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ABSTRACT

Serial block-face scanning electron microscopy (SBFSEM) is a three-dimensional
imaging technique with high resolution and there is not any application in the field of
cement, so the application in this field can make up for the deficiencies of other methods.
With the help of hardened paste of cement minerals, this paper explores the application
of this technique in the field of building materials from the perspectives of sample
preparation, optimization of test conditions and precision control of image processing.
By comparing with the test and analysis results of other traditional methods, the
accuracy of the technology is discussed and analyzed. The microstructure of hardened
pastes hydrated for different times was studied systematically, and the connection
between their microstructure and macroscopic performance was established to lay the
foundation for the ultimate expansion of the application of this technique in the field of
cement-based materials.

Establish the sample preparation technique for hardened paste of cement minerals.
According to the characteristics of cement samples, the preparation process for cement
samples was established by studying the influence of sample preparation on imaging
quality. Embedding cement samples with epoxy resin and trimming the embedded
specimen with ultramicrotome not only helps maintain stability during measurement,
but also avoids structural damage during cutting and imaging; before samples
embedding, increasing the time of the sample in vacuum environment can improve the
quality of the acquired images; adding conductive carbon powder to the epoxy resin
can improve the discharge phenomenon of the specimen, but it is also easy to destroy
the stability of the epoxy resin.

Clarify the test conditions suitable for cement samples. When the EHT is 1 kV, the
quality and resolution of the 2D image can meet the requirements of the three-
dimensional image reconstruction and analysis. During the serial slice imaging process,
when the slice speed is 0.6 mm/s and the slice thickness is 20 nm - 50 nm, this can avoid
the influence on image quality and the destruction of the sample effectively; when the
pixel time is 2 us, the signal-to-noise ratio of the image can meet the requirements of
data analysis, and it is also not easy to drift; for 2D serial slice images of cement samples,
the resolution in XY plane is 0.4 nm, and the appropriate resolution in the Z axis

direction is 20 nm - 30 nm.
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Clarify the data processing method for cement samples. Observation method and
tangent method were used for thresholding segmentation of 2D images, and “align
slices” was used for solving the image drift problem. In order to optimize the original
image, “median filter”, “non-local means filter”, and ‘“unsharp masking” were
performed to reduce noise and smooth on the image. Use “fill holes” to refine the
binarized image; use “label analysis” to analyze the segmented objects quantitatively.

The accuracy of the analysis results measured by SBFSEM is verified. Compared
with the result of calculating the degree of hydration of C3S by the CH content method,
the degree of hydration calculated by the quantitative analysis technique of SBFSEM
has a good correlation, and the result is also affected by the image resolution. The higher
the resolution, the better the correlation. Compared with the test analysis results of CT,
the test analysis of SBFSEM technique is more accurate in studying the degree of
hydration and pore structure; compared with the test and analysis results of MIP,
SBFSEM technique can not only characterize the total pore characteristic parameters
quantitatively , but also analyze the parameters of characteristic pores such as open
pores and closed pores qualitatively and quantitatively.

The SBFSEM technique was used to study the hydration degree and
microstructure of hardened CsS paste under different hydration time preliminarily. As
the hydrating progresses, the diameter of the unhydrated CsS particles decreases
gradually, the morphology of the unhydrated CsS particles tends to be ellipsoid
gradually; the average diameter of the total pores in the C3S hardened paste decreases;
and the elongation of the total pores becomes worse. The porosity of the total pores and
open pores decreases fluctuatingly with the increasing of the hydration time, but the
porosity of the closed pores decreases steadily, and the rate of decreasing is slower than
that of the total pores and open pores. As the hydrating proceeds, the porosity of pores
with diameters above 200 nm decreases in succession, porosity of pores between 50 nm
and 200 nm decreases fluctuatingly, and porosity of pores between 20 nm and 50 nm
increases fluctuatingly.

The SBFSEM technique was used to study the hydration degree and
microstructure of C3A hardened paste under different hydration time. As the hydrating
progresses, the average diameter of the total pores in the C3A hardened paste decreases
fluctuatingly; the porosity of the total pores and open pores decreases, but the porosity
of the closed pores increases; the porosity of pores with diameters above 200 nm

decreases in succession, porosity of pores between 50 nm and 200 nm decreases
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fluctuatingly, and porosity of pores between 20 nm and 50 nm increases steadily.

The application of SBFSEM in the study of hardened paste of C3S-C,S-C3A-
C4AF-2H>0-CaSO4 multi-system was explored initially and the connection between its
microstructure and macroscopic properties was also established. With the progress of
the hydrating, the average diameter and median diameter of the open pores in the
hardened paste of the multicomponent system decreases fluctuatingly, the overall
elongation also decreases, and the overall open pores tend to be ellipsoid; the porosity
of open pores decreases steadily, the average and median diameters of the total pores
and closed pores decrease, the porosity of the total pores decrease and the porosity of
closed pores increases; the porosity of pores with diameters above 200 nm decreases in
succession, porosity of pores between 50 nm and 200 nm decreases fluctuatingly, and
porosity of pores between 20 nm and 50 nm increases steadily. The results of curve
fitting of the porosity, average diameter and average aspect ratio of the hardened pastes
of the multi-component system with the compressive strength and water absorption
prove that the correlation between the average pore diameter, porosity and the
compressive strength is better than that between the average aspect ratio of pores and
compressive strength. The correlation between the average diameter, the average aspect
ratio of the pores and the water absorption rate is better than that between the porosity

and the water absorption rate.

Key Words: SBFSEM, hardened paste, sample preparation, test conditions, data

processing, quantitative analysis, microstructure, correlation
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SBFSEM——Serial block-face scanning electric microscopy

CsS 3Ca0 SiO2
C2S 2Ca0 SiO2
CsA 3Ca0 Al203

C4sAF——4Ca0 Al203 Fe203
C-S-H——Calcium Silicate Hydrate Gel
CH——Ca(OH)2

C/S——Cal/Si

AFt——3Ca0 Al,03 3CaS04 32H20
EHT ——Acceleration Voltage

XRD ——X-Ray Diffraction

SEM ——Scanning Electron Microscope
MIP——Mercury Intrusion Porosimetry
BSE——Backscattered Electron
3D-three dimensional

2D-two dimensional
TG-DSC——Thermogravimetric-differential scanning calorimetry Analysis
CT——Computed Tomography
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R, XIS 52 FAR A, HRTVAE oI E IR RS e s
&, AT SRR KA =201 C/S BB RN

Z T (Tadros) 25 NBL4T@E LT R G R0 7T 32 H AE IR AZ B UL, 2N
LK C3S Sk G RRKAR, Ca? S[Si04]*HEANTER . BT CS A5
Fifi, TR C/S Mtk 3, Kk C3S R PRI TS K & 6EZ, SR
J&i Ca Wl W PR A & Ak 23R TS L 1E FLAT , DRI T TR RRONCHRL 2 o o o XFEL 2 IR T
C3S WIERIT 4218, SES TG, R E CS REEIHME, LIE
FRE A Ca? il OH B THIVAW, BTl REBRAR & 7 WA7A7E, #0i T Ca(OH).
(IR, ZEIR T Ca(OH), diZ LGS FE, 24 Ca(OH): fi%IE R —E R, FER
AR HECE, WAHT ) Ca® M OH & IR PTIEMT H Ca(OH), it%, B Z W fi
I . SXEHE S S HILE R, TG

g (Powers T.C) Taplip Z5@id % /K Je KA HEAT RGWF T G2 T <P 8
IKA =R R HNER KA =0 B RS, 1200 A AR R A 0K TR 46 & 5 DA A B 7P 40
PR AR F= 47, FOAE A AE UKL R 46 J& S LA =R e o R KA =7
IXFP5r 207 1 O JE R I LB AT T2, I BR 2 80 0 e HE 5 W 1 R Ak
Bt ] DL SRAE B IX — i ),

F. W. Z'&3(F.W. Locher)ifid i1 4K 1) R Geiff L i 45 SR 15 H i R i, 7Kie
[P BEEE AL E BRI T C3A H5EIRE/KAER G, KA A BP0 540 A8
NAEHAE—E, IR SR R ARG M o SRR SRR KIS FE 2
JIT ARESE POE B EE AL 2 R KB N CsA 1RSSR, ARl CRA 18
K BB A IRE, A R BOL R PRIE KA .

HrA RS R R IRH CsA B R T IR = /S, X
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— R E P U TR KA R T () B o RIS ARt
filh b4 BT UL R, RIZE K KA B EART B, BT /K e SR A4 (R bR Bk 45 s A A
SRS A .

& 1# (Double) s NI R T, $EH 7@ AR FIHE e TE
IR 2 AE T AR K A KA IR TR TR S — AN 2 E M I, 5 S HA 2 i T
ZABE R M ARG . TR REE IS B E N, R, HLO 4Bk
OH B 1 7] LA HIE IS 1203 B2 JZ 130 N AR 19 AR AR s SRR F-# i, AT
TRUEZKAG SBE ()3 — S0 HERE, B A 7K AL SO B EA T, BB IE N 1) Ca> Fl Si05™
(R TR 2 B 2 AR SEIG N BT 29208 B N AP N AR A —FE, T2 33
B RKAESAR, R ERER TN BB @ R AR, T S I E
S5O, ZKYE KAL BRI TE S I 46

PR3P ZEIR AU BT Ca(OH ) VR IR FE I &, AT B 0 TR A LA
ST R, AR KA SO B — N BB AR, BT K S A4 o B AR KA BORE 2 4 —
JRAKA TR, TR E . E 2 T B AR S S Atk &, A RE
TG 7RSS, XA BT NV E RS, I S R .
1.2.1. 2 LIRS IR B R 47 26

IKVEIEM R R FLBR B S8 aFE: LR, FLIREE. FLAIE. et
LRSS« KIeEEE SR FLNGUR R BIHOR RN ASE . Horb ads
PSR IR R F5 AN 585 5 7 A A KU AR ) B4 FLANEE AL DA S K T FR AR 1Y
TS i AN B AR AT 5| S B R SR , BT 1T A 7K T A L ol 2 4 1) B A
BBy o KU EEABE R RN RSFAS R FLAE K e E a0k g e H AR . H
HIFLRRE . LB fLAR A FLEPIRES SRS PR C RO 7K e 2444 LR
AfF 7 B Y 25 % [ 2 AR KR A RO S5 AR, DIAS R AT 32
AR FLES M HEAT T2 PR 2R, e s SR (B0 HE DU LA s 2 .

Powers-Brunauer #5700 31 7K g LA C3S FIBC2S KA =W K —FE /21X
AR BRI 251, AR KA =2 s 22, RRONFEFN SR A 284K, It
WL IR =R FE RN TERAT B o« A /KA 7K Y 0k AN /KA 2 R) b B 07y
A, HTAERRZAK R A, B KA SR R EAT , KT ORE KA = PR 1
JER R AR FIURE 1 72 (B ARRR A B DA, 3 48— 350 23 AN oK 7K P 48 78 1R 72 R A4 A
b5 AKALRE BE AN IR, ZKAG S A i B KSR 78 () 2 (R 2 AN b, e fe s BL—
b RSFENIFLBR I AAFTE, X RIA Powers-Brunauer 178 1 BT iE B40FL. H
TRV KA B 7KK LA A TR 55 2% A1 1) 22 S DA SR AR AR FE AN [R], 1228 8 20 AL
RS A R ATu B ECR, — MG OL T KT 100 nm. [F]IF, A5 —#5fLFR
FEAFAE T ZKUE KA Pt o5 9 1R 2 TR 9 BB N o EH T 7K U BORE K A B 74 AT B 43
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KA PRSI ERKAL = 40, T L EH T A KA RN A KA R ) ) S
FEEA—, BN ML R STem R ER . RN K= E T
AR K Pe BRI EAL B SRR LA, 1 H 2L C-S-H &R A3, R H S5 1 %
A BEAC I o A /KA P P D A - 7K U RIORE £ 2 TR B2 b, B T & R C-
S-H &t 2 48, iEH KEM AFt fil CH %5, R E 1R M msEAL . FLERR
SEAE N IR ARAR T A AT KA A ) TR 2 ORI 22 e, X RAL, —FRFRATRR
ZNdPESL”. Powers A1 Brunauer [FIBF TR H 17, sKYe/KAAEAL I A4 o 1 e
LEEEE, — MR 28%.

Feldman-Sereda 5285031 5 % £h 7K Yo /K Ak e AR 2 17 Sl b Bt i i e N 2
RAEMR L 45 LA E A T ARk . {H2 5 Powers-Brunauer 54! Lt ,
Feldman-Sereda 158 K VE BB RS 2R 2 0%, H AR LI 1.1, HA
K2 B3 DL BRAE FH 1 3K B 35 78 3 IR 36 1 5l DL TR A AE T3k IR 3R T
Fo HIAEE BRI FE PRI, sk 2l i B () 2R AR N BN, 4 IAER
IR SR TN, T BASLI BRI, KB NBCREIFLN . HHt
AR, AELET ZARGE KA =W 8 B 7K B 24 85 v] A AR S5 4 (1) — B 4y, [RIIN
XAy KX R I AR T R 1 P2 A2 52 . 5 _FIR powers-Brunauer #5878 AS[H] 1]
FT, R ONZ S B A S H REN AL, BT Ke i fb 4
1) FL IR ZE e I fige, R BRIz FH — S8 AN 2 5] R 4540 PN SV I R0V A B A A SRl
E, HIMRARBE AR

1.1 Feldman-Sereda A&EZ#51]

Fig.1.1 Feldman-Sereda model!!

Miinchen 74050 51,y Wittmann T 1976 &4 H i Miinchen #2854 1 H
(2 N T AR IR Sh /K Ve B 1) 7 2 1M RE IR, AR Y 7R 22 DL BGse a4 /K
I B S iR G2 BRAR Y, I HIRA N AUE. BESEZRIFN . KA 7E
YERIANES H T AR 705 o 2B R 0T DALE B 708 M 50 B 1) A B TN+ bl T oK
T AR P AR 2 18] B AR R T 51 A 7K Ve 255 25 AT A B 224k

I [ 3% —- KT T IEA LB B0-S1, H 2R By T i 1% — FNK T TIEALEE 1976 4F 28/ Jm
E bRk Jetb 2 B3 T 3T feldman-sereda 1578 2 & (93 i & —- KT TIEHL
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B, AZAR AR K e B IR A o () 5 SR FLES R an R 43 8058 S /K fiifb e A4
Wi/ NEIFLAE HZ K S ET, FROER S N fL; Powers-Brunauer 152 i1
AL, FEIX A RRON BRI B AL, X RSL N 7K — Rl 2 S5 Kk Bl 4R 25
KIK; Powers-Brunauer 8! KB AZE M P L, HHMEEEH K
L (B HHEAR AT WK 1.2,

R 1.2 1T e — BRI ALK oy 2K

Tablel.2 The machine-level classification model of Kondo

FLor KA TR fLEAD (nm)
IR AR s AL <1.2
RIS At 1) £ 0.6-1.6
e IR 1) FL BRI U 1L 3.2-200
B BN >200

10.M Aii 55 NP0 USSR 0 R e AL SR AR I FLEE AT RGHIBEFE, Al
AR RS IR e 73 DU B AR IR A% 1.3 Fos o iz Ly n UG
h, SHEILET 7 TTVEMEL, AR AR AL R RS B e oK, anit
GRAAAE BT 2 AL, MBS 7Bk T N AR L, A4
P R T LA

R 1.3 ARALRS %

Tablel.3 Pores-class classification of Butt

FLor RATR LEZD (nm)
LR AL <10
AL 10-100
E41L 100-1000
RAL >1000

1973 SR ) 5= P e AR P AL BRURSE ORAMRFAIE, K H o8 T e 4L
MESL AEAMEZEL, E 1.4 JrorBe BN RGHRD T AR RS FLBK
IFLBR S R B VERE RS2, Al diE G0 50 nm BUR RIEE FLERE D FH AL,
/I 100 nm PA_EHIAEALEGE 2540, T DUA R IR B AR E R T 22 1 e
A AAER,

K 14 RPMHALEDE

Tablel.4 Pores-class classification of Zhongwei Wu

L2 (nm) <20 20-50 50-200 >200
LR TESL HELL HEL ZEAL

L IR LA 73 58 KA O KB SCER A ZRid , W] LLRITE LK SRy
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FIGF RS 2R s ) R T BAMORFERERR #h /K Je B WK A B 9 o B B2 H

T FERT GAEAT FLES R 3 BT B RAR 22, AN VAR 285 JeC #1236 e 0t L & 4 R0t 9 9
Fok i I SR M RE 2 [RIKE R
1.2.1. 3 FLBRLEMM FRAE F5 34

Bt A R KPR BRI T RN, 75 I S PR AR RAE K YE AR AL IR
gh, TR I Bh T T /K Ve KA A2 FR O S R 38 4k, DA TSR U B (19
bR St KR PR REBY . FLEE IR K Ve AL S AR RO &5 49 (1) 25 B 4 I 38 40
FRSHEE— s 2 N ER, WESJLGPKEIT 250K, B AE i T 7t
TAEH, 58N T2 R B 0 75 e F A R 7 2ok AT FLIR 45 14 B3R ALE
i EL [F B EEARAIE 1% 7 32 A i a2 B OO ALBR 78 a5 v 22k B3, H R AR K Y
BRI, W BB LU LR O

BB EELL BRI S5 BRI G Th S B AR AL vk i
ATWETE AT IR, AR 2 20 A AN 5] RST FL B AE 2 AN AL Y L P e o R B 4B, 45
G AR BB A 3, REAT AT AN R R ST FLBRZ AT 5 BT AN R 2R 2 1Y) 2.4l
BiorHEae 1 & AR, PR AT RLIR I B e /INFLBR R BE A —HE R, [ B 72 BURE ()
R T2 B B X IR O RS B s, P AR — @ MR . B AT A
(& & L FE L BB N L R, AT T IO A PR, PRI oK 2 501 Ol
T RASRMERCKION IFLIR, 535 T H SR #ae 71, BATn] LUk %
e o WIS R 50 nm PIFLFR . S e AT G g fE BT RARE EUE
(R g 22 S R AT R B X 535 BT LASZ UG 20 A AR B 2 45K

G PHEBET)PS T, 2 —Fh Z AU BB AL — € ENASTE T, %[
WEZHMBISE—EMEIERAT, Wil esbRmrfLBE SR E LA,
I B I 2 I A A R R DR SR T D BN o B, X e R B £
ST 2AEEE Z MBI R — 2 550 T )2, 1K 88 [ AR R T Y B 555
TR S, NMTERZ 5 T2 B, WRESLEE L7 2
1) )5 FE BRFLBR B R ST RIS, e i R AE B A B, WK 1.4 R, (a)
REWI RS TR, (b)) RERMWZ5TE, (o REBMERAE. E1L
BRI AR S 1 KA S B AL, HALEEANE], BERRAMILIE R . S8k
IR/ A, AR 4 B — AN A R AR AL IR R T 28 K -

27 15 R B VR I R T 2 A0 00 ] A 1 2 T 2 450 1R 9 LR ARDOT 359 50 1) s T Bt
WREE A TR ZL) T 75 WRBR A4 B0 L B R 4 0 B =k B A A 24 R T
W BRI DAAE 22 931 2 000 s A0 B B PR A 2~ 1 ) 2 TR TG AH LA FH s WP 5 0 B
BRI o

S L R RV R 5 1 A 2 R P L Bt LA R Lt 2 T A 2 5 ATk AFF 7 K
PeEMRLE FMRAE 5, SR -SRI SE A 0.5 nm - 60 nm #IFL
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BEA.

(a) (b) ()

Surface of adsorbent

P 1.2 W B o AN B 1 T A R P

Fig.1.2 Schematic oversimplified process showing various stages during the process of

absorption[5 7l

JEREMIP)S: fE— 8 RSP IREE R EF R, 8 — PR AR5 i & A
FHES I BANRENS A2 SN BRI RN 22 LR T 1 FLAIZE S FL A, AT 32 210
ALBR TR H 8. iR B4 L3 AT R0, a0 S8 N AR A B % F0 22 L[ 4
MR AR, IBAERMKARHERA T, XA TCEEANSLBR A o a0 xR
At N — € 1 Hs 735 I AR 5 AT LA S IR 2 1T 5K 7 AR T, AN TR N LB N

FH T 7K Ve 8 A0 A0 A R A 350 190 L BT S AR A1 A2 DAAS BT (%) 4% L TG &5 () T
NEI, E I R IEFAT LR A e, — e e BT A B LB AT 2 R A
T, DRI ) FLERAS & AR FLES Y, T2 T 4 AL AR IEE %7
EAN e B A T AL B B L IR TSR AR, (2 R0 AT DL 1o W i &5 SR B 72
ANFEIAEE R 2R AE T B FLEE H AR R RN, et ToKe et b &, B2
15 7% F& 1) 72 AR AL AR, DRI I 30 2 LA AR DR B 48 55 3L o B Washburn 75 2 7] &8,
WU A FEEREE T Bt 0 8 7755 A RSORE AR 2 2L A R AR 1 2R THT 5K A
G, A BRI B SL T AR BT, TR N BIFLI £ ) P

(MPa) A LARIE NI A 1.1 Fios:

p:_4p (ciose (1.1)

ERARA, pREMRBAM R T, — BB AT 7K IR K A4S
FLBRES R, AR BIR K E p— AR FFAETEE 0.473-0.485N/m 2 [A] . FiR 2y
A B HIR B TN Z AR IFLBR A, AMCRIZR IR T 5K /16 2%, AN
FLBR I ELAR AR A B 0% o i A AU B 1 R J3AS A B 18 L T s 45 LA 3
WA —FER, T2 FLARHE AL BR AR RN 2 2EAH B e 70 56 T R & . Rt
TESRIG = TAERAF T, N T KRB AR LA A, 0 DU R & (B R 5L
/8

N X ST B (SAXS)®): 7E SAXS 2, 5 X S R AL I,
SR YR 2 I SR A R A TBCE R . B TR A ST B R A E, AR




FIGF RS 2R s ) R T BAMORFERERR #h /K Je B WK A B 9 o B B2 H

HICH A DN O 1) XS B o A2 FRE i TP 0.5 m AR A L B S AR Y
U X 2. WEE S X SRR RELA B AR AT AT 2% 20 1, IR0 5% Rl A
FERISRIE . I X LA 10— sk i e BB pos, B& i a5 Es s [
IR, PR, PR, REARE (M) DR A E RBUERRNES .
NAE XS ERBUN 2 R RAE B 2 FL A ) — Rl 1) R . SAXS — iR
T REEVE T 79 1-100 nm ARSI I B 735 B2, DRI e 9 XRD Hide 1 (it
—LEEMN R B AS S o ARAEAT RLAR T RE TR, X RIS AT A 6 AT
T[] BE d 2Z [AAFAE AN R R AR

2d sinf =1 (1.2)
BJ 2sinf = A/d (1.3)
W 20 dEH N, 4 20=p,
U] sin@ = sinf32~f3/2 (1.4)
B 2sinf = A/d (1.5)

FEMAEMRNEOL T, SR KRN A X R ANERAN d RS FRCRLT
WG, BN AFAER R . ~IAF d IR S A ORGSR
N X WP RERAEAE 0.1 nm FIEESR A, BRIl A EEAE 0.1°3] 10°2
], AR A BHORE K /NAE 2 nm-30 nm A2 AT o T T FL B 45 F4 P EEL R R R [
MR 225, R 7= Az /N BERES, S AT FHER 2 S 0 A I R — R
TOREAR IE], Bfr LA BT IAS AR O R0 LB B RSE KN R SRR 2 A AN R I, b7
VRAE I AT AT DRI 2 LR ST YE Bl — 808 2 nm-30 nm.

X-ray . Sample Scattered Detector
source Slits \ X-rays I
/\ \
E———
[ ] R - —
| \ | A " o j -
Focusing Incident Vacuum Vacuum
monochromator X-ray beam chamber flight tube
5 12m 2m
e —
1.3 78 LU 8 1 SAXS 15 &) i )
[57]

Fig.1.3 Schematic out-of-scale setup of SAXS equipment
TR Z 38(CTP: X I FHT R R G E 2 X A2
SR it PR 7 EORRIURE i A BB A5 445 R AR AR . 2l e 7 22 X B2k
PR EHIRR R BB 7 USRI A8 5 = 2R
CT T X SEIa. FEbh & MR S5 A, ik 1.4 fros. gL
TEIR B 2 X [ EEFE & 7 LAORE S R R, XM A A 558
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B E, S BN R, A& PRI 5 A il e il 045 B AN — ¢, 1X k4w
ANHEHE SHA R, B ENLEE, B3 — R/RINKEA—FEH =
YRR .
4 X BT RE B SR A A AR B R TR AEAE AT SRS

o BRI B B it ) RS KNSRI AR -~ S8 SR 7 R 8o o0, an R
A 1.6 Fion:

la(x, y) = iexpl— [ n(x,y,2)dz] (1.6)

i

Ta(x, y)—HRa I B ) X G 2808

L — NI X S 2 i R

w(x, v, z) — AR ZE IR R

T EAB LR S IR R A S 2RI R R IEEEII R R, IXFE CT Bl

SILRE LA BE A1 2K S T EE A PN AN TR) PR )8 R R0, [ s mT A g B AR it Y
ANFIIARE B m AR, XA R, XA E M 0-255 DLASEKFE I8 R DLAERE
HEF 7 SR B8 A B, IR R AR 2 5 22 X MR R ) X 52k
RSB . — MG DL, AR KN AT LU B 22 7t T I8 B 3 B0 M R AN,
BRI TN, AN A7 P 8m, BRI, W ER S R & i
Fw o il CT MHIIERT LLE AR BRI S5 K, IR R FAE K e 344
EHTUSR ) N2 TR R 2, (HL R e 2 BR A1) RN B ) — G, H Rl
IG5 ) CT W& B0 3R ARAE 1 pm DA_EB9),

e W

1.4 XS4 CT %4
Fig.1.4 X-ray CT equipment
IRV IR LG RAEPTIE F AR S 3 (BARILBRE, fLRAiss) #R2
PORLA B BT A BRI o X EERAES I A 22 R RAET BOA FIT ™~ A48, 2
S IR T B AR = RN & B AR R BRI 7= A — e R B I 22 o IX BB, XF
THARIASERIRES 3, AT LAk AN [E] ) 7 ik AT I 3R A, (B2 i TRl
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FIGF RS 2R s ) R T BAMORFERERR #h /K Je B WK A B 9 o B B2 H

WUNENEEAJZEEAF, BT EA RS R Al SRR ZE R, H
FEAFEREERZ B AN NAERRR . TR MOEE S S, #e
LA P SR AT FURDRL I e —RFAE A A AU o 565 T T [ o 7KV Y g K £ 1041
e 7E UG HIWT T, JATHR ZAWT 5 BT BB A 7 VR R AT T K e K T 45
FITESURAE, DL M 58 3 K P K AL ANBE UL . il JLAE AT 7T, A A
I IRV SO AT U FLOT VR A L BB R BOR B 82 B, B Y AR G IR0 7E LI
FF o341 Je FUBR A1, RESOG 438 58 A SR e /K YR B A S A b ) 2R fL kAT
3D RAE, HAPREEEIAE] 1 pm A0 i FTEE A ik aT DOt FLIEAT B AL SR AE
S ArLOT- 081, 3 o 47 R T T U LR A B AR FLEE R HEAT RE BEARAL ) B
VIR NI T DAGS & B TR BT 0 2 AN R A FLAO AL B DR SLI S R A Y &by
IR B O A R FLAIREAT 1 0 i, IX R DK T S AN N FH A e S it 1
T

1.2.2 SBFSEM R EHEMRHARFHIN B

1.2.2.1 SBFSEM [RIE

22 Y] F #7278 (serial block-face scanning electron microscopy
/SBFSEM)& — Bt i o MHaAAE i (1) B3R IRTEAT 22 V) v IF HA W g, 5
38 X R B ) UG AT E AT 2 3D EHE 2B IR EAR %0
A AR AT Do AR P 3 B 2 8] 45 4445 B 24T AT AL ZRAE I B A5 BT Ak 2
5 5 AT AT R A it 8 2 1) 5 AL R AR R AT S 14 AN E By A0 75841, SBFSEM. X
ek T EL I R SR L AR SRS BT 2R Gt DA SO L R o A A A
B RGH . AN EAEWE 1.5 s, Eig KB a 1 Bis fme
T A EE Y A 2%, 76 SBFSEM #HATELY) A g it 2, @il
REHEY) AL E N B RS A T, XS T LY, ATTIE B0 IR S kAT 3
SR AR I H

SBFSEM HE & & B K B R BHEs Rg T LLLL XY Pl (SEM
AT &S 1 nm & 2 nm 245, i Z #i7 W (SBFSEM V)R J51A) =ik 10
nm /& A5 25 8] 0 HERORSRAS FE M I 3D ] g5/9(5 B . SBFSEM W HIEEE ) F
RG5E LS 0V HLAS R 7 2 TR AL s 2 K RBEAE ) AL, TTR
PR TIFERE S 3R 1 E EJ7 Ko7 mYIRE 3 . £ Y v R4 R isiTH,
Bl TR 7 R EHE 3l — I, #6406 5UE RG] T 1% 3 B E R TT
— B MR, XA R LY A A BN ) A R E . SBFSEM Ml A%
ok A A T R G N B e RS R ) R LRI i AT 158 R ) B2 )
I HAEREAS BT 2 55 A S R T Ed-AT 2R 00T BUN 1 R, AN ITAE A4
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FE iR

PSR Eh 115 BN BN ok, Fodid 8 BUHE SR BOE D) A BUE s = B
K 1.6 Firse

(b) Ultramicrotome (c) Diamond knife

1.5 SBFSEM ¥ # L
Fig.1.5 Overview of SBFSEM equipment

SREUESY) F BUEH) SBFSEM . #E47 % 2L V) EI 9 B AR 1) TAE R AT DARF 2R3
17, HRIRGIBEENT R BUR, o /7 R A g i — 251
WL ARG AT AR B AN 3D EEE AT, ATk BRI AE & 3D Al AL I B
EESNTEN. S ES B 7 BB T ESD R B ITARTZ,
SBFSEM {4 52 56 /2 X0 B {75 45 GER ¥ V1) v S5 P 28 Bt SR [ B S T B T
BEAT 2D HWHEUH B EUE, WA Y)Y R AT g . R BT AT
SBFSEM M FHUIRAE A2 [ e 1), 1 Hadt AT 20 V) v % ¥ SBFSEM & 4t 4
A IHURAS S 1, AT 287 5100 7 B B B IR A A R E R T AL
(1) BTGNS B S5 SRR RAR , ORI 7 BN i R E I AR P ) B
SMLFERE, B3N T 3D SRR RS
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Serial Block-Face Scanning Electron Microscopy(SBFSEM)

SEM

. - beam
diamond knife/ "
sample D [\
cutting » imaging

serial images

K] 1.6 i SBFSEM $EBUGEZEY] F UG TAERFE R =K

Fig.1.6 Schematic diagram showing the workflow of acquiring serial image slices by using
SBFSEM

1.2.2.2 SBFSEM 7EAF LA 53 Guist A A [

SBFSEM H & [E E K- A7 (NIH) [ Stephen Leighton F1 A. Kuzirian
7E 1981 S IRFF K EIFHAEH, H2H T XABHE T BB AT PR AR
TAEZMH SEM, FF HiX i fit BN Rt 2=, Rt S8 TAERMCR AR
M, 2 Ja— B ) B kg Ad S50, B2 2004 4, (HB)T AR g EL
ARXIPZTTEHAT NHIF R, IR A4 i s TR, oRAh 7R i
L) i AGOE RE T, R AR ISR o I A A SR A 1 ] 8 i R 2
W 5L W. Denk H1 H. Horstmann S8 Z 55 AR BD) N T4 dBH# 408k, & 0GR
W 77T LA DAAA K 2 1) 43 1 2 3R B 22 U) v R ) 3D Hdla 48, M mT AT
K2 AN A3 AR S5 K 14T 3D B o i 38 JR AE WD 2H ZFE 3D A ) E S 70 A
557, T fE SBFSEM 1E N —Fh 3D pifg TR A E L N i e 2 #94, @
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1% 5 A SR B B Tk sk F 2Tk 10 2D WHUH R, 40t Avizo %% 3D ik
PEATE T, SREURE S S S TR 450015 2., AT DASL L) SEML A% 43 7%
RIRMEFE M 3D 8. B, ERE 7@ BT RS (TEM) s i3
JEMT A% 56 B 2 TR i 2 R

2009 4, Znakel %P SBFSEM X = 20 T St A7 V1 F 8 F0 3D 8 4
T, WHIE T Ay IS FAE 3D 2 A IR SRRE R A i oL, Halid 5 R
B AR T BAEE (FIBSEMD (MRS SR 47X, s8] 1 FIBSEM 7] LA
HE 3D EERAERIR AN 50 X 50 X 50 um?, i SBFSEM J7i2: % KF 3D H i
AR R B KA 500 X 500 X 500 pm?®, UiEIEH T BB SR LM,
SBFSEM 7] LEE 2 0 (AR B K. 2011 4F Koku 5681k SBFSEM i} i i
REVRATESY) A8 3D B, Jrmid E R 3D BTSRRI,
IR T RN 25 R fE S W vERe . UiAHiEIS SBFSEM I A)%id &
b 3D EEREE R DO TREEAT A RS, 5 MR BB,
BEAMNHAME. 2012 4 Hashimoto 2@k SBFSEM Xif S ALAM A U it 1)
G B MIEAT U R UGN 3D BT, w7 1 AE 3D A E N &8 AR ik e e
A RBA LR AL, [FIR IR T & BN 'E & s E 3D A N I 4 A 40715 .
2013 4F Chen Z!i i SBFSEM X 8 G- Z 34T 42 V) v BRAG A0 3D = #4017
M T IR R EE R TR R TR YDA B4 E 3D 23 8] R 43 A 175 10 6 LA S o g SEUR i3k
TG AT AE EWRAE, 8RR )Z 1) 3D 25 (8] 45 44 rh S REE 23 (8] H 1)
DAL, HHIBIRR TIRIZEN 3D 245 5% ZTERE A et

2018 4F, [AJGFOR &) B U011 YORAZ R 5N B K Ve ZE A4 BLTE 72 40
i, SRl I IE SV A BUE I T ERT KR B P SRR AT UG B, 4 SRAIE B
ZITEA AT DI AR KA C3S BEREAT 3D =g, 1 HAET 50 nm (1) EE 5
HEAR, IEReXRT R A LB 25 Ak AT R AN E AT, it 3D EE ML R AT
N EESAFSLIRAE 3D R R Aifh o, Rl — A~ B FLER AR |
K98 LA S 3H T e Emair. Wi 1.7 Fi, (a) A 3D SRR —ANEARK
C3S BIURL, H o 20 0 AR I 2 O FH R SLRR s (b R T Z bl J71al,
gk 2D R HIFLBR ARSI, (o) ARRMZFUR HFLIRTE 3D = [A] L 1B
PURFEM ST oA, (D Geit 7R B FLIKR B L A 1B DL, (o) SPANFE R
SRR AT B 4328, (O WIS T B A FLER AR A A Ol . B %0
FHIA SAERE, WIPUEM T SBFSEM iR LALL 50 nm )43 #2507k e JsUk gt
17 3D EEoHr, I H TP FLE M RIS BT 2 . %I TAE R
SBFSEM A 73 T B ARAE /K e FE AR S 4T R 1 &Rl T HAR & e 1%
W FE AL i — D3R T AT DU T 5 v R TS SO S o BT i S 3, 6 /K e 2
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FIGF RS 2R s ) R T BAMORFERERR #h /K Je B WK A B 9 o B B2 H

IRACAEAL SR A A [F R AR BEAT BE TE 0BT

n [ = Porosity
PN,
- \
A
‘N

. h L ) . L L L .
23 16 69 92 115 138 161 184 207
Slice number
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Fig.1.7 Characterization of a particle and pores within it

1.3 RBEXARAR

454y SBFSEM F A HI N FH R i Je F X 7K R FE A B 25 5 2 AT %1, SBFSEM
M VI R SR Y) F R A B 15 5 T AT B — P SR i R B,
AT 3D B E YR AT IS RIS AR L 1K 3D A AESURFIE A ¢ B AR S 4L, [H)
AT AR H B 70 1) e BN A [RI P AR S 25 A6 R AL AT 38 SR AL 34T« SBFSEM I
T VEAE N —FHT 1 AT AL B AR S B Je B RSk, AN B 5% 7K e
FEM RO 25 A6 75 3D 7% [B] 1) 40 AT 5 0 AT A ) W ARAR o A Al B vk B, T
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51 E R

LS T 5 L AROU 225 A6 e A R Sl A FL A ) () i AR B B B 7 S S B i
BEARBIRE s, HAE KV S B R A LR JLD7 1Y) 0] R RS 22 R G fd v

(1) BEFHE S BT KRG R, EV AR RS K
AR, T BT I I S AT I R R R T 5, AR L LR g
FEH AR E T 20 e R E M B I i A B2, W R A RE S e 82
RIS AE R AR A ECE WA, B4 7E R R B R IR R ) AR AR
ERILR, AR T & B R s b 3850 # 9 2P 3D EEEEG M E.

(2 MRS A 1]/ o %o T AN [FA o AR o, PEREAT D) G g AR
T 77 EE L AME BT R AT BUER S, Rl it T — 28 G B P 22 (17K e i
i, HOESEY) A G R R (BHT) AR K F3INAE] . ) H 5 B 5 hH 2
RS2 I 2R ARG R B 7= AR A TR B 500 o DR 75 AR K Ve R i A &
(AR R, PR — Bl G N g 5% 1

(3) BT BRI W IET IR, YR 2D BUE SR A E I
FHHEAT IR B8], 208l 3D SHEA R 3D AT E =TI H . BT E
QAR IRy BT = BARFE R R MR AL, TRk e 78 70 R FH e A s . B 8RN
T 22 A B A FEE 3 AT B 7 T R 1) R )

(4) RZEI3HT o« VEN—FPHTI 3D BB T, EEVERE B i 5164
fEiEA G, AR 22 S A7 A, 7 2l 5 e M o i AT R b, X
A BT AT E T

BT O ), AR 3% P A (R P S AR A R 6 7K U8 kL W EA T AT 7
i, BRI : i HEERR KV B E A 2 1 C3S KA FE S C3A LA
S AR B A — KA B AR 2 ToR R (C3S:C2S:C3A:C4AF:2H20-CaS04 =
60:15:10:10:5) BEAT/KALHEFT. (@it SBFSEM MR, #4878 U fal s /K e A i 2847 1)
2, TRECRA /KU HE i BUR I RIS 2, AT AT 43 R 2 b BN R 22 40 iy
o FRAEMCEEA EXTAS [R] KA 4 B BRL B ) % % Jo A R A AG R AR 34T 3D
Hd, AR A E RIS IR, R T HOK AR AT DAL, P
FL S S FL I LB 2 B 7K A8 A 0 AR A RIARE s [0 B 0 Rl A 2% 4 o A () ) FLL B 2 4
AR, KR, PR RAALESS T e A, AL S5
FH 7K A8 H 51 S AR A B s e Jia DA 22 Te i SR BB 2R AR O B, IR ST 5
F K 25 M R S TR s 2 [ ) 26 &, I Hod i B At 26 8845 3D k7
AT IR 25 SR 5 2 WL R 2 T (R A S
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E2E W@
2.1 I EA R

2.1.1 BEER =45

WIS FTHREERE =45 (C3S) I BBt AR R R A IR A F A2 124t R
B EE A 98% LA o FHBURI O TSR RFE « OB 704 M XRD B 1 433 1
2.1-2.3 Fli7R.

o n—a—a—a—a— 100
. ~
= - 80
6 ‘ ... l/. B n Sj
; b .' . 60 _%
i ;
IR B \
) b E
il Jf . L20
| .l " -,
U‘J' T T T g T 0
0 5 10 15 20
Particle size(um)
2.1 C3S Fki I3 2.2 C3S BRSO AL 28
Fig.2.1 Morphology of C3S particles Fig 2.2 Particle size distribution of C3S
2000
¢ (38
+
1500
+
*E‘ 1000
5
= +
500
*
0 1 M 1 N 1
10 20 30

206(Degree)

2.3 C3S WKL) XRD Fif
Fig.2.3 XRD spectrum of C3S particles
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2.1.2 #Efig — 45

WIS T RS 45 (CoS) I BBt iAR M R R A IR A F A2 124t &
BHAEFE R 98% UL b o HIBURIHOW TSR « SO FE 4345 M XRD &I 43 551 tn 1
2.4-2.6 Ffi7n.

s

- 100
8 /-'/’. - 80
S ‘] .-'.. 60 :%
R =.-' L 40 ;;
.ﬁ.'l- E
21 " 20
UJ’ T T '.“ S B e e e
0 50 100 150 200 250 300
Particle size(um)
2.4 CoS BRI T3 2.5 CoS FURL IO RLEE il 22
Fig.2.4 Morphology of C;S particles Fig.2.5 Particle size distribution of C>S
1500
¢ (28
+
1000
=
‘W
oy
@
=
500
+
+ e
+
0 I I I
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20(Degree)

] 2.6 C2S MUKLHT XRD &3
Fig.2.6 XRD spectrum of C,S particles

2.1. 3 5AEE =45

R AT IR =8 (CA) B LA R MR R E R A T A2 4t, |
RHAEE R 98% UL I o RO SRAFAE « SEOGHRLE 4341 S XRD I3 43 751 a1
2.7-2.9 Ffi7n.
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- 100
B 50
{ g
N R
QE; | ] ;
TR :
2 ;-: .5'5.__. 20 N
0 T T .'.-.V.Ir'.il'-'l' F—r=———ti-0
0 50 100 150 200 250 300
Particle size(um)
2.7 C3A KL RITE 3 2.8 C3A UKL FRIIBOG KL T 2
Fig.2.7 Morphology of C3A particles Fig.2.8 Particle size distribution of C;A
4000
¢ —CsA
3000
%? 2000 i ’
2
=
1000

10 20 30 40 50 60 70
20(Degree)

] 2.9 C:A BitkLff) XRD i
Fig.2.9 XRD spectrum of C3A particles

2. 1. 4 $kERERIU4E
I AT B0 1R VU5 (C4AF) B AL R RLRHE A [R 28 5] 2B P2 it

JFoRlali o 98% L o ILEUR UM SRAFAE « OGRS 0 A . XRD B 4351 G
K 2.10-2.12 Fi7x.

2.1.5 "/KAE

WIS T — KA E o [ 2582 B 220 BR A & 2B P2 348t Lo 55y
AR 2.13 Fios.
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Fig.2.10 Morphology of C4AF particles Fig.2.11 Particle size distribution of C4AF
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* ¢ + ¢
0 I v I ' . 1 ' IM ' I T W A'A 1
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[ 2.12 C4AF BRI XRD K%
Fig.2.12 XRD spectrum of C4AF particles

K 2.13 ZKABERENR

Fig.2.13 Morphology of dihydrate gypsum
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2.1.6 A=/

8 T B0 Sk o B e AE RS IR A F] A2 3R i) 325 H &
MAT SIG T HAMESURFAE U ] 2.16 FTm

K 2.14 £ SR TS
Fig.2.14 Morphology of Graphite powder

2.1. 7 IFE RS

I8 T H PR i 926 B Agar BH I A BR 2w A2 7= 3245 1) AGAR 100
RESIN(R1031) &5, HAH5 7 AN AR (Agar100). [E{L77 (DDSA,
MNA) FELLF] (BDMA). %W g A EC ) L n T

2.1 B ORI SR A I

Table 2.1 Formulation of soft, medium and hard epoxy blocks

Soft Medium Hard
Agar 100 epoxy resin 20ml (24g) 20ml (24g) 20ml (24g)
Hardener, DDSA 22ml (22g) 16ml (16g) 9ml (9g)
Hardener, MNA Sml (6g) 8ml (10g) 12ml (15g)
Accelerator, BDMA 1.4ml (1.5g) 1.3ml (1.5g) 1.2ml (1.4g)

2.1.8#EK

EETFIK,
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2 &R

2.2 WA

2. 2.1 AL SR

ARG Hh R BT A JEURE BRE it R TR S5O 5% 85 K FH A 1 R R 25 W] A W] Sigma
300VP 37 k5 L 1 WA AT O T AR (R R, B 1~5
KV).o 3 IR BOR SN 100 X, 200 X1 500 X 1000 X, 2500 X . 5000 X
10000 X2,

9 Tk A 0% 4 B W B AL TG TSRS IR 52, BT A A DU oo D (R4t
a2 e A S A BT IR TR S

2. 2. 2 BRI E M

C3S. CaS. C3A Jt C4AF WL 73 AT A2 1 35 [ DUoe & 22 /R 24 =] il ik 1)
L8230 RUHOLRLEE S BT, HREE MR E 9 0.04 pm-2000 pm., 4
AT 75 E A T K S REHEAT 7 iU B

2.2.3 X FHE&LTH I

ARG A I i 2K B H R 1) Rigaku D/max2550 VB3+/PC Y X 5 28y
K2 AT IACGHEAT IR M, HEE Ko $4. MG i ode FIE SR s L,
20 FAFEVEREIN 5° ~ 75°, FAFEHE N 2°/min. RSN T/ERE 40 kV, TAE
HLI 250 mA.

2.2. 4 E-ERFAEENRE

ARSI FE LK EE TA A5 SDT Q600 %! TG-DSC #H -2/~ 73 &k
A AT CGHAT 8T o RIS No, FHEEZE N 10 °C/min,  F4 B3R Y F
J& E H~1000 °C.

W AE I SR A R IR R TI0E R IR S B 2 5 BT K SRR 24 /)
I J5 B T A AE 40°C £2 254 NHET 24 /. SRR R R E T
TR AT 2 ORI (<5 umD, K& U OB R AR il A7 T B F B T fr
H.
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2.2.5 SUREEZEENIR

ATREGAE i >R FH 26 (B BRIE AR A 7 4E 77 1) UltraPyc 1200e 4 5% 5273 BT AX
(Helium pycnometer) BEATERA R EEMG, MESAN No, B — 4R il
ik, BCFIE.

2.2. 6 WWEABRZEITHENIK

AARIG MR BT i F T SE ML Z 34 (CT) W AR =TS EH IR A A4
771 Nano Voxel 3000 B 2%, 2wl ity 7 g8 3, FrllzKARE il B4 7 4 il
£ 1mm 4. X $HEERIZFHEE 00 kV #1120 mA M2 R, M-180°F] 180°
PUEE—20 0.2°8HTHIHE, SIL3AE 1801 sk, AR R BN 3 s,
BANRE S IR S T L0 3 /. BRI E R EERER R KA 700

nmx700 nm,

2.2.7 [ERE

R R (MIP) 2 # & LA 20 A A 38 952 Bl Micromeritics 2 7] BT
4277 ) Auto pore IV9500 V1.09 %45 . MK /7155 9 0.1 psi & 20,000 psi, Wl
RS R I B ME . [ A RIE NGRS SR A HERAPE, W RE i 1 kR 42 75
FEHIEE 3 mm — 5 mm (8],

2.2. 8 kR

ARARIE BT 5 A oK Ve 2%, KK my/me =0.6, A5 IRR SR
20mm X 20mm X 20 mm, 4FESFRIEMUER AR (0.5d. 3d. 7d. 28
d), KH AEC-201 BU/K VAL 58 B s N7 HUE L M, InduE % 2.4
KN/so HiEmETHEARMK 2.1 . HHEEREFHE 0.1 MPa. f—4l=4
[k

P.=F./A (2.1)

XA PONPURTRE (MPa); Fo NIRFERIAI B R (NDs A4 72 A

HEA (mm?, AREN 20 mm X 20 mm = 400 mm?).

2. 2.9 M7k &M
AR A ZIREE SRS A 20mm X 20 mm X 20 mm, —p—
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#2E Wl

H, HFEMFPEMERIEE (0.5d. 3d. 7d. 28 d), BUHE T A%

1E7KAL 24h, SRJETONHEAR H7E 105°C 26440 N HET 24h, OCHHEAE, iEFES B

AEEER, MHE M. BiEmTERRETEE /KT 24h, AT TRRE
MR 2 RIKSr, DT RE M.

We = (M2 - M)/ Mi (2.2)

b We AR

2.2.10 SBFSEM i %

ASURE I a6 Y A SR Y 3948 B 8 Rl B0 & D9 1 [ 45 R] [ Sigma 300VP
Y R S A L T R 5 26 [ B BR KK Gatan 3view2XP FTAL RS rH 4
JRAR R GT o FARBIRE S i) A St AR O VR AN &7 3.1 FIEEAY 3.2 ik
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25 3 SBFSEM #Mm#I& K k&

3.1 #iik

i3t SBFSEM % #14EUW Jig EL 3R 1) 7K Ve AL S AR HEAT R 22 V) U IR 54T 3D
HEHT . BT EBUN AR EEE, RS G RE, BE A R Z
() b AP R 7 PR ) 22 i A5 2D V) BSE MR S 30 S AN [R] ) 2K 32 25
Zeo AKPEREdh HAIAR BT 2 7 i ol HOM DL W SO R Bt i, At
=BT Rae s hatlsn, HOAKZEBMBER, BENENE.

B AL 90 AL, BEE T IRAL A AU N, HAEGE
A A PRI RN HOE B IR . X TAFESER B R, O 1A S
AR 73 R LTI 3D M ai A, we BEMAE AR A . R RE 1 ] AL
YR AL BRI A 5 5 T HEAT LA R

ARELL C3S JFRINIKAL 7d [ CaS MEALIRAR RS G, KRS HEATRLE it 1 1
e ITERPRSFATHEAT RGEETT, LA RS 7K P AT RL R R it ) 2% S A% 7
PN

3.2 SBFSEM #f &SI

3.2.1 IHEFIP A REY

H A URGEE AT 7T i 2 K e S W EORL K S TR ik, O 1T R, B
ARTARUHITETE, HAKHEIEM 0.6, PLRIERERA & B HRaE.

MO AL & EERR K8 5 P IEORRT 25 B 1K, PR LB T Bkt
BT AR G o IR AR I ) 25 1 1 /K K e ST BN 50 ml (5%
Merb, SRJE FEIHEHE 2 min, SolREESJEBHE 90 s, 1A PRIEHEFE 30 s.

R U SRR NG B T R 2R A A N (B4R Smm. R/ 12
mm), FEENEL, FarWRERR . HEE AR RS T awE, mEET
MR EE DY 20 +£2 °C MRHBEEN 60 + 5%H) = A HEAT IR

R TR U e S AR I I, BGRAE AG B S HAR DN 500 um A2
/g, BT IOK AR 1 d DUER T IEKAE B 1, )5 BT 40 °CHUH
F1d, BET R IOFEG ] B BB RAE, RIS TR L

26



% 3 # SBFSEM i il & K ikif%

3.2.2 SBFSEM #f a8

N WEG K YERE S CHY AR B M FK PR AL 3 44 ) FE ST Fr g 2 v
SERIPEREIRN, BTA HKUERE S E EAT I A 35 7 e O R A i e e, — T
T AT DA {5 i BRI e F ok L e PR i & b, 55— D Tk T DA 0k S FLAE
i1t SFBFSEM #HTIESY) Fr BAGE FE o S5 15 .

FRMEEE 2 TR 2.1 AL &, RAARIERE 2 EE 10 ml B EM T Agar
100, 4.5 ml [} [E4£ 7] DDSA #1 6 ml ()& 167 MNA, T 60°CHIHLFE A N# 3
min, AT M K% [ 4 770 AR 8l 1 o 4 I #E B iE Agar 100+ [#l44 77 DDSA
HTMNA 73 B AB TGS IBept T (50 mD), SR 5 8 8 5 5 LU 41 5%
N B e e 1) 7 NS BREAR = 2Bl — 7 THI B CRAIE I S0 IR AR [ £ 77V 5 38
&), 53— 77 AR AT LU G i R 0] 58 30 T ZE PR S8 AR R 5l NSt T JE R &
AR A ¥ 21 JE IR BRI 0.6 ml (& BDMA. [a] [d]— AN J7 [ 4682 5%
32 min ity BERIREHSIMIMIEE T WA T 3 min 24 R .

¥ CaS M AR BRI B WAL 2 /NI T B A% S mm. (555 12 mm e 45 98
RIS ILPY, [FIEARIERE SR A TR RS . S 7 8 TR 2R & (1 2R 00 i
PR AR AR SRS 7 R RS VB0 1m) 85 0L A 3R 0 =4 2 — e A LA R B
SRR, [EI LR E AR A 3R AR A N AW IR IR W - TS LB TR 60°C
FREAR A I FAEELL, 24 h JEEH, kSR In A M iR 2 RL 88 LTV, HrE T
60°C LR N4k St T 24 h IS B (&1 3.1)

B 3.1 BT A AR A
Fig.3.1 Resin-embedded sample

3.2.3 SBFSEM #f &%

fEiE L SBFSEM X G LA S Bt AT E S U B A g il fE v, IR T
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SBFEM W) i &4 ERVIEIE A TR RN (2mm) (520, AL 5
FOPREAZEE 0.7 mm, — 77 A AT DA &5 TTB8FE, o5 — 77 1 0
AT LANESEY) UG R TR R A ) SR Rk AR, AT PSR TR
it BRAON AR MG ot B ()50 o (RSS2 R 23 AT 3D V) v S S R
SR DA SO ERE S AR I S ) UG R R T R R R AR 1, FE I R R
T 8 5[] 5 A5 i 1) 65 PR A R ] R K AR i i, R bt e 2 o 8 v U7 LA H SR P
B i B2 S IE TR

ARG B T T FH BB EE R S & kR A A A2 () Leica EM UCT
RO L. (eI ) L TIERE 2 /T, 1 50 D 40K G0 R i R T B Rl
JEFEZ1R 2 mm ) PR B, 1 fE @ e B e Ty v pl. i A
ML HAS B E R EAAZ8 0.7 mm 1 F R F208 1.5 mm - 2 mm 1473
TEAR . R KGN 3.2 s, R 7R HERE i MSEERE 5 BT 2 B 5 (1)

AU

anne-

3.2 FEARIBEE TR K
Fig.3.2 Flow diagram of sample trimming

FEIE I UL R AU A S0 e R R S AT B B 2 R, 15 e 7 2R R
DI HL_E S it B B AT b B3R S5 U0 A WL T R Ak AR P AT
REE, MM ORUEZEERE dh ) BRI RE RS X788, i F K 7Ei8id SBFSEM
ATIESEY) Fr R R IR HI 18], 32— P B 84 T 94548 . ££ SBFSEM
B I A EAT IE SR YT R 1 BRI, G SRR i B 2R T AN BE 8 R FF AR DT 35,
A2 55 5 I ARG N ) B RGO LA T T, B AR AR T
RHEPEONIE . ZAFE T SBREEE T R REANEAT], BT BT
a5 TR A AR I RE R, BRAR T 7R A S E B BERRESE 77, IR T
DR oot [ S AN 22 ] XU o AEAE A 5 0 AR N7 B R B i, B S e Bl
FBERE 1077 SR BRI AT DIE], 105 DADIRIE DY 100 mm/s,
BESRVIA RN 50 nm (IS HRAFREAT BELLUIE], HEIRBFE A RGN
1k f il PR T ARE S AR AL, AR DU A s =6k, B
BRI SRS HN 0.7 mm. 0.4 mm & 0.4 mm. (EREED) R HLE ShU)EI TR
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R EIUI R R SRS, U R HLEI T s Bk, ) SR S DI RE RR R  AE
N AR R EL, AT RS ) T BRI i SIS R E AN IR R T K AR
HILR, MmHWERSWIR T . WK 3.3 B A BT PSR it L,
@*iﬁ)ﬂﬁ’]ﬂﬁﬁfﬂi}%ﬂ TEH FUE H ) BB R b — R B3 A B

o I B ETIE /NGRS, B — A G Br i B ELEY) v g
*f}*ﬁﬁnﬁnuﬁﬁiﬂﬁﬂﬁ N T TEGAE G El’]kifl‘ltfjﬁl‘ﬁﬁ@iﬂqénnﬁ'ﬁjﬁzﬂ
V) EEEE NN 50 nm, VI IE AN 50 mm/s. 2R AN G A=A 6
B 1) 32 A FH 2 3G KR a5 = 4ERE 5 5 BRI 32 T T, IJLtTuht)J)#Fﬁx%ﬁ
500 nm, VIR EEEREN 100 mm/s. FEXFERIZSERE R, 6h EAam L&
— M

K 3.3 BEAE
Fig.3.3 Sample trimming

FEAZ T HIAFE by AR DD LI, IR ) R I < 5 B4 IR DI R ), J8id
FEEREB AR )R [ B 7 BR[0T = 4ERE b 5 £ 30min J&, fE& 7R
P DY A T AR DU I S AR RE . 6 h KRR B = 4ERE SR Y
Hf HaERE 2 R BRI B, (A5 AL T db A A e o R TR LT B
G, EFFEME T SBFSEM REN BRIV RG RN, HETH
b B R TRUIEISE AR AT B, BB AT DAD) SR G R B3R TN
1k. SBFSEM HUG M2 0 i & TAR AR QA 3.4 For .
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Pyramid-shaped sample
Fix the sample on the holder

diamond knife ~ sample

Ultramicrotome mounted on the inner anect the position of
SBFSEM side of the microscope’s door the sample

K 3.4 L) Fr i i T R R R
Fig.3.4 Measurement process of SBFSEM

3. 3 SBFSEM R} 1%

3.3.1 #HAEEX SBFSEM AR5 =200

JEARVERE it (1) 28 A N AS PRABIBIE FE I — S REBEVEIA Y, — 5T 2 8 2
WA — R LR G, HBZER T X KR SIS D) Fr BAGE RE A L AT
HERE A BB, AT it A S R A LR, X R B ™ A —
SE IR 5 — 7 T A2 25 FE IR S I 60 LA i PR A PR R 8 2 i i I 2L D)
FrEUR BRI o BRI it B AL B, MR v AR 2 1k DL B 3 i 3 A P AN 7
T T AR

FEH] SBFSEM K AN A2 B dh BEAT S At Fe A A2 v,
T EAR A IRE R TR R85 ML AR5 #2 8 3.2.2 DR T B IR . (B2
5 L& R KPR dh 1) 22 SLYERTIE PEARFAE AN TR AURE IR AL A S A3 5%
T BB 5 T TR T S U T o LA B R AE S B HR A (Cast n” Vac
10000 WHEAT, 1E 3.5 fs, HEEOBESRMETEMADEDY, RmEs
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JER[1A 10 KPa.

Kl 3.5 EA R

Fig.3.5 Vacuum-impregnation set

KU AA ) 2 FLAS A BRI T i RO 5 E B A FH A 800 I X 7K o i
BEAT QLI B, TR A AT A AL TR, TR S AT R T I SR R 0 K e A
RTINS K P i 2N B R F o AW A0 Sl — =N CaS Bk
R =2 BRI L TR A Al s o, O ELREFC A G A2 S0 R BN i P
FRAE T, JHah s, MR EERIRIRE (10KPa) I, {5 ikfm s F 3R]
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(c) 3 min (b) 5 min
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Fig.3.6 Distance between embedded CsS particles and epoxy resin
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Fig.3.7 Relationship between vacuum maintenance time and distance between epoxy resin and

C3S particles before pouring epoxy resin
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Fig.3.8 Relationship between vacuum maintenance time and distance between epoxy resin
and CsS particles after pouring epoxy resin
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(a) Traditional sample (b) Modified sample
3.9 BUIEIA SRS i EL IR i R SERE
Fig.3.9 Traditional sample and modified epoxy embedded sample
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Fig.3.10 The quality and gray level distribution of 2D images (EHT=0.8 kV)
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Fig.3.11 The quality and gray level distribution of 2D images (EHT=1 kV)
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Fig.3.12 The quality and gray level distribution of 2D images (EHT=3 kV)
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Fig.3.13 The quality and gray level distribution of 2D images (EHT=3 kV , vacuum= 20 Pa)

3.3.3 YIRS RIGZIIFERTIE] XS SBFSEM A&

SBFSEM fE AT IEZLY) Fr B B #E b, 8 S H0 i 20 R i1 o &=
PR EARE AR o AN T T ESA IR B RE T, HY)R TE L Ccut speed)
NI JEFE (thickness), LAKAES AN B AFEfEH, BRI (pixel
time) XIELEY) AR B HOH B GRS R S 2 .

Kl 3.14 7R 7oA JIV1 R EEE 2 5108 0.3 mm/ss 0.6 mm/s. 1.2 mm/s BAJZ 3.0
mm/s I 7KA 7 d 1) CsS BEALSRARFE L B S, BUR BIBOR 540y 2000 X, HAH
R HE2E 0N 20.9 nme  HHIE 3.14 ATEITEZIBOR B AN R D) A I B 264 T
HEEEY) A AR AKAGRIORL . KAL) LA R LR EEI8IE 2 T WL, (HEBEE T
HEERMMR, WA J1Esh TR A ERIE ) AN MAscH I,
3.14c Al d iR, v 3.14d PR, @it A% SBFSEM Hfflid fEd, HF
WIRHIA R, RIXLEEMBUA W R, WA B KRN 0 A R e, X
SUIIRAFAE T EOR AL B A FE, Ui I 2 A AR S AR AR, T AN A2 L PR
T 51 R o[RS S0 PR ) s, B ZEY) i & A S0 B I R D
FH AT X Se A SR RS A T DIR SER) . 85 A JIEES YIRS AT, @i m
RZh (20000 Hz) RFFEARXTFE S0, WRUIREE S, < ST
72 R N B T GV A RORETE, AT it 2 A2 AR 0 o BRI ol IR ]
DAAH R4 e EHECR BR e, B2 4V BN 3 moy/s ), HLBI N IR &%

38



%5 3 & SBFSEM Ff /il M iit%

JE S 7 M RORS R IR 77 A S R, DRLEAE SR B TR R it B 5 R B,
e B VRAE LT, W LAE A5 s L U) Al AHE U A SR D) A R

0.6 mm/s.

(a) 0.3 mm/s (b) 0.6 mm/s

(c) 1.2 mm/s (d) 3 mm/s
Bl 3.14 AFEVIAEEET 2D IR R
Fig.3.14 The quality of 2D images at different cut speed
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Fig.3.15 The quality of 2D images at different thickness
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Fig.3.16 The quality and grey level distribution of 2D images at different pixel time
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Fig.3.17 The 2D images at different magnification times
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Fig.4.1 Main steps and operation in SBFSEM data processing
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RSB B2 B g PEVE R, 380 20 BT BT 2R U] y BRMAB B8H s B4R R AT TR0 i A
3D HEREFE, X 3D EELRERSIIREEH A EEEM . AT
43 PL 900 5K IF AR R CL LI 7K AL 7 d 1 C3S T4k 3 (R S Y Fr G Ba 52 N 7
IR G, WHEATEES . HEKSHREW N UIF)EEN 200m, Yl
N 0.6 m/s, TBURMEECH 2500 X, EME 3 #E%H 16.6 nm. KA — 4 EdE )
[H]K#)9 8 ho

4.2.1 EgmaE

iHt SBFSEM W73 #7154 AH B 1 ##F Gatan Digital Micrograph 3K HX 144
5  DM3 #4520, X Fhg SO IR A A, (B R F A T RGN E (S B
T HAE A B A BR AT EATASTE, N 7T e S s o i A, — MR 22
W H AR TIFF #43. (H 2R TIFF 82 0fE b, BRI LR &34y
ek, e LIS Imaged BOA-3EAT A2 (AR IEDOSUOL . T4 S an & 4.2 Fr
TNe HAEELHIPIRIT
(1) @IS SBFSEM ZRHUE 4@ 1T File - Import — Image Sequence T
A Image] B
(2) EBEHEESBANTIIENE, siE w17y B S —uk, 5t
SR —NE .
(3 fu&F ARG B N E & 2 5 R
(4> 383 Image) — Type — 8 bit #7514 A 16 bit ¥4 8bit, —J7 ]
DU A A P PR Tl /)N e 285 1R RS, o — D TR K A
FeAb B X (8] 0— 255 W, BT )5 SEEAT H0d 70 i AN AE 70 31
(5) S 8bit HHEITIF.
(6) i#jdi%#E Process - Enhance Contrast % LU B IE 54K
(7 HIEAEERIREN 1%, FH HikF Normalize F1 Process All.
(8) A LAMRHEA AR SRk FF Image — Adjust - Brightness/Contrast X F{4
fRI0F bb Bk — i
(9 B FBRE B T5 M R A 0 B S B AT L B AT i — P i R .
(10) WS EX BGHAT 808 1% 7] LLE I Image — Properties k5K
Mo
(11> 4n 2R 75 ZEx B HEAT ¥ 20 P 0 (1) 15 7] DLl ik Process - Noise B{#
Process — Filters >RSI, AT PAPAT H & AU P A X
(12) @it 5.5 File - Save as - Image Sequence ¥ FIGLRAF A 8 bit ) TIFF
1 A LA
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File it Image Process Analyze Plugins Window Help
0 olz|ol<|4+|x | Al Q| &A@ [pesur| 4[4 [& ] [»

Scrolling tool (or press space bar and drag)

Kl 4.2 Image] TAESF I
Fig.4.2 Working interface of ImageJ
I FiA Image) )FUALEE S SREL BRI (1) 2D T HUN BIE WKl 4.3 Br
TRe TEZIRAG AT T I HU G T, FL. KPS A KAk C3S FIURE 73 ) 2 2
KB R TR A T — 5 T B AR 5 SR ) G AT WA 43 5 F0

BT

Kl 4.3 #5kY) ) BSE E&
Fig.4.3 BSE image of a slice
S & A BRAE 2 F0 T G R AR AR BT RS e B 2 — 4
ERRI#kE. HATCaaR240 2D BB HFIRIrE, KT R E 7 Kt
A7 B 73 B UG B HT 7 i it i, AR O TR 2D
RV O R, B b — R ER A RE X IR 1 st e A A B A R
HIF SR 7 PO/ e 0T —5K 8 bit BRI E, HA— MK R ICHI K EH#
Ko 0 — 255 ZIa)o FEIXANAKPEDIAI A, A SRR /N MRS A REA R~ 22 Ji
TP RO, AR B, DR AR T O T R R B R AR A
FSARG, AT P 0 A5 T O7- T A 50 K D A A LA P 1 249 S
FPEOBOR, #EMOR, AT HOH AT R 2B R K o, AT
HUBSE . 1R 2D BB IEAT BRIAE 73 1 B 7 st St P8 b A (R B Ak 1) s fEL
DX 8] AN [ ke 52 ) 7
XFFIKAG CoS BEAL AR, FLALB L 7K B AR ZK A RIORE 2 T) R AR JBE 722 S AP
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%5 4 % SBFSEM M 24
B, eI A P TR SR A 5 T = AN [R A AE & — PP B IR B & B 77V {H 2 [
75 ZEE R B R T A K e A, an RILALRR (B AL A AR K AR R R
SHR R S RS IR NI, B4 A FME s A 4> R IEAT T B E
DRI SR B 2D BEUR I 53 H 28 20 BRI 70 45 SRS B 1t 7 AR 52 . i SBFSEM
SRIHBORAE N 1300 X (ELEY) s we BE, HAAZR RS 16.6 nm x 16.6
nm. AR LRIESRELY 2D BIME B A — & W AR e 2 A B = W%,
[F] IS P A T B
X IREEAR AR I P AR AR, LEan LR AR KA P24 2 TR AR BE SRR, DL KoK Ak
PRI R KA IR 2 T8 0 3¢ 5 B BB 7 702 S 45 R 2 R WA e B 70w 45
RISV A B o X T AR 5, B 75 2250 € I AR [X (A1
RAFLBR KA AR KA, =Fh, LR KA S AR KA R =25 1)
IR FEAB R IRIG R, B LU 5 B0 5 LI ) PR BB A KA AORE 1 T PR BRI
RIAT 23 700 B e =& B BRIMELIX 1] H Hi FH 0 BB 2 #0758 Fahid kD14, F
BN BAE 73 F o e ] B R IOV, Rl T3 BB R RN, RIS
FIAH HR AR E2 B R AR oy B0, B B RE B A E v kM2, (HE BT
QIR BE 53 AT SR AL, A FRATTAS B 3 1k A 52 L 77 B8] P AN [R) )R St I8 A 2 B 2 (]
1) i /IMELR A 8 K B A i, anl&] 4.4 o, K B 5 B ME— A7 AR 1 B 2
() K FE VA R 7K A 7= e Ak B 0 o FLATZK ARG LA S AR AR = A AR 7K AR RE 2 [
B W K B WA AE o AEZKAL = AR I 2o, B K FEAR k]S, 23
R EE R SR> o FEIRIEE A, BEE KRG, 2 Bk R A=)
SURIE 0

200000
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Pixel
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T T T
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Grey level

Kl 4.4 Ko Ai
Fig.4.4 Grey level distribution

BRI, 8 DI T BIELIX 18] Ak Fs e — B e . mbIZiE )
LB R A AR 1) RARAAR R 7 B V) ok g, Al 4.5 s . 20t 2R
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KA R, T SRSV, 2] RALE IR NS 2 51 AR AR
AV COPN 25 S
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K 4.5 il 1Lk AT & 7 &1
Fig.4.5 Example of image segmentation via tangent method

MBI SBFSEM FRHLH C3S BEAL IR (Y] 900 FKIELEY) Fr E& iz H 30 5K 1A
B, il FANEMPILIEXS AL KAV R AR KRR AT 0. &l 4.6 A
K 4.7 73 Bl s 1 P IE Y1 Z3E #EAT 70 FU A FLER B FRAEANR K AL C5S ki
HIRIRAE. I 4.6 FTLAE Y, il Faikn #IYI&E s B0 E, LR LR
EHHE —H R E B . @l T3k &I, LA ERE R shaE oy
118 — 144, I PILILITHIN, LAY EPRAEVEEDY 120 - 140, [FI AT LU B
FEAE AR FL B e, BIFLA) oK B PR A 5 e/ B IR BB Y 22 . i T
SETHE RS EIRBEMEZE Y 25, MiEE Y&kt E R LR LR BEZE
18-

IR 75, WK 4.7 W UVE N, 8T FaRE AT 2 B RE, RoK
1 C3S FORL i) b PRAE B BhiE B 158 — 1930 did PIZREREAT A A4 73 1 1
g, ARIKA CaS UKL b FRAE VG 164 — 188, i FAETHE I ARIKA CsS
FORLA) b PR BE ZE A8 35, Ml IEkit SR fLr) ERBIME ZE N 24, =%
FZEEN

A TSR AN ) 2GR0 LA _ERRAE AT R ZKAL C5S JBURLAY N BRAE Y B (5
IR AT AN ZEAE 1 LU T LI, 3t R 2 sk B ) BRI AEE B2 A AR Ak T R — A
VO, (2 TR BRME Z AR VIR R, X0 i Tl ik s AT B
P EIRI A, B AR B AES I, BT T8k HARME, PRI 345 R
R K. FREF] 3D F i/ i TR HLBR, WRCRIAEEE, Jae e
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B 7 IR AT a8 3, X T —SREE R BN, & BTY)2k32%

AT L AE IE
180
®  manual
@ tangent method
160
2 140 . .
B . ®
g u se am® TP | I:...
z " um 8 ol °
E n® ™ ° @ . u ' ne b u
£ 1204 ® o L n
St u
=
H
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80 ! ] | I ! I |
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Number of images

K 4.6 2D & A LIK R BIAE 2 A7
Fig.4.6 Upper threshold distribution of pores in 2D images

220

= manual
® tangent method
200 -
]
u ° L
@ ®
?‘i 1804 e ° Y °° hd - : ° ‘ | :
2 »e °* g% :. on :.. i .
— | | O g m N | |
= ey ° a ®
£ 160 + u n
=
H
140 -
120 I ] | I I I |
0 5 10 15 20 25 30

Number of images
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Fig.4.7 Lower threshold distribution of unhydrated CsS particles in 2D images
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4.2.2 3D ERAIBR 554

FH 36 [ 28 BR KA R A= Avizo 1 3D ATl RIS KIS X fE
TIFRRAGIRAER B sh o Mg, (515 HAE B0 1 =48 S 40 07 T BB IR AR
SO ST R LAKAL 7 d 1) C3S BT AR R IR 04T Avizo 7E SBFSEM
G AT N - Avizo I TAE SR WK 4.8 iR, EEAFEERLL TAEN].
AT TR A2 DL R I rT A B 1 JE i ORI e

b Main menu bar =
File Edit Project View Window XPand XScre e P
| & soar | <& emoxcr T

‘ Viewertoolbar
hﬁ::z] Q2T ONNK BPBED E vl xove (®8 2800

= 5 s =)

4.8 Avizo TAE 7
Fig.4.8 Working interface of Avizo
Wi Avizo AT BB AL EE K€ B o3 M mT LU IS F3hiE A E shik Al s 5K
SEPL, HEZI AT T AL (D BURREFEE; (2 KRIEZETH
PR (3D 2%l (4 W KE R . X A] LUEE T 5h Bl
F AN KRR T,
(LD HFEAN BEBRES TN Avizo B, HEH LK. file—open

.
data as %5,

(2) BGREH. £ERERELRES, DOVECAR R = RGN WE, &
T M A R IE F R RO B, FH T A 245 3 auto align slices,

realign slices %5 .

(3> Hribd Tl AR Dy & . ARSI RE T, b T R R AR
ol At LI B R IR, R A ELRESS L {5 M LU AR S 1]
AL, DR AR S PR I DLEAT B I o P 38 R T A 0 I8 R 5

52



% 4 & SBFSEM s 70 #r

sober filter; &5 UGN L RE T UEPE R 2H: unsharp masking; #2&5 E1R
{5 M LE AV % BB 2 median-filter, non-local means filter, anisotropic
diffusion filter, gaussian, FFT filter %% .

(4> EUZR5 . BG 32T A RYAH K BEAE A R S5 B AT 10 AH 4
#o ETEGRENZERME, 7RSI EE T lET .
X TR R 46 G BT BB AR LR W UR A B B g4, R4
ANTFIIAR BT A B K BEIX () AN TR, %64%  threshold, interactive threshold,
multiple threshold £&XF MG AT (B 70 1o KT RAE ) SR 46 ER o
AR ZE B5 LR A DR F T3l B gk AT , AR I8 N IR S IF 455 K
X 8] 534k ] segmentation #A{E 1 R brush, lasso, magic wand,
blow, top-hat 55X} & Hh AN [F] I AHBEAT 708 o 6 T MR B & — AR
O R AL E S e, $BFah i T mEs 1, DR SR 4L
SEAIDEVE S

(5)  Z=HEEUR AT SE . it PAdsr 51 s BT EHE AT LS label
analysis, line, angle, line probe, point probe 2§ X 73 I {5 — Fh ) A AR 45
Rt AT &P BT . R AT BUEE volume rendering S5V 41
TSI = 4E T AL .

(6) & EHEMG AT LBId generate surface, generate tera mesh &5 #%
tefE, S AE| abaqus 1 ansys AT A BRI T

4.3 SBFSEM MR #IERIE = 54T

Xidd SBFSEM SREUH R AT € &5 M, 18 5 5 S oL i) 1a) /i 2 IR
PITRALEE . PRGN 23 355 o AN R A Ab BE 7 =0 S B AL B 45 R 2 TR A7 AE — 2 1)
ZES . AT LA 900 5K KAL 7d 1Y CsS BEALKARIIESY) v B AT &, WA
3B A 5] R AL B 7 995068 L FLAS R S AR 55 0 A 45 SR B 52

H eI IR 4.2 T P B, 4 I 46 MR 200 Tmaged 025 FIEHRE T\ Avizo,
BT ERGR G, HAHET S &G MR IE 4.9 frox. HE S RB
2 a0, EIESLY) A BB R G AR, T i (RS e M i) R s P )
FEEG B IR, 7R %50 T 7T LA auto align slices AT F1E AL B 1)
AN IE, HBr IR R R AR R A AT 5K I F ()25 R AT B KA B T 2
% H ShHr I B 771208 & BRI RAN R 15 O o X DRk L 5 3 R A 7
HIVEN, BIRIESZEHRARFIER, FAEGIER™E, FEIRIESH
ARG KA, Finld CiS Wifb IRk, BN BUE h HERVETRL . KAk 74 S AL
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SERZE AR, WREE T8RRI S EUIER S R, £ IR IESH
RIEHE, FA®SE REIERBDN, B G HILUEHESH RNE R E. #%
LN 75 B align slices #HT /R34 IE, 1287 1E 75 BN THAE, B ANIERE:
FHATER I =25 2R, DUCORARRR ST OE . 2 B Tl E T i, H
X THERX RGO T, 7L R, B 4.9 BoR 7RG IEE RS
RO B 4.9a 25 N ikEE, K 4.9b F1E 4.9¢ M52 LN NB% R, i%F5)
EUZ BT VE AL B AW FS -

(a) The Nth image

(b) The (N+10)th image (c) The (N+20)th image
Bl 4.9 EHEIE S
Fig.4.9 Align the images
K ahhE, B crop 5 Fik H RO R B4 B V0 B BEAT B MR AT 73 1 2K
JEFe i A B FE A, FL KA B KA IORE 1R 320 x4 i B LGSO, T
HAEARIVIAH A 22 A7 A8 DR A 56 DT 77 AR 0 AS [R] 4 B2 (1) e i, an ] 4.10a o,
TETRAT= 1) S AR IKARIRE_E P37 72 5 Fdof B ANRE A7 1 DR B M i o DRI M AR ZH 504 ik
F median filter. non-local means filter A1 unsharp masking e /E FE4T [~
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THALE,

(a) The original image (b) Non-local means filter processed

(c) Median filter processed (d) Unsharp masking processed

K 4.10 BRIES AL 2L

Fig.4.10 Image filtering
X T AKAEE & MG A A7 A BRI ER I 75 (salt-and-pepper noise), FH M f 2k 14
JEVE A RN HRAR, T ICIEMEIH R . iXBiE A median filter, $4 52— MELFH)
WA EE T . HTAEM AR, R M5 PR, BaK—i
PR A AT DU 3 R 2N RN R R8s A B T B ) e it P B RAR S o XA 4k
TEAS T FRGURFR 2 N (window). FHFRIEOR, farH 4 Rgti-rig, {Hi
Al RE = EIRATA FH IS SRR L TR o BT DA I R /N EEAR AR S BRI A5 5 A 5 o F
PERAE o 108 IAT BT W RIS & N B N O w3, 2 iU 40k
e RN B AR A A ME— R EME . B JEBE — FhEZRME AL BE T %, e
— R IR AR BB 912 R R N T AR R UK AR P E - 8 R
A PRAER R P (BRI A, BIREAL S — SR R, 7E (HEUER BRI —Lt
BRALH, —8EERAER), FERMHTEAZ A0 SRR AE R /ME
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SO R R AT B DR AL B BRI, EHRA AT e 32 255, Rl %48
BORS o G 2 A0 BE A <A R AR K, IX MO AR B SR . . 8] 4.10b Dy
EVEP A H 5 AR, HIGEEREN 1. @iy K 4.10a 7] LUK A=)
P AR IKARIURE H () e (KBS 230 VH 2% AB SR AN FIWIAR T AR A58 , i HLA i 22
SRR g SR D B FR P L, B 75 223858 non-local means filter At
B ARJR AR B IE B B AR PR S BB IE PSR, AR R IME, EREAF R
PUEIEPAETH E AN 18— s FBCE AR, B DLREWS CRUEAEAR T HARZE R K
SRAE T AE A SR RIS AH 22 TR] B s s/ oy R A e 1 i - IR B AR 22
XEEEMGE RS EIEMT . AR R AE IR B BE AT LUREU A BLR J LA D IR
L HRAE R A BB A RIE GERE), WidKhs, A EITHERHG,
RGP HEP UM G AE, RUARME, ¥y d: 248 A WA — ik
N d WJTHE, SRIGAERITHEP R B ALKy d /AT HER S G — >/ E
TIAE— AN RIETT IR 245, Al N IETTTE P B ARAREAT 1), /N5
HERI L 08 B, 2000l A R AR BURE SR skiZs, I HoI e iz oH 5245 2 8n
BUE, IZFER] DA — A Z4E 80, BT TICE & s i ZE (A e AU S5 O 1E
TNt 0% = 207 R Dy e o s R 8 AN [R50 R O iR I DR/ N AN R] T L
HiZMBCEA R 1, PTUAH B 7o 3R 4B R ARy, 15
S R XA G /U B YT A BIRCEE . THE A SR A B R
BCEAE, HSX AR IX AME A E R U EERT, BLA R BN (BL A Yl
AUEFRBIRE D, THELHISR A X A B PTERCEE 2% . R )E iR TH 5 R E
—/MREUR R BOM AT B 1 RE EERIRCE SC AR, BA R R B T T ARAS , w=exp(-
d/h), Hrd g2 TR HRIE, NG w R BOEECRRE R R, hE— I
WE o AR, AT RUSR R E v — R T HAX TR R woslog — N0, DA
4 AR5 2B AR A S S AR S R LA TSR B AR R A AMEIE S A R
IKIEAE . 5. ALLSHE, W] LS B i g AF R S A IR S e . BT
B, ZINEA RN AR R A THE B R 5 e B A LSRR A R R
RN RO R B IE R 0, A LB IR mUR AT PARR 25 B g
M SCRECR R MBI AT . IR 4.10¢ AT, ASFEADAH F I O 4 AR
K. HJaiEId unsharp masking RIZ P S8 A0 A B0 5 R R JEE . ek I
B SR B SR SR R AR S8 B 5 7 A — PR R, R B XA
A0 VL A5ORH et 380 OR B e SRR B LR, PR s G ) — S S B0 R S 5 R KR
BN, X AN T IAGHIEE  RTR JE EHGE RIS g A e, RN
re RS 52 B, T ASE PGSR, e USR] PR o i AR AEAR KA E B
FIIS o 4 iR PR 5 R0R P 5 D 45 SR 2 S AR 1 R AR 22, T v D 462

56



% 4 & SBFSEM s 70 #r

SRR R B T ok BRI, PR S AL B A — AN S E0OR R 5 R EG 2
J&, BRI T A, TR LA 50 o PRI 7 v R S e
B REREAT ORI IR BE ORE 4 TR FIE ) 5 5 R BIZ R i E s/, AR
fage E—MEIER 7B SR ERM, DUSEIE & EG s 38 0m EUR R
I H K. FACEE AR & 4.10d Fros .

e sk Ao P 5 ) VB 7 L3 — 2D AT BB 70 B o AN B S Z0d mi I AR IE AL B
JEEEARIE R T AT LA E BN BRI ER, B EHREE & b 1A BUR TR L X [A] B A
— 3, ASTRI UG A AH R AE 2 18] R K 22 S B AR — 3. HL[RI I 2% 8 2 AE R 7
Tk 5 B T UL R T A A ) AR B 222 S R R e i TGV BRI O, FH T T80 =
BCRAE R BE R AS RV AT FEA B RSO, DARAEZESY) v g2+,
H03 &5 k ] R ISP R AR 5L, 37 B8 T 3hif Aok T B 1R . SR Fh
KA KRR, BT interactive thresholding #EATBEAR ) H 2470 E, J5 1
IS FINEHATREEIE B 4.11 AL AR ST B 30 7 FIR SR K 4.11a
HH ) EBURL S M A R AE KA CaS RIOKE, AR5 kA=), G4y 72
fL, HAEAWARTR S S5 RN 4.11b B WSS —E AL AR B B AT DL AR B
SEES R IFLER A TE], 5SR Bonh ata . BIAE B Ak BE 7 B s, FLER R AE
TE— SR FEAR LL e R BIAH - REEC IR A ) A U, I BARHE 15 8O EUER BB R
RN, AEIXLLALRR R IR K ILFEWAE, T RO E S BN g R
FH T FL B 75 1 57 B VA 4, T8 FLBEUEGH (10350 53 15 BURHE 5 3k R 3 ok
T I 5 o ] L vy ) FEE AR PR o B2 A0 A A L 50 8 e (0 0 £
Fa AR R LR B A 45 FE i TS S M TR T B IR AL

(a) Segmented image of pores (b) Binary image of pores
4.11 FLA 7> Je —AE A
Fig.4.11 Segmentation and binarization of pores

A A B R I TR e 5T (5, JREE, AME) SRAZH BRI .
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A g B GO 2 IR BT LA, (EDR AR 32 245 BAVRRIEA SR HRLE o
AT E 4 AR A AL FR ) GO IS TR A S AT AC R, W DU BT E B

TR AW LS AT J5 1 2 ek RS R R TR — M e g R

KIEATHY, HFEZRAEE T HALRITRR, KNG E . @I a%5R E R 451

TR BB BB R SR 2540 0 AT LUE, DU A0 B R R 5 AR

7o MR FHMEY, GREKEEN NS MHAGE R PE S E1E .

fill holes AbPRAZHR AT DA M 285 27 £ 52 AR A P A R L B3 o 1] AL 1 e il , HL A R

FEANPE 4.12 iR

po— ~
O) -
WA 1 e nput image
Y O P! 2
~ /‘U/I
O/
w
Y = R . ;
¢ ) (& Complement of the image.
< / %
\_ A\
C 4 i
e = Geodesic dilation of the edge of the im-
B\ " age into the inverted image.

\ ! o Complement of the former image. Only
pr e holes inside the particles are filled.

4.12 Fill holes i J5i P [&]116]
Fig 4.12. Schematic of fill holes modulel!!¢]

fHAEX T 900 5KELEY) v BURIN S, AMXUEMN 2D MEHAT RSB, &
TE 3D WAL TTHEE. M1 3D HERINE, — MO EERTTREA 26 MHLD
e, HHEARSCR A 4.13a AL AT R, RN EAR S5 o= At
e ANALTTR . FIRER), — AR R SRR 6 MAHER I AL HHAR R 1
Kl 4.13b WIS PR, XA ARG BB IT R N L TEAR
A —AN AT REE 18 MHARH AL, HEAARSUIR WA 4.13¢ . @ EE
WEBRZ JE I AEAC SR W] 4.14 Fios, 23 %5 EE 4,116 W BLR I fill holes 4t
S B A BB LR R SRR R B e & w e B E .

“fEtaEG AR B G, BA 3D A ERSLBR s e ik e, R T
volume rendering 17 3D FIHALALEE, W1 4.15a Pr7s RI A% = 4E B 26 P L
BRI AT Ol [RINF AT LUER X H Aot REEATE E1HE, X0 IR S8 label
analysis BEATAFERITHE, HoanfLE. A, RN AT DO 3D 2% (6] P B 3
() FLABE R gk — 22 IS AL, A2 ORS8O AR 1) FL I £ AR 37 7] B3 N ansys abaqus
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TR T 0T, B 4.16b BN pore network model AbEE 5 FLERTE 3D %¥[H]
S AETNGIES RV

(a) 26 MHAR AL
~ Pmal .
24 16 23 >\i\\ . \\>
17 6 15 ( |
25 18 26 ™~ ; | 4

(b) 6 MHAR A

20 12 19
13 5 11
21 14 22

(c) 18 AMAHAR A4
K 4.13 gty mnE R

Fig.4.13 Schematic diagram of structural element

Kl 4.14 FLETIHFEAL 2
Fig.4.14 Fill holes processing
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(b) 3D pores network model
4.15 FLI# 3D JE GLRI RS ALY
Fig.4.15 3D rendering and meshing model of pores

(a) Segmented image of unhydrated C3S (b) Binary image of unhydrated C3S
K 4.16 RKAE C3S B &I & —MH 1k
Fig.4.16 Segmentation and binarization of unhydrated CsS
4.16 9 LR ARARUR Xt REAT 1) B 317 BIRRCR - B 4.16a HH BRI
AL, KEE D AR, OB FIRAR KL CS, H T AR
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&l 4.16b Frax. &S H B A AL B UG PT DA IIAE FE 28 75 B 1 AR 7K A gL
B, ATSRAFAE — LR —E A AL BRI X3 BPAE B 304k BIE 7> B e, 2R 7K
A SIORE Hh 8] 47 AE — B R FEAR L B /N BI0AH o REEC IR G ) v U, AT DA I IX 2
8 H B A BB 3 51 R A AR A a7 v 8 XA 2 K AR AR AR X 3, 3K 6 [X 33 A ()
T MRS S AEAE R FLBR , A 2D 3800 2 IR 9 ST Fr U 3 A5 A 350 2 RIORE B 7
R, B IEAS R A BRI FLIR AR 75 22 E AT 2080, i R 2D H) Bl
A AEAERGOL, XBHE ] LN F3) TAE S @ brush HEEFshAR. 1M
lasso 1l magic wand 7] A% & threshold X H A5t G i BRI 3 1 77 b AT %y
RrE . WX T AN R S 2 1) 22 PR B 2 i I A AT LS remove islands X L
sKE AT “ BiE# L7 AbEE.

Brush /& f fiil S BRI A7 20, 3l 1 BAS [ RST8] 5~ 7] LB AN [F]
iR ZR HAREAT 38, ol RTINS 5080 RN G, [R]Il)8R/)s H
i 1 B2 8K 51 o Brush BT RUGE R it B v 1 7 A8 BAN [5] ROST R B AT A2 0E .
AR S A D EIEUNX AP . T lasso #RAE RIS A B — AN A RS
R 2 mT LA 2D BN 3D MG BT in e B . iR R U R 38 2
PR B BENLE, AR A0 PR 16 GO M R BOR BE B I B PR Bt 2 . T
X AN T7 {5 e SR04 B8 2 1) X 33 T DAE e — 9 4 1) R P A i 2 kAT H bR
oy, — HIX A g2 ) ik iU Dh 2 J5 R a] B BT G & 2k, T 5E ot H br
()€ 7] 43 % . Magic wand T EAJ LAfE 2D 8% 3D 73 [A] AT X B8 K e, H
HARGEFEI R T2 B W0E 1 A U ikl H B B il Wik B —ME R
BB R FFIRBE SRR R A D DL P e SCIG R A HAG K B AE 1 BT A AR 2 1
KIEFZ IR %R threshold @i BFIAE 43 F1 BT & SO X 8. 3X 48338 o 1) 55
BIAANZGCE AR TR BEREAERAZR A, ZJa B A AT DLd I B8 X (A 40k i
AT DL 5 3% 8 R 3R AR ASHE R E o 207 B iR KA A 2 B B ARie R
R E I, AT LUK 23 B30 B AT PR RIE A (L3 P A 3 7 VR S ST
RETFANERME, BOEREUR. MR —U) 5 iR AL B AL TN B T AR
A LA remove islands #EATACEE . 1ZALIR J7 35 0T DURESRABL/ N B T AR B Aot Gtk
1T . Wl 4.17 AR remove islands TAEXUEHERIZL A IR 7E S5 B XS 1S
e, WEARRET 15, B4/NTaEE T X EER IR E MRS EE S
U5 A B o SR BT FE AR R R & T — Akl AT DL IR B A S A s
BNZA LR ST B ISR E . RS L (BES) B EA e
FRUL EBIpPRL, il 417 A0, T E S 2T TER2E6H UL H S
Bogh 1 WA BB A ) o S AR B — AN RB I N By, R 7R B B S Y 1%
FHRIA] . FERS SN B 052w w] LLE T highlight all islands %F HARN R AT EER T .
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IR IE T 2 R RS R By, 84 AT AR e o n AR B UG B IAE, £
ML REAR IR TR R T AN NS AR QTR 5 o 0 R0 A KT
JUE MR, WS % By 3 e g R o KIA Bkl 15 W% S 05598 0k
BEATEAE o /MK IR K HI B 20 B, A 4.17 SIS B B0y P o [RJ
AT BIS B E R, Tehad ARG mR Xt BB, 5
B iR it 17— A T, AT LU E S A R ST R 1 X sk

Consider as istands al connected regions smaler than | 18] voxels.

This fiiter removes one-neighbor islands from the label field. (case =1, =3)

(] Also merge n-neig! A neigh if this border exceeds 25 % of the perimeter (case #2,24).

Bl 4.17 Eyli5id sig s %] 15 HE
Fig.4.17 Islands filter dialog
Kl 4.18 @i /R E R R T8 remove islands 77 IEE R, H
R KA R Hh (] 21 B bR i B B B R 45 R

o ey
(a) Before removing islands (b) After removing islands
B 4.18 R U5
Fig.4.18 Removing islands

K 4.19 RN BB RS R . SHERTIEEMLEL, aTeURBIR
IKACTIURE H [E] R AR R R #R 7 DG 2t — P B R
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K 4.19 Kz e i) —EAC KR
Fig.4.19 Refined binarized image

Kl 4.20 3D JE SR KA IIRTRE
Fig.4.20 3D rendered unhydrated particles

Zi LR, X1 CsS S AL AR A i LR AN A KA BB AT W0 AH 2 1 5 H 1
7 3D FAMIIE, 7FEARE AR AR EE 5 1 G b BB R S AR B
FFAE 3 72 PR DN e 28 DA 2 800 T TR DA R N O B A T TR S ES R EAT AN [R5 30
FEAE, AT AT B8 A ORUE DA o B0 (P ARG i 12 - 81 4.20 SNifiid volume rendering
SRR ZAEA 73 B9 BRSBTS B AR KAL CsS 747 3D AT IS5 o xf T %
ANEEFEATE AR A R FLBR I AR KA RITRE O 23 i M) AH 73 #1138 31 3D =
SR H Y, TR A KA P P AT BLd s Sgokis B 3D AT AL H Y,
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frE AR AE 3D A8 5% arithmetic fRE RN AT 15 2K AL RE AR
3D Z[E LR AifE L. B 421 BoR 7B EER AL 3D 2 E R AL,
TR HR I ARRBEAL AR A B 7RKAL 40, Bt B o ARER A A S AR o (8 AR KA TR
2Rt AR AL AR ) £L o

421 /KK 7 d I CsS BEALIAAIY 3D B4
Fig.4.21 3D image of the hardened C3S paste hydrated for 7 days

4.4 SBFSEM MR AR S HEMIRK 77 ERIXTEE

X T KV AL AR, HAKARE BE S FLAG R B T 5 7K e 7 WL e (R it 98 LA
FEERHE FAELE R L. BT K 7 d B CsS AL IRAKIES D] KRG 3T
3D EEAHAL, FTULEEMEE AL, KA SR K WRIRAE 3D 4% 8] BT
SR R o At e IS Avizo AT 73 T LB RSREUL AR &S5, tndl
BRI SEREAT S AL EAR K B E RO R AR AR S, T ELRT PATAJ BT SR K AR FE
FUBR RS /K JeKAL T &, FIF O FURN P FLXT FL R AL ORI 5 A 2 W
PEREIE R B 2 X, [FIFFIET Avizo ) border voxel count HyER] PASZHL
FLTF FVALAN A AL VR X 43 A B v 45 a2 Rk AT LSBT I LA A 1
LN T 58 X JF A FLYIERE B P AR R AR A L. B LN S
PRAR AR AT T AN LA K Lo 48 3D E R (AR AR )32 50 O i )i 5 —F
FUTE, TR KRB ML 4T, X — e FieAritie. 3D &#
SRR 7 d 1) C3S R AR I I FLAT A 1 FL 43 il an P 4.22 wh i €38 40 A1
ZLFR oy s, it 3D ATk, W DA EDULE 2123 8] BT SRHIE A 3 AR R
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4.22 K7 d ) CsS AR DAL Grt) RSl (L0 £E 3D 2R 7 A
Fig.4.22 Distribution of open pores (yellow) and closed pores (red) of the hardened CsS paste in
three dimensions (7 d)

SR UIA IR EEDY 20 nm, 900 SKRIESLD) A AR JEZ0N 18 um, 17> F
B AE XY P ERR S8 33 um x 33 pm, B EiR 3D B8R SAAR N
1.9 x 10* pm®e X ForEIE KL 7 d 1 CsS BEALIRARRE S, 3L 3D 2] BAL
BRI EEE Xy 3D A 1A L FLRG R ) ezt B N A I V) 2 2 TR BRI 3D
6] LB 8 22 O 3D %3 [a) b ALK R 88 Al ) I N3 5 DI 4R 22 TR] R PR
KOE Loy 3D 2208 B S TE A AR 3D =88] _ESLBR I EAR S R AR
For, W LB RO, (R RKERRN I ERER. &6 10007
[ i) — > BRSNS TR R AR . RIX 36 A B R R ELAR B AT T B EAT v i
FLBR I EAE 3D 2% 8] _EFLBR AR RIS 3D 2% ) b AN FLBR 1 S L dl i Avizo
Xt SBFSEM 54 #EAT 3D F TSRS R Al Kk, 3D 2w fLER B AR T
16.6 nm - 7.7 um 2 [8], F &RV AR REF Z Hh 7 00 Fr B N 20 nm,
A1 Z 7R 73 B e AIG09 20 nm, AL 20 nm BT OB Bl A 25 PRI 44)
NHBEARALT 20 nm PLER, HAF8E ARy 138.2 nm; AR H AT LLIAS FLER Y
PRFALT 5.5 x 10° nm® - 2.4 x 10" nm® Z Ji], ~FEJEFN 3.0 x 10" nm*; IFHAL
FIEARALT 91 nm - 7.7 pm Z (8], FHRFAEFALL T 4x 10° nm® - 2.4 x 10" nm* 2
B8], FRARUN 9.8 x 108 nm?; LRI E AL T 20 nm - 4.8 um 2 [[], AHR P4
BULT 5.5 % 10° nm’ - 6 x 10" nm?® 2Z 8], FEEY 1.7 x 107 nm? s VA% FLIRTE
BT I B R YE 2 —, AR TE AR VLB ERIE B, K98 LUi 1, T
REHBI LT, KIEHMOR, AR LR R SE Ve X R AL S
HRIEHAT 1.0-18.8 Z[a], MHFHKIE N 2.5; moxd FIF 4L, HKIEH
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AT 13-12 208, MEFHKEL N4, wmxF i, HKERAT 1-18.8
Z (8], TWHAFRK N 2.5 MR HRRT RN, RAKWEUR ) B A4 T 20 nm
-13.1 um 28], HPHEAN 1382 nm; AN, HBURAKRRALT 5.5 x 10° nm?
1.2 x 10" nm?® Z [a]; HAR K5 AT 1 - 13.4 208, HFH{EN 2.0,

FH T A0 A 1) FLFR 26 Ry s AL BRAAR AR 5 A R A S AR B A 4 LG, 1 3D
AR EAATIN 1.9 x 10* um?, 38iT Avizo RIS FLBAAR . FF O FLFLBR
PR R P L FLFLBRAR R 23 N 2744 pm3. 1207 pm3 A1 1537 pm?, BRIt Ok B £
FLBERA3N 14.1%, 6.2%F1 7.9%.

R 3D Zr A0 AR AKAIORL () P15, R AR CaS A IR A4 7 d I AR KA

LR FR 43 B0 5 VTR 20 AR 7K AL ks AR FR 20 80 i LU AB SR vH S LKA R, AL
RIS FR I R 4.1 K 4.2 Pl 18],
V(t
ad%)={1—v%%}x10@% (4.1)
V(0)(%) = ! X 100% 42)

1+ p. %X (my,/m.)

Hrr, o fR3R CsS WAL IEAR 7 d PIKALFRRE ;s VORFEARMERTE ¢ B, KK
B C3S UL AR AR 38, A W] LLIEE Avizo B HTINEE RAiTH A 0.066;
V(0)YRFEIKALHT C3S FURL AR 4344, 1@ 1158 0.349; o X3 C3S MEE B,
I L RGNS CsS JRBH BN 3.1, mw/me= 0.6,

IS IR E TR, KA 7 d ) CsS BRI AR KA FEE N 81.3%

FRYE I Tk v %0, @it SBFSEM Rfg L) A G I o R it K
BB E R 3G T3, 1M [R1RE R AT LUBLSE ) 40715 BBk 22 o H2 0 e )
TROK A B2 [F) 25 AR R SR AL BRI DR /0N, i ELASE A5 W0 S 40 1) MR AN A AR
Tl HETR A aT 0, e G HRE oh DX R o 2R AT B A, — 7]
DA KR PR PR BATR A2 25 R0 N R B8 20 B BRI 52, 5 — D7 T 19 T LU PRI B B A
BEEENELa] N 1579 N

A FEH AT R KA ft 328 BCPR 2 L TR o 11 H ) X3, mT DA ek i 2
RN R 520 o [RINE Ry 1 B0 0E AR OK 3 A R BOH B AR E 1, 6T [A] — ks 2 A 3 )
= CsS WK AR AT ELEY) Fr AR I T 4T 3D B, TR H KA A AL
PR AR 3D g 5 AT AR AR B AR AT & A AR AR B DL 4.23 7R 1 3D EEFE AL
FLBR 28 S K AR P2 i B A o AR R R AR A S O . I 4.23a WD,
SHTHIRE SRR 5.0 X 107 pm? I, HAHRFLIRE N 4.6%, 1 fa b Hi
TR EIEK, HALRRER BRI T, SE @A 8 4.0 X 10° pm?® I,
HALBRRTT B RAE 23.4%, TG BEE IR, FLBRRIZED RN, HEE
PHARREE 1.4 X 10*um® UG, HALREGETIRE, 4T 15%L 5. BEEER
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RIE R, 7 BT il ) FLB R A E E B
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K 4.23 B K P AR FLERF AR ALREEERE 3D 2 7 BT AR AR 38 4k
Fig.4.23 Changes in porosity and the hydration degree of hardend cement paste against the

changing of 3D reconstruction analysis volume

FH P 4.23b AT DA EE S, 8 E AT IIRE AT N 500 pm? B, HARRZ K
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WHEFER 67.6%, T f5BEE HESHT AR R, HAMREDZE SR, HE
SINTREN 8.0 X 10° um? B, FHKALFREEE Sk 91.2%, 1M f5 Bl 2 a0 A i
AR BIIG R, HAKWR E B P a T Re s U E @ o iR AR 2 1.8 X107 pm’?
LU, HAKWEEBTRE, &TF 82%AH, BEEMRBIMEK, STk KR
RS E PR AR . TIAE 16.6 nm 7> HF R FEE K1) 3D AN 1.9 X 10
um?, AT EIR AT RS E X N, IXAESE T REAR AT BT B R A R B
AR

it SBFSEM HHATELYIF 3D BRAG I 724 E R —Fh (A B FH 27K e
FppR A, HAERE S 1) 3D 23 [RIYIARTE S 43 B 2 e & 43 i 7 T B A S0
B, Nk 542G FLBR 98T 775 KoK FE BERF 78 it b, it — 2D a0
X AKYE AR &

4.4.1 5 16-DSC BYXTEL S 4

C3S M E K=Y AR ERRAS (C-S-H) FIESEALES (CH), iErERR h
IV S FLRKRL Y C3S W, eI, HCHMEER —2n, BAL
5 B FORHER B 20% - 30%2 [8]142 191, (Rl C3S AE KA RS rh HOK AL FEE 5
RO AR AR CH & & 2RO R, Bty Dudid o5& CH W& &k AT
KA FREEN20- 2 365 T CaS WAL IR AT 5, AR HAE KA I ¢ I 2 1) e =
A/ CH &84 Hi, HAETERAKME =AM CH & &8 H, HALE t 210
I3 K AR E o, IT AR IR A :

_H(®)
t Hw)

XFT CaS KA F=AE 1) CH & & v] DU S #v i -2 R F R B #92(TG-DSC)
I 25 BT 5. 4T o8 /KA €3S BT AR ) CH & & m] PUE T Rk v
Hil A& ERE— g BN CS BB EL 1 1 Bk I 25 B oK IR AT
AR ATRE, MEHASREMREE T EHAN 1 em 724 BR8N T
HIRFRY, RN SRARZR TR BN 25, AT T e 038 00 25 2% N AR AE 58
RS . 24 CsS MK E 180d I, ¥ C3S DAL IRAREL tH 147 78 73 Bt
BE, T fa SIS B2 E K, 48R HFREY 180d. &K IR A 360d 1)
IKACKFE it B 5 AT IS . 2 b KA IR BT fE 14T XRD M. H XRD % &40
Kl 4.24 Fron, @EIdH XRD 5% & W] LB 27K16 360 d /) C3S AR CAAELE CsS
ma R, ULEH CsS JFkl L& 58 4K Ak, (E 210 i 1% Pt e i I I A7 AE R /D 4
B FRA B WEEAEAE , 3X AT BE A2 RN FERE A it B HE R B R (R R v, R AR B VR RAL,
HEFERmAE LUEE TG-DSC MWHALE R AT 21T, DR IERAL S 7 Xt

x 100% (4.3)
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CH & &iHHE M,

K 4.25 A7k 7 d Auk4k 360 d 1) C3S T AR TG-DSC #iZk, KA C3S
SRR =) R A CH FKAEERRES, w1l 4.4 FizR, x CaO + SiO; » yH20 fX,
FRKAFERRES, x /& C-S-H ESHELL, y &K . ARALE DSC #iZk I 200°C LA
IR A 2 CaS KA =P K B 7K 2k 25 ROoKAL BRI K 2R 25 I 7, 483°C
BRE N CH MK IR HEg, XT B C3S 7K 4k 7 d AT 360 d )W #hide ] DL B A B,
KA 7 d 1 C3S WAL IR CH &85 CsS bR 52 & /KA~ 4 1 CH & &
R R, U 7d I C3S BEAGHR AR KK AR E B4R i e TTAE 700°C PHifT,
B CH B AT A R R B R S W R SR AR EANAFAE . DRI ERSRIE S XRD M & 45
FRIAKA 360 d FIFE M P A BIRES sn i AE, BIFRRHCa kA Tikt, H2
HBRACFE AR AR, M Tl TG-DSC M 23 AT viEAf 5, DR iZmi Ak &6 5
A LA ZEE AT, It TG-DSC MASE R, RIEVIZk, wTLLi 5Kk 74 fise 4
KA (360 d) B CsS BEALIRARLE 483 C I iy SR /K L 43 M 7.9% A1 6.0% .
AR 4.3 BTLLHE KL 7 d B C3S FARKIKILFEE A 76.5%

C3S+ nH>0—xCaO * Si0; * yH>0 + (3-x) Ca(OH), (4.4)

3, x CaO -« Si0; « yH,0 RFEKMAERRES, x »& C-S-H P EELL, vy 2
KEELE

.
¢ —Portlandite/CH
e—Calcite

> .
&
L
K=
.
¢ *
w H——-—’JM *: 1 M ¢
1 ' | ! 1 ' | ' 1 | 1 !
10 20 30 40 50 o0 70 80
28(Degree)

4.24 C3S FARKAL 360 KI¥) XRD HE &
Fig.4.24 The XRD pattern of the C3S paste hydrated for 360 days
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i3 SBFSEM Mt 7 #r i 45 R T 5K 4K 7 d 1Y C3S SRAR I KA 0 81.3%.
ZAFSA R B TG-DSC ML RIS F . X2 KvfE 3D BRIt A
i, —EERSH/NT 16.6 x 16.6 x 16.6 nm® FIARKATURL, BT HE 2 4
BEAVERAL PR B, TR T BOL AL B 2R iy, (HR XA 2 R AR 1R 72 fO TP
WHA . @A AR RS e g ik, tiniEd 2 & XRD 70 #rit
HCH & &, e pt R KRR 5 2 EA IS, By CH ME Mid R+
SBAHFRARIR PL K — 28 ToE T CH BIAFAE, 2 E0 45 R oK g R AR,
prilidal SBFSEM M4 T 3D B sr#r, AT L EHSW LKA
PAE S () R A O, 1y ELE AT BLF R GE SR A R RE S, AR SC AT

100 20
7 days
) - 10
360 days|
95 | .y
- -10
?90 _ -—-20 @
e CH |30 5
2 -k
= 85 |- - -40 2
- -50
= B
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| L | L | 1 | i I _90
200 400 600 800 1000
Temperature/°C

K 4.25 C5S JAAIKAIL 7 KA 360 KA TG-DSC H#i£:
Fig.4.25 The TG-DSC curves of the C3S paste hydrated for 7 days and 360 days

4.4.2 5 CT WxtEL 54

THENLT E HHEOR R K e ZEA R N HELZ (1) 3D R o i bR,
ST TR PRI R LAY 3D BG4 A 7 vERS 12371931 i ATiEd 5 CT ik
SEIRAAT X LA M, R SBFSEM J7 VA& H %« i CT F3 I AF b 7 21 4%
FREPIR, BARKL) 500 um 7647, 3BT =N/ R T LLIRTS 1801 Tk #E82
K, BB SR E A ALEERT LLEREL 1500 5K 43 #8224 700 nm x 700 nm {72
HEE
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4.26a F14.26b 7l 2&dnt CT M BRI G A Fk E
HORE S B — W % . 5B SBFSEM FREU G —RE, EUR IR E A
XN 0 — 255, 3256 MKEAE. @ik WEKI C3S FAR R G A 24
FEE T DUE K BEAE B S It T, MR 52 . IR T 78 SR AR R i (R A 2 1)
375 B 43 T A e R RS, R il FR IR SR (R840 AR KA CaS SR, AR £ 358
I3 RTRAGTE), B it XA ) R E B 0 AL, e et 2 A ) DX, B A DY A
NIRRT H AR R A i Sl R, BUR RG] NS i, R
T WA B SR ) Fr F3 48 UG B 77 1k 34T PR M R I 70 5 55

(a) A projected image (b)A reconstructed tomogram image
4.26 1L CT MHIRIFHI CsS AR IS EIHGA = AL = FIR

Fig.4.26 Projected image and reconstructed tomogram image of C3S paste obtained by CT

100pm

(a) The unhydrated CsS particles
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(b) The open pores (yellow parts) and closed pores (red parts)

(c) 3D reconstructed image of the C3S paste
Kl 4.27 X S48 CT ERIZKAL 7 RE CsS FRAKRRI S5 ER
Fig.4.27 Structural images of the C3S paste hydrated for 7 days from X-ray CT

measurement
[FIIS 2y 1 AEE SBFSEM AR AR/ A 504 DR — 30, 10 LA 3k G il % 2%
X6 B84 70 BT A RS, 326 456 T JE A A AR K Hho e 20 AT 20 A, ORGSR 532
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X 532 X 532 um’. [ 4.27 2 C3S WEALIRAR A AR KA IR o FLBR A BB 2%
PRAE 3D A5 [8)_E I A G, LR I FUAR A LR 20 S 30 5o 3 € R 41 €0 i3k 47 AT AL
B GHX 7o It Avizo X X-ray CT 454347 3D B TFHE IS5 R A,
C3S Wb AR TE 3D A FLIR I B AR AL T 868 nm —125.7 um 2 [8], H-P¥ERAE
43369 nm; 3D ZF[AlH CaS AL AR B FLERAAFRAL T 3.4 x 10° nm® — 1.0 x 10"
nm’® Z (8], “FHEFN 1.4 x 10" nm®s FOFLAERAT 17.2 pm - 125.7 pm 2
], HAP¥EAAN 53.0 um, MHBFHAFALT 2.7x 102 nm® - 1.0 x 10" nm® 22 [#],
PN 1.9 x 10" nm?;s P IFLAEARAL T 869 nm —51.9 pm Z [8], H-FIHHE
2N 2.8 um, AHRIKAEFRALTF 3.4 x 108 nm®— 7.3 x 103 nm?® 2 [8], 546 FK 5.5

x 10'% nm?,

T CaS AR AR P BB &, HKIEHAT 1.0 - 6.18 I8, T~
BN 1735 T TR AR s I AL, KK 1.29-3.49 2 JA],
MHEFK SN 2.25; Wixr FHAL, HKEAT 1- 6.18 21, MHFY
KFEA 1.74. RAKWFR K FE AT 1.0 - 5.23 2 [a], HPIER 1.65. 1R
I Avizo ) HT R AIEE AT A 2 4.1 A1 4.2 0] DL H 8 Xoray CT & 58
THE KL FEEE N 91.7%, A IFLBREN 2.7%, AR TF TR ETFLRT &5 1)
EL 435308 1.1%A0 1.6%.

55iBid SBFSEM &40 Hr 45 A EL, Xeray CT A DL 2 1 B /N R SF N
868 nm LA I, @ik Xf LA /KA BOR AN FLRR 1) B8 b v LUK, @i X-ray CT I
BB E AT, 1X 2 OB A B 5 3% 2 1 MR BE A, AR KA SRL B LIS )
TRy AS A5 FE AT, T ELEME B AR R N 700 nm x 700 nm x 700 nm,
PR G 4R T 2R 2 BN B, I G AT DA B B K AR B LR R b i
X-ray CT ¥l & fBE T /K ALFL St ik SBFSEM Ml &3 #r 46 i m, X /2
A SZ IR T 0 R, — e RSHRU/IN AR KA SR TCV2 R 50, DRI TE DA 20 81 F B
1S BRI KA =0 R B — 8053 o (AR T8 SBFSEM & 43 HT (1 FL B %
15, it X-ray CT WESHTHIFLER AL T 80.9%, el 4L, el it
TR 44% %9 33% . X — J5 T2 AR 7 PR R FRAIK, — S8/ RSF PR
RN, 53— J7 T R RN B 73 HE2 1ORR BE FRAIG, — K3 LU R B H L2
BRI SR 73 3% 2 AR T 5 BULE 2K B 2 1 PR B o G 1 A P T LA B o G R4 100 v fe
Pt &l 4.28 Fiow.

K] 4.28a F KR LR IR AR FLSE TR SRR, 1 4.28b H ALt 4y
N AT HER T O I FLBR LS4 E, 1 4.28¢ A (3 0 MUK A HER R iR
M FIFLBR I SRRAE , Bl A 3 R 00 R B2 FLBR 2 . JF VAL K b LI U 7= A
HEZEMEW . BUR» PRk S, 3D EEOH LR H B ST Rt
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X Xeray CT WA 4fr, SBFSEM AJ LA RLUBE i ()70 # 32 2550 JR LIRS A ) 5k

JESURHIE «
_dl o
() 0

(a) original pore space (b) segmented pore space (c) segmented pore space

(high resolution) (low resolution)
4.28 I 73 HA0 FLBE 73 B 5 R

Fig.4.28 Illustrate the effect of resolution on pore threshold segmentation

4.4.3 5MIP gOxtEE o4

£ CsS (KA RE T, BEAE KA SR RYEAT , KA iz 2B 3 e 1 JEOR HK
v 9 (s a), AR 7K S 1 EAT FLAL R ABAE AT K 2B 5 224k . 1 MIP &
H AT K YR AR IR A h fLES R I T e B T R D920 1270 o e ok B
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Fig.4.29 Pore size distribution of the C3S paste hydrated for 7 days
% 4.1 JEI MIP F1 SBFSEM il & [ FLBR %
Table 4.1 Porosity measured by MIP and SBFSEM
Porosity (%)
Methods
Total <20 nm 20 nm—50 nm 50 nm—200nm >200 nm
MIP 21.4 7.4 2.3 5.4 6.3
SBFSEM 14.1 - 2.4 6.2 5.5
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LM ETEE RN, EREMRR SR M. X T SBFSEM Mt ik, fEH
KGR nVRIE N, AT CLEDWW %S 3D 75 (8] b FLEE /) e i, 1
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Fic. B 5.1as cv e Mg 25 NK40 0.5dy 3dy 7d % 28 d i) C3S fEAL IR IAK)
2D WHUI N EE, BB G R B A, FLER. KA R R KA R 2

77



[P RS TS A S ALY 333 F T R AORAERERR £h /K Y6 Sy W K AL AIT 78 B N

I =R E K BERCR, T H AR R A AR L B 2 R T o, R
il 5.1 fras. RN T RARER, SSRBEEMRRBIESEEL T, RE
AR BB E S =B H AR KEZS, KK mZERME 516, d. £ h
FT7R o A RIZKAGES SIS 1) 5 SO B AR IR K B U A B 2, TRvE @A

[F)WIAR 2 T R AR B2 W LAt AT 0 1o IEAEREAT A B A A b, B WIR B
B TTIEREAT A PIAR A X 5350515 I ELBFXFLES IR B B FRATR K AL A
FLA IR T PR 385 D) LB AT A% BEROR « BARBIYIAR 2> B LN 4 F1 ik

R

80000

60000 -

40000 -

Pixel number

20000 -

100 150 200

250

Grey level

(b)0.5d

20000

15000 -

15000

Pixel number

50 100 150 200 250

Grey level
(c)3d (d)3d
; > g .
: ﬁ;-\ »\"M . ]
R %
R \; . g 5
i e e ]
2 N &£
R >
E® o ]
é S NEA 9 . : .‘.‘. 100 150 200 250
: flm ﬁ 3 .): 7 s«iﬁ‘“ 5 Grey level
(e)7d (H7d

78



%5 5 % SBFSEM U IREARMT 7T /K8 H4 VR AL S A

E
g

Pixel number
=

o

=1

2

=
I

=

100 150 200
Grey level

250

(g)28d (h)28d
K 5.1 ARIZKAGES I C3S AL A4 2D BSE BIE A HAK FE 73-A41 LT &
Fig.5.1 2D BSE images and grey level histograms of hardened CsS paste hydrated for

different times
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BEAERE 5.3 s GE it 70 BT AR KA 3R CsS A S A, SRR RS/ T
1 um FYFITRE .

(@0.5d (b)3d

_Spm
(©)7d (d)28d

Kl 5.2 ANFZKALES I CsS B AL A4 AR KA BURL K 3D 1%
Fig.5.2 3D structural images of the unhydrated C3S particles in the hardend paste hydrated

for different times
5.1 C5S BEIKAR T 3D BUR H AR K ABURL I B A2
Table 5.1 The diameter of unhydrated CsS particles in the 3D images of hardend paste

Diameter of particles (nm)
Age (d)
Mix Mean Median Max
0.5 22 129 119 1.8x10*
3 22 116 113 1.5x10*
7 22 114 115 1.3x10*
28 22 109 107 5.0x10°

WL 5.3 BB B AR AT B AT LR B, BESE KA OB REAT, ARIKAE AR
HE

KR 2RSS . X HEASFEKACE IR AR IKAL C3S Bk, wl AR 2% K10
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0.5 d ) Cs8 TEALI A, 80%BL 1 HIRRLLL T EL 4% 200 nm LM . TR A ALK
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P B RS HEAT MO AR (0O B 42 200 nm DAY (O, (2
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Fig.5.3 Diameter distribution of the unhydrated C3S particles in the 3D images of hardend

paste

5.2.1.2 RIK{ CS Bk AT 53

F 5.2 NAEIZKAEEEAR) CsS AL AR ) 3D B G, ARAKAGIURL I
IMETRS B KRR SPIRAR B A S AR AR 1

EUR AT 32 IR T B BN e e, adid Avizo s &0 B il IR R H) CsS
TR AR A R R N AR KA BRLARFR Sy 8.8x10° nm?.  [AJI%of ELAS [A] 7K A 8 3 £
KK C3S ki nT LUR B, 0.5ds 3d A 7d BIAR KR4 8H i 2.05%108
nm® & 7.86x107 nm® IR 18 I, 152 28 d 1 AR KA TR IR FR N 1.89%108 nm?,
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BT d ARAATRL AT B FR AN P o, X2 RONBEE KA B 2T, AR
BN AR KRR SR 8D, i HAR AR ORORL 80 B AT € sl PE T 8L
TR B SR A A JIORE (1 B KA FRAE 63 pum® — 298 um?® Z [A133) . %1 3D BN
ARIKBRLHT TR R, AR 1 um?® LR BB & 2 G010 B0RLE B 99%
PAb, EARARRR 1 um? L BRI S ARAR A0 5 R bl 3T 7K AL 3]
N 0.5 d REARAR, RN T 1 um® DL B ARIOR R R AR KA RO B B 1)
0.38%, {HZH SRR & BIARKAUBRAETRE) 66%. X T KA HI Y 3 d gl
Rk, FARFRALT 1 pm® BLERBUR B AR KA RIS R 0.26%, HRRH R
PR G BRI ACBURLAR R 63%. X T/KAEE 1y 7 d ROREALRAR, HARRAL T
1 pm® PAE B RORE S0 AR /K AL S B 0.72%,  (H 2 HUE AR o5 BIR KA
RIARTART 60%. R TKAE Iy 28 d ML AR, AR T 1 pm® LRI
FIECE AR B 0.77%, (HAZ SR G 2RO BURAAFR ) 54%.
RARFRRURL (KRR 5 P BB /K AL ST 3 K 2 LRI 35 3@ BEAS R R R
IKACTURL A ARAR o LE T 5, 50 T8 5 R E T FERE AL 5 A4 b ROKALRITRLIN , 3K
RIURE (IR o BT AR BE K 0 A BT g PR S (HEARRGL T 1 um?® BUR
BONRLARAR I GE vt S0 M WA A T3t — 25 S KA RE EWT T 70 BT XA i 12
5.2 C3S WALIRAAT) 3D B b A KA RIOREL ) (A AR
Table 5.2 The volume of unhydrated CsS particles in the 3D images of hardend paste

Volume of particles (nm?)
Age (d)
Mix Mean Median Max
0.5 8.8x103 2.05x108 2.2x10° 2.98x10!!
3 8.8x103 1.93x108 7.5x10° 7.57x101°
7 8.8x103 7.86x107 3.8x10° 1.18x10"!
28 8.8x103 1.89x108 4.2x10° 6.30x101°

K 5.4 A E KA IS S RO BE AL AR TR AR RAGL T 1 pm? BAR BIAR K AL RITREL A4 AR
gttt oA B ol B el LEWE BB KSR N AT, B NRTRLAY
RO & s . 0 T KA 0.5 d ROREAL AR, P AL T 0.1 pm?
PAF BRI A KA BURLAR B B0 o B B 98.6%: X T /KA 1y 7 d IOBEAL A,
FAp AL T 0.1 pm® PUT BIR AR RURLAR T Z & L BB 1 98.2%: W T K4k
B9 3 d M1 28 d BRI IR A4, ARG T 0.1 um® BLTR BOAR KA UL A A5 5
PN 99.5%. X FEFERT LI, BEE KA B HEAT, BB R RURL
AL AR A S I EAT RO BN RIRORE, T AR R RIORE 2 BB 2 7K A S 2
BEAT, AW, ADNEIRGRI RN, BEmE K. EAVNT 0.1 pm?® KR K
WRRLAR R LG AL+ — FhBh &P 2
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Fig.5.4 Volume distribution of the unhydrated CsS particles in the 3D images of hardend paste

5.2.1.3 Kk{k C.S BRI KIELL 4R
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M H A KA B8 LU 33, SELTAHIREE M, e CaS BURLAE K AL AR I P9
I R 5 AL KA R RURE K8 0 2 AR B IR R A A TR AL SR AR T RIS, £
KA RE T, KRR L BB, ARIKACRIORE 2 TR AR A L A P A R S5 1
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TR AE ANIIREAS 5] A AR KA RBURE TR 531 g ] — AN RIORE - 55 A B8 bE AR 3 th KR 5
BEAR, FEIXAPIRO0 T o AE BE LS A S B AR KA BTRE A 58 LU 0L, Bk 5.3 T fig
AR 3 dy 7 d K 28 d BEALSRAR TR ZKAE C3S Bk,  HoP BT e S rh Ao
KIELLARALT 1.8 — 2.0 ZTa), Ui WIBEE KA S BL I IEAT K8 70 R KA RITRL 2 DA
PRI AR B R, ZI R ] LUEE 3D R EIHR (K 5.2) A TEESE
A E (B 5.5 BHEE.
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% 5.3 C3S BEALIRAAR) 3D UG b AR KA RIOREL A 5 B
Table 5.3 The length-width ratio of unhydrated CsS particles in the 3D images of hardened pastes

Length-width ratio of particles
Age (d)
Mix Mean Median Max
0.5 1 3.8 4.1 33
3 1 1.9 1.8 7.0
7 1 2.0 1.8 134
28 1 2.0 1.8 8.2

H & 5.5 AT AR KA ES 19 0.5 d BIBEAL IR AR T, 98.4% IR AR AR AL RIURE (1) K B
FeAb+ 10 BAPY, L RE - Mok K 58 th b+ 5-7 2 18], KBEtbfr T 2 BAN )
EEBIAY 5 0.3%. 7K IA Y 3 d i, KFEEEAL T 2 DL IR KA SR o 218 &
[ 61.2%. /KA 7 d B, KISEHALT 2 LA BIAR KA IR & 28 21
63.4% o 7K AL HASN 28 d B, K55 LU AT T 2 DA R AR K A RIORE o 218 21 64.3%
W PR B A 7K A S B EAT DR 40 AR K A JIURL IR T AR E R 25 F T AR S AR T
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Fig.5.5 Length-width ratio distribution of the unhydrated particles in the 3D images of hardened

CsS paste

84



4 5 % SBFSEM IR AW 50KV Bn™ MRk 3 4
5.2.1.4 CS BILRMAKKIEE S
I B FEACAE C3S BRI B E Y 3.1, JKKEE RN 0.6, R A 4.1 M0
4.2 A AT R KA BAT CaS B RARPIZKAARE, 1l 5.6 Fi~. BHEWS
w1, KAK 0.5d LG FIZKALFRE A 55.6%, 28d PG KA FEEE y 88%, lid/Kik
R &t T DL, BEE KA N AT, HoKAE 2B B K. Bk sy
TRl s, BEE KRBT, R AR & B RS, 10 H AR KRR )
TESRHEZ A TR, AT AR KA RIORE (%) B 44 LU SR T AR PR A, PR A KA S B
g2

100

60 |

Degree of hydration (%)

40 A | X | 1 1 1 1 1 1 L
0 5 10 15 20 25 30

Hydration age (d)
Kl 5.6 ANFEIKALES 1] CsS HIZKALRERE
Fig.5.6 The degree of hydration of the CsS paste with different hydration age
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Fig.5.7 3D structural images of the open pores (yellow) and closed pores (red) in the hardened

CsS paste hydrated for different times
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L, XA —Jr T dem 7T O FLIR I HERa T, 59— AR N TR e R R 2
(R I FLRR TG 00, AT AE B 5 BT H & A g A e A P D L. Bt AN A 2
ST, ARG T E LR B E AR T LA RS R B FLBR . @ B 5.4
WA LRI, CsS AV IARI 3D i M b T 1 LI ) R AR 7K A 8 391 A 38 K
AN, TR SR AL LR BT B s . fERE R A& 3D = B i

86



%5 5 % SBFSEM U IREARMT 7T /K8 H4 VR AL S A
t, AL BAR A ARAC B B 1 AN R A R CaS AL S A4 B 0 I 1 AL
BRI EAR AR AR, RIAR T a7 B 1 SRR ELAR AR A L
% 5.4 C5S REALILARI 3D & T LA ELAR
Table 5.4 The diameter of open pores in the 3D images of hardened CsS paste

Diameter of open pores (nm)
Age (d)
Mix Mean Median Max
0.5 89 310 228 1.4x10%
3 106 299 259 9.8x10°
7 92 304 181 7.7x103
28 89 266 163 5.0x10°
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Fig.5.8 Diameter distribution of the open pores in the 3D images of hardened C3S paste
XFFIKAE 0.5 d 1 CsS BEALSRAR, EARMZT 1 pm BN BT LB & 20T
FLBRES R 98%LL by X TokAk 3 d AL I A&, FLBREARALT 1 pm BAR
HIIT LR o5 20T LB B Y 92% LA b X F/KAG 7d BIEAL IR 4k, FLRR
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AR 2RS0T B AORFERERR Sh/K Ve S0 V07K AL 70 H 1 87
BEAMT 1 pm BLURBIF FLER & 20T DAL BUR B 93%LL B 6 Fk1k 28 d
RELL 2R AR, LB BEARAL T 1 pm BUR BFF TALBR o5 209 LB SRS &1 96%
DA b P 5.8 Bl A A5 A1, KT KAESHACN 0.5 d BIRELL IR IR, 69%HIFLBR B 1%
46T 100 nm — 300 nm Z 8] X T7KAGESHASN 3 d MIREALR AR, 70% 1 FLIR ELA%
AT 150 nm — 300 nm Z (8. X T/RKMEE I 7 d RELL 2R AR, 76%HIFLER BLAZ
AbF 100 nm — 300 nm Z 8] AT 7KAEE A 28 d IIRELL IR AE, 73%HIFLIR B A%
40T 100 nm — 300 nm Z [A]. [AIth, B ZKAGES BREUIE K, Ko T DAL EAR
T k)N o
5.2.2.2 FAFLIER S

5.5 NAFEZRAEE I CsS L R A4 = 1) 3D G A ar LLR B /N
FUBRAAR . F KT LB FF D FLBR A A AR BA K Ge v 5 0 45 21 (1) °F
BIAERR

# 5.5 C3S BEALIR AR 3D EHE HFF DAL AR AR
Table 5.5 The volume of open pores in the 3D images of hardened CsS paste

Volume of open pore (nm?)
Age (d)
Mix Mean Median Max
0.5 3.6x10° 5.4x108 8.4x10° 1.3x10"2
3 5.3x10° 1.1x10° 4.3x10° 5.0x10M"
7 4.0x10° 9.8x108 2.3x107 2.4x10M
28 3.7x10° 1.8x108 8.8x10° 6.6x10'0

BEXT AR KA B 3 CsS SEALIRARIREN ) 3D B R, Hodw/NWIT H AL
HAT 3.6x10° nm? - 5.3x10° nm?® Z [8], i R FFLER AR FR B A /K A0 68 JA I
B RASWIRIN o (H AN [FIZK AR B CaS AL A4 i i T FL B S~ S50 4 AR R H 7
ARAR AT S T B S 3 el s H s e, 3K — 77 T AAE R LA T IR 3 s 1)
SRR EA IS, J3— 7 HARAAS R K AR S BT 1AL RT R 5 B0 s AT AL
B AT 5 LA ¢ . AR AT CaS A AR R i I D fLEAT IR S i RE v
W R BRESRAF G L A 00 9T E L, BRI AR SR T2 fk AR 2 804 /N T 10,
DR S A AR S /N B T 10 LA TE AN 2] R B 22 SR I L33 e 50, T E A P
Lo AT /KAGES AN 0.5 d B CsS WAk IR R 1) 3D HEEUE, AT 1 pm’ i
TEEAFLECE & RS EE R 1.4%, FARR T D ALEARRR ) 85.2% . T 7K AL #E 1
N3 d BRI AR 3D EEEIE, AT 1 oum® B DFLEE S B e E= )
5.3%, E2HARF G O FLSARFIRT 86.7% . X T-/KALES N 7 d ) 3D E#E K]
B, HBRT 1 pm® M OFLEE RIS HER 4.6%, H2HAR SOl
RFAN) 87.3%. A TR TN 28 d 1) C3S WAL IR 3D KGR, KT
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Fig.5.9 Volume distribution of the open pores in the 3D images of hardened CsS paste

KT ARAESN 0.5 d 8 CsS BELIEAR, HAARAIT 0.2 pm® BUREIIF
SRR 5 RS E R 97.6%; X T/KAEIY 3 d 1 C3S BEALIRAA, Hr AR
A 0.2 pm? AT BIFFLALARIECE 5 RS ER 93.3%; X TR N 7 d 1
CsS BRI, P ARAL T 0.2 pm® LR BT I FLARAR AR |5 2SR Y 95.8%.
XTI 28 d Y CsS AL A, H AR T 0.2 pn® BT BT 1 ALAE AR
HoE HRR R 95.9%. IXRFINBEE CsS B A IKAL S RER#EAT, AARFEBUR
FITF L, H 2R S L Y IEAT I8 O AR AR B INE T T AL, B — 22 P T FLIA
7RSS AR EAT T RO 1 $L o T ARAR B/ NI T 1 FLIN 2 BE A 7K A S R 34T
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AW/, AR K. RIS KRN T, ST D SLRSCE AR 280N
s, HRARRALT 0.2 pm?® UT T HFLAE R B TT AL #os EE AR DR AR
EAA
5.2.2.3 FFOFLKIEELLSHR

FLBR A FEARER 1 A AR A BE J 9 59 100 AN [R] FL B A4 B 22 37 LA
WA HACTE RS, KT R, AR AN N AR 4 ge Fo s, K i
of, W% 5.6 Pros.

%% 5.6 C3S FEALIZARI 3D & T DLAIK 58 L
Table 5.6 The length-width ratio of open pores in the 3D images of hardened C3S paste

Length-width ratio of open pore
Age (d)
Mix Mean Median Max
0.5 1.3 6.3 6.1 24.8
3 1.4 3.0 3.1 7.9
7 1.3 34 3.8 12.1
28 1.2 3.1 2.7 19.8

5.6 B T AFIKALES A CsS AL ARR 3D B EGH, FF O SLEHR/D
KR R KT P B b R A A K 58 LU Ol ERS AN 0.5d Btk 2%
P, BRI L o i K e e il oy 6.3 AT 6.1, T KK Bit oy 24.8. 5t
ALE 7K AL B AR B, T 1AL RS AR R AR BE SR o 1T B 7K A S LR 1 — 2D 134T
ST CALAT A D ALK SE LU IR BT T R, KA 3d. 7d AT 28d (1)
s, HIFOFLK T AP EIE 2 508 3.04 3.4 F1 3.1, UERAREE KAk N ik
A7, FFTFLBR A A P S ARG 35, AT FF 1AL R B AN I Mt il 2 AR 55
1 C3S JEEHME TR KA B, BT D LA B R i 4, 8 /K1
FEHGT, I KA S5 D738 B8 T, ELRE B 36 /KA S S IR HEA T, B TR AL P~ I3 7
FE LB B RIS P B R, AT T K oA, 321 7K A s 23 P
B BRI BRIUEAE 28 d PIZKAGIE BRI, AN[EZKAGRE B CaS AL R A A 1)°F-35)
FF LA B8 ELAT FR AL TR 1 FL A B L33 Bl 7K A8 U 38 K 2 PR A

Bl 5.10 AAFEIZKAEEAR) C3S Witk 2k 3D H G G - D FLK it
fgiit oA Bl fERAEE B 0.5 d AL AR B 2 E 50, 86.7% I N LYK
B LEALT 3 DA E, RIS A FF AL IR AR A BT, AT (3 T 7K 20 76 A b A 5
LR EAN 3 d i, KSEHALT 3 PLERIFF O FL S B R 48.5%. /K ALRS
WA 7 dB, KFEWAT 3 BLEMIFOFL G 2SS 55.1%. /K4 E 18 28 d
i, K58 AL T 3 DL B AR AR (5 2 A 51 38.4%. Ut BHBEAE /K 4k s S F ik
AT O FLRR K B A A A 22, AT HK AR e 18 55
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Fig.5.10 Length-width ratio distribution of the open pores in the 3D images of hardened

CsS paste

5.2.2.4 AOfLERSH

WIEER 5.7 ATHRL, ASFZKAGES B CsS AL 2R PR 1) 3D B g G AT R 1 B
ANHTEFLI EARY 9 22 nm, BRIy 30 A 3N BB I /N e G B . AS[RZK AL
W CsS AL AR AR A i K LB T 3.2 pm - 4.8 um Z 8], #3hil
FEIEOR, X S5FEM i £ ) BARX R BHER R, BT RS B @ i AR 7y
PR R 5 AU, BRI AR FROR/INMBARAE BT 1T S BURAR SR YE, T
A IFLIPP Y B R AL B NIBEE CsS AL IRAAR R K A IS T 386 X 2 I 31
PERE IS

ANFEIKACE B CaS A SR AR 1) P 1 FLF- 3 AR e b A ARS8 Bl 2 /K Ak e
3K 2RSS . MK N 0.5 d I, 0.5%MIA DFLEA KT 1 um;
KA IH N 3 d I, 0.6% M P A FLEAS KT 1 um;s M7KAGE BN 7d B, 0.3%
A AFLEAERT 1 um; MK 28 d I, 0.1%M A DFLEA KT 1 um;
DRI BE A C3S AEAL AR K ARSI 3G K, BEARR/IN P CTFLBT o 1 L] 2 386 K
#, WO AR 1) BLAR S BRI .
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Table 5.7 The diameter of closed pores in the 3D images of hardened CsS paste

Diameter of closed pores (nm)
Age (d)
Mix Mean Median Max
0.5 22 122 113 3.3x10°
3 22 128 132 3.6x10°
7 22 120 90 4.8x10°
28 22 100 82 3.2x103

Kl 5.11 AAFEZKACE I CsS i AL AR 1K) 3D B R H, B4R/ T 1 pm 1
H O FLEA AR B Tk 9 0.5 d RG22, 89.3% 1 1 LI FL B4R A T
200nm AP 0T KAGES A 3 d BIBEAL R A&, 84.5% 1 T fLEAER AL T 200 nm
DA XFF/KAEE BN 7 d IIRELLIR AR, 92.2% 10 D FLEAALT 200 nm LA
S FKAGES H1A 28 d FORELL 324K, 96.0%KI ] I FLE AL T 200 nm PLN .. FEE
KR IEAT, BAAR/NT 200 nm (1P D FLECE AR A 09 P 1 FL A B o5 1 ] 2
Bl shik BT
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Fig.5.11 Diameter distribution of the closed pores in the 3D images of hardened CsS paste
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5.2.2.5 HIOFLIAFRSIH

IR 5.8 HIE1, AFEIKAEE I CaS B AR 3D = 5 m) DL )
B/ NI LB AR 1.2x10% nm?, %8BI 9 Es A0 BRI 50 10 73 92 se
O FE A ) B/ MEL . ARG 9 CS AL IR 1A 3D F st 5 rh ] R3] 1) e KA
FUABAE T 19 pm? - 60 pm® 2 (8], BAITE BN, KSR BUR S5 20 Hri ik
BERALBE A B A, B AR BUIOR P 1 AL B R op 0 BB AR A1
PR L BARE 0 RN BAT BE B -

H1 C3S AL IKALES 1D 0.5 d I ZREKT 3D G P ELFLARAR K123
R PR EBKAGES N 3 dv 7 d A1 28 d IR/, X3 BRI C5S it
REZRALEE D9 0.5 d I, 3@ 3D FEE o M pr 3R A AR AR AN g 1) 1 S LR
EEH 5 EEEG= T 2 CsS BEALSRAKII KAy 0.5 d I, AABURT 1 pm’ 1
P LR AR S P AL BT BRI EE BN 0.1%; 2 C3S BEALIRARIRIKAL S J 08
3d I, MBI 1 (P I SLBCRAE S A P LR i AR08 0.3%:; 24 CsS
PRI AR KA RIS 7 d I, ARFRORT 1 pm? (B 1 FL R A A B P 1 AL i
BTSN 0.3%; = CaS BEALRARRIKALES Y 28 d i, ARBURT 1 pm® f14]
FFLBCEAE B DAL B S LR 0.1%, BRI - B R ARl A2 T 28d LA
A CsS AL AR E 2 Y 3D MR, AR T 1w’ BH LA S 8RB
AR E

# 5.8 C5S WALIR AT 3D UG A LI A4 AR
Table 5.8 The volume of closed pores in the 3D images of hardened CsS paste

Volume of closed pores (nm?)
Age (d)
Mix Mean Median Max
0.5 1.2x10* 3.0x10° 6.8x10° 1.9x10'0
3 1.2x10* 1.1x108 2.0x10° 2.4x1010
7 1.2x104 1.7x107 7.3x10° 6.0x101'0
28 1.2x10% 4.6x10° 4.6x10° 1.6x1010

Bl 512 NARIKAL IS HAEY CaS REAL IR AR B 3 1) 3D BIE H, AFAL T 1 pm?
PR B A LERR G AT B o X T AR AGES B CaS ALK A4 (1) 3D HE 4
BUE, HAAEBALT 0.1 pm?® DUR B D FLARF S E Y 5 B8 &1 99%LL b iX
72 RN B A 7K A S L BREAT , — 0 o (AR OR I P LB A 7K A ORE R HEAT 7K
F=mg e, AT RN AR AR /NI P VL, TR e /N 1) P 1 LA 2 Bl K
P SON FBEATIZ ST 2, AHSRARFRAL T 0.1 wm® BLR B 1 FLAE S0 1 1 FL b B
b R LU AR R AR 2 o RIFE CsS ML AR M 3D G, RN T 0.1
pm? DU P FFLEE 28d I7KAGES AP, HAE S IR LWRRRER, — B TR
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Fig.5.12 Volume distribution of the closed pores in the 3D images of hardened C3S paste
5.2.2.6 AOFLKIELL 4R
X AR C3S AL IR A AN Rl KA i AL S A4 R 3D B R, I LY
BMRHEL . RTS8 S A w8 B OIS DL an3&kg 5.9 P
% 5.9 C3S WAL AR 3D & il LI 58 b
Table 5.9 The length-width of closed pores in the 3D images of hardened C;S paste

Age (d) Length-width ratio closed pore
Mix Mean Median Max
0.5 1 3.6 34 23.5
3 1 2.0 1.8 10.3
7 1 2.3 2.2 18.8
28 1 2.2 2.1 18.5

X CsS AR TR AN R KA I ST 0 P 1AL RSP~ 2204 B8 AT PR A7 A 5 BT
PURIL, 7E CsS AL AR KA RE I 0.5 d I AR A 1AL AR~ 34 5 EERT b 7 4K 5
L0 3.6 A1 3.4, BT RKFBINIE. 2 CoS ML AMAKALERI 7208 3 d. 7
d J2 28d S, P EOFLE-T- K 58 EE AT AL B8 B84k T 2.0 245 . B C5S A
SR AR T ASTRL KA B SUTFR AT 1 LA B8 EE BB 7K A 1 33 ) 18 K S R 3
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TE/RAES 129 0.5d BEAL A& 1) 3D H 3 EIE 1, 46.3% 1 1 L FLIM K B8 B KT 3,
Forp o T ALK 58 Lh A T 3-6 2 10), BIOREHERIR. KS AL T 2 DL o5
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Eb A 33.6%. fE/KAGEE DN 28d AL IR AR 3D Ha EUER H, 83.0% T F1 AL
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Fig.5.13 Length-width ratio distribution of the closed pores in the 3D images of hardened
CsS paste
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R 510 ATEN, ASFEZKAGES A CsS AL 24K 3D B i G mT LA
i/ NMLETEATR SN 22 nm, B O EE b PRI U B 1) s /N e SR VRIE L . AN[AK
AR AT R ) e K P D FLEARAL T 5 pm — 14 um 2 (8], H A0 B &R fL
B2 PR ELAT i 7 A8 B FRT 38 DR T AN oS, AN [RZKAG S S FL I3 BAR o i B
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Table 5.10 The diameter of total pores in the 3D images of hardened CsS paste

Age (d) Diameterof pores (nm)
Mix Mean Median Max
0.5 22 128 101 1.4x10%
3 22 146 143 9.8x10°
7 22 123 91 7.7x10°
28 22 104 85 5.0x10°
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PAA; XHFRAEES AN 7 d BITEAL 324K, 92.1%MIFLE AT 200 nm BAY; X T
KAGEE O 28 d HIAEAL IR AR, 95.6 %L EARNLT 200 nm LA . ik, BEE K
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Fig.5.14 Diameter distribution of the pores in the 3D images of hardened C3S paste
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5.2.2. 8 FLEVAR 4R

IR 511 AR, A EZKAEE I CaS BEAL AR 3D =t G T R0 1)
NUBRAIARRN 1.2x10% nm?®, B9 A BN 38 (10 e/ e Y L. 10w AR
R R SLBR A RRBE K AL i IR G I 2 RS . CoS ISR AR KALE TN 0.5
d 128 d IS A FLAARRR AT 2B AT LA 3 d AT 28 d I/, — T3 T AL (R FLIKI L
AR, 53— HAERERALT S I EL A 5% o 2 CaS WAL AR K AL B3
0.5 d i, PBIKT 1 pm? LA A FLAIECE P A BBy 0.4%; 2 C3S A
WHRARTKACESIA A 3 d I, ARFRR T 1 pm? AOFLAE S 1L A 380 vh B o5 1) B 431
90.3%; 2 CsS AL RARRIKAE Y 7d i, ABURT 1 pm?® FLIE S HIFLIY
e P BTG 0.2%; 2 CsS BEALIRAR KL 105 28 d I, ARFRKT 1
um? (1 FLAE AL B A T B A LEBIDN 0.2%. BV C5S SEALSR AR IR A i S 67
T 28 d LN, ABURT 1 pm® BISLAE S A SLRIECRE T BT & 1 B — B AL T4
{iFi= 78

2R 5.11 C5S WAL IAR I 3D BHR AL AR
Table 5.11 The volume of pores in the 3D images of hardened C3S paste

Volume of pores (nm?)
Age (d)
Mix Mean Median Max
0.5 1.2x104 1.2x107 4.9%x10° 1.3x10"2
3 1.2x104 3.7x107 2.0x10°6 5.0x10!1
7 1.2x104 3.0x107 5.1x10° 2.4x10!
28 1.2x104 8.9x10° 4.5x10° 6.6x1010

K 5.15 NHAFEAKES AR C5S ML AR M 3D BGH, HEMT 1
um® DU B FLAARFRI Gt o0 A5 B o T /KA RS HASA 0.5 d (1 CaS BEALIR 1A (1) 3D =
2R, HAPABAT 0.1 pm® LUF MFLAF SR & B FLARRSCE B2 1 99% LA
b HARRR S R B FLASARRR 43%. 0T KRR 9 3 d B CsS BEAL 3R AR )
3D EAEKEE, HAARFBALT 0.1um? BUR FFLARREGR 5 BIFL AR R S 51 99%
DA b, ARFRE & 5 BRI 44% . W TR N 7 d 1) CsS BEAL R AKRY 3D
HEEE, HAPERBAT 0.1 pm® BUF FLAF SR & B LR R SR S & 1 99%
PLE, ARRRE & A BLRARR) 50%. X TF/KAGES AN 28 d 1) CsS 4k 2 41 3D
HEEE, HAPEBAT 0.1 pm® DU MFLAF SR 5 2 FLAF SR SR 1 99%
DL, RAR S B S BRI 58%.
5.2.2.9 LUK FEELEL 40

SHF AR FIK AR AR C3S Tfb ki 3D E&EGH, LB/ KTEE. &
KK TEH . PR T L A7 K T8 B B L R A% 5.12 TR
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Fig.5.15 Volume distribution of the pores in the 3D images of hardened CsS paste
XF EEAN R KA 3 CaS RRAL I A o L AP~ 2204 B8 B AT P 674 58 EE AT R0, 727K
W HAN 0.5 d A C3S BEALIRAR £ BT 24K 58 EE AT A B8 L2330l D 3.7 A
3.3, BT RFE, WU AR AEENE. 2 CS MR RIKILEE 7
AN 3dy7d K28 d I, SLETT K BE LEAT R ALK BE L Ab T 2.1-2.2 2 1],
EWEERIE . UHIBEE CsS BEAL I MIKAL S MLFRIEAT, KR 73 FL IR 2k ) A ER I
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Table 5.12 The length-width of pores in the 3D images of hardened CsS paste

Length-width ratio of pores
Age (d)
Mix Mean Median Max
0.5 1 3.7 33 24.8
3 1 2.0 1.8 10.3
7 1 2.1 2.2 18.8
28 1 2.2 2.1 19.8

B 5.16 A FRIKALE ) CS BEALIAR o AT SLI K 98 EL I Se T o0 A
FEKAE Y 0.5 d B CsS AL AR R 3D B A KB, 64.9%HFL KT8 KT
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Fig.5.16 Length-width ratio distribution of the pores in the 3D images of hardened CsS

paste
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Fig.5.17 3D structural images of the hardend CsS paste hydrated for different times
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1 FL A FLRE 5 BE 7K A i ST A oA A e AR X 10 1 SL A S i LR R 3%
XFERAAE R TG OL T 5 CsS BEALSAR I 7R A S N AR E B AR KA RE dh R R
T ST LA BEAT B, A TR L, RFR 3 AETF LA B T oA Bz T 7 A=
[ A KA = W) 2 SHFEAETT T SLPITAE (1 DXV L A, 3R] DL 30— A8 AR AR R Y
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Fig.5.18 The changes of the total porosity, the porosity fractions of the opend and the
closed pores images of hardened C3S paste during hydration
Kl 5.19 SR T IKAEAN R KA B IIRT CsS REAL 3% i o AN ] RSV 1 A FLIsE D
FLBR R AANE DL JEIEXF LR 5.19 FA A RO Vi A FLBR R AL SR B K AL e
IR AL RIS AL AT AR HE, A2 CsS MALRIARI KRR, BEARERT
200 nm I FLER I FLER 3 B AL B IR MK 42 N B, B4R T 50 nm — 200 nm
Z 18] B INFL R FL B SR B KA i ST 1 S BB N s 1 Bta 3, BIIK Ak e
W3 dnf, ZREZTHE A LB FLBREREL 0.5 d I, 1M BEAE KA SO gt
17, HKAEIOY 7d A1 28d I, HAH N FLER A BLUNIE R B S . 1 EAR
£ 20 nm — 50 nm Yz Y B FLER I FLER 2 Rt o /K AL i 3T 0 1 K 2 BLip s PR
g, B CsS BRI KN 0.5 dy 3d e 7 d I, & RSHEH A R FLER
B KA S BB T4 v, i = 2 KA IR 21 28d I, L FLRR AR 2 HLERAIK.
ZERRY], AE CS BEALIRAR T, BEAE KA SO ANTREAT , KA AW e 42
FLr, TR KL B 9 B B 2 /AL, ITTEREAL I CsS AR ™ A2 1 T4
RIFLES R AN SEAR IR FLRR L, AT 3 SO O 25 R AR A5 B N Sz
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Fig.5.19 The porosity fractions of the pores with different sizes of the C3S paste hydrated

for different times
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5.20a. c. e Ml g 235 AKAL 0.5dy 3d. 7d K 28 d K CA BlALIAAR) 2D 158K
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FRAS R B A B CR , T HL AR UG A A 2 FE B 2 R RS i, A . (%) BB 2K
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Fig.5.20 2D BSE images and grey level histograms of hardened C3A paste hydrated for

different times

5.3.1 CA BELIRIFPRIKUFRRL DM K UIZE 47

K] 5.21 Jyifiid SBFSEM MR E R ALY 2D BGE @A R KA
WA CA AL S AA Fp A K AL TR ) 3D 25 (B 45K o0 A %, R #E 3D 25 A 45
Fa, ARIKAFURIIPE N . B AR RIKAES A CsA T4k 2R 44 11
KAWL 3D EUE AT LG H, B CaA TSR AR R 38, Horp gk
IKACTIRL AR R . L) b B AE XY PR 73 #8509 16.6 nm, {H
se T EUETE 2 §hP1 R J5 17 LR E RN 30 nm, (R 28 AR 1) e 1% 70 e 42 B
30 nm &bFEE,
5.3.1.1 K7kt CA BRI E R D4

AFIRACEE I CsA BLL 2R AR 3D FE 4 PG T DR S 0 d /I AR K A STk
B BRARIKATR B4R . AR KA RIORL [~ 3 A% DL R b 6 LA 43 3 ik 5.13
FliR. B3 5.13 Al %0, it 3D H s Hr vl S BB A R KA RS K C:A filifh
AR R R KA IR ) 3 /N ELAR S 389 DR 4, T AT TR ) B e R AR 7K A SIORE BEL AR K Ik
N FIRHEE LR, BT RERRKIARKCEREER D, Rz 3%
X Ik s2m, PR AE AT BUR Ge vt 3 A R R B — s I BEAT L B SR M . A
[F KA ) CsA BEAL IR A v AR ZK AV UKL IR ~F- 35 B4R S R A ELAR B A K AL 8 1
[RBE R SIS RS, XA CA WEHES, B KR SR T, —SE/ N
R AR 56 4 KB B G SO IEAT, RS ANk S, /N B ER ) 4 22
Y2 Ah, IXFERT DLGETH I 543 BT BN BLAR B RN BRI BE BRAR, AP 3545
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Fig.5.21 3D structural images of the unhydrated Cs;A particles in the hardend paste hydrated for

different times
# 5.13 C3A T AR R 3D BUR A R /K A BTRL I LA
Table 5.13 The diameter of unhydrated particles in the 3D images of hardened C3A paste

Diameter of particles (nm)
Age (d)
Mix Mean Median Max
0.5 40 83 76 1.8x10%
3 40 87 77 1.4x10%
7 72 103 91 4.0x103
28 88 138 118 3.7x103
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Fig.5.22 Diameter distribution of the unhydrated particles in the 3D images of hardened
C3A paste
5.3.1. 2 RIKAK CA BRLIAFR 347
% 5.14 NAFIZKAEE I CsA AL AR ) 3D =2 B b i AR K A KA I C3A
RIORL R B/ IMARR L B RARAR | P I ARER R A S AR AR ) AR L . B3R 5.14 70 m]
H, ANFEIKAEE R CsA AL IR AR mT R i) 20 1 B /s AR AR ARIORE R A RR B 7K AL 1%
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SRR R SIS i AT LA 1 R 5 KR A A RURE P U it K A i 90 ) 18K
SIECINES, 2R S EIRAHR C3A LSRR T ARIKAL C3A RIRL BLAR Y
AR ARAT o
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Table 5.14 The volume of unhydrated particles in the 3D images of hardened C;A paste

Volume of particles (nm?)
Age (d)
Mix Mean Median Max
0.5 3.3x10* 1.40x107 2.7x10° 3.2x10!2
3 3.3x10% 1.5x107 2.3x10° 1.3x10!2
7 2.0x10° 2.7x10°6 4.0x10° 3.1x1010
28 5.3x10° 5.9x10° 9.2x10° 2.6x1010

XTTIKAEE A 0.5 d 1) CsA BEALIRAR, ARFRRT 1 um® BIARKAL C3A Fitk:
g 5 BRI CA FRLE R 0.003%, HARFI LG & B S B0R AR R 1 65.8%.
XTI 3 d 1) CsA AR AR, AR T 1 um® BIARKAL CA Bk E
BRI C3A FURLEER 1 0.02%, HARFLLA] & 2 BURLARFR ) 55.9%. X
TARAGE A 7 d B CA SR AR, ARFRRT 1 um? BIAR KA TR £ & o5 21 AR K
£ C3A FURLEECR ) 0.06%, ARG & 2SR AAFR 1) 42.6%. X T 7K A0S
WIh 28 d 1) CA TEALIAR, RFUKT 1 um? (R KA BURIEE 5 2R K1k CA
R B BOR Y 0.13%, HARFREL ] 5 B SBURLRFR ) 43.3%. BT CA fififk
KT S, B KB AR OC, HARF/NT 1 um® BIARKA CA PR H & E
I RS, (E 2 AR AARAR 5 LA RGOS . DR e i U B
KA S AR FE (I, EUR B R Eeibkmr, o LRBIRRIKAE CaA BB AR R
/N, BRI C3A BRI 5 L ) TR T SR A SR RS ff 1tk g o 1R 5.23
AN FZRALESE B REAL C3A ZEARFARFRA T 1 pm® LR BIRKAL C3A FURLAARFR
Mgt oA o BEE KA AT, Rk C3A Fbi i B & B, (25
ZINRIORE B RA RS B — L 5 B AR A, 390 BIRORE S B2 1K 99% LA F o X [FFE AT BATE
B, BEE CsA BEALRARIKAL R B AT, ARG CaA Wi 2 A Wrig/)s, it
MY 2R TARRECR I CsA BRI 2 A /KA IAE F ROV AR AR /INT C3 A FIik
AN T 0.1 pm® FIARKA C3A ORI B LU A BIBN A P47, RIREE /K AL0S A 1)
R, ARFBUNT 0.1 pm? RKA CiA FRITEAR KL C3A FokiH BT o5 1 2
KA,
5.3.1.3 Rkt CA BRI TELL 54T

it SBFSEM Ml 73 B 3k B AN K AL S I CsA AR A1) 3D A
W, AR R ARG CsA RN )i /M FE L B R BE b P3RS b K K

107



[FIPF R AR SRS R A T S ORAE R R /K 8 B AT T £ 8
*w%ﬂ%%%mﬁﬁsw%T LLN%KW%%‘%%%K&QA%ﬁ%
KIEL AT AR I, KA 0.5 d & 3 d BF, KKk C3A Bk i) e /MK 58
N1, TSRS EAS 7 d K 28 d I, RAKAK C3A BRI SN B 1.3 X
VLB C3A BEAL AR () AR AR A ISURLAE AK A B L BRI BERL A, 1 i 25 7K A 1 3R
3K, HARKAR BRI AR 22 . [RIIN ELB AN [ ZK AR AT C3A B0 2 A4
H 2R KA IR B T 25 K B B AT P A 5 LR DR B T LL S5 Bl 7K A 1 1) 14
KM K o i B Bl 5 KA S B BIEAT, CaA TR IR R Hp AR KA RIORL R TR B 2
B HERTE AR

100000
240000 90000

80000
220000 ]

6.00E+008

2.00E+008 4.00E+008

Volume (nmz) Volume (nmz)

(a)0.5d

260000 4
J 50000
240000 4
220000 4
= -
=2

&}

(b)3d

777777

400

200

N\ e NN M

0 00E+000 2.00E+008 4. 00E+008 6. 00E+008 8. 00E+008 1.00E+009

Vlme(m)

(c)7d

0 i u u
000E+000 2.00E+008 4.00E+008 6.00E+008 8.00E+008 1.00E+009

Volume (nm’)

(d)28d

&1 5.23 C3A BEALIEAATR) 3D 5 AR ZKARIORE ) AR 23 A 14
Fig.5.23 Volume distribution of the unhydrated C;A particles in the 3D images of hardened
CsA paste
FERACES N 0.5 d (1) CA TSR A, 8.8% 1 AR KA RTRL
Forr KER 73 FORL G 98 LA T 2-4 22 JA) . KFEEEAL T 2 BA
THIELGIN 19.1%. AEREIN 3 d 19 C3A BRI, 16.6% 1 AR KA
H BE AL T 5 DA b FoAr R UL B 8 LU AL T 2-4 22 8]0 Ferp Qs bU A T
2 LURHIELBIN 13.4%. (EKMEIN 7 d 1) CA BEALIEAR T, 19.1%HIAR KL

H & 5.24 7] %1,
& sE b b 5 BLES

RURL A 98 LEAR T 5 DA b A AR /- UKL A 98 L AR T 3-5 2 [ e gE bl
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Table 5.15 The length-width ratio of unhydrated particles in the 3D images of hardened C3A paste

Length-width ratio of particles
Age (d)
Mix Mean Median Max
0.5 1 3.1 2.8 17
3 1 35 32 21.1
7 1.3 4.1 39 16.3
28 1.3 53 5.1 16.6
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Fig.5.24 Length-width ratio distribution of the unhydrated C3A particles in the 3D images

of hardened paste
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Fig.5.25 The degree of hydration of the hardened C3;A paste with different hydration age
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Fig.5.26 3D structural images of the open pores (yellow) and closed pores (red) in the

hardend CsA paste hydrated for different times

5.3.2.1 FOFLEREDH

ANFERAEE I A Wb AR E R 3D G a] DU B /N LR B
B KIFIFLBRE AR FFIFLEBR P38 B A% DL BT HFLBR B A B4R 20 Al an 3R
5.16 ione B 5.16 WAL, AFEZKACEIHE /N D FLEAREA 89 nm, HITH
FLI eI ZR RS BT i (1) B /IME o AN R KA 8 1A B K 1 FLI il o 6 B3 K 2
BRI B o AN R KA IS TR0 T 1 FL G 7 34 LA RN R S T4 U i 5 7 A% 4T e 3
KGR, X2EF N CA FIEER S, KM 7d LG, HRE AN IT
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RGOS st Al sr SESRY) R SR i T RAORTERERR SR /K U 5™ /K AL 5 v 2
HfL 2B A N M ALECE T 5%, AT BT B LR .
% 5.16 C:A BEAL S AAR) 3D R HIT AL EAR
Table 5.16 The diameter of open pores in the 3D images of hardened C3;A paste

Diameter of open pores (nm)
Age (d)
Mix Mean Median Max
0.5 89 274 192 1.6x10*
3 89 289 213 1.6x10%
7 89 314 234 1.0x10%
28 89 436 278 7.2x103
200
180 4 200
1604
140+ 150 s
1204
E 1004 g
6 6 100

80+
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204 l
T M T T T T T 0
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K 5.27 CA BEALIZARI) 3D BE T DL ELAR 7341
Fig.5.27 Diameter distribution of the open pores in the 3D images of hardened C3A paste
KT 7KAER A 0.5d 1) C3A B 2R A, 97.8% B H I FLEARAL T 1 wm LA
XTI 3 d 1) C3A REALIRAR, 98.0%HIJT FLEARALT 1 pm BAY: K
WEHIN 7 d ) C3A BEALIRAE, 96.7%HIJT MFLEARGL T 1 pm BLA: XF T 7K1k
WA 28 d 1) C3A BEALIRAR, 97.0%HHF FLEARALT 1 um BAN. B 5.27 R
T A FEZRACE AR A R AR T B AR/ N T 1 pm BITF AL A1 0. AT 7K A0RE
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% 5 % SBFSEM MAH AW 78 /K I B W A0 ¢ 1k

B4 0.5 d AR AR, 78 1 um URYEREIN, 83.0%MFLE E 4240 T 100 nm —300
nm Z [ XTI 3 d BRE IR AR, 7E 1 um LURYEREIN, 67.2%1 LR
EARALT 150 nm —300 nm 2 [A] . XFT/KAGE A 7 d BIEEIL IR AR, 7E 1 um AT
LA, 59.9%MFLER B A2 4T 100 nm — 300 nm 2 8] FF/KALE A 28 d 1)
TEALIZ AR, 75 1 um L RYEEIN, 88.3%MIFLBRE A4 F 100 nm — 300 nm Z [A],
RIBE A KA S S REAT, BEARE/NIFE L ELAA B BRI
5.3.2.2 AOFLER T

£ 5.17 NARIKWEE I CsA WAL AR @ 3D EHE aT RLR A B 5T
FFLRRARRR e R L FLBRARAR « FF EFLER IR AR AR DA AP 39467 o &t AN TF]
IKAL S SRR SR R 1) 3D B EUR, /NI AU N 3.6x10° nm?, Hoi K
TEEFUARFAREE 68 SR R T A Wrd N o LA T 2.4x10° nm’-3.2x10° nm?
218, HALAEFRAN T 3.7x10° nm3-1.6x107 nm® Z [8]. XFFKAEA 0.5 d (1)
3D HAEKME, ABURT 1 um’ FFF DALECE & B B =1 5.5%, (H2 AR
TFHFLEARRRI 66.5% . X TR 3d 11 3D EHZEME, AAAKT 1 um’ (1)
LR S RS EE R 1.2%, HARRR ST B FLEAARRI 65.8%. X T 7K ALl 1
N 7dH 3D BEEEUE, AHEKT 1 pm® I OFLEE SRS E T 4.3%, HAR
FUE T OFLESARFRT 66.1% KT /KAGES AN 28 d 19 3D HEEUE, AR T 1
um?® FIFF LA 5 B BRI 2.0%, HARFL S OFLEARFRIT 62.0%. X T4
[FE KA B SHAEAC I AR ) 3D BRI, Hodm K AT AR B LR AR Bt A6 08 S
BOMASWIRN, KA E A 0.5 d i, Has REFF OFLEFN 2x102 nm?, 24
KAGES A 28 d BF,  Ho KIFF DAL 2x10" nm?,

F 5.17 C:A BEALIAKI 3D BUE HIF I FLIKI AR
Table 5.17 The volume of open pores in the 3D images of hardened C3A paste

Volume of open pores (nm?)
Age (d)
Mix Mean Median Max
0.5 3.6x10° 3.5x108 3.7x10° 1.0x10"?
3 3.6x10° 2.4x108 5.0x10° 9.1x10"
7 3.6x10° 3.2x10° 1.6x107 3.7x10M
28 3.6x10° 4.6x10% 8.2x10° 2.0x10"

Kl 5.28 NARIZKAL IS HAR CsA BEAL AR B 21 3D B, AL T 1 pm?
LR B D ALAR S A B . 3T /KIGE N 0.5 d BIRELL 3R AR, Hd AR
AT 0.2 pm® LURFF DAL RS 5 B S 1 86.1%: AT /KAGLES 9 3 d (1)
Wtk A, AN T 0.2 pm?® BUF B FLALARF SR 2R 96.4%; Xt
TARAGE A 7 d BRI AR, HAERAL T 0.2 pm? LR B D FLIAFREE 5
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FEER 94.1%; Xﬂ“?ﬂ(%mz/ﬁjﬂ 28 d UREALIR AR, HAR AR T 0.2 pm’ BUR
HIIT LA RECE & B 96.8%. FEA KA RN HIBEAT, ARREBCR BT F4L
AL IR A SN A FEAT IZT O R AR BN T 1 $L, B R K AL P 0 3R 78 1 %
NZAHESLe RFREUN T FFL 2 BEE KA S ML REAT AN/, ELZ T 2K
ERARRGLT 0.2 pm? BN BT 1 ALAE B BT 1AL b 0 Ee ) S 08 K 3
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Fig.5.28 Volume distribution of the open pores in the 3D images of hardened C3A paste
5.3.2.3 FFOFLKIELL 4R
AFZRACE ) CsA BEAL AR R 3D B BB, T ORI ER/MKTEEL . Sk
Kewi b, PR L R tp A K 58 EE B L R 5.18 P
% 5.18 C3A TEAGIAAR) 3D R AT DIFLIK 38 LE
Table 5.18 The length-width ratio of open pores in the 3D images of hardened C3A paste

Age (d) Length-width ratio of open pores
ge
Mix Mean Median Max
0.5 1.6 4.7 43 21.1
3 1.5 4.8 4.7 20.9
7 1.3 43 43 24.8
28 1.4 4.2 4.4 13.1
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2 5.18 WA, AN [EIK AL i SAE A0 R AR T L e K B8 LU AL T 1.3-1.6 2 [H],
KK AT 13.1-24.8 2Z 18] o T AN [R16& JHFF VAL~ P35 A A A8 A T 4.2-
4.8 Z[8], IR AN [F] AR SRR A A vb (1) LR~ B R TR A B AT LUK
B, TF LA 348 AR A A AT DAAA TR G 52 2 B 5 7K A 6 S0 PR 18 DR A W9 /)
(R, AH R TP ALE AR A BRI — R
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Fig.5.29 Length-width ratio distribution of the closed pores in the 3D images of hardened C;A
paste
FETKALE I 0.5 d AR RAR B2 BB, 79.9% K ALK SE LLAL T 3
PAE, 1%RF BFLIRARLIEAL T 2 BN, i RE I DL K AR AL T 5 /2
Ao HUKAESIY 3 d i, KA T 3 BLERITFEAL &5 2R 95.5%, Kb
HALT 2 LR EIFF LA 0.4%, A Rior i DFLR R st T 5 A, =K
WDy 7d i, KSEEEAL T 3 DUERIT AL 2SR 71.2%. 5.9%17F 4L
HATE ELAL T 2 BATR, i R ALK SEEEAL T 4 A . 2a/KAB i 0y 28
d iy, KIEEALT 3 PLERARKAMRRL 5 22 70.1%. 8.6% 87T HFLATK 58
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[P RS TS A S ALY 333 F T R AORAERERR £h /K Y6 Sy W K AL AIT 78 B N
EAbT 2 DR, HrpoRE T ALK s LLAL T+ 4 224 .
5.3.2.4 FIOFLERSH

WIER 519 AIAL, ANFEZKAGE A CsA BEALIK AR 3D = G T U 1)
/N AL EAZREIN 40 nm, K ESLERLT 4.1 pm—9.1 um Z (8], 72
BARAT AL ELAR U it 5 7K ST AT A BB ) o

% 5.19 C:A AL IR AR 3D BIHGH A DL ELAR
Table 5.19 The length-width ratio of closed pores in the 3D images of hardened C3;A paste

Diameter of closed pores (nm)
Age (d)
Mix Mean Median Max
0.5 40 116 91 4.1x103
3 40 109 89 3.3x103
7 40 98 82 5.8x103
28 40 95 82 9.1x103

K 5.30 NAFZKIE I C3A BEALIRART 3D KB H, HEE/NT 1um [
P Lo A
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Fig.5.30 Diameter distribution of the closed pores in the 3D images of hardened C3A paste
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ST KAEIAN 0.5 d LR AR, 93.9% 0 I FLEARAZ T 200 nm PAW;
XET KA 3 d FIEAL AR, 92.9% P FFLELARAL T 200 nm BAA; X T7K
W8 7 d RIREALIRAR, 94.1%H] I FLEARAL T 200 nm PAK; X T 7K AL Y]
428 d IREAL AR, 95.1 %] I fLEARNL T 200 nm DL . DL, BEE KL
NLRREAT, EARNLT 200 nm PA I FLALAI & B LEBIAS g oK
5.3.2.5 HIOFLIFFASHT

IR 520 AIAL ANFEZKAGE I CsA BEALIK AR 3D = G mT U 1)
a/ N FHLEIE RS 3.4x10* no’, R EH A PLIN BB 1 N VS L. A
KA AT 50 B K P LR RRAR T 19 pm® — 100 pm?® 208, 3 3a FIEK,
X R P F LRI K AR 52 0 A E A RIS, AT S IREALIE . AN R ZK A i J
SRR T T S LR AR A AL SRR ECARSE , £E 3.3x10° nm’-4.3x10° nm” 2Z [A] f]
e ek

% 5.20 C3A BEACS AT 3D EHG b EFL IR AR
Table 5.20 The volume of closed pores in the 3D images of hardened C3A paste

Volume of closed pores (nm?)
Age (d)
Mix Mean Median Max
0.5 3.4x10% 4.3x10° 4.2x10° 3.6x10'0
3 3.4x10% 3.7x10° 3.8x10° 1.9x10'0
7 3.4x10* 3.3x10° 3.4x10° 1.0x10"
28 3.4x10% 3.7x10° 3.6x10° 2.0x10'0

LKA TN 0.5 d I, AR T 1 um® B9 D FLBCRAE SRR B DL B
L 0.03%, HARBLE S & 5 AW DAL EL B 35.5%. /KGR R 3
d i, ARFIKT 1 um? B O FLEE AR S D S0P RT S B ER BN 0.02%, Ak
SR B S B P DFLIER R 27.9%. 2K AN 7 d B, ARAR T 1 um?
() A 1 FLAR R AR A ) P T LA B o R ERAE R 0.03%, HARBR S 1 7 S 1 B AL
L 55.2% KA AN 28 d I, ARFRRT 1 um?® B D FLEEAE 2 1 P
LA BT A7 BRI 0.04%,  FHARFUE S & 5 2 i P D FLI LRI 67.2%

Kl 5.31 AARIKIES T CA SRR E ) 3D BEH, HAALT 1 um’ L
TR OFUAR St A B . TR B2 5078 0.5d 3dy 7d K& 28d Hyfilt
Th3e Ak 3D B g, HAEBRALT 0.1 pm?® BUR K H FLARFR B & ik 3] 2
I 99%LL E, HRH GRS EINAEER . KIEIN 0.5 d BIRE1LR4E,
PABUNT 0.1 wm3 FIP AFLAERL S 1 um?® FLERARUE B 63.1%. KA HAA
3 d WAL IR AR, BN T 0.1 pm® B9 LR AR & 1pm?® P FLBRIA R & 1) 73.4%.
IKACEE BN 7d FIREAL AR, AR/ 0.1 pm? (9P D FLAARAR 5 Tum® Y FLERAARFR

117



[FlGF RS i s

LD T R RORAERE IR £h/KYE S VK At 7t i R B

R 66.8%. KALEE DY 28d IBEALIZAR, AABUNT 0. 1um® B P 1 FLARAR
1pm?® W FLBRAATRS B 67.8%, RIBEAE KA S IHEAT, ABU/INT 0.1 pm? [ FF)
F LI AR ARAE e (AR R R BT o5 B0 B Ak 18 O 3

100000 §

\
N
50000

Count

30041
2000

10

7
7

0.00E+000 2.00E+008 4.00E+008 6.00E+008 8.00E+008 1.00E+009

Volume (nml)

(a)0.5d

110000

105000

|

0 i u T T
0.00E+000 2.00E+008 4.00E+008 6.00E+008 8.00E+008 1.00E+009

Volume (nmz)

(c)7d

280000

260000

Count

0 T f T
0.00E+000 2.00E+008 4.00E+008 6.00E+008 8.00E+008 1.00E+009

120000
110000
100000

0 &\&& N = . ; .
0.00E+000 2.00E+008 4.00E+008 6.00E+008 8.00E+008 1.00E+009

Volume (nm’)

(b)3d

77

Volume (nmz)

(d)28d

K 5.31 CsA fEALIRAAR T 3D UG Hh BT 11 SL B A AR 23 A1 6]
Fig.5.31 Volume distribution of the closed pores in the 3D images of hardened C3A paste

5.3.2.6 AOFLKELE SR

AFZRAE I C3A BEALRAR ) 3D R EE S, MO EMCELL. &K
KA PR L S ALK 58 LU RIS DL N & d% 5.21 Pir .
% 5.21 C:A TEAGIZARI 3D BG A bA LI K 58 L
Table 5.21 The length-width of closed pores in the 3D images of hardened C3A paste

Length-width ratio of closed pores
Age () Mix Mean Median Max
0.5 1 3.6 3.3 28
3 1 3.7 3.5 24
7 1 32 3.1 18
28 1 33 3.1 20

XF EEAN TR KA 08 30 FRT A 11 LR~ 2504 B8 B A o (824 B8 BB AT AR I H: B /i
TELLION 1, MK AT 18-28 Z 18] AN [FEHIIT H FLHF BHE A ALAE
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WAET 3.1-3.7 Z 18], BEE KA B EAT , P LB BE AR 2 LT a3
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Fig.5.32 Length-width ratio distribution of the closed pores in the 3D images of hardened C;A
paste

FEKAER Y 0.5 d BIAEAL I 44 3D B EIER . 57.6%H) A D FLEIK 58 LAk
T3 UUE, 14.6%K9H HALRK S LA T 2 BUR, Herp ok P O FL A o LAk
T35 7 KA 3 d IR, K8 EEAL T 3 DA BT T AL o5 21 B 63.4%,
KB LEAL T 2 U HIF L0 11.6%, Herb KA P FLIIC B8 LU AL T 3.5 224 .
HUKAEIIY 7 d i, K FEELAL T 3 BLERIP DL B R 53.0%. 20.5%H)
MRS FE AL T 2 BUT, Hd K D SLAI R FE L AL T 3.0 Zed . 2Kkit
WY 28 d I, KTEELAZ T 3 BLERIFI D FL A LR R 50.9%.  18.4%FIH] I 5L
HATE ELAL T 2 BATR, Herp RE P ALK SE EL AL T 3.0 24 S BB KAk
S SL T HEAT P L FLEEAA R BR A BE RS K, K AT Pl A1, X 2 B th T REE KA
SNLHEAT KA MR FE AT
5.3.2. 7 fLNER S

WIER 5.22 AIAL, ANFEZKAGE CsA BELIKARR) 3D = G AT iU 1)
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RGOS st Al sr SESRY) R SR i T RAORTERERR SR /K U 5™ /K AL 5 v 2
B/ NMLBVEARYI DY 40 nm, B9 %d A PRI ¥ & H) e/ RV HE LR . ASFRKAR
W BRI B RFLE AL T 9.1 pm— 16 pm 2 0], I H AR 51 & K FLBR 1 B
1R BE KA IR BE R TN o PR EARAR 1AL B AR REE A i B, 7K Ak
W 0.5 d I, FOPIEARA 121 nm,  HUS A KA A B35 KA BTG
& 5.22 C3A BEALIEARR) 3D BB H LB
Table 5.22 The diameter of pores in the 3D images images of hardened C3A paste

Diameter of pores (nm)
Age (d)
Mix Mean Median Max
0.5 40 121 92 1.6x10*
3 40 113 83 1.5x10*
7 40 100 82 1.1x10*
28 40 111 90 9.1x10°

T ANE KA ES B C5A TEAL 34K, FLAA KT 1 pm BIFLERLE S A FLBRE A Y
Ham HHAL 0.1%. KB 5.33 NAFRIZKAERIH CA 1L IR AR 3D & 2 g H,
HANF 1 um B 05004 1K .
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Fig.5.33 Diameter distribution of the pores in the 3D images of hardened C3A paste
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TR 0.5 d IAEAGIRAR, 91.7%(1 F I FLEARAL T 200 nm BAA
XT KA 0 3d BOREMLIR A, 93.8% 1 I FLEARAL T 200 nm LAWY ; Xf T7K
W8 7 d RIREALIRAKR, 94.0% H] I FLEARALT 200 nm PAK; T 7K AL 4 Y]
28 d MEALIR A, 93.8% ) FFLEARNL T 200 nm PAPY . i B BEH /K A0 M
AT, CsA BT B AR/ T 200 nm [P D FLBR B AL T Fhah &5 P 2
H, IRRE R AW R AR
5.3.2. 8 FLRYARR 4R

WIER 5.23 AIAL, ANFEZKAEN CsA BRI 3D = G AT U 1)
/N PLRIRRR Y 3.3x10%, B9 ab B ¥ B 1 e/ N HEVE L. ASTRZK AL
WA AR AL AR P B R FLARARAL T 200 pm? — 1000 pm?® 2 J8], L rp g K LA R K
MBI AR B T B o ASRIKAG IS SR R AL SR A iR~ 28 SLARAR — D5 T
A P FLIIECRAT K, J3— 5 AR FRBORFL T 5 (R B4 5 . KA I8 0.5
d iy, ERRRT 1 pm® L7 S B FLRI R B S T EE1 0 0.03%, HARRRE &
B EALITEEG Y 44.8%; ZARALEIN 3 d I, ARIRT 1 pm? A9SLAE S AL
KR P R T SR EEBI0N 0.02%, HARBUE & & S 2 LI G0y 42.0%; =K
WY 7 dIF, ARRRR T 1 pm?® LA R AL BRI EL Y 0.05%,
R S8 LB 43.2%; /KA 28 d I, AABURT 1 pm? 4L
LU BCE T I S LB 0.06%, HARBLEE & LS FLRELEIA 38.2%.
Hr A7 FL AR U 5 B AN [ 7K P 1 S PR BEE A S A rh K FLERAR AR b T 2.8%10° nm?
-4.2x10° nm® /£ 45

R 5.23 C3A BEALIEAAR) 3D G FLI AR
Table 5.23 The volume of pores in the 3D images of hardened C3A paste

Volume of pores (nm?)
Age (d)
Mix Mean Median Max
0.5 3.3x10* 2.1x107 4.2x10° 1.0x10'2
3 3.3x104 9.0x10° 3.6x10° 9.0x10"
7 3.3x104 1.7x107 2.8x10° 3.7x10"
28 3.3x104 1.2x107 3.6x10° 2.0x10"

K 5.34 AR CA LR (A E 22 /9 3D &, AT 1 pm® BUR
HIFLIERR I GETt AT B o 36 T A R KA i HSAL S AR 1) 3D BEt R, Hrp AR
AT 0.1 pm? PR B FLAAR TR B IR B8 99% LA b, H 2 HARRR 5 EL A By
ZESt. KA 0.5 d BIBEAL AR, AARR/INT 0.1 pm® FIALARRR A 1 pim?® ALK
RS R 32.3%. KALEEIY 3 d IIBEALIAR, AR T 0.1 pm?® FLAARR S 1
pm’® N FLBRAR U R 1) 28.9%. KRy 7d BIREALIR M4, ARVINT 0.1 pm? 1
FUEFE 1 pm® NFLBRARFAS B 35.8%. KAGESIASY 28 d HURELL R AA, AARFR /1N
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Fig.5.34 Volume distribution of the pores in the 3D images of hardened C3A paste
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Table 5.24 The length-width of pores in the 3D images of hardened C3A paste

Age (@) Length-width ratio of pores
Mix Mean Median Max
0.5 1 3.6 33 28.0
3 1 3.7 35 23.5
7 1 3.2 3.1 24.8
28 1 33 3.1 20.2
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Fig.5.35 Length-width ratio distribution of the pores in the 3D images of hardened C3A

paste
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Fig.5.36 3D structural images of the hardend C3A paste hydrated for different times
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Fig.5.37 The changes of the total porosity, the porosity fractions of the opend and the closed pores
images of hardened C;A paste during hydration
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Fig.5.38 The porosity fractions of the pores with different sizes of the hardened C3A

paste hydrated for different times
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Fig.6.1 2D BSE images and grey level histograms of hardened paste of multicomponent system

hydrated for different times
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Fig.6.2 3D structural images of the unhydrated particles of multicomponent system in the
hardend paste hydrated for different times
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Table 6.1 The diameter of unhydrated particles in the 3D images of hardened paste of

multicomponent system

Diameter of particles (nm)
Age (d)
Mix Mean Median Max
0.5 40 90 82 1.5x10*
3 40 91 81 1.2x10%
7 40 88 80 8.8x10°
28 40 87 81 7.7x10°
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Fig.6.3 Diameter distribution of the unhydrated particles in the 3D images of hardend paste

of multicomponent system
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Table 6.2 The volume of unhydrated particles in the 3D images of hardend paste of

multicomponent system

Volume of particles (nm?)
Age (d)
Mix Mean Median Max
0.5 3.3x10* 4.8x10° 3.0x10° 1.1x10!2
3 3.3x10* 5.6x10° 4.0x10° 4.6x10'"
7 3.3x10* 5.2x10° 3.3x10° 2.2x10!
28 3.3x10* 4.0x10° 2.1x10° 1.8x101
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Fig.6.4 Volume distribution of the unhydrated particles in the 3D images of hardend paste
of multicomponent system
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Table 6.3 The length-width ratio of unhydrated particles in the 3D images of hardend paste of

multicomponent system

Length-width ratio of particles
Age (d)
Mix Mean Median Max
0.5 1 3.1 3.0 17.6
3 1 2.2 1.9 12.3
7 1 2.0 1.9 10.3
28 1 2.1 2.0 26.7
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Fig.6.5 Length-width ratio distribution of the unhydrated particles in the 3D images of hardend
paste of multicomponent system
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Fig.6.6 The degree of hydration of the paste of multicomponent system with different

hydration age
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Fig.6.7 3D structural images of the open pores (yellow) and closed pores (red) in the hardend

paste of multicomponent system hydrated for different times
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Table 6.4 The diameter of open pores in the 3D images of hardend paste of multicomponent

system
Diameter of open pores (nm)
Age (d)
Mix Mean Median Max
0.5 89 303 228 1.7x10%
3 89 253 188 1.6x10*
7 89 259 216 1.4x10*
28 89 246 168 6.6x10°
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Fig.6.8 Diameter distribution of the open pores in the 3D images of hardend paste of
multicomponent system
XFFAFIZKACE A 2 ek RAEAIRAK, BEARALT 1 um DURBIF DALY
B LR S B 99% L Fo B 6.8 NARIKALEE AR T, BAR AL
T 1 pm PURHPIT RLBR A O X T/KAG I 0.5 d HIBEAL AR, 72.8%)
fLER EAZAET 100 nm — 300 nm 2 [A], BUEREE 70 I LR ELAR Ab T b A EAR 228
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AT HAL EAR 216 fiti o T /KALESIH Y 28 d IIAEAL R 4K, 81.5%HIFLIR E A%
46T 100 nm — 300 nm Z[], BPRERSH HALBR I AR AL T H AL B AT 168 Lty
bEE AR B R, TFH LI EARE T
6.2.2.2 FOFLATR S

% 6.5 NZ ok RA R KA IS R4 0 4 5 1 3D G AT DATE 1 ) B )
FEIFLBE AR B K TF TFLBRARRR S T D FLER ) R AL AR DL P IR . ASF] K
A8 BRRE AL AR 1) B /NI LA LA AR 35 3.6x10° nm?, 1T B KT LR A4 AR
6 25 7 A8 T PR 188 R AN BT /S o AN [R] 7K AR08 SR B A 2R A2 ) 5 1 FL R~ 50 A AR A
rR AR 2R AL T 1.3%10% nm?-2.4x10° nm? A1 2.3x10° nm?-7.3x 106 nm?> 2 [A] 5,
T S TP S 328 il T e, X NAN [R] KA e T R 1 L RT 1R ) £ 28 A
BRIFOFLERAT S LEIE <. il Avizo HAFXFF D FLEH TR A It 2
T 2 PR B A IS LR A S R A TE L, B B2k AR =AU /T 10,
ERLEE AR AR /N B T 1 FLATE AN 21 R B 225K T H L33 T4 500

YT RAGEE I 0.5 d RELL IR AR 3D K, AEUKT 1 um’ IO
FLEE 5 RS BE N 1.7%, H2 HARR 5 T D ALEARTR ) 75.2% 0 %I 7K A6 S
N3 d BRI AR 3D EEEIE, AT 1 um® BT DFLEE S B = )
1.1%, {H2HARR 5 I O FLEAARFR T 76.7%. T /KAGRIN 7 d 1) 3D HEEK
%, HBURT 1 um® I DFLEE 5 2R EER 0.9%, HA2AHARR HFFOFLE
AR 77.3%. X T/KAGES A 28 d /9 3D B KIS, AT 1 um® KHF 4L
i b B N) 0.8%, (H2 HARTR 5T HFLEAR TR 65.3%.

% 6.5 Z otk KRR 3D BUEHIT LI AR

Table 6.5 The volume of open pores in the 3D images of hardend paste of multicomponent system

Volume of open pores (nm?)
Age (d)
Mix Mean Median Max
0.5 3.6x10° 2.4x10° 1.9x10° 1.4x10!2
3 3.6x10° 8.7x108 2.3x10° 1.1x10'2
7 3.6x10° 8.9x108 5.3x10° 7.0x10"
28 3.6x10° 1.3x108 4.1x10° 7.5x1010

K 6.9 AARMLT 1 pm® DU BT DAL Ge it A Bl Tk A1y
0.5 d FIBEAL IR A, FLA AR T 0.2 pm’ BUTR BT 1 FLAARR B & 5 215201 80.6%:
XFFIRACE I 3 d BOREAL AR, AFRALT 0.2 pm? AR T SLALECE S 3| A&
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Fig.6.9 Volume distribution of the open pores in the 3D images of hardend paste of

multicomponent system
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Table 6.6 The length-width ratio of open pores in the 3D images of hardend paste of

multicomponent system

Length-width ratio of open pores
Age (d)
Mix Mean Median Max
0.5 1.6 6.9 6.3 40.6
3 1.4 3.9 3.7 11.0
7 1.3 2.9 2.7 9.8
28 1.3 3.6 3.5 14.2
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Fig.6.10 Length-width ratio distribution of the open pores in the 3D images of hardend paste

of multicomponent system
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WRE 6.7 Wl ZIulR RAFKAE LR 3D H i B R i alil
/N L EAR Y OY 40 nme.e 22 T A 5 AN [ KA & ST T RU31  5e KPA 1E1 L
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Table 6.7 The length-width ratio of closed pores in the 3D images of hardend paste of

multicomponent system

Diameter of closed pores (nm)
Age (d)
Mix Mean Median Max
0.5 40 132 118 2.1x10°
3 40 121 105 4.1x10°
7 40 106 94 4.2x103
28 40 108 95 3.3x103

Kl 6.11 N2 Tulk RANFERAEE B REAL R AR 1) 3D B+, BHRA/DNT 1
um P ESLER AR . AT KAGEH Y 0.5d IR A4, 89.7% M) HfLE
AT 200 nm LA 5T KAGEE I 3 d OREAL AR, 91.2%R9 ] D FL B4R A T
200 nm BAP; X ToKAGEEEASY 7 d BREAL AR, 92.6% (1) P FT L ELARAL T 200 nm
DL s S TR AR B9 28 d BRI AR, 94.4% ) P D FLE 242 T 200 nm LAPY -
RIE, & KA N AT, EAR/NTF 200 nm [P 1 FLECE 7R & 1 b LR T
LA N =E-
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Fig.6.11 Diameter distribution of the closed pores in the 3D images of hardend paste of

multicomponent system
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Table 6.8 The volume of closed pores in the 3D images of hardend paste of multicomponent

system
Volume of closed pores (nm?)
Age (d)
Mix Mean Median Max
0.5 3.3x10* 3.3x10° 8.5x10° 5.5x10°
3 3.3x10* 2.9x10° 6.6x10° 3.6x10'0
7 3.3x104 2.5x10° 5.1x10° 4.0x10'0
28 3.3x10* 2.0x10° 4.8x10° 1.8x1010
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Fig.6.12 Volume distribution of the closed pores in the 3D images of hardend paste of

multicomponent system
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Table 6.9 The length-width of closed pores in the 3D images of hardend paste of multicomponent

system
Length-width ratio of closed pores
Age (d)

Mix Mean Median Max

0.5 1 3.6 33 26.0

3 1 2.6 2.2 16.4

7 1 22 1.9 11.6

28 1 2.0 2.0 19.0
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Fig.6.13 Length-width ratio distribution of the closed pores in the 3D images of hardend

paste of multicomponent system
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LK 6.10 AT4N, H SBFSEM MR A E L) Fr B = 28 1A [l K AL
IR 2 ook RAEAR AR 3D EUE A AT U0 ) e/ NLI B AR N 40 nm. AN[EIK
TS BAR) 2 ek R IR R 3D EEEG RN OILERL T 6.6
um- 17 pm Z [8], FF H AR5 08 K FLBR 1 B AR B KA B 038 KAk . A
[E] KA 8 3 22 T A4 2R A5 Ak S A4 (1K) L 1) 1 1) BLAR B b o7 B4 1 I 2 /K A 1% 301 f 1
KEIBES . BEE KN T, 2 oA S A 3% A A mT 0] B LI RT
Bt KA =) B SR 78 AN/ DT G S 5B RH S A B 5 7K A 6 B PR 18 K
T AT/ o

% 6.10 Z ok RN 3D BHE Sl EAR

Table 6.10 The diameter of pores in the 3D images of hardend paste of multicomponent system

Diameter of pores (nm)
Age (d)
Mix Mean Median Max
0.5 40 129 124 1.7x10*
3 40 111 107 1.6x10*
7 40 108 96 1.4x10*
28 40 105 94 6.6x10°

X T2 ek RA R KA RS SHI IR AR 3D EE R, BT 1 pum (1)
L LA E BB 99%LL E. K 6.14 it ot T HA/NT 1 pm BIFLEI B4R
ARTE DL TEZ TG P, TR N 0.5 d 12 otk KRR, 81.7%
IFLEARALT 200 nm A s XF T7KAGES I 3 d IURELLIRAA, 90.8% 1) FL ELARAL
T 200 nm PA; XS TKAGES A 7 d BIBEALIR AR, 94.2%FLEAALT 200 nm
A s 5T /KAGES I 28 d BIREAL IR 4K, 94.1%HIFLEARALT 200 nm AN . [l
Uk, B KA N FIEET, BT 200 nm PP I FLBR L) 21Kk A
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Fig.6.14 Diameter distribution of the pores in the 3D images of hardend paste of

multicomponent system
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Table 6.11 The volume of pores in the 3D images of hardend paste of multicomponent system

Volume of pores (nm?)
Age (d)
Mix Mean Median Max
0.5 3.3x10* 3.1x10° 7.8x10° 1.4x1012
3 3.3x10* 1.5%107 6.9x10° 1.1x10"2
7 3.3x10* 1.2x107 6.6x10° 7.0x10!1
28 3.3x10* 3.2x10° 5.1x10° 7.5%1010
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Fig.6.15 Volume distribution of the pores in the 3D images of hardend paste of
multicomponent system
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Table 6.12 The length-width of pores in the 3D images of hardend paste of multicomponent

system
Length-width ratio of pores
Age (d)
Mix Mean Median Max
0.5 1 3.6 33 40
3 1 2.6 2.2 16.4
7 1 2.2 1.9 11.6
28 1 2.1 1.8 19.2
Kl 6.16 NANEIKAL & 2 o id SR A th LI 58 B I G i o0 A B
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Fig.6.16 Length-width ratio distribution of the pores in the 3D images of hardend paste of

multicomponent system
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Fig.6.17 3D structural images of the hardend paste of multicomponent system hydrated for

different times
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Fig.6.18 The changes of the total porosity, the porosity fractions of the opend and the closed
pores of hardend pastes of multicomponent system during hydration
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Fig.6.19 The porosity fractions of the pores with different sizes of the paste of multicomponent

system hydrated for different times
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Fig.6.20 Compressive strength and the connection between porosity. mean diameter and mean

length-width ratio
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