nm) b (nm) c (nm) B (deg.) Crystallite
size (nm)
from
hillebrandite
600°C 1th 0.55068(6) 0.67610(7) 0.9320(1) 94.43(1) 28.91
800°C 1h 0.55088(5) 0.67590(6) 0.9315(1) 94.496(8) 36.03
1000°C 1h 0.55096(2) 0.67538(3) 0.93090(4) 94.598(3) 72.18
Previous
reports ‘
1 0.5507 0.6754 0.9317 94.37
2 0.55059(11) 0.67565(10) 0.9310(2) 94.46(2)
3 0.5502(1) 0.6745(1) 0.9297(1) 94.59(2)

1: after JCPDS-9-351 natural mineral.
2: after JCPDS-33-302 high temp. solid phase reaction with 0.5% B203 as

stabilizer.

3: after Jost et al.® high temp. solid phase reaction without stabilizer.
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Variations of the crystal parameters of B -dicalcium silicate as
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Fig. 3-10  Dehydration / decomposition of hillebrandite to B -dicalcium
silicate under isothermal conditions. 590 kJ / mol was found to be the
activation energy for the completion of the dehydration / decomposition
reaction. Open circle is hillebrandite and solid circle is B -dicalcium silicate.

Fig. 3-11 TEM photograph and SED pattern of B -dicalcium silicate
processed at 600° C for 1 h. The lath crystal lies on the (001 ) plane and is
elongated along the b axis.



disordered

200 nm 20 nm

Fig. 3-12  High resolution TEM image for the kinked portion of B -
dicalcium silicate processed at 800° C. The kinked portion seems to have
the twin structure but the ion is disordered.
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Fig. 3-13  Schematic diagram of topotactical variation of the crystal structure from hillebrandite to B —dicalcium
silicate.
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Fig. 4-1 Degree of hydration of B -dicalcium silicate for mixed ( solid symbols ) and for pressed{ open symbols )
samples made with various water / solid ratios; w/s =025 (A A),w/s=05(@®O)andw/s=1.0( o).
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Fig. 4-2 XRD pattern ( Cu K a ) of the hydrate, w/ s = 0.5, 56 d curing
(fully reacted ). Synthetic hillebrandite includes slight amount of xonotlite
(X) and it remains even after heating at 600 °C and curing. Only small
amounts of CH ( P ) are detectable.
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Fig. 4-3 Variations of Ca / Si of C-S-H with curing time, detected by
ATEM under various water / solid ratios; w/8=0.25 (A),w/s=05(®)
andw/s = 1.0 (). 40 - 50 points were measured and averaged and the
bars show standard deviation.
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Fig. 4-4  Variations of Ca/ Si of C-S-H with curing time, detected by

TGA - DTA under various water / solid ratios; w/s=0.25 (A ),w/s=0.5
(@®@)andw/s=1.0(IN).
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Fig. 4-5 Variations of Ca / Si of C-S-H with curing time, detected by
TGA - DTA under various water / solid ratios; w/s=2 (®),w/s=5 ()
andw/s=10(A).
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Fig. 4-6 Variations of calcium and silicate ion concentration of the solution with curing time under different water /
solid ratios; w/s=2(@®),w/s=5 () and w/s = 10 ( A ). Results using tricalcium silicate with w / s= 10 were also
plotted as the reference ( ¢ ).
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Fig. 4-8 Variations of H20 / SiO2 of C-S-H with curing time, detected by

TGA - DTA under various water / solid ratios; w /s =0.25 (@), w/s =0.5
(M),w/s=10(A),W/s=2(0),w/s=5(J)andw/s=10 (A).
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Fig. 4-10 Variations of Ca / Si concentration of C-S-H with depth
detected by ESCA. Specimens were cured for 7 d withw /s = 0.5.
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w/s=05 224d w/s=1.0 224d

Fig. 4-11  SEM photographs of B -dicalcium silicate hydrates for the middle (7 d ) and late (224 d ) stage of reaction
with different water / solid ratios of 0.5 and 1.0. Morphologies of the hydrate for w/ s = 0.25 closely resemble those of
the hydrate for w /s = 0.5. The bar shows 1 um.
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w/s=5

Fig. 4-12 SEM photographs of B -dicalcium silicate hydrates with different water / solid ratios of 2, 5 and 10 under 8
d curing. The bar shows 1 um.



B —EHEERTIER. CaS. C.SKEBUIBIHROME P LR —
BLTWwW3, HRAROZMCFRERHEFKRK7THTCRRKEERTOR, ¥
AP BW,/ S IcPIFRE. RIGARD (W7 H) CTA-C,SORHAE2E-T
LEw, Thlileid, RIGoHET L L bty CH, R E LRER
DETHEI -~ 1bD,EILONDS, /o, W/ SOHBI LB NBEEL
501, REEEOXZ I3 BoKNYoBMELOBRESKNERNEE CEE
LicbDEEXTW S,

4-3—-4 C-S-HOWE

Fig. 4-14 KW,/ S=0. BEONMR/*% — ¥ %7Rkt, KHWBEE 2 &
Q'M, MVWT QO vy A BHBICKEY, RIEBKTS328HTIIQ DY
Y VRREONBR B, C-S-HEQ ' 2ZLHLEIhico2VTRHR, W2H»
OHE PO RH3H, SHOEBP RO ITHRE L oo LALLM
S5, kiDL LbQ!. Q2 EHEL,. Q°. Q. Q'R TEZ R L
SATBLT, ELTMSERIVIAI > —DEEBEZEINTEYD (Prof.
J.F.Young itk 3) . BRI I =—BIU Y Y IV F =2~V OBELELDS
33, W/S=0. 25. 1. 0OERLEAHROE(LERL. Q" 0ETL LD
Q' Q*FHMML. Q' QBRRShAdrostke BYTFINVDY I HhVe 7
FRW/S, BERBL-TEDLT, Q°=—-70. 2~—-70. 6. Q'
=—78. 0~—78. 6. Q*=-83. 9~—84. 6 ppmoDfiificth-
o Y7 FNVOEMEEIZQ'. Q' TR 43, 4ppmBETHD, QD1
ppmihLEVvH, BEDOC,SOHELEC IV Ry »y— S CHEELE
(. C-S-HDS i 14 VORARABEELTWB I EERLTW S,

NMRik&3, ¥y7F Vo ER#EIC DWW T, Rodger et al. ©**
Clayden et al. ‘*®’, Barnes et al. ** RN L. ChEZBHTWSH, M
BERERRV, COFRBERHET IV, XRDAREREC I IRER
BHERRLQ OV 7FIVBELSLEDARER (100-Q°) ol
WTHRET L fto Fig. 4-15 KRRERT, AMEREZEELR VY, HHO
MicEsX1l., OOBEMPKRYT I LRELABSOHEMEEHEIZO0. 95 %R
L. EBHERDR(LLXRDEBRBELLELEX 5,

- 102 -



60 T T ¢ T T TTTT T T T T TTUrTT T T TTUT01T

Specific surface area (m2g-")

— A A
0 ) J 11 11611 1 111 111 ot L. 1111t

1 5 10 50 100 500 1000
' Curing time (days)

Fig. 4-13  Variations of specific surface area under various water / solid
ratios; w/s=0.25(A),w/s=05(®)andw/s=1.0(H).
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Fig. 4-14  ?°Si MAS NMR spectra from B -dicalcium silicate samples
hydrated for 7 to 224 d with water / solid ratio of 0.5.
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Fig. 4-15 Degree of hydration calculated from XRD and NMR under
various water / solid ratios of 0.25 (@),0.5 (ll) and 1.0 (A).

100 T T P r T TrET ¥ T i rrry T ¥ TrTTT

(A)

x
(o]
¥
1

(0}
(@)
T
1

H
o
T
1

Detected rate of Q0,Q! Q2
and degree of hydration (%)
N
o
1

= -

o L ] 2 Lt 11t 1 [ 11 1 13211 1 £ L1t 21t

1 10 100 1000
Curing time (days)
Fig. 4-16-1 Variations of degree of hydration ( O ) given by XRD and of Q°

(@),Q'(l) and Q2( A ) by NMR as a function of curing time with water /
solid ratio of (A ) 0.25.
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Fig. 4-16-2 Variations of degree of hydration ( O ) given by XRD and of Q°
(@),Q' () and Q2( A ) by NMR as a function of curing time with water /
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Fig. 4-17  Variations of Q2/ Q' ratio as a function of curing time with
water / solid ratios of 0.25 ( @ ), 0.5 (ll) and 1.0 ( A ).
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Fig. 4-18 Relation between Ca/ Si calculated from TGA - DTA and Q2/ Q!
with water / solid ratios 0f 0.25 (@ ),0.5 () and 1.0 (A ).
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Fig. 4-19 XRD patterns (Cu K a ) of fully reacted B - dicalcium silicate
with water / solid ratios of (A) 0.5 and (B ) 1.0 for 56 d curing. P shows CH
and X and ? show the slight amounts of impurities, xonotlite and unknown
minerals respectively, which accompanied synthetic hillebrandite and
remained after decomposition to B -dicalcium silicate. @ shows 0.304 nm.
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(A) w/s=05 25°C 112d

e

(B) w/s=1.0 25°C 112d

Fig. 4-20 TEM photographs of C-S-H with water / solid ratios of (A) 0.5
and (B) 1.0 for 112 d curing. The bar shows 100 nm.
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Fig. 4-21 Variations of volume for the pressed specimens under different

water / solid ratios of 0.25 (O @) and 0.5 ((J ). ( open and solid markes
show Just after curing and after drying respectively )
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Fig. 4-22 Variations of compressive strength under different water / solid
ratios; w/s=025(A)andw/s=05(@®).
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Fig. 4-24  SEM photograph of the pore in regard to growth of the

densification of the formed body (w /s = 0.5, 24 d curing ). Hydrate can be
seen to fill the spaces.
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w/s=05 28d 100 nm w/s=0.5 448d 100 nm w/s=0.25 448d 100 nm

Fig. 4-25  SEM section photographs of the pressed specimens cured under various conditions.
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Fig. 4-26  Variations of bending strength under different water / solid
ratios; w/s=025(A)andw/s=05(@®).
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