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Fig. 5-1-1 Variations of degree of hydration with curing time under
different curing temperatures ( A ) 40° and ( B ) 60° C and with different
water / solid ratios 0f 0.25 (@), 0.5 (ll) and 1.0 (A ).
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Fig. 5-1-2 Variations of degree of hydration with curing time at (C) 80°C
with different water / solid ratios 0f 0.25 (@), 0.5 (ll) and 1.0 (A).
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Fig. 5-3 Arrhenius plots ( curing time vs reciprocal curing temperature
at30% (A ),50 % (Il ),80 % ( @) and 100 % ( O ) degree of hydration ).
Numerals show the activation energy. .
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Fig. 5-4-1 Variations of Ca/ Si ratios of C-S-H with curing time given by
TGA - DTA at ( A) 40° C with different water / solid ratios of 0.25 (@), 0.5

(l)and1.0(A).
- 129 -



2'1  § 1 § ¥ i LR B L B T A ) L4 ¥ T 0
(B)
2.0 Hll— i—h—u—N O -
v— A '
4 R A i ' 4
3]
&)
19} 4
1.8 § L L [} ) | | W 1 i 1 [ i 1 1 1
10 ; 100 1000
Curing time ( hours)
2-1 L ¥ 1 T V7Y L] Ll LR IR B AR | L § ¥ v e1qr
(Cc)
L. .
2.0‘ —— L L @
- ]
7 i "
5| ‘A\!\r ‘ .
© v
19 | 4
1.8 1 i L i ttas i 1 L 1 2 a2 ' 1 2.4 A a1
1 10 100 1000

Curing time ( hours)

Fig. 5-4-2 Variations of Ca / Si ratios of C-S-H with curing time given by
TGA - DTA under different curing temperatures (B ) 60° and ( C ) 80° C with
different water / solid ratios of 0.25 (®),0.5 (ll) and 1.0 (A).
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Fig. 5-7 SEM photographs of B -dicalcium silicate hydrate for the middle (50 % ) and late stages (100 % ) of
reaction under different curing temperatures. The bar shows 1 um.
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Fig. 5-8 Variations of specific surface area under different curing
temperatures, 25° (O )40° (@®),60° () and80°C(A).(w/s=05)
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Fig. 5-9 XRD patterns ( Cu K a ) of fully reacted B -dicalcium silicate
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amount of impurities, xonotlite and unknown minerals respectively,
accompanying synthetic hillebrandite and remaining as they are after

decomposition to B -dicalcium silicate.



80°C 7d

Fig. 5-10 TEM photograph of the C-S-H cured at 80° C for 7 d. The bar
shows 50 nm.
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Fig. 5-11  2Si MAS NMR spectra immediately after completion of
hydration under different curing temperature.
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Fig. 5-12 Degree of hydration calculated from XRD and NMR under
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Fig. 5-13-1 Variation of Q°( @ ), Q' () and Q2( A ) given by S| MAS
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Fig. 6-1 SEM photographs of B -dicalcium silicate with different
specific surface area, prepared from ( A) hillebrandite and from ( B )high
temperature solid phase reaction. The bar shows 1 um except for
hillebrandite.
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Fig. 6-2 Variation of crystallite size of B -dicalcium silicate prepared
from ( @ ) hillebrandite and from ( Il ) solid phase reaction.
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Fig. 6-3 Degree of hydration of B - dicalcium silicate prepared from
hillebrandite and from solid phase reaction having different specific surface

area, (@) H 6.8 B-C.S, () H5.3 B-C:S,(A)H3.1 B-C:S,([1)S55
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Fig. 7-1 XRD patterns ( Cu K a ) of the hydrates under different methods
of hydration, (A) Static and ( B ) Ball milling hydration, with different curing

time. The peak positions and intensities of C-S-H (1) by Gard and Taylor®
were inserted for the reference. P shows CH.
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Fig. 7-2 SEM photographs of the hydrates under different methods of

hydration, ( A) Static and ( B ) Ball milling hydration, with different curing
time. The bar shows 1 ym.



(A) Static hydration  w/s=10 25°C 64d

Fig. 7-3-1 TEM photographs of the hydrates under ( A) Static hydration
after 64 d curing. The bar shows 100 nm.
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The

(B ) Ball milling hydration w/s=10 30°C 64d

Fig. 7-3-2 TEM photographs of the hydrates under (B ) Ball milling
hydration after 64 d curing. The bar shows 100 nm.

S Il



120 — T T T T 77T | s s g e B
- X
;, e ol
~ 80} .
o °
o X |
g
-3
n 40} -
(3]
=
(3]
@
Q. - -
N

O A [N 1 ¢ 111 ‘I L L i 14111 L ) 1 1 2111

0.1 1 10 100

Curing time (days)

Fig. 7-4 Variations of specific surface area under different methods of
hydration, ( @ ) Static and ( ll) Ball milling hydration.
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Fig. 7-5 Variations of Ca / Si ratios of C-S-H by ATEM under different
methods of hydration, (X ) Static and ( O ) Ball milling hydration, with
different curing time. The dotted lines show the mean values.
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Fig. 7-6 Variation of Ca and Si ion concentrations in liquid phase under

different methods of hydration, ( [J) Static and ( O ) Ball milling hydration,
with different curing time. Open and solid show Ca ion and Si ion
respectively and dashed line shows the saturation value of Ca ion at25°C
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Fig. 7-7 Relation between calcium and silicate ion concentration on the
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Fig. 7-8 298] MAS NMR spectra of the specimens, before and after
completion of hydration, under different methods of hydration, ( A) Static
and ( B ) Ball milling hydration.
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Fig. 7-9  Varlation of detected rate of Q°(® ), Q' (Il ) and Q2( A ) by
NMR as a function of curing time with different methods of hydration, (A)
Static and ( B )Ball milling hydration.

- 174 -



REMTHED, F4 2V 92 YUY r—brFPodvo@EEIoNnd, COH
gk, Ca** 414 YREOHMDE (Fig. 7-5) &—H L., Ca* 4 4 v RE
B, 442097 YU r— rEBOERE2EBLTVWIAHRENSELONS, K
FETH,. Q'PSQBERI NI BEOBERE—VIAVKHIOENKTH
%0

KOPHBQ'. Q' PSKD. Q' BIIT—H3VIEF-— v OWEKE,
Q' PHMETH2 LMo, Q/ Q' REHMBAKINIYOF = — Y E &2 T4
Fig. 1-10 £ 20 ZE{L2RT, KENPOF- s +aTREBVWH, DX &
bRIGEHE 0%FETQ* Q' HRBRE—FCRIGRLELEELOh, O
BFE - I VKD FEB/NE WV, Hirljac et al. *® | Bentur et al. **) .
Rodger et al. ik, KIEMHE/ 2 — =¥ 42— YU r— rOlETE
CHEHMELTEBD, Chid, B-C.SORAIRER LAY ~— (MBODE
/T—%2307°) BE-NRIDBHEMNCREMSOAEREELSh B, XK
YD Taylor "V ORBEESE VA 72—, RV 9w —DBRELEI VL. B
BARKMTRRIEEL49% (2H) T4 >—Bit67%. £— 3 akincid
KRIEEEE5 4% (0. 5H) TT9%&K3, xod Tt S5ic
Q' Q'R Vo ABETLAKREMT 3K, 20BERE— LI LAKMOH
BRES, +TRBELAL®RTR, Q' /Q'HRBFEL, ¥4 v —BIBBEK
T66% (64H) . F—VINVKHT49% (16H) . £B3, ESickR
HNEETIH, CRRFA—BIRRY Y YN TRAEET, Bic¥—n
INWNKHTR, BRBEERLALAIA T —BY IRy g v aAMBEY 2 Y
E—vavieaERBILEEREZELION S,

DEowREy, AT sE -1 %NS TED, B-C,SOHLZBTRE
MELFTBILIRED, B-CoSHAFRYLVICOLEBNELYF. ¥4 =
—TREBL, B/ v—DRETCYYr— b T=F %2942 _Y T s vHARH
SEBILBAREELOND, T/ v —RIXRYy Tz vHTHBNEELE
MEEINTBY®Y [ 77451 FAROTEENS 3,

Fig. 7-11 ¥, C-S-HDCa /S i &Q*/ Q' 'OBIHEERL .
W/8=1. OLUTTRELALEAR. AHEOMiCcEBRA SN LH - 1o

- 175 -



1.0 ¥ L4 LR AR EE] L] L4 LI L L L L L] LS B BN B A §

08 R

0.6

Q2/ Q1

04

oo 1 1 111 1123 1 1 L1 2 131 0) i /] I .

01 1 10 100
Curing time (days)

Fig. 7-10  Variation of Q2/ Q! as a function of curing time with different
methods of hydration, ( ll) Static and ( @ ) Ball milling hydration.
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Fig. 7-11  Relation between Ca/ Si and Q2/ Q' with different methods of
hydration, ( ll) Static and ( @ ) Ball milling hydration.
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Fig. 7-12  XRD patterns ( Cu K a ) of the hydrates using B -dicalcium
silicate having specific surface area of 2.2 m2/ g as the starting material.
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Fig. 7-13  Schematic diagram for the formation of C-S-H and afwillite.
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* . B —C2S prepared from hillebrandite.
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Fig. 7-14 Influence of the specific surface area for the formation of hydrates under different methods of hydration.
Tricalcium silicate was also experimented as the references.



44 yREOE(%: Fig. 7-15 KR¥T. Cad A v iF, RIGOHETLLBIT
tROBETL, AMAREMIC—E@E2RT. COBERBREMNERIGI X
BEBTHREBTS - fo

Table T-1 KIRAMLAT77 454 POXRDIRX->THELABFER
2R de ARAFERL > THRTFEROKREREARELL, BE-ERHEERT.

Fig. 7-16 KX B-C:S : 2. 2m*/ g H®—V I AKHYMOD T ARIER
BERTe 77454 PIERWYP. 250 CHEBLIT3 4 0 CHETHEMR
RiG2ESRINMEHLERTH, AAREHKEL L 26 0 CHETHVERR
RIEZ2EbRIFMEBERTLIOCK L, COLINR2BREOBRBREDS, S
1 BRORIE~BITTs8a kbR CcbEBRICH SN, Taylor 7 i
77454 FOBRKIBRIGH2T5~285CTRIBLEHEGELTEY. &
FloO#EBRChIVEECKEBEKBTIEERLTW S,

7—6 FT&¥H (2)

1) HEEGREETIVEEREID, VIS4 P 6ARLAEB-
C:S. SEEHRKIETCEARLIB-C:S. C2SOEDHAEMEBELS O FE—
IV EDT 7454 PRERTUETH B,

2) 77454 iRCadArBAMNMREMETCTobx—baOcE XY
w2 VU — b Tt B ARV a viHABRNEWBE I L > TAKH

®TH o

3) 77454 rORAKIBEGIZ26 0 CRETRECC 50

- 181 -



50 v ¥ | R AR IR EEE ] ¥ v LANR AR AR A NS ] L] ¥ LIBRERIBABLEI 1000

40 { 800 &
- E
? ©
:

L 4

o 30 600 o
E -
? ‘ -
e c
: 20 [ O O O— 1 400 v-on
& O o
& 8

10 | ® 1 200 5

0 1 1 Al Litily ] 1 AL L il L ' L L. 2t o

0.01 041 1 10

Curing time (days)

Fig. 7-15  Variation of Ca and Si ion concentrations in liquid phase by Ball

milling hydration using 2.2 m2/ g B -dicalcium silicate. Open and solid
show Ca and Si ion respectively.

Table 7-1  Unit cell dimensions for afwillite prepared with different
conditions.

afwillite a(nm) b (nm) ¢ (nm) B (deg.)
"‘(’59‘333";"’ 1.671 0.56326 1.3237 134.9
(béﬁsgiﬁi’:‘g) 16285(13)  0.56416(16) 1.3243(10)  134.89(4)
(bﬁﬁ?nﬁ;},?g) 1.6280(21)  0.56373(15)  1.3233(17) 134.88(7)
B@Sﬁiﬁ'ﬁ,’m‘gfd 1.6277(10)  0.56464(11) 1.3254(8)  134.90(3)

%b;ﬁznsqﬁﬁz,g)d 1.6267(13)  0.56480(14)  1.3248(10) 134.83(4)

Specific surface area of C3S prepared from CaO and quartz was 1.2 m?/g.
B -C2S(A) and B -C2S(B) show 2.2 m?/g and 0.92 m?/g B -C-S prepared from
hillebrandite and solid phase reaction respectively.
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Fig. 7-16  TGA curves of hydrates using 2.2 m2/ g B -dicalcium silicate.
Afwillite shows big endothermic reaction at around 260 ° C.
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L. C-S-H%@ 7, Table 8-1 it BAEREREZ T L (BT VWTIRE
58) o EBIKB O35, 24KBEBEABEH W, COC-S-H%,
200CH»5100 0 COMBHT, MECEKIC 1 RMAEARLLR, ERE T
BRL. zoaBBBRE VTR L. HEMCODWTRXRDEAHW, ¥
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8 -3 HELEEX
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Table 8-1 Variation of reaction degree and composition of C-S-H with
curing time.

Curing time 8 -C:S reacted Ca/Siof C-S-H H20 / SiO2

(h) (%) ATEM TGA-DTA molar ratio
1 2 - - -
3 21 - 2.00 3.99
6 50 - 2.00 3.09
12 87 - 1.97 2.70
24 100 2.05 1.98 2.50
168 100 1.99 2.00 2.50
672 100 2.03 1.98 2.57

i w “ i S 990°%C

740°C
650°¢C

550C

510¢C

470°C

370¢C

| SET VR SET Y U TN WU VY U N0 S WX WOV U U U VT S VS 0 WU S Y W WU U SO (U S S DU WY W U T U SPRIY W I T S VW S §

10 20 30 40 50 60
Cu Ko 20 (deg.)

Fig. 8-1 XRD powder patterns ( Cu K a ) of a fully reacted B -dicalcium
silicate hydrate, showing C-S-H at (1) 0.304, (2) 0.280 and (3 ) 0.182 nm

with (P ) CH. On heating, ( ® ) B -dicalcium silicate and ( W )wollastonite
were formed. - 188 -
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0. 182nm (50. 1deg. ) DE—7RHEBT %, ChixLkon
EBETFLACEKKIZBDESZEISNSZH, BIRNIC0. 182 nmDE
—7BHBELLET T, BKSBBBETCC-S-HOCa-FF. O-BTHESR
RIcBRMBANSE I EicEB, 470CTRDVBRDB-C.S BB I H,

C-S-H» S5 B-C:SHHBELEKT A5 L%2RT, TDO%, WHBFO LR L
EBIB-C,SOEKBEIHML. 650 CTC-S-HOoLBRMNB-C,S &R
5o ASIMATELICLDB-C.SOEY— 7 REBBVERBRBREL I 3,
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Cic A S, Kalousek ‘| MitsudaP BELTWE 75X b+ 4 FDERKK
BbsRHARIGEEDLO 3,

Fig. 8-3 i£?'Si NMROER%ZRT. KK THHEOC-S-HiZQ"'.
Q*HP oD, FA47—BIUF Y Y IV F=—VBELZELTWE I E%.TRY,
Q'. Q'BHREFELT. PR F—VvEER4DDY Y r— 7=V
DOK->TWEEZSA 53, 0. 182nmOY—2 KT 537 0 Chméx
BTk, Q'. Q’or—/7BEHXETL. WobicB-C.SOERIILERT
Q' ¥— /7 DERBALNIMN, $XTOE—-—737u—FTHKELTWS,
B-C:S + C-S-HOEEFEERTS5 00 CHAANTR, Q°0oF—-7 &
BRI W, Q'LoNMIATETHD., SiABI A yOREBHIZEN
TWBIEEZRLTWVS, Chicir, WS>hDEHBEASNSH, TG-
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Fig. 8-2 TGA - DTA curve of a fully reacted B -dicalcium silicate,

showing with the differentiation of TGA curve ( DTG ). Reaction is
separated into 3 areas.
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Fig.8-3  2Si MAS NMR spectra of C-S—H in 40
a fully reacted B -dicalcium silicate and
its heated specimens.
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Temp ("C) R.T. 100 200 300 400 500 600 700 800 900 1000

a ] i i i 5 i i i
Phase C-S-H S ' B-C28
Gasification H20 H20 and/or OH OH
Q2+Q1 Qo*2+Qo
Silicate
anion Q2+Q1 (Q2*+Q1*+Q0%)?+Qo
structure
Qo*?+Qo Qo*

* non-protonated silicate anion

Fig. 8-4 Schematic diagram for the dehydration / decomposition of C-S-H and the formation to B —dicalcium
silicate.

500 80.0 C TOlO'C GOIO‘C 50‘0'C
X o o .
e 100¢ ]
E I © © o© ]
e 50 B 1
Fig. 8-5 Arrhenius plots of dehydration / decomposition
10 . _ of C-S-H under isothermal conditions, showing (@) B -

0.9 1.0 1:1 1t2 1.3 1.4 dicalcium silicate and ( O ) C-S-H. Activation energy for
17T x10-3 (K1) the dehydration / decomposition reaction was 1.45 kJ / mol.
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Fig. 8-6 Variation of specific surface area with heat treatment.

Fig. 8-7 SEM photograph of B -dicalcium silicate prepared from C-S-H
with heat treatment at 700° C for 1 hour. The bar shows 1 um.
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Fig. 9-1 Example of TEM and SED photographs for the fully reacted B -
dicalcium silicate cured at 25° C for 112 d with w/ s = 1.0. C-S-H shows lath
like aggregates and gives characteristic different pattern morphology. The
bar shows 100 nm.
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(A) 7.2m?/g

(B) 42m?/g

Fig. 9-2 Typical differences for the external appearance of P —dicalcium
silicate prepared from hillebrandite at ( A) 600°C and ( B ) 1000° C. Specific

surface area for (A) and (B ) were 7.2 and 4.2 m?/ g respectively. With
increasing the processing temperature, the specific surface area decreases
and fibrous crystals become more round and kinks.
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Fig. 9-3 Schematic diagram for the hydration process of B -dicalcium
silicate prepared from hillebrandite under different processing temperatures.
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Fig. 9-4 Schematic diagram for the variation of silicate anion structure with the hydration progresses.
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