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Table 1 Chemical compositions of industrial

raw materials W/%
Raw material  SiO, ALO; Fe, O3 CaO MgO  SOs Loss
Limestone 061 0.05 0.19 559 001 042 42.64
Bauxite 17.99 5444 598 274 032 0.06 1502
Fly ash 5247 3402 292 3846 0.69 027 232
Anhydrite 141 056 022 3846 3.11 4881 6.56

W is mass fraction.
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Table 2 Proportion design of phases and chemical compositions of clinkers W/%

Proportion design of mineral phases Chemical composition

Sample No.

C:S CsS C4As$ C4AF C$  Crystalseed  SiO, ALO; Fe,05 Ca0 SO,
JC1 50 5 25 10 10 0 18.76 14.64 3.29 54.15 9.16
1C2 1 18.42 14.61 3.09 53.18 8.70
JC3 3 18.49 14.35 3.10 53.54 8.49
JC4 5 18.56 14.10 3.12 53.90 8.28
JC5 10 18.72 13.51 3.16 54.72 7.80
JC6 12 18.80 13.24 3.18 55.10 7.58
JC-Ay 45 10 25 10 10 0 18.33 14.64 3.29 54.58 9.16
JC-Aj 10 18.19 13.47 3.33 54.76 8.17
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Table 3 ICSD collection codes for all phases used for the
Rietveld refinements

Phase Space group ICSD code Reference
B-CsS P2i/n 81096 [14]
o’-C,S Pnma 81097 [14]
o-C,S P63/ mmc 81099 [14]
CsS Cm 64759 [15]
0-C4A3$ Pcc2 80361 [16]
c-C4A3$ 143 m 9560 [17]
C4AF lbm2 2841 [18-19]
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Fig. 1 Sintering shrinkages of the samples
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Table 4 Free lime contents of samples  w/%

Sample No. Clinker crystal seed content  Free lime content
ICl1 0 0.13
JCc2 1 0.20
JC3 3 0.23
Jc4 5 0.21
JCS 10 0.21
IC6 12 0.28

2.3 @RI Rk R I R A S0

B2 35 okl Fl ) A R n A B2 A
DSC-TG #Hhizk. MK 2a "W, FHEEAEI T
5 MNRIMABF 3 RmERK. 1 ADNRMBLLE
500 'C, FEAEFERUMN R ESE, XIETEPLLF
4 i A& B AN 255 K I K« 700~800 °C 1M 4
BAEH CaCOs 7RI IR, R B 14 i 55 35 1) o o
1K . 1100~1200 C IR A A2 B T CaSO, Filid I
A A fik PR 5 (CsS08) 70 i 3 B I (°F 3C R AL vy Ui
XRD M gh Rl 7% %), H CaSO, 7
BB SO; I S, i 2b AT, 55 4 MR
AL T 1280 CHEAT, SRR, 4% 5 4
WAL T 1300 CAA, KR CuAz$5 AT AR
R AR . i 2 W, B R R B
BIHIN: 1) CaCOs 7 -5 FRAR, 07 452 2 320 T sk
A, R R IR AR AT BEIESREE, BB CaCO; &
fRIEZ M 2) CaSO4 Fl CsS,$ 1 3 It FE T 5+
3) 1200~1300 “C Py I #4 S B BE AN 2. 3%, VRAHT B
N, X 5 2.4.2 F ) XRD & &40 B 2 AH &
BN SR



. 40 - Qe N2

J Chin Ceram Soc, 2025, 53(1): 3746

2025 4F

2
100 —1Cl1
——IC4

— 1
30 ~ JCs ~
on on
g g
S >

0
60 & 1281.5C g

N

E 0 & &
40 | e =l &
Q (%}
= =

20 b -2 ~71298.5°C1—2

1285.0 C
766.9 C
0 " 1 L | n 1 " 1 1 L L L _3
0 200 400 600 800 1000 1200 1200 1250 1300 1350

Temperature/ C
(a) 0-1350 C

K2

Temperature/'C

(b) 12001350 C

A BHK DSC-TG Hi 2%

Fig.2 DSC-TG curves of raw meals

2.4 @RI EARMH4E R Y R0

2.4.1 XRD 4r#r 3 N BCRHEE
20°~51° XRD #% A1 J) 38 X 38 1 TR 3« B P 3a 1]
DL, BCRHEE S I P2 B E BN CoS s CaAsS$. C3Ss
C4AF. CaSO4, AKH £-CaO MIfiThwE, Hikz
W EW AL RS . I 3b FIE 3¢ AT,
Bt 2R AR N CaASSHT CoS 1) b M4 45 1)
KA, TAE XRD T4 M 31°~32°Z [A /] C5S
A CoS MIFTH FIGES, BB HUAHE. HE
3b 1) CoAsSHFAENT ST UE AT 1, fEFR £h /K Ve 2k

NS CoAS i A HH R TE c-CaAs$TH] 0-CoAs$H:
B2 X T RE T BB AR SINK C4AF S
T B AR BT B, 1 FeaOs 7E C4A3$H I [ 75
B T EOY, 5 2.5 ¥ EDS St
iR —3. B 3¢ N CS FFESRLSIX 29°~35°Fl
40°~44°VE [ /) XRD % . & 3¢ v WL, AHELF Xt
RRZH, R AN S RN, B-CoS HIAT I IEZ T
R, o-CoS HIATHS IR TS, X 3B BB &G PR
IR EE T B-CoS BITE R, (EAF o'-C,S Fl c-CyAsSFr
gy Vi

1-Ye'elimite 2-Belite 3-Ferrite
%3% 4-Alite 5-Free Calcium Sulfate
1221
N1z 21
NN ann .NQJ '“ \“U‘“\_,\Jz\lz\_,\"zL/ ’\‘Fy\/w/\/y/‘/\,__d\

L_JLA_/\N\J\J‘ ‘Uw“ e M .

—
Q
(o)
w
[\

(

—
°
W

%@

Intensity
—
(@]
=

—
@]
[\S]
Intensity

H
e

Intensity
E
Q
=

20 25 30 35 40 45 50 23
20/(°)

(a) 26=20°-51°

23.7224
20/(°)

(b) 260=22.5°-25.0°

1 1
2529 30 31 32 33 34 4
20/(°)

(¢) 20=29°-35° and 20=40°—44°

42 43 4

3 FEALI XRD AT
Fig. 3 XRD patterns of the samples

Bk — 25 K H Rietveld 4= 1 Sl 5 VR ORI
AT R, Moma L LK 4, PG5
W3R 5. CoAsSHI 2 Flr df AL 45 #8558 5 5 R FH
Saalfeld 2R HK) ¢ fALZ5HIAT Calos 25O
) o MTEEMIARA . CoSy C3S AT C4AF 43531
Mumme!™, Nishi Z£U5H Colville 2819152 H 1y 45

PR . 3R 5 AR FER TR CsS TR B R
Tt E . XA RE T AR SO, [ R E
CSPH ), SEZIA R CS T IR AR, &
AT CoS EEAMXIE . BRI, C5S
& B RA R Z; CS & E R EHN;
CoAsS & BIBHT K, YoM & MR RT. (HA2,



53 45 1 XML 2. SRR AR AR i AR A R

PR LK YR BELBE R IR 52 B AL + 41 -

LHRLEF B EN 10%, c-CiA$ S &I B %
X, — BT CoASHERMENE =R, FH—T7
[ ALO; 7TEERAHAN C,S I &1 £ . 5 IR Y,
C,S WM& EMINEES 3 MHmER: 1) sl
AT CoSs 2) #BLERFI T CoS FFIL N C,S;
3) C3S M, 5Ik CaO o b2eitEteshn, #
TERUR) CoSo MHIX I o-CoS (& R FEAL, 2k

Toft 45 b vy AR SR R S o ot 2R e o PR I N B
&R Z, X5 OA ORI G & R Al
BEDEREBRAH IR, SEINBAH B E R 5, HAA
Sy MR PR U 4 3 4 SR S 1 st i Rk,

Em%%%&@ﬁ%?%ﬁﬂﬂ%%*ﬁ%@%

ERBRL R, AR AE C,S AVERAR I RS SR,
BHEA KIEFH SR CS ER, [ P T 5
TETET I
FIFEXT C3S Wil &R E M JC-A Affi, W

BT AHFEIELE 5). T RER E /K e 2R A
B&5IN—E &M C3S. C,S M CLAF §°¥, AF%JE
HBHRR I R, ERAEHRR B ST
W) & =R, JEE—h, RO T B
PEARESRERR Sh K Ve BVRL AT UM R 2 ) & &, L
£ 6. K 6 GERFUCGESL 7RISR RS, 2
BLRFTATEHE CoS FI CLAF FITERL, AFT C5S 1)
TR, HEBRIE T ) & & .

xS FARBOTLER

Table 5 Mineral compositions of clinkers

w/%
Sample No. Rwp
o'-C,S o-C,S B-Czs ZCzS CsS C-C4A3$ 0-C4A3$ ZC4A3$ C4AF f-CaSOy4
JC1 19.00 3.50 35.48 57.98 1.90 4.75 26.22 30.97 5.16 2.86 6.67
Jc2 18.11 3.41 36.65 58.17 2.04 4.47 26.00 30.47 5.73 2.71 6.75
JC3 14.38 3.21 40.90 58.49 2.19 3.79 25.95 29.74 6.13 2.95 7.52
JCc4 13.72 3.30 42.30 59.32 2.44 3.60 25.25 28.85 5.94 2.85 7.06
JCS 11.22 3.20 46.15 60.57 3.03 2.09 23.85 25.94 6.96 2.74 6.80
JCo6 11.90 3.20 45.25 60.35 2.45 1.98 24.55 26.53 6.98 3.41 7.10
JC-A, 14.83 4.72 3791 57.83 2.09 5.56 25.22 30.78 5.80 2.10 6.51
JC-Ayo 8.58 4.94 47.10 60.62 2.89 3.25 22.54 25.83 7.50 2.40 6.65
Rup represents the error factor, indicating the precision and accuracy of the Rietveld whole pattern fitting.
10 500 i
109288 g ) Clinker mineral wi%
9000 i R,,=6.65% Cs lini
8500 | sSmonoclinic (NISHI) 2.89
%)88 i C,Sbeta (MUMME) 47.10
g(5)88 C,Salpha (MUMME) 8.58
o g(s)gg | g C,Salpha (MUMME) 4.94
g 451988 [ i 1 Ca,Al0,S0,-c 3.25
°:é 43‘288 Ca,Al0,,80,-0 22.54
3000 C,AFtrans 7.50
2500
2000 i Anhydrite 2.40
1500 &
1000 ‘“uhﬂr
508 V'LMW&A PR YOy O
=500
-1000
-1500 Y
-2000 0 T N TR O T TR TR YR 0 T AR Y R
S 10 15 20 25 30 35 40 45 S50 55 60 65 70 75 80
20/(°)
B4 FEdL JC-AjoTE 5°~80°(1 Rietveld U4 2%
Fig. 4 Rietveld fitting curves of JC-A,, sample at 5°-80°
&6 WMENMRSEREICERNEETYLE
Table 6 Key mineral contents for low-calcium Portland cement clinkers modified by calcium sulphoaluminate W/%
s e N Mineral contents with clinker crystal seed addition Theretical mineral composition by deducting minerals from clinker cystal seed
ample No.
2C,S YC4A38 CsS C4AF >C.S 3C4A3$ CsS C4AF
IC1 57.89 30.97 1.90 5.16 57.98 30.97 1.90 5.16
JCS 60.57 25.94 3.03 6.96 59.48 28.82 —5.46 5.59
JC-Ag 57.83 30.78 2.09 5.80 57.83 30.78 2.09 5.80
JC-Ay 60.62 25.83 2.89 7.50 59.53 28.70 -5.60 6.13
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Fig. 5 In-situ XRD patterns of CJ-A, sample
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Table 7 Element contents and ratios for key minerals in the clinker samples of JC-A,and JC-A,
W/%

Sample No. n Belite Ye'elimite Ferrite
Ca/Si Fe Al S Mg Ca/Al Fe Mg Si Al/Fe

JC-A, 50 1.98 0.31 0.74 0.54 0.39 0.98 0.67 0.21 0.5 1.54

JC-Ay 50 2.11 0.36 1.07 0.58 0.40 0.86 0.55 0.23 0.51 1.83

n represents the number of test points for EDS.
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Extended Abstract

Introduction The existing cement clinker systems have some challenges. The production process of calcium sulfoaluminate (CSA)
clinker, which primarily contains mineral CsAs$, requires a significant amount of high-quality bauxite resources, thus leading to a
higher production cost. Compared to CSA, a high belite calcium sulfoaluminate (BCSA) cement reduces the demand for high-grade
bauxite during production, but has a slower strength development over time. To ensure the synergistic development of both early age
performance and strength development in clinker systems, calcium sulfoaluminate-modified Portland cement (designated as S.M.P.)
is further developed. However, alite (CsS) remains a dominant mineral, resulting in relatively high carbon emissions.

For the compositional and performance characteristics of S.M.P. and BCSA clinker, this study proposed a new system for
preparing a low-calcium calcium sulfoaluminate-modified Portland cement clinker with belite (C.S) as a dominant mineral (i.e.,
C5S/C2S—CsA3S—CsAF—CaSO0s).

This study also utilized minerals such as CsS and C.S from Portland cement clinker as crystal seed additives. The effect of
adding Portland cement clinker on the sintering process and the mineral composition structure of the low-calcium calcium
sulfoaluminate-modified Portland cement clinker was investigated. In addition, the underlying mechanisms were explored to provide
a theoretical and technical guidance for the design and development of low-calcium cement clinkers.

Methods The designed mineral composition of the calcium sulfoaluminate-modified low-calcium Portland cement clinker was
45%-50% (in mass, the same below) of C.S, 5%—-10% of CsS, 25% of CsAs$, 10% of CsAF, and 10% of f-CaSQOa. Calcium
sulfoaluminate-modified low-calcium Portland raw meals were prepared with industrial raw materials. Portland cement clinker was
used as a crystal seed at different incorporation contents of 0%, 1%, 3%, 5%, 10%, and 12%.

The mineral composition and microstructure of calcium sulfoaluminate-modified low-calcium Portland cement clinker were
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determined by in-situ high-temperature X-ray diffraction (XRD), linear shrinkage measurement, free lime titration, scanning electron
microscopy (SEM) and thermal analysis.

Results and Discussion The linear shrinkage of the samples generally increases gradually with the increase in clinker addition
percentage from 0% to 10%. The linear shrinkage remains relatively unchanged at >12% of clinker additions. The XRD patterns of
the synthesized clinker samples within the 20° to 51° range reveal that the diffraction peak intensity of B-C,S gradually increases,
while the intensity of a'-C,S and C4A;$ peaks decreases, and no significant diffraction peaks for C;S appear as the clinker crystal seed
content increases.

The analysis by rietveld whole-pattern fitting indicates that the addition of Portland cement clinker seeds does not lead to a
significant increase in C;S content. There is a notable increase in C,S content and a gradual decrease in C4A;$ content, accompanied
by a relative increase in the iron phase content.

The high-temperature in-situ XRD patterns indicate that at 950 °C, an original C;S diffraction peak disappears, instead of
relatively weak C,S diffraction peaks at approximately 27.5° and 38.0°. This indicates that C;S decomposes into C,S and CaO at
950 C.

According to the analysis by backscattered electron—energy dispersive spectroscopy (BSE-EDS), the solid solubility of
aluminum, sulfur and iron in C,S increases with increasing the addition of clinker crystal seeds, thus favoring the stability of B-C,S.
Furthermore, the presence of sulfur impedes a reaction between C,S and CaO, thus inhibiting the formation of C;S. An increase in the
iron phase content and the Al/Fe ratio within this phase, coupled with enhanced Al solubility in C,S, reduces the amount of Al
available for sulfate reaction.

Conclusions The incorporation of Portand cement clinker seeds facilitated the formation of liquid phases, favoring the liquid-phase
sintering of clinker and enhancing the densification of the microstructure of the synthesized clinker samples. This incorporation also
increased the grain sizes of C,S and C4A3$. The introduction of clinker seeds lowered the decomposition temperature of CaCOs,
promoting the formation of C,S and C4AF. Consequently, the contents of C,S and the iron phase increased sulfur-aluminous modified
low-calcium Portand cement clinker. However, the decomposition of C;S in clinker crystal seeds at lower temperatures prevented an
effective promotion of C;S formation alongside C4A3$.

The content of the iron phase and the Al/Fe ratio increased with increasing the addition of clinker crystal seeds. Increased Al
solubility in C,S led to a reduction in the Al available for sulfate reactions, thereby decreasing the formation of C4A3$. This effect was
particularly pronounced when the clinker crystal seed content reached 10%, resulting in a significant reduction in C4A;$ content.

The inclusion of Portland cement clinker seeds led to a decrease in the content of highly reactive a’-C,S and ¢-C4A3$ in the
clinker. As the clinker crystal seed content increased, this reduction becomes dominant. This was primarily due to an increase in the
calcium-to-silicon ratio in C,S and an increased dissolution of Al, Fe, and S in C,S, stabilizing 3-C,S but destabilizing o'-C,S, and
was not conducive to C;S formation. Concurrently, a decreased Fe dissolution in C4A3$ favored the stabilization of orthorhombic
C,4A;$ rather than cubic C4A5$.

Keywords crystal seed; low-calcium portland cement clinker; calcium sulfoaluminate; dicalcium silicate; tricalcium silicate; liquid
phase



